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Deep oxidative desulfurization of dibenzothiophene
with {Mo132} nanoballs supported on activated carbon
as an efficient catalyst at room temperature†

Ali Mojaverian Kermani,a Ali Ahmadpour, *a Tahereh Rohani Bastamib and
Mahboube Ghahramaninezhadb

In this paper, the Keplerate nanoball iso-polyoxomolybdate {Mo132} supported on activated carbon (AC)

has been synthesized and evaluated as a new, green and cost-effective catalyst for the oxidative

desulfurization of a model fuel containing dibenzothiophene (DBT). The {Mo132}/AC catalysts, which

were prepared with various {Mo132} contents, were characterized using FT-IR, XRD, SEM, EDX, ICP-OES,

H2-TPR and nitrogen adsorption/desorption isotherms. Experimental evaluations showed that the

catalyst was highly efficient in the removal of DBT using hydrogen peroxide (H2O2) as the oxidant, which

could result in a sulfur removal of up to 99.5% (or even more than that) under optimum reaction

conditions. The factors affecting the process including catalyst dosage, temperature, O/S molar ratio,

reaction time and initial sulfur content were evaluated, and the optimum operating conditions were

determined. In addition, the new catalyst was recoverable and the recovered {Mo132}/AC demonstrated a

relatively similar catalytic activity to the fresh one. According to the results of GC-MS analysis, a sulfone

species was found to be the only product of DBT oxidation by H2O2 over {Mo132}/AC. Moreover, a

mechanism for the oxidative desulfurization of DBT by the new catalyst was proposed. The present

study suggested that the {Mo132}/AC composite could be used as an efficient catalyst for the deep

oxidative desulfurization and removal of refractory sulfur compounds in fossil fuels.

1. Introduction

The sulfur content in fossil fuels is a major source of SOx, which
is involved in environmental problems such as air pollution,
acid rain, and global climate change.1,2 Furthermore, the SOx

emission causes human respiratory system diseases, irritation
of the eyes, throat and nose, and even lung cancer.3,4 However,
the demand for crude oil and its derivatives, as an inexpensive
source of energy, has increased in the world and it is predicted
to maintain its current pace by 2035.5 Given the harmful effects
of sulfur oxide emission on the environment, most countries
have become much stricter about the specifications of sulfur
content in transportation fuels such as gasoil and gasoline.
According to new legislation passed in the United States in
March 2014, the maximum permissible level of sulfur was
reduced from 30 to 10 ppm.6,7 Japan and Europe have also

made significant efforts to reduce sulfur compounds in fossil fuels.8

Thus, growing attention has been paid to deep desulfurization of
transportation fuels with the goal of producing ultra-low or probably
zero sulfur fuels.

Currently, hydrodesulfurization (HDS) is the conventional
method of removing organosulfurs in industry, which is especially
efficient in removing acyclic sulfur-containing compounds.5,9,10

However, extreme operating conditions such as high pressure
(20–100 atm of H2) and high temperature (300–400 1C) are
necessary to produce low sulfur fuels via HDS. These conditions
increase hydrogen consumption, require more active catalyst or
longer residence time and demand higher operating expenses.
Besides, HDS is not very effective in the deep desulfurization of
fuels and the removal of refractory organosulfur compounds such
as thiophene, benzothiophene, dibenzothiophene (DBT) and their
derivatives.7,9,11–15 Many recent studies have focused on developing
more energy-efficient and cost-effective deep desulfurization
processes such as adsorption, extraction, bioprocesses and
oxidation.16–18

Among the deep desulfurization approaches, oxidative
desulfurization (ODS) offers a promising method to remove
refractory sulfur-containing compounds and compounds with
steric hindrance on the sulfur atom in fossil fuels.19,20 ODS is
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able to operate under mild conditions at ambient temperature
and atmospheric pressure in comparison with conventional
HDS.21 The refractory aromatic organosulfur compounds (such
as DBT and its derivatives) in the ODS process are easily
oxidized into their corresponding sulfoxides and sulfones,
which can be separated from the fuel through extraction or
adsorption.22 Different oxidants such as NO2, O2, O3, organic
peroxides and H2O2 have been used in the ODS process. The
latter is considered to be the most widely used oxidizing agent,
as it is economic, environmentally friendly, less corrosive and
commercially available.11,23,24

Polyoxometalates (POMs), as green catalysts, belong to a
major class of nanosized metal-oxide cluster anions, which
have gained worldwide attention due to their compositional
variety, tunable charge and size, redox properties and high
catalytic activity.25,26 In recent years, POMs have been widely
utilized as the catalyst for ODS, and their effectiveness in
lowering the sulfur content in fuels has been shown.12,27 It
has been reported that DBT could be effectively oxidized in a
model fuel (DBT 640 ppm) by 93% in the presence of phospho-
tungstic acid (HPW) as the catalyst and H2O2 as the oxidant.27

Although heteropoly compound catalysts such as phospho-
tungstic acid exhibited high catalytic performance in the ODS
process, it is very difficult to recover the spent catalysts. Thus,
various heterogeneous POM-based catalysts were synthesized
and evaluated in the ODS process.22,28–31 Ordered mesoporous
HPW/SiO2 was found to be efficient as a catalyst in reducing
sulfur compounds from diesel.28 Yan et al. modified mesoporous
HPW/SiO2 with Ag species to be used for the oxidative desulfuriza-
tion of both model and real diesel oils. The selective adsorption
capacity of the Ag-modified catalyst towards DBT improved the
oxidative desulfurization. The catalyst with an Ag/HPW molar
ratio of 2, showed the highest catalytic activity.14 A series of
phosphotungstic acid supported ceria hybrids (HPW-CeO2) were
synthesized and used for the oxidative desulfurization of a
model oil. The catalyst was reported to be efficient in removing
DBT by using H2O2 as the oxidizing agent.11

Moreover, several carbon-supported heteropoly compound
catalysts have been used for ODS.13,21,23,32 In this context, a
multi-walled carbon nanotube supported Cs2.5H0.5PW12O40

catalyst prepared by Wang et al.21 was found to be effective
and recoverable for the oxidative removal of DBT. Furthermore,
Yu et al. immobilized HPW onto activated carbon (AC) and
reported a high oxidative removal of DBT from a model fuel
oil.23 ACs can significantly increase the stability towards the
leaching of supported POMs during the ODS process.13 How-
ever, to date, only limited studies have been reported using AC
supported POM compound catalysts for ODS processes.

Keplerate-type giant nanoporous clusters have attracted
growing attention due to their applications as catalysts, nano-
sponges and cation carriers, among others, in fundamental and
applied sciences.33–37 The synthesis of giant polyoxomolybdate
clusters with an icosahedral symmetry was first carried out by
Muller et al.38 Recently, different studies have shown the
oxidation activity and catalytic performance of Keplerate
POM. Selective oxidation of thioanisole catalyzed by {Mo72Fe30}

and epoxidation of olefins using hydrogen peroxide catalyzed
by the nanoball33–35,39 iso-polyoxomolybdate (NH4)42[MoVI

72MoV
60

O372(CH3COO)30(H2O)72] ‘‘{Mo132}’’ have been reported in the
literature.33,40 Therefore, this type of POM catalyst could be
used in various oxidation systems.

To the best of our knowledge, there are few reports about the
use of Keplerate-type clusters for the oxidative desulfurization
of refractory sulfur-containing compounds in fuels. In the present
study, the nanoball iso-polyoxomolybdate {Mo132} supported on
activated carbon was prepared via impregnation in different
{Mo132} contents to be evaluated as a catalyst for the oxidative
desulfurization of a model fuel containing DBT. The samples were
also characterized in detail using various techniques. The main
factors affecting the process were investigated in the desulfuriza-
tion of the model fuel. The catalyst was easily separated from the
reaction mixture and reused in the process. Besides, a supposed
mechanism was proposed for the oxidative desulfurization of DBT
over the {Mo132}/AC catalyst in the presence of hydrogen peroxide.

2. Experimental
2.1. Materials

The chemicals and reagents were used without further purification.
Dibenzothiophene (DBT, 98%), n-octane (99%), acetonitrile (99.9%),
hydrogen peroxide (aqueous solution, 30%), tungstophosphoric
acid hydrate (H3PW12O40�xH2O, total impurities r0.028), ethanol
(99.5%), and ammonium acetate (CH3COONH4, 98%) were pur-
chased from Merck Company (Germany). Ammonium molybdate
tetrahydrate ((NH4)6Mo7O24�4H2O) and hydrazine sulfate (N2H4�
H2SO4, 99%) were obtained from Sigma-Aldrich. Nitric acid (65%)
and acetic acid (100%) were purchased from Dr Mojallali Chemical
Complex Co. (Iran). Walnut shell-based activated carbon (AC) was
received from Shimi Pajoohan Co. (Ardebil, Iran). Deionized (DI)
water (18.3 MO cm) was used throughout the experiments.

2.2. Catalysts preparation

2.2.1. Synthesis of {Mo132}. The {Mo132} nanoball cluster
was prepared in accordance with the procedure described in the
literature.38 First, 5.6 g of ammonium molybdate tetrahydrate
and 12.5 g of ammonium acetate were dissolved in 250 mL of DI
water. Then, 0.8 g of hydrazine sulfate was added to the above
solution. The resulting solution was stirred for 10 min with its
color changing to blue-green. In the next step, 83 mL of acetic
acid (50%) was added. The reaction solution, now green, was
preserved in an open flask (500 mL) at 20 1C without further
stirring (the color changed to dark brown slowly). After four days,
the precipitated red-brown crystals of {Mo132} were filtered using
a glass frit (D2), washed with ethanol, and diethyl ether, and
finally dried in air.

2.2.2. Synthesis of {Mo132}/activated carbon. Supported
{Mo132} was prepared using the impregnation method as follows.
First, the powder of walnut shell-based activated carbon (surface
area, 1130 m2 g�1) was treated with a solution of HNO3 (30%)
and heated up to the boiling point in a reflux system for two
hours. A sufficient amount of {Mo132} was dissolved in a mixture
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of DI water and ethanol (in a volumetric ratio of 1 : 1). After-
wards, the prepared solution was added dropwise to 1 g of
treated activated carbon, stirred for 3 h, and then maintained
overnight at room temperature. The solid product was dried for
8 h at 60 1C and then calcinated for 3 h in a nitrogen atmo-
sphere. The resulting powder was washed 3 times with deionized
water and then dried at 60 1C overnight. According to the mass
percentage ratio of {Mo132} : AC, the catalysts were prepared with
four different loadings of {Mo132} on AC, and labeled as {Mo132}/
AC-2, {Mo132}/AC-10, {Mo132}/AC-20 and {Mo132}/AC-30. A phos-
photungstic acid catalyst supported on activated carbon was
prepared using the same procedure.

2.3. Characterization methods

To investigate the surface properties, FT-IR spectra of the
samples were obtained in the form of KBr pellets using a Thermo
Nicolet Avatar-370 spectrometer in the range of 400–4000 cm�1.
X-ray diffraction patterns were recorded on a Bruker D8-Advance
using Cu Ka radiation (l = 0.154 nm) in the range of 2y = 10–801.
The size and morphology of the samples were examined using
scanning electron microscopy (SEM, LEO 1450 VP) equipped
with an energy-dispersive X-ray (EDX) spectrometer and trans-
mission electron microscopy (TEM, LEO 912 AB). The nitrogen
adsorption/desorption isotherms of the catalysts were measured
at 77 K with a BELSORP-mini II instrument manufactured by
Microtrac. The samples were outgassed at 100 1C for 5 h before
the measurement. The isotherms were used to calculate the
specific surface area based on the Brunauer–Emmett–Teller
(BET) method, the average pore diameter, and total pore volume
(obtained from the volume of nitrogen adsorbed at a relative
pressure of 0.990). The {Mo132} content was determined using
inductively coupled plasma optical emission spectrometry
(ICP-OES) on a 76004555 SPECTRO ARCOS ICP-OES analyzer.
The UV-Vis spectrum of the synthesized {Mo132} was measured
by a SPEKOL 1300 spectrophotometer (Analytik Jena) in the
range of 300–600 nm. A H2-temperature programmed reduction
(H2-TPR) experiment was carried out to study the reducibility of
the catalyst using a NanoSORD NS91 (made by Sensiran Co.,
Iran) apparatus.

2.4. Desulfurization of the model fuel

The model fuel was prepared by dissolving DBT into n-octane
with a sulfur content of 500 ppm. The catalytic tests of sulfur
removal were carried out in a two-necked glass flask equipped
with a water condenser tube and a stirrer. The water bath was
first heated and stabilized at an appropriate temperature. In a
typical run, a sufficient amount of the catalyst was added to a
solution of hydrogen peroxide and 5 mL of acetonitrile. The
process was started by further addition of the model fuel (5 mL)
to the above mixture under continuous stirring at a constant
speed. After a certain time, the upper clear solution (n-octane
phase) was withdrawn from the reaction mixture and the sulfur
content was determined using UV-Vis spectroscopy (SPEKOL
1300, Analytik Jena).

The sulfur content of the samples was also analyzed using
an Agilent-6890 gas chromatograph equipped with an FID using

an HP-5ms capillary column (30 m � 0.25 mm i.d., 0.25 mm). The
analysis conditions of DBT were as follows: injection port
temperature, 280 1C; detector temperature, 320 1C; oven temperature
program, 170 1C held for 2 min, 170–250 1C at a 10 1C min�1

gradient, held for 5 min; carrier gas, pure nitrogen; column
flow, 1.9 mL min�1; and injection volume of the sample, 1 mL.
Moreover, the oxidation product of DBT was identified by gas
chromatography-mass spectrometry (GC-MS) using a Thermoquest-
Finnigan Trace GC-MS instrument.

3. Results and discussion
3.1. Characterization of the catalysts

3.1.1. UV-Visible analysis. The UV-Vis spectrum of the
synthesized {Mo132} is shown in Fig. S1 (ESI†). The nanoball
iso-polyoxomolybdate {Mo132} presented an absorption peak at a
value of 454 nm, which confirmed the formation of the {Mo132}
structure and the results were consistent with the literature.33

3.1.2. XRD patterns. The XRD patterns of the bulk {Mo132}
and {Mo132} catalysts supported on AC with different {Mo132}
contents ({Mo132} : AC, 0.02–0.3) are shown in Fig. 1. It was
found that the XRD patterns of the {Mo132}/AC catalysts were
similar to that of bulk activated carbon as an amorphous
structure. As shown in Fig. 1, there were no characteristic peaks
of the {Mo132} crystalline phases on the supported catalysts,
indicating that the {Mo132} clusters were highly scattered on the
surface of the activated carbon to form a non-crystalline state.
These results confirmed the strong interaction between the
{Mo132} clusters and the AC support.

3.1.3. FT-IR spectroscopy. The FT-IR spectra of the {Mo132}
and {Mo132}-supported carbon catalysts in the region of
4000–400 cm�1 are shown in Fig. 2. Infrared spectroscopy is
one of the best techniques for identifying POM anions on
different supports. In the spectrum of {Mo132}, as shown in
Fig. 2f, a broad peak corresponding to n(O–H) can be seen in
the region of 3600–3200 cm�1. The characteristic bands of
Keplerate-type {Mo132} were also detected at 968 and 935 cm�1

(which were attributed to the MoQO bond), 792 and 724 cm�1

Fig. 1 XRD patterns of various samples: (a) {Mo132}/AC-2, (b) {Mo132}/AC-10,
(c) {Mo132}/AC-20, (d) {Mo132}/AC-30, and (e) bulk {Mo132}.
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(which were attributed to the Mo–O–Mo bond), and 1546 cm�1

and 1404 cm�1 (which were attributed to the COO, and NH4
+

groups, respectively). The FT-IR spectrum of the {Mo132} was
consistent with observations reported in the literature.34,38,41

FT-IR spectra of the {Mo132}/AC catalysts (Fig. 2a–d) exhibited
characteristic peaks of the MoQO bond at 954 and 916 cm�1 in
addition to the Mo–O–Mo group at 792 and 718 cm�1, indicating
that the primary structure of {Mo132} remained intact after
immobilizing on the activated carbon. Furthermore, there was
an obvious growth of the characteristic peaks of {Mo132} with an
increase in the {Mo132} content. In the case of the supported
catalysts, slight peak shifts were observed, which were probably
ascribed to the formation of a covalent bond between the
{Mo132} clusters and the AC support as described in similar
research studies.42

3.1.4. TEM, SEM and EDX analyses. First of all, the ball
morphology of {Mo132} was confirmed by the TEM images with
size ranging between 5 and 50 nm (Fig. S2, ESI†). Besides, Fig. 3
shows the SEM images (with different magnifications) and the
EDX spectrum of the {Mo132}/AC catalyst with a {Mo132} : AC
mass ratio of 0.2. As shown in Fig. 3a and b, the {Mo132} species
were in the form of irregular discrete aggregates immobilized
and dispersed heterogeneously on the surface of activated
carbon. The results were consistent with the XRD analysis. In
addition, the EDX spectrum confirmed the existence of the Mo
species of the {Mo132} clusters in the {Mo132}/AC catalyst, as
shown in Fig. 3c.

3.1.5. BET surface area, textural properties, and {Mo132}
content analysis. The nitrogen adsorption/desorption isotherms
of the bulk activated carbon and supported catalysts with
different {Mo132} contents are presented in Fig. 4. The isotherm
of the bulk {Mo132} was also obtained and it is shown in Fig. S3
(ESI†). The bulk activated carbon exhibited a type IV isotherm
with a flat and parallel hysteresis loop started at 0.4 relative
pressure. The hysteresis loop in the isotherm confirmed the
existence of mesopores in the bulk AC structure.43 The {Mo132}/AC
catalysts also exhibited type IV isotherm patterns with hysteresis

loops starting at 0.4 relative pressure, indicating that the activated
carbon support retained its mesoporous structure and slit-shape
pores even after immobilizing {Mo132}.

The textural properties of various samples are listed in
Table 1. With an increase in the {Mo132} content, the BET
surface area and the total pore volume of the {Mo132}/AC
samples decreased significantly, indicating that {Mo132} on
the internal surface of the AC blocked some parts of the pores
of the support. On the other hand, a slight increase in the
average pore diameter of the samples was due to the tendency
of {Mo132} to block the micropores and small mesopores of the
AC support.

ICP-OES was employed to determine the actual content of
{Mo132} in the supported catalysts. From the results listed in

Fig. 2 FT-IR spectra of various samples: (a) {Mo132}/AC-2, (b) {Mo132}/
AC-10, (c) {Mo132}/AC-20, (d) {Mo132}/AC-30, (e) AC treated by HNO3

(30%) and (f) bulk {Mo132}.

Fig. 3 (a and b) SEM images of the {Mo132}/AC-20 catalyst and (c) the
corresponding EDX spectrum of the catalyst.
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Table 1, the actual contents of {Mo132} in the samples are much
lower than the theoretical contents. {Mo132} leaching during
the catalyst preparation process could reduce the possible
amount of {Mo132} supported on activated carbon. Besides,
{Mo132} may not be completely dissolved in the sample pre-
paration solutions and detected by ICP-OES analysis.

3.2. Performance evaluation of the catalysts in terms of DBT
removal

A comparative catalytic study was conducted between the
homogeneous catalyst of bulk {Mo132} and the heterogeneous
catalysts of activated carbon, HPW/AC, and {Mo132}/AC as
alternative catalysts for the oxidative desulfurization process,
and the results are shown in Table 2. The ODS processes were
carried out at room temperature (25 1C) for 10 min with an O/S
molar ratio (n[H2O2]/n[DBT]) of 10, and a catalyst dosage of
0.005 g cat per g F (equivalent to 0.5 wt% of the fuel). The
experiments were also performed using an equal volume of a
model fuel (with an initial DBT content of 500 ppm) and an
immiscible organic solvent (acetonitrile). As a result, the
{Mo132}/AC catalyst ({Mo132} : AC = 0.2) was able to achieve a
DBT removal of 99.2% (Table 2, #1, entry 4) which was the
highest among the catalysts. It was also observed that these
catalysts had poor performances in the absence of acetonitrile
(less than 5.0%). In the absence of a suitable polar phase
(acetonitrile), the catalysts do not disperse well in the reaction
medium. So, the reason was attributed to the reaction medium,

which was not appropriate for the effective contact of DBT and
the catalyst.

To demonstrate the effect of the support, a comparison was
performed between the catalytic performances of both {Mo132}
and {Mo132} supported on AC. The desulfurization efficiency of
{Mo132}/AC was found to be higher than that of bulk {Mo132},
which was due to its enhanced surface area. In other words, the
high specific surface area of {Mo132}/AC could increase the
contact of reactants (DBT and the active catalyst species on AC)
due to the adsorption of DBT on the surface or into the pore
channels of AC. In addition, {Mo132}/AC could be dispersed at
the fuel–acetonitrile interface owing to the lipophilicity of AC,
which acted as a phase-transfer agent.23 Activated carbon is an
inexpensive and available support for {Mo132}, which could be
easily recovered from the reaction mixture. Therefore, loading
{Mo132} on the AC support is essential to achieve deep desul-
furization of DBT in the model fuel.

As shown in Table 2, the catalytic performance of {Mo132}/AC
was 30% greater than that of HPW/AC (HPW:AC = 0.2). This
could be due to the enormous size of the {Mo132} cluster
compared to HPW, which led to the formation of more active
species on Mo atoms by the attack of hydrogen peroxide. In
addition, the superior catalytic performance of {Mo132} might
have resulted from its high oxidation capacity and the active
peroxo species in the form of {Mo132}* intermediates were more
effective in oxidation of the DBT molecules.

As a comparison, the effects of the {Mo132}/AC catalysts with
different {Mo132} contents were also evaluated in terms of the

Fig. 4 Nitrogen adsorption/desorption isotherms of (a) bulk AC, (b)
{Mo132}/AC-2, (c) {Mo132}/AC-10, (d) {Mo132}/AC-20, and (e) {Mo132}/AC-30.

Table 1 Textural properties and {Mo132} content of the samples

Catalyst
samples

BET surface
area (m2 g�1)

Total pore
volume (cm3 g�1)

Average pore
diameter (nm)

{Mo132} : AC
mass ratio

Theoretical {Mo132}
content (%)

Actual {Mo132}
contents (%)

Bulk {Mo132} 14.5 0.018 5.01 — — —
Bulk AC 1130 — — — — —
{Mo132}/AC-2 933 0.558 2.39 0.02 1.96 0.49
{Mo132}/AC-10 775 0.468 2.41 0.1 9.09 1.74
{Mo132}/AC-20 598 0.353 2.36 0.2 16.67 9.04
{Mo132}/AC-30 299 0.227 3.03 0.3 23.07 16.14

Table 2 Comparison of the catalytic performances of different catalysts
on DBT removal

Entry Catalyst

DBT removala (%)

Catal + H2O2 + solventc Catal + H2O2

#1 different catalysts
1 AC 55.7 3.5
2 {Mo132} 63.1 3.6
3 HPW/ACb 76.3 4.2
4 {Mo132}/ACb 99.2 4.9

#2 different {Mo132} contents
1 {Mo132}/AC-2 82.4
2 {Mo132}/AC-10 85.3
3 {Mo132}/AC-20 99.2
4 {Mo132}/AC-30 99.2

a Reaction conditions: T = 25 1C, O/S = 10, catalyst dosage = 0.005 g cat
per g F, t = 10 min and initial sulfur content = 500 ppm. b HPW : AC and
{Mo132} : AC mass ratios = 0.2. c Solvent: Acetonitrile.
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oxidative removal of DBT. The results are shown in Table 2. The
catalytic performance was enhanced with an increase in the
{Mo132} content of the supported catalysts, which was due to
the increased active species on the catalyst. Both the specific
surface area and the {Mo132} content are effective factors in the
oxidative desulfurization of DBT in the model fuel. However, as
shown in Tables 1 and 2, with an increase in the {Mo132}
content of the supported catalysts, the specific surface area
decreased, but the catalytic performance was improved. Con-
sequently, the {Mo132} content was more effective than the
specific surface area of the {Mo132}/AC catalyst in the oxidative
desulfurization of the model fuel.

It should be noted that the increase in the oxidative removal
of DBT was prominent until the mass percent ratio of
{Mo132} : AC increased up to 20%. The catalytic performance
of the {Mo132}/AC-30 catalyst was nearly the same as the
{Mo132}/AC-20 catalyst, which was mainly due to the large
decrease in the specific surface area (Table 1). As a result, the
{Mo132} : AC mass percent ratio of 20% was found to be the
optimum loading and the {Mo132}/AC-20 catalyst was selected
to be used for the following evaluations.

3.3. Main factors affecting the process

3.3.1. Catalyst dosage. The amount of catalyst used in the
oxidative desulfurization process is an important factor in
terms of economic efficiency, which exerts a significant impact
on the process efficiency. Fig. 5 shows the effect of the {Mo132}/
AC-20 catalyst dosage on the oxidative removal of DBT. Under
the same reaction conditions, 46% of DBT was removed from
the model fuel in the absence of catalyst over 120 min. There-
fore, the presence of the catalyst is crucial for the deep removal
of sulfur containing compounds. As shown in Fig. 5, the DBT
removal increased sharply using 0.001 g of the {Mo132}/AC-20
catalyst per unit mass of the model fuel. Moreover, it was found
that DBT was almost completely removed with a catalyst dosage
of 0.0025 g cat per g F after 30 min and the desulfurization
efficiency reached 99.5%. As a result, the time required for the
complete removal of DBT decreased from 30 to 10 min, when

the catalyst dosage was increased to 0.005 g cat per g F. Thus, an
optimum catalyst dosage of 0.0025 g cat per g F is recommended to
achieve the deep removal of DBT in the system. In addition, the
optimum dosage of the catalyst in the present work was much
lower than the ones reported in the literature.21–23

3.3.2. Temperature. The effect of reaction temperature on
the oxidative desulfurization of DBT catalyzed by {Mo132}/AC-20
was investigated under identical reaction conditions. As shown
in Fig. 6, the reaction time required for the complete removal of
DBT could be shortened by increasing the temperature. It was
found that the complete removal of DBT could be achieved at
45 1C over 10 min. Furthermore, DBT was almost completely
eliminated from the model fuel at room temperature (25 1C)
after 30 min. Finally, from the perspective of energy economy,
25 1C was chosen as the optimum temperature for the deep
removal of DBT in the system.

3.3.3. O/S molar ratio. Fig. 7 shows that the dosage of oxidant
(H2O2) also plays a crucial role in the oxidative desulfurization of

Fig. 5 Effect of catalyst dosage on the removal of DBT. Reaction condi-
tions: T = 25 1C, O/S = 10 and initial sulfur content = 500 ppm.

Fig. 6 Effect of reaction temperature on the removal of DBT. Reaction
conditions: catalyst dosage = 0.0025 g cat per g F, O/S = 10 and initial
sulfur content = 500 ppm.

Fig. 7 Effect of O/S molar ratio on the removal of DBT. Reaction condi-
tions: T = 25 1C, catalyst dosage = 0.0025 g cat per g F, t = 30 min and
initial sulfur content = 500 ppm.
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the model fuel. The oxidative removal of DBT was performed at
different O/S molar ratios (n[H2O2]/n[DBT]) at room temperature
over the {Mo132}/AC-20 catalyst. As can be seen in Fig. 7, DBT
removal was improved with an increase in the O/S molar ratio of
up to 10, in which DBT was almost completely oxidized and
eliminated from the model fuel. However, it decreased slightly
when the molar ratio was further increased.

In the oxidative desulfurization process, the stoichiometric
value of the O/S molar ratio was 2, which was much lower than the
optimum value of O/S = 10. At the stoichiometric O/S molar ratio of
2, the oxidative removal of DBT reached 78.3% after 30 min. This
could be due to the thermal decomposition of hydrogen peroxide
which occurred parallel to the catalytic oxidation of DBT during the
ODS process.44 When the O/S molar ratio was greater than the
optimum value of 10, the removal efficiency of DBT decreased due to
the production of water from the thermal decomposition of H2O2

and the catalytic oxidation of DBT, which hindered the oxidative
desulfurization reaction.45,46 Therefore, O/S = 10 was chosen as the
optimum ratio to achieve the desirable removal rate of DBT.

3.3.4. Initial sulfur content of the model fuel. The effect of
initial sulfur content on the catalytic performance of {Mo132}/AC-20
was investigated at three different initial DBT concentrations of

500, 700, and 1000 ppm in the model fuel and the results are
shown in Fig. 8. Generally, the rate of reaction increases with an
increase in the concentration of any reactants. Thus, in our case,
the increase in the initial DBT concentration led to an increase of
the reaction rate (considering the slopes of the curves in Fig. 8).
However, this increased the time required for the complete removal
of DBT, which was due to the large amount of DBT in the model
fuel and the decrease in active sites of the catalyst. As a result, an
increase in the initial DBT content could complicate the complete
removal of sulfur. It was observed that DBT was almost completely
removed from the model fuel at 25 1C after 60 and 120 min, even if
the initial DBT content had been set to 700 and 1000 ppm,
respectively. Therefore, the {Mo132}/AC-20 catalyst could be used
in the oxidative desulfurization process at high concentrations
of DBT.

To compare the catalytic performance of {Mo132}/AC with
other hybrid catalysts reported in the literature, the results of
different studies in terms of catalyst dosage (g cat per g F),
sulfur removal efficiency, and especially reaction conditions
used in the processes are summarized in Table 3. It can be seen
that deep oxidative desulfurization can be achieved by the
{Mo132}/AC catalyst with a shorter reaction time, less required
dosage of catalyst, and less needed amount of thermal energy
compared to the other catalysts.

3.4. Catalyst reusability

For further analysis, the catalyst was recovered and reused in
the ODS process. At the end of the reaction with fresh {Mo132}/
AC-20, the catalyst was separated from the reaction mixture,
washed by ethanol and then dried at 60 1C. Afterward, the
recovered catalyst was used in the next run under the identical
reaction conditions to evaluate the catalyst reusability. As shown
in Fig. 9, the catalyst activity decreased slightly with an increase
in the number of catalyst reuses, and {Mo132}/AC-20 exhibited a
great catalytic activity with only a slight decrease after the third
reuse in the ODS process compared to the fresh catalyst.
Accordingly, {Mo132} supported on AC was found to be a promis-
ing catalyst for the deep oxidative desulfurization of fossil fuels.

To understand the reason for the reduction of catalyst
activity, the content of {Mo132} in the recycled catalysts was

Fig. 8 Effect of initial sulfur content. Reaction conditions: T = 25 1C,
catalyst dosage = 0.0025 g cat per g F and O/S = 10.

Table 3 Comparison of the catalytic performances of different catalysts in ODS by H2O2 as the oxidant reported in the literature

Catalyst
Cat. dosage
(g cat per g F) t (min) T (1C)

O/S molar
ratio

S content
(ppm) Model fuel Extractant S removal (%) Ref.

Cs2.5H0.5PW12O40 0.01 60 60 15 500 n-Octane + DBT Acetonitrile 70.5 12
Cs2.5H0.5PW12O40/AC 0.01 120 60 20 500 n-Octane + DBT Acetonitrile 90.8 21
Cs2.5H0.5PW12O40/MWCNT 0.01 120 60 20 500 n-Octane + DBT Acetonitrile 100 21
Cu/TS 0.0326 240 70 19.9 iso-Octane + thiophene — 93 47
HPW–CeO2 0.0057 30 30 6 500 n-Octane + DBT [C8mim]BF4 99.4 11
HPW/mpg-C3N4 0.014 150 60 8 100 n-Octane + DBT Methanol 100 (conversion) 22
HPW/SiO2 0.015 180 50 12 500 Petroleum ether + DBT Acetonitrile 100 (conversion) 28
HMT–PTA 0.01 180 60 20.7 910 Hexane + DBT Acetonitrile 99.9 (conversion) 48
Co/KIT-6 0.0071 40 100 4a 400 n-Octane + DBT DMF 98.68 49
HPW/NH2-Al2O3 0.003 120 60 8 350 n-Octane + DBT Acetonitrile 99.2 50
{Mo132}/AC 0.0025 30 25 10 500 n-Octane + DBT Acetonitrile 499.5 This work

Note: MWCNT: multi-walled carbon nanotube, Cu/TS: copper loaded titanium silicate, mpg-C3N4: mesoporous graphitic carbon nitride, HMT–PTA:
hexamine–phosphotungstate hybrid and Co: cobalt.a Used oxidant: cyclohexanone peroxide.
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determined via ICP-OES analysis. From the results listed in
Table S1 (ESI†), the {Mo132} content of the catalyst decreased
after the first recycle. This is attributed to {Mo132} leaching

during the desulfurization or the process of recycling and
washing the catalyst after the reaction. However, the extent of
{Mo132} leaching decreases significantly with an increase in the
number of cycles of catalyst recycling.

3.5. Mechanism of DBT oxidation

Scheme 1 represents the mechanism suggested for the catalytic
oxidative desulfurization of DBT. At the beginning of the
process, DBT was extracted into the polar phase (acetonitrile) under
agitation. The extracted DBT was adsorbed onto the surface of the
{Mo132}/AC catalyst, and then reacted with the active species in the
form of a {Mo132}* intermediate.23,32 The {Mo132}* intermediate,
which exhibited a higher oxidation capacity compared to hydrogen
peroxide, was formed by the attack of H2O2 on the {Mo132} clusters.
DBT was then oxidized to its corresponding sulfone (DBTO2), which
was confirmed to be the only product of DBT oxidation over
{Mo132}/AC by the GC-MS analysis of the acetonitrile phase at the
end of the process (Fig. S5, ESI†). Furthermore, according to the
GC-MS results, the acetonitrile phase was free of DBT at the end of
the process. The roles of activated carbon and the {Mo132}* inter-
mediate in the ODS process were to develop the DBT adsorption

Fig. 9 Reusability of the catalyst. Reaction condition: T = 25 1C, catalyst
dosage = 0.0025 g cat per g F, O/S = 10, t = 30 min and initial sulfur
content = 500 ppm.

Scheme 1 Suggested mechanism for the oxidation of DBT. (A) Before the ODS process and (B) during the ODS process.
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and facilitate the oxidation of sulfur, respectively.23 The increase in
polarity of DBT after oxidation into sulfone species facilitated the
removal of sulfur from the model fuel to the polar organic phase.
Thus, DBT was removed from the fuel and immobilized in the
acetonitrile phase in the form of DBTO2.

4. Conclusions

In this study, the nanoball iso-polyoxomolybdate {Mo132} was
successfully immobilized and properly dispersed on the surface
of activated carbon by an impregnation method. The {Mo132}/
AC catalyst exhibited an excellent catalytic activity for the
removal of DBT, which could reach a high sulfur removal of
up to 99.5% (or even higher than that) under the optimum
conditions at room temperature, a O/S molar ratio of 10, and a
catalyst dosage of 0.0025 g cat per g F. Besides, the new catalyst
in the presence of hydrogen peroxide exhibited higher catalytic
oxidation capacity compared to the pure {Mo132} and AC and
HPW/AC. Moreover, the catalyst could be reused three times
without any significant decrease in the performance. A sulfone
species was found to be the only product of the catalytic
oxidation of DBT over {Mo132}/AC combined with hydrogen
peroxide. Overall, the {Mo132} supported on AC is an efficient
and potential catalyst in the oxidative desulfurization process,
which could be used to remove refractory sulfur containing
compounds such as DBT from fossil fuels.
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