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Introduction

The selective hydrogenation of 1,3-butadiene in 1-butene rich stream from a steam cracker is an important industrial process for the purification of 1-butene. The complete elimination of 1,3-butadiene is a requirement for the manufacture of polymer-grade 1-butene. Improvement of 1-butene selectivity is a key objective in this process because even a small increase in the selectivity can lead to considerable savings[1].

Addition of a second metal or metal oxide to a supported catalyst often improves the selectivity for n-butene in the selective hydrogenation of 1,3-butadiene[2]. In this study, Pd/SiO2 catalysts modified with titanium oxide have been tested for this reaction. It is well established that titanium oxide, when used as a support, interacts with the dispersed metal particles after the catalyst is reduced at high temperatures, which is called a strong metal-support interaction(SMSI)[3]. 

In the present work, Ti-modified catalysts have been prepared and their performance in 1,3-butadiene hydrogenation has been evaluated. We have characterized the catalyst surface by H2-chemisorption, FT-IR and X-ray photoelectron spectroscopy(XPS).

Experiment

1wt% Pd/SiO2 was prepared by ion-exchange method using Pd(NH3)4(NO3)2 as a Pd precursor. SiO2 was obtained from the Catalysis Society of Japan(JRC-SIO-6, surface area = 109 m2/g), and was added to an aqueous Pd(NH3)4(NO3)2 solution for the Pd-ion exchange. The resulting catalyst was dried in an oven at 110℃ overnight, and then calcined in air at 300℃ for 2h.

1,3-Butadiene hydrogenation was performed in a pyrex microreactor containing 8mg of the catalyst. The catalyst was reduced in H2 at temperatures between 300 and 500℃ before being used for the reaction. The composition of the reactor-inlet stream was 1.9% H2, 0.25% 1,3-butadiene, 2.25% 1-butene and the remainder high purity N2. The flow rate of the reactant mixture was varied between 60 and 200 ml/min.

Chemisorption was carried out in a glass vacuum system using H2 as a probing gas. The measurement was performed at room temperature, following the double isotherm method proposed by Benson et al.[4]. The first isotherm, measured in the 10 to 100 Torr pressure range, gave the total H2 uptake. The reactor containing the catalyst was then evacuated for 30 min and the second isotherm was obtained to determine the amount of absorbed and weakly adsorbed gas removed during the evacuation step. The linear portion of both isotherms was extrapolated to zero pressure to estimate the corresponding uptake values. The amount of irreversibly adsorbed gas was obtained by substracting the contribution of the second isotherm from the total uptake. IR spectra of CO adsorbed on the catalysts were obtained with a spectrometer(Midac, model 2000) in an IR cell with CaF2 windows. The sample catalyst was pressed into a self-supporting disc, placed in the cell, reduced either at 300 or 500℃, and then exposed to 10 Torr of CO. IR spectra of adsorbed CO were recorded after removing gaseous CO from the reactor by evacuation. XPS was measured with VG ESCA LAB-5 equipment using an AlKα(1486.6 eV) anode. All the data were corrected with C1s peak as 284.6 eV.

Results and discussion
The reaction results are shown in Fig. 1 for the catalysts containing different amounts of Ti. The selectivity for 1-butene increases with the Ti content but is eventually lowered when the Ti/Pd atomic ratio is higher than 2. Therefore, the addition of titanium oxide to Pd/SiO2 is beneficial to the selectivity improvement as far as the oxide amounts are not excessive. 
The effect of reduction temperature has been examined with Pd-Ti/SiO2 containing the titanium species at the Ti/Pd ratio of 2. In Fig. 2, Pd-Ti/SiO2 reduced at 300 or 400℃ exhibits the 1-butene selectivity almost the same as or a little higher than that of Pd-only catalyst reduced at 300℃. However, the catalysts reduced at temperatures higher than 450℃ show drastically improved selectivity suggesting that some changes in the catalyst surface properties take place during the high temperature reduction.

Fig. 3 shows IR spectra of CO adsorbed on Pd/SiO2 and Pd-Ti/SiO2 after reduction at 300 or 500℃. When Pd-Ti/SiO2 is reduced at 500℃, the intensity of a band at about 1970 cm –1, assigned to the compressed bridged CO, decreases rapidly, and consequently the intensity ratio of linearly- to multiply-bound CO peaks becomes greater than the ratio obtained with Pd/SiO2 reduced at 300℃ as shown in Table 1. The IR results suggest that titanium oxide decorates and dilutes the Pd surface after the catalyst is reduced at 500℃.

Table 2 lists the amounts of H2 irreversibly adsorbed on the catalysts after reduction at different temperatures. On Pd/SiO2, the amount of H2 uptake decreases due to the sintering of Pd particles when the reduction temperature is raised from 300 to 500℃. Pd-Ti/SiO2 reduced at 300 or 400℃ also exhibits a decrease in the amount of chemisorbed H2, which is due to the decoration of the Pd surface with the Ti species, but the extent of decrease is much smaller than in the case of Pd-Ti/SiO2 reduced at 500℃. The remarkable decrease in the H2 uptake after the reduction of the catalyst at 500℃ is a typical result of the SMSI effect. Accordingly, both the IR and chemisorption results suggest that the improved selectivity of the Ti-modified catalyst reduced at temperatures higher than 450℃ is due to the decoration of the Pd surface with the Ti species. 

In Fig. 4, the XPS peaks representing the binding energy of Pd 3d are observed almost at the same position when the catalysts are reduced at 300℃, but the peaks shift to lower energy, indicating a charge transfer to Pd atom, when the Pd-Ti/SiO2 is reduced at 500℃. The charge transfer to metal is expected to reduce the adsorption strength of 1-butene to larger extents than that of 1,3-butadiene because the former is adsorbed more weakly on Pd than the latter. Thus, the increase in the 1-butene selectivity is attributed to the electronic interaction between Pd and the Ti species.

Conclusions

In this study, we have observed that the 1-butene selectivity in the hydrogenation of 1,3-butadiene on Pd/SiO2 is improved when the catalyst is modified with titanium oxide and subsequently reduced at high temperatures, e.g., 500℃. The selectivity improvement is due to the decoration of the Pd surface with the Ti species, which modifies the electronic properties of the Pd surface similarly to the case of the SMSI effect.

References

1. Furlong, B., Hightower, J. W., Chan, T. Y. –L., Sarkany, A. and Guczi, L. : Appl. Catal., 117, 41 (1994).

2. Borgna, A., Moraweck, B., Massadier, J. and Renouprez, A. J. : J. Catal., 128, 99 (1991).

3. Tauster, S. J., Fung, S. C. and Garten, R. L. : J. Am. Chem. Soc., 100(1), 170 (1978).

4. Benson, J. E. and Boudart, M. : J. Catal., 4, 704 (1965).

[image: image1.wmf]0.6

0.7

0.8

0.9

1.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

1-Butene Selectivity

Conversion

 Pd/300

 Pd/500

 Pd-1Ti/500

 Pd-2Ti/500

 Pd-2.5Ti/500

 Pd-4Ti/500


[image: image6.wmf]330

335

340

345

334.2eV

334.6eV

334.9eV

Pd-1Ti/500

Pd-1Ti/300

Pd-10Ti/500

Pd/300

Arbitrary Unit

Binding Energy(eV)


[image: image3.wmf]330

335

340

345

334.2eV

334.6eV

334.9eV

Pd-1Ti/500

Pd-1Ti/300

Pd-10Ti/500

Pd/300

Arbitrary Unit

Binding Energy(eV)

[image: image4.wmf]0.6

0.7

0.8

0.9

1.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

1-Butene Selectivity

Conversion

 Pd/300

 Pd/500

 Pd-2Ti/300

 Pd-2Ti/400

 Pd-2Ti/450

 Pd-2Ti/500


[image: image5.wmf]0.6

0.7

0.8

0.9

1.0

-5.5

-5.0

-4.5

-4.0

-3.5

-3.0

-2.5

-2.0

-1.5

1-Butene Selectivity

Conversion

 Pd/300

 Pd/500

 Pd-2Ti/300

 Pd-2Ti/400

 Pd-2Ti/450

 Pd-2Ti/500



[image: image2.wmf]2200

2000

1800

1600

Arbitrary Unit

Wavenumber(cm

-1

)

 Pd/300

 Pd/500

 Pd-2Ti/500

 Pd-2Ti/300





	Catalysts
	Reduction Temp.
	Al/Am

	Pd/SiO2
	300℃
	0.31

	
	500℃
	0.29

	Pd-2Ti/SiO2
	300℃
	0.52

	
	500℃
	1.46

	Catalysts
	Reduction Temp.
	H/Pd

	Pd/SiO2
	300℃
	0.65

	Pd/SiO2
	500℃
	0.48

	Pd-1Ti/SiO2
	500℃
	0.09

	Pd-2Ti/SiO2
	500℃
	0.07

	Pd-2.5Ti/SiO2
	500℃
	0.06

	Pd-4Ti/SiO2
	500℃
	0.04

	Pd-2Ti/SiO2
	300℃
	0.42

	Pd-2Ti/SiO2
	400℃
	0.32

	Pd-2Ti/SiO2
	500℃
	0.10








Fig. 4. XPS results of Pd/SiO2 and Pd-Ti/SiO2 catalysts.





Table 1. The modes of CO adsorbed on 0.05g of different catalysts





Table 2. The amounts of H2 adsorbed on different catalysts





Fig. 3. IR spectra of CO adsorbed on various catalysts.





Fig. 2. 1-Butene selectivity vs. conversion in 1,3-butadiene hydrogenation on Pd/SiO2 and Pd-2Ti/SiO2 catalysts with different reduction temperatures (H2/1,3-butadiene=2, T=50℃).
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Fig. 1. 1-Butene selectivity vs. conversion in 1,3-butadiene hydrogenation on various catalysts with different Ti loading (H2/1,3-butadiene=2, T=50℃).
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