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ABSTRACT: Herein, we present a new type of high-performance
catalyst for aerobic oxidation of organosulfur compounds based on
tungsten carbide. The synthesis of tungsten carbide was performed
via microwave irradiation of the precursors, which makes it
possible to obtain a catalyst in just 15 min. The synthesized
catalyst was investigated by a variety of physicochemical methods:
X-ray diffraction, X-ray photoelectron spectroscopy, Raman
spectroscopy, electron microscopy, and N2 adsorption/desorption.
It was shown that active centers containing tungsten in the
transition oxidation state (+4) play a key role in the activation of
oxygen. The main factors influencing the conversion of dibenzothiophene (DBT) were investigated. It should be noted that 100%
conversion of DBT can be achieved under relatively mild conditions: 120 °C, 3 h, 6 bar, and 0.5% wt catalyst. The catalyst retained
its activity for at least six oxidation/regeneration cycles. The simplicity and speed of synthesis of the proposed catalyst in
combination with its high activity and stability open broad prospects for its further use both for oxidative desulfurization and for
other reactions of aerobic oxidation of organic substrates.

1. INTRODUCTION

The growth in energy consumption and the associated increase
in crude oil production lead to the need of developing new
fields, in which the quality of the oil produced is steadily
declining. Sulfur content is one of the key indicators of oil
quality because sulfur compounds are among the main
components of oil that pollute the environment.1 The trend
toward an increase in the sulfur content in the produced
hydrocarbon feedstock calls for the development of existing as
well as the emergence of new technologies that would make it
possible to obtain petroleum products with low and ultra-low
sulfur content with a minimal negative impact on the
environment.2 The existing hydrotreating technology allows
one to essentially reduce the sulfur content in the refined
petroleum products. However, the implementation of this
technology requires high capital costs and elevated temper-
atures and pressures, which are inaccessible for small oil
refineries. At the same time, a significant amount of elemental
sulfur is formed as a byproduct of hydrotreating. The industrial
demand for such byproducts is lower than their production
rate, which leads to the accumulation of elemental sulfur and
harms the environment.3

Thus, today, it is urgent to search for alternative non-
hydrogen methods to reduce the sulfur content in oil products,
allowing efficient desulfurization with minimal waste gener-
ation. The following anhydrous methods are known from the

literature: extraction,4,5 adsorption,6,7 biodesulfurization,8,9 and
oxidative desulfurization.10−13 Among these alternative ap-
proaches, the method of oxidative desulfurization attracts the
greatest interest of researchers because of this technique’s
capability of reducing the sulfur content in various petroleum
fractions down to ultra-low values with sufficiently high
selectivity.14 In this case, the reaction products, sulfones, can
be selectively recovered and used in various industries and
agriculture.15,16

The number of works in the field of oxidative desulfurization
has recently increased significantly.10,17 It should be noted that
in most works, environmentally friendly hydrogen peroxide is
used as an oxidizing agent, which yields water as the byproduct
of its reduction.18,19 However, an increase in the sulfur content
in the feed requires significant volumes of this oxidant, which
increases the cost of such purification and complicates the
practical implementation of this approach to oxidative
desulfurization. Therefore, using air oxygen as an oxidant

Received: December 9, 2021
Accepted: March 22, 2022
Published: April 1, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

11788
https://doi.org/10.1021/acsomega.1c06969

ACS Omega 2022, 7, 11788−11798

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Argam+V.+Akopyan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Raman+A.+Mnatsakanyan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ekaterina+A.+Eseva"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+A.+Davtyan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Polina+D.+Polikarpova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Polina+D.+Polikarpova"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Maxim+O.+Lukashov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ivan+S.+Levin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kirill+A.+Cherednichenko"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+V.+Anisimov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexander+V.+Anisimov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anna+M.+Terzyan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Artur+M.+Agoyan"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Eduard+A.+Karakhanov"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c06969&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06969?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06969?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06969?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06969?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06969?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/14?ref=pdf
https://pubs.acs.org/toc/acsodf/7/14?ref=pdf
https://pubs.acs.org/toc/acsodf/7/14?ref=pdf
https://pubs.acs.org/toc/acsodf/7/14?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c06969?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


appears to be the most viable approach to the development of
novel oxidative desulfurization techniques.
The key issue for the use of air as an oxidizing agent is

finding a catalyst that would allow the selective oxidation of
sulfur-containing compounds in a hydrocarbon environment. A
wide variety of catalysts were suggested in the literature for
aerobic oxidative desulfurization.20,21 In particular, molybde-
num oxides modified with zinc and cobalt oxides can be used
for aerobic oxidation of sulfur-containing compounds.22,23 The
catalysts are fairly easy to synthesize and permit removing
more than 80% of sulfur compounds. The key disadvantage of
such systems is the high reaction temperature of 350 °C,
which, on the one hand, increases the energy consumption
and, on the other hand, leads to the formation of toxic sulfur
dioxide. Complexes of metals, in particular phthalocyanines of
iron and cobalt, allow reducing the sulfur content in the model
mixture of dibenzothiophene (DBT) by 90%.24−26 However,
phthalocyanines are difficult to synthesize, which negatively
affects the cost of purification. Polyoxometalates have proven
themselves as active catalysts for the aerobic oxidation of
sulfur-containing compounds, which, under relatively mild
conditions (temperatures up to 150 °C), allow the exhaustive
oxidation of DBT.27,28 However, such catalysts as polyox-
ometalates require laborious synthesis procedures. Catalysts
containing noble metals are highly active;29−32 however, the
high cost of such catalysts complicates their practical
application.
Nanoporous tungsten oxide containing pentavalent tungsten

in addition to the hexavalent one has been successfully used
recently as a catalyst for aerobic oxidation.33 The presence of
defects in the catalyst structure, as well as tungsten in an
intermediate oxidation state, made this catalyst highly efficient
for the oxidation of DBT and dimethyldibenzothiophene
under mild conditions (temperature, 120 °C). It was shown for
the first time in this work that tungsten in an intermediate
oxidation state enables the activation of air oxygen with the
formation of a superoxide radical. This opens up wide
opportunities for the synthesis of tungsten-containing catalysts
for aerobic oxidative desulfurization of petroleum fractions.34,35

It is known that the oxidation of tungsten to oxides occurs
on the surface of tungsten carbide in air. In particular, ref 36
shows the presence of the WO2 phase on the surface of
tungsten carbide. This fact, taking into account the known
literature data, suggests that tungsten carbide can potentially
catalyze aerobic oxidation reactions.
Tungsten carbide was widely used for a long time due to its

unique properties.37 In particular, tungsten carbide can act as
an effective catalyst for chemical reactions that traditionally
occur in the presence of noble metals such as platinum or
palladium.38 Recently, interest in tungsten carbide has been
growing due to its use as a catalyst for the oxidation of
methanol39 and electro-oxidation of hydrogen.40−42 However,
pure tungsten carbide is synthesized at high temperatures and
using a laborious procedure, which negatively affects the cost
of such a catalyst.
In this work, tungsten carbide deposited on activated carbon

was obtained via microwave synthesis. This method allows
producing the catalyst in just 15 min. We have shown for the
first time that tungsten carbide-based catalysts thus obtained
can be successfully applied for aerobic oxidative desulfuriza-
tion, allowing the efficient removal of various classes of
organosulfur compounds under mild conditions. This simple,
highly efficient, and, at the same time, rapidly synthesized

catalyst opens broad prospects for developing novel
approaches to aerobic oxidative desulfurization.

2. EXPERIMENTAL SECTION
2.1. Catalyst Preparation. Pure tungsten oxide (WO3)

and carbon powder (Vulcan XC-72R, Cabot Co) were used as
the precursors for the synthesis of WC. Carbon served as both
a precursor for obtaining tungsten carbide43 and as the thermal
reducer because carbon is highly efficient at absorbing
microwave energy and converting it into heat. A stoichiometric
ratio of the elements in the initial mixture was calculated based
on the WO3 + 4C = WC + 3CO equation. The mixture of
powders containing 11.8 g of WO3 and 2.45 g of C (2.5 wt %
higher than stoichiometric ratio) was weighed and carefully
mixed in a quartz cup for 2 h using a magnetic stirrer.
Afterward, the mixture was placed in a quartz flow reactor for
better degasifying. A quartz lid containing tubes for gas inlets
and outlets was mounted at the top of the reactor, which was
then purged with 25 mL/min flow of high purity (99.999%)
helium at room temperature for 2 h.44,45 Once the reaction
mixture settled at the bottom of the quartz reactor at the
completion of degasifying, a tube was inserted vertically into an
oven through an opening. To avoid rapid reaction and strong
gas release, the reactor with the mixture was irradiated at 900
W in five successive steps at 5, 10, 20, and 30 s. Subsequently,
the mixture was subjected to microwave heating at 900 W to
white-hot glowing for 900 s. The average temperature of
microwave heating was measured to be 1150 °C by an infrared
thermometer (Dostman HT 1800). Continuously flowing
helium was used to protect the materials from oxidation during
the synthesis. During cooling, the gas flow was kept for 2 h.
Then, the product was kept inside the reactor at room
temperature for 24 h for the deactivation of the surface.

2.1.1. Activation Procedure. The calculated amount of the
WC/C catalyst was loaded into a steel autoclave equipped with
a magnetic stirrer. Then, the autoclave was hermetically sealed
and pumped with air to a pressure of 6 atm. The autoclave was
immersed in an oil bath heated to 120 °C, stirring at 600 rpm
was activated, and the whole was kept thus for 2 h. Then, the
autoclave was cooled and the activated catalysts were used for
further experiments.

2.2. Catalytic Experiments. The oxidation reaction was
carried out in a 40 mL steel autoclave. The autoclave was
loaded with 26 mg of the catalyst (0.5 wt %), 6 mL of a model
solution of a sulfur-containing substrate in decalin with a sulfur
content of 500 ppm, and a stirrer. Next, the air was pumped in
to achieve the required pressure. The autoclave was heated in
an oil bath to the reaction temperature. The reaction was
carried out with constant stirring at 600 rpm for 2 h. Then, the
autoclave was cooled in cold water to room temperature,
opened, and the sample was removed. Reaction products were
analyzed by GC-FID with an absolute calibration method
[Kristall 2000 M equipped with a capillary column (ZB-1
liquid phase, 30 m × 0.32 mm)]. The data thus obtained were
used to calculate the conversion degree of the substrate via the
following equation

C C C( )/ 100%0 t 0η = [ − ] ×

where C0 and Ct are the initial concentration of DBT in the oil
phase and that taken at time t, respectively.

2.3. Characterizations. X-ray phase analysis was per-
formed on a Rigaku Rotaflex D/max-RC instrument using
copper Cu Kα-radiation (λ = 0.154 nm). The diffraction
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pattern from the sample was registered in the angular range 2θ
= 10−120° with a step of 0.02° and a recording rate of 2°·
min−1. Quantitative phase analysis was carried out by the
corundum number method using the MDI JADE program.
The sample crystal structure was studied with the help of

high-resolution transmission electron microscopy (HRTEM)
using a transmission electron microscope JEOL JEM-2100
UHR. The sample suspensions were dropped onto Lacey
formvar/carbon films on copper TEM grids (Ted Pella, Inc).
The accelerating voltage was set to 200 kV. The morphology of
the samples was investigated by scanning electron microscopy
(SEM) employing a dual beam scanning electron microscope
JEOL JIB-4501. The fine sample powders were fixed on the
carbon tape and sputtered by a 10 nm carbon layer. The SEM
micrographs were acquired in the 15−30 kV accelerating
voltage range. The chemical composition of the samples were
explored with the help of energy-dispersive spectroscopy
(EDS) using an EX-24065JGT EDS spectrometer (JEOL).
IR spectra of diffuse reflectance (DRIFT) were obtained

using a high-temperature PIKE Diffus IR cell coupled to a
VERTEX-70 Fourier transform infrared (FTIR) spectrometer.
The spectra were recorded in the range 600−4000 cm−1 with a
resolution of 40 cm−1 (100 scans/spectrum).
The N2 adsorption−desorption isotherms at 77 K were

investigated using a Gemini VII 2390 (V1.02t) surface area
and porosity analyzer (Micromeritics Instrument). Before
measurements, the samples were degassed at a temperature of
120 °C for 6 h. The surface area was calculated by the
Brunauer−Emmett−Teller (BET) method based on adsorp-
tion data in the range of relative pressures P/P0 = 0.05−0.2.
The total pore volume was determined based on the amount of
adsorbed nitrogen at a relative pressure P/P0 = 0.95. The
volume of micropores was determined using the t-plot method.
The Raman spectra were recorded on a Horiba LabRAM

HR Evolution spectrometer. To excite the Raman spectra, a
HeCd laser with a wavelength of 633 nm was used. Spectral
resolution was 3 cm−1.
X-ray photoelectron spectroscopy (XPS) spectra of the

surface layers were recorded on an OMICRON ESCA +
spectrometer (OMICRON, Germany). The pressure in the
chamber of the OMICRON ESCA + analyzer was maintained
below 8 × 10−10 mbar, the radiation source was the Al anode
(Al Kα 1486.6 eV).

3. RESULTS AND DISCUSSION
The target catalyst was synthesized in two stages. At the first
stage, tungsten carbide WC/C was obtained using the

microwave method, which reduces the synthesis time to 15
min. In the second stage, activation was carried out by
oxidizing the obtained carbide with atmospheric oxygen to
obtain target catalyst W2C/C*, which contains tungsten oxide
in an intermediate oxidation state.

3.1. Catalyst Characterization. The X-ray diffraction
(XRD) patterns of the tungsten carbide samples are shown in
Figure 1. The patterns for the synthesized WC/C contained
mainly diffraction peaks from tungsten monocarbide (WC)
with low-intensity signals of tungsten dicarbide and hydro-
tungstite. Peaks at the 2θ of 31.46, 35.6, 48.26, 63.98, 73.04,
75.44, 77.06, 84.02, 98.06, 108.1, 109.7, and 117.28°
correspond to the reflections of the WC crystal.46,47 The
XRD pattern of the W2C/C* sample activated by oxidation
includes mixed phases of tungsten sub-carbide (W2C),
tungsten (W), tungsten dioxide (WO2), and hydrotungstite
(H2WO4·H2O). The diffraction peaks at the 2θ of 34.36, 37.92,
39.38, 52.14, 61.56, 69.52, 73.64, 74.62, 75.62, 81.12, 84.94,
and 91.18° were attributed to the diffraction planes of W2C;
the peaks at 2θ = 12.76, 27.34, 36.28, and 46.62° were related
to monoclinic hydrotungstite; 2θ = 40.46, 58.58, 72.46, and
87.58° corresponded to crystalline tungsten. The diffraction
peaks at 2θ = 25.96, 35.9−37.9, 52.9−53.9, 60.2, 66.6−68.9,
79.32, and 81.22° are the characteristic monoclinic tungsten
(IV) oxide reflection.48,49 Figure 1B presents the content of the
detected phases in the W2C/C* powder. The contents of the
W2C and WO2 phases in the synthesized samples were 51 and
44.4%, respectively.
The Raman spectra of WC/C and W2C/C* are presented in

Figure 2. Several peaks were detected at 133, 270, 324, 651,

Figure 1. XRD pattern of samples (A) and quantitative analysis from profile-fitted peaks of W2C/C* (B).

Figure 2. Raman spectra of the samples.
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804, 1322, and 1584 cm−1. The latter two peaks are attributed
to the carbon phase in the samples. The peak located at 1322
cm−1 corresponds to graphite (G band) and 1584 cm−1 can be
ascribed to disordered graphite (D band).36,47 The G band
corresponds to the E2g vibration of graphitic carbon with an
sp2 electronic configuration, whereas the D band is associated
with the A1g mode of the diamond-like carbon with an sp3

configuration.50 Besides, the spectra showed the presence of
tungsten carbide and oxide phase in the samples. The peaks at
804 cm−1 are associated with W−C stretching modes, and the
rest of the peaks can be attributed to the W−O stretching and
bending modes of the oxide phase of tungsten.33,51 All the
Raman spectroscopy data are in a good agreement with those
obtained from the XRD pattern.
As shown in Figure 3, the synthesized and activated samples

have type II isotherm with a H1 type hysteresis loop, which

indicates the presence of tubular capillaries with different
shapes, opened at both ends or to the formation of a porous
network.52 It should be noted that the BET surface area was 14
m2/g for the synthesized WC/C and decreased slightly to 12
m2/g for the activated sample (W2C/C*). This means that the
phase transition during the activation occurs on the surface of
the carbon support and does not affect the texture character-
istics of the initial sample (Table 1).

The surface morphologies of the tungsten carbide powders
were obtained via SEM micrographs. As can be seen in Figure
4, the samples have a grainy structure with an average grain
size of approximately 50−90 nm.53 The composition of the
samples was analyzed from EDS (Figure 4I,F). The WC/C
samples contained two elements (W and C), whereas the
activated W2C/C* contained oxygen in addition to tungsten
and carbon. This result indicates the presence of tungsten
oxide in the composition of the sample, which was confirmed
by HRTEM. A comprehensive analysis of the WC/C crystal
revealed the {012} set of crystallographic planes of WC,
whereas in the case of W2C*/C crystals, the {111} set of WO2
crystallographic planes was observed (Figure S1, Supporting

Information). Thus, the results obtained from electron
microscopy are in a good agreement with the XRD data.
Figure 5 shows the FTIR analysis of the samples using the

DRIFT setup. Peaks at 1269 and 1186 cm−1 are attributed to
the stretching vibration W−C, two peaks at 839 and 898 cm−1

are ascribed to the vibrational stretching modes of tungsten
oxide WO, and the peak at 746 cm−1 corresponds to O−
W−O stretching vibrations.54−56 The spectra of the activated
sample contain a peak at 1083 cm−1, which can be due to the
stretching vibrational modes of W−C in the hexagonal
crystalline structure.57 Besides, DRIFT was used for the
determination of functional groups on the carbon surfaces.
Note that the peak at 1421 cm−1 can be ascribed to the
bending vibrations of O−H bonds, whereas that at 1541 cm−1

can be attributed to the vibration of quinone groups, and the
peak centered at 1654 cm−1 can correspond to the stretching
vibration of CC bonds.58,59

In addition, the synthesized and the activated samples were
analyzed by XPS to study its chemical composition and
electronic structure. According to the results of XPS studies,
the sample of W2C/C* is composed of the elements O, C, and
W (Figure S2, Supporting Information). Figure 6 shows W 4f
(A, B), C 1s (C, D), and O 1s (E, F) spectra decomposed into
components for the studied samples. The spectrum is a
combination of three states of tungsten with the binding
energies of the W 4f7/2 peaks close to 31.9 (W1), 32.9 (W2),
and 36.1 (W3) eV for the synthesized sample and 31.7 (W1),
33.6 (W2), and 36.1 (W3) eV for the activated sample.
According to the literature data, the W1 form can be associated
with the metallic tungsten or tungsten in the composition of
WCx carbide.

60−62 The W3 state can be attributed to oxidized
tungsten W6+ (presumably, in the composition of WO3).

62−64

The W2 state is an intermediate and can be partially oxidized
tungsten (e.g., W4+) in the composition of WO2 oxide or
WOxCy tungsten oxycarbide. It is important to note that after
the activation procedure, the surface layer of the tungsten
carbide sample changes. A comparison of the two spectra
shows that after oxidation the content of tungsten in the form
of carbide significantly reduced (from 60 to 19%), and the
amount of oxidized forms of tungsten also increases. The
distribution of tungsten forms is presented in Table 2. The
carbon spectra can be divided into three components: C−C,
C−H with a binding energy of 285 eV, C−O 286 eV, and WC
with a maximum of 283 eV; these states were also observed in
refs 65 and 66. The intensity of the carbon components C−O
increases in the activated sample, which indicates the partial
oxidation of carbon during the activation process. The O 1s
profile has three states: adsorbed water with a binding energy
of 533 eV, carbon components of 532 eV, and oxide forms of
tungsten with a binding energy of 531 eV. These results are in
a good agreement with DRIFT and Raman spectroscopy.
It should be noted that tungsten carbide WC/C, for which

trace amounts of oxides were found according to XRD data,
according to the XPS spectrum, contains 31.5% tungsten in the
+6 oxidation state (Table 2). In addition, in the case of the
activated sample, the proportion of WO3 species is estimated at
more than 70% in XPS, while in XRD it is only 3.5%. Thus, the
fraction of tungsten particles estimated from PXRD is very
different from the fraction from XPS. A large difference in the
content of various forms of tungsten according to the results of
XRD and XPS is observed for both activated carbide and fresh
tungsten carbide, and this is due to the fact that the XPS
method provides information on the valence states of the

Figure 3. Nitrogen adsorption−desorption isotherm of the samples.

Table 1. Textural Properties of the Catalyst Samples

sample
BET surface area,

m2/g
total pore volume,

cm3/g
pore size,

nm

WC/C 14 0.038 10
W2C/C* 12 0.036 10
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element on the sample surface. That is, the surface of the
carbide contains a significant amount of oxidized forms of
tungsten, which may be due to oxidation in air during storage.
At the same time, the oxidation of the catalyst in air has little
effect on the phase composition.
3.2. Oxidation of Model Sulfides. The activity of the

catalyst was tested in aerobic oxidation of a model mixture
containing DBT as an organosulfur substrate. This substrate is
relatively inert toward oxidation reactions, which makes a
model of choice in most studies of oxidative desulfurization
described in the literature. The oxidation reactions were
carried out in steel autoclaves under air pressure. The catalysts
used were tungsten carbide synthesized by the microwave
method (WC/C), tungsten carbide activated via oxidation

(W2C/C*), and tungsten oxide WO3. The results obtained are
shown in Figure 7.
The results obtained indicate that only activated tungsten

carbide exhibits a significant catalytic activity in the aerobic
oxidation of DBT. At the same time, the carbide synthesized by
the microwave method without activation (WC/C) shows
results worse than the control experiment. This effect possibly
indicates that tungsten is oxidized under the reaction
conditions, which leads to the consumption of the oxidant
and reduces the rate of substrate oxidation. It should be noted
that tungsten oxide WO3 has practically no activity in aerobic
oxidation; in the presence of tungsten oxide (VI), the
conversion degree of DBT is close to that observed in the
control experiment without a catalyst. Note that under the

Figure 4. SEM micrographs and EDS spectra of WC/C (A,B,I) and W2C/C* (C,D,F).
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conditions of the experiment in the presence of carbon, the
results are somewhat worse than the control experiment, which
can apparently be associated with the decay of the radicals
formed on the surface of the carbon, which may be related to
the process of carbon oxidation by the formed radical
particles.67 The results of the experiment involving carbon
show that the metal centertungsten plays a key role in the
oxidation of the sulfur compound. This once again emphasizes
the importance of tungsten in an intermediate oxidation state
for the activation of oxygen. Because the activated carbide
contains such form of tungsten, according to the results of the
XPS and XRD, further experiments were carried out for the
W2C/C* catalyst.
Varying the amount of the catalyst shows that an increase in

its dosage leads to an increase in DBT conversion (Figure 8).
Note that in the initial part of the kinetic curve (reaction time
1 h), the DBT conversion is higher for low dosages, which
indicates an increase in the induction period with an increase
in the amount of catalyst. This fact, apparently, is associated
with the decay of the formed radicals in the presence of
tungsten carbide, which can be oxidized under these
conditions. Therefore, the optimal dosage is 0.5% by weight
of the catalyst, which ensures exhaustive oxidation of DBT in 3
h. Based on the data obtained, the apparent rate constants and
activation energy (165.5 kJ/mol) were calculated (Figure S3,
Supporting Information).
Data on DBT conversion under different reaction temper-

atures are shown in Figure 9.
According to the results obtained, the conversion drops

sharply with decreasing temperature, which is in a good
agreement with the literature data.46 This effect is due to the
activation of atmospheric oxygen which occurs at temperatures
above 110 °C. A decrease in temperature below 100 °C is
impractical because of the low reaction rate. A rise in
temperature above 120 °C is also undesirable due to the
possible occurrence of side reactions of oxidation of hydro-
carbon components. Therefore, a temperature of 120 °C is
optimal because this is the minimum temperature at which it is
possible to achieve exhaustive oxidation of DBT.
We have also studied the effect of air pressure on the

conversion of DBT (Figure 10). Note that at a minimum
pressure of 2 bar, the oxidant/sulfur molar ratio is 17:1,
whereas for the complete oxidation of DBT, a twofold excess
of the oxidant is sufficient. In this case, according to the results
on varying the pressure, the DBT conversion increases with
increasing pressure from 2 to 6 bar, which is associated with an

increase in the solubility of oxygen in hydrocarbon fractions
with increasing pressure. This allows us to assume that only
oxygen dissolved in the model fuel takes part in the oxidation
reaction. A further increase in pressure to 10 bar leads only to
an insignificant increase in the DBT conversion, which can be
associated with the saturation of the model mixture with
dissolved oxygen.
The activity of various classes of organosulfur substrates

decreases in the series methylphenylsulfide (MeSPh) >
methyldibenzothiophene (MeDBT) > DBT > dimethyldiben-
zothiophene (Me2DBT) > benzothiophene (BT), which is in a
good agreement with the literature data68 and is associated
with two main factors: the electron density on the sulfur atom,
as well as steric hindrances (Figure 11).
It is known from the literature that the addition of radical

traps to the system makes it possible to determine how oxygen
is activated.69 In particular, it was shown33 that active centers
consisting of tungsten in an intermediate oxidation state can
activate oxygen by forming a superoxide radical. The formation
of this radical was confirmed by the addition of benzoquinone,
which is a well-known superoxide radical trap, to the system. In
this work, we carried out the oxidation of a model DBT
mixture with the addition of benzoquinone (Figure 12). The
presence of potassium iodide slightly affects the oxidation of
DBT, reducing the conversion to 53%, which may also indicate
the possible formation of hydroxyl radicals during the
oxidation process. The addition of sodium azide to the
reaction system does not affect the oxidation of DBT.
According to the results obtained, the addition of

benzoquinone to the system leads to a sharp decrease in the
degree of DBT conversion, which in turn indicates that the
formation of superoxide radicals is the main mechanism
involved in DBT oxidation. The results obtained on the
presence of tungsten in a transitional oxidation state, as well as
on the activation of oxygen through the superoxide radical, are
in a good agreement with the literature data.33

To determine the possibility of reusing the synthesized
catalyst after the reaction, the activated tungsten carbide was
separated by centrifugation, washed with acetone from the
formed sulfone, dried at a temperature of 80 °C under reduced
pressure, and used to oxidize a fresh portion of the model fuel.
The results are shown in Figure 13.
Note that no significant change in the activity of the catalyst

is observed upon reuse, which indicates the possibility of
applying the synthesized catalyst in a batch mode. The spent
catalyst after 6 cycles of oxidation was analyzed with XPS,
XRD, and IR, and the corresponding results were added to the
Supporting Information (Figures S4−S6). We would like to
note that after the oxidation, the phase composition of the
catalyst practically did not change and according to the XPS
data, the changes in the ratios of tungsten in different oxidation
states were also insignificant. The X-ray pattern of the spent
catalyst is identical to the activated sample. In accordance with
the IR, the spectrum of the spent catalyst has a similar set of
peaks corresponding to vibrations in the bond of both tungsten
carbides and oxides, and the carbon support of the catalyst.
Thus, significant changes in the catalyst’s composition and
structure occur during activation, whereas no such changes are
observed upon the oxidation of model mixtures. This also
indicates the stability of the catalyst in the process of aerobic
oxidative desulfurization and the preservation of its active sites.
Table 3 shows the data on aerobic oxidation of organosulfur

substrates in the presence of tungsten and vanadium-

Figure 5. FTIR diffuse reflectance spectrum of WC/C and W2C/C*.
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containing catalysts. It should be noted that there are few
works in the literature on the use of tungsten oxides for the
process of aerobic oxidative desulfurization. Among the studied
catalytic systems, the catalyst synthesized in the present work
makes it possible to reduce the time required to achieve 100%
DBT conversion to 3 h at a temperature of 120 °C. It is also
significant that the synthesis of the catalyst studied in the work
takes only 15 min and the activation stage lasts 2 h. This result

Figure 6. XPS spectra of W 4f (A,B), C 1s (C,D), and O 1s (E,F) regions of WC/C (A,C,E) and W2C/C* (B,D,F) catalysts.

Table 2. Distribution of Tungsten forms on the Surface of
the W2C/C* Catalysts

tungsten forms, quant., at. %

catalyst W1 W2 W3

WC/C 60.5 8 31.5
W2C/C* 19 11 70
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is unattainable for the currently known catalytic systems, all of
which take a much longer time to synthesize.

■ CONCLUSIONS
Tungsten carbide was synthesized using the microwave
method, which provides the possibility of rapid synthesis (up
to 15 min) and does not require the presence of hydrogen and
methane. An original method for the activation of tungsten
carbide is proposed, which makes it possible to obtain tungsten

in an intermediate oxidation state. The resulting catalyst was
characterized by a variety of physicochemical methods.
According to XRD and XPS data, the catalyst contains
tungsten in the intermediate oxidation state of +4 in the form
of WO2 oxide, which is capable of activating atmospheric
oxygen. Analysis of the data of low-temperature adsorption/
desorption of nitrogen showed that oxidation of tungsten
carbide does not lead to a significant change in the textural
characteristics of the catalyst.
The influence of the main factors on the conversion of DBT

in the presence of the synthesized catalyst has been studied in
detail. The optimal temperature, which allows to achieve the
exhaustive oxidation of DBT was determined. It was shown
that the air pressure has a significant effect on the results
obtained, which suggests that the oxidation reaction involves
mainly oxygen dissolved in the model fuel. The addition of a
radical trap, benzoquinone, to the system leads to a sharp drop
in the degree of DBT conversion, which indicates that the
activation of oxygen through the formation of superoxide
radicals plays a key role in oxidative desulfurization with this
novel catalyst. Under optimal conditions, it is possible to
achieve 100% conversion of DBT: reaction time 3 h, air

Figure 7. Activity of catalysts in aerobic oxidation of DBT. Oxidation
conditions: 120 °C, the catalyst dosage 0.5 wt %, 6 bar.

Figure 8. Effect of catalyst amount on DBT conversion. Oxidation
conditions: 120 °C, W2C/C* catalyst, 6 bar.

Figure 9. Effect of reaction temperature on DBT conversion.
Oxidation conditions: W2C/C* catalyst, 0.5 wt %, 6 bar.

Figure 10. Effect of air pressure on DBT conversion. Oxidation
conditions: W2C/C* catalyst, 0.5 wt %, 120 °C, 2 h.

Figure 11. Oxidation of various sulfur-containing substrates.
Conditions: catalyst (W2C/C*) 0.5 wt %, 120 °C, 6 bar.

Figure 12. Role of radical trap on DBT conversion. Oxidation
conditions: W2C/C* catalyst, 0.5 wt %, 120 °C, 6 bar.

Figure 13. Oxidation of DBT with a regenerated catalyst. Oxidation
conditions: W2C/C* catalyst, 0.5 wt %, 120 °C, 6 bar, 2 h.
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pressure 6 bar, catalyst weight content 0.5%, and temperature
120 °C.
The synthesized W2C/C* catalyst shows high stability and

retains its activity for at least six oxidation/regeneration cycles.
The simplicity of the synthesis of this catalyst, the availability
of components for synthesis, high activity, and stability open
broad prospects for its further application both for oxidative
desulfurization and for other reactions of aerobic oxidation of
organic substrates.
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