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ABSTRACT: In this work, new heterogeneous Mo-containing
catalysts based on sulfonic titanium dioxide were developed for the
oxidation of sulfur-containing model feed. The synergistic effect of
molybdenum and sulfonic group modifiers allows for enhancing
catalytic activity in dibenzothiophene oxidative transformation, and
a strong interaction between support and active component for
thus obtained catalysts provides increased stability for leaching. For
the selected optimal conditions, the Mo/TiO,-SO;H catalyst
exhibited 100% DBT conversion for 10 min (1 wt % catalyst, molar
ratio of H,0,:DBT, 2:1; 80 °C). Complete oxidation of DBT in the presence of the synthesized catalyst is achieved when using a
stoichiometric amount of oxidizing agent, which indicates its high selectivity. The enhanced stability for metal leaching was proved in
recycling tests, where the catalyst was operated for seven oxidation cycles without regeneration with retainable activity in DBT-
containing model feed oxidation with hydrogen peroxide under mild reaction conditions. In 30 min of the reaction (H,0,:S = 2:1
(mol), 0.5% catalyst, S mL of acetonitrile, 80 °C), it was possible to reduce the content of sulfur compounds in the diesel fraction by
88% (from 5600 to 600 ppm).

1. INTRODUCTION

The problem of reducing the content of sulfur compounds in
fuels is particularly relevant today since sulfur compounds

high temperatures during the oxidation process, which
. Lo 2
contributes to its widespread use.

Transition-metal salts,”'* polyoxometallates,">'® molybde-

1% are widely used

present in motor fuels are sources of acid rain, harm the
environment, and human health."” In this regard, the
requirements for the sulfur content in gasoline and diesel
fuels are being tightened all over the world, in particular, the
European Parliament and the Council of the European Union
introduced in 2009 a limit on the sulfur content in motor fuels
of no more than 10 ppm.’

The most common industrial method of purification of oil
fractions from sulfur is hydrotreating.”> This method can
reduce the amount of sulfur in the gasoline and diesel fractions
by more than 99%, but the process is carried out under harsh
conditions, which requires high energy and operating costs, as
well as a source of cheap hydrogen. In this regard, alternative
hydrogen-free desulfurization methods are becoming an urgent
subject of research, among which oxidative desulfurization due
to its advantages (lack of hydrogen, low energy consumption,
environmental friendliness, low costs) is of the greatest
interest.””

Oxidative desulfurization combines the process of oxidation
of sulfur-containing compounds followed by the purification of
the resulting feed from sulfones by adsorgtion or extraction
methods.® Peracids,’ organic peroxides,1 ozone'' and air
oxygen,'” and hydrogen peroxide' can act as oxidizing agents.
Hydrogen peroxide is an environmentally friendly oxidant (the
only by-product is water), and unlike oxygen, does not require
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num, and tungsten-containing ionic liquids
as catalysts since transition metals such as molybdenum,
tungsten, and vanadium are capable of forming active peroxo
complexes in the presence of oxidants.'”~>' At the same time,
liquid-phase homogeneous catalysts have significant disadvan-
tages: a small phase contact area and the complexity of
regeneration. These problems can be solved by immobilizing
the active component to heterogeneous supports.zz_25 In
addition, the synergistic effect that occurs between molybde-
num active sites and supports contributes to an increase in the
efficiency of the oxidation rate, and as a result, milder reaction
conditions.”**’

Titanium oxide is of particular interest among carriers due to
its unique physicochemical properties, non-toxic nature,
relative cheapness, and accessibility, as well as due to its
resistance to ultraviolet irradiation and stability for aggressive
oxidant treatment.”**’ The application of titanium oxide with
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various additives as a catalyst for oxidative desulfurization
under ultraviolet irradiating is known.”"™** Despite the high
activity at low temperatures, such catalysts have significant
drawbacks when introduced to industry—the use of light for
hydrogen peroxide decomposition. Approaches for the
production of titanium-containing catalysts that do not require
UV radiation are known in the literature.”>~*' These catalytic
systems require a sufficiently long time of oxidation, and
therefore the task is to develop catalysts in the presence of
which oxidation will take place without UV and in a minimum
contact time.

The reaction time can be reduced by synthesizing bifunc-
tional catalysts containing an acidic component and a
transition metal atom capable of forming active peroxo
complexes. The literature describes molybdenum—titanium
catalytic systems such as MoO;—TiO,@MCM-22 and Mo/
MTP-350,"** which allow the oxidation of DBT in a short
time. However, the synthesis of the above catalysts requires the
use of expensive templates, which greatly increases the cost of
the catalyst and, as a consequence, the cost of the oxidative
desulfurization process.

In this work, a preliminary modification of the titanium
oxide surface with sulfo groups was carried out, followed by the
application of ammonium heptamolybdate. Such modification
by sulfo groups allowed us to solve several tasks, such as
increasing the activity of the catalyst due to the contribution of
sulfo groups, which can act as catalysts; to increase the stability
of the catalyst due to more efficient retention of molybdenum
compounds by sulfo groups.

2. EXPERIMENTAL METHODS

2.1. Materials and Reagents. Titanium (IV) oxide
(anatase, 99.5%, Sigma-Aldrich), chlorosulfonic acid CISO;H
(99%, Sigma-Aldrich), dichloromethane (Prime Chemicals
Group), (NH,)¢Mo,0,,-4H,0 (98%, Prime Chemicals
Group), hydrogen peroxide H,0, (50 wt %, “Prime Chemicals
Group”), dodecane n-C,H,4 (99%, “Labteh”), and dibenzo-
thiophene (DBT) C,,H,S (98%, Sigma-Aldrich) were used as
received. As a real raw material, a sample of a straight-run
diesel fraction of 240—320 °C, previously extracted with
dimethylformamide, with a total sulfur content of 5250 ppm,
was used in this work.

2.2. Synthesis of Catalysts. To synthesize TiO,-SO;H,
chlorosulfonic acid (0.3 mL, 13.2 mmol) was added to a
suspension of powdered TiO, (0.5 g) in dry CH,Cl, (15 mL)
for S min, while the mixture was slowly stirred in an ice bath.
After that, the mixture was stirred for 2 h at room temperature.
Then, the resulting mixture was centrifuged and the solid
powder was washed with dichloromethane (2 X 10 mL) and
dried at 70 °C first on the rotor, then 80—110 °C in the air for
16 h to remove water. The product was obtained in the form of
a white solid powder, which was stored in a closed bottle.

Modification of TiO,-SO;H and TiO, was carried out by
impregnation with (NH,)¢Mo,0,,-4H,0 dissolved in distilled
water. Thus, 0.5 g of the carrier was immersed in a solution of
ammonium heptamolybdate, stirred for 2 h on a rotary
evaporator at a temperature of 40 °C, then at a temperature of
60 °C to a constant mass of the catalyst. After that, the
synthesized materials were dried for 16 h at 80—120 °C in air.

2.3. Material Characterization Methods. The number
of sulfo groups was determined by acid—base titration. The
catalyst (0.0S g) was dissolved in S mL of NaOH (0.1045 M)
and stirred for 5 min. Then 3—4 drops of the Methyl Orange

indicator were added to the flask. The resulting mixture was
titrated with 0.1040 M HCI solution until the color of the
solution changed from yellow to red. The experiment was
conducted at least three times with an error of less than 1%.

The Fourier transform infrared spectroscopy (FTIR) spectra
were recorded using a Nicolet IR2000 (Thermo Scientific)
spectrometer equipped with a multi-reflection prefix for
horizontal attenuated total reflection with a ZnSe crystal.
The spectra were obtained using multiple distortions of the
total internal reflection method in the range of 4000—500
cm™" with a resolution of 4 cm™. All spectra were obtained by
averaging 100 scans.

The elemental composition was studied by X-ray spectral
fluorescence analysis (XFA) using an ARL Perform’X X-ray
fluorescence wave spectrometer (Thermo Fisher Scientific,
New Wave). Powdered samples were pressed into tablets on a
substrate of boric acid and covered with a dacron film, which
was pressed with a ring-shaped frame to the cuvette.

The characteristics of the porous structure of the samples
were determined using the Gemini VII 2390 (V1.02 t)
Micromeritics automatic surface analyzer according to the
standard procedure. Before analysis, the samples were degassed
at 120 °C for 12 h to a pressure of 3 X 107> atm. The nitrogen
adsorption—desorption isotherm was removed at liquid
nitrogen temperature. The range of relative pressure analysis
is 0.05—0.99 P/P,. The characteristics of the porous structure
were calculated using standard software. The specific surface
area (Sppr) was calculated using the BET (Brunauer—Emmet—
Teller) model at a relative partial pressure P/P, = 0.2. The
total pore volume was measured at P/P, 0.99 using the
Barrett—Joyner—Halenda (BJH) model.

X-ray phase analysis was performed on a Rigaku Rotaflex D/
max-RC instrument using copper CuK,-radiation (1 = 0.154
nm). The diffraction pattern from the sample was registered in
the angular range 260 = 5—60° with a step of 0.02° and a
recording rate of 2 deg/min.

The sample morphology was analyzed by scanning electron
microscopy (SEM) using a JEOL JIB 4501 multibeam SEM-
FIB system. Since the samples are insulators their fine powders
were deposited onto the carbon tape and coated by carbon to
avoid charging artifacts. The acceleration voltage was set to 11
kV. Elemental mapping was performed with the help of a SDD
X-Maxn 50 EDS system.

TGA measurements were carried out on NETZSCH TG
209 F1 thermal weights equipped with an all-round holder
with a protective screen and a type P temperature sensor. The
device was calibrated according to the melting points of
standard substances (Ag, Al, Bi, In, Sn, purity 99.99%). The
error in determining the mass does not exceed 0.1%
(determined by the CaC,0,-2H,0 standard). The experiment
was carried out in a standard open allund container (V = 85
mm?, d = 6.7 mm) in a stream (20 mL/min) of synthetic air in
the temperature range of 30—800 °C at a heating rate of 10°/
min. Experimental data were processed using the NETZSCH
Proteus Analysis package according to the ISO/CD 11358
standard.

2.4. Oxidation of the Model Fuel. The model fuel of
dibenzothiophene in dodecane, used to study the activity of
catalysts, contained 500 ppm of sulfur. The volume of the
model mixture in each reaction was S mL. Oxidation was
carried out according to the following method: the model fuel
was heated to the reaction temperature, then 0.0094—0.075 g
of catalyst, 1 mL of acetonitrile, and the calculated amount of
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Figure 1. Scheme of the synthesis of catalysts based on titanium oxide.
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50% hydrogen peroxide solution (based on the ratio H,0,:S =
2:1-20:1) was added at a stirring speed of 700 rpm.

After the reaction was completed, the fuel was separated
from the catalyst and oxidant. The composition of the reaction
products and control of the purity of the starting substances
were carried out by gas chromatography on a chromatograph
“Crystal-2000M” with a flame ionization detector, column—
Zebron L = 30 m, d = 0.32 mm, liquid-phase ZB-1, with
temperature programming from 100 to 250 °C. Chromato-
grams were recorded and analyzed on a computer using the
Chromatek Analyst 1.5 program. The concentration was
determined by the change in the relative area of the peaks of
the substrate and products (in mass %).

Figures 4—9 show the average values of the three converging
results. The error of the experiment is not more than 5%.

2.5. Oxidation of Real Fuel. Diesel fraction (S mL), 0.5
wt % of catalyst, and 90 uL of 50% H,O, were added to the
reactor equipped with a reverse refrigerator and a magnetic
stirrer. The reaction was carried out at a temperature of 80 °C
for 30 min in the presence of 5 mL of acetonitrile. The mixing
speed was 700 rpm. After the end of the reaction, the oxidized
fuel was separated from acetonitrile and the oxidative-catalytic
mixture, washed with water and then S mL of dimethylforma-
mide was added to extract the oxidized sulfur compounds.
Further, the purified hydrocarbon phase was separated and
analyzed for residual sulfur content. The fraction losses during
heating were no more than 3%.

Determination of the sulfur content in the initial diesel
fraction and oxidized mixtures after the reaction was carried
out using an X-ray energy dispersion sulfur analyzer “ASE-2
JSC” (NPP “Burevestnik”). The relative error of the device is
not more than 5%, the range of the determined concentration
is from S to 50,000 ppm.

3. RESULTS AND DISCUSSION

3.1. Characterization of Supports and Catalysts. The
use of catalysts containing acid groups has become widespread
in oxidative desulfurization both as homogeneous and
heterogeneous catalysts.”*> In this work, sulfo groups were
used as an acidic component, since they are active in the
oxidation of sulfur-containing compounds and are easily
applied to the surface of titanium oxide.***’

For increasing the activity of the catalyst, it was decided to
synthesize bifunctional catalysts. Molybdenum was chosen as
the second active center because it is a relatively accessible
metal that forms peroxo complexes in the presence of
hydrogen peroxide.

To understand the contribution of each functional group to
the oxidation of organosulfur compounds, three catalysts (Mo/
Ti0,, TiO,-SO;H, Mo/TiO,-SO;H) based on titanium oxide
were synthesized according to Figure 1. All these catalysts, as
well as the support itself—anatase—were subjected to
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physicochemical research and used as catalysts for oxidative
desulfurization of model fuels.

In the first stage, titanium oxide was subjected to interaction
with chlorosulfonic acid to form TiO,-SO;H. According to
titration and elemental analysis data, the content of sulfo
groups was 22 wt %.

After sulfation, TiO,-SO;H and the initial anatase were
impregnated with ammonium heptamolybdate to obtain Mo/
TiO,-SO;H and Mo/TiO,, respectively. The amount of
molybdenum in the synthesized materials was —5 wt %,
which was confirmed by the method of elemental analysis.
When modifying the carrier in various ways, a change in the
color of the resulting catalysts was observed (Figure 2).

TiO,
Mo/TiO,
Ti0,-SO,H

Im
o
<
S
£
9)
=

VL@?

Figure 2. Photo of the synthesized catalysts.

Figure 3A shows that it looks like the peak on X-ray
diffraction (XRD) spectrum intensities for Mo/TiO, and the
sulfated analogues are practically the same. Based on this, it
can be concluded that the modification of the surface of
titanium oxide by sulfo groups does not affect its structure.
Peaks were found in the structure of molybdenum-containing
catalysts at 20 values of 25.3, 379, 48.1, 54.0, and S55.0
corresponding to anatase,”® as well as 272, 36, and 41
corresponding to the structure of rutile,*” which was originally
present in the initial titanium oxide (Figure 3). No sharp
diffraction peak of Mo was detected in the obtained samples,
which may be due to a similar ion radius of Mo®* (0.59 A) and
Ti* (0.65 A), which led to the fact that Mo®" was well
dispersed on a titanium dioxide carrier or was included in the
titanium dioxide matrix in an amorphous form.**

TGA of catalysts (Figure 3B) shows an initial weight loss
(2.5 wt % for TiO,-SO;H and 6 wt % for Mo/Ti0,-SO;H)
due to the desorption of water below 100 °C. This is followed
by a second weight loss, corresponding to the loss of the
covalently bound sulfonic group.” It can also be noted that
Mo/Ti0,-SO;H is more thermally stable (up to 325 °C)
compared to catalyst TiO,-SO;H.

The obtained nitrogen adsorption/desorption isotherms are
characteristic of materials based on titanium oxide (Figure 4A).
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Figure 3. XRD patterns of Mo/TiO, and Mo/TiO,-SO;H (A) and TGA curves of TiO,-SO;H and Mo/TiO,-SO;H (B).

.~ 140 4 (A) —Ti0, (B)
= ——Ti0,
% 120 4 o ——Mo/TiO,
——Mo/Ti

8 100 | ’ ——Ti0,-SO3H
S ——Ti0,-S0H
2% go - e ——— Mo/Ti0,-S0sH
'Z: £ 60 | ——Mo/Ti0,-SOsH
Z
2 40
©
g 20

0 T T T T

0.0 0.5 1.0 3500 2500 1500 500

Relative pressure (P/P,) Wavenumber, cm™!

Figure 4. Isotherms of low-temperature nitrogen adsorption/desorption (A) and IR spectra (B) of synthesized materials.
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Figure 5. SEM images of molybdenum-containing catalysts. (A), (B) for Mo/TiO,, (C), and (D) for Mo/TiO,-SO;H.

Sulfation of titanium oxide leads to a sharp decrease in the this is not due to the destruction of the structure during
surface area, however, as follows from the XRD (Figure 3A), sulfation. Since a sufficiently strong decrease in the surface area
48352 https://doi.org/10.1021/acsomega.2c06568
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Figure 6. Comparison of the activity of catalysts (A) and effect of oxidation time on DBT conversion (B). Reaction conditions: H,0,:S = 2:1

(mol), 0.5% catalyst, 1 mL acetonitrile, 30 min, 80 °C.
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Figure 7. Effect of the amount of hydrogen peroxide (A), the amount of catalyst (B), and the amount of acetonitrile (C) on the conversion of DBT
and the nature of the substrate (D). Reaction conditions: H,0,:S = 2:1 (mol), 0.5% catalyst (1.0% for (D)), 1 mL acetonitrile, 80 °C, 10 min.

is observed only when applying sulfo groups, this may be due
to this stage of surface modification. As can be seen from the
SEM (Figure S) for molybdenum-containing catalysts, a slight
tracking of catalyst particles is visible for the sulfated sample,
which may negatively affect its surface area. At the same time,
there is no strong difference in the structure of synthesized
materials, which makes it possible to use the chosen method
for the synthesis of these materials. The application of
molybdenum compounds to the surface of materials practically
does not affect the textural characteristics.

A distinct peak of stretching vibration of the Ti-O bond
(710 cm™) is visible on the IR spectra of all four samples
(Figure 4B).”" For molybdenum-containing catalysts, 914 and
1410 cm™" peaks appear, corresponding to the Mo—O bond*”
and NH," vibrational band,>? respectively. Peaks of 1130,
1150, and 1590 cm™ in TiO,-SO;H and Mo/Ti0,-SO;H are
characteristic of the sulfo group.”* Also, a plateau (2800—3660
cm™), characteristic of water, appears on the IR spectra of
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these catalysts. This can be explained by the presence in the
catalysts of water bound by hydrogen bonds with sulfo groups
since this peak is not observed for non-sulfated materials.”*

3.2. Oxidation of Model Sulfides. A solution of
dibenzothiophene in dodecane was used as a model fuel
The choice of DBT is due to its relative inertness to oxidation
reactions. Another reason for choosing DBT is the large
amount of data in the literature on the activity of various
titanium-containing catalysts in the oxidation of this substrate
(Table 2). The oxidative desulfurization process was carried
out with the addition of acetonitrile, which well dissolves the
oxidation product, the corresponding dibenzothiophene
sulfone. The results of the comparative activity of the
synthesized catalysts at different reaction temperatures are
shown in Figure 6A.

According to the results obtained, titanium oxide itself
exhibits insignificant activity in the oxidation of DBT, which is
also known from the literature.” The addition of molybdenum
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acetonitrile, 80 °C, 10 min.

compounds to the catalyst composition improves the results,
and this difference increases with increasing temperature and at
70 °C the DBT conversion in the presence of the Mo/TiO,
catalyst is 2 times higher than the conversion in the presence of
anatase. The introduction of the sulfo group to titanium oxide
(TiO,-SO;H) insignificantly improves the oxidation results,
being inferior to the results obtained in the presence of the
Mo/TiO, catalyst at temperatures of 40 and 60 °C. However,
the difference in the activity of the Mo/TiO, and TiO,-SO;H
catalysts decreases with increasing temperature, and at 80 °C
sulfonic titanium oxide exhibits greater activity in comparison
with the molybdenum-containing analogue. This seems to be
related to the fact that the rate of formation of the
corresponding per-sulfonic acid increases sharply at temper-
atures above 70 °C.>> The results obtained in the presence of a
combined Mo/TiO,-SO;H catalyst containing both active sites
(a compound of molybdenum and a sulfo group) show that the
combination of two catalytic sites makes it possible to achieve
better results than the total effect of each active site. This fact is
apparently because molybdenum, which is capable of forming
active peroxo complexes in a wide temperature range, can
catalyze the formation of the corresponding peracid, increasing
its activity in the oxidation of sulfur-containing substrates.>®

The time-dependent DBT conversion is shown in Figure 6B.
It should be noted that the Mo/TiO,-SO3H catalyst makes it
possible to oxidize more than half of the substrate in just 10
min. The TiO,-SO;H catalyst shows better results over the
entire kinetic curve compared to Mo/TiO,, which indicates a
high activity of sulfo groups. Sulfo groups activity is
comparable to or exceeds the results of well-studied
molybdenum-containing catalysts. For further experiments,
the process conditions were compared at a reaction time of 10
min.

Without an oxidizing agent, the DBT conversion is less than
15%, which is associated with the adsorption of the substrate in
the pores of the catalyst and idle extraction with acetonitrile. It
should be noted that a maximum is observed when the ratio of
oxidant:substrate changes (Figure 7A). For the exhaustive
oxidation of dibenzothiophene, a 2-fold excess of the oxidizing
agent is sufficient. However, an increase in the amount of
excess hydrogen peroxide to an oxidant:feed ratio of 5:1 lead to
an increase in the rate of the oxidation reaction. A further
increase in the ratio of oxidant:feedstock 10:1 and 20:1 leads
to a significant decrease in the conversion of DBT. This
probably can be explained by the adsorption of an excess
amount of hydrogen peroxide on the catalyst surface, which
can create difficulties for the diffusion of a non-polar substrate

48354

to active sites of the catalyst. Therefore, in further experiments,
we used a molar ratio of hydrogen peroxide:DBT of 2:1,
sufficient for oxidation to the corresponding sulfone.

An increase in the catalyst dosage from 0.25 to 2% by weight
leads to an increase in the DBT conversion (Figure 7B). In this
case, already 1% mass of the catalyst is enough for complete
oxidation of DBT in 10 min, which is a very good indicator for
a titanium-containing catalyst (Table 2). It is important to note
that 100% DBT conversion is achieved with a stoichiometric
amount of hydrogen peroxide, which indicates high selectivity
of the synthesized Mo/TiO,-SO;H catalyst and the target
consumption of the oxidant only for DBT oxidation. An
increase in the amount of catalyst to 2% also makes it possible
to achieve 100% conversion of DBT, which in turn indicates
that the possible decomposition reactions of hydrogen
peroxide in the presence of a catalyst are minimal.

As mentioned above, the reactions were carried out in the
presence of acetonitrile, which extracts well the oxidation
products, sulfones. Moreover, in the absence of acetonitrile,
the conversion of DBT is significantly lower (Figure 7C). We
assume that in the absence of acetonitrile, the particles of the
polar catalyst aggregate upon the addition of hydrogen
peroxide, which was shown earlier for the molybdenum-
containing catalysts supported on polar support SBA-15.°" The
aggregation of catalyst particles, in turn, reduces the effective
contact area with the model fuel and complicates the diffusion
of non-polar substrates. Therefore, carrying out the extrac-
tion—oxidative desulfurization is a more preferable process. It
is important to note that a further increase in the amount of
acetonitrile to 2 and 3 mL leads to a slight decrease in the
conversion of DBT, which may be a consequence of a decrease
in the concentration of hydrogen peroxide due to dilution.
With a decrease in the concentration of hydrogen peroxide, all
other things being equal, the conversion of DBT decreases,
which was shown by us earlier.”’

Since sulfur compounds of various structures are present in
real raw materials, it is important to assess the effect of the
nature of the substrate on its conversion. Benzo- and
dibenzothiophene and their alkyl derivatives were selected as
substrates. The activity of synthesized catalysts, depending on
the structure of the substrate, falls in the series (Figure 7D):
DBT > Me,DBT > MeDBT > BT > MeBT, which is consistent
with the literature data.”*” The lower conversion of
benzothiophene is associated with its lower oxidizing ability,
however, it should be noted that in the case of DBT, the
presence of alkyl substituents practically does not affect the

https://doi.org/10.1021/acsomega.2c06568
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Table 1. Textural Characteristics and Elemental Composition of Samples

textural properties of various samples

quantity of sulfo groups (wt %)

catalyst Sper (m?/g) Vs (cm®/g) @l (A) elemental analysis titration method quantity of molybdenum
TiO, 51 0.12 84
Mo/TiO, 48 0.11 80 4.8
TiO,-SO;H 28 0.07 77 22.3 21.0
Mo/TiO,-SO;H 18 0.06 72 21.5 20.1 4.9
Mo/TiO," 45 0.10 78 4.0
Mo/TiO,-SO;H” 17 0.06 71 213 20.2 4.9
“Catalysts after 7 oxidation cycles, washed with acetone to remove sulfones and dried.
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Figure 9. Possible oxidation scheme.

conversion, which opens up the possibility of using the
developed catalysts for oxidative desulfurization of real fuels.

Since a sufficiently large amount of the active phase is
present in the catalysts, it is possible to leach it into the liquid
phase of the reaction mixture. In addition to the elemental
analysis, a hot filtration test was conducted to check the
absence of leaching. To do this, after 10 min of reaction, the
catalyst was separated from the model mixture and acetonitrile,
followed by a continuation of the reaction for up to 30 min. As
can be seen from the obtained dependence (Figure 8A), in the
case of Mo/TiO,-SO;H, the reaction stops and the DBT
conversion does not change. In the case of Mo/TiO,, the DBT
conversion increases slightly, which is due to a slight leaching
of ammonium heptamolybdate from the surface of titanium
oxide, which is also confirmed by an elemental analyzer (Table
1). Thus, additional modification of titanium oxide by sulfo
groups avoids the leaching of molybdenum compounds from
the carrier surface.

One of the key characteristics of a catalyst is its lifetime.
Oxidation catalysts are used in polar solvents capable of
dissolving molybdenum compounds in themselves. Therefore,
recycling experiments were carried out to determine the
stability of the catalyst operation. After each stage of oxidation,
the phase containing the model fuel was separated, a fresh
portion of the oxidizing agent was added to the acetonitrile
solution, then a fresh portion of the model fuel was added, and
oxidation was carried out under similar conditions. The results
are shown in Figure 8A. It is important to note that the
conversion of dibenzothiophene is maintained for at least 7
cycles when in the case of the Mo/TiO, catalyst the
conversion of DBT decreases after 6 cycles. Thus, it can be
assumed that the active phase of the catalyst is tightly bound to
the support surface and is stable to leaching processes under
the conditions of the process.

Since titanium-containing catalysts can be sensitive to light,
an oxidation reaction of DBT was carried out in the absence of
light (dark glass, additionally coated with non-light-emitting

48355 https://doi.org/10.1021/acsomega.2c06568
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foil). For the reaction, conditions were chosen in which the
DBT conversion was 65%: H,0,:S = 2:1 (mol), 0.5% Mo/
Ti0,-SO;H, 1 mL of acetonitrile, 80 °C, 10 min. According to
the results obtained, the conversion of DBT in dark glass was
64%, which indicates that the synthesized catalysts are not
sensitive to light.

Based on the results obtained and the facts known from the
literature, we suggested a possible scheme for the oxidation of
dibenzothiophene with hydrogen peroxide in the presence of a
Mo/TiO,-SO;H catalyst. Given that the catalyst contains two
active sites, the reaction scheme also consists of two possible
cycles, each of which can take place during oxidation. In the
first stage (I), the peroxo complex is formed upon contact of
the heptamolybdate anion with hydrogen peroxide.”®*” In this
case, sulfur-containing compounds, which are Lewis bases, are
coordinated on sulfo groups, which are Bronsted acids.”' In the
second stage, direct oxidation of sulfur-containing substrates by
the molybdenum peroxo complex is possible with the
formation of an oxidation product and the transition of the
catalyst to the initial state (II). Another possible direction of
the reaction is the formation of peracid under the action of
peroxo complexes (11-1).%° In the last stage (1I-2), the peracid
oxidizes the sulfur-containing substrate and is reduced to the
original sulfo group. Thus, the reaction scheme proposed in
Figure 9 illustrates how the heptamolybdate anion and sulfonic
catalytic sites work, and also shows why the combination of the
two sites produces better results.

A comparison of the results obtained in the oxidation of
organosulfur substrates in the presence of a synthesized
combined catalyst with titanium-containing catalysts known in
the literature is given in Table 2. Using conventional titanium
oxide for DBT-containing model feed oxidation, the DBT
removal is not complete. It was shown by Li and co-authors
that the anatase additive allows for complete DBT oxidation
for 1 min.”" Zhu and Wang investigated the oxidation of DBT
in the presence of amorphous and nano-titanium oxide and
ionic liquids.**~>* Researchers have shown that the catalysts
with the composition “TiO, in [Bmim]BF,” allow oxidation
with hydrogen peroxide and molecular oxygen at low
temperatures (RT-30 °C) under ultrasonic exposure. To
increase the activity of the photocatalyst, the authors®*
synthesized titanium oxide deposited on a carbon substrate
(g-C3N,), which made it possible to carry out oxidation at
room temperature without using an ionic liquid. The authors
of refs 35—37 have shown that the use of titanium-containing
zeolite TS-1 as a catalyst makes it possible to completely
oxidize the model mixture of DBT with hydrogen peroxide or
organic peroxides without ultraviolet exposure. The synthesis
of various titanium silicates and the deposition of titanium and
its oxide on mesoporous supports also allow for oxidation
without an ultraviolet source,”®™*" while the authors of the
study”” also managed to reduce the reaction time to 20 min.

The literature also describes molybdenum—titanium cata-
Iytic systems such as MoO;—TiO,@MCM-22 and Mo/MTP-
350,*** which allow the oxidation of DBT in a short time.
However, the synthesis of the above catalysts requires the use
of expensive templates, which greatly increases the cost of the
catalyst and, as a consequence, the cost of the oxidative
desulfurization process.

The catalyst synthesized in this work is not only simply
synthesized with high yields, but also it works effectively in a
short oxidation time (10 min), due to the combination of two

active centers in its composition—sulfo groups and molybde-
num oxide.

The effectiveness of the most active catalyst Mo/TiO,-SO;H
was also investigated in the oxidative desulfurization of the
straight-run diesel fraction. Oxidation was carried out under
the following conditions: H,0,:S = 2:1 (mol), 0.5% catalyst, S
mL of acetonitrile, 80 °C, 30 min. In 30 min of reaction, it was
possible to reduce the content of sulfur compounds in the
diesel fraction by 88% (from 5600 to 600 ppm).

4. CONCLUSIONS

Sulfo-functionalized catalysts based on titanium oxide were
used for the first time in the oxidative desulfurization process.
The composition and structure of the obtained catalysts were
confirmed by the methods of low-temperature adsorption/
desorption of nitrogen, XRD, X-ray fluorescence (XRF), SEM,
and FTIR. According to the data of low-temperature
adsorption/desorption of nitrogen, the deposition of molybde-
num on the surface of titanium oxide leads to an insignificant
decrease in the surface area, while for modification with sulfo
groups, a significant (almost 2 times) decrease in the surface
area is observed. The data on the mass content of sulfo groups,
determined by acid—base titration and elemental analysis,
agree well, which indicates a successful modification of the
titanium oxide surface.

The results on DBT conversion obtained in the presence of
a combined Mo/TiO,-SO;H catalyst containing both active
sites (a compound of molybdenum and a sulfo group) show
that the combination of two catalytic sites makes it possible to
achieve better results than the total effect of each active site.
Already 1% by mass catalyst amount is enough for complete
oxidation of DBT in 10 min, which is a very good indicator for
a titanium-containing catalyst. Complete oxidation of DBT is
achieved with a stoichiometric amount of hydrogen peroxide,
which indicates a high selectivity of the synthesized Mo/ TiO,-
SO;H catalyst and the target consumption of the oxidant only
for sulfur-containing substrate oxidation. The presence of sulfo
groups increases the stability of the catalyst and minimizes the
leaching of molybdenum, which allows the catalyst to operate
for 7 oxidation cycles without the need for regeneration and
without changing the activity.

Thus, the combination of two catalytic sites makes it
possible to obtain not only a more active catalyst compared to
analogues but also significantly increases the service life of such
a catalyst, and the relative simplicity of its synthesis opens up
opportunities for scaling up the oxidative desulfurization
process using molybdenum-containing heterogeneous catalysts
modified with sulfo groups based on titanium oxide.
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B ABBREVIATIONS

BJH &#x2013;Barrett—Joyner—Halenda model

BET &#x2013;Brunauer—Emmet—Teller model
CYHPO &#x2013;cyclohexanone peroxide

DBT &#x2013;dibenzothiophene

FT-IR &#x2013;Fourier transform infrared spectroscopy
SEM &#x2013;scanning electron microscopy

TBHP &#x2013;tert-butyl hydroperoxide

XFA &#x2013;X-ray spectral fluorescence analysis

XRD &#x2013;X-ray diffraction

XRF &#x2013;X-ray fluorescence
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