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rization of model oil in an organic
biphasic system catalysed by Fe3O4@SiO2–ionic
liquid

Abdolhamid Alizadeh, *ab Mitra Fakhari,a Mohammad Mehdi Khodeai,a Gisya Abdia

and Jhaleh Amirianc

Lewis or Brønsted acidic methylimidazolium ionic liquid-functionalized Fe3O4@SiO2 nanoparticles were

fabricated and applied as an efficient magnetic heterogeneous catalyst for dibenzothiophene (DBT)

oxidation in a biphasic system using H2O2 as the oxidant. The structures of catalysts were characterized

by SEM, TEM, XRD, TGA, FT-IR, VSM and EDX techniques. The magnetic catalysts showed high catalytic

performance in the oxidation of DBT in an n-hexane/acetonitrile biphasic system using H2O2, and high

conversions were obtained. The effects of contact time, temperature, amount of H2O2 and amount of

catalyst on the DBT oxidative removal efficiency were investigated. The contact time of 60 min, 0.1 g

catalyst, and 4 mL H2O2 at 313 K were found as optimal experimental conditions for an improved DBT

oxidative removal process. The sulfur level could be lowered from 100 ppm to less than 7, 5, and 2 ppm

under optimal conditions for Fe3O4@SiO2–Mim-BF4, Fe3O4@SiO2–Mim-HSO4, and Fe3O4@SiO2–Mim–

FeCl4, respectively. These nanomagnetic heterogeneous catalysts could be easily separated from the

reaction mixture by applying an external magnetic field and recycled several times.
1. Introduction

Emission of SOx from the combustion of sulfur compounds in
gasoline and diesel oil is one of the issues of concern in the
environmental eld. Hence, sulfur removal from fuel oils is
a crucial challenge from an environmental point. To eliminate
sulfur-containing compounds, various processes, have been
employed. Generally, the processes include catalytic hydro-
desulfurization,1 adsorption,2,3 extraction,4,5 bioprocesses,6,7

and oxidation processes.8–12

In industry, the removal of sulfur compounds is carried out
by the hydrodesulfurization (HDS) method, which requires
harsh condition such as high temperatures and high pressures
of hydrogen gas to produce light oil having low levels of sulfur
compounds. Thus according to this point oxidative desulfur-
ization (ODS) is taken into consideration owing to favorable
operating conditions.

Generally, ODS processes are achieved through oxidation of
sulfur compounds to sulfoxides and sulfones followed by
a separation process using appropriate extractants or
culty of Chemistry, Razi University,

alizadeh2@hotmail.com; ahalizadeh2@

833 427 4559

ch Center (NNRC), Razi University,

College of Medicine, Soonchunhyang

-City, Republic of Korea

3

adsorbents.13–15 According to the literature, various oxidative
desulfurization systems have been developed16 such as a series
of heteropolyacid catalysts,17 ionic liquids systems, acetic acid
catalyst,18,19 the amphiphilic phosphotungstic acid catalyst,20

porous glass supported with titanium silicate particles,21 and
ultrasound-assisted oxidative desulfurization processes.22

Recently, due to their superior properties including good
dissolving ability, nonvolatility, and wide liquid temperature
range, ionic liquids (ILs) have become an active area of research.
They have been employed as solvents for synthesis and catal-
ysis,23 in electrochemistry,24 extractive25 and oxidative desulfur-
ization.26 In the eld of desulfurization in some cases, ionic
liquids act as both catalyst and extractant, simultaneously. Some
of these ILs are reported as catalysts and extractant for extractive-
catalytic-oxidative-desulfurization (ECODS), including N-methyl-
2-pyrrolidone-based ionic liquids,27 dialkylpyridinium tetra-
chloroferrates [Cn

3MPy] FeCl4 (n ¼ 4, 6, 8),28 [C4Mim]Cl/MCl2 (M
¼ Zn, Fe, Cu, Mg, Sn, Co),29 [Hnmp]BF4,30 [BMim]HSO4,31

[BMim][HSO4], and [C4Py][HSO4].32 These biphasic systems
exhibit some disadvantages, such as high cost, large usage
amount of IL, difficult separation and recontamination of oils
from the dissolution of traces of catalysts. To overcome these
limitations, supported ILs on the various materials as hetero-
geneous catalysts have been introduced because they not only
decrease the cost and the usage amount of ILs but also facilitate
separation and recycling of the catalyst. Various kinds of nano-
materials as supports to x of ionic liquids have been applied
such as SiO2, Al2O3 and TiO2 nanoparticles,33 a series of polymer-
This journal is © The Royal Society of Chemistry 2017
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based materials,5 mesoporous materials,34,35 metal–organic
frameworks,36 and graphene-based materials.37 Also, magnetic
Fe3O4 nanoparticles have been used as support for ionic liquids.
Ionic liquid modied magnetic nanoparticles have been used as
catalyst for chemical synthesis,38–40 oxidative desulfuriza-
tion11,41,42 and adsorbent.43,44

Besides, magnetic catalysts in recent years have been faced
with a lot of attention. Meanwhile, magnetic ionic liquids45,46

are applied as extractants and catalysts for desulfurization of
model oils.

In this research, for the achievement of magnetically sepa-
rable catalyst with high catalytic performance, we planned to
fabricate and use modied magnetic nanoparticles by Lewis or
Brønsted acidic ionic liquids as catalysts for oxidation of
dibenzothiophene (DBT) by H2O2 in a biphasic (n-hexane/
acetonitrile) system.

2. Experimental
2.1 Materials

Ferric chloride hexahydrate (FeCl3$6H2O), ferrous chloride tet-
rahydrate (FeCl2$4H2O), sodium tetrauoroborate (NaBF4),
sodium hydrogen sulfate (NaHSO4), iron(III) chloride (FeCl3),
tetraethylorthosilicate (TEOS), (3-chloropropyl)tri-
methoxysilane (CPTS), 1-methyl imidazole were purchased
from Sigma-Aldrich. Ammonia, acetonitrile, n-hexane, toluene,
and ethanol were procured from Merck. All other reagents used
in this study were analytical grade and distilled or double
distilled water was used in the preparation of all solutions.

2.2 Analysis instruments

X-ray diffraction (XRD) spectra were recorded on D/MAX-250,
Rigaku, Tokyo, Japan using 40 kV with Cu Ka irradiation (l ¼
Scheme 1 Preparation of Fe3O4@SiO2–methylimidazolium chloride.

This journal is © The Royal Society of Chemistry 2017
1.541 Å). Fourier transform infrared (Bruker FTIR) spectra were
recorded in KBr pellets in the range of 400–4000 cm�1. Scan-
ning electron microscopy (SEM) images of the product were
taken using a JSM-6701Fmicroscope (JEOL, Japan) equipped for
EDS. Transmission electron microscopy (TEM) was performed
on JEOL JEM-1010n. The magnetic measurements were carried
out in a vibrating sample magnetometer (VSM, BHV-55, Riken,
Japan) at room temperature. Thermogravimetric analysis (TGA)
was carried out using a Q5000IR (TA instruments) under
nitrogen ow (100 mL min�1) with ramp rate of 10 �C min�1.
UV-visible spectra were recorded by Perkin Elmer Lambda 25
spectrometer.

2.3 Methods

2.3.1 Synthesis and modication of magnetic nano-
particles. Iron oxide magnetic nanoparticles were prepared
according to a reported procedure.47 Regularly 15 mL of
ammonium hydroxide 28% under rapid mechanical stirring
was quickly added to the solution of iron(III) chloride hexahy-
drate (10 mmol) and iron(II) chloride tetrahydrate (5 mmol) that
dissolved in distilled water (100 mL) in Ar atmosphere and then
the mixture was heated up to 60 �C for 1 h under argon atmo-
sphere. Finally, synthesized nanoparticles were collected by
a magnet, and was washed with water and acetone and was
dried at room temperature.

2.3.2 Synthesis of silica-coated magnetic nanoparticles
(Fe3O4@SiO2). Following the Stöber method with some modi-
cations,48 1 g of prepared Fe3O4 nanoparticles were redis-
persed in 50 mL of distilled water by the ultrasonic treatment
for 20 min. The resultant suspension and 5 mL of NH3$H2O
were poured into 150 mL of ethanol with vigorous stirring at
40 �C. Finally, under continuous mechanical stirring, 1 mL of
TEOS (tetraethylorthosilicate) diluted in 20 mL ethanol was
RSC Adv., 2017, 7, 34972–34983 | 34973

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04957a


Fig. 1 (a) SEM image of Fe3O4@SiO2–methylimidazolium chloride and
(b) TEM image Fe3O4@SiO2–methylimidazolium chloride.
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dropwise added to this dispersion. The resulting dispersion was
kept stirred mechanically for 24 h at room temperature. The
magnetic Fe3O4@SiO2 nanoparticles were collected by a magnet
and washed with ethanol and deionized water in sequence.

2.3.3 Synthesis of ionic liquid-modied silica-coated
magnetic nanoparticles. First, chloropropyl-modied silica-
coated magnetic nanoparticles were prepared following the
modied procedure of Zeng et al.49 1 mL (5 mmol) of CPTS ((3-
chloropropyl)tri-methoxysilane) was dissolved in 100 mL of dry
toluene, then 1 g of Fe3O4@SiO2, was added to this mixture and
this solution was heated to 60 �C and stirred for 18 h. Synthe-
sized Fe3O4@SiO2–Cl was washed with toluene and collected by
a magnet, and was dried in vacuum. The prepared Fe3O4@SiO2–

Cl (1 g) and 0.4 mL (5 mmol) of 1-methyl imidazole were mixed
in acetonitrile (50 mL) in a round-bottom ask, and the mixture
was stirred under reux condition for 24 h. The obtained
product was collected magnetically from the solution and
washed copiously with water and ethanol and was dried at 80 �C
(Scheme 1).

3. Results and discussion
3.1 Characterization of catalyst

The morphology of Fe3O4@SiO2–methylimidazolium chloride
nanoparticles was studied by transmission electron microscopy
(SEM) shown in Fig. 1a. The TEM observation indicates that
magnetite nanoparticles are monodispersed and have an
average diameter ranging about 10–15 nm (Fig. 1b).

The crystalline structure of Fe3O4@SiO2–methylimidazolium
chloride nanoparticles was identied with XRD technique
(Fig. 2). For silica and ionic liquid coated Fe3O4, diffraction
peaks with 2q at 30.4�, 35.6�, 43.3�, 53.7�, 57.3�, and 62.8�,
indicative of a cubic spinel structure of the magnetite were
observed which conforms well to the reported value, implying
the formation of a Fe3O4 phase.50 The presence of a broad peak
at 20–28� is in good agreement with the amorphous structure of
silica layer.47

TGA analyses of the nanoparticles were also used to deter-
mine the percent of organic functional groups chemisorbed
onto the surface of Fe3O4@SiO2–methylimidazolium chloride.
Fig. 3 represents the TGA of as-prepared Fe3O4@SiO2–methyl-
imidazolium chloride. The weight loss at temperatures below
100 �C can be attributed to the water desorption from the
surface of silica layer.51 Complete loss of all the covalently
attached organic structure is seen in the 200–600 �C tempera-
ture range leaving SiO2, and the organic fraction corresponds to
8.5% weight of the ionic liquid modied silica.52 These results
prove that the attachment of imidazolium moiety onto the
surface of the Fe3O4@SiO2 nanoparticle.

The FTIR spectra (Fig. 4) certied the structure of Fe3O4@-
SiO2–Fe3O4@SiO2–methylimidazolium chloride. The observed
signal at 579 cm�1 is ascribed to the Fe–O bond vibration. In the
case of Fe3O4@SiO2–Cl nanoparticles (curve b), the sharp band
at 1090 cm�1 is corresponding to Si–O–Si antisymmetric
stretching vibration, being indicative of the existence of a SiO2

layer around the Fe3O4 nanoparticles.53 The peaks in b and c at
1633 cm�1 and 2930 cm�1 were due to the –C]N–, and C–H
34974 | RSC Adv., 2017, 7, 34972–34983
groups, respectively.43 Furthermore, the broad absorption in the
region of 3445 cm�1 is due to the Si–OH groups on the surface of
the silica. These results demonstrated the successful bonding of
imidazolium ring to the magnetic nanoparticles by covalent
bonds.

The magnetic property of ionic liquid supported magnetic
nanoparticles was characterized by a vibrating sample magne-
tometer (VSM) and Fig. 5 shows the typical room temperature
magnetization curve of Fe3O4 and Fe3O4@SiO2–methyl-
imidazolium chloride nanoparticles. The saturation magneti-
zation (Ms) of the Fe3O4@SiO2–methylimidazolium chloride is
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 XRD patterns of the catalyst (Fe3O4@SiO2–methylimidazolium
chloride).

Fig. 3 TGA curves of the catalyst (Fe3O4@SiO2–methylimidazolium
chloride).

Fig. 4 FT-IR spectrum of (a) Fe3O4 (b) Fe3O4@SiO2–Cl (c) Fe3O4@-
SiO2–methylimidazolium chloride.

Fig. 5 Hysteresis loops of the Fe3O4 and Fe3O4@SiO2–methyl-
imidazolium chloride nanoparticles.
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43 emu g�1 (Fig. 5), indicating the high magnetic property. As
seen in Fig. 5 the Ms of Fe3O4 is 59 emu g�1. The lower satu-
ration magnetization of the Fe3O4@SiO2–methylimidazolium
chloride compared to the Fe3O4 could be ascribed to the
attached organic layer to the surface of Fe3O4 nanoparticles. The
le inset of Fig. 5 shows that Fe3O4@SiO2–methylimidazolium
chloride is attracted by an external magnet, and the clear
biphasic system can be easily removed by pipet or decanting.
3.2 Anion exchange process

3.2.1 Preparation of Fe3O4@SiO2–methylimidazolium tet-
rauoroborate (Fe3O4@SiO2–Mim-BF4). The anion of the chlo-
ride containing ionic liquids was exchanged according to
literature (Scheme 2).54 The (0.5 g) ionic liquid supported
magnetic nanoparticles was dispersed in (30 mL) water and (1 g,
10 mmol) sodium tetrauoroborate were added to the mixture.
The reaction mixture was stirred for 30 minutes and then (30
mL) dichloromethane was added. The anion exchanged ionic
liquid supported magnetic nanoparticles were transferred to
the organic phase. The anion exchanged ionic liquid supported
This journal is © The Royal Society of Chemistry 2017
magnetic nanoparticles were collected by external magnetic
eld and was decanted. The product was washed with deionized
water several times for removal of additional NaBF4 and dry at
room temperature. As shown in Fig. 6a, energy-dispersive X-ray
spectroscopy of catalyst conrms the presence of the desirable
elements in the structure of the catalyst, i.e. B, F, N, C.

3.2.2 Preparation of Fe3O4@SiO2–methylimidazolium
hydrogen sulfate (Fe3O4@SiO2–Mim-HSO4). The synthetic
process of Fe3O4@SiO2–methylimidazolium hydrogen sulfate is
shown in Scheme 2. Fe3O4@SiO2–methylimidazolium chloride
(0.5 g) and NaHSO4 (1.4 g, 10 mmol) were added into a 100 mL
water in 150 mL round-bottom ask, and the mixture was stir-
red at room temperature for 24 h. The magnetic solid was
collected by an external magnet and was washed with water
several times for removal of additional NaHSO4 and dried at
room temperature. Energy-dispersive X-ray spectroscopy from
the attained catalyst conrms the presence of the probable
element in the structure of the catalyst, i.e. S, C, N (Fig. 6b).

3.2.3 Preparation of Fe3O4@SiO2–methylimidazolium
chloride–FeCl3 (Fe3O4@SiO2–Mim–FeCl4). The synthetic
RSC Adv., 2017, 7, 34972–34983 | 34975
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Scheme 2 Schematic illustration of Fe3O4@SiO2–methylimidazolium chloride nanoparticles anion exchange.
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process of Fe3O4@SiO2–methylimidazolium chloride–FeCl3 is
shown in Scheme 2. Following the Wang et al. method with
some modications5 Fe3O4@SiO2–methylimidazolium chloride
(0.5 g) and FeCl3 (1.6 g, 10 mmol) were added into 100 mL
ethanol as solvent, and this mixture was stirred for 24 h at room
temperature. The solid was collected by external magnetic eld
and was washed with ethanol and dried at room temperature.
As shown in Fig. 6c energy-dispersive X-ray spectroscopy (EDX)
of catalyst conrm the presence of the favorable elements in the
structure of the catalyst, i.e. Fe, Cl, C, N. As seen in the Table 1,
increase of wt% of iron and chlorine in Fe3O4@SiO2–Mim–

FeCl4 compared with Fe3O4@SiO2–Mim-BF4 and Fe3O4@SiO2–

Mim-HSO4 conrm the presence of FeCl4
� moiety on the

surface of magnetic nanoparticles (Scheme 3).
34976 | RSC Adv., 2017, 7, 34972–34983
3.3 Oxidation procedure

Model oils were prepared by dissolving DBT in n-hexane give
solutions with a sulfur content of 100 ppm. The extraction and
catalytic oxidative desulfurization experiments were performed
in a stirred 100 mL round-bottom ask, to which catalyst and
model oil (25 mL) and acetonitrile (25 mL) as extractant phase
were added in turn. Until the extractive equilibrium was
reached aer 10 min, a certain amount of 30 wt% H2O2 was
injected to the ask. Then the mixture was stirred vigorously at
40 �C for 60 min. The concentrations of DBT were analyzed
using a UV spectrophotometer. The phase fractional was taken
from n-hexane phase for DBT analysis. In during the reaction
time in intervals 10 min the model oil was separated by
decantation aer collection of the catalyst by external magnetic
This journal is © The Royal Society of Chemistry 2017
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Fig. 6 Energy dispersive X-ray spectroscopy of (a) Fe3O4@SiO2–Mim-BF4 (b) Fe3O4@SiO2–Mim-HSO4 and (c) Fe3O4@SiO2–Mim–FeCl4.
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eld then the sulfur concentration in oil phase calculated via
UV-VIS spectrophotometer. The absorption at 283 nm was used
tomonitor the DBT concentration. Fig. 7 shows the variations of
the UV-vis spectra of the DBT in n-hexane at time intervals 10,
20, 30, 40, 50, 60 min. The decrease of intensity in these UV-vis
This journal is © The Royal Society of Chemistry 2017
bands, indicates that the concentration of DBT in n-hexane
decreases during the reaction time. Dibenzothiophene sulfone
formation in acetonitrile phase was monitored by thin-layer
chromatography (TLC). Sulfone formation was conrmed by
the melting point of the obtained product (229–232 �C).
RSC Adv., 2017, 7, 34972–34983 | 34977
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Table 1 Quantitative EDS analyses of the element proportion in
catalysts

Element

Weight%

Fe3O4@SiO2–
Mim-BF4

Fe3O4@SiO2–
Mim-HSO4

Fe3O4@SiO2–
Mim–FeCl4

Fe 34.87 32.50 43.95
O 34.90 33.97 31.47
Si 17.01 18.30 12.44
C 7.01 6.98 7.08
N 1.83 2.01 2.02
Cl — 0.40 3.04
F 0.38 — —
B 0.08 — —
S — 0.19 —
Au 3.92 5.64 —
Total 100 100 100

Fig. 7 The variations of the UV-vis spectra of the DBT at time intervals:
10, 20, 30, 40, 50, 60 minutes.
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3.4 Control experiments

To evaluate the performance of ionic liquid-modied silica-
coated magnetic nanoparticles as catalysts in the oxidation of
DBT from a biphasic system, we set four parallel control
experiments to make a comparison on the performance of
Fe3O4@SiO2, Fe3O4@SiO2–Cl, Fe3O4@SiO2–imidazolium chlo-
ride and Fe3O4@SiO2–Mim–FeCl4 as catalysts. The obtained
data was shown in Table 2. As can be seen in Table 2 conversion
of dibenzothiophene to dibenzothiophene sulfone was not
Scheme 3 The oxidation of DBT to sulfone catalyzed by Fe3O4@SiO2–m

34978 | RSC Adv., 2017, 7, 34972–34983
observed. These observations were contributed to this fact that
on the surfaces of Fe3O4@SiO2, Fe3O4@SiO2–Cl and Fe3O4@-
SiO2–methylimidazolium chloride nanoparticles does not exist
necessary sites for activation of H2O2.

The presence of the ionic liquid moieties on the surface of
magnetic nanoparticles leading to high polarity of the catalyst
surface and the polar catalyst could be easily dispersed in
acetonitrile phase. First DBT inuenced from nonpolar n-
hexane phase to the polar acetonitrile phase. On the other hand,
H2O2 as an oxidant could be easily adsorbed to the polar surface
of the catalyst and then the oxidation process continues.
ethylimidazolium chloride.

This journal is © The Royal Society of Chemistry 2017
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Table 2 Comparison of the performance of Fe3O4@SiO2, Fe3O4@-
SiO2–Cl, Fe3O4@SiO2–methylimidazolium chloride and Fe3O4@SiO2–
Mim–FeCl4 as catalysta

Catalyst
Dispersity in
acetonitrile Conversion%

Fe3O4@SiO2 3 0
Fe3O4@SiO2–Cl 3 0
Fe3O4@SiO2–methylimidazolium
chloride

333 0

Fe3O4@SiO2–Mim–FeCl4 333 98

a Experimental conditions: amount of catalyst: 0.1 g, amount of H2O2: 4
mL, time: 60 minutes, temperature: 313 K.
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3.5 The proposed process and mechanism of DBT oxidation
by Fe3O4@SiO2–Mim-BF4

The proposedmechanism of DBT oxidation by Fe3O4@SiO2–Mim-
BF4 nanocatalyst was shown in Scheme 4. As can be seen, the
efficiency of the oxidation can be explained by the interaction
between the Fe3O4@SiO2–Mim-BF4 and H2O2. The boron of
anionic moiety of the catalyst can attract H2O2 and increases the
electrophilic ability of a peroxy oxygen atom of H2O2 and the
electrophilic oxygen is attacked by sulfur of DBT. Aer eliminating
Scheme 4 The suggested mechanism of DBT oxidation by Fe3O4@SiO2

This journal is © The Royal Society of Chemistry 2017
one water molecule, dibenzothiophene sulfoxide is produced. In
continuous by cooperation of catalyst and oxidant, oxidation
process continues and dibenzothiophene sulfone is produced.
3.6 The suggested process and mechanism of DBT oxidation
by Fe3O4@SiO2–Mim-HSO4

According to the last researches31,55,56 about oxidation of suldes
by Brønsted acidic catalysts, the proposed mechanism for the
oxidation of sulde to the corresponding sulfoxide is shown in
Scheme 5. The efficiency of the oxidation can be explained by
the interaction between the Fe3O4@SiO2–Mim-HSO4 and H2O2.
The OH moiety of the Fe3O4@SiO2–Mim-HSO4 forms a strong
hydrogen bond with H2O2 and increases the electrophilic ability
of a peroxy oxygen atom of H2O2, and at the same time assists
the leaving group (H2O) in departing from the reaction
intermediate.
3.7 The suggested process and mechanism of DBT oxidation
by Fe3O4@SiO2–Mim–FeCl4

The Fe3+ in Fe3O4@SiO2–Mim–FeCl4 and H2O2 formed a Fen-
ton-like reagent because [FeCl4]

� can dissociate Fe3+.27,28,57,58

H2O2 can be decomposed into active hydroxyl radicals (HOc)
that are strong oxidizing agents for DBT (eqn (1)–(3)).
–Mim-BF4.

RSC Adv., 2017, 7, 34972–34983 | 34979
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Scheme 5 The suggested mechanism of DBT oxidation by Fe3O4@SiO2–Mim-HSO4.
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Fe3+ + H2O2 / [Fe(HO2)]
2+ + H+ (1)

�
FeðHO2Þ

�2þ
/Fe2þ þHOc

2 (2)

Fe2+ + H2O2 / Fe3+ + HOc + OH� (3)

Another possible mechanism was illustrated in the
Scheme 6:

In the following sections inuence of some effective factors
on desulfurization of model oil including the amount of cata-
lyst, the amount of H2O2, and time were examined. The results
were discussed.
34980 | RSC Adv., 2017, 7, 34972–34983
3.8 The amount of H2O2 effect on DBT oxidative removal

The oxidation of DBT under various H2O2 volume was con-
ducted at 40 �C to study the effect of the dosage of oxidant on
the oxidative properties. As shown in Fig. 8 by increasing the
amount of H2O2, DBT oxidation growth.
3.9 Effect of the amount of the catalyst on DBT removal

The catalysts amount effect on desulfurization is shown in
Fig. 9. The results indicated that the amount of the catalyst had
a vital effect on the oxidation of DBT. For tree type of catalyst by
increasing the amount of catalyst from 0.05 g to 0.1 g the
This journal is © The Royal Society of Chemistry 2017
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Scheme 6 The suggested mechanism of DBT oxidation by Fe3O4@SiO2–Mim–FeCl4.

Fig. 8 The effect of the amount of H2O2 on the conversation of DBT.
Experimental conditions: amount of catalyst: 0.1 g, time: 60 minutes,
temperature: 313 K.

Fig. 9 The effect of the amount of catalyst on the conversation of
DBT. Experimental conditions: amount of H2O2: 4 mL, time: 60
minutes, temperature: 313 K.
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percent of DBT oxidation increase. Obviously, the excessive
catalyst was not necessary and economical in the process. Thus,
0.1 g was chosen as the most suitable quantity in this study.
This journal is © The Royal Society of Chemistry 2017
3.10 Effect of reaction time on oxidative removal of DBT

The DBT oxidation versus reaction time was determined
according to the following equation (eqn (4)), where C0 is the
RSC Adv., 2017, 7, 34972–34983 | 34981
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Fig. 12 Recycling of catalysts. Experimental conditions: amount of
catalyst: 0.1 g, amount of H2O2: 4 mL, time: 60 minutes, temperature:
313 K.
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concentration at time zero and Ct is the DBT concentration at
the time.

CDBT ¼ C0 � Ct

Ct

(4)

As indicated in the graph conversion of DBT increased over
time (Fig. 10).

The oxidative desulfurization efficiency were increased
with increasing temperature. Sulfur removal reached to near
100% at 328 K in 60 min. Removal of DBT can be reached at
298 and 313 K in 60 min to 70.20 and 98% respectively.
Therefore, 40 �C was chosen in the present study because
of the concentration of hydrogen peroxide decreases due
to nonproductive decomposition at high temperature
(Fig. 11).13
Fig. 10 The effect of the time on the conversation of DBT. Experi-
mental conditions: amount of catalyst: 0.1 g, amount of H2O2: 4 mL,
temperature: 313 K.

Fig. 11 The effect of temperature on the conversation of DBT.
Experimental conditions: amount of catalyst: 0.1 g, amount of H2O2: 4
mL, time: 60 minutes.

34982 | RSC Adv., 2017, 7, 34972–34983
3.11 Recycling of the catalysts

To further investigation the stability of catalysts, a series of
catalyst recycle and reuse experiments for the DBT oxidation
were conducted. Then a new reaction setup was accomplished
with the fresh solvent and reactants under the same conditions.
These catalysts can be easily recycled for further use because of
its magnetism. Over four times of the recycle experiments
conversion percentage has not changed much (Fig. 12). The
high stability and excellent reusability of the catalyst can be
contributed to the strong electrostatic interaction between the
imidazolium ring and anionic moiety.
4. Conclusion

The main focus of the present research was concerned with
achieving the efficient and feasible protocol for oxidative
removal of DBT. Accordingly, we synthesized a series of Fe3O4-
supported imidazolium-based Lewis or Brønsted acidic ionic
liquids and applied as polar and nanomagnetic heterogeneous
catalyst for oxidative desulfurization of dibenzothiophene from
n-hexane as model oil phase in n-hexane/acetonitrile biphasic
system. The order of catalysts performance was Fe3O4@SiO2–

Mim–FeCl4 > Fe3O4@SiO2–Mim-HSO4 > Fe3O4@SiO2–Mim-BF4,
the reason for this was that interaction between [FeCl4]

� moiety
and oxygen of H2O2 was stronger than the others. Finally,
regeneration and subsequent recycling of Lewis or Brønsted
acidic methylimidazolium ionic liquid-functionalized Fe3O4@-
SiO2 nanoparticles have been investigated. The results showed
that these catalysts could be used as promising catalysts for the
oxidative desulfurization of future industrial application due to
their higher desulfurization rates and easy separation by an
external magnetic eld.
Acknowledgements

The authors are grateful to Razi University for their nancial
support for the accomplishment of the work and providing
necessary facilities. M. Fakhari is also thankful to the Iran
Nanotechnology Initiative Council (INIC) for their partial
support on this project.
This journal is © The Royal Society of Chemistry 2017

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7ra04957a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

1 
Ju

ly
 2

01
7.

 D
ow

nl
oa

de
d 

on
 2

/2
5/

20
26

 1
:1

3:
25

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
References

1 X. Ma, K. Sakanishi and I. Mochida, Ind. Eng. Chem. Res.,
1994, 33, 218–222.

2 A. Srivastav and V. C. Srivastava, J. Hazard. Mater., 2009, 170,
1133–1140.

3 X. Ma, L. Sun and C. Song, Catal. Today, 2002, 77, 107–116.
4 S. Zhang, Q. Zhang and Z. C. Zhang, Ind. Eng. Chem. Res.,
2004, 43, 614–622.

5 X. Wang, H. Wan, M. Han, L. Gao and G. Guan, Ind. Eng.
Chem. Res., 2012, 51, 3418–3424.

6 D. J. Monticello, Curr. Opin. Biotechnol., 2000, 11, 540–546.
7 B. H. Kim, H. Y. Kim, T. S. Kim and D. H. Park, Fuel Process.
Technol., 1995, 43, 87–94.

8 X.-M. Yan, P. Mei, L. Xiong, L. Gao, Q. Yang and L. Gong,
Catal. Sci. Technol., 2013, 3, 1985–1992.

9 J. Gao, W. Ma, L. Yuan, Y. Dai and C. Li, Appl. Catal., A, 2013,
467, 187–195.

10 J. Zhang, A. Wang, Y. Wang, H. Wang and J. Gui, Chem. Eng.
J., 2014, 245, 65–70.

11 X. Cui, D. Yao, H. Li, J. Yang and D. Hu, J. Hazard. Mater.,
2012, 205, 17–23.

12 W. Jiang, W. Zhu, Y. Chang, Y. Chao, S. Yin, H. Liu, F. Zhu
and H. Li, Chem. Eng. J., 2014, 250, 48–54.
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