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MCM-41-supported Fenton-like ionic liquid catalysts were synthesized by the grafting method and applied in the removal of
sulfur compounds in model oil. The structure and property of the catalysts were characterized by Fourier transform infrared
spectra, X- ray diffraction, diffuse reflectance spectra, transmission electron microscopy, thermogravimetric and differential
scanning calorimetry, and N, adsorption-desorption. Results suggested that Fenton-like ionic liquid was supported on meso-
porous material MCM-41. Different desulfurization systems were studied. The results indicated that at room-temperature
(30°C) for 1 h, MCM-41-supported Fenton-like ionic liquid in extraction combined with catalytic oxidative desulfurization
(ECODS) system showed a high catalytic activity with H,O; as the oxidant, and [Omim]BF 4 as the extractant. Different fac-
tors, such as temperature, the amount of H,O,, solvent, and different sulfur-containing compounds for sulfur removal were
investigated. Through the gas chromatography-mass spectrometer (GC-MS) analysis, dibenzothoiphene sulfone was proved to
be the only product of dibenzothiophene oxidizing reaction. Furthermore, the process of ECODS was confirmed by GC-MS
results. © 2013 American Institute of Chemical Engineers AIChE J, 59: 4696-4704, 2013
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Introduction

During the last few decades, deep desulfurization of trans-
portation fuels has been in need badly because of increas-
ingly stringent regulations and fuel standards in many
countries aiming to protect environment.! In view of the
importance of desulfurization, several methods for desulfur-
ization of fuels have been reported, such as hydrodesulfuri-
zation (HDS),z’3 extraction,*® adsorption,7_9 oxidation,'*3
and bioprocess.'* HDS process has been used to eliminate
sulfur compounds for industry purpose for the past few
years; however, this method suffers from severe operating
conditions (high temperature, high hydrogen pressure, and
capital cost) and it is less effective for removing refractory
sulfur compounds, such as benzothiophene (BT), dibenzo-
thiophene (DBT), and their alky derivatives.'> Among these
methods, oxidative desulfurization (ODS) was considered as
one of the most promising alternative technologies due to its
advantages that many kinds of organic sulfur compounds can
be removed effectively under the mild reaction condi-
tions.'®!7 Generally, in the previous studies, most ODS reac-
tion performed using homogeneous catalysis systems. The
homogeneous catalysis has some drawbacks, such as, diffi-
cult separation or regeneration of catalysts and recontamina-
tion of oils from the dissolution of traces of caltalysts.18
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The heterogeneous catalysis can solve those problems
aforementioned. The oxidation of sulfur compounds with
heterogeneous catalysts systems has been studied such as
mesoporous TiO,,'” HPWA-SBA-15,° and WO,/Zr0,.2}?
Li et al.>**° investigated different supports with phospho-
tungstic acid, Ti-containing SBA-16-type mesoporous mate-
rial,®® and Fe-supported MCM-41 catalysts’’ for the
oxidation of DBT with hydrogen peroxide as the oxidant.
Yan et al.*® reported mesoporous phosphotungstic acid/TiO,
nanocomposite as a novel ODS catalyst. However, there are
few research on supported ionic liquid catalysts for
desulfurization.

In recent years, ionic liquids (ILs) as novel catalysts
received particular interests, owing to their unique properties
(e.g., thermal stability, negligible vapor pressure, and selec-
tive solubility). Task-specific ILs as catalysts have been
exploited for ODS, such as, Fenton-like ILs,16’29’30 metal-
based surfactant-type ILs,! polyoxometalate-based ILs,*>%
Bronsted acidic ILs,'®***> and Lewis acidic ILs."®*® How-
ever, in the homogeneous catalysis systems, a large amount
of ILs was needed. On the other hand, the high viscosity and
cost of ILs restricted their industrial applications. Based on
the economic criteria and industrial applications, immobiliz-
ing small amount of ILs on solid surfaces has been used as
novel solid catalysts to solve this problem.

In previous studies, our group has applied Fenton-like ILs
in ODS syste:ms.16’29’30 Although these Fenton-like ionic
liquids presented high catalytic performance, they had some
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Scheme 1. Preparation of iron-based ionic liquid on the MCM-41.

problems, such as large amount of ILs wasted and the diesel
contaminated. Inspired by previous work, we attempt to design
a catalyst system immobilizing iron-based ILs on support. We
chose MCM-41 as the support. MCM-41 is a mesoporous
molecular sieve material, which consists of a hexagonal array
of one-dimensional tunnel structure with highly specific surface,
pore volume, and high thermal stability.37 As catalyst supports,
MCM-41 can provide the favorable space for the reaction of
large molecules. In this study, to combine the advantages of
MCM-41 and the appropriate activity of Fenton-like ionic lig-
uid, we loaded chloroferrate (III) ionic liquid on MCM-41 by
the grafting method. The aim of this research is to evaluate the
ODS activity of heterogeneous catalysts of MCM-41-supported
Fenton-like ionic liquid.

Experimental Section
Materials

BT, DBT, and 4,6-dimethyldibenzothiophene (4,6-
DMDBT) were purchased from Sigma-Aldrich. Commercially
available 33 wt % H,O,, iron (III) chloride anhydrous, n-
dodecanethiol (DT), n-octane, tetradecane, and N-methylimi-
dazole were purchased from Sinopharm Chemical
Reagent. (3-chloropropyl)Trimethoxysilan (98%) was mar-
keted by Aladdin Chemistry. The conventional ILs 1-butyl-3-
methylimidazolium tetrafluoroborate ([Bmim]BF,), 1-octyl-3-
methylimidazolium tetrafluoroborate ([Omim]BF,), 1-butyl-3-
methylimidazolium hexafluorophosphate ([Bmim]PF), and 1-
octyl-3-methylimidazolium hexafluorophosphate ([Omim]PFg)
were purchased from Shanghai Chengjie Chemical.

Catalyst preparation

1. Synthesis of 1-methyl-3-(trimethoxysilylpropyl)-imidazo-
lium chloride ([pmim]CI)

The mixture of N-methylimidazole (freshly distilled)
(10.3160 g, 0.1258 mol) and 3-chloropropyl-
trimethoxysilane (25 g, 0.1258 mol) was refluxed at 95°C
for 24 h. After cooling to room-temperature, the reaction
mixture was washed with diethyl ether and dried under
vacuum.'"H NMR (400 MHz, DMSO): 9.81(s, 1H,
NCHN), 8.12(d, 1H, CHCHNCH,), 7.81(d, IH,
MeNCHCH), 4.26(t, 2H, NCH,), 4.03(s, 3H, NCHj;),
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3.92(s, 9H, O(CH3)3), 1.82(m, 2H, CH,CH,Si), 0.52(t,
2H, CH,Si)

2. Grafting of 1-methyl-3-(trimethoxysilylpropyl)-imidazo-
lium chloride ([pmim]Cl) on MCM-41([pmim]CI-MCM-
41)

MCM-41 support was prepared according to the previ-
ous reports.”®* MCM-41 (2 g) was dispersed in 50-mL
dried toluene and treated with 1-g [pmim]Cl. The mixture
was heated under reflux (90°C) for 16 h. After cooling to
room-temperature, the solid was isolated by filtration and
dried under high vacuum. Then, the unreacted [pmim]Cl
was removed by 48 h extraction with boiling dichlorome-
thane. White powder of [pmim]CI-MCM-41 was achieved
under high vacuum.

3. Preparation of immobilized
([pmim]FeCl;-MCM-41)

[pmim]CI-MCM-41 was stirred vigorously with FeClj
in acetonitrile at 83°C for 24 h. Then, the solid was iso-
lated by filtration and washed with acetonitrile. The
resulting solid was dried in vacuum to produce [pmim]-
FeCl,-MCM-41 ([pmim]Cl/ FeCl; molar ratios = 1:1.5).
Scheme 1 depicts the synthesis process.

iron-based ionic liquid

Characterization

NMR spectra were recorded on Bruker AV-400 spectrome-
ter (Germany) using dimethyl sulfoxide and (CH3)4Si as the
solvent and the reference, respectively. Chemical shifts ()
were given in parts per million and coupling constants (J) in
hertz.

Fourier transform infrared (FTIR) spectra were performed
on a Nicolet FTIR spectrophotometer (Nexus 470, Thermo
Electron Corporation) using KBr pellets at room-temperature.

Powder X-ray diffraction (XRD) analysis was carried out
on Bruker D8 diffractometer with high-intensity Cu Ko
(=154 A).

Thermogravimetric and differential scanning calorimetry
(TG-DSC) was done on STA-449C Jupiter (NETZSCH Cor-
poration, Germany). Sample weighing about 30 mg was
heated from room-temperature to 1000°C at a heating rate
10°C/min in a dynamic N,.

The diffuse reflectance spectra (DRS) were measured by a
UV-vis spectrometer (UV-2450, Shimadzu) in the range of
200-800 nm. BaSO, was used as the reflectance standard
material.
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Figure 1. FTIR spectra of MCM-41(a),
[pmim]CI-MCM-41(c), and
MCM-41(d).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]
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Transmission electron microscopy (TEM) micrographs
were taken with a JEOL-JEM-2010 (JEOL, Japan) operating
at 200 kV. The samples used for TEM were prepared by dis-
persing some products in ethanol, then placing a drop of the
solution onto a copper grid, and letting the ethanol evaporate
slowly in air.

The N, adsorption—desorption isotherms at 77 K were
investigated using a TriStar II 3020 surface area and porosity
analyzer (Micromeritics Instrument).

ODS process

Model oil was prepared by dissolving DBT, BT, 4,6-
DMDBT, and DT in n-octane, with a corresponding S-content
of 500, 250, 250, and 250 ppm, respectively. Desulfurization
was carried out in a home-made 40-mL two-necked flask.
After catalyst, conventional IL, model oil were added to the
flask in turn, 33 wt % H,O, was added into the mixture, and
then the mixed solution was stirred vigorously at 30°C for 1 h.

Analysis methods

The remaining sulfur-containing compounds in model oil
after the reaction were analyzed by Gas Chromatography-
Flame Ionization Detector (GC-FID) with tetradecane with tet-
radecane as the internal standard. (Agilent 7890A; HP-5, 30 m
X 0.32 mm i.d. X 0.25 pm; FID: Agilent). The conversion of
DBT in the model oil was used to calculate the removal of sul-
fur compounds.

The oxidized S-compound was characterized by Gas Chro-
matography-Mass Spectrometer (GC-MS) (Agilent 7890/
5975C-Gas Chromatography(GC)/Mass Selective Detector
(MSD); HP-5 MS column, 30 m X 250 pm i.d. X 0.25 pm;
temperature program: 100°C-temperature rising 15°C/min-
200°C for 10 min).

Results and Discussion
Catalyst characterization

FTIR spectra of MCM-41, [pmim]Cl, [pmim]Cl-MCM-41,
and [pmim]FeCl;-MCM-41 are shown in Figure 1. The
Si—O—Si characteristic peaks of MCM-41 could be

4698 DOI 10.1002/aic

Published on behalf of the AIChE

observed at 1079, 808, and 458 cm ™ '. And a broad, asym-
metric feature was seen at 3416 cm™' belonging to O—H
vibrations of silanols and water in mesoporous silica MCM-
41. The absorption peaks at 1569 and 1630 em~ ! were
assigned to C=N and C=C vibrations of the imidazole ring,
which confirmed that there was the formation of [pmim]CL
Additional bands at 3146, 3089, 2938, 1450, 915, 758, and
715 cm ™' were attributed to C—H stretching and deforma-
tion vibrations of the imidazole part and alkyl chain. The
main characteristic peaks of MCM-41 and [pmim]Cl could
be observed in the FTIR spectrum of [pmim]ClI-MCM-41
and [pmim]FeCl;-MCM-41, which identified the presence of
Fenton-like ionic liquid in MCM-41.

The low-angle XRD patterns of MCM-41 and [pmim]-
FeCl;-MCM-41 are depicted in Figure 2. MCM-41 pattern
showed an intense reflection at 20 = 2.14° for d;o and two
other weaker peaks at 20 = 3.68° and 20 = 4.24° for d,,o and
daoo, respectively, indicating the quasiregular arrangement of
mesopores with hexagonal symmetry.*® [pmim]FeCl,-MCM-
41 displayed decreased intensities of all the peaks and the dif-
fraction peaks shifted to higher angles. This was attributed to
that the ionic liquid moieties were inside the mesoporous
channels of MCM-41, leading to decrease local order of
MCM-41. However, the mesoporous structure of MCM-41
remained integrity during the immobilized process.

Figure 3 displays the diffuse-reflectance UV-vis spectros-
copy of MCM-41, [pmim]CI-MCM-41, and [pmim]FeCly-
MCM-41. MCM-41 exhibited characteristic absorption bands
in UV region.41 It was found that the absorption band of
[pmim]CI-MCM-41 was at about 200-250 nm. In the case of
[pmim]FeCl,-MCM-41, the absorption region extended to
about 500 nm. The 3d energy orbitals of Fe*", which is
equal to each other, split from five degenerate orbitals with
the same energy level into several d-orbitals with different
energy when combined with Cl™ ions to form clathrate with
some kind of space structure in the electric field of ligand
Cl . So that, the d-d transition absorption belts mainly
appeared in the visible and ultraviolet region.

The transmission electron microscopy (TEM) images of
MCM-41 and [pmim]FeCl,-MCM-41 are shown in the

Y (a.u)

Intensity

o 2 4 6 8 10
20 (degrec)
Figure 2. Low-angle XRD of MCM-41 (a) and [pmim]
FeCl,-MCM-41 (b).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]
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Figure 3. DRS spectra of MCM-41(a), [pmim]CI-MCM-
41(b), and [pmim]FeCl,-MCM-41(c).

[Color figure can be viewed in the online issue, which is
available at wileyonlinelibrary.com.]

Figure 4. The results indicated that the TEM images of
MCM-41 (Figure 4a) and [pmim]FeCl;-MCM-41 (Figure 4b)
exhibited similar structure, which provided strong evidence
that the mesoporous structure of support was retained after
grafted Fenton-like ionic liquid.

Figure 4. TEM image of (a) MCM-41 and (b) [pmim]-
FeCl,-MCM-41.
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Figure 5. TG-DSC of [pmim]CI-MCM-41 (a) and [pmim]-
FeCl;-MCM-41 (b).

The thermal stability of [pmim]Cl-MCM-41 and [pmim]-
FeCl;-MCM-41 is characterized by TG-DSC (Figure 5).
Three major weight losses were observed at the TG-DSC
curve of [pmim]ClI-MCM-41 (Figure 5a). The corresponding
endothermic peak on DSC curve emerged below 100°C in
the first step, which demonstrated the desorption of physi-
cally absorbed water. For the second weight loss between
170 and 340°C, it was attributed to the decomposition of the
hydrogen-bonding networks. Above 430°C, there was a mass
loss on TG curve. The reason may be that immobilized imid-
azole ionic liquid was destroyed. The TG-DSC curves of
[pmim]FeCl,-MCM-41 are given with a similar decomposi-
tion process (Figure 5b).

N, adsorption—desorption isotherms and the Barrett-Joy-
ner-Halenda (BJH) pore-size distribution curves of MCM-41,
[pmim]CI-MCM-41, and [pmim]FeCl,-MCM-41 are depicted
in Figure 6. The samples displayed type IV isotherms and
capillary condensation at relative pressures of 0.3 <P/
Py < 0.5, which was the characteristic of mesoporous materi-
als. The textural properties of MCM-41 were substantially
maintained after immobilization of imidazolium ionic liquid
and on subsequent anchoring of FeCl;. The surface area,
pore volume, and pore diameters of MCM-41, [pmim]CIl-
MCM-41, and [pmim]FeCl4-MCM-41 are listed in Table 1.
The MCM-41 sample exhibited a maximum pore volume
(1.18 cm?/g) and surface area (955 m?/g). [pmim]Cl-MCM-
41 resulted in a shift of the pore maximum to smaller vol-
ume (0.68 cm3/g) and a decrease in surface area (547 mz/g).
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and the BJH pore-size distribution curves
(B) of MCM-41(a), [pmim]CI-MCM-41(b), and
[pmim]FeCl;-MCM-41(c).

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

The introduction of FeCl; led to a further decrease in surface
and pore volume. It could be concluded that introduction of
Fenton-like ionic liquid significantly affected the surface
area and pore volume of the support.

Influence of different desulfurization systems on
removal of DBT

The desulfurization activities of different systems are
investigated in Table 2, including adsorption, catalysis com-
bined with chemical oxidation, extraction, extraction coupled
with chemical oxidation, and extraction combined with cata-
lytic oxidation. In adsorption systems, when using mesopo-
rous support MCM-41 solely as the adsorbent for removing
DBT in model oil, the sulfur removal could reach 12.7%
(Table 2, Entry 1), whereas for [pmim]FeCl,-MCM-41, the
sulfur removal only was 9.1% (Table 2, Entry 2). The reason

Table 1. The structure Properties of the Samples

SBET Pore Volume Pore Size
Sample (m*/g) (em’/g) (nm)
MCM-41 955 1.18 4.4
[pmim]CI-MCM-41 547 0.68 4.5
[pmim]FeCl,-MCM-41 515 0.53 4.0
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Sulfur
Entry Desulfurization System Removal® (%)
1 MCM-41 12.7
2 [pmim]FeCl,-MCM-41 9.1
3 MCM-41 + H,0, 8.7
4 [pmim]FeCl,-MCM-41 + H,0, 11.8
5 [Omim]BF, 34.5
6 [Omim]BF, + H,0, 36.7
7 [pmim]FeCl,-MCM-41+H,0, + [Omim]|BE, 91.6
8 MCM-41 + H,0, + [Omim]BF, 38.7
9¢ 1.5FeCl;/MCM-41 + H,0, + [Omim]BF, 38.1

Experimental conditions: 5-mL model oil, 0.39-mmol H,0,, 1-mL
[Omim]BF,, 30°C, 1-h.

“m (catalyst) = 0.06 g.

Max error = *3%.

“m (catalyst) = 0.0231g.

for the lower adsorbability might be that the surface area of
[pmim]FeCl,-MCM-41 was smaller than that of MCM-41
(Table 1).

With addition of H,O, in MCM-41, the sulfur removal
decreased to 8.7% (Table 2, Entry 3). The lower S-removal
could be due to hydrophilic channels of the MCM-41 struc-
ture. MCM-41 absorbed easily the polar molecules H,O, and
reduced the capability to absorb the weak polarity com-
pounds such as DBT.**™ Meanwhile, it could be concluded
that MCM-41 could not activate hydrogen peroxide. Under
the same reaction conditions, [pmim]FeCl,-MCM-41 also
showed low activity (Table2, Entry 4), which could be due
to severe H,O, self-decomposition.

When [Omim]BF,; was used as the extractant to remove
DBT from model oil, the desulfurization efficiency was also
not high (34.5% sulfur removal). The sulfur removal
increased to 36.7% with addition of H,O, in [Omim]|BF,. In
the case of the extraction combined with catalytic oxidative
desulfurization (ECODS) system composed of [Omim]BF,,
[pmim]FeCl;-MCM-41, and H,0,, the sulfur removal of
DBT increased sharply (91.6%). It clearly demonstrated that,
the ECODS system, which was composed of [Omim]BF,,
H,0,, and [pmim]FeCl,-MCM-41, showed excellent per-
formance for oxidation of DBT.

From the results in Entry 7, 8, it can be seen that [pmim]-
FeCl4-MCM-41 presented much higher activity than MCM-
41 under the ECODS system. 1.5FeCl;/MCM-41 with the
same Fe content (Table 2, Entry 9) was also examined under
the same reaction system, and poor desulfurization was
found (sulfur removal was only 38.1%), indicating that the
catalytic activity was not the result of FeCl; and that the
existence of the immobilized imidazolium groups was essen-
tially important for desulfurization reaction.

Influence of different reaction parameters on sulfur
removal

The effect of reaction parameters, such as temperature, the
amount of oxidizing agent, and solvent on oxidation of DBT
were studied using the [pmim]FeCl;-MCM-41 as the catalyst
(Table 3).

The results of the effect of temperature on DBT conver-
sion are presented in Table 3, Entries 1-3. At higher temper-
ature (40°C, 50°C), although the H,O,/DBT molar ratio was
5:1 (excess oxidant), possibly due to more H,O, decomposed
with the increasing temperature, DBT conversion did not
increase, which led to the worse utilization of H,O,. There
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Table 3. Reaction Parameter in [pmim]FeCl;-MCM-41Cata-
lyzed Oxidative Desulfurization

Temperature n Sulfur
Entry “°C) (H,0,/DBT)* Solvent Removal®(%)
1 30 5 [Omim]BF, 91.6
2 40 5 [Omim]BE, 89.9
3 50 5 [Omim]BE, 83.3
4 30 4 [Omim]BE, 90.5
5 30 5 [Omim]BF, 91.6
6 30 6 [Omim]BE, 88.7
7 30 5 [Bmim]|BE, 86.6
8 30 5 [Omim]BE, 91.6
9 30 5 [Bmim]PFq 24.4
10 30 5 [Omim]PFg 47.8

Experimental conditions: 5-mL model oil, 0.06-g catalyst, 1-mL solvent, 1 h.
“Molar ratio.
"Max error = +3%.

exist two parallel reactions: catalytic oxidation and thermal
decomposition of H,O,. Therefore, it is favorable to conduct
the oxidation of DBT over immobilized [pmim]FeCl,-MCM-
41 at low temperatures, such as 30°C.

The desulfurization reactions under various H,O,/DBT
molar ratios were carried out at 30°C for 1 h (Table 3,
Entries 4-6). The optimal value of H,O,/DBT molar ratio
was 5:1 (0.39 mmol H,0,), which was higher than the value
of stoichiometric H,O,/DBT molar ratio for oxidation of
DBT to dibenzothiophene sulfone (DBTO,). This result may
be restricted by two factors: the surplus amount of oxidant
promoted the equilibrium reaction; on the other hand, the
thermal decomposition of oxidant and oxidation reaction pro-
duces water, which inhibits the ODS reactions.®’ Therefore,
H,O,/DBT molar ratio of 5:1 can improve ODS activity of
sulfur compounds in the reaction system.

Solvents have a great influence on the catalytic ability of
the supported Fenton-like ionic liquid catalyst. In constrained
environment, conventional ILs were chosen as reaction sol-
vents. The results (Table 3, Entries 7-10) showed higher activ-
ity in the case of [Omim]BF,; (91.6 %), followed by
[Bmim]BF, (86.6%), [Omim]PFg (47.8%), and [Bmim]PFg
(24.4%), with 0.39 mmol H,0O, and 30°C. The activity of the
catalyst was found to depend on the nature of the solvents.
Various cations and anions may influence the properties of the
ILs. In this study, the alkyl part [Omim]™, as well as anion
BF} had a significant effect on desulfurization removal. Mean-
while, it was observed that H,O, in ILs with PF ¢ decomposed
violently in the experimental process. The result and observa-
tion confirmed that ILs with BF} could prevent H,O, from
decomposing. At the same time, it was reported that ILs with
longer alkyl chains showed higher extraction desulfurization
removal."® Thus, when ILs with the same anion, [Omim]™ had
higher desulfurization removal than [Bmim] ™. Therefore,
[Omim|BF, was selected and used in desulfurization reaction.

Influence of different molar ratios of [pmim]ClI to FeCl;
on sulfur removal

To investigate the effect of molar rate of [pmim]Cl to FeCl;
on DBT oxidation, immobilized catalysts were prepared with
various molar ratios FeCl; (n =1, 1.5, 2, 3) on mesoporous
material and tested in desulfurization (Table 4). The lower
activity of n ([pmim]Cl:FeCl;) = 1:1 could be due to a lower
molar fraction FeCls. It has been reported that the Lewis acidity
of the iron-containing ILs can be modified by varying the frac-
tion of FeCls. In other words, a higher molar fraction of FeCly
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can lead to stronger Lewis acidity of FeCls-based IL.*® With an
increase in molar fraction of FeCls;, DBT conversion exhibited
a slight increase. At higher loading, the aggregation of Fenton-
like ionic liquid lowered the dispersion of active sites. n
([pmim]Cl:FeClz) = 1.5 showed the higher activity (DBT con-
version of 91.6%) and could achieve the aim of the deep desul-
furization; thus, this was used in the following investigation.

Sulfur removal of different sulfur-containing
compounds

The catalytic performance of [pmim]FeCl,-MCM-41 was
investigated by extraction combined with catalytic oxidation
of other sulfur compounds besides DBT, including BT, DT,
and 4,6-DMDBT under the given conditions. The results are
shown in Figure 7. From the data, it can be seen that the sulfur
removal decreased in following order: DBT >DT >
BT > 4,6-DMDBT at 30°C for 1 h. As the reaction went on,
the sulfur removal could reach around 90% for DBT and DT.
This result demonstrated that the intrinsic properties of the
sulfur-containing compounds were a critical factor for desul-
furization reaction. These differences mainly came from three
factors, that was, aromatic m-electron density of sulfur com-
pounds, compound types, and molecular size. First, compared
with aromatic compounds, aliphatic compounds were oxidized
easily. Therefore, DT exhibited the higher sulfur removal. In
the case of aromatic sulfur compounds, the electron density on
the sulfur atom of DBT, BT, and 4,6-DMDBT is 5.758, 5.739,
and 5.760, respectively.47 For DBT and BT, the desulfuriza-
tion performance increased with the aromatic n-electron den-
sity increased. On the other hand, in mesoporous environment,
it could be difficult for macromolecular compound to approach
the active centre. Thus, with two methyls, 4,6-DMDBT
showed the lowest sulfur removal, in spite of owning the high-
est electron density. Meanwhile, for DT was with the longer
alkyl chain, the desulfurization efficiency was lower than that
of DBT. Therefore, the reactivity of sulfur removal decreased
in the order of DBT > DT > BT > 4,6-DMDBT.

Recycling experiments

The reusability of the [pmim]FeCl;-MCM-41 catalyst was
investigated on the removal of DBT in ECODS system.
When the reaction was finished, the upper layer oil was dec-
anted and recharged with fresh oil and oxidant. The sulfur
removal was 91.6, 89.7, 88.3, and 86.1% for the first time to
the fourth time, respectively. According to our observation,
more and more DBT sulfone was produced in the IL, as the
recycle times increased. So it may lead to the slight decrease
of catalytic activity in the recycles. Through FTIR analysis,
a fresh catalyst and a recycled catalyst exhibited almost the
same structure, indicating that [pmim]FeCl,-MCM-41 was a
durable catalyst.

Table 4. Variation of Molar Ratio of [pmim]Cl to FeCl; in
the Desulfurization System on Removal of DBT

Entry n([pmim]Cl: FeCl;) Sulfur Removal® (%)
1 1:1 86.8
2 1:1.5 91.6
3 1:2 91.8
4 1:3 92.7

Experimental conditions: 5-mL model oil, 0.06-g catalyst, 0.39-mmol H,O,,
1-mL [Omim]BF,, 30°C, 1 h.
“Max error = =3%.
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Figure 7. The effect of sulfur species on sulfur conver-
sion.

Experimental conditions: 5-mL model oil, n(H,0,) = 0.39
mmol, m([pmim]FeCl-MCM-41) = 0.06 g,
V([Omim]BF,;) =1 mL, 7=30°C. [Color figure can be
viewed in the online issue, which is available at
wileyonlinelibrary.com.]

The process of ECODS

ODS system including [pmim]FeCl,-MCM-41 and H,0,
without IL ([Omim]BE,), showed much lower desulfuriza-
tion efficiency (sulfur removal only reached 11.8%). It was
illustrated that oxidizing reaction hardly proceeded in oil
phase. When the extractant [Omim]BF, was added into the
aforementioned reaction system, the removal of DBT
increased sharply and reached 91.6%. During this process,
with rigorous stirring DBT was first extracted into ionic lig-
uid phase from oil phase, then was catalyzed, and oxidized
by dispersing catalyst and hydrogen peroxide in ionic liquid
phase. In this process, [Omim]BF, not only served as the
extractant and the reaction media but also could prevent
H,O, from decomposing to some extent. After the reaction,
the lower layer IL phase was separated and extracted by tet-
rachloromethane at room-temperature. Then, the tetrachloro-
methane phase and the upper layer oil were analyzed by the
GC-MS (Figure 8 and 9). In both the oil phase and tetra-
chloromethane phase, two main compounds were detected
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Figure 8. The GC-MS of main compounds of the oil
phase.
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Figure 9. The GC-MS of main compounds of the IL

phase.

by GC-MS analysis. The species A and B in IL phase match
those of DBT and DBTO,, respectively. Although two com-
pounds in the oil phase were just DBT and tetradecane
(internal standard substance), in which DBTO, was not dis-
covered. This result further proved the process of ECODS.
As the product of DBT oxidation, DBTO, accumulated in IL
phase, which was easily separated from the IL phase. The
plausible extraction and catalytic oxidative mechanism of
DBT is shown in Scheme 2.

Conclusions

In conclusion, the mesoporous material MCM-41-
supported Fenton-like ionic liquid has been successfully pre-
pared and applied in catalytic ODS. The Fenton-like ionic
liquid was incorporated into MCM-41 via the grafting
method. The low-angle XRD and N, adsorption-desorption
revealed that MCM-41-supported Fenton-like ionic liquid
remained the mesoporous structure of MCM-41. Among the
different desulfurization systems, the ECODS system con-
taining [pmim]FeCl;-MCM-41, H;0,, and [Omim]BF,
showed the highest catalytic activity. The catalytic oxidation
reaction of sulfur-containing compounds decreased in the
order of DBT > DT > BT > 4,6-DMDBT. Through the GC-
MS analysis, DBTO, was confirmed to be the only product
of DBT oxidizing reaction and the produce accumulated in
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Scheme 2. Oxidation of DBT to DBTO, in presence of

[pmim]FeCl,-MCM-41 as a catalyst.

[Color figure can be viewed in the online issue, which
is available at wileyonlinelibrary.com.]

the IL phase. The precipitated sulfones and clean oil could
be separated easily.
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