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a b s t r a c t

The synthesis and preparation conditions for bimodal pore catalyst support were studied. SiO2–SiO2,
ZrO2–SiO2, or Al2O3–SiO2 bimodal pore support could be optimally prepared by incipient-wetness
impregnation (IWI) of silica Q-50 pellet with silica, zirconia or alumina sol, respectively. Pore size
measurement results suggested that the obtained bimodal pore supports showed two kinds of pores,
mesopores and original macropores, simultaneously. The newly formed mesopores contributed to the
latinum catalyst
ethane dry reforming

rO2

l2O3

increased BET surface area of bimodal pore support, compared with that of the original silica Q-50. Pt
catalysts supported on these kinds of supports were tested in CO2 reforming of CH4. The performances
of Pt/ZrO2–SiO2 and Pt/Al2O3–SiO2 bimodal pore catalysts were better. Furthermore, it was found that
Pt/Al2O3–SiO2 bimodal catalyst showed better reforming performance than Pt/ZrO2–SiO2 bimodal cata-

O2 m
t stu
lyst. And furthermore, Ce
stability under the presen

. Introduction

Many industrial solid catalysts employ appropriate supports to
isperse active metal or metal compounds. The role of support is
ot limited to maintain the catalytically active phase at a highly
ispersed state; it may also contribute to catalytic activity due to
hemical effect or the interaction between the active phase and
he support phase. The advantage of a support with large surface
rea (such as silica or alumina) is that active phase can be dis-
ersed well throughout the pore system, thus making possible to
btain a large active surface area per unit weigh used. But, a sup-
ort with large surface area usually consists of small pores, which

s not beneficial to the diffusion of reactants or products. On the
ther hand, a support with large pores will facilitate the intra-
ellet diffusion, but against the high dispersion of active phase,

imited by its small surface area. A bimodal pore support contain-
ng mesopores and macropores, simultaneously, will show great
pplication potential in solid catalytic reaction. Catalysts prepared
y supporting metal or metal compound active phase on this kind
f bimodal pore support are expected to exhibit good performance.

ecause, the macropores of bimodal pore support provide a rapid
ccess to/from active phase for the reactants/products, while the
esopores of bimodal pore support offer a large surface area to
ell disperse the active phase. By using strong corrosive acid [1]
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odified Pt/Al2O3–SiO2 bimodal pore catalyst exhibited highest activity and
dy conditions.

© 2010 Elsevier B.V. All rights reserved.

or organic solvents [2], SiO2–SiO2 or Al2O3–Al2O3 bimodal cata-
lyst support was prepared. But, a lot of waste water was generated
during the preparation process. Furthermore, only homogeneous
oxide, i.e. one component bimodal pore support was obtained.

A novel way of preparing SiO2–SiO2 bimodal pore support by
simply introducing silica nano-particles into silica macropores was
reported by Tsubaki et al. [3]. The prepared cobalt supported
SiO2–SiO2 bimodal pore catalyst showed better performance in
liquid-phase Fischer–Tropsch synthesis (FTS) reaction, when com-
pared with unimodal cobalt/silica catalysts. It was proved that the
pore diffusion resistance in bimodal catalyst was not strong accord-
ing to the simulation of pore diffusion model of SiO2–SiO2 bimodal
pore catalyst for FTS [4]. Besides SiO2, by introducing hetero-oxide
sol, such as, zirconia or alumina, ZrO2–SiO2 or Al2O3–SiO2 bimodal
pore support can be prepared. These kinds of support were excel-
lent supports for cobalt in FTS. Besides the spatial effect of bimodal
pore structure, the introduced ZrO2, or Al2O3 was also a promoter
for the reaction with the hetero-atom combination [5,6].

Methane reforming is the first step of GTL (gas to liquid) process.
CO2 reforming of methane (dry reforming) has the advantage in uti-
lization of raw natural gas or biogas rich in CO2, because there is no
need for CH4/CO2 separation. The synthesis gas produced through
this process with low H2/CO ratio (H2/CO = 1/1) is a desirable feed
for FTS on Fe-based catalyst, dimethyl ether synthesis and carbonyl
synthesis [7]. Besides, this reaction is also of great environmen-

tal impacts, two kinds of greenhouse gases can be converted into
valuable feed gas, simultaneously.

CO2 + CH4 � 2H2 + 2CO (�H◦
298 = +247 kJ/mol) (1)

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
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Transition metals (Ni, Pt, Rh, Ru) have been shown to exhibit
good activity for methane dry reforming. Nickel-based catalysts
ave been widely used in reforming reaction as they are relatively
heap and high activity. However, the rapid deactivation of nickel
atalysts due to sintering and/or coke deposition restricts its appli-
ation. Generally, there is an agreement that noble metal catalysts
emonstrate lower degree of carbon deposition compared with
ickel catalysts, but their activity and stability depends strongly
n the property of the support [8]. Rh catalyst can maintain high
ctivity and stability at the same time. But, platinum is preferred
ue to its relative low price and good availability with respect to
hodium.

In our previous work, bimodal pore catalysts were well studied
n liquid phase FTS reaction. Actually, Knudsen diffusion of gaseous
eactant is predominant in gas phase reaction. For liquid phase
eaction, reactant diffusion inside catalyst pores makes reactant
olecules having collisions with liquid medium molecules before

eing able to have contact with inner wall of catalyst nano-pores,
ore difficult to realize the advantage effect of bimodal structure

irectly. So, it is expected that bimodal pore catalyst will show
dvantage effect over unimodal pore catalyst in gas phase reaction
ore easily than in liquid phase reaction. Recently, we developed

t-based bimodal pore catalyst and applied it in methane reforming
eaction. Our results indicated that bimodal pore catalyst exhibited
etter performance, when compared with unimodal pore catalysts.
evelopment of bimodal pore catalyst is very meaningful from

he GTL industry point of view as it is possible to downsize the
cale of methane reformer using catalysts with enhanced diffu-
ion efficiency inside catalyst pores. The present work is a study
f supported Pt bimodal pore catalysts for methane dry reform-
ng (CO2 + CH4). In the present contribution, SiO2–SiO2, Al2O3–SiO2
nd ZrO2–SiO2 bimodal pore supports were prepared. Platinum was
upported on these kinds of bimodal pore supports. The synthesis
ondition for bimodal pore support was studied. The performance
f Pt/ZrO2–SiO2 and Pt/Al2O3–SiO2 bimodal pore catalysts was also
omparatively investigated.

. Experimental

.1. Catalyst preparation

The bimodal pore support was prepared by impregnation of a
ommercially available silica gel (Cariact Q-50, Fuji Silysia Co., spe-
ific surface area: 94 m2/g, pore volume: 1.35 ml/g, pellet size in
iameter: 75–500 �m and pore diameter: 59 nm), with silica sol
Snowtex XS, Nissan Chemicals Co., particle size in diameter: 5 nm,
olid content: 21 wt%, aqueous solution), zirconia sol (Seramic G-
01, Nibban Institute Co., particle size in diameter: 1.7–2.4 nm,
olid content: 16%, alcohol solution) or alumina sol (Alumina sol
20, Nissan Chemicals Co., particle size in diameter: 5–6 nm, solid
ontent: 20 wt%, aqueous solution). After the impregnation, the
upport was calcined in air at a given temperature for 2 h directly
o prepare SiO2–SiO2, Al2O3–SiO2 and ZrO2–SiO2 bimodal pore
upports, respectively, by the self-organization of the sol-derived
ano-particles to in situ form mesopores inside macropores of the
ilica [4]. CeO2–SiO2 was prepared by impregnation of silica Q-50
ith Ce(NO3)·6H2O (KANTO Chemical) aqueous solution followed

y calcining at 773 K for 2 h.
Pt supported bimodal catalysts were prepared by incipient-

etness impregnation of bimodal pore supports, with
t(NH3)2(NO2)2 (Tanaka Co., Pt content: 4.58 wt%) aqueous

olution. The impregnated solid was dried at 393 and 773 K for
2 and 2 h, respectively. CeO2 modified catalysts were prepared
y co-impregnation to bimodal pore supports, with a mixture
olution of Pt (NH3)2(NO2)2 and Ce(NO3)3·6H2O, followed by
rying at 393 K for 12 h and calcining at 773 K for 2 h.
153 (2010) 150–155 151

2.2. Catalytic reactions

The catalytic reaction was performed in fixed-bed quartz reac-
tor under atmospheric pressure at 973 K. Prior to reaction, 0.1 g of
catalyst was reduced at 773 K for 1 h under a flow of pure hydro-
gen of 40 ml/min. A reactant gas stream that consisted of CH4, CO2
and Ar, with a molar ratio of 5:5:1 was used. The W/F was fixed at
0.5 or 1 g-cat. h/mol. The effluent gases being cooled through an ice
trap were analyzed with two online gas chromatographs. H2 was
analyzed by Shimadzu GC-8A equipped a TCD. CO, CO2 and CH4
were analyzed by Shimadzu GC-14B with a TCD. Two Carbosphere
columns were used to achieve the separation of H2, CO, CO2 and
CH4.

2.3. Catalyst characterization

The specific surface area (BET area), pore size distribution and
pore volume were determined by nitrogen physical adsorption
method on Quantacharome Autosorb-1 instrument (Yuasa Ionics).

The XRD patterns were recorded using a Rigaku RINT2000
diffractometer with Cu K� radiation in the range of 2� angels
20–80◦. Turn over frequency (TOF) values were calculated based
on Pt particle sizes with the following equation:

TOF = rCH4 or rCO2d

1.1nPt
(2)

where rCH4, or rCO2 is CH4 or CO2 consumption rate (mol s−1, after
2 h reaction), respectively, nPt is molar of Pt, and d is diameter of Pt
particle size.

3. Results and discussion

3.1. Synthesis and characterization of bimodal pore support

A support with a distinct bimodal pore structure will facilitate
solid catalytic reaction. Because the macropores provide a rapid
channel for reactant to access the active phase and a fast passage for
resultant diffusion from the interior of the pellet to the pore mouth
at the external surface of a catalyst. SiO2–SiO2, ZrO2–SiO2 and
Al2O3–SiO2 bimodal pore supports have been successfully prepared
by our group [3,5,6]. In the present work, the synthesis variables
for bimodal pore preparation were extensively studied to find the
optimal preparation condition for this kind of support. The syn-
thesis conditions and the surface properties of obtained supports
are summarized in Table 1. SiO2–SiO2 supports were prepared by
incipient-wetness impregnation (IWI) of silica Q-50 with silica sol.
Because the viscosity of used silica sol is high, an excess of diluted
impregnation solution with respect to the pore volume of the Q-50
was used to make the silica nano-particles easily enter the pores
of silica Q-50. But it was divided to several times to keep IWI-type
impregnation. For example, the total pore volume of the Q-50 silica
pellet was Vs. We diluted the original silica sol with the volume of
Vs to 2Vs. The diluted 2Vs sol was impregnated three times; 0.9Vs,
0.6Vs, 0.5Vs, separatedly, to ensure each time as incipient-wetness
impregnation mode. After each time, it was calcined before being
used to the successive impregnation. SiO2–SiO2

A, SiO2–SiO2
B was

prepared by three or five successive IWI procedures. In both cases,
bimodal pore structure was obtained by calcining the impregnated
solids at 873 K for 2 h. The BET surface areas of SiO2–SiO2

A and
SiO2–SiO2

B were 156 and 134 m2/g. It seemed that the BET sur-
face area tended to decrease when the impregnation times was

more. It should also be noted that the impregnated solids were cal-
cined at 873 K directly without drying. It was believed that it was
easy for silica nano-particles aggregating to develop mesopores,
when in presence of water vapor during the calcination process
[9]. TGA–DTA curves [10] of silica bimodal calcination suggested
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Table 1
Characteristics of various supports.

Notation Synthesis conditions Surface properties

Introduced oxide precursor SiO2, ZrO2 or Al2O3

loading (wt%)
Calcined condition BET (m2/g) Pore size (nm) Pore volume

(ml/g)

SiO2 (Q-50) – – – 94 59 1.35
SiO2–SiO2

A a SiO2 sol 20 873 K 2 h 156 5.2–55 0.81
SiO2–SiO2

B b SiO2 sol 20 873 K 2 h 134 5.4–56 0.79
ZrO2–SiO2

A ZrO2 sol 20 673 K 2 h 308 3.7–52 0.70
ZrO2–SiO2

B ZrO(NO3)2·2H2O 20 673 K 2 h 119 56.3 0.78
Al2O3–SiO2

A Al2O3 sol 5 773 K 2 h 86 58.5 1.33
Al2O3–SiO2

B Al2O3 sol 10 773 K 2 h 100 8.2–57.5 1.33
Al2O3–SiO2

C Al2O3 sol 20 773 K 2 h 144 8.0–57 1.30
Al2O3–SiO2

D Al2O3 sol 35 773 K 2 h 120.8 7.4–56 1.20
CeO –SiO A Ce(NO ) ·6H O 10 773 K 2 h 79.5 57 1.1
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are given in Fig. 2. It is evident that for both CH4 and CO2
conversions, the TOF value increases in the following sequence:
Pt/SiO2–SiO2 < Pt/ZrO2–SiO2 ≈ Pt/Al2O3–SiO2, which means that
Al2O3 and ZrO2 bimodal catalysts show higher specific activi-
2 2 3 3 2

CeO2–SiO2
B Ce(NO3)3·6H2O 20

a Repeated 3 times incipient-wetness impregnation.
b Repeated 5 times incipient-wetness impregnation.

hat the dehydration of silanol groups of the silica nano-particles
ccurred in the temperature range of 727–800 K. So, the impreg-
ated solids were calcined at 873 K for 2 h directly to generate the
ilica mesopores by self-assembly of nano-sized SiO2 from its sol
n this study.

For ZrO2–SiO2 support, it was indicated that bimodal pore struc-
ure could only be formed by impregnating of silica Q-50 with ZrO2
ol. When using ZrO(NO3)2·2H2O as precursor, the obtained sup-
ort showed increased BET surface, but, there were no mesopores
bserved. The effect of Al2O3 loading on the surface properties of
he obtained support was also investigated. It was found that when
he Al2O3 loading was 5 wt%, there were just macropores from sil-
ca Q-50. When the loading of Al2O3 exceeded 10 wt%, Al2O3–SiO2
upport with distinct bimodal pore structure was formed. Although
l2O3–SiO2 with 20 wt% Al2O3 loading showed larger BET surface
rea than Al2O3–SiO2 with 10 wt% Al2O3 loading, the pore size dis-
ribution and pore volume were almost the same. When increasing
he Al2O3 loading up 35 wt%, the obtained Al2O3–SiO2 support still
xhibited bimodal pore structure, but both the BET surface area and
ore volume decreased. It was indicated if the Al2O3 loading was
oo large, some of the pores might be blocked and the BET surface
rea as well as pore volume decreased accordingly. Very interest-
ngly, aluminum nitrate aqueous solution was also employed to
repare bimodal pore support using the same procedure as that of

mpregnation with alumina sol, but, bimodal pore structure was
ot obtained (its surface property is not listed in Table 1).

The CeO2–SiO2 support showed decreased BET surface area,
ore size and pore volume, when compared with the original sil-

ca Q-50. It was suggested that CeO2 blocked some macropores of
ilica Q-50. For both CeO2–SiO2 supports with 10 and 20 wt% CeO2
oading, bimodal pore structure was not available. It was concluded
hat SiO2–SiO2, ZrO2–SiO2 and Al2O3–SiO2 bimodal pore supports
ould be prepared by impregnation of silica Q-50 gel with SiO2, ZrO2
nd Al2O3 sol, respectively. The optimal preparation condition for
iO2–SiO2 bimodal pore support was: three times IWI followed by
alcined at 873 K for 2 h without drying. ZrO2–SiO2 bimodal pore
as obtained after calcining impregnated solid at 673 K for 2 h. To

et Al2O3–SiO2 bimodal pore support, Al2O3 loading over 10 wt%
nd calcination at 773 K for 2 h were necessary.

For the convenience of comparison, the loading of alumina,
irconia or additional silica was fixed at 20 wt% for Al2O3–SiO2,
rO2–SiO2 or SiO2–SiO2 bimodal pore support. The pore size distri-
utions of the studied bimodal pore supports are given in Fig. 1.

t was observed that for all the as-prepared bimodal pore sup-
orts, two kinds of pores co-existed. The small pore was in the
ange of mesopores and the large pore was in the range of macro-
ores but smaller than the original diameter of silica Q-50 pores
59 nm). Combining the surface properties (Table 1) with pore
3 K 2 h 82.0 58.4 1.0

size distribution of as-prepared bimodal supports, it is inferred
that the precursor sol entered the macropores of silica Q-50, the
nano-particles from sols aggregated to generate mesopores dur-
ing the calcination. The newly formed mesopores contributed to
the increased BET surface area compared with that of silica Q-50.
The bimodal pore structures had been directly observed by field
emission scanning electron microscope (FE-SEM) and transmission
electron microscopy (TEM) in our previous studies [11,12]. More-
over, because of physicochemical property differences of each sol,
the different bimodal pore supports showed varied surface prop-
erties.

3.2. The reforming activity of different bimodal pore catalysts

Platinum supported bimodal pore catalysts were applied to CH4
dry reforming reaction. It was proved by our recent work that
Pt-based SiO2–SiO2 bimodal pore catalyst was more active than
Pt-based unimodal pore catalyst, due to the increased active sur-
face area and high intra-pellet diffusion efficiency facilitated by
bimodal pore structure. Here, the activity of different bimodal
pore catalyst, including those with hetero-atom combination struc-
ture, was compared. TOF values of different bimodal pore catalyst
Fig. 1. Pore size distributions of SiO2–SiO2, ZrO2–SiO2 and Al2O3–SiO2 bimodal pore
support.
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and 1 g-cat. h/mol. When the W/F fell from 1 to 0.5 g-cat. h/mol,
ig. 2. TOF values for Pt-based bimodal pore catalyst. Pt loading: 3 wt% (T = 973 K,
= 0.1 MPa, W/F = 1 g-cat. h/mol).

ies than SiO2 only bimodal catalyst. It was believed that besides
he spatial effect of bimodal pore structure, introduced Al2O3 or
rO2 contributed significantly to the reforming activity. Higher
OF values of Pt/ZrO2–SiO2 and Pt/Al2O3–SiO2 compared with
t/SiO2–SiO2, indicating these hetero-atom combinations realize
romotional effects other pure Pt/SiO2 interaction, originated from
he electronic effect by co-existing ZrO2 and Al2O3, the third com-
onent.

.3. Comparison the performance of ZrO2 and Al2O3 bimodal pore
atalysts

Since the performance of ZrO2 or Al2O3 bimodal pore catalyst
as better than silica bimodal pore catalyst, in order to obtain a

ood catalyst for methane dry reforming, the performance of ZrO2
nd Al2O3 bimodal pore catalyst were comparatively investigated
ere. Considering the availability and cost of platinum, it is desir-
ble to develop catalyst with higher activity but lower platinum
oading. Fig. 3 compares the reforming activity of ZrO2 bimodal
ore catalyst with Al2O3 bimodal pore catalyst at Pt loading of
.5 and 3 wt%. It was indicated that when reduced the Pt load-
ng from 3 to 0.5 wt%, the reforming activity of ZrO2 and Al2O3
imodal catalyst both decreased. But, the methane conversion over
rO2 bimodal pore catalyst had fallen significantly from 67.4% to
3%, while the activity of Al2O3 bimodal pore catalyst declined

ig. 3. Effect of Pt loading on reforming activity over Pt/ZrO2–SiO2 and
t/Al2O3–SiO2 bimodal pore catalyst (T = 973 K, P = 0.1 MPa, W/F = 1 g-cat. h/mol).
Fig. 4. The promotional effect of Ce on reforming activity over Pt/ZrO2–SiO2 and
Pt/Al2O3–SiO2 bimodal pore catalyst (T = 973 K, P = 0.1 MPa, W/F = 1 g-cat. h/mol).

slowly. Al2O3 bimodal pore catalyst showed higher activity than
ZrO2 bimodal pore catalyst when Pt loading was 0.5 wt%, while
two kinds of catalyst exhibited almost the same activity at 3 wt% Pt
loading.

Ceria has attracted much attention as an effective promoter for
reforming catalysts due to its oxygen storage capacity (OSC). More-
over, it may improve catalytic performances by increasing metal
dispersion [13]. To further improve the performance of ZrO2 and
Al2O3 bimodal pore catalyst, 10 wt% CeO2 was co-impregnated with
Pt. The dry reforming activity of ZrO2, Al2O3 bimodal pore cata-
lyst and CeO2-promoted ones is indicated in Fig. 4. It can be seen
from Fig. 4 that the ZrO2 and Al2O3 bimodal pore catalyst showed
markedly increased activity after being modified by CeO2. Among
all the four catalysts, Pt + CeO2/Al2O3–SiO2 bimodal pore catalyst
exhibited highest reforming activity. To improve process efficiency
and downsize the scale of reformer of GTL plant, it is of great
importance to development methane reforming catalyst with high
activity at high flow rate (low W/F). Fig. 5 compares the reform-
ing activity of Al2O3 and ZrO2 bimodal pore catalyst at W/F = 0.5
the activity of ZrO2 bimodal catalyst declined sharply and the cata-
lyst deactivated quickly after 1 h reaction. For Al2O3 bimodal pore
catalyst, the activity was also decreased when the W/F fell to 0.5 g-

Fig. 5. Comparison of the reforming performance at different W/F (T = 973 K,
P = 0.1 MPa).
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Table 2
Surface properties of studied Pt-based bimodal pore catalysts.

Catalysta BET (m2/g) Support BET (m2/g) Pore size (nm) Pore volume (ml/g)

Pt/ZrO2–SiO2 225.3 308 3.5–51 0.68
Pt + CeO /ZrO –SiO 279.8 308 4.2–50.5 0.70

7.0–57 1.10
6.8–56.8 0.94
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Pt/Al2O3–SiO2 111.1 144
Pt + CeO2/Al2O3–SiO2 108.8 144

a Pt and CeO2 loading were 0.5 and 10 wt%, respectively.

at. h/mol. But, the activity was still stable at W/F = 0.5 g-cat. h/mol
nd no obvious deactivation was observed.

The surface properties of 0.5 wt% Pt/ZrO2–SiO2, 0.5 wt%
t/Al2O3–SiO2 and CeO2 modified ones are summarized in Table 2.
t is suggested that the bimodal pore structure was maintained
ven after loading of both Pt and CeO2. ZrO2 bimodal pore catalyst
howed increased surface area after being modified by co-existing
eO2. It was believed that the affinity and interaction between
eO2 and ZrO2 can lead to increased surface area, especially, when
exZr1−xO2 solid solution was formed [14,15]. The BET area of Al2O3
imodal pore catalyst kept almost unchanged by adding CeO2. The
ET surface of ZrO2 bimodal pore catalyst was larger than Al2O3
imodal pore catalyst, which was in accordance with the surface
rea of the bimodal pore supports in Table 1.

It was noted that although the surface area of Al2O3 bimodal
ore catalyst was smaller than that of ZrO2 bimodal pore cat-
lyst, Al2O3 bimodal pore catalyst exhibited better reforming
erformance. CO chemisorption revealed that active metal sur-
ace area and CO monolayer uptake of 3 wt% Pt/Al2O3–SiO2 and
wt% Pt/ZrO2–SiO2 were: 2.30 m2/g, 47.7 �mol/g, 2.25 m2/g, and
6.7 �mol/g, respectively. The strong interaction between plat-

num and alumina precursor leaded to higher Pt dispersion.
urthermore, the pore diameters of Al2O3–SiO2 and ZrO2–SiO2
imodal support were: 8.0–57 and 3.7–52 nm, respectively. The

ntra-pellet resistance of Al2O3–SiO2 was smaller than that of
rO2–SiO2. It was referred that larger active metal surface area
nd smaller diffusion resistance both contributed to the higher
eforming activity of Pt/Al2O3–SiO2 catalyst, compared with that
f Pt/ZrO2–SiO2.

The XRD patterns of Pt-based bimodal pore catalysts are shown
n Fig. 6. For all bimodal pore catalysts, there were no Pt peaks
bserved because of the well dispersed Pt particle was too small

o be detected by XRD, due to its low content. There were no ZrO2
eaks in the XRD pattern of ZrO2 bimodal pore catalyst indicating
he highly dispersed ZrO2 phase. Possibly a part of Zr4+ strongly
nteracted with CeO2 and partially substituted lattice Ce4+, which

Fig. 6. XRD patterns of studied bimodal pore catalyst. Pt loading: 0.5 wt%.
Fig. 7. Stability of Pt + CeO2/ZrO2–SiO2 and Pt + CeO2/Al2O3–SiO2 catalyst (T = 973 K,
W/F = 1 g-cat. h/mol, Pt loading: 0.5 wt%).

leaded to increased surface area, in case of Pt + CeO2/ZrO2–SiO2
catalyst. Two characteristic peaks of alumina were found in XRD
patterns of Al2O3 bimodal pore catalyst. Diffraction peaks at
2� = 28.6◦, 33.1◦, 47.5◦, and 56.3◦ could be assigned to CeO2 in XRD
profiles of CeO2 promoted bimodal pore catalysts.

The stabilities of 0.5 wt% Pt + CeO2/ZrO2–SiO2 and 0.5 wt%
Pt + CeO2/Al2O3–SiO2 bimodal pore catalyst are examined in Fig. 7.
The ZrO2 bimodal pore catalyst displayed a rapid drop of catalytic
activity. The CH4 conversion decreased from 51% to 40% in 6 h reac-
tion on stream. However, the Pt + CeO2/Al2O3–SiO2 bimodal pore
catalyst showed a high stability and the CH4 conversion did not
show any drop even after 8 h reaction on stream under the condi-
tion of present work.

In conclusion, Al2O3 bimodal pore showed better reforming per-
formance compared with ZrO2 bimodal pore catalyst, especially
after further CeO2 modification.

4. Conclusions

The optimal preparation condition for SiO2–SiO2 bimodal
pore support is: repeating 3 times incipient-wetness impreg-
nation followed by calcining at 873 K for 2 h without drying.
ZrO2–SiO2 bimodal pore was obtained after calcining impregnated
solid at 673 K for 2 h. To get Al2O3–SiO2 bimodal pore support,
Al2O3 loading over 10 wt% and calcination at 773 K for 2 h were
needed.

The obtained bimodal pore supports showed two kinds of pores,
mesopores and original macropores, simultaneously. The newly
formed mesopores contributed to the increased BET surface area of
bimodal pore support, compared with that of original silica Q-50.

Pt supported on these kinds of supports showed high activity

due to the spatial effect of bimodal pore structure and chem-
ical effect from the introduced and embedded hetero-oxides.
Pt/Al2O3–SiO2 bimodal catalyst showed better reforming perfor-
mance than Pt/ZrO2–SiO2 bimodal catalyst while CeO2 modified
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