하이드로퀴논 포접화 팔라듐/베타 제올라이트 촉매의 촉매활성 및 특성화

황진수, 채희석, 박상언, 김민규†, 이재민†
Characterization and Catalytic Activity of HQ-encapsulated Pd/BEA zeolite catalyst
Jin Soo Hwang, Hee Seok Chai, Sang-Eon Park*, Min Gyu Kim†, Jay Min Lee†
CCME, KRICT, Taejon 305-606, KOREA 

† Pohang Accelerator Laboratory, San 31 Hyoja-dong, Pohang 790-784, KOREA

Introduction

Hydrogen peroxide is known as a green oxidizer and utilized as a mild oxidant in many oxidation reactions.[1] It has long been recognized that quinone compounds act as working compounds, which play a pronounced role in the commercial preparation of H2O2 from H2 and O2 while present in the organic phase. The application of zeolites for the immobilization of organic and organometallic catalyst has been becoming an increasingly attractive subject in heterogeneous catalysis.[2] A few examples of H2O2 production from H2 and O2 carried out by using zeolite-supported Pd and Pd-loaded zeolite-encapsulated 2-ethylanthraquinone (EAQ) have been reported.[3,4] In this study, we present a catalytic system prepared via encapsulation of hydroquinone (HQ) and Pd nano paticles into zeolite beta, which shows high catalytic activity for the production of H2O2 from H2 and O2 under mild conditions. The beneficial cooperative effect of encapsulated HQ on the catalysis of Pd/zeolite beta can be cleared. It also gives a understanding of the reaction mechanism with encapsulated HQ inside zeolite beta by means of spectroscopic study in correlation with the catalytic results.

Experimental
Zeolite beta-encapsulated Pd catalysts were prepared according to the following procedure. In an Erlenmeyer flask, an aqueous suspension of PdCl2 was converted to an aqueous solution of Pd(NH3) 4Cl2 by adding an excessive amount of NH4OH (25 % NH3) under stirring at room temperature. Then the aqueous solution was heated at 60oC for 0.5 h to remove unreacted NH3. H type zeolite beta was added to this Pd(NH3)4Cl2 solution and ion exchange was performed by stirring this slurry at 60oC for 10 h. Afterwards, the solid sample was washed with hot water and dried at 110oC overnight. Prior to catalytic testing, Pd2+ ion-exchanged sample was calcined in air at 400oC and reduced under 5% H2 at 300oC. For encapsulating HQ, the above Pd-zeolite was added to 0.1 M benzene solution of HQ, and the mixture was stirred under N2 at 60oC for 20 h. Then the resulting solid sample was washed with solvent and followed by drying in air. Thermogravimetric analysis indicates that there is 15 wt% of HQ over Pd/zeolite.

The catalytic production of H2O2 was carried out at room temperature and atmospheric pressure. To a 500 ml glass flask, 0.1 g catalyst and 400 mL of 0.01 N HCl aqueous solution were charged. The solution was bubbled with an equimolar dilute gas mixture of H2 and O2 (40:40 ml/min) under vigorous stirring. Each gas is diluted with 50% Helium. After 1 h of reaction, 5 ml of reaction mixture was withdrawn with syringe to be analyzed by titration with a standard KMnO4  solution. UV-DRS measurements were performed by Shimadzu UV 2501 PC.

Results and discussion

The comparative catalytic activities were examined for H2O2 production from H2 and O2 over calcined Pd+2 zeolite beta and reduced Pd0 zeolite beta of calcined one with 1 % Pd loading. Calcined Pd+2 zeolite beta gave rise to 0.6 mmole H2O2 after 1 h of reaction. This amount of H2O2 corresponds to a catalytic activity of 120 moles·(Pd mole) -1·h-1. As for reducing under 5% H2 at 300oC of calcined Pd+2 zeolite beta, it was observed that the amounts of H2O2 formed were about 3 times higher than that calcined one. It is evidence that the redox cyclic process of Pd ionic state in zeolite has a key role to the catalytic formation of H2O2. When HQ was encapsulated into Pd0 zeolite beta, its catalytic activity was increased by 2.5 times. The significant increased activity over Pd0 zeolite beta shows that encapsulated HQ exerts a positive promotion on the catalysis of Pd/zeolite beta for the production of H2O2. The understanding of behavior of organic compounds inside zeolites is important in the selection of working compounds and the mechanistic study of H2O2 production. Although many organic compounds have been demonstrated to be effective working compounds for the production of H2O2 in the AO process, the reaction mechanism has not been elucidated. In order to understand the effect of working compounds in the catalytic reaction, we studied the interaction of organic compounds with the inner surface of zeolite beta and the reactivity of encapsulated samples with H2 and O2 by UV-VIS spectroscopy and EXAFS study. 

In the absence of Pd, HQ/zeolite bete displayed a pair of peaks at 220 and 280 nm in air which are characteristic of physisorbed HQ as shown in Fig. 1(a). Accordingly, HQ is stable toward O2 inside zeolite beta alone and is believed not to convert to BQ at room temperature without Pd. For this reason, encapsulated HQ has no promotional effect on the production of H2O2 over zeolite beta, as evidenced by catalytic study. In the presence of Pd, HQ behaved differently. The initial sample prepared from HQ and Pd/zeolite beta exhibited a single peak at 240 nm in air as shown in Fig. 1(b). This peak is fully identical to that of BQ in ethanol in wavelength and thus is assigned to BQ adsorbed inside zeolite beta . As soon as the sample was exposed to H2 at room temperature, the peak at 240 nm depleted in favor of the appearance of two peaks at 220 and 280 nm [Fig. 1(c)]. The latter two peaks are obviously attributed to HQ encapsulated inside zeolite beta, by comparison with those of HQ in ethanol. 
EXAFS study has been carried out to investigate the structure of encapsulated catalysts. As shown in Fig. 2, the FT- EXAFS spectra of calcined Pd+2 zeolite beta exhibits a strong peak at around 2Å(with correction for phase shifts) which can be assigned to the interaction between Pd and neighboring oxygen atoms(Pd-O). While its reduced one gives a strong peak at around 2.76Å, assigned to the interaction between Pd and neighboring metallic Pd atoms(Pd-Pd). Then if HQ was encapsulated into Pd0 zeolite beta, the peak intensity due to Pd-O increases whereas the one due to Pd-Pd decreases. It seems that the O atoms of hydroxy group in HQ are coordinated with metallic Pd. 

Conclusions

In conclusion, we have described a systematic study of a zeolite beta-supported Pd catalyst system and a study of zeolite beta-heterogenized catalysts with organic compounds for the production of H2O2 from H2 and O2 under mild conditions. The zeolite beta-supported Pd catalysts exhibit considerably high catalytic activity as compared with other type zeolite-supported Pd catalysts reported. An effective cooperative action occurs between Pd and zeolite beta to enhance the formation of H2O2.

   The present paper also reports the structure of HQ as a starting working preparing zeolite-heterogenized catalysts for the production of H2O2 from H2 and O2. HQ is easily converted to BQ reversibly under H2 and O2 inside zeolite beta only in the presence of Pd, which shows a strong ability to transfer hydrogen in cooperation with Pd metallic particles. This is in agreement with the enhancement of catalytic activity of Pd/zeolite beta by adsorption of HQ. 
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Fig. 1. UV-VIS spectral evolution of HQ in BEA Zeolite

(a) HQ/zeolite beta in air

(b) HQ/Pd-zeolite beta in air

(c) HQ/Pd-zeolite beta 5 min under 380 torr H
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Fig. 2. EXAFS spectra of encapsulated catalyst in BEA Zeolite
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Fig. 1. UV-VIS spectral evolution of HQ in BEA Zeolite
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Fig. 2. EXAFS spectra of encapsulated catalyst in BEA Zeolite
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