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17
18 �W-mesoporous silicas were
19 synthesized by functional IL [(n-
20 C8H17)3NCH3]2W2O11.
21 � The functional IL acted as template
22 and W precursors during the
23 synthesis process.
24 � W species were highly dispersed into
25 the mesoporous silica.
26 � The catalysts showed good catalytic
27 performance and reusability.
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29 A series of W-containing mesoporous silicas were designed, prepared and evaluated as the catalysts of
30 oxidative desulfurization.
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a b s t r a c t

50A series of W-containing mesoporous silicas with different calcination temperatures were in situ
51synthesized by using [(n-C8H17)3NCH3]2W2O11 not merely as a novel template but also the W precursors.
52The catalysts were characterized by N2 adsorption–desorption, XRD, XPS, HRTEM, EDS, ICP, FTIR, and
53UV–vis DRS analysis. The N2 adsorption–desorption and HRTEM results indicated that these catalysts
54possessed mesoporous structure with relatively uniform pores and large internal surface areas. The
55XRD, ICP and HRTEM results indicated that the W species were highly dispersed on the surface and into
56the mesoporous silicas matrix. The catalysts also showed excellent catalytic performance on the removal
57of refractory bulky molecule sulfur compounds from the model oil with H2O2. Based on the removal of
58DBT in the model oil, the optimal calcination temperature of the catalysts is 450 �C. The catalytic activity
59of different sulfur-containing substrates was also investigated. After 8-times recycling, the sulfur removal
60could still reach 99.2% without any significant decrease.
61� 2013 The Authors. Published by Elsevier Ltd. All rights reserved. 62

63

641. Introduction

65As the fact that the development of cost-effective and
66environmentally benign catalytic systems is becoming one of the
67main concerns of contemporary synthetic chemistry, ionic liquids
68(ILs) have attracted overwhelming attention due to their desirable
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69 properties such as negligible low vapor pressure, excellent thermal
70 stability, low toxicity and good solubility characteristics [1]. Fur-
71 thermore, sophisticated selections of cation and anion species al-
72 low the design of task-specific ionic liquids (TSILs) to deliver
73 different chemical and physical function in the same compounds
74 [2–5]. Polyoxometalates (POMs) are a large family of bulky clusters
75 of transition metal oxide anions with structural diversity, which
76 have been investigated carefully for their high activity in oxidative
77 and catalytic reactions [6]. For the purpose of combining the excel-
78 lent properties of ILs with functional POMs, enormous amount of
79 POM-based ILs have been synthesized for a variety of catalytic pro-
80 cesses [7–13]. Even though most POM-based ILs show efficient cat-
81 alytic performance, widespread industrial applications of such
82 homogeneous catalysts have been hampered by their intrinsic li-
83 quid nature, including difficulties in separation and recovery of
84 the catalysts, the unsatisfactory recyclability, the large dosage of
85 catalysts and high viscosities [14].
86 In order to overcome the problems mentioned above, a lot of ef-
87 forts have been made to immobilize the ionic liquids to a solid sup-
88 port [15,16]. Mesoporous silicas are a class of inorganic materials,
89 which possess interesting properties such as stable mesoporous
90 structure, large surface areas, high pore volumes, well-ordered
91 pore structures, and narrow pore-size distributions with relatively
92 large-pore diameters (2–50 nm). Silicas have no inherent catalytic
93 property but can be used as supports functionalized either by
94 framework substitution or by post-synthesis surface modification.
95 As a result, a series of novel mesoporous silica-supported function-
96 alized ILs were designed and prepared. Compared with pure ILs,
97 these silica-supported ILs exhibit additional advantages such as a
98 remarkable decrease of the dosage, the facilitation of catalysts’ sep-
99 aration from the reaction system, more rapid mass transfer, lower

100 contamination of the product and excellent performance of recov-
101 ery of the catalysts [17–21]. Meanwhile, a lot of efforts have also
102 been made to synthesize the mesoporous silicas by using ILs as a
103 template during the synthetic process. Hu et al. [22] synthesized
104 micro/mesoporous silicate using dual templates consisting of an
105 alkyl imidazole IL [Cnmim]Br and a surfactant cetyltriethylammo-
106 nium bromide (CTAB). Wang and his groups [23] used the long-
107 chain IL 1-hexadecyl-3-methylimidazolium chloride (C16mimCl)
108 as a template to prepare porous silica with a two-dimensional hex-
109 agonal p6 mm mesopore structure (MCM-41-type) as well as with
110 a cubic Ia3d (gyroid, MCM-48-type structure) framework in basic
111 synthesis medium via a hydrothermal synthesis procedure. Adams
112 and coworkers [24] used a novel set of templates, 1-alkyl-3-meth-
113 ylimidazolium salts to prepare MCM-41. They studied systemati-
114 cally about subtle differences in the performance of novel
115 templates and identified them as viable reagents in the synthesis
116 of good quality MCM-41.
117 Oxidative desulfurization (ODS) has developed a simple, safe,
118 reproducible and environmentally friendly post-treatment to the
119 traditional hydrodesulfurization (HDS) in order to achieve
120 ultra-deep desulfurization in recent years owing to its moderate
121 operation conditions and easier removal of aromatic organosulfur
122 compounds [25–37]. In the ODS process, organic sulfides are con-
123 verted into their corresponding sulfoxides and sulfones, which
124 are preferentially extracted due to their increased polarities [38].
125 Hydrogen peroxide has been widely used as the oxidant in oxida-
126 tive desulfurization for the reason that it is cheap, commercially
127 available, nontoxic, non-polluting and low corrosive. Various
128 systems on the ODS process using different catalysts with H2O2

129 as oxidants have been reported, including liquid/liquid biphasic
130 system (e.g., organic acid/H2O2 and polyoxometalate/H2O2)
131 [39,40] and solid/liquid heterogeneous system (e.g., inorganic solid
132 acids/H2O2 and supported catalysts/H2O2) [41,42]. In the liquid/
133 liquid biphasic system, mass transfer limitations make it too slow
134 for the ODS reaction to be applied to industrial use. Furthermore,

135large amounts of catalysts and solvent, contamination of the oil
136and difficulties in separation of the catalysts may prevent indus-
137trial applications of the liquid/liquid biphasic system. In the field
138of solid/liquid heterogeneous system, a series of metal oxides
139(e.g., WO3, MoO3, V2O5) have been reported and they exhibited
140high performance in the ODS reaction. However, the metal oxide
141catalysts still suffer from some shortcomings, such as the low sur-
142face area, low adsorption rate and little number of accessible active
143catalytic sites. Therefore, the supported catalysts are attracting a
144great deal of attention in recent years.
145Herein, we report a simple and reproducible synthesis of highly
146dispersed active sites and stable hybrid mesoporous silicas by an
147amphiphilic TSIL-templating approach. POM-based IL [(n-C8H17)3

148NCH3]2 [W2O3(O2)4] (abbreviated as T8W2O11) was prepared and
149then used as a template to synthesize hybrid mesoporous silicas
150containing W which was incorporated into the silica. Mesoporous
151silicas were formed by first blending the silicate source tetraethyl
152orthosilicate (TEOS) with the amphiphilic T8W2O11 under the syn-
153thetic conditions. Firstly, the liquid crystal phase was formed by
154the T8W2O11 molecules and subsequently trapped by silicate con-
155densation. After the structure had been formed, the organic cations
156of TSIL could be removed by calcination, leaving a mesoporous
157material. Through the very synthetic method, the active tungsten
158species were in situ introduced into the mesoporous silica frame-
159work. The sample showed highly catalytic activity in oxidative
160desulfurization process with low catalyst dosage and without or-
161ganic solvents. The catalysts acted not only as absorbents to absorb
162sulfur-containing compounds but also as active species to activate
163H2O2 to oxidize sulfur compounds to corresponding sulfones.

1642. Materials and methods

1652.1. Preparation of the W-mesoporous silicas

166A series of W-mesoporous silicas calcined from 350 to 850 �C
167were prepared through typical synthesis route via the following
168procedures. T8W2O11 (1.1488 g) (synthesized based on our previ-
169ously reported procedure [43]) was dissolved in ethanol (33.6 mL)
170under stirring at room temperature. Then deionized water
171(103 mL) was added into the above mixture. After that, TEOS
172(8 mL) was added dropwise into the solution. The PH of the solution
173was adjusted to 9–10 by adding NH3�H2O (4 mL). After being stirred
174for 3 h at room temperature, the resultant precipitate was obtained
175by filtration, washed with deionized water and ethanol several
176times and dried in an oven at 120 �C for 3 h. The solid products were
177collected and calcined at 350, 450, 550, 650, 750, 850 �C at a heating
178rate of 10 �C/min for 0.5 h. The catalysts were denoted simply as
179‘‘W-SiO2-X’’, where the X indicated the calcination temperature.

1802.2. Characterization

181The nitrogen adsorption–desorption isotherms at 77 K were
182investigated using a TriStar II 3020 surface area and porosity ana-
183lyzer (Micromeritics Instrument Corp.). Tungsten and silicon con-
184tents in W-SiO2-450 were determined by inductively coupled
185plasma optical emission spectrometer (ICP-OES) (Optima2000DV,
186USA). For ICP studies, 5 mg W-SiO2-450 was digested with 2 mL
187HNO3 and 0.5 mL HF and then diluted to 100 mL. The Fourier trans-
188form infrared spectroscopy (FT-IR) of all catalysts (KBr pellets) were
189recorded on Nicolet Model Nexus 470 FT-IR equipment. The diffuse
190reflectance spectra (DRS) were obtained by a ultraviolet–visible
191spectroscopy (UV–vis) (UV-2450, Shimadzu Corporation, Japan) in
192the range of 200 to 800 nm. BaSO4 was used as the reflectance stan-
193dard material. The crystalline phases of samples were analyzed by
194X-ray diffraction (XRD) by Bruker D8 diffractometer with Cu Ka
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