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Catalytic Performance of Noble Metals Supported on Alumina-modified
Silica Gel for Hydrodesulfurization Reaction
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The catalytic activities and properties of noble metals (Pt, Pd, Rh, Ru) supported on silica gel (SiO2) and alumina-
modified silica gel (Al203-SiO2) were investigated for the hydrodesulfurization of thiophene. Al.03-SiO2 was
prepared by an impregnation method using aluminum nitrate (A1(NOs)3 - 9H20) aqueous solution. Pt/
8 wt%Al03-SiO2 catalyst showed the highest activity for hydrodesulfurization of thiophene among various sup-
ported noble metal catalysts and this activity was higher than that of commercial CoMo/Al>O3 hydrodesulfuriza-
tion catalyst. The sulfur tolerance of noble metal/SiO2 was enhanced by Al2Os modification of SiO2 and
Pt/8 wt% Al203-SiOz catalyst showed the highest sulfur tolerance among the supported noble metal catalysts. Pt/
8 wt%Al03-Si0z catalyst had high hydrogenating ability for unsaturated Cs4 hydrocarbons formed in the hydro-
desulfurization of thiophene. The catalysts were characterized by 2-propanol dehydration, cumene cracking,
XRD, H; adsorption and FT-IR. Dispersion of Pt on 8 wt%Al.03-SiO> was remarkably higher than that on SiO>
and the particle size of Pt on 8 wt%Al>03-SiO» was the lowest among the supported noble metal catalysts. The
acidity of 8 wt%Al03-SiO2 was higher than that of SiO,. Furthermore, Bronsted acid sites were present on
8 wt%A1203-Si02. FT-IR spectroscopy of thiophene adsorbed on 8 wt%Al>03-SiO: support indicated that the
thiophene molecule interacts with the Bronsted acid site on 8 wt%Al203-SiO2. The activity of the double-layer
(Pt/Si02 + 8 wt%Al.03-Si02) catalyst obtained experimentally was higher than that calculated. This suggests
that spillover hydrogen was present on Pt/Al203-Si0O; in the hydrodesulfurization of thiophene. Both the
Bronsted acid sites of AlxO3-Si0> and the Pt particles in the Pt/Al>O3-SiO: catalyst act as active sites for the hydro-
desulfurization of thiophene.
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1. Introduction viously reported'® ™ ?? that noble metals, especially
platinum, supported on mesoporous silicates such as
Hydrodesulfurization (HDS) of petroleum feedstocks ~ FSM-16'8, MCM-41'?, SBA-15*” and alumina-modi-
is one of the important processes used in the petroleum  fied MCM-41 (A1,0--MCM-41)*? showed high and
industry to produce clean fuels’™¥. Highly active  stable activity for the HDS of thiophene, and noble met-
HDS catalysts, which exhibit higher activity than com-  als supported on mesoporous silicates have high poten-
mercial CoMo/Al2O3 HDS catalyst, have been devel-  tial as new HDS catalysts for petroleum feedstocks.
oped to produce lower sulfur content fuels®®. Noble  However, mesoporous silicates are not easy to produce
metal catalysts are believed to have high potential as  on the industrial scale as the support for noble metal
new HDS catalysts”™'?.  We previously investigated ~ HDS catalysts.
the development of highly active noble metal HDS cat- In the present study, we examined the catalytic per-
alysts supported on zeolites'® ™19, formance of noble metals supported on alumina-modi-
Recently, mesoporous silicate materials such as  fied silica gel (Al203-Si0O2) for the HDS of thiophene to
FSM-16, MCM-41 and SBA-15, which have larger  develop highly active noble metal HDS catalysts sup-
mean pore diameter than zeolites, have attracted atten-  ported on metal oxides, which can be produced in large
tion as new materials for catalysts and catalyst supports.  quantities.
Some attempts have been made to develop new HDS
catalysts based on mesoporous silicates'®'”.  We pre- 2. Experimental

* To whom correspondence should be addressed. 2.1. Preparation of Catalysts
* E-mail: $0927029 @mmm.muroran-it.ac.jp Silica gel (SiO2, BET surface area 295 m?*/g) was
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supplied from Nippon Aerosil Co., and ALO3; (JRC-
ALO-2) and Si0O2-Al203 (JRC-SAH-1) from the
Catalysis Society of Japan. Alumina-modified silica
gel (Al203-Si02) was prepared by an impregnation
method using aluminum nitrate (A1(NO3)3* 9H20, Wako
Pure Chemical Industries, Ltd., GR grade) aqueous solu-
tion. After aluminum nitrate impregnation, supports
were dried at 120°C and then calcined at 500°C (10°C/
min) for 4 h in air. Supported noble metal catalysts
were prepared by an impregnation method using noble
metal chlorides (Kanto Chemical Co., Inc., GR grade)
such as HoPtCle-6H20, PdCl2, RhCl3-3H20 and
RuCl; - 3H>0 aqueous solutions, to obtain a noble metal
loading of 5 wt%. However, PdCl2 was dissolved in
1.0 mol/l HC1 aqueous solution because PdCl, did not
dissolve completely in water. All catalysts were dried
at 120°C and then calcined at 500°C (10°C/min) for 4 h
in air. The catalysts were pretreated with helium at
500°C for 1 h and then reduced with 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 in a conventional fixed bed flow reactor.
Thiophene (ca. 3 vol%) was introduced into the reactor
by passing hydrogen (30 m//min) through a thiophene
trap cooled at 0°C. Reaction conditions were as fol-
lows: catalyst weight = 0.1 g, Ho/thiophene = 30 mol/
mol, W/F =37.9 g- h/mol. The reaction products were
analyzed by gas chromatography (FID) with silicone
DC-550 (2 m, 150°C) and VZ-7 (4 m, 0°C) columns, re-
spectively.
2.3. Characterization of Catalysts

The acidity of Al203-SiO2 was evaluated by 2-propa-
nol (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
reactor and were pretreated at 500°C for 1 h before the
reaction. The dispersion of the noble metal on
Al203-S102 was measured by XRD analysis and hydro-
gen adsorption.  XRD analysis used a Rigaku diffracto-
meter with Cu Ky radiation. Adsorption of hydrogen
on the noble metal catalysts was carried out in a Pyrex
glass vacuum system at 25°C. The supported noble
metal catalysts were evacuated at 500°C for 1 h fol-
lowed 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. FT-IR spectra of pyridine
and thiophene adsorbed on 8 wt%Al203-Si02 were ob-
served using a Jasco FT-IR spectrometer. The cata-
lysts were evacuated at 500°C for 2 h prior to the mea-
surement. Catalytic activities of SiO2 and 8 wt%
A1203-S102 for thiophene and tetrahydrothiophene
(THT) cracking at 400°C were evaluated using a pulse
reactor with helium carrier gas. The catalysts (0.05 g)
were charged into the reactor and pretreated at 500°C
for 1 h before the reaction.
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Fig. 1 Hydrodesulfurization of Thiophene over 8 wt%A1:03-Si02-
supported Noble Metal Catalysts at 350°C

3. Results and Discussion

3. 1. Catalytic Activities of Noble Metal Supported
on AL:03-SiO2

The catalytic activities of various noble metals (Pt,
Pd, Rh, Ru) supported on 8 wt%A1203-SiO> for the
HDS of thiophene were examined at 350°C. The cata-
lytic activities remarkably varied with the noble metal
as shown in Fig. 1. The order of the activities of
these catalysts after 2 h reaction was as follows: Pt > Pd
>Rh > Ru. The activity of Pt/8 wt%Al03-Si0> was
the highest and was higher than that of commercial pre-
sulfided CoMo/Al,Os HDS catalyst. Previously??, we
reported that dispersion of Pt on AlLLOs-MCM-41 was
the highest and particle size was the lowest among no-
ble metals supported on Al2Os-MCM-41. We also re-
ported that the catalytic activity of noble metal/HZSM-5
except Pt/HZSM-5 for the hydrocracking of benzene
was completely poisoned by the introduction of hydro-
gen sulfide, but that of Pt/HZSM-5 almost completely
regenerated with time on stream'¥. This result sug-
gests that Pt/HZSM-5 catalyst does not lose hydrogena-
tion activity, i.e., ability to dissociate hydrogen, even after
the introduction of hydrogen sulfide'”. Furthermore,
Pt containing MCM-41 catalyst showed the highest
naphthalene hydrogenation activity among the noble
metal (Pt, Rh, Pd, Ru, Ir) containing MCM-41 catalysts
and only Pt catalyst was reversibly poisoned by diben-
zothiophene®. Therefore, the supported Pt catalyst
showed the highest activity among supported noble
metal catalysts and the order of the catalytic activities
of noble metal supported on 8 wt%Al>203-SiO2 can be
explained by dispersion, hydrogenation ability and sul-
fur tolerance of the noble metal. The catalytic activi-
ties of noble metal/8 wt% A1203-Si02, except Ru/
8 Wwt%Al203-Si0z, in the HDS of thiophene decreased
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Fig. 2 Effect of AlOs-modification of SiO2 on HDS Activities of
Pt/AL,03-SiO; Catalysts and Dispersion of Pt on Al203-SiO»

with reaction time and attained steady activity after re-
action for 2 h.

Examination of the catalytic activities of Pt supported
on SiO2 modified with various amounts of Al2O3 load-
ing for the HDS of thiophene revealed an optimal Al>O;
loading for the activity of Pt/Al203-SiOz of 8 wt% as
shown in Fig. 2. The BET surface area of Al>03-SiO:
decreased with increasing Al,Os loading. However, the
BET surface area of 8 wt%Al203-Si0O2 was remained
high (246 m%g) after ALO3 modification. Dispersion
of Pt on AlbO3-SiO> was about 0.8 with AbOs3 loading
from 8 to 24 wt% as shown in Fig. 2. These results
indicate that high Pt dispersion with high BET surface
area after Al2Os; modification is one of the important
factors in the high activity for HDS of thiophene.
Figure 3 shows the activities of noble metal/SiO, and
noble metal/8 wt% Al203-Si0z catalysts for HDS of
thiophene at 350°C. The activities of noble metal/
8 wt%A103-Si0> catalysts were higher than those of
noble metal/Si0Oz catalysts and Pt supported on
8 wt%Al1203-S102 had the highest catalytic activity.

The sulfur tolerance (A/Ao) of Pt, Pd and Rh supported
on Si0z and 8 wt%AlO3-SiO: was evaluated as HDS
activity before (Ao) and after (A) hydrogen sulfide intro-
duction for 1 h. Hydrogen sulfide (3 m//min) was in-
troduced using micro feeder with a glass syringe for
1 h. HDS activities of noble metal catalysts were de-
creased by introduction of hydrogen sulfide. However,
the HDS activities of supported noble metal catalysts
(except Rh/SiO» catalyst) were completely regenerated
by cutting off the flow of hydrogen sulfide. The HDS
activity of Rh/SiO> catalyst after cutting off the flow of
hydrogen sulfide was higher than that before the intro-
duction of hydrogen sulfide. Previously’”, we have
reported that HDS activity of Rh/SiO2 catalyst was en-

J. Jpn. Petrol. Inst.,

51

1 L L 1 L 1 1 1

0 20 40 60 80 100

Conversion (%)

[[] Noble metal/SiO>, ll Noble metal/8 wt%Al>,03-SiO.

Fig. 3 Activities of SiOz- and 8 wt%Al>03-SiO»-supported Noble
Metal Catalysts for HDS of Thiophene at 350°C

hanced by presulfidation. Increased HDS activity of
Rh/SiO> after the introduction of hydrogen sulfide was
explained by sulfidation of Rh.  Since Rh/SiO catalyst
was sulfided by introduction of hydrogen sulfide for
1 h, the A/Ao of reduced Rh/SiO: catalyst was based on
the HDS activity after introduction of hydrogen sulfide
for 5 min taken as A. The sulfur tolerance of supported
noble metal catalysts were enhanced by Al>Os; modifi-
cation of Si0Q2. The sulfur tolerance of Pt/8 wt%
AlO3-Si0; catalyst was remarkably higher than that of
Pt/Si02 and was the highest among the supported noble
metal catalysts as shown in Fig. 4. Generally, the
positive effect of acidity of support on the sulfur toler-
ance of noble metals can be explained by the electron
deficiency!"?9%),  Thus, increased sulfur tolerance of
supported noble metal catalyst was attributed to elec-
tron attraction from the noble metal by the acid sites of
AlO3-Si02. This indicates that enhancement of sulfur
tolerance was important to increase the HDS activity of
supported noble metal catalyst. Since the sulfur toler-
ance of Pt/SiO; catalyst was remarkably enhanced by
Al;O3 modification of SiO», the effect of Al,O3 modifi-
cation on HDS activity of supported Pt catalyst was
more significant than for other supported noble metal
catalysts.

The reaction products of the HDS of thiophene over
Pt/8 wt% Al>03-Si02 were mainly C4 hydrocarbons (bu-
tane 88%, butenes 11%) and trace amounts of C;-C3 hy-
drocarbons, whereas those over Pt/SiO2 were C4 hydro-
carbons (butane 72%, butenes 27%) as shown in
Table 1. These results indicate that Pt/Al>O3-SiO2
catalyst has higher hydrogenating ability than Pt/SiO2
catalyst for unsaturated C4 hydrocarbons formed in the
HDS of thiophene.
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3.2. Catalytic Properties of Pt/A103-SiO:

Pt/8 wt%Al,03-SiO2 was investigated in detail to un-
derstand the causes of the high activity of Pt/8 wt%
A1O3-Si0> for the HDS of thiophene. Figure 5
shows the XRD patterns of Pt/SiOz and Pt/8 wt%
AlO3-SiO; after reduction at 450°C. The peak height
of Pt on SiO; was significant but decreased remarkably
on 8 wt%Al03-Si0,. This indicates that the disper-
sion of Pt on 8 wt%Al>03-Si0O2 was higher than that on
SiO,. Table 2 shows the dispersion and particle sizes
of various noble metals on SiO; and 8 wt%Al,03-SiO>
measured by the hydrogen adsorption method. Pt dis-
persion (0.76) on 8 wt%Al>03-SiO> was the highest and
particle size (1.24 nm) was the lowest among the noble
metal/SiO; and noble metal/8 wt%Al>03-SiO> catalysts.
Dispersions of noble metals (except Ru) on 8 wt%
AlO3-Si02 were higher than on SiO». [PtCls]* and
[RhCI3(H20)s] react with the hydroxyl groups on the
AlLO3 surface®?”.  We showed that dispersion of Pt
on ZSM-5 zeolite increased with higher proton con-

0.3

0.1

Sulfur tolerance (A/A,)

Pt Pd Rh

Ao: HDS activity before introduction of hydrogen sulfide.

A: HDS activity after introduction of hydrogen sulfide for 1 h (Rh/
Si02; 5 min).

[[] Noble metal/SiO., Il Noble metal/8 wt%A103-SiOx.

Fig. 4 Sulfur Tolerance (A/Ao) of SiO2- and 8 wt%Al,03-SiO»-sup-

ported Noble Metal Catalysts

tent'>. This result indicates that anionic noble metal
precursors such as [PtCle]*>" and [PdCls]*" electrostati-
cally interact with the Bronsted acid sites of the
AlO3-Si0s surface. Therefore, dispersion of noble
metals (except Ru) on SiO2 was enhanced by ALLOs;
modification of SiO2. The surface sulfur tolerance of
small Pt and Pd particles (< 2 nm) is higher than that of
large particles*®. Thus, small Pt and Rh particles on
8 wt% Al203-Si02 showed high sulfur tolerance as
shown in Fig. 4.

Since the dehydration of 2-propanol (2-PA) proceeds
on both Lewis and Bronsted acid sites and cumene
cracking proceeds on Bronsted acid sites, the acidic
properties of supports can be evaluated by 2-PA de-
hydration and cumene cracking. We also evaluated
the acidic properties of SiOz and 8 wt%Al203-SiO2 by
the reaction of 2-PA dehydration (200°C) and cumene
cracking (400°C) using a pulse reactor. SiO2 showed
very low activity for both reactions whereas 8 wt%
Al>03-Si0; showed high activity for these reactions (see
Table 3). These results indicate that 8 wt%
Al,03-SiO has high acidity and Bronsted acid sites are
present on 8 wt%Al203-Si0s.
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Fig. 5 XRD Patterns of Pt Supported on (a) SiO: and (b) 8 wt%
A1,05-SiO; after Reduction at 450°C

Table 1 Product Distribution in HDS of Thiophene over Reduced SiO:-supported Noble Metal
and 8 wt%A103-SiOz-supported Noble Metal Catalysts at 350°C

Catalyst HDS [%] <G [%] C4P [%] Ca™9 [%] 1,3-Ca~9 [%]

Pt/SiO2 30.1 1.0 71.7 273 0.0
Pt/8 wt%A103-Si02 79.5 0.8 88.3 10.9 0.0

Pd/SiO2 44.5 0.2 28.5 713 0.0
Pd/8 wt%A1:03-Si02 57.0 0.7 18.0 81.3 0.0

Rh/SiO2 23.5 0.7 114 87.9 0.0
Rb/8 wt%Al.03-Si02 29.3 1.7 13.8 84.5 0.0

Ru/SiO2 0.3 22.8 0.0 66.6 10.6
Ru/8 wt%Al03-Si02 1.1 18.4 1.6 80.0 0.0
a) Ci1-Cs hydrocarbons. b) Butanes. c¢) Butenes. d) 1,3-Butadiene.
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Table 3 shows the catalytic properties of Pt/8 wt%
Al,03-Si0O; and other supported Pt catalysts such as Pt/
Si02, Pt/A12O3 and Pt/SiO2 - A12O3. Pt/8 wt%
Al>,03-Si0O; catalyst had the highest HDS activity, with
high Pt dispersion and Bronsted acidity. Evaluation of
the HDS activities of the supported Pt catalysts by turn-
over frequency (TOF) showed the TOF of Pt/
Si0z - Al,O5 catalyst was remarkably higher than those
of Pt/SiO2 and Pt/AL2Os catalysts. The relationship
between dispersion of Pt on Al,Os and TOF is negative
in HDS of thiophene®®. However, this cannot explain
why the TOF of Pt/SiOz* ALzO; catalyst is so high.
Moreover, TOF of Pt/8 wt%Al.03-Si0: catalyst with
high Pt dispersion was higher than that of Pt/Al>O; cat-
alyst with similar Pt dispersion. Thus, the high TOF
of Pt/Si0Oz - AOs3 and Pt/8 wt% Al,03-SiO> catalysts
with Bronsted acid sites were attributed to the electron
deficiency of the Pt particles caused by the Bronsted
acid sites and/or direct participation of the Bronsted
acid sites in the HDS of thiophene.

3.3. Mechanism of HDS of Thiophene on Pt/
ALO3-Si0O; Catalyst

Pt/8 wt%Al>203-SiO> catalyst had the highest activity
among noble metal/8 wt%Al.03-SiOz catalysts for the
HDS of thiophene. We studied the reaction mech-
anism of HDS of thiophene over Pt/Al>O3-SiO; catalyst.

We previously found'¥™!9"18722 that Bronsted acid
sites on the support of noble metal catalysts act as sites
for the activation of thiophene. We supposed that the
Bronsted acid sites on Al203-Si0: are also active for
the activation of thiophene, whereas Pt particles are ac-
tive for the activation of hydrogen in the HDS of thio-

Table 2 Dispersion and Particle Size of Noble Metals on SiO2 and
8 wt%AL03-Si02”

Catalyst Dispersion Particle size
(H/noble metal) [nm]
Pt/SiO» 0.47 2.01
Pt/8 wt%A1,03-Si02 0.76 1.24
Pd/SiO2 0.21 4.46
Pd/8 wt%Al.03-Si02 0.23 3.98
Rh/SiO2 0.39 2.36
Rb/8 wt%Al,05-Si02 0.74 1.24
Ru/SiO2 0.24 4.82
Ru/8 wt%Al,05-Si02 0.20 5.81

a) Measured by the hydrogen adsorption method.
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phene. We confirmed the presence of the Bronsted
acid sites on 8 wt%Al1203-SiO2 by the observation of
the FT-IR spectra of pyridine at 1547 cm™' adsorbed on
8 wt%Al203-SiO> as shown in spectrum (b) in Fig. 6.
Presumably the surface silanol group (Si-OH) on
8 wt%Al1203-Si02 acts as a Bronsted acid site and is the
site for the activation of thiophene in the HDS of thio-
phene.

The FT-IR spectra of thiophene adsorbed on 8 wt%
Al203-Si02 were observed to clarify the interaction of the
silanol group with the thiophene molecule. In the back-
ground spectra of 8 wt%A103-Si02 evacuated at 500°C
for 2 h, the silanol group was observed at 3746 cm™' as
shown in spectrum (a) in Fig. 7. After introduction of
2 kPa of thiophene, the absorption band at 3746 cm™'
decreased and shifted to 3611 cm™' as shown in spec-
trum (b). The decreased absorbance of silanol group
was almost regenerated by evacuation at room tempera-
ture as shown in spectrum (c). These findings con-
firmed that thiophene is adsorbed and activated smoothly
on the Bronsted acid sites on 8 wt%Al203-SiO2 in the

Absorbance

1700 1600 1500 1400 1300

Wavenumber (cm™")

Pyridine was adsorbed at 150°C followed by evacuation at 150°C for
0.5 h.

Fig. 6 FT-IR Spectra of Pyridine Adsorbed on (a) SiO2 and (b)
8 wt%Al,03-Si02

Table 3 Catalytic Properties of Pt Supported on Various Metal Oxides

Catalyst HDS conv.? Dispersion TORFY Dehydration Cracking of

[%] [H/Pt] [h™ of 2-PAY [%] cumene® [%]
Pt/8 wt%A1,03-SiO2 76.4 0.76 10.4 39.7 5.2
Pt/ALLO3 40.3 0.82 5.0 62.4 0.0
Pt/Si02 - AlO; 38.0 0.12 32.0 98.4 44.7
Pt/SiO2 30.1 0.47 6.6 0.0 0.0

a) Supported Pt catalyst.

J. Jpn. Petrol. Inst.,

b) Calculated by Pt dispersion.

¢) Activity of support (0.03 g).
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Fig. 7 FT-IR Spectra of Thiophene Adsorbed on 8 wt%A1:03-SiO2

HDS of thiophene over Pt/8 wt%Al,03-Si0O; catalyst.

Furthermore, we tried to confirm the existence of
spillover hydrogen in the HDS of thiophene over Pt/
AlO3-SiO2 catalyst. The HDS activity of double-layer
catalyst (0.1 g of Pt/SiO2 (A, upper layer) and 0.1 g of
8 wt% Al03-Si02 (B, lower layer)) was examined.
The activity of double-layer catalyst obtained experi-
mentally was higher than that calculated (A+B) as
shown in Fig. 8. This result indicates that hydrogen
was activated on the Pt particles of Pt/SiO: to form
spillover hydrogen, and thiophene was activated on the
Bronsted acid sites of 8 wt%Al1203-Si02. This sug-
gests that spillover hydrogen is present on Pt/
Al,03-SiO7 in the HDS of thiophene.

On the basis of these results, we propose a possible
mechanism for the HDS of thiophene over Pt/
ALO3-SiO> catalyst. Previously?", we reported that
the HDS activities of metal oxide-supported Pt catalysts
were strongly correlated with the dispersion of Pt on
metal oxide, implying that the thiophene molecule re-
acts with hydrogen on the Pt particle. However, the
metal oxide-supported Pt catalysts such as Pt/SiO2 and
Pt/ALOs showed remarkably lower activity than Pt/
8 wt%Al203-Si02 catalyst with Bronsted acid sites as
shown in Table 3. Therefore, we propose two reac-
tion routes for thiophene HDS over the highly active Pt/
Al03-Si0> catalyst: (i) monofunctional route (on Pt
particles) and (ii) bifunctional route (on Bronsted acid
sites). In reaction route (ii), thiophene is activated on
the Bronsted acid sites of Al203-SiO2 and hydrogen is
activated on the Pt particles to form spillover hydrogen.
Since the dispersion of Pt and acidity of the support
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Fig. 8 Hydrodesulfurization of Thiophene over Double-layer (Pt/
Si0:2 + 8 wt%Al,03-Si02) Catalyst at 350°C

were enhanced by AlO3; modification of SiO», the sul-
fur tolerance property of Pt was remarkably enhanced.
Small Pt and Pd particles on high silica USY zeolite
showed high sulfur tolerance and the metallic phase
was still present in Pt and Pd particles even after sul-
fidation?”. The Pt particle in high sulfur tolerant Pt/
Al203-Si0; catalyst would partly retain the metallic
state even in the HDS reaction. The metallic Pt parti-
cle or surface is important to form spillover hydrogen
and hydrogenation of unsaturated hydrocarbons in the
HDS of thiophene. The spillover hydrogen formed on
the Pt particles attacks the activated thiophene on the
Bronsted acid sites of Al203-Si02.  We also observed
trace amounts of tetrahydrothiophene (THT) in the
HDS products. Figure 9 shows the catalytic activities
of thiophene and THT cracking over SiOz and 8 wt%
A1:203-Si02 at 400°C. Both SiO2 and 8 wt%
Al203-Si0; catalysts showed very low activities for
thiophene cracking. However, the catalytic activity of
8 wt%Al203-Si0> for THT cracking was higher than
that of SiO2. The main product in THT cracking over
8 wt%Al1203-Si02 catalyst was hydrocarbons (ca. 70%).

Thus, the activated thiophene is hydrogenated into
THT and the HoS and C4 hydrocarbon species were
formed on acid site by cleavage of the C-S bond in the
THT molecule.

4. Conclusions

Pt/8 wt%Al>03-Si0: catalyst showed high activity
for the HDS of thiophene, and both the Pt particles and
Bronsted acid sites on the Pt/Al2O3-SiO2 catalyst act as
active sites for the HDS of thiophene. Pt/8 wt%
Al>,03-SiO7 has high potential as an industrial HDS cat-

Vol. 49, No. 2, 2006
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Fig. 9 Catalytic Activities of SiO» and 8 wt%A1LO3-SiOx for Cracking

of Thiophene and Tetrahydrothiophene (THT) at 400°C

alyst for organic sulfur compounds in petroleum feed-
stocks.
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I LERZIS LR, 050-8585 At %= B K el 27-1

HEBIEFRE VATV (Si0) BEOTNVIFBHL ) AT
IV (ALOsSi0:) DF* 7 = ¥ ORFEALIBESIS 0T 2 G
&I DV TR L 720 ALOs-SiOx 1 X 7 IV 3 =7 4
(AI(NO3)3 - 9H20) KB % V7282 K DR L7z, Py
8 wt% ALOs-SiO filtif: (358 & OIHFEE IR ML B\ TEVIK
FALBREEEZ R L, Z OO CoMo/ALOs il
BOWEWE LRZ b DTH -7, Tz, HIFESBEME O
DV THRET L2285 4R, SioaC ALOs Bl % i & 12
Lo THFESBMBE ORI XN L, & IR P
BIZ BV TE L IR E oM EASH 57z, PYALO-SIO: fif
BEAXT 4 7 = Y ORFACBB L IZ BT, AL 72 A8
CaRALRFIZH L TR WRFEILEEEH LTz, 27
a8 ) — VORBKEIE, 7 A Y O5EG, XRD, KEWE
BLUOFT-IRIZEDVF Yy T2 8 ) ¥ -3y iz, TORFR,
Pt/8 wt% ALO3-SiO, DHED T HUEIX PUSiO & ) b&E L (&
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{, TOHEORTFIIE 2 ORFE BBV TR E
b ENGhote T2, 8 wt% ALOySiOx1d Si0x £ V) b &
WIBEHEEABELTWLZEDHLNE o7 51T, 8wt%
A1,03-Si02 [ 12 1% Bronsted FR EASFEAES 5 Z & A5 00 o 720
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