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A B S T R A C T   

A novel core–shell nanostructured catalyst was synthesized by supporting Keplerate nanoball iso- 
polyoxomolybdate {Mo132} on ionic liquid-functionalized magnetic silica nanoparticles (MSN/IL-{Mo132}), 
and characterized by several techniques including FT-IR, XRD, TEM, VSM, and EDX analysis. The performance of 
the catalyst was investigated in deep oxidative desulfurization of a model fuel (MF) containing dibenzothiophene 
(DBT). The effects of three operational parameters including reaction temperature, O/S molar ratio, and catalyst 
dosage were evaluated by optimal design of experiments based on response surface methodology (RSM). 
Moreover, the optimum conditions were obtained at temperature of 62.5 ◦C, catalyst dosage of 0.0065 g cat/g 
MF, and O/S molar ratio of 20.5, to achieve a high sulfur removal of 99.97% within 30 min of reaction time. 
Kinetic study of the process was also performed to better understand the catalytic oxidative desulfurization of 
DBT. The catalyst was simply separated from the reaction medium by using an external magnetic field and reused 
four times in the process without significant decrease in its activity. By using GC-MS analysis, DBT sulfone was 
detected to be the only product in oxidation of DBT over the catalyst. This research describes a new, efficient and 
magnetically recoverable catalyst which is highly effective in oxidative removal of refractory sulfur-containing 
compounds such as DBT from fossil fuels.   

1. Introduction 

Organic sulfur compounds of fuels are normally convert to sulfur 
oxides during combustion and these products have been a global 
concern for decades due to causing various environmental and health 
issues like air pollution, acid rain, respiratory system diseases and can-
cer [1,2]. Moreover, organosulfur compounds are responsible for cata-
lyst deactivation in refining processes, corrosion problems in pipeline 
and also poisoning of exhaust gas treatment catalyst in vehicles [3–5]. 
The growing environmental concerns have forced government author-
ities to impose very strict regulations on oil refineries for the production 
of ultra-clean fuels with low sulfur content. According to EU legislation, 
the sulfur level must be reduced to less than 10 ppm for both diesel and 
gasoline in Europe since 2010 [6,7]. However, the production of ultra- 
low sulfur fuel has still remained a challenging issue with current 

technologies. 
In order to meet the stringent regulations on fuel specification, the 

refractory sulfur-containing compounds such as thiophene, benzothio-
phene (BT), dibenzothiophene (DBT) and its derivatives must be 
desulfurized [7,8]. Over the last few decades, hydrodesulfurization 
(HDS) process has been used as the conventional approach for removing 
sulfur from liquid oil in refining industry; nevertheless, it operates under 
severe conditions at high temperature (300–400 ◦C) and high pressure 
(20–100 atm of H2), and consumes large amounts of hydrogen and also it 
is not effective for removal of refractory sulfur compounds [9–12]. 
Therefore, it is imperative to develop alternative technologies for pro-
ducing ultra-low sulfur fuels. These technologies include extraction 
[13–15], adsorption [16–18], biodesulfurization [19,20], pervaporation 
[21,22], oxidative desulfurization (ODS) [8,23], and others. Each of 
these methods has been investigated in different aspects. Among the 
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current desulfurization methods, ODS has received much attention 
because of a number of advantages including (but not limited to) mild 
reaction conditions (atmospheric pressure and no requiring hydrogen), 
high selectivity, economic feasibility, and also high efficiency in 
removal of refractory sulfur compounds [12,24]. Furthermore, ODS can 
be recognized as both a complement and an alternative for HDS process 
[5]. By means of this approach, organosulfur compounds in the presence 
of an oxidant (usually H2O2) and appropriate catalyst are oxidized into 
their corresponding sulfones and/or sulfoxides, which are subsequently 
removed from fuel by adsorption, distillation, decomposition or 
extraction (with a polar solvent) [24,25]. 

One of the vital factors of ODS process is the selection of an efficient 
catalyst, which enhances the effectiveness of the oxidant. Previous re-
searches have employed various homogeneous and heterogeneous cat-
alysts for ODS, such as organic acids [26], metallic oxides [24,27], 
polyoxometalates [8] and their composites [25,28,29], molecular sieves 
[30], and metal complexes [31]. Facile recyclability, which heavily af-
fects the practicability of a catalytic process, is considered as one of the 
most important aspects for a suitable catalyst. Although homogeneous 
catalysts are efficient, recycling and reusing of these catalysts are 
extremely difficult [32]. Magnetic core–shell structured materials 
combined with other catalytically active species provide a solution to 
this problem since a catalyst with magnetic properties can be easily 
separated from the reaction medium by using an external magnetic field 
[33–35]. In particular, magnetic silica nanoparticles (MSN) with iron 
oxide as the core and a silica layer have been widely studied due to 
exceptional properties including unique magnetic susceptibility, high 
stability, suitable catalytic properties, and low cytotoxicity [36]. In this 
respect, Cui et al. prepared a magnetically recyclable catalyst by 
covering the surface of magnetic silica nanoparticles with the complexes 
between phosphotungstic acid and 3-(trimethoxysilyl)-propyldimethy-
loctadecyl ammonium chloride [37]. The catalyst was capable to reduce 
the sulfur level to less than 0.8 ppm under optimum reaction conditions. 
Furthermore, Zhang et al. prepared two types of H3PW12O40-function-
alized magnetic nanoparticles and they were used as catalysts in ODS 
process. It is reported to efficiently catalyze the oxidation of dibenzo-
thiophene at 30 ◦C [32]. However, investigations using the magnetically 
recoverable catalysts in ODS processes are quite limited to date. 

Polyoxometalates (POMs) as a class of green multifunction materials, 
have drawn great attention and widely examined in various processes 
because of their tenability of composition, size, shape, catalytic activity, 
and redox properties [38–40]. Particularly, Keggin polyoxometalates 
have been extensively developed as both homogeneous and heteroge-
neous catalysts for ODS [7]. A series of stunning giant nanoporous 
clusters with more than 500 atoms and icosahedral symmetry, which is 
called Keplerate-type POMs, was discovered by Muller and coworkers in 
the 1990s [41]. Keplerates form a class of hollow spherical clusters with 
the general formula of [(pentagon)12(linker)30]n- in which the pentagon 
is like a hexanuclear {MVI

6O21}6- core (M = W or Mo) and the linker can 
be either dimolybdic cationic units such as {Mo2O4}2+ and 
{Mo2O2S2}2+ or monometallic cations like Fe3+, Cr3+, and VO2+ [42]. 
Because of unique features and more interesting properties (like enor-
mous sizes) compared with other types of POMs, Keplerates are 
considered as potential candidates for many applications in nano-
chemistry and nanomaterials science. However, few researches have 
been reported on catalytic activity of Keplerate-type POMs in oxidation 
of organic compounds. The first study on oxidation activity of Keplerates 
was performed by using {Mo72Fe30} cluster as the catalyst in oxidation 
of thioanisole with hydrogen peroxide [43,44]. In addition, we have 
recently reported high catalytic performance of nanoball iso- 
polyoxomolybdate (NH4)42[MoVI

72MoV
60O372(CH3COO)30(H2O)72] 

“{Mo132}” supported on activated carbon in oxidative desulfurization of 
DBT at room temperature. The sulfur removal could reach 99.5% under 
optimal reaction conditions [45]. It is also worth mentioning that 
{Mo132}, which consists of 12 pentagons of [MoVI

6O21(H2O)6]6- and 30 
linkers of [MoV

2O4(CH3COO)]+, is not totally isotropic, but nevertheless 

it approximates to the icosahedral symmetry [46]. 
A careful literature review showed that there were few studies about 

MSN combined with POM clusters as catalyst in oxidative desulfuriza-
tion process. Besides, ionic liquid-type catalysts have recently aroused 
the interest of many researchers due to unique properties of ionic liquids 
(IL). In the present study, a novel magnetically separable catalyst was 
prepared by non-covalent [47] immobilization of {Mo132} clusters on 
imidazolium-based ionic liquid-functionalized MSN. The performance 
of the catalyst was evaluated in oxidative desulfurization of a model fuel 
containing DBT by using hydrogen peroxide as the oxidant. The catalyst 
was characterized in detail via various techniques. Furthermore, opti-
mization studies were performed through response surface methodology 
(RSM) as a novel approach to statistically evaluate the main parameters 
affecting the process including temperature (25–65 ◦C), molar ratio of 
H2O2 and DBT (O/S, 10–30) in the reaction, and catalyst dosage 
(0.0025–0.0075 g cat/g MF). The catalyst was simply separated from the 
reaction system by an external magnetic field to be reused in the ODS 
process. A plausible mechanism for oxidative desulfurization of DBT in 
the presence of the catalyst using H2O2 as the oxidant was proposed. 
Kinetic study of the process was also carried out to better understand the 
catalytic oxidative desulfurization of DBT. 

2. Experimental 

2.1. Materials 

All materials were used as received without further purification 
unless otherwise mentioned. Ammonia solution (28%), iron (II) sulfate 
heptahydrate, iron (III) chloride hexahydrate, absolute ethanol, tet-
raethyl orthosilicate (TEOS, >99.0%), ammonium acetate (98%), 3- 
(chloropropyl)-trimethoxysilane (>99.0%), 1-methylimidazole 
(>99%), tetrahydrofuran (THF), n-octane (99%), dibenzothiophene 
(DBT, 98%), hydrogen peroxide (aqueous solution, 30%), acetonitrile 
(MeCN, 99.9%), and chloroform were purchased from Merck Company 
(Germany). Toluene (>99%), acetic acid (100%), and hydrochloric acid 
solution (37%) were obtained from Dr. Mojallali Chemical Complex Co. 
(Iran). Ammonium molybdate tetrahydrate and hydrazine sulfate (99%) 
were purchased from Sigma-Aldrich. Deionized water (DI water, 18.3 
MΩ cm) was used for washing and sample preparation throughout the 
research. Toluene and THF were first dried using CaCl2 and then 
distilled over sodium with benzophenone as indicator. 

2.2. Catalyst preparation 

The preparation process of the magnetically separable catalyst is 
explained in three steps and shown in Scheme 1. Iso-polyoxomolybdate 
{Mo132} nanoball cluster was also synthesized using the procedure 
mentioned in literatures [41,45]. The UV–vis spectrum (Fig. S1, Sup-
porting Information), nitrogen adsorption/desorption isotherms 
(Fig. S2, Supporting Information), XRD pattern (Fig. S3, Supporting 
Information), and FT-IR spectrum (Fig. S4, Supporting Information) 
confirmed the structure of prepared {Mo132} cluster [43,45]. 

2.2.1. Preparation of Fe3O4@SiO2 nanoparticles (MSN) 
Iron oxide nanoparticles (Fe3O4) were prepared via a co- 

precipitation method [35]. Since Fe3O4 nanoparticles are prone to be 
oxidized or damaged in an acidic medium, they were coated with a silica 
layer through a typical sol–gel method [47]. In addition, silica is 
considered as one of the most proper inert materials for coating Fe3O4 
nanoparticles owing to its large surface area and high chemical stability 
[36]. According to the previous reports [35,48], 80 mL of absolute 
ethanol and 20 mL of DI water were placed in a flask. 0.4 g of the as- 
prepared Fe3O4 nanoparticles were then added to the solution and ul-
trasonically dispersed to provide a uniform suspension. Afterwards, 1.6 
mL of TEOS and 1 mL of concentrated NH3⋅H2O solution (28%) were 
added dropwise into the suspension. After vigorous stirring for 6 h at 
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room temperature, MSN was separated from the suspension by using a 
magnet, washed three times with absolute ethanol and DI water, and 
finally dried at 60 ◦C overnight. 

2.2.2. Preparation of ionic liquid-functionalized MSN (MSN/IL) 
Ionic liquid-functionalized magnetic silica nanoparticles (MSN/IL) 

were prepared as follows. The imidazolium-based ionic liquid precursor 
was prepared based on the procedure of Shi et al. [49,50]. Briefly, 1.0 
mL of 3-(chloropropyl)-trimethoxysilane and 0.2 mL of 1-methylimida-
zole were mixed in 30 mL of anhydrous toluene and refluxed at 110 ◦C 
for 12 h. The mixture was then cooled to room temperature, washed by 
diethyl ether at least five times, and dried at 60 ◦C in vacuum. In the next 
step, 1.0 g of MSN was dissolved in 30 mL of chloroform by sonication 
for 1 h. Then, 0.28 g of the ionic liquid precursor was added, and the 
reaction mixture was refluxed at 80 ◦C for 2 days with N2 gas flow. After 
being cooled to room temperature, the solid products (MSN/IL) were 
collected using a magnet, washed three times with chloroform, and 
dried in vacuum. 

2.2.3. Preparation of MSN/IL-{Mo132} nanocomposite 
MSN/IL-{Mo132} nanocomposite was prepared by supporting 

{Mo132} clusters on MSN/IL nanoparticles by means of non-covalent 
interactions between {Mo132} anion and cationized support. 0.2 g of 
the as-prepared MSN/IL was dispersed in 30 mL of anhydrous tetrahy-
drofuran by sonication for 30 min. Subsequently, 0.2 g of {Mo132} 

clusters was added and the resulting mixture was sonicated again for 60 
min. The products (MSN/IL-{Mo132}) were collected using an external 
magnetic field, washed three times with THF, and finally dried in vac-
uum at 60 ◦C for 6 h. 

2.3. Characterization methods 

X-ray diffraction (XRD) patterns of samples were measured with a 
Bruker D8-Advance diffractometer at room temperature using Cu Kα 
radiation (λ = 0.154 nm) in the range of 2θ = 10-80◦. Fourier transform 
infrared (FTIR) spectra were recorded in the range of 400–4000 cm− 1 on 
a Thermo Nicolet Avatar-370 spectrometer using KBr pellets in order to 
investigate the surface chemistry of samples. The morphology, size, and 
chemical composition of samples were studied using transmission 
electron microscopy (TEM, LEO 912 AB) and also energy-dispersive X- 
ray (EDX, LEO 1450 VP) spectrometer. Magnetic properties of the pre-
pared samples were examined at room temperature by a vibrating 
sample magnetometer (VSM, Lake Shore 7407). 

2.4. Desulfurization of model fuel 

A solution of DBT in n-octane with a sulfur content of 500 ppm was 
used as the model fuel (MF). The experiments of oxidative desulfuriza-
tion were performed in a two-necked round-bottomed flask equipped 
with stirrer and condenser. In a typical run, as seen in scheme 2, the flask 

Scheme 1. Schematic illustration of the synthesis of MSN/IL-{Mo132} nanocomposite.  
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was immersed in a thermostatically controlled oil bath, which was 
previously stabilized at a suitable temperature. The catalyst was added 
to a solution of acetonitrile (5 mL) as the extractant and appropriate 
amount of hydrogen peroxide. After addition of the model fuel (5 mL), 
the resulting mixture in the flask was continually stirred for 30 min by a 
magnetic agitator. At the end of the process, the model fuel was taken 
out from the reaction system to be analyzed. The sulfur content of 
samples was determined with the assistance of UV–vis spectroscopy 
(SPEKOL 1300, Analytik Jena) and a calibration curve based on Beer- 
Lambert’s law. The catalyst was then simply separated from the system 
using a magnet and reused in the process. 

The sulfur content of samples was further analyzed by an Agilent- 
6890 gas chromatograph coupled with a flame ionization detector 
(FID). HP-5 ms capillary column (30 m × 0.25 mm ID, 0.25 μm) was 
used for separation. Carrier gas was highly pure nitrogen and column 
flow was 1.9 mL/min. The injector and detector temperatures were 
280 ◦C and 320 ◦C, respectively. The oven temperature program was as 
follows: 170 ◦C held for 2 min, 170–250 ◦C with a 10 ◦C/min gradient, 
held for 5 min. In addition, the product of DBT oxidation was identified 
through gas chromatography-mass spectrometry using a Konik HRGC- 
5000C GC-MS instrument. 

2.5. Response surface methodology 

Designing experiments is one of the most useful methods for iden-
tification of the key variables that affect the qualitative characterization 
of the process [51]. Using this method, controllable input factors can be 
systematically changed and their effect on output parameters could be 
evaluated [52]. Also, design of experiments is an extremely important 
tool for improving the performance of engineering processes. There are 
several ways to design a series of experiments, the most common of 
which are 2-level factorial design and response surface methodology 
[53]. Using 2-level factorial design, all possible situations that may 
occur in an experiment are examined [54]. However, for a general 2- 
level design, each factor is evaluated at only two levels (low and 
high). So, this design approach is not able to predict possible curvature 
in the model [53]. The response surface method is a set of useful 

statistical and mathematical techniques for modeling and analyzing 
problems that examines the effect of several factors (at more than 2 
levels) on one or more answers, and the main purpose is to reach the 
optimal response point [55]. In this method, two first and second degree 
models can be used as needed. If the answer is a linear function of the 
independent factors, a first order model would be applied [56]: 

y = β0 + β1x1 + β2x2 + … … + βkxk + ε (1)  

where y represents the output response (removal efficiency of DBT), and 
βk values are the polynomial model coefficients. Also, xk are the coded 
values and the terms of k and ε indicate the number of factors and 
random error of model, respectively. If there is a curvature in the system, 
then a higher level polynomial model should be used. The equation of 
second order model can be expressed as follows [56]: 

y = β0 +
∑k

i=1
βixi +

∑k

i=1
βiixi

2 +
∑

i<j
βijxixj + ε (2) 

The first parameter in this regard can cover the curvature of this 
system. Like other design approaches, the response surface method is a 
sequential approach and we are often at the starting point, which is far 
from the optimal point of the process. A first order model is usually used 
at the beginning, which can be reached near the optimal point with high 
speed and efficiency. A precise model (for example, a second order 
model) is used around the optimal point. Fig. 1 shows how to reach the 
optimal point schematically. In other words, using the response surface 
method, the optimization steps include: (1) factor screening, (2) finding 
the region of optimum (with an efficient first-order model) and subse-
quently, (3) modeling and optimization of the response in the optimum 
region (with a higher order model) [57]. If the optimal minimum point is 
the answer, we see a downward trend instead of an upward one. 

One of the most important subcategories of RSM design is the central 
composite design (CCD) which has three groups of design points 
including 2-level factorial (or fractional factorial design points), axial 
points (sometimes called “star” points) and center points [58]. 

In this research, the effect of three parameters and interaction of 
them were evaluated on the removal efficiency of DBT using an 

AC

water out

water in

1

2

3

4

5

6

Magnetic 
Separation

After 
ODS

Sulfur Content 
Analyzing

7

Magnetic catalyst
8

Clean 
Fuel

MeCNRecycled
Catalyst

Scheme 2. Schematic illustration of experimental set-up and procedure for ODS process. (1) Oil bath, (2) reaction mixture, (3) two-necked glass flask, (4) heating 
plate and stirrer, (5) temperature controller, (6) temperature sensor, (7) water condenser, (8) magnet. 
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orthogonal central composite design. For statistical analysis, the vari-
ables Xi were coded as xi according to Eq. (3) [59]: 

xi =
Xi − X0

∆X
(3)  

where xi is the coded value of each independent variable, X0 is the value 
of variable at the center point and ΔX is the step change value [59]. The 
specified levels of independent factors in CCD for removal of DBT are 
given in Table 1. 

Moreover, the predicted values as well as the experimental obser-
vations of responses are shown in Table 2. In all tests, the time of re-
action was 30 min and analysis of variance (ANOVA) was used to 
statistically analyze the measured values and to provide a significant 
model. Also, the optimum values of the independent parameters were 
predicted by statistical methods. The experimental design, statistical 
analysis, and optimization were performed with the aid of Design Expert 
software2. 

3. Results and discussion 

3.1. Characterization of samples 

3.1.1. XRD patterns 
The crystal phase and purity of the as-prepared samples were 

examined by X-ray diffraction technique. Fig. 2 shows the XRD patterns 
of Fe3O4 nanoparticles, MSN, and MSN/IL-{Mo132} nanocomposite. The 
characteristic peaks at 2θ values of 18.4◦, 30.3◦, 35.78◦, 43.11◦, 53.9◦, 
57.18◦, and 62.96◦, respectively related to their corresponding crystal 
planes of (111), (220), (311), (400), (422), (511), and (440), are 
observed in the X-ray diffraction pattern of Fe3O4 nanoparticles 
(Fig. 2a). This indicates the cubic crystalline structure of Fe3O4 [34,36]. 

Fig. 1. The sequential procedure of RSM for optimization of answer [57].  

Table 1 
Experimental ranges and levels of the independent test variables.  

variables Coded values 

− α − 1 0 +1 +α 

Temperature, X1 (oC) 11.36 25 45 65 78.64 
O/S molar ratio, X2 3.18 10 20 30 36.82 
Catalyst dosage, X3 (g cat/g 

MF) 
0.0008 0.0025 0.005 0.0075 0.0092  

Table 2 
Central composite design experiments, experimental and predicted values.  

Run 
No. 

Point 
type 

X1 

(◦C) 
X2 X3 (g cat/g 

MF) 
Removal efficiency (%) 

Experimental Predicted 

1 Axial 45.00 3.18 0.0050 69.45 76.93 
2 Fact 25.00 10.00 0.0025 65.91 62.86 
3 Fact 65.00 10.00 0.0025 78.7 75.86 
4 Center 45.00 20.00 0.0050 90.87 90.83 
5 Center 45.00 20.00 0.0050 90.81 83.17 
6 Center 45.00 20.00 0.0050 89.12 90.83 
7 Fact 25.00 30.00 0.0075 68.37 76.84 
8 Fact 25.00 30.00 0.0025 60.65 59.35 
9 Center 45.00 20.00 0.0050 89.88 90.83 
10 Axial 78.64 20.00 0.0050 98.79 96.68 
11 Fact 65.00 10.00 0.0075 95.26 93.36 
12 Fact 25.00 10.00 0.0075 84.15 80.35 
13 Fact 65.00 30.00 0.0075 97.99 103.1 
14 Center 45.00 20.00 0.0050 91.66 90.83 
15 Axial 11.36 20.00 0.0050 63.28 63.67 
16 Center 45.00 20.00 0.0050 92.35 90.83 
17 Axial 45.00 20.00 0.0008 64.11 66.48 
18 Fact 65.00 30.00 0.0025 81.4 85.59 
19 Axial 45.00 36.82 0.0050 91.36 82.16 
20 Axial 45.00 20.00 0.0092 99.98 95.89  

2 Vaughn, N.A., et al, Design Expert ®, version 7 for windows, Stat-Ease, Inc., 
Minneapolis, 2011, website: http://www.statease.com 

A. Mojaverian Kermani et al.                                                                                                                                                                                                                

http://www.statease.com


Separation and Purification Technology 258 (2021) 117960

6

The XRD pattern of magnetic silica nanoparticles (Fig. 2b) shows almost 
the same features as that presented in Fig. 2a, since silica layer is 
amorphous [35,60]. From Fig. 2c, for XRD pattern of MSN/IL-{Mo132}, 
the characteristic peaks related to the crystalline structure of {Mo132} 
appear at 2θ values of 11.76◦, 15.08◦, 28.24◦, and 48.9◦ (Fig. S3, Sup-
porting Information), which demonstrates the stability of immobilized 
{Mo132} clusters on the ionic liquid-functionalized MSN. Besides, no 
other crystalline phase arising from possible impurities was found in the 
XRD pattern. 

3.1.2. FT-IR spectra 
The FT-IR spectra of MSN, MSN/IL, and MSN/IL-{Mo132} nano-

composite in the range of 4000–400 cm− 1 are presented in Fig. 3. The 
bands centered at around 3400–3200 cm− 1 are attributed to the O-H 
stretching vibration of adsorbed water. The spectrum of MSN (Fig. 3a) 
shows strong peaks at 589 cm− 1, which corresponds to the Fe-O 
stretching vibration [36]. The characteristic bands of the stretching vi-
bration of Si-O-Si at 1087 cm− 1, Si-OH vibration at 1627 cm− 1, and Fe- 
O-Si vibration at 461 cm− 1 are also observed in the spectrum of MSN, 
which proves the silica layer is coated on Fe3O4 nanoparticles [61,62]. 
The presence of ionic liquid on the surface of MSN is confirmed by the 
absorbance of peaks at 2924 and 2852 cm− 1 (related to the asymmetric 
and symmetric stretching modes of C-H), and 1646 cm− 1 (related to C=C 

and C=N vibrations of the imidazolium moiety) in the spectrum of MSN/ 
IL (Fig. 3b) [63–65]. Moreover, from Fig. 3c, the FTIR spectrum of MSN/ 
IL-{Mo132} nanocomposite illustrates several peaks at 968 and 935 cm− 1 

(attributed to tensile vibrations of Mo=O bond), 793 and 718 cm− 1 

(vibrations of Mo-O-Mo bond), as well as 1548 cm− 1 and 1412 cm− 1 

(respectively related to COO and NH4
+ groups) [41,45]. Comparison of 

the spectrum of MSN/IL-{Mo132} with {Mo132} (Fig. S4, Supporting 
Information) indicates that {Mo132} clusters are successfully immobi-
lized on the surface of the ionic liquid-functionalized MSN by means of 
strong non-covalent interactions [47], and the giant size of {Mo132} does 
not lead to insufficient interactions with the cationized support. 
Accordingly, the results of FT-IR analysis confirm the successful syn-
thesis of MSN/IL-{Mo132} nanocomposite. 

3.1.3. Morphology and elemental analysis 
TEM analysis was employed to study the size, shape and morphology 

of the as-prepared samples. First of all, TEM image (Fig. S5a, Supporting 
Information) confirmed the ball morphology of {Mo132} clusters with 
size ranging of 10–50 nm. Fig. S5b (Supporting Information) shows the 
spherical nanoparticles of Fe3O4, which are well dispersed with an 
average particle size of 25 nm. Besides, Fig. 4 presents TEM images of 
MSN, and MSN/IL-{Mo132} nanocomposite. As seen in Fig. 4a, Fe3O4 
nanoparticles are uniformly coated by gray silica layers with approxi-
mately 5–8 nm thickness, which proves the core–shell structure of MSN. 
Magnetic silica nanoparticles are also well dispersed and nearly spher-
ical in shape with an average particle size of 30 nm. Fig. 4b shows TEM 
image of the as-prepared MSN/IL-{Mo132} nanocomposite, in which the 
core–shell structure of MSN is still maintained after immobilizing 
{Mo132} clusters. In addition, EDX spectrum of MSN/IL-{Mo132} nano-
composite (Fig. 4c) presents characteristic X-ray lines of carbon (C), 
oxygen (O), iron (Fe), silicon (Si), and particularly molybdenum (Mo), 
which indicates the presence of {Mo132} clusters in MSN/IL-{Mo132} 
sample. Therefore, the successful formation of the core–shell structured 
MSN/IL-{Mo132} nanocomposite is confirmed by TEM images and EDX 
analysis. 

3.1.4. Magnetic properties 
The magnetic properties of Fe3O4 nanoparticles and MSN/IL- 

{Mo132} nanocomposite were measured using vibrating-sample 
magnetometry (VSM) analysis and the resulting magnetization curves 
are presented in Fig. 5. There is no hysteresis loop in the magnetization 
curves and the values of remenance and coercivity are negligible for 
Fe3O4 nanoparticles and MSN/IL-{Mo132} nanocomposite, suggesting 
that both samples have superparamagnetic properties. The saturation 
magnetization (Ms) value decreases from 70.61 emu/g (for Fe3O4 
nanoparticles) to 51.84 emu/g (for MSN/IL-{Mo132} nanocomposite), 
which can be attributed to the immobilization of amorphous silica and 
{Mo132} clusters on Fe3O4 nanoparticles [34]. However, the value of Ms 
for MSN/IL-{Mo132} nanocomposite is sufficient to be easily separated 
from the reaction medium by applying an external magnetic field (the 
inset in Fig. 5). 

3.2. Statistical study and evaluation of model 

The proposed model obtained from experimental results was a 
quadratic model. In this study, the parameters of the obtained model 
with a p-value less than 0.05 were recognized as important factors. It 
was also found that among the interaction terms, only the x1x2 effect was 
significant. So, using backward elimination approach, the initial model 
was modified by removing the other interaction terms from the initial 
model. After correction and elimination of insignificant effects, the 
proposed quadratic model was presented as follows: 

Y = 90.83 + 9.81x1 + 1.56x2 + 8.75x3 + 3.31x1x2 − 3.77x1
2 − 3.99x2

2

− 3.41x3
2 (4) 

Fig. 2. XRD patterns of various samples: (a) Fe3O4 nanoparticles, (b) MSN, and 
(c) MSN/IL-{Mo132} nanocomposite. 

Fig. 3. FT-IR spectra of different samples: (a) MSN, (b) MSN/IL, and (c) MSN/ 
IL-{Mo132} nanocomposite. 
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These results approve that the first order effects including x1 (Tem-
perature), x2 (O/S molar ratio), x3 (catalyst dosage) and x1x2 interaction 
term show positive effect on DBT removal efficiency and all quadratic 
terms give negative effect. Actually, after performing backward elimi-
nation regression on the initial model, the p-values of x2 variable and the 
interaction terms (except x1x2 effect) were higher than 0.1 and should be 
removed from the model. However, the effect of x2 (O/S molar ratio) 

was added to the model due to the hierarchical rules. Also, the highest 
effect of the independent terms derived from the Temperature (x1). 
Table 3 summarizes the ANOVA of the modified quadratic central 
composite design model. 

The fit quality of multinomial model was assessed by R2 or “coeffi-
cient of determination” and R2

adj. Moreover, the statistical significance 
was investigated by evaluation of the p-value and F-value. The F-value of 
modified model (15.65) indicates that the proposed model for removal 

100 nm

a

100 nm

b

c

Fig. 4. TEM images of (a) MSN, and (b) MSN/IL-{Mo132} and also (c) EDX analysis of MSN/IL-{Mo132} nanocomposite.  

Fig. 5. VSM magnetization curves of (a) Fe3O4 nanoparticles and (b) MSN/IL- 
{Mo132} nanocomposite. The inset displays the easy separation of the catalyst 
within a few seconds. 

Table 3 
ANOVA for Response Surface Reduced Quadratic Model.  

Source Sum of 
squares 

Degree 
of 
freedom 

Mean 
square 

F- 
value 

p-value  

Model 2982.41 7 426.06 15.65 <0.0001 Significant 
X1 1314.61 1 1314.61 48.28 <0.0001  
X2 33.03 1 33.03 1.21 0.2923  
X3 1044.53 1 1044.53 38.36 <0.0001  
X1X2 87.58 1 87.58 3.22 0.0981  
X1

2  204.57 1 204.57 7.51 0.0179  

X2
2  229.47 1 229.47 8.43 0.0133  

X3
2  167.63 1 167.63 6.16 0.0289  

Residual 326.75 12 27.23    
Lack of 

Fit 
319.93 7 45.70 33.54 0.0007 Significant 

Pure 
Error 

6.81 5 1.36    

Cor 
Total 

3309.16 19     

R2 = 0.9013, R2
adj = 0.8437, C.V.%=6.27, adequate precision = 13.251. 
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of DBT from the model fuel is significant. As a matter of principle, it has 
been accepted that a p-value lower than 0.05 means that the corre-
sponded factor has a significant influence on the results and it suggests 
that the effect of factor must be present in the proposed model. As shown 
in Table 3, the coefficient of variance (CV) and adequate precision 
values for the removal efficiency of DBT were found to be 6.27 and 
13.251, respectively. The CV parameter is the error rate expressed as a 
percentage of the mean and must be less than 10. Otherwise, the pro-
posed model cannot be generalized [66]. Adequate precision is also a 
measure that compares the range of predicted values at design points to 
the mean prediction error, in other words, the signal-to-noise ratio. 
Values greater than 4 suggest the adequate model discrimination, which 
was satisfied here [67]. The coefficient of determination (R2) is a mea-
sure of the amount of variation around the mean explained by the model 
and evaluates the correlation between the experimental data and the 
predicted responses quantitatively. It should be noted that R2 always 
increases by adding terms to the model, whereas, the adjusted R2 does 
not. Actually, if unnecessary terms were added to the model, the value of 
adjusted R2 often decreases [67,68]. Here, the adjusted R2 value 
(0.8437) was desirably in good agreement with coefficient of determi-
nation, R2 (0.9013). 

From the normal % probability plot, it can be found whether a set of 
data has a normal distribution or not, and this is related to the correct 
obtaining of data and the randomness of the experiments. It is well- 
known that if the experiments and collection of data are performed 
correctly, the points of normal % probability plot will follow a straight 
line. Fig. 6a shows the normal % probability plot of the residues and the 
linear trend of the graph clearly proves the randomness of the experi-
ments and the normality of the data. Also, the plot of actual and pre-
dicted DBT removal efficiency is shown in Fig. 6b. Actual vs. predicted 
plot can well illustrate the model’s ability to predict practical values, 
and is therefore one of the best tools for identifying data or a set of data 
that is difficult to predict with the prediction model. Fig. 6b shows a 
tendency for the linear regression fit and the model explains the studied 
experimental range, adequately. 

3.3. Effect of factors as response surface 3-D and counter plots 

To better understand the effects of the first order factors and the 
interaction terms on the desired response, 3-D diagrams for the removal 
of DBT from the model fuel were provided. The removal percent of DBT 
from model fuel was defined as follows: 

Sulfur removal % =
C0 − CF

C0
× 100 (5)  

where CF is the final concentration of DBT and C0 refers to the DBT 
initial concentration. In Fig. 7a and b, the effects of reaction temperature 

and O/S molar ratio on removal efficiency of sulfur have been shown, 
while catalyst dosage is equal to 0.005 g cat/g MF. 

The results of graphic analysis (Fig. 7) indicate that the reaction 
temperature has a positive effect on DBT removal, which can be 
attributed to the increased formation of metal-peroxide species on the 
catalyst by the attack of H2O2 [69]. In the oxidation process with 
hydrogen peroxide, there are two parallel reactions. The thermal 
decomposition of hydrogen peroxide, which is unfavourable and non- 
catalytic, occurs simultaneously with catalytic oxidation of the sulfur 
compounds. The competition between these two reactions determines 
the rate of DBT conversion. Hence, the oxidation process at higher 
temperatures leads to decomposition of hydrogen peroxide, which re-
duces the conversion rate of DBT. Moreover, oxidation at temperatures 
above 80 ◦C can affect the quality of fuel and leads to a change in the 
nature of useful compounds [70,71]. Fig. 7a also shows clearly that the 
interaction effect of temperature and O/S ratio (X1X2) is significant in 
the removal efficiency of DBT model. In other words, at low temperature 
(25 ◦C), changing the O/S molar ratio from 10 to 30 does not have a 
significant effect on DBT removal efficiency, whereas at 65 ◦C, 
enhancement of the O/S molar ratio surprisingly increases the removal 
efficiency of DBT. Also, Fig. 7c–d presents the effects of O/S molar ratio 
and catalyst dosage on the removal of sulfur from the model fuel, while 
the reaction temperature is equal to 45 ◦C. As shown in Fig. 7, DBT 
removal efficiency increases with catalyst dosage. This could be due to 
enhancement of the number of catalyst active sites in the reaction me-
dium for sulfur oxidation, as other researchers mentioned in their 
studies [72]. Moreover, in Fig. 7c, it is clear that the interaction effect of 
O/S ratio and catalyst dosage (X2X3) is not important in the removal 
efficiency of DBT model. 

3.4. Determination of optimal conditions for desulfurization 

In optimization, the desulfurization percentage was maximized to 
almost complete removal (99.97% efficiency) for 500 ppm of initial DBT 
concentration. The values of independent factors at optimum condition 
have been shown in Table 4 (reaction time = 30 min). Moreover, for the 
model verification, the obtained optimum conditions were validated by 
performing experiment, thereby a good matching between the predicted 
and experimental results was observed. In specific, Fig. S6 (Supporting 
Information) compares the GC analysis graphs of the model fuel before 
and after the process. The figure clearly shows that the model fuel was 
completely free of DBT after ODS process under optimum conditions. 

Fig. 8 shows the results of a comparative study for employing 
different catalysts including MSN, {Mo132} clusters, MSN/IL-{Mo132} 
nanocomposite in oxidative desulfurization of DBT under the same 
conditions within 30 min of reaction time. It should be noted that the 
aim of desulfurization could not be achieved in the absence of catalyst. 

Fig. 6. (a) The studentized residual and normal % probability plot and (b) The actual vs. predicted removal efficiency of DBT from the model fuel.  
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So, the presence of a suitable catalyst is vital for a deep removal of DBT. 
It can also be found that both MSN and homogenous catalyst of {Mo132} 
have poor performances in the process. In other words, the desulfur-
ization efficiency of MSN/IL-{Mo132} is around 31% and 25% greater 
than those of MSN and {Mo132}, respectively. The reason can be 
attributed to the high dispersion of {Mo132} catalytically-active species 
on the surface of ionic liquid-functionalized MSN with a higher specific 
surface area, which can more effectively adsorb and catalyze the 
oxidation of DBT in the model fuel than the other catalysts. This result 
implies that immobilizing {Mo132} clusters on ionic liquid- 
functionalized MSN to prepare MSN/IL-{Mo132} catalyst is crucial to 
achieve a deep catalytic removal of DBT in fuels. 

The catalytic performance of MSN/IL-{Mo132} for oxidative desul-
furization of DBT is considerable among the previously reported cata-
lysts in the literature. More specifically, 6.5 mg of MSN/IL-{Mo132} can 
effectively catalyze the oxidative removal of DBT, which can reach 
99.97%, from 1 g of the model fuel (500 ppm) via H2O2 activation (O/S 
molar ratio of 20.5) at around 62.5 ◦C within 30 min reaction time. 
Table 5 summarizes the results of different studies employing hetero-
geneous catalysts in ODS process. It is notable that MSN/IL-{Mo132} is 
probably the best catalyst in comparison with those listed in Table 5 
based on the capability to remove DBT from the model fuel under the 
same reaction conditions including catalyst dosage, O/S molar ratio, and 
reaction temperature and also within the same reaction time. In addi-
tion, the reason why MSN/IL-{Mo132} demonstrates a higher catalytic 
activity among POM-based catalysts (especially Keggin poly-
oxometalates) can be ascribed to the enormous size of {Mo132} cluster, 
which leads to formation of more active peroxo species in the presence 
of hydrogen peroxide [45]. 

Fig. 7. Response surface 3-D plots (a, c) and 2-D contour line plots (b, d) indicating the effect of reaction temperature, O/S molar ratio and catalyst dosage upon the 
removal efficiency of DBT from the model fuel (for (a), (b) X3 = 0.005 g cat/g MF and for (c), (d) X1 = 45 ◦C). 

Table 4 
Result of confirmation experiments for optimum conditions.  

Parameter Optimum value DBT removal (%) 

Predicted Experimental 

Temperature, X1 (oC) 62.5 100.846 99.97 
O/S molar ratio, X2 20.5 
Catalyst dosage, X3 (g cat/g MF) 0.0065  

Fig. 8. Comparison of different catalysts performances on DBT removal under 
the optimum reaction conditions, i.e. T = 62.5 ◦C, catalyst dosage = 0.0065 g 
cat/g MF, O/S = 20.5, and t = 30 min. 
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3.5. Proposed mechanism of DBT oxidation 

Scheme 3 represents a plausible mechanism proposed for catalytic 
oxidative desulfurization of DBT in the presence of MSN/IL-{Mo132} 
nanocomposite. According to the literature [8,89,90] and also our ex-
periments, the overall mechanism can be supposed as follows. The 

catalytic oxidation of DBT occurs in the polar phase since DBT is firstly 
extracted into acetonitrile under agitation. In the first step (I), it is 
believed that the nucleophilic attack of hydrogen peroxide on Mo=O 
bonds of {Mo132}, which exist on the surface of MSN/IL-{Mo132} 
nanocomposite, leads to formation of complexes regarded as metal- 
peroxide intermediate in form of Mo-peroxo species (abbreviated as 

Table 5 
Comparison of catalytic oxidative desulfurization of DBT over various catalysts using H2O2 as oxidant reported in the literature.  

Entry Catalyst Cat. Dosage (g cat/g MF) t (min) T (oC) O/S Initial DBT content (ppm) DBT removal/ conversion (%) Ref. 

1 Cs2.5H0.5PW12O40/MWNT 0.01 120 60 20 500 100 [12] 
2 Cs2.5H0.5PW12O40/AC 0.01 120 60 20 500 90.8 [12] 
3 HPW/SiO2 0.015 180 50 12 500 100 [73] 
4 HPMo/SiO2 (mesoporous) 0.0071 60 70 32.1 400 100 [74] 
5 HPW/ZrO2-SiO2 0.0114 30 60 2 100 100 [75] 
6 HPW/mpg-C3N4 0.014 150 60 8 100 100 [25] 
7 HMT-PTA 0.01 180 60 20.7 910 99.9 [76] 
8 HPW/NH2-Al2O3 0.003 120 60 8 350 99.2 [28] 
9 HPW-SPC-SG 0.0085 120 60 3 500 98.6 [77] 
10 HPW/h-BN 0.0142 60 40 4 500 100 [78] 
11 W-based IL/G-h-BN 0.014 80 30 4 500 99.8 [79] 
12 PW12@MIL-101 0.071 60 50 6 500 100 [80] 
13 PTA@MIL-101 0.011 180 45 50 177 91 [81] 
14 [(CH3)4N]FeCl4† 0.015 60 30 11.6 500 97.0 [82] 
15 WO3/Fe3O4† 0.0028 270 100 12 x 500 92.3 [83] 
16 MoO3/Fe3O4† 0.0017 180 90 4 500 99.5 [84] 
17 IL/MMS-S† 0.0026 120 60 3 200 90.8 [85] 
18 IL/RS-MMS† 0.0026 50 60 4 200 99.7 [86] 
19 Co/KIT-6 0.0071 40 100 4 y 400 98.68 [87] 
20 Cu/TS 0.0326 240 70 19.9 – 93 z [88] 
21 MSN/IL-{Mo132}† 0.0065 30 62.5 20.5 500 99.97 This work  

x Oxidant: TBHP. 
y Oxidant: Cyclohexanone peroxide. 
z Sulfur compound: Thiophene. 
† Magnetic catalyst. 
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Scheme 3. Proposed mechanism for the oxidation of DBT using H2O2 over MSN/IL-{Mo132} catalyst; (A) before and (B) after ODS process.  
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Mo(O2)). Then, the extracted DBT reacts with the active Mo-peroxo 
species and the transfer of oxygen atom to DBT compound results in 
formation of its corresponding sulfoxide (DBTO) and regeneration of 
Mo=O bond. In the second step (II), further oxidation of DBTO molecule 
by the active species leads to formation of dibenzothiophene sulfone 
(DBTO2). By using GC–MS analysis, DBTO2 was verified to be the only 
product of DBT oxidation over MSN/IL-{Mo132} catalyst, and the 
acetonitrile phase was free of DBT at the end of the process (Fig. S7, 
Supporting Information). Therefore, DBT is eliminated from the model 
fuel and immobilized in acetonitrile phase in the form of DBTO2 species. 

3.6. Kinetic studies 

Kinetic study of the process was carried out to better understand the 
catalytic oxidation of DBT in the presence of MSN/IL-{Mo132} nano-
composite as the catalyst. Based on experimental information, DBT 
oxidation process in acetonitrile phase occurs at almost the same rate of 
mass transfer process of DBT extraction from model fuel into acetonitrile 
phase, and consequently, the DBT content that appears in acetonitrile 
phase is instantaneously oxidized and converted to sulfone after 
extraction [7]. Furthermore, the concentration of H2O2 oxidant is 
assumed to be constant as it is much larger than the amount of DBT in 
the system. The activity of the catalyst is also considered to be un-
changed in this study [91]. According to the similar kinetic studies re-
ported in the literature [25,91], the catalytic oxidation of DBT can be 
described as a pseudo first-order reaction, as shown in Eq. (6), 

− r = −
dCDBT

dt
= kCDBT (6)  

where CDBT is the concentration of DBT in the reaction. By separation 
and integration of Eq. (6), we obtain: 

ln
Ct

C0
= − kt (7)  

where Ct and C0 are the concentration of DBT in the model fuel at time t 
and the beginning of the reaction (500 ppm), respectively. The value of 
the reaction rate constant (k) for catalytic oxidation of DBT can be ob-
tained via the slope of the linear plot of ln (Ct/C0) versus t (reaction 
time). Fig. 9a shows a linear relationship between ln (Ct/C0) and t under 
various reaction temperatures, which confirmed that the catalytic 
oxidation of DBT over MSN/IL-{Mo132} catalyst follows pseudo first- 
order reaction kinetics. The reaction rate constant values are also lis-
ted in Table S1 (Supporting Information). Based on the Arrhenius 
equation (Eq. (8)), the apparent activation energy (Ea) can be calculated 
by plotting ln k versus the inverse of temperature 1/T. 

lnk = lnk0 −
Ea

RT
(8)  

where R is the universal gas constant, k0 is pre-exponential factor, and T 
is the reaction temperature (K). From the Arrhenius plot in Fig. 9b, the 
activation energy of DBT oxidation process catalyzed by MSN/IL- 
{Mo132} nanocomposite is determined as 18.1 kJ mol− 1. 

It is notable that there is an inverse relationship between the effec-
tiveness of catalysts and the activation energy in a reaction [92]. In this 
respect, the activation energy of DBT in (MSN/IL-{Mo132})/H2O2 cata-
lytic system is lower than most of those reported in the literature and the 
lowest among those listed in Table S2 (Supporting Information), which 
indicates that MSN/IL-{Mo132} can exhibit a great catalytic performance 
in ODS process. 

3.7. Catalyst stability and reusability 

Catalyst reusability in processes is recognized as an important factor 
in terms of green chemistry viewpoints (environmental considerations) 
and industrial applications. In this study, the catalytic stability and 

reusability of MSN/IL-{Mo132} nanocomposite for oxidative desulfur-
ization of DBT were investigated under the optimum reaction condi-
tions. The evaluation of MSN/IL-{Mo132} catalytic stability was 
performed in a periodic oxidative desulfurization experiment in which 
the spent catalyst was reused after each period without washing or any 
further treatment for the same duration (30 min), and the results are 
presented in Fig. 10a. Although the catalyst is expected to be poisoned 
and deactivated during ODS process owing to the adsorption of DBT and 
its oxidation products, it presents acceptable performances for more 
than four periods without any regeneration. This could be ascribed to 
the highly dispersed active sites on MSN/IL-{Mo132} surface, which 
helps preserve its catalytic activity. 

In order to examine the reusability of MSN/IL-{Mo132} coupled with 
a simple washing treatment, the spent catalyst, after each run for a 
duration of 30 min, was simply collected from the reaction mixture by 
using a magnet, washed several times by acetone and methanol, dried in 
vacuum at 60 ◦C, and reused in the process. As shown in Fig. 10b, the 
catalyst performance decreases slightly during the second run; however, 
it becomes steadier in the subsequent runs. It is also found that the 
desulfurization system can be reused four times without any significant 
decline in the catalyst activity; the catalyst can achieve >99% of sulfur 
removal even after four times using in the process. The slight decline in 
the activity of the catalyst can be attributed to the slight leaching of 
{Mo132} clusters during the process. Thus, MSN/IL-{Mo132} is suggested 
as a potential catalyst for oxidative desulfurization of fuels. 

To further analyze the catalyst stability, the recycled MSN/IL- 
{Mo132} was fully characterized and the results are presented in Fig. 11 

Fig. 9. (a) Pseudo first-order rate constants at different temperatures, and (b) 
Arrhenius activation energy for DBT oxidation using MSN/IL-{Mo132} as 
the catalyst. 
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and Fig. S8. XRD pattern (Fig. 11a) and FT-IR spectrum (Fig. 11b) of the 
recycled catalyst show almost identical characteristic peaks as the fresh 
and no change in crystalline structure, which prove the stability of the 
catalyst. TEM image and EDX analysis (Fig. S8, Supporting Information) 
of the recycled MSN/IL-{Mo132} also imply that the morphology and 
structure of the catalyst remain unchanged after using in the ODS 
process. 

4. Conclusions 

In this study, a magnetic core–shell nanostructured catalyst was 
successfully synthesized by immobilizing {Mo132} clusters on ionic 
liquid-functionalized MSN. The catalyst was characterized by several 
techniques, and also investigated in the oxidative desulfurization of DBT 
from the model fuel with H2O2 as the oxidant. Optimization studies were 
carried out through response surface methodology (RSM) to investigate 
the main parameters affecting the process including temperature (X1), 
O/S molar ratio (X2) and catalyst dosage (X3). The reaction temperature 
was found to be the most significant parameter in the process. The 
proposed quadratic model showed very good agreement with the 
experimental data by correlation coefficients of R2 = 0.9013 and R2

adj =

0.8437. Besides, the optimum values of X1, X2 and X3 were determined 
at 62.5 ◦C, 20.5, and 0.0065 g cat/g MF, respectively. Under the opti-
mum reaction conditions, MSN/IL-{Mo132} nanocomposite demon-
strated an excellent catalytic activity of 99.97% on the removal of DBT. 
Based on kinetic study, the activation energy of the process was deter-
mined as 18.1 kJ mol− 1. Furthermore, the catalyst could be reused 
several times without any significant loss in its activity. DBT sulfone was 
confirmed to be the only product of DBT oxidation over the catalyst, 
with the aid of GC-MS technique. This research suggests that MSN/IL- 
{Mo132} nanocomposite is a potential catalyst with low activation en-
ergy in deep oxidative removal of refractory sulfur-containing com-
pounds such as DBT from fossil fuels. 
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Fig. 10. (a) Periodic ODS experiments and (b) reusability of MSN/IL-{Mo132} 
catalyst under optimum reaction conditions. 

Fig. 11. (a) XRD patterns and (b) FT-IR spectra of (I) fresh and (II) recycled 
MSN/IL-{Mo132} catalyst in oxidative desulfurization of DBT under optimum 
reaction conditions. 

A. Mojaverian Kermani et al.                                                                                                                                                                                                                

https://doi.org/10.1016/j.seppur.2020.117960
https://doi.org/10.1016/j.seppur.2020.117960


Separation and Purification Technology 258 (2021) 117960

13

References 

[1] W. Zhu, C. Wang, H. Li, P. Wu, S. Xun, W. Jiang, Z. Chen, Z. Zhao, H. Li, One-pot 
extraction combined with metal-free photochemical aerobic oxidative 
desulfurization in deep eutectic solvent, Green Chem. 17 (2015) 2464–2472. 

[2] F.S. Mjalli, O.U. Ahmed, T. Al-Wahaibi, Y. Al-Wahaibi, I.M. AlNashef, Deep 
oxidative desulfurization of liquid fuels, Rev. Chem. Eng. 30 (2014) 337–378. 

[3] M.D.G. de Luna, M.-W. Wan, L.R. Golosinda, C.M. Futalan, M.-C. Lu, Kinetics of 
mixing-assisted oxidative desulfurization of dibenzothiophene in toluene using a 
phosphotungstic acid/hydrogen peroxide system: effects of operating conditions, 
Energy Fuels 31 (2017) 9923–9929. 

[4] H. Yang, B. Jiang, Y. Sun, X. Tantai, X. Xiao, J. Wang, L. Zhang, Construction of 
polyoxometallate-based organic-inorganic hybrid nanowires for efficient oxidative 
desulfurization, Mol. Catal. 448 (2018) 38–45. 

[5] S.Y. Dou, R. Wang, Ultradeep desulfurization of model oil through the oxidative 
adsorption process using Dawson-type polyoxometalates and graphene oxide 
multifunctional composites, Appl. Organomet. Chem. 33 (2019), e4924. 

[6] H. Zhao, G.A. Baker, Oxidative desulfurization of fuels using ionic liquids: a review, 
Front. Chem. Sci. Eng. 9 (2015) 262–279. 

[7] R. Wang, G. Zhang, H. Zhao, Polyoxometalate as effective catalyst for the deep 
desulfurization of diesel oil, Catal. Today 149 (2010) 117–121. 

[8] W. Trakarnpruk, K. Rujiraworawut, Oxidative desulfurization of gas oil by 
polyoxometalates catalysts, Fuel Process. Technol. 90 (2009) 411–414. 

[9] R. Abro, S. Gao, X. Chen, G. Yu, A.A. Abdeltawab, S.S. Al-Deyab, Oxidative 
desulfurization of gasoline by ionic liquids coupled with extraction by organic 
solvents, J. Braz. Chem. Soc. 27 (2016) 998–1006. 

[10] M. Zarrabi, M.H. Entezari, E.K. Goharshadi, Photocatalytic oxidative 
desulfurization of dibenzothiophene by C/TiO2@MCM-41 nanoparticles under 
visible light and mild conditions, RSC Adv. 5 (2015) 34652–34662. 

[11] J. Xiao, L. Wu, Y. Wu, B. Liu, L. Dai, Z. Li, Q. Xia, H. Xi, Effect of gasoline 
composition on oxidative desulfurization using a phosphotungstic acid/activated 
carbon catalyst with hydrogen peroxide, Appl. Energy 113 (2014) 78–85. 

[12] R. Wang, F. Yu, G. Zhang, H. Zhao, Performance evaluation of the carbon 
nanotubes supported Cs2.5H0.5PW12O40 as efficient and recoverable catalyst for the 
oxidative removal of dibenzothiophene, Catal. Today 150 (2010) 37–41. 

[13] X. Chen, S. Yuan, A.A. Abdeltawab, S.S. Al-Deyab, J. Zhang, L. Yu, G. Yu, 
Extractive desulfurization and denitrogenation of fuels using functional acidic 
ionic liquids, Sep. Purif. Technol. 133 (2014) 187–193. 

[14] Q. Wang, T. Zhang, S. Zhang, Y. Fan, B. Chen, Extractive desulfurization of fuels 
using trialkylamine-based protic ionic liquids, Sep. Purif. Technol. 231 (2020), 
115923. 

[15] J.J. Raj, S. Magaret, M. Pranesh, K.C. Lethesh, W.C. Devi, M.A. Mutalib, Extractive 
desulfurization of model fuel oil using ester functionalized imidazolium ionic 
liquids, Sep. Purif. Technol. 196 (2018) 115–123. 

[16] J. Xiong, W. Zhu, H. Li, W. Ding, Y. Chao, P. Wu, S. Xun, M. Zhang, H. Li, Few- 
layered graphene-like boron nitride induced a remarkable adsorption capacity for 
dibenzothiophene in fuels, Green Chem. 17 (2015) 1647–1656. 

[17] Y. Sano, T. Karasawa, M. Inomata, I. Mochida, J. Miyawaki, S.-H. Yoon, Ultra-deep 
desulfurization process of diesel fuel with adsorption treatment, J. Jpn. Petrol. Inst. 
62 (2019) 61–66. 

[18] C. Huang, R. Sun, H. Lu, Q. Yang, J. Hu, H. Wang, H. Liu, A pilot trial for fast deep 
desulfurization on MOF-199 by simultaneous adsorption-separation via 
hydrocyclones, Sep. Purif. Technol. 182 (2017) 110–117. 

[19] J.B. Bhasarkar, P.K. Dikshit, V.S. Moholkar, Ultrasound assisted biodesulfurization 
of liquid fuel using free and immobilized cells of Rhodococcus rhodochrous MTCC 
3552: a mechanistic investigation, Bioresour. Technol. 187 (2015) 369–378. 

[20] S. Chen, C. Zhao, Q. Liu, X. Zhang, S. Sun, M. Zang, Biodesulfurization of diesel oil 
in oil–water two phase reaction system by Gordonia sp. SC-10, Biotechnol. Lett. 41 
(2019) 547–554. 

[21] Y. Hou, Y. Xu, H. Li, Y. Li, Q.J. Niu, Polyvinyl butyral/modified SiO2 nanoparticle 
membrane for gasoline desulfurization by pervaporation, Chem. Eng. Technol. 42 
(2019) 65–72. 

[22] A.Y. Pulyalina, M. Tataurov, A. Larkina, I. Faykov, V. Rostovtseva, L. Vinogradova, 
G. Polotskaya, Pervaporation desulfurization of a thiophene/n-octane mixture 
using PPO membranes modified with hybrid star-shaped macromolecules, Membr. 
Membr. Technol. 1 (2019) 238–245. 

[23] W. Jiang, K. Zhu, H. Li, L. Zhu, M. Hua, J. Xiao, C. Wang, Z. Yang, G. Chen, W. Zhu, 
Synergistic effect of dual Brønsted acidic deep eutectic solvents for oxidative 
desulfurization of diesel fuel, Chem. Eng. J. 124831 (2020). 

[24] B.N. Bhadra, J.Y. Song, N.A. Khan, S.H. Jhung, TiO2-containing carbon derived 
from a metal-organic framework composite: a highly active catalyst for oxidative 
desulfurization, ACS Appl. Mater. Inter. 9 (2017) 31192–31202. 

[25] Y. Zhu, M. Zhu, L. Kang, F. Yu, B. Dai, Phosphotungstic acid supported on 
mesoporous graphitic carbon nitride as catalyst for oxidative desulfurization of 
fuel, Ind. Eng. Chem. Res. 54 (2015) 2040–2047. 

[26] A.M. Dehkordi, Z. Kiaei, M.A. Sobati, Oxidative desulfurization of simulated light 
fuel oil and untreated kerosene, Fuel Process. Technol. 90 (2009) 435–445. 

[27] C. Shen, Y. Wang, J. Xu, G. Luo, Oxidative desulfurization of DBT with H2O2 
catalysed by TiO2/porous glass, Green Chem. 18 (2016) 771–781. 

[28] L. Qin, Y. Zheng, D. Li, Y. Zhou, L. Zhang, Z. Zuhra, Phosphotungstic acid 
immobilized on amino functionalized spherical millimeter-sized mesoporous 
γ-Al2O3 bead and its superior performance in oxidative desulfurization of 
dibenzothiophene, Fuel 181 (2016) 827–835. 

[29] R. Liu, Y. Zhang, J. Ding, R. Wang, M. Yu, Ion exchange resin immobilised 12- 
tungstophosphoric acid as an efficient and recoverable catalyst for the oxidative 

removal of organosulfur targetting at clean fuel, Sep. Purif. Technol. 174 (2017) 
84–88. 

[30] C. Yang, K. Zhao, Y. Cheng, G. Zeng, M. Zhang, J. Shao, L. Lu, Catalytic oxidative 
desulfurization of BT and DBT from n-octane using cyclohexanone peroxide and 
catalyst of molybdenum supported on 4A molecular sieve, Sep. Purif. Technol. 163 
(2016) 153–161. 

[31] C.-z. XU, M.-q. ZHENG, C. Keng, H. Hui, X.-h. CHEN, CeOx doping on a TiO2-SiO2 
supporter enhances Ag based adsorptive desulfurization for diesel, J. Fuel Chem. 
Technol., 44 (2016) 943-953. 

[32] Z. Zhang, F. Zhang, Q. Zhu, W. Zhao, B. Ma, Y. Ding, Magnetically separable 
polyoxometalate catalyst for the oxidation of dibenzothiophene with H2O2, 
J. Colloid Interface Sci. 360 (2011) 189–194. 

[33] V. Mahmoodi, T.R. Bastami, A. Ahmadpour, Solar energy harvesting by magnetic- 
semiconductor nanoheterostructure in water treatment technology, Environ. Sci. 
Pollut. Res. 25 (2018) 8268–8285. 

[34] X. Du, J. He, J. Zhu, L. Sun, S. An, Ag-deposited silica-coated Fe3O4 magnetic 
nanoparticles catalyzed reduction of p-nitrophenol, Appl. Surf. Sci. 258 (2012) 
2717–2723. 

[35] Y.R. Yao, W.Z. Huang, H. Zhou, X. Cui, Y.F. Zheng, X.C. Song, Synthesis of 
core–shell nanostructured magnetic photocatalyst Fe3O4@SiO2@Ag3PO4 with 
excellent visible-light-responding photocatalytic activity, J. Nanopart. Res. 16 
(2014) 2742. 

[36] D. Liu, Y. Li, J. Deng, W. Yang, Synthesis and characterization of magnetic Fe3O4- 
silica-poly (γ-benzyl-l-glutamate) composite microspheres, React. Funct. Polym. 71 
(2011) 1040–1044. 

[37] X. Cui, D. Yao, H. Li, J. Yang, D. Hu, Nano-magnetic particles as multifunctional 
microreactor for deep desulfurization, J. Hazard. Mater. 205 (2012) 17–23. 

[38] S. Khadempir, A. Ahmadpour, M.T.H. Mosavian, N. Ashraf, F.F. Bamoharram, S. 
G. Mitchell, M. Jesús, A polyoxometalate-assisted approach for synthesis of Pd 
nanoparticles on graphene nanosheets: Synergistic behaviour for enhanced 
electrocatalytic activity, RSC Adv. 5 (2015) 24319–24326. 

[39] F.F. Bamoharram, A. Ayati, H. Rashidi, Catalysts and Nanocatalysts of 
Heteropolyoxometalate, 1 ed., Sokhan Gostar, Mashhad, 2011. 

[40] G. Al-Kadamany, Synthesis, Structure and Catalytic Activity of Titanium, 
Zirconium and Hafnium-Containing Polyoxometalates, in, Jacobs University 
Bremen, 2010. 
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