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The CO:reforming of CHs has received increasing atten-
tion from both an environmental and an industrial per-
spective because the reaction can convert greenhouse gases
into svnthesis gas with a low Hv/CO ratio.'” It has been
known that nickel catalvst is highly active for the CO:
reforming of CH., but it is easily deactivated due to coke
formation and metal sintering during the reaction. To
develop nickel catalyst resistant to the formation of coke,
various materials such as metal oxides. mixed metal oxides.
and zeolite have been examined as supports until now. Metal
oxide supports are mostly used as fine powder to give large
surface area. However, fine powder may be a disadvantage
of its application as support because fine particles trend to
agglomerate into large particles at high temperatures. In
recent, several mvestigators have shown that mesoporous
MCM41 or SBAI3 compounds can be applied as catalyst
support with high loading and dispersion without destroving
the support pore hexagonal structure.*'” SBA15 compounds
are more favorable to the application as catalvst support
because they have mesopores with sizes of 46-300 A and
high surface area of ~800 m*/g.'" Moreover. the recent dis-
covery of ordered large-pore mesoporous SBA13 compound
with three dimensional mesoporous networks has extended
the applications of mesoporous SBA compound in catalysis
and separation because it has the advantage in the diffusion
and transport of large molecules compared to one-dimen-
sional mesopore structures. !’

This paper reports the application of mesoporous SBALS
in high temperature catalvsis. The SBALS compound with
three-dimensional mesoporous networks was prepared and
nickel particles were embedded within the SBAL5(3D). The
Ni/SBAI3(3D) was examined as catalyst for the CO:
reforming of CHs and its catalytic results were compared
with those of Ni/SiO; and Ni/y-Al-O; catalysts.

Experimental

The 3D-modified mesoporous SBALS compound with
interconnected channels was svnthesized according to the
method described by Fan ef o/."' The tvpical procedure
involves muxing the tmblock copolymer Pluronic P123
(EO:0PO#EO:n. average molecular weight 3800). water.
HCI and tetraethy] orthosilicate (TEOS). The molar ratio of

TEQOS : EOxPOxEQ: : HC1: H-O is 1:0.013:5.0:202.
After the mixture was stirred for 2 h at 40 °C, the solid
product was recovered by filtration and then. dispersed in a
solution of P123 and HCl. TMB(1,3.5-trimethylbenzene)
was added to this mixture and stured for 24 h at 130 °C.
Solid product was recovered by filtration and dried at room
temperature in air. The external surface of SBA1S was then
functionalized by immersion of SBA1S in a phenyltrimeth-
oxysilane ethanol solution (ethanol : phenyltrimethoxysilane
=1:1)for 6 hat 35 °C. To remove the surfactant molecules.
the solid phase was extracted with excess 2 M HCl/ethanol
solution for 2 h. Nickel particles were embedded mn the
SBAI3 by a method simuilar to that descnbed in the previous
paper.™ Both the SBA15 powder and Ni(acac)- were weigh-
ed to vield 10 wt.% Ni/SBA13(3D). The SBALS powder
was slowly stured in Ni(acac): aqueous solution, filtered.
and washed with distilled water. To maxumnize the extent of
exchange. the ion exchange step was repeated three times.
All the procedures were performed in a glove box under an
argon atmosphere. Ni/Si0; and Ni/y-Al-Q; catalysts were
prepared from Ni(NO;z)2'6H-O (Aldrich. 5 N). Si0: (99.8%,
Aldrich). and p-Al:O; (99.7%. Aldrich) by conventional
mpregnation method. Details about the preparation and
characteristics of these catalysts have been given elsewhere.™
To 1dentify N1 phase in the mesopores of the SBA13(3D).
X-ray powder diffraction analysis was performed for the Ni/
SBAI5(3D) catalyst with a Bruker D8 Advance System
using Cu Ka (A= 1.5418 A) and a graphite monochrometer.
The BET surface areas measured for the 10 wt.% Ni/SiO..
10 wt.% Ni/p-Al:Qs. and 10 wt.% NUSBA catalysts by
nitrogen adsorption at liquid nitrogen temperature were 140,
220, and 380 m*/g. respectively.

The catalytic reaction was carried out in a single-pass flow
reactor which was made of quartz tubing with 0.8 cm mner
diameter and 20 cm length. The powdered catalyst (50 mg)
was well dispersed on fused-silica bed placed n the middle
of the reactor. The reactor was kept in a vertical tubular
furnace and a K-type thermocouple was contacted with the
outside wall of the reactor next to the catalyst bed. The
typical reaction mixture at ambient condition was CHy/CQ-/
He(4/4/2 cm¥min). The purity of gases was greater than
99.99% and the gases were dehydrated and purified with
suitable filters. The flows of the gases were controlled by
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needle valves and electronic mass flow controllers. Before
each activity measurement, the catalyst was calcined in situ
at 700 °C for | h under oxygen flow and cooled to room
temperature under He flow. The calcined catalyst was
reduced again with Hx(20%)/He mixture at 700 °C for 3 h
and cooled to room temperature in a flow of He. The reactor
temperature was ramped to the desired value vsing a pro-
grammable temperature controller and finally the reaction
mixture was fed over the catalyst. Gaseous reactants and
products were analyzed using on-line gas chromatography
equipped with a thermal conductivity detector (TCD). A
cold trap was placed at the reactor exit to remove water
vapor from the gaseous mixture. Gas compositions were
calculated using an external standard gas mixture. To get an
information about the chemical species adsorbed on the
catalyst surface, F'I-IR spectroscopy analysis was performed
by using an [R cell which was connected to the gas handling
system. The IR cell was made of quartz tubing with [0 cm
length and 3.0 cm diameter. heating coil was wound around
the middle of the IR cell to control the temperature, and Zn-
Se windows were attached to both ends of the IR cell. The
reduced catalyst was pelleted with KBr (90%) as a binder
and the catalyst pellet was mounted in a quartz holder within
the quartz IR cell. The catalyst pellet-loaded IR cell was
heated to 600 °C in a flow of He, then the CH4/CO»/He
reaction mixture was admitted into the IR cell, and reacted at
600 °C for 1 h. After the catalytic reaction, the IR cell was
cooled to 25 °C and the IR spectrum was obtained by using
F'I-IR spectrometer (JASCO 300L) with a resolution of 4.0
cm™'. The details of measurements are described in the
previous paper.”!

Results and Discussion

The XRD pattern of the Ni:SBA15(3D) sample reduced
with hydrogen at 500 “C did not show the existence of nickel
particles. The FCC characteristic peaks corresponding to
elemental nickel appeared upon annealing the reduced
sample at 700 “C, implying the amorphous to crystalline
transformation of the inserted nickel. Figure | exhibits the
XRD pattern of the Ni'SBA15(3D) sample reduced at 700
“C with hydrogen, showing the existence of nickel phase. 'l'o
investigate the catalytic activity of Ni/SBA15(3D) catalyst
for the CO; reforming of CH,, the reaction mixture CH./
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Figure 1. XRD pattern of Ni/SBA15(3D) catalyst.
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Figure 2. Variations of CO: conversion with temperature tor 10
wi.% Ni/SiO2 ( @ )% 10 wt.% Nifp-ALO; ( ). and 10 wt.% Nif
SBAI5(3D) ( @ ) catalysts.
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Figure 3. Variations of Clly conversion with temperature for 10
wt.% NiFSiOs (@ ) 10 wr.% Nii=ALO; ( m ). and 10 wi.% Ni/
SBAIS(3D) ( @) catalysts.

CO»/He(4/4.2 em/min) was admitted into the reactor. [n the
temperature range of 600-800 °C, the NI/SBAI15(3D) cata-
lyst showed activity for the reaction and major products
were CQO, Ha, and H:O. Figures 2 and 3 compare the
catalytic performances of the Ni‘SiQ:. the Ni/pAl2Os, and
the Ni/'SBA15(3D) for the CO- reforming of CH, in the
temperature range of 600-800 “C. In Figure 2, CO: conver-
sions for the catalysts increase with temperature and the Ni/
¥-Al>Os catalyst shows the highest CO- conversion among
the catalysts. In Figure 3, the CH4 conversion of Ni/
SBAI15(3D) catalyst is lower than the other catalysts. The
Ni/SBA15(3D) catalyst revealed the CO; conversion of 68-
98% with the CH, conversion of 58-94% in the temperature
range of 600-800 “C. The Ni/yAl-Os catalyst showed the
highest activity among the catalysts as shown in Figures 2
and 3. Figure 4 shows variations of H»/CO ratio with
temperature for the catalysts. The H:/CO ratio increased
with increasing temperature and the values were less than 1.
The Ni/SBAIS5(3D) catalyst revealed the Hx/CO ratio of
0.55-0.98 in the temperature range of 600-800 °C. 'lTo
compare the life time between the Ni/SiO: and the Ni/
SBAI15(3D) catalyst for the CO: reforming of CH., their
catalytic activities were measured as a function of time-on-
stream over a 30 hour period. Figure 5 shows both conver-
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Figure 4. Variation of’ H+/C( ratio with temperature for for 10
wi.% NifSiO: (@ ). 10 wi.% Nifp=AlLO; (m). and 10 wi.% Ni/
SBAILS(3D) ( @ ) catalysts.
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Figure 5. Variations ol COs-conversion and CH,-conversion with
time-on-stream at 700 °C Jor 10 w(.% Ni7S102 (@) and 10 wi.% Ni/
SBALS(3D) ( @) catalysts.

sions of COz and CHy as a function of time-on-stream at 700
“C for the Ni/SiO; and the Ni‘SBA15(3D) catalyst. The Nif
Si0; catalyst showed that both conversions of CO, and CH4
were gradually decreased along with time-on-stream, while
the Ni"'SBA15(3D) catalyst showed nearly constant values
over the extended periods. indicating that the Ni‘SBA(3D)
catalyst is more stable than the Ni/Si0- catalyst for the CO;
reforming of CH4. The Ni/fSBA15(3D) catalyst also showed
nearly constant H,/CO ratio over the extended periods as
shown in Figure 6. From the results, it is believed that the
SBA15(3D) support enhances the stability of Ni catalyst in
the CO; reforming of CH,.

[t has been reported that methane is stepwise decomposed
into CH, fragments on Ni surface and the CH, intermediates
with lower values of x are more likely to form carbon coke.
which is responsible for the deactivation of catalyst for the
catalytic CO2-CH, reaction.” In this work, we found that
the Ni/fSBA15(3D) catalyst was still active when it was
again wvsed for the CO,-CH, reaction, implying the Nif
SBA15(3D) catalyst to be rather resistant to coke formation.
‘To compare the amount of carbon deposited on the catalysts
during the reaction, the weight of each catalyst was mea-
sured before and after the catalytic reaction at 800 “C for 5 h.
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Figure 6. Variations ol H~/CO ratio with time-on-stream at 700 °C

for 10 wi.% NiZSi0> (@) and 10 wt.% Ni/fSBAIS3D) (@)
catalysts.
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Figure 7. FT-IR spectra o the catalysts after the catalylic reaction.
(@) 10 wi.% Ni/p=-ALOs: (b) 10 wi.% N/SIO=: (¢} 10 wi.% Ni/
SBAIS(D).

The C/Ni mole ratios estimated for the Ni/Si0s, the Ni/
#AlOs, and the Ni/fSBA15(3D) catalyst were 4.51, 2.34,
and 0.29, respectively, indicating that the Ni/SBA15(3D)
catalyst is the most resistant to coke formation among the
catalysts tested in this work. The CH,; conversion of Ni/
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SBA15(3D) catalyst was lower than the other catalysts as in
Figure 3. The lower C/Nimole ratio and CHsconversion for
the Ni/YSBA15(3D) catalyst enable us to consider that carbon
coke is mainly produced from methane rather than CO dis-
proportionation in the catalvtic reaction and coke formation
is suppressed in the pores of SBA13(3D).

Figure 7 exhibits the FT-IR spectra of catalysts after
exposure ¢ the CH4/CO~/He mixture at 600 °C for 1 h, in
which the catalysts show the same patterns on the FT-IR
spectra. The IR band at 3737 cm™ is attributed to the
vibration of O-H in H:O which 1s produced by the reaction
of CO; and CHa. The IR bands at 3008 and 1350 cm™ are
due to methyl group which is formed by the dissociative
chemisorption of CHs and the IR band at 1547 em™ is
attributed to m-COs™ species.™* It is believed from the FT-
IR results that the catalytic reaction over the Ni/SBA15(3D)
occurs in the same manner as the Ni/SiO» or Ni/y-Al:O;
catalyst.

Consequently. the Ni catalyst embedded in the three-
dimensional mesoporous SBALS compound showed higher
activity. lower coke formation. and higher stability than Ni
catalysts supported on SiO: or y-Al:Os for the CO- reform-
ing of CHyin the temperature range of 600-800 °C. The
characterization of Ni particles loaded in the mesopores of
SBA13(3D). the reason why coke formation is suppressed in
the mesopores. and the reaction mechanism require further
research to be understood and these studies are also under
way.
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