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Abstract

The catalytic activities and properties of platinum supported on siliceous MCM-41 and
Al-modified MCM-41, such as Al-incorporated MCM-41 (AIMCM-41) and alumina-modified
MCM-41 (Al,03-MCM-41), for the hydrodesulfurization (HDS) of thiophene were investigated.
Al,03-MCM-41 was prepared by an impregnation method using aluminum nitrate (AI(NO3)s*
9H,0) aqueous solution. Pt/Al,03-MCM-41 catalyst showed high and stable activity for HDS of
thiophene and this activity was remarkably higher than that of a commercial CoMo/Al,O3 HDS
catalyst. The catalysts were characterized by XRD, hydrogen adsorption, ammonia-TPD,
2-propanol dehydration, cumene cracking and FT-IR. Dispersion of platinum on Al,O3-MCM-41
was remarkably higher than on MCM-41 or on AIMCM-41. It was revealed that the acidity of
Al;,03-MCM-41 was higher than that of MCM-41 or of AIMCM-41. Furthermore, it was observed
that there exist Brgnsted acid sites on Al-modified MCM-41. FT-IR spectra of thiophene adsorbed
on Al-modified MCM-41 support indicates that thiophene molecules interact with Brgnsted acid
sites on Al-modified MCM-41. It was found that the HDS activity of Pt/quartz mixed mechanically
with Al-modified MCM-41 catalyst was higher than that calculated. This suggests that there exists
spillover hydrogen on supported Pt catalysts in the HDS of thiophene. Results revealed that the high
activity of Pt/Al,O3-MCM-41 catalyst for HDS reaction is due to good harmony of high dispersion

of Pt particles and Brgnsted acidity of the support.
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1. Introduction

Hydrodesulfurization (HDS) of petroleum feedstocks is one of the important processes in the
petroleum industry to produce clean fuels [1-4]. However, recently, the development of highly
active HDS catalysts, which exhibit higher activity than commercial CoMo/Al,O; HDS catalyst,
have been claimed in the petroleum industry to produce lower sulfur content fuels [5,6]. It has been
accepted that noble metal catalysts have high possibilities as new HDS catalyst for petroleum [7-12].
The authors have also investigated the development of highly active noble metal HDS catalysts
supported on zeolites [13-15].

Recently, mesoporous silicate materials such as FSM-16, MCM-41 and SBA-15, which have
larger pore diameter and higher surface area than zeolites, have been attracting wide attention as
new materials for catalysts and catalyst supports. Some researchers have attempted to develop new
HDS catalysts based on mesoporous silicates [16,17]. In the previous papers [18-22], we have
reported that noble metals, especially platinum, supported on mesoporous silicates, such as FSM-16
[18], MCM-41 [19] and SBA-15 [20], showed high activity in the HDS of thiophene. Thus, noble
metals supported on mesoporous silicates have high possibilities for usage with new HDS catalysts
for petroleum feedstocks. Furthermore, Pt supported on alumina-modified MCM-41
(AlLO3-MCM-41) showed remarkably high and stable activity in the HDS of thiophene and
Bransted acid site in Pt/Al,O3-MCM-41 catalyst plays an important role for HDS of thiophene [22].
Generally, Brgnsted acid site of mesoporous silicate is generated by incorporation of Al atom into
silicate framework. It was expected that the differences between Pt/Al,03-MCM-41 and
Pt/Al-incorporated MCM-41 (AIMCM-41) catalysts will clarify the cause of high activity of
Pt/Al,03-MCM-41 for the HDS of thiophene.

In the present work, we examined the catalytic performance of platinum supported on
Al-modified MCM-41 such as AIMCM-41 and Al,03-MCM-41 for the HDS of thiophene in order

to develop highly active platinum catalysts supported on mesoporous silicates for HDS of



petroleum feedstocks. Furthermore, we examined the effect of Al modification on the HDS activity

of MCM-41-supported Pt catalysts.

2. Experimental
2. 1. Preparation of Catalysts

Siliceous MCM-41 was prepared using sodium silicate (Kanto Chemical Co.) and surfactants
such as CHs(CH)11N(CHs)sBr  (Aldrich), (CH3CH,CH2);NBr (Aldrich) and 25 wit%
Ci16H33N(CHj3)sCl (Aldrich) aqueous solution. Each sample obtained was washed by water and was
dried at 120 °C. The templates were removed by calcination in air at 540 °C for 10 h.
Al-incorporated MCM-41 (Si/Al = 15) was prepared by the above method using sodium aluminate
(NaAlO,, Wako Pure Chemical Industries) as an Al source. Al,Os-modified MCM-41 was prepared
by an impregnation method; the amount of Al,O3 loading was 4 wt%. Calcined siliceous MCM-41
was impregnated with aluminum nitrate (Al(NO3)3-9H,0, Wako Pure Chemical Industries) aqueous
solution. After impregnation of aluminum nitrate, the samples were dried at 120 °C and were
calcined at 500 °C for 4 h. Addition of sodium to Al,O3-MCM-41 support was also carried out by
impregnation method using sodium nitrate (NaNOs, Wako Pure Chemical Industries) aqueous
solution. Supported Pt catalysts were prepared by an impregnation method using hydrogen
hexachloroplatinate (H.PtCls-6H,O, Kanto Chemical Co.) aqueous solution; the amount of Pt
loading was 5 wt%. After Pt precursor impregnation, the samples were dried at 120 °C followed by
calcination at 500 °C for 4 h. The supported Pt catalysts were treated by helium stream at 500 °C
for 1 h and were reduced by hydrogen at 450 °C for 1 h prior to the reaction.
2. 2. Hydrodesulfurization of thiophene

HDS of thiophene was carried out at 350 °C under 0.1 MPa using a conventional fixed bed flow
reactor. Thiophene was introduced into the reactor by passing hydrogen (30 ml min™) through a

thiophene trap cooled at 0 °C. Reaction conditions were as follows: catalyst weight = 0.1 g,



H./thiophene = 30 mol mol™, W/F = 37.9 g h mol™*. The reaction products were analyzed with a gas
chromatograph (FID) equipped with silicone DC-550 (2 m, 150 °C) and VZ-7 (4 m, 0 °C) columns,
respectively.
2.3. Characterization of Catalysts
2.3.1. Nitrogen adsorption-desorption isotherm

The nitrogen adsorption-desorption isotherm at -196 °C was measured using Micromeritics
ASAP 2010. The textural properties of MCM-41 and Al-modified MCM-41 were calculated by
BET and BJH methods. Samples were evacuated at 400 °C for 10 h prior to nitrogen adsorption.
2.3.2. Acidities of MCM-41 and Al-modified MCM-41

Temperature programmed desorption of ammonia (NHs-TPD) was carried out using a glass
vacuum system. The sample (0.1 g) was evacuated at 500 °C for 1 h before adsorption of ammonia.
Ammonia was adsorbed at 100 °C for 30 min followed by evacuation at the same temperature for
30 min. The NH;-TPD profile was observed from 100 °C to 500 °C with 10 °C min™. The pressure
of desorbed NH3; was measured with a pirani gauge. The acidities of MCM-41 and Al-modified
MCM-41 were evaluated by 2-propanol (2-PA) dehydration (200 °C) and cumene cracking (400 °C)
using a pulse reactor with helium carrier gas. In both reactions, catalysts (0.03 g) were charged into
the reactor and were pretreated at 500 °C for 1 h before the reaction.
2.3.3. Dispersion of platinum

The dispersion of platinum on MCM-41 and Al-modified MCM-41 were evaluated by XRD
analysis and by the hydrogen adsorption method. XRD analysis was carried out using a Rigaku
diffractmeter with Cu K, radiation. Adsorption of hydrogen on the supported Pt catalyst was carried
out using a glass vacuum system at 25 °C. The supported Pt catalysts were evacuated at 500 °C for
1 h followed by reduction with hydrogen (26.7 kPa) at 450 °C for 1 h and evacuation at the same
temperature for 1 h before hydrogen adsorption.

2.3.4. Measurement of FT-IR spectra



FT-IR spectra of pyridine and thiophene adsorbed on MCM-41 and Al-modified MCM-41 were
observed by using a Jasco FT-IR spectrometer. The catalysts were evacuated at 500 °C for 2 h prior

to the measurement.

3. Results and Discussion
3. 1. Textural properties of MCM-41 and Al-modified MCM-41

Figure 1 shows the nitrogen adsorption-desorption isotherms of MCM-41 and Al-modified
MCM-41. MCM-41 and AIMCM-41 exhibit type 1V adsorption-desorption isotherms which are
characteristic of mesoporous materials. Furthermore, the adsorption-desorption isotherm of
Al,03-MCM-41 was also type 1V and was similar to that of MCM-41. This indicates that uniform
pore structure of MCM-41 was maintained even after Al,O; modification. Textural properties were
measured by nitrogen adsorption isotherm, as shown in Table 1. MCM-41 and AIMCM-41 have
high surface areas of more than 800 m? g™. Al,Os-MCM-41 showed slightly lower surface area,
BJH average pore diameter and pore volume than MCM-41. However, these properties of
Al,03-MCM-41 were remained high even after Al,O; modification. Furthermore, the pore size
distribution of MCM-41 was shifted to more pores of smaller diameters by Al,O3; modification. The
decrease of pore diameter by Al,O; modification was approximately equivalent to the radius of AI**
(0.6 A), as shown in Fig. 2. Such results revealed that the internal pores of MCM-41 were partly

modified by the impregnation method using AI(NO3)3 aqueous solution.

3. 2. Hydrodesulfurization of thiophene over Pt/MCM-41 and Pt/Al-modified MCM-41 catalysts
The catalytic activities of Pt supported on MCM-41 and Al-modified MCM-41 for the HDS of

thiophene were examined at 350 °C. It was found that the catalytic activities of platinum supported

on MCM-41 and Al-modified MCM-41 varied remarkably with the kind of support, as shown in Fig.

3. Figure 4 shows the activities of MCM-41- and Al-modified MCM-41-supported Pt catalysts for



the HDS of thiophene after 5 h reaction. Commercial presulfided CoMo/Al,O5 catalyst (Nippon
Cyanamid Co., BET surface area 308 m® g™) was used to compare with supported Pt catalysts. The
order of the activities of these catalysts was as follows: Pt/Al,03-MCM-41 > Pt/AIMCM-41 >
Pt/MCM-41 > CoMo/Al,Os. The activity of Pt/Al,03-MCM-41 was very stable with time on stream
and this activity was remarkably higher than that of commercial presulfided CoMo/Al,O3 HDS
catalyst.

The reaction products in the HDS of thiophene over Pt/Al,03-MCM-41 were mainly C,4
hydrocarbons (butane 97%, butenes 3%) and a trace amounts of C;-C3 hydrocarbons, whereas those
on Pt/MCM-41 were C4 hydrocarbons (butane 86%, butenes 14%), as shown in Table 2. The
selectivity of butane (93%) in the HDS of thiophene over Pt/AIMCM-41 was lower than that on
Pt/Al,03-MCM-41. These results indicate that Pt/Al,O3-MCM-41 catalyst has higher hydrogenating
ability for unsaturated C, hydrocarbons formed in the HDS of thiophene than Pt/AIMCM-41 and

Pt/MCM-41 catalysts.

3. 3. Dispersion of platinum on MCM-41 and Al-modified MCM-41

We performed various characterizations of Pt/MCM-41 and Pt/Al-modified MCM-41 catalysts
in detail to understand the causes of the high activity of Pt/Al,03-MCM-41 for the HDS of
thiophene.

Figure 5 shows the XRD patterns of Pt/MCM-41 and Pt/Al-modified MCM-41 after reduction
at 450 °C. It was found that peak height of Pt on MCM-41 was significant, but it decreased on
AIMCM-41 compared with MCM-41. Furthermore, the peak height of Pt on Al,O3-MCM-41 was
remarkably lower than the peak heights on MCM-41 and AIMCM-41. This indicates that the
dispersion of Pt on Al,O3-MCM-41 was remarkably higher than those on MCM-41 and AIMCM-41.
Table 2 shows the dispersion and particle size of Pt on MCM-41 and Al-modified MCM-41

measured by the hydrogen adsorption method. The particle size of Pt (dp;, assumed as spherical



shape) was calculated by dispersion of Pt, according to equation dp; = 0.944/D (D = dispersion of
Pt). It was also revealed that Pt dispersion (0.80) on Al,O3-MCM-41 was the highest and that the
particle size (1.18 nm) was lowest among supported Pt catalysts. The order of the dispersion of Pt
on MCM-41 and Al-modified MCM-41 was as follows: Pt/Al,03-MCM-41 > Pt/AIMCM-41 >
Pt/MCM-41. We reported that dispersion of Pt on ZSM-5 zeolite was increased with increasing of
proton content [15]. Since Pt precursors such as [PtCls]* in aqueous solution may interact with
Bragnsted acid sites on AIMCM-41 and Al,03-MCM-41, dispersion of Pt was enhanced by Al
modification. Furthermore, it was reported that CI" ligands in [PtCls]*” exchange with the hydroxyl
groups on the Al,O3 surface [23,24]. Thus, high dispersion of Pt on Al,03-MCM-41 was due to CI’
ligands in [PtCls]* exchange with the hydroxyl groups of the Al,Os-modified surface. Therefore,
the dispersion of Pt was significantly enhanced by Al,O3; modification of MCM-41 and dispersion
of Pt on Al,03-MCM-41 was higher than that on AIMCM-41. The order of Pt dispersion was the

same as that of HDS activities.

3. 4. Acidities of MCM-41 and Al-modified MCM-41

We evaluated the acidities of MCM-41 and Al-modified MCM-41 by NH;-TPD, 2-PA
dehydration, cumene cracking and pyridine-adsorbed FT-IR spectra. Figure 6 shows the NH3-TPD
profiles of MCM-41 and Al-modified MCM-41. It was reported that the desorption peak at low
temperature was not ammonia directly adsorbed on acid sites [26] and this ammonia was attributed
to hydrogen bonding to NH4" adsorbed on acid sites [27]. Thus, we evaluated the amounts of acid
site between 250 °C and 500 °C. The amount of acid site on Al,03-MCM-41 was higher than that
on MCM-41 and AIMCM-41. Figure 7 shows the catalytic activities of MCM-41 and Al-modified
MCM-41 for 2-PA dehydration and cumene cracking. It was revealed that MCM-41 showed low
activity for both acid-catalyzed reactions, whereas Al,O3-MCM-41 showed high activity for these

reactions. The order of the acidities of Al-modified MCM-41 was as follows: Al,O;-MCM-41 >



AIMCM-41 > MCM-41. High acidity of Al,03-MCM-41 was due to the exposed Al atoms on the
internal pores of the Al,Os-modified surface. It was reported that, at low Si/Al (< 20), Al atoms in
Al-incorporated MCM-41 were incorporated into inside the pore walls [25]. Thus, the acidity of
AIMCM-41 was lower than that of Al,03-MCM-41. The order of acidities was the same as that of
the HDS activities of supported Pt catalysts.

We confirmed the existence of the Brgnsted acid sites at 1547 cm™ on AIMCM-41 and
Al,03-MCM-41 by the observation of FT-IR spectra of pyridine adsorbed on AIMCM-41 and
Al,03-MCM-41, as shown in spectra (b) and (c) in Fig. 8. We have reported in previous papers
[13-15,18-22] that Brgnsted acid sites on the supports of noble metal catalysts act as active sites for
activation of thiophene. It can be assumed that the surface silanol group (Si-OH) on support acts as
a Bransted acid site and this Bransted acid site acts as an active site for the activation of thiophene

in the HDS of thiophene.

3. 5. Reaction mechanism of thiophene hydrodesulfurization over Pt/MCM-41 and Pt/Al-modified
MCM-41 catalyst
3.5.1 Role of Brgnsted acid sites in the hydrodesulfurization of thiophene

The role of Brgnsted acid sites in HDS reaction were examined by sodium addition to highly
active Pt/Al,O3-MCM-41 catalyst. Table 4 shows the effect of sodium addition on catalytic activity
for thiophene HDS and the properties of Pt/Al,03-MCM-41. The dispersion of Pt was hardly
changed at all by sodium addition. On the other hand, the HDS activity of the Pt/Al,O3-MCM-41
catalyst and the cumene cracking activity of the Al,03-MCM-41 support decreased with increasing
sodium addition. These results indicate that Brensted acid sites directly participate in the HDS of
thiophene.

Furthermore, we observed the FT-IR spectra of thiophene adsorbed on MCM-41 and

Al-modified MCM-41 in order to clarify the interaction between silanol groups and thiophene



molecules. In the background spectra of MCM-41 evacuated at 500 °C for 2 h, the silanol group
was observed at 3745 cm™, as shown in spectrum (i) in Fig. 9 (a). After introduction of 2 kPa of
thiophene onto the MCM-41, the absorption band of Si-OH at 3745 cm™ decreased considerably
and a large and broad peak appeared at 3605 cm™, which is assigned to the silanol groups
interacting with the thiophene molecules. However, the decreased absorbance of silanol groups was
completely regenerated by the evacuation at 25 °C, without any shoulder peak at around 3600 cm™.

In the background spectra of AIMCM-41 evacuated at 500 °C for 2 h, the silanol group was
observed at 3745 cm™, as shown in spectrum (i) in Fig. 9 (b). After introduction of 2 kPa of
thiophene onto the AIMCM-41, the absorption band at 3745 cm™ decreased and shifted to 3603
cm™, as shown in spectrum (ii) in Fig. 9 (b). The decreased absorbance of silanol group was almost
regenerated by the evacuation at 25 °C, but a slight shoulder peak at 3603 cm™ was observed, as
shown in spectrum (iii) in Fig. 9 (b). These results indicate that the interaction between AIMCM-41
with Bregnsted acid site and thiophene is stronger than that of MCM-41 without Brgnsted acid site.

FT-IR spectra of thiophene adsorbed on Al,O3-MCM-41 was similar to those of AIMCM-41, as
shown in Fig. 9 (c). However, the frequency of the shifted absorption band was observed at 3600
cm™ and a shoulder peak was clearly observed after evacuation at 25 °C. This indicates that the
interaction between silanol group on Al,03-MCM-41 and thiophene molecule was stronger than that
of AIMCM-41. This result can be explained if the interaction between acidic silanol groups on
Al,03-MCM-41 and thiophene was stronger than that of AIMCM-41, since the Brensted acidity of
Al,O3-MCM-41 was higher than that of AIMCM-41.

Some modes of coordinated thiophene in organometallic complexes have been reported [28] and
two adsorption types of thiophene on catalyst surface were proposed [29-31]; (i) via © electrons in
aromatic ring and (ii) via sulfur atom. It was reported that the sulfur atom in thiophene directly
interacts with the Brgnsted acid site on HY zeolite [31]. Furthermore, the shift of frequency of the

silanol group was due to the interaction between the sulfur atom in thiophene and hydroxyl groups

10



of zeolite, and these experimental results were consistent with theoretical results [32]. We also
observed that frequency shifts of silanol group on MCM-41 and Al-modified MCM-41 occurred by
thiophene introduction, as shown in Fig. 9. Thus, thiophene molecules may adsorb on Brgnsted acid
sites of Al-modified MCM-41 via sulfur atoms. These results confirmed that thiophene is adsorbed
and activated on Brgnsted acid site on Al-modified MCM-41 in the HDS of thiophene over

Pt/Al-modified MCM-41 catalyst.

3.5.2 Role of spillover hydrogen in the hydrodesulfurization of thiophene

Furthermore, we tried to confirm the existence of spillover hydrogen in the HDS of thiophene
over supported Pt catalysts. The catalytic activities of Pt/quartz (A, Pt dispersion = 0.05) mixed
mechanically with MCM-41 and Al-modified MCM-41 (B) were examined. MCM-41, AIMCM-41
and Al,03-MCM-41 catalysts (0.1 g) showed very low activities (< 0.1 % conversion) for the HDS
of thiophene. It was found that the activities of mechanically mixed catalysts obtained
experimentally were higher than the calculated (A+B) values, as shown in Fig. 10. The HDS
activities of mechanically mixed catalysts were changed by the kind of MCM-41. The order of the
HDS activities of these mechanically mixed catalysts was as follows: Al,03-MCM-41 >
AIMCM-41 > MCM-41. This order was the same as the order of acidities of Al-modified MCM-41.
These results indicate that, since a new HDS reaction route is generated by the addition of
Al-modified MCM-41, as shown in Scheme 1, mechanically mixed catalysts showed higher activity
than Pt/quartz catalyst. In Scheme 1, hydrogen was activated on Pt particles in Pt/quartz to form
spillover hydrogen. Spillover hydrogen attacks the thiophene adsorbed on Brgnsted acid sites of
Al-modified MCM-41. This suggests that there exists spillover hydrogen on supported Pt catalysts

in the HDS of thiophene.

3.5. 3 Reaction mechanism of Pt/Al-modified MCM-41 catalyst
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We reported in the previous paper [33] that Pt/alumina-modified silica gel (Al,03-SiO;) catalyst
having Brgnsted acid sites and high Pt dispersion (0.76) showed remarkably higher HDS activity
than Pt/Al,O3 catalyst with similar Pt dispersion. Furthermore, Pt/quartz without Brgnsted acid sites
showed low HDS activity, but this activity was enhanced by addition of acidic MCM-41 and
Al-modified MCM-41, as shown in Fig. 10. On the basis of these results, we supposed two reaction
routes for thiophene HDS over the highly active Pt/Al-modified MCM-41 catalyst: (i) a
monofunctional route in which HDS reaction proceeds only on Pt particles and (ii) a bifunctional
route in which both Pt particle and Brensted acid sites are involved in HDS reactions. Since the
Brensted acidity of supports remarkably affected the HDS activity of supported Pt catalysts, as
shown in Table 4, both Pt particle and Brgnsted acid site are important for highly active supported
Pt catalyst. We propose a possible mechanism in which hydrogen is activated on Pt to form
spillover hydrogen and thiophene is activated on Bregnsted acid sites of Al-modified MCM-41, as
shown in Scheme 2. It was reported that the C-S bond in thiophene molecules cleaves via
thiophene-derived carbenium ion on Bregnsted acid sites of zeolites [34-36]. Some thiophene
molecules adsorbed on Brgnsted acid sites of Al-modified MCM-41 are activated to form
carbenium ions. The spillover hydrogen formed on Pt particles attacks the activated thiophene on

the Brgnsted acid sites of Al-modified MCM-41.

4. Conclusions

It was found that the HDS activities of MCM-41- and Al-modified MCM-41-supported Pt
catalysts were varied by the kind of supports. The order of the activities of these catalysts was as
follows: Pt/Al,O3-MCM-41 > Pt/AIMCM-41 > Pt/MCM-41. This order can be explained by
dispersion of Pt and acidity of support. Thus, we concluded that the high activity of
Pt/Al,03-MCM-41 catalyst for HDS of thiophene is due to good harmony of high dispersion of Pt

particles and Brgnsted acidity of the support.

12



Acknowledgment

This work was supported by a Grant-in-Aid for Scientific Research, Japan (16560673).

13



References

[1] R. Prins, V.H.J. de Beer, G A. Somorjai, Catal. Rev.-Sci. Eng. 31 (1989) 1.

[2] R.R. Chianelli, M. Daage, M.J. Ledoux, Adv. Catal. 40 (1994) 177.

[3] H. Topsee, B.S. Clausen, F.E. Massoth, Catal.-Sci. Tech. 11 (1996) 1.

[4] D.D. Whitehurst, T. Isoda, I. Mochida, Adv. Catal. 4 (1998) 345.

[5] M. Sugioka, PETROTECH 19 (6) (1996) 458.

[6] T. Kabe, A. Ishihara, W. Qian, Hydrodesulfurization and Hydrodenitrogenation, Kodansha
Scientific, Wiley-VCH, Tokyo, New York, Berlin, 1999.

[7] J. Lee, A. Ishihara, F. Dumeignil, K. Miyazaki, Y. Oomori, E.W. Qian, T. Kabe, T., J. Mol. Catal.
A 209 (2004) 155,

[8] R. Navarro, B. Pawelec, J.L.G. Fierro, P.T. Vasudevan, J.F. Cambra, M.B. Guemez, P.L. Arias,
Fuel Process. Technol. 61 (1999) 73.

[9] X. Li, A. Wang, Z. Sun, C. Li, J. Ren, B. Zhao, Y. Wang, Y. Chan, Y. Hu, Appl. Catal. A 254
(2003) 319.

[10] Y. Yoshimura, H. Yasuda, T. Sato, N. Kijima, T. Kameoka, Appl. Catal. A 207 (2001) 303.

[11] V.L. Barrio, P.L. Arias, J.F. Cambra, M.B. Giliemez, B. Pawelec, J.L.G. Fierro, Catal. Commun.
5, (2004) 173.

[12] M.A. Al-Saleh, M.M. Hossain, M.A. Shalabi, T. Kimura, T. Inui, Appl. Catal. A 453 (2003)
253.

[13] M. Sugioka, Erdol und Kohle Erdgas Petrochemie 48 (1995) 128.

[14] M. Sugioka, F. Sado, T. Kurosaka, X. Wang, Catal. Today 45 (1998) 327.

[15] T. Kurosaka, M. Sugioka, H. Matsuhashi, Bull. Chem. Soc. Jpn. 74 (2001) 757.

[16] K.M. Reddy, B. Wei, C. Song, Catal. Today 43 (1998) 261.

[17] A. Wang, Y. Wang, T. Kabe, Y. Chen, A. Ishihara, W. Qian, J. Catal. 199 (2001) 19.

[18] M. Sugioka, L. Andalaluna, S. Morishita, T. Kurosaka, Catal. Today 39 (1997) 61.

14



[19] M. Sugioka, S. Morishita, T. Kurosaka, A. Seino, M. Nakagawa, S. Namba, Stud. Surf. Sci.
Catal. 125 (1999) 531.

[20] M. Sugioka, T. Aizawa, Y. Kanda, T. Kurosaka, Y. Uemichi, S. Namba, Stud. Surf. Sci. Catal.
142 (2002) 739.

[21] M. Sugioka, T. Kurosaka, J. Jpn. Petrol. Inst. 45 (2002) 342.

[22] Y. Kanda, Y. Uemichi, T. Kobayashi, L. Andalaluna, M. Sugioka, Stud. Surf. Sci. Catal. 156
(2005) 747.

[23] J.H.A. Martens, R. Prins, Appl. Catal. 46 (1989) 31.

[24] B. Shelimov, J.F. Lambert, M. Che, B. Didillon, J. Catal. 185 (1999) 462.

[25] J. Dédecek, N. Zilkova, J. Cejka, Mcropor. Mesopor. Mater. 44-45 (2001) 259.

[26] N. Katada, H. Igi, J.H. Kim, M. Niwa, J. Phys. Chem. B 101 (1997) 5659.

[27] F. Lonyi, J. Valyon, Mcropor. Mesopor. Mater. 47 (2001) 293.

[28] C. Song, X. Ma, Appl. Catal. B 41 (2003) 207.

[29] T.L. Tarbuck, K.R. McCrea, J.W. Logan, J.L.Heiser, M.E. Bussell, J. Phys. Chem. B 102
(1998) 7845.

[30] P. Mills, D.C. Phillips, B.P. Woodruff, R. Main, M.E. Bussell, J. Phys. Chem. B 104 (2000)
3237.

[31] FT.T. Ng, A. Rahman, T. Ohasi, M. Jiang, Appl. Catal. B 56 (2005) 127.

[32] H. Soscun, O. Castellano, J. Hernazdez, Theochem 531 (2000) 315.

[33] Y. Kanda, T. Kobayashi, Y. Uemichi, M. Sugioka, J. Jpn. Petrol. Inst. 49 (2006) 49.

[34] H.H. Shan, C.Y. Li, C.H. Yang, H. Zhao, B.Y. Zhao, J.F. Zhang, Catal. Today 77 (2002) 117.
[35] A. Chica, K.G.. Strohmaier, E. Iglesia, Appl. Catal. B 60 (2005) 223.

[36] J.A. Valla, A.A. Lappas, I.A. Vasalos, Appl. Catal. A 297 (2006) 90.

15



Table 1
Textural properties of MCM-41 and Al-modified MCM-41 supports

adsorption isotherm

measured by nitrogen

Surface area BJH average pore Pore volume
Support
(m? g™ diameter (A) (cm®g™)
MCM-41 855 26.7 0.79
AIMCM-41 836 26.2 0.81
Al,03-MCM-41 798 25.9 0.73
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Table 2

Products distribution over MCM-41- and Al-modified MCM-41-supported Pt catalysts in the HDS

of thiophene at 350 °C

HDS conv. Ci-Cs Butanes Butenes
Catalyst (%) (%) (%) (%)
Pt/MCM-41 69.2 0.2 85.6 14.1
Pt/AIMCM-41 85.2 0.6 93.2 6.2
Pt/Al,03-MCM-41 95.4 0.7 96.7 2.6
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Table 3

Dispersion and particle size of Pt on MCM-41 and Al-modified MCM-41

Dispersion Particle size
Catalyst (H/Pt) (nm)
Pt/MCM-41 0.47 2.01
Pt/AIMCM-41 0.56 1.66
Pt/Al,03-MCM-41 0.80 1.18
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Table 4
Effect of sodium addition on catalytic activity for thiophene HDS and properties of

Pt/Al,03-MCM-41

Amount of sodium addition HDS conv. Pt dispersion Cumene cracking
(Wt%) (%) (H/Pt) (%)
0 95.4 0.80 31.2
0.1 76.4 0.83 25.1
0.5 59.4 0.74 9.3
1.0 25.7 0.79 1.6
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Fig. 1 Nitrogen adsorption-desorption isotherms of () MCM-41, (A) AIMCM-41 and (m)

Al,03-MCM-41 (open: adsorption, closed: desorption).
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Fig. 2 Pore size distribution of () MCM-41, (A) AIMCM-41 and (m) Al,O3-MCM-41 calculated

by nitrogen adsorption isotherm.
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Fig. 3 Hydrodesulfurization of thiophene over (o) Pt/MCM-41, (A) Pt/AIMCM-41 and (m)

Pt/Al,03-MCM-41 catalysts at 350 °C.
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Fig. 4 Catalytic activities of Pt supported on MCM-41 and Al-modified MCM-41 for HDS of

thiophene.
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Fig. 5 XRD patterns of Pt supported on MCM-41 and Al-modified MCM-41 after reduction at

450 °C.
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Fig. 6 NHs;-TPD profiles of (a) MCM-41, (b) AIMCM-41 and (c) Al,03-MCM-41.
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Fig. 7 Catalytic activities of MCM-41 and Al-modified MCM-41 for the (o) dehydration of

2-propanol and (m) cracking of cumene.
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Fig. 8 FT-IR spectra of pyridine adsorbed on (a) MCM-41, (b) AIMCM-41 and (c)

Al,03-MCM-41. Pyridine was adsorbed at 150 °C, followed by evacuation at 150 °C for 30 min.
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Fig. 9 FT-IR spectra of thiophene adsorbed on (a) MCM-41, (b)AIMCM-41 and (c)

Al,03-MCM-41. (i) Samples evacuated at 500 °C for 2 h, (ii) Thiophene (2 kPa) introduced, (iii)

After evacuation at 25 °C for 30 min.
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Fig. 10 HDS activities of physically mixed Pt/quartz and various MCM-41 catalysts at 350 °C.
(o) HDS activities of mechanically mixed catalysts obtained by calculation, (m) HDS activities of

mechanically mixed catalysts obtained by experiment.
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Scheme 1 New reaction route of HDS of thiophene over physically mixed Pt/quartz and

Al-modified MCM-41 catalyst.
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Scheme 2 A possible mechanism of HDS of thiophene over highly active Al-modified

MCM-41-supported Pt catalysts with Brgnsted acid sites.
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