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INTRODUCTION

Epoxides are highly reactive substances and key intermediates in the production of petro or fine chemicals. Therefore, the epoxidation reactions have attracted considerable attention. As a result of increasingly stringent environmental constraints, it is becoming more and more difficult to carry out industrial scale epoxidation with traditional stoichiometric oxidants. In 1983, TS-1 developed by Enichem [1] opened a new area in the epoxidation of organic compounds especially in the fine chemicals industry. However, the MFI structure of TS-1 is concerned being of an obvious limitation due to its small pore size, limiting its catalytic potential to linear olefin. To overcome such a disadvantage of TS-1, Ti-incorporated large pore molecular sieves [2] and amorphous TiO2-SiO2 mixed oxide [3] have been developed. These catalysts show a good catalytic activity with large molecules using organic hydroperoxide as the oxidant. However, they show a relatively low epoxide selectivity if hydrogen peroxide is used as the oxidant due to the hydrophilic nature of surface. 

Carbon materials are finding an increasing number of applications in catalysis, either as supports for the active sites, or as catalysts on their own [4]. They have unique properties like stability in both acidic and basic media, and very high thermal resistance. Carbon surface has various functional groups including carboxyl anhydride, carboxylic acid, phenol, lactone, cyclic peroxide, quinone, etc. Especially, carbon has hydrophobic surface property, so one can suppress the side reactions occurring over hydrophilic silica surface. The increase in the number of papers published on carbon as a catalyst or as a catalyst support also reflects the increasing interest in its use in the field of catalysis.

In this work, the catalytic performance of titanium grafted amorphous silica and activated carbon catalysts has been investigated. The aim of this study is to increase the epoxide selectivity when hydrogen peroxide is used as the oxidant.

Experimental

Preparation of catalysts

Darco KB-B activated carbon purchased from Aldrich was used as carbon support. Different oxidation treatments were performed to increase the density of surface functional groups [5, 6]. First, carbon support was treated with 5 M nitric acid at the boiling point for 5 h and it was washed with distilled deionized water until the pH of rinsed solution reached 5.5. It was dried in a vacuum oven at 413 K for 24 h to remove the remained water and nitric acid. Second, carbon was oxidized with 35% hydrogen peroxide at RT for 24 h and washed with distilled water several times. It was also dried in a vacuum oven at 393 K for 24 h. Functional groups on the activated carbon surface were measured by Boehm’s titration method [7].

Carbon catalysts were prepared by the direct grafting of titanium isopropoxide (Ti(OiPr)4, Kanto chemical) onto the activated carbon according to the following procedure: Titanium isopropoxide was dispersed in the solvent (n-hexane) under dry N2. And then carbon (1 g carbon/20 ml solvent) was added to the solution. This was stirred at room temperature or heated to the boiling point of n-hexane for 3 h. The solid obtained was filtered off, washed three times with solvent and subsequently dried at 393 K for 24 h. 


For the purpose of comparison, silica supported catalysts were synthesized. TiO2-SiO2 mixed oxide was prepared using the procedure of Uguina et al. [3] and amorphous silica catalyst was synthesized using titanocene dichloride or titanium isopropoxide as a titanium source by the method similar to the one used for the synthesis of carbon catalyst. 

Reaction procedure

The cyclohexene epoxidation reactions were carried out in a 50 ml three-neck round bottom flask, installed with a reflux condenser and a magnetic stirrer. The reaction temperature was controlled with a PID temperature controller. A typical reaction was carried out as follows: 100 mg of catalyst dried in an oven was dispersed in a solution containing 20 mmol of cyclohexene and 20 ml of acetonitrile. When the reaction mixture was heated to 343 K under stirring, 10 mmol of oxidant was introduced in one lot. The reactions were conducted for 5 h and the products were analyzed by gas chromatography equipped with HP-5 capillary column and FID detector using cyclohexane as the internal standard. The products were confirmed by comparison with authentic samples and GC-MS analysis.

RESULTS AND DISCUSSION

Titanium incorporated in silica is identified by FT-IR and UV-VIS spectroscopy. In the FT-IR spectra, a band at 960 cm-1 is observed in all the materials prepared and UV-VIS spectra also show isolated titanium in tetrahedral framework. On the other hand, titanium grafted on carbon is confirmed by ICP.

Scheme 1 shows the reaction paths for the cyclohexene epoxidation. The oxidations proceed via two parallel pathways [8]. Through the path (a), the desired product cyclohexene oxide is obtained. The selectivity of diol is mainly determined by the Brönsted acid sites. On the other hand, over the hydrophilic catalyst, the reactions appear preferable to follow the path (b) and produce large amounts of 1-ol and 1-one. 

As shown in Table 1, both silica and carbon catalyst show high epoxide selectivities; however, the titanium grafted amorphous silica catalysts give rise to a better catalytic performance (conversion and epoxide yield) than those of carbon supported catalysts when TBHP is used as the oxidant. This is because the carbon support has a relatively small number of active sites. The catalyst, D-5, which represents carbon treated with nitric acid shows a similar conversion compared to that of fresh carbon but its epoxide selectivity is lower than those of other carbon catalysts. 
The surface oxidation treatment has a pronounced effect on the chemical properties of the activated carbon. Oxidation with H2O2 mainly leads to the formation of phenolic hydroxyl groups whereas oxidation with nitric acid yields large amounts of carboxylic acid groups. Higher oxidation degree is obtained by nitric acid treatment than H2O2 treatment. Functional groups are increased through nitric acid treatment but this treatment mainly forms carboxylic acid and these acid sites may lead to the formation of diol [9].
 On the other hand, the catalytic activity is increased in case of H2O2 -treated carbon catalysts without increasing any side reactions. Furthermore, carbon catalyst synthesized at reflux temperature has a larger catalytic activity than that synthesized at room temperature. In Table 2, which presents the results when H2O2 is used as the oxidant, carbon supported catalysts show a higher selectivity than those of silica supported catalysts. Carbon catalysts present a high epoxide yield except for the nitric acid treated-carbon (D-5). Diol formation is promoted more over the nitric acid-treated carbon than over other carbon catalysts due to the extra acid sites. Among the carbon catalysts, the one treated with H2O2 and grafted at refulx temperature (D-HR) shows the best epoxide yield. This is the same    when TBHP is used as the oxidant.
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Scheme 1. Cyclohexene epoxidation reaction path [8].

Table 1. Experimental results of cyclohexene epoxidation using TBHP as the oxidant

	Catalyst
	Conversion (mol %)
	Selectivity (%)
	Yield of epoxide (%)

	
	
	Epoxide
	Diol
	1-ol + 1-one
	

	Mixed oxide
	12.5
	64.3
	13.4
	22.3
	8.0

	Titanocenea
	21.5
	76.6
	13.4
	10.0
	16.5

	Alkoxideb
	20.5
	84.8
	10.0
	5.2
	17.4

	D-0c
	5.9
	95.7
	1.7
	2.6
	5.6

	D-5d
	6.1
	62.3
	37.7
	0
	3.8

	D-He
	6.5
	95.4
	4.6
	0
	6.2

	D-HRf
	7.4
	94.3
	5.7
	0
	7.0


a Synthesized with titanocene dichloride, b Synthesized with titanium isopropoxide, c Fresh carbon, 
d Carbon treated with 5M HNO3, e Carbon treated with H2O2, f Carbon treated with H2O2 and grafted at reflux temperature.

Table 2. Experimental results of cyclohexene epoxidation using H2O2 as the oxidant

	Catalyst
	Conversion (mol %)
	Selectivity (%)
	Yield of epoxide (%)

	
	
	Epoxide
	Diol
	1-ol + 1-one
	

	Mixed oxide
	11.9
	19.4
	38.2
	42.3
	2.3

	Titanocene
	19.0
	9.2
	53.7
	37.1
	1.8

	Alkoxide
	12.1
	11.3
	52.4
	36.3
	1.4

	D-0
	6.1
	30.5
	34.4
	35.1
	1.9

	D-5
	6.3
	18.6
	38.0
	43.4
	1.2

	D-H
	7.4
	38.9
	26.6
	34.5
	2.9

	D-HR
	7.9
	48.3
	27.6
	24.1
	3.8
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