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Introduction

  Recently, different types of mesoporous silicates such as MCM-41[1], HMS[2], MCM-48[1] and KIT-1[3] have been reported. They consist of a regular array of uniform one or three dimensional pores with diameters varying between 15 and 100Å and, by incorporating various redox metal species (Ti, V, Mn, Sn) isomorphously into their structure, opened new opportunities to prepare redox molecular sieves effective in large organic molecule transformations in liquid phase reactions. Usually such Ti-mesoporous redox molecular sieves were prepared by introducing a suitable titanium precursor during hydrothermal synthesis steps which proceed via surfactant templating mechanism of S+I( / S+X(I+[4], or SoIo[2] nature. However they can also be prepared more easily using various post-synthesis treatments, for example using a titanocene[5], and there exist a scope to extend the previously known TS-1 synthesis method such as atom planting technique using TiCl4[6] post-synthetically. It is believed that pore walls of mesoporous silicates which do not possess an ordered structure, not like their microporous silicates counterparts, can offer diverse ways to incorporate redox metals by various post synthetic treatments. In this study, we have proposed an alternative post-synthetic procedure to prepare a Ti-mesoporous silicate. Essential characterization work as well as catalytic studies of 2,6-DTBP oxidation was conducted to demonstrate its physico-chemical properties as a redox molecular sieve.

Experimental 

1. Synthesis
Titanium-substituted mesoporous molecular sieves were prepared according to the following procedure. For Ti-MCM-41, a calculated amount of Ludox AS-40 were put into a polypropylene beaker and stirred with vigorous agitation. TEAOH solution (Aldrich) and subsequently 1/3 of the required CTMABr solution (Aldrich) were added. To the gel formed the rest of the surfactant and an appropriate amount of TBOT (Aldrich) diluted with 2-propanol were added simultaneously. The gel was agitated for 3 min and then reacted statically in a 250 ml polypropylene autoclave at 105℃ for 24 hours. The reaction mixture of the sample corresponded to an oxide molar ratio of SiO2 : 0.02 TiO2 : 0.2 (TEAOH) : 0.25 (HTMABr) : 31 H2O. The resulting solid product was recovered by filtration, extracted with ethanol for 4 hours, washed several times with distilled water, and finally organic molecules remained were removed by calcination in air at 540℃ for 6 hours.
  For Ti-HMS, a first solution was prepared by mixing TEOS (Aldrich) and TIPOT (Aldrich) dissolved in dry 2-propanol. The first solution was added slowly to the second solution which contains dodecylamine and water under vigorous stirring. Stirring was maintained for about 15 min, and the solution was kept at ambient temperature for various periods with vigorous stirring. The rest of the procedure is identical to Ti-MCM-41. The reaction mixture of the samples corresponded to an oxide molar ratio of SiO2 : 0.02 TiO2 : 0.2 (DDA) : 9.0 (EtOH) : 160 H2O. 
  For Ti-KIT-1(A), KIT-1 was suspended in dry ethanol solution containing an calculated amount of TBOT for 4hours with stirring at 80℃. To eliminate excess TBOT, the filtered KIT-1 was washed with dry ethanol solution 3-times, centrifuged, and calcined in air at 550℃ for 4 hours. Ti-KIT-1(B) was prepared using titanocene as a titanium source. Titanocene dichloride was dissolved in chloroform and allowed to penetrate into KIT-1 dry powder for 30 minutes. The treated KIT-1 was exposed in situ to triethylamine to activate the surface silanols of the KIT-1. The color of the suspension changed from red via orange to yellow, signifying that the well-established substitution of the chloride with alkoxide/siloxide ligands has occurred [5]. After extensive washing with chloroform, organic components of this material were removed by calcination at 540℃ under dry oxygen leaving the white mesoporous catalysts(Si/Ti=20) powder. Ti-KIT-1(C) was prepared using TiCl4 in atom planting procedure. The TiCl4 vapor(30cc/min) was allowed to contact pure silicate KIT-1 at 500℃ for 2 hours, and then was cooled to room temperature, washed by deionized water, and dried at 80℃ for 24 hours.

2. Characterization

  The powder X-ray diffraction(XRD) patterns of all samples were measured on a Pillips PW3123 diffractometer equipped with a graphite monocromater and CuKα radiation (λ=1.5406Å). In general, the diffraction data were collected by using a continuous scan mode with a scan speed of one degree(2Θ)/min. Framework ft-ir spectra of samples were recorded in air at room temperature on a Perkin Elmer 221 spectrometer (in the range of 400 ~ 4000 cm-1) with wafers of the samples mixed with dry KBr. 200 scans were accumulated for each spectrum in transmission mode, at a spectral resolution of 4 cm-1. UV-vis spectroscopic measurements were carried out on a Varian CARY 3E double beam spectrometer connected with a computer and dehydrated MgO as a reference in the range of 190 ~ 820 nm. The nitrogen adsorption isotherms and specific surface areas were determined by nitrogen physisorption with the BET method at liquid nitrogen temperature using a Micromeritics ASAP 2000 automatic analyzer. Prior to measurement, the samples were degassed at 623K for 6hr.

3. Catalytic oxidation of organic compound

The catalytic performances of all samples prepared were tested for the liquid phase oxidation of 2,6-di-tert-butylphenol (2,6-DTBP) to quinones. All reactions were performed under vigorous stirring in a two-neck glass flask equipped with a condenser and thermometer. The oxidation of 2,6-DTBP was carried out at 333 K for 2 hours using 10 mmol of the substrate, 100 mg of catalyst, 10 g of acetone as a solvent, and 30 mmol of 35 wt% H2O2. The products were analyzed using a GC equipped with a HP-5 capillary column and a FID.
Results and discussion 

  Fig.1 shows the XRD patterns of the various Ti-mesoporous molecular sieves prepared. All materials exhibit well-defined 100 reflections in their XRD patterns. Table 1 summarizes the properties of the Ti-substituted mesoporous molecular sieves prepared by hydrothermal procedure and by post synthetic treatments. As for the hydrothermally synthesized Ti-MCM-41 and Ti-HMS, no clear influence of Ti content on the unit cell parameter was observed as reported by Blasco et al [7]. However, the corresponding wall thickness estimated(unit cell parameter­BJH pore diameter) showed concurrent increases with Ti-contents. The post-synthetically prepared Ti-KIT-1 samples, on the other hand, demonstrated both increases in unit cell size and wall thickness as the Ti-content increases [4].  
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Fig.1 XRD patterns of the Ti-substituted molecular sieves                 Fig.2 FT-IR spectra 

Table 1. Structural and catalytic reaction data of mesoporous materials.

Sample
d-value
Unit cell (Å)*
BJH pore DI.(nm)
2,6 DTBP conv. (mol%)
H2O2 select. (mol%)

MCM-41
36.9
42.6
33.6
5 >
.

Ti-MCM-41a)
35.7 
41.3
31.6
15
42

HMS
39.6
45.7
36.3
5 >
.

Ti-HMS b)
36.6
42.3
25.9
22
50

KIT – 1
40.4
46.6

5 >
.

Ti-KIT-1 c)
47.0
54.3

38
51

Ti-KIT-1 d)
45.0
52.0

26
47

Ti-KIT-1 e)
48.6
56.2

14
50

 *The unit cell parameter is 2d100/√3 a) b)2 mol% (TiO2/SiO2 content in mother liquid) c) TBOT d) Titanocene , 5 mol% (TiO2/SiO2 content in mother liquid). e) TiCl4, 30cc/min in 2hours.

The ir spectra of the various Ti-mesoporous molecular sieves obtained are given in Fig.2. The spectra closely match that of Ti-free mesoporous molecular sieve and a band at 960 cm-1 are clearly visible in all spectra. For pure silicate or aluminosilicate materials, this band has been assigned to the Si-O stretching vibrations of Si-O-R+ groups. The strong intensity of this band in the siliceous mesoporous molecular sieves is due to the abundance of silanol groups present in the calcined samples. For Ti-containing molecular sieves, a band at 960 cm-1 is attributed to a stretching vibration of SiO4 tetrahedra bound to the Ti atoms, that is, Si-O-Ti bonds [7] and its systematic increase in intensity with the Ti content is generally taken as a proof of the incorporation of titanium into the framework.

UV-VIS DRS spectra of the calcined samples are given in Fig.3. UV-vis spectroscopy is a sensitive probe to evaluate the state of titanium in the molecular sieves. An intense band centered at ca.220nm, which is attributed to isolated Ti(Ⅳ), is observed in the spectra and the absence of band at 330nm indicates that Ti-containing MCM-41, MCM-48, and KIT-1(liquid phase impregnation)samples are free of anatase phase. On the other hand, the spectra of Ti-KIT-1(TiCl4) sample shows the distinguished shoulder of 330 nm and significant amounts of anatase is suspected to present. 
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Fig.3 UV-vis spectra of Ti-mesoporous molecular sieves

Prior researchers[4] have demonstrated that Ti-MCM-41 and Ti-HMS are effective oxidation catalysts for bulky aromatic components that can not be converted over TS-1. The catalytic performance of these samples for the relatively bulky aromatic compound, 2,6-DTBP oxidation was conducted. The catalytic reaction results are summarized also in Table 1. According to the preliminary results, Ti-KIT-1(A) post-synthetically prepared using Ti-butoxide showed the best performance, and the order of catalyst activity was observed as Ti-KIT-1(A) >> Ti-KIT-1(B), Ti-HMS > Ti-MCM-41 > Ti-KIT-1(C).

Conclusion

Titanium substituted derivatives of the mesoporous molecular sieves(MCM-41, MCM-48, HMS and KIT-1) can be prepared with good crystallinity both by hydrothermal and post-synthetic method. Titanium is located in structural framework in Ti-mesoporous molecular sieves, as is strongly indicated by UV spectroscopy and ft-ir spectroscopy. Incorporation of Ti likely promotes the further crosslinking of the mesoporous walls of all samples. Ti-substituted mesoporous derivatives both prepared by hydrothermal and post-synthetic method were catalytically active for the selective oxidation of 2,6-DTBP with H2O2. Pronounced catalytic activity enhancement was observed for Ti-KIT-1 prepared post-synthetically using Ti-butoxide.
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