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ABSTRACT

In order to reduce the sulfur level in liquid hydrocarbon fuels for environmental protection and fuel cell
applications, deep desulphurization of model sulfur compounds dibenzothiophene (DBT), 4-
methyldibenzothiophene (4-MDBT) and 4,6-dmethyldibenzothiophene (4,6-DMDBT), which have the
lowest reactivity in hydrodesulfurization process (HDS). The oxidation reaction was performed in
biphasic mixtures of n-octane/acetonitrile using different polyoxometalates as catalysts and hydrogen
peroxide (H20) as oxidant. H3PW 1,040 was identified as an effective catalyst for the oxidative removal
of DBT under mild reaction conditions of atmospheric pressure and 60 °C. Ranking of catalyst efficiency
is as follows: H3;PW 2040 (NPW)> Naz;PW 1,040 (NAPW)>H3PMo01204 (HPMO)> H4SiW 2049 (HSIW).
The conversion of DBT was nearly 100%. As a result, because of the influence of the electron density
and the space steric hindrance, the oxidation reactivity of the different sulfur compounds in simulated
oil followed the order DBT > 4-MDBT >4,6-DMDBT.
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1. INTRODUCTION

Currently, the manufacturing of fuels for
transportation free from harmful substances is
necessary globally. The extraction of sulfur
from crude oil or petroleum derivatives is
essential for both manufacturing and ecological
factors. Sulfur within Petroleum products
contaminate  catalytic  converters,  rusts
components of internal combustion engines and
refineries due to the creation of oxy-acids of
sulphur. Air contamination from diesel
emissions is a significant worry to the public
too. To facilitate reduce pollution, fresh
environmental regulations limits for sulfur in
diesel have been set in numerous nations. The
typical sulfur level in diesel has been limited to
10 ppm, including the zero level in the
upcoming future [1]. The industrial method of
Desulfurization refers to hydrodesulfurization
(HDS), that can eliminate the majority of sulfur
compounds, including sulfurs, mercaptans,
polysulfides. However, a few resistant sulfur
compounds like dibenzothiophene (DBT)
through the HDS procedure continues remain in
diesel and in quantities significantly below the
standard of environmental laws. The traditional
the technique for lowering sulfur is catalytic
hydrodesulfurization, necessitating elevated
partial pressure of hydrogen and elevated
reaction temperature, rendering HDS an
extremely expensive choice for intensive
desulfurization. Additionally, HDS is not
efficient for eliminating heterocyclic sulfur
compounds like dibenzothiophene (DBT) and
its derivatives, particularly in the case of the
alkyl dibenzothiophenes (DBTs) featuring one
and/or two alkyl substituents at the 4- and/or 6-
positions [2]. Confronted due to ongoing fuel
quality issues, refiners have started to examine
the oxidative desulfurization process (ODS), in
significantly less severe reaction conditions, as
a substitute for the complementary process to
HDS for thorough desulfurization. The ODS
procedure is essentially a two-step procedure,
oxidation, succeeded through liquid extraction.
In the oxidation phase, the sulfur-containing

compounds undergo oxidation through suitable
oxidizers to transform these substances into
their related sulphones. These are extracted
preferentially from oil because of their elevated
relative polarity [3; 1]. During the extraction
stage, the oxidized substances can be removed
from the petroleum utilizing a solvent that does
not mix. Depending on the solvent utilized for
the extraction, the solvent and oxidized
compounds are separated from the oil through
gravitational separation or centrifugation. The
water washes the oil to retrieve any remnants of
solvent for extraction dissolved and polished us
another approaches like absorption utilizing
silica gel and alumina. The solvent is separated
from the mixture of solvent and oxidized
compounds (sulphones) by a simple distillation
for recycling and re-use. Various kinds of
oxidizing agents have been employed,
incorporating different reactant gases such as
Hz, CO, COz, Oz, HNO3/ACOH, NO/NOQ, NOQ,
HNO3, HzOz /HzSO4, BuOOH and 03 [4] Aida
and Yamamoto [5] indicated that peroxyacids
like performic acid, perfluoro acetic acid, and a
blend of formic acid or trifluoroacetic acid and
H,0, was among the most effective oxidants for
targeted oxidation of sulfur compounds in fuel
oil. In light of this context, the objective of this
study was to perform a comparative analysis of
the oxidation of dibenzothiophenes utilizing a
sequence of polyoxometalates serving as
precursors for catalysts. Hydrogen peroxide
was selected as an oxidizing agent since it does
not negatively impact the product or result in
ecological issues.

EXPERIMANTAL
2.1 Chemical Reagents

Chemical reagents in this study were of
analytical grade and used without further
purification. Three types of model sulfur
compounds are selected to evaluate the
reactivity of sulfur in the oxidation reaction.
The chosen  sulfur compounds are
dibenzothiophene (Ci2HsS, DBT, 98%), 4-
methyldibenzothiophene (Ci3HioS, 4-MDBT,
98%) and  4,6-dmethyldibenzothiophene
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(CisHi2S, 4,6-DMDBT, 97%) were purchased
from Aldrich. Hydrogen peroxide (30 wt %
H,0,, oxidant) was supplied from the Surechem
products Ltd. Phosphotungstic acid hydrate
(H3PW12040 20 Hzo, 99%), sodium
phosphotungstic hydrate (Na;PW1,04 14 H>0,
99%), phosphomolybdic  acid  hydrate
(HsPMo1,040 15 H>0, 99%) and silicotungstic
acid hydrate (HsSiW 12040 25 H>0, 99.9%) were
used as catalysts and supplied from Aldrich.
Acetonitrile and normal octane were used as
solvents and supplied from Aldrich.

2.2 Catalytic Activity test

Based on ASTM D4294 method, Energy-
Dispersive X-Ray Fluorescence (EDXRF) was
used to determine the total sulfur content in the
model oil before and after reaction. The Sulfur-
in-Oil Analyzer (SLF A-1100, Horiba Inc.,
California) was employed to determine any
sample with total sulfur content range from 0 to
5 wt. % of sulfur. Catalytic desulfurization
activity was recorded in terms of DBT
conversion using Eq. (1).

Ci—Cf

DBT Conversion % = i

x 100 (1)

where:

C;is the initial concentration of DBT
Cris the final concentration of DBT
2.3 Batch Reactor

A 500 ml four necked flask fitted with a
mechanical stirrer, a thermocouple and a
thermometer was used to carry out the oxidation
reaction. The reaction flask was placed in a
heating mantel equipped with a temperature
controller (within £2 °C).

2.4 Procedure of Oxidation Experiments

The model sulfur compound (DBT, 4-MDBT,
4,6-DMDBT) was dissolved in n-octane to a
simulate the model oil with sulfur concentration
of 455 ppm. In experiments, at first the
H3;PW 2049 (catalyst) was mixed with 30%
aqueous peroxide in a 5 mL test tube. A few
minutes later, the mixture was added into the

reactor in which the simulated oil (20 ml) and
acetonitrile (20 ml) were added. The resulting
mixture was heated to the required reaction
temperature and stirred at 750 rpm. This
procedure was carried at different reaction
temperatures (40 °C, 50 °C, 60 °C and 70 °C).
Samples from the reactor are taken at 10, 20, 30
and 40 minutes. The collected samples were left
to settle for few minutes after which two layers
were formed; the top layer (model oil) and
bottom layer (solvent). The top layer is analyzed
by XRF to measure sulfur content. The same
procedure was done for other catalysts.

3. RESULTES AND DESSCUSIN

Sulfur compound existed in liquid petroleum
fuel, accounting for 85% of overall sulfur, is
mainly thiophenic sulfur. Benzothiophene and
its derivative are above 70% of thiophenic
sulfur [6]. Removal of them and their alkylated
derivative from fuel is difficult. In this work,
oxidative desulfurization of simulate fuel using
polyoxometalates catalysts synthesized was
systematically investigated.

Various polyoxometalates catalysts were
compared their catalytic activity in the
oxidation reaction of DBT under the reaction
conditions: DBT 544 ppm, catalyst 0.0074 gm,
H>0, (30 wt.%) Sml, reaction temperature 60
°C. Under the experimental conditions, the
DBT is directly converted into the
corresponding DBT sulfone [7]; [2]. The results
are shown in Figure 1. From this Figure, it is
shown that phosphotungstic compounds (NPW)
are much better catalyst precursors compared to
their molybdenum counterparts (HPMO), while
polyoxometalate compounds with silicon
(HSIW) as their central atoms show the lowest
activity. The phosphotungstic acid seemed
slightly higher in oxidation activity compared to
its salt form (NaPW). Based on these
preliminary results, as the NPW displayed
better performance in ODS reaction, it was
selected for the next steps of the study, similar
results have been found with homogeneous
systems [8].
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3.1 Effect of Reaction Temperature on the
Oxidation Reaction of Model Oil

The effect of reaction temperature on the
oxidation reaction of DBT was investigated (40-
70 °C). Acetonitrile was used as the extraction
solvent in the oxidation reaction system. The
maximum reaction temperature was 70 °C due
to the 81.1 °C boiling point of acetonitrile. The
conversion profiles of DBT in the oxidation
reaction versus the reaction time at four
different temperatures under the same
conditions are shown in Figure 2.
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Fig. 1 Oxidation of DBT as a function of reaction
time at various polyoxometalates compounds.
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Fig. 2 Oxidation of DBT as a function of reaction
time and reaction temperature using NPW as catalyst
with 5 ml oxidant.

As shown in this Figure (Fig.2), at low
temperature (40 °C), DBT conversion was only
40% in 40 min. However, 92 % sulfur removal
efficiency was achieved in 40 min at 50 °C.
When the reaction temperature was increased to
60 °C, a high DBT conversion (98%) was
obtained in 10 min. However, the DBT
conversion increased slightly by adding the
reaction time. This may be due the
decomposition of oxidant at high reaction
temperature. When the reaction temperature
went from 50 °C to 70 °C, the desulfurization
efficiency was nearly 100% after 10 min of
oxidation reaction. Consequently, the optimum
oxidation reaction temperature of DBT can be
determined as 60 °C.

3.2 Reactivity of Various Sulphur Compounds

To investigate the influence of the catalyst on
the relative reactivity of different sulfur
compounds (DBT, 4-MDBT and 4,6-DMDBT)
was carried out at 60 °C. Under the same
reaction  conditions, the desulfurization
efficiency of these compounds is shown in
Figure 3. As shown in this Figure it was clearly
that the conversion of DBT in simulated oil
could reach nearly 100% after 10 min of
reaction. Thus, the oxidative reactivity of the
sulfur containing compounds decreased in the
order DBT > 4-MDBT >4,6-DMDBT, which is
in agrement with the reasults of HCOOH/H,0,
system [7] and oxometalytates /H,O, in biphase
catalytic system [8], [9]. This may be releated to
electron densities of the sulfur atoms. The
electron densities on the sulfur atoms of 4,6-
DMDBT and DBT were 5.760 and 5.758,
respectively [7],[8], [11]. When the electron
density on sulfur atom was higher, the catalyst
activity was higher [12] [13] [14]. Compared
with DBT and 4,6-DMDBT, the difference in
the electron density on the sulfur is very small,
and it is the steric hindrance of the methyl
groups (4-MDBT has one methyl group and 4,6-
DMDBT has two methyl groups) that governs
the reactivity, which become on obstacle for the
approach of the sulphur atom to the catalytically
active sites in a biphase system. The electron
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density for 4,6-DMDBT is the highest, but its
oxidation reactivity was lower than DBT, this is
due to the steric effect from the alkyl groups at
the 4 and 6 positions.

Conversion (wt%)
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Fig. 3 Conversion variation with the reaction time in
the reaction oxidation of DBT, 4-MDBT and 4,6-
DMDBT using HPW as catalyst with 5 ml oxidant at
60 °C.

4. CONCLUSIONS

This work demonstrates that the removal of
DBT, and also of 4-MDBT and 4,6-DMDBT,
can be effectively accomplished by oxidation
with hydrogen peroxide as oxidant and
polyoxometalates as catalyst under mild
reaction  conditions;  namely, reaction
temperatures close to ambient (40-70 °C) and
atmospheric pressure. The reaction activity of
different sulfur-containing compounds
decreased in the order DBT > 4-MDBT > 4,6-
DMDBT. Under the optimum experimental
conditions, the conversion of DBT was nearly
100%. In a word, this study clearly shows that
NPW are an effective catalyst for ODS and they
seem to be a promising alternative for sulfur
removal in the petroleum industry.

REFERENCES

1. S Houda, C Lancelot, P Blanchard, L Poinel.
Oxidative desulfurization of heavy oils with

10.

11.

high sulfur content: A review - Catalysts, 2018,
344

Mamuad RY, Choi AES. Biodesulfurization
processes for the removal of sulfur from diesel
oil: a perspective report. Energies. 2023;
16:2738.

C. Song, X. Ma, 2003. New design approaches
to ultra-clean diesel fuels by deep
desulfurization and deep dearomatization,
Appl. Catal. B Environ. 41, 207-212.

F.M. Collins, A.R. Lucy, and C. Sharp, 2002.
Oxidative desulphurisation of oils via
hydrogen peroxide and heteropolyanion
catalysis. Journal of molecular catalysis A.
117, pp. 397-403.

T. Aida, D. Yamamoto, 1994. Oxidative
desulfurization of liquid fuels., Am. Chem.
Soc. Div. Petl Chm. 39, 623

Zhou X, Wang T, Liu H, Zhang L, Zhang C,
Kong N, Su D, Wang C. Design of S-scheme
heterojunction catalyst based on structural
defects  for  photocatalytic ~ oxidative
desulfurization application. J Photochem
Photobiol A: Chem. 2022;433: 114162.

M. Te, C. Fairbridge, Z. Ring, 2001. Oxidation
reactivities ~ of  dibenzothiophenes  in
polyoxometalates/H202 and formic
acid/H202 system, Appl. Catal. A Gen. 219,
267-280.

Barilla G.R.H., Chen C.A.W. Valencia
M.ZM., Dugos N.P., Choi A.E.S., 2022,
Mixing assisted oxidative desulfurization using
a synthesized catalyst of the activated carbon
supported phosphotungstic acid: A process
optimization study, South African Journal of
Chemical Engineering, 42, 61-71

M. Zhang, W.S. Zhu, S.H. Xun, H.M. Li, Q.Q.
Gu, Z. Zhao, Q.; Wang, 2013. Deep oxidative
desulfurization of dibenzothiophene with
POM-based hybrid materials in ionic liquids.
Chem. Eng. J., 220, 328-336.

R. Wang, G.F. Zhang, H.X. Zhao, 2010.
Polyoxometalate as effective catalyst for the
deep desulfurization of diesel oil. Catal. Today.
149, 117-121.

K. Yazu, Y. Yamamoto, T. Furuya, K. Miki
and K. Ukegawa. 2001. Oxidation of
dibenzothiophenes in an organic biphasic
system and its application to oxidative
desulfurization of light oil. Energy and fuels.
15, pp. 1535-1536.

J Technol Res. 2025;3:780-785.

https://jtr.cit.edu.ly



785

Khalfalla et al.

12.

13.

14.

Mirante F, Dias L, Silva M, Ribeiro SO, Corvo
MC, De Castro B, Granadeiro CM, Balula SS.
Efficient heterogenecous polyoxometalate-
hybrid  catalysts for the  oxidative
desulfurization of fuels. Catal Commun. 2018;
104:1-8

Haboc MM, Dugos NP, Choi AES, Wan M-W.
A review on the current and potential oxidant-
catalyst systems in mixing-assisted oxidative
desulfurization. Chem Eng Trans. 2023;
103:559-64.

Wang S, Zhang X, Chang X, Zong M-Y, Fan
C-Z, Guo D-X, Xu J, Wang D-H, Bu X-H.
Rational design of ionic V-MOF with confined
Mo species for highly efficient oxidative
desulfurization. Appl Catal B. 2021;298:
120594.

J Technol Res. 2025;3:780-785.

https://jtr.cit.edu.ly



