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An amorphous silica–alumina catalyst with distinct bimodal pore
structure was prepared by sol–gel reactions of tetraethoxysilane
(TEOS) and aluminum nitrate in the presence of poly(ethylene
oxide) (PEO). It contains macropores effective for rapid molecu-
lar transportation and mesopores providing a large specific surface
area of ∼600 m2 g−1. The pore size distribution of the macropores
is sharp and its average diameter varies from 0.3 to 5 µm by alter-
ing the starting compositions such as water/TEOS and PEO/TEOS
weight ratios. The macropores are formed when transitional mor-
phologies of spinodal decomposition are fixed by sol–gel transition
of inorganic components, and their size is controlled by altering
the timing of the onset of spinodal decomposition and gelation. A
change in the starting composition would affect this timing. In addi-
tion to macropores, silica–alumina has a large number of Brønsted
acid sites, and shows excellent catalytic activity in the cracking of
cumene. PEO would have the effect of increasing the uniformity
of Al atoms in the silica network, which would be a cause of the
formation of Brønsted acid sites. c© 2001 Academic Press
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spinodal decomposition; solid acid.

ods. Recently, Nakanishi et al. reported a preparation of
INTRODUCTION

A material with both micrometer-sized macropores and
nanometer-sized mesopores, i.e., with a distinct bimodal
pore structure, has excellent advantages in industrial solid-
catalysis reaction because the macropores provide path-
ways for rapid molecular transportation and the mesopores
serve a large area of active surface. For example, it was
shown in the 1960s that the presence of macropores of mi-
crometer size can remarkably lower the pore diffusion re-
sistance of N2 and He gases in a bimodal pore pellet 0.5 in.
thick prepared by compressing a powder (1). However, it
has been difficult to control macropore and mesopore sizes
concurrently for inorganic materials by conventional meth-
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silica with bimodal pore structure based on phase separa-
tion in a sol–gel process of silicon alkoxide in the pres-
ence of organic polymer (2, 3). Here, the macropore is
formed by fixing a transitional structure of phase separa-
tion through spinodal decomposition, and the mesopore
reflects the aggregation state of the gel structure (4). As a
first application of the material, they prepared a column for
HPLC from a rod-type silica monolith with bimodal pore
structure (5). Because of the uniform pore size of intercon-
nected macropores, the column shows superior separation
properties in HPLC analysis compared with conventional
packed columns. The HPLC column is now sold by Merck
(Germany) as SilicaROD. Further application of the mate-
rial is expected in various fields.

Incidently, amorphous silica-based mixed metal oxides
such as silica–alumina and silica–zirconia are widely used
as solid acid catalysts, and their acidic properties are known
to vary depending on the preparation procedure (6). We
have reported a preparation of silica–alumina catalysts by
chemical vapor deposition (CVD), and investigated the
acidic property of catalysts (7–9). The CVD method was
also adopted by several researchers because simple layered
structures are regarded as a model structure to explore how
acid sites form on the surface of mixed metal oxides (10–
13). Recently, a sol–gel process has attracted much inter-
est as a novel method to prepare supported metal catalysts
(14–17) and mixed metal oxide catalysts (18–20). In the sol–
gel process, hetero-polycondensation forming a bond such
as M–O–Si, where M is a metal, is expected to proceed from
a homogeneous solution. Therefore, the sol–gel process is
considered to be suitable to control the dispersion of metal
particles in a metal–support composite (14) and the homo-
geneity in mixed metal oxides (18, 19). By inducing phase
separation in the sol–gel preparation of catalysts to provide
macropores, we will prepare attractive solid catalysts with
well-designed bimodal pore structure together with active
surfaces.
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In this work, we apply the macropore formation by phase
separation to a silica–alumina system with 10 wt% of alu-
mina useful as a solid acid catalyst. In addition to pore struc-
ture control, we investigate how the organic additive used
to induce phase separation affects the generation of acid
sites.

METHODS

The silica–alumina was prepared from tetraethyl ortho-
silicate (TEOS), aluminum nitrate, and poly(ethylene ox-
ide) (PEO) with an average molecular weight (MW) of
100,000. TEOS was added into 1 mol dm−3 nitric acid aque-
ous solution containing aluminum nitrate and PEO with
vigorous stirring. The starting compositions are summa-
rized in Table 1. After the solution had become homoge-
neous, it was sealed in a plastic container, and kept at 50◦C
for 24 h for gelation. The resultant wet gel was dried at
50◦C for 1 week and then heated at 600◦C for 2 h. A refer-
ence silica–alumina sample was prepared from a solution
without PEO (SAN1 in Table 1). For comparison, another
silica–alumina sample was prepared by impregnation using
CARiACT Q6 (Fuji silysia, Japan) as a support (denoted
as SAimp).

A scanning electron microscope (SEM: ABT-32T,
Topcom, Japan) was employed to examine the morphol-
ogy of samples on a micrometer scale. The distribution
of pores larger than 50 nm in diameter was measured by
mercury porosimetry (Poresizer-9310, Micromeritics Co.,
USA). Thermal gravimetry and differential thermal anal-
yses (TG-DTA; TGA-DTA2000, Mac Science Co., Japan)
were carried out in air flow at a heating rate of 10 K min−1

for a sample dried at 50◦C. BET surface area and total
mesopore volume were calculated from a N2 adsorption
isotherm at −196◦C, which was measured using an auto-
matic adsorption-measurement system (Omnisorp100CX,
Coulter, USA). Distribution of pores smaller than
50 nm was calculated from the desorption isotherm ac-
cording to the Dollimore–Heal method (21). Before each
N2 adsorption, the sample was degassed at 300◦C for
1 h. Temperature-programmed desorption (TPD) profiles
of NH3 and 2,6-dimethylpyridine (2,6-DMP) adsorbed at
200◦C were measured with heating rate of 10 K min−1 and
flow rate of N2 carrier gas of 54 cm3 min−1 on an appa-
ratus equipped with an electric conductivity cell as a de-
tector. The carrier gas with desorbed probe molecules was
introduced into a dilute H2SO4 aqueous solution. Then, the
concentration of H+ in the solution decreases because of
the neutralization reaction. The amount of probe molecules
was calculated from a change in the electric conductivity of
the solution. Details of the apparatus and the measurement
conditions are reported elsewhere (22–24). The cracking of

cumene was performed in a pulse reactor using 10 mg of
catalyst and a cumene pulse size of 7.2 µmol (1 mm3) at
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300◦C. Before the reaction, the catalyst had been ground
into powders between 0.05 and 0.2 mm. The apparent first-
order reaction rate constant was calculated from conversion
of cumene according to an equation proposed by Basett and
Habgood (25).

RESULTS AND DISCUSSION

Many water-soluble organic polymers have been re-
ported to induce phase separation in sol–gel reactions of
TEOS to provide a macroporous gel (4). For example, phase
separation in the system with PEO is induced by a repul-
sive interaction between polar solvent and PEO with hy-
drophobic character because of interaction with silica by
hydrogen bonding between the ether oxygens in PEO and
silanols on the silica surface (3). There are two general types
of phase separation process: spinodal decomposition and
classic nucleation growth (26). The former occurs within
a spinodal line (unstable region) in a phase diagram, and
proceeds spontaneously as the continuous growth of a com-
positional fluctuation. It has been proved by time-resolved
light-scattering measurement that the phase separation in
sol–gel reactions proceeds through spinodal decomposi-
tion, in which a bicontinuous interconnected morphology
grows continuously (4). By freezing the transitional struc-
ture of spinodal decomposition at various stages by sol–gel
transition, bicontinuous structures of various size can be
fixed as permanent structures. In a sol–gel-derived silica
gel, macroporous morphology is stable against drying and
heating at <1000◦C, although a continuous decrease in do-
main size occurs as a result of bulk shrinkage.

In our preliminary experiment, we have found that PEO
can be used to control the macroporous morphology by
phase separation in the TEOS–aluminum nitrate system.
Table 1 lists the obtained gels with different starting com-
positions, and Fig. 1 shows scanning electron micrographs of
silica–alumina with macropores. The gel prepared without
PEO (SAN1) is transparent and contains no macropores,
while the gels prepared with PEO show a varying appear-
ance depending on the PEO/TEOS and H2O/TEOS weight

TABLE 1

Starting Compositions and Appearance of the Gel
Samples Obtaineda

Sample H2O (g) PEO (g) Appearance

SAO1 11.5 0.4 Two phases
SAO2 11.5 1.15 White opaque
SAO3 7.5 1.15 White opaque
SAO4 11.5 1.6 White opaque
SAO5 11.5 1.9 White opaque
SAN1 11.5 0 Transparent
a Other compositions were 60 wt% nitric acid aqueous solution,
1.15 g; Al(NO3)39H2O, 2.21 g; TEOS, 9.31 g. (Si/Al = 7.64).
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FIG. 1. Scanning electron micrographs of the fractured surface of
silica–alumina samples prepared with the compositions of SAO3, SAO4,
and SAO5, listed in Table 1, from the top downward.

ratios. We observe that the domain size of the gel obtained
slightly increases with increasing H2O/TEOS ratio, and de-
creases markedly with increasing PEO/TEOS ratio. The de-
pendence of domain size on starting composition agrees
well with that reported for the pure silica TEOS–PEO sys-
tem (3). The results indicate that the addition of aluminum
nitrate in the TEOS–PEO system has little influence on the
type of morphology that forms via spinodal decomposition.

Thus, we can control the domain size of macropore in the
silica–alumina system with PEO as shown in Fig. 1.
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Figure 2 shows TG-DTA profiles of the SAO3 sample
dried at 50◦C. In addition to an endothermic weight loss at
100◦C, an exothermic weight loss, attributed to the burning
of PEO, is detected at 200–300◦C in the dried sample.
Although most of the organic additives are removed at
<300◦C, the samples calcined at 500◦C for 2 h are dark
in color, apparently due to organic residues. White samples
without organic residues were obtained by heating at 600◦C.
The slight weight loss over 600◦C would be attributed to the
elimination of H2O by the formation of Si–O–Si bonds from
silanols.

Figure 3 shows N2 adsorption isotherms of SAO3 samples
calcined at 600 and 800◦C. The sample calcined at 600◦C
shows relatively large N2 uptakes. The hysteresis behavior
at P/P0 values of 0.4–0.5 suggests the existence of meso-
pores. By calcination at 800◦C, the amount of adsorption
of N2 somewhat decreases because of the collapse of meso-
pores. However, the difference in macropore structure be-
tween the samples calcined at 600 and 800◦C is barely de-
tectable except for a small decrease in macropore size.

Structural features obtained from N2 adsorption mea-
surements are summarized in Table 2, together with those
obtained by other methods. All the silica–alumina samples
prepared by sol–gel processes show similar average meso-
pore diameters (∼2.5–3.5 nm), and the samples prepared
with PEO, which also contain macropores, show larger BET
surface areas of ∼600 m2 g−1. Figure 4 shows pore size dis-
tributions for the samples whose morphologies are shown
in Fig. 1. Pores in the micrometer, 0.3<D< 5 µm, and the
FIG. 2. TG (a) and DTA (b) profiles of SAO3 sample dried at 50◦C.
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FIG. 3. N2 adsorption isotherms of SAO3 samples calcined at 600◦C
(solid line) and 800◦C (dotted line).

nanometer, D< 5 nm, ranges are present. The size of the
macropore agrees with that observed in the scanning elec-
tron micrograph for each sample; the pore structure in the
nanometer range is very similar in all samples.

Figure 5 shows the TPD profiles of NH3 and 2,6-DMP
adsorbed on the sample of SAO3 at 200◦C. Most of the
adsorbed probe molecules desorb below 600◦C. The to-
tal amounts of NH3 and 2,6-DMP adsorbed are given in
Table 2. The samples prepared by the sol–gel method show
large amounts of adsorption for both NH3 and 2,6-DMP,
while those prepared using PEO show even larger values.
The differences in the amount of adsorbed probe molecules
are very significant for 2,6-DMP adsorption. Because of
steric hindrance by methyl groups, 2,6-DMP adsorbs only

on B
both

3+ roba-
local
rønsted acid sites, in contrast to NH3, which adsorbs on
Lewis and Brønsted acid sites (22). It appears that the

TABLE 2

Structural and Catalytic Properties of Silica–Alumina Samples

SAa PVmeso
b PDmeso

c PVmacro
d PDmacro

e NH3
f 2,6-DMPf k ′ × 107g

Sample (m2 g−1) (cm3 g−1) (nm) (cm3 g−1) (µm) (µmol g−1) (µmol g−1) (mol Pa−1 g−1 min−1)

SAO3 620 0.388 2.5 0.87 3.6 250 205 308
SAO4 606 0.434 2.9 1.5 1.2 240 180 252
SAO5 635 0.557 3.5 0.77 0.3 245 190 283
SAN1 536 0.358 2.7 0 0 195 100 79
SAimp 440 0.769 7 0 0 105 33 7

a Specific surface area calculated by BET method.
b Volume of pores smaller than 50 nm in diameter.
c Average pore diameter calculated as 4×PVmeso/SA.
d Volume of pores larger than 50 nm in diameter.
e Peak in pore size distribution on micrometer scale.

can coordinate with Al cations. This coordination p
bly affects the homogeneity in silica–alumina and the
f Amounts of probe molecules adsorbed at 200◦C in the TPD m
g Apparent first-order reaction rate constant in the cracking of
HI ET AL.

FIG. 4. Pore size distributions of silica–alumina samples prepared
with the compositions of SAO3, SAO4, and SAO5, from the top down-
ward. Pores smaller than 50 nm were measured by N2 adsorption, and
those larger than 50 nm were measured by mercury porosimetry.

silica–alumina prepared by the sol–gel process has a larger
amount of Brønsted acid sites than that prepared by im-
pregnation, most likely because of the higher homogeneity
of the Al atoms in the silica network.

In addition, the TPD results indicate that PEO has the
ability to generate more Brønsted acid sites on the sur-
face of silica–alumina. As described above, PEO forms
hydrogen bonds with silica in sol–gel reactions. The in-
teraction between PEO and silica not only induces the
phase separation, but also affects the condensation path-
ways of silica polymers and the mesopore structure in the
calcined gel (27–29). In addition, the oxygens in the PEO
easurement.
cumene at 300◦C.
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FIG. 5. TPD profiles of NH3 (dotted line) and 2,6-DMP (solid line)
adsorbed on the sample of SAO3 at 200◦C.

structure of aluminum in silica networks, leading to the gen-
eration of a large number of Brønsted acid sites. Because
there remains uncertainty in the relation between struc-
ture of silica–alumina and acidic properties, it is difficult to
clarify how PEO aids in the generation of Brønsted acid
sites. Miller et al. have shown that use of organic chelating
reagents in the preparation of silica–zirconia increases the
homogeneity in the resultant gel [19]. They related the ef-
fect of additives to the matching reactivities of the TEOS
and zirconium alkoxide reactants in sol–gel reactions. In
addition, organic additives may also improve the unifor-
mity of metal oxides by affecting the structure formation
pathways in sol–gel reactions (28) and structural evolution
during drying and heating (27, 29).

In the catalytic test of silica–alumina for the cracking
of cumene (Table 2), samples with macropores show high
activity. The reaction rate well correlates with the num-
ber of Brønsted acid sites estimated by TPD measure-
ments. Namely, the Brønsted acid sites formed by the aid
of the presence of PEO work effectively in the cracking
of cumene. Here, we could not prove the effectivity of the
presence of the macropores in the laboratory-scale reactor,
because the catalyst had been powdered before the catalytic
test. The usefulness of macropores becomes particularly
important in industrial applications, where the catalysts
are used in various forms such as rod, sphere, and cylin-
der. The present procedure for preparing silica–alumina
with bimodal pore structures can directly provide a catalyst
with monolithic form with an appropriate shape without
any posttreatments, such as granulation and molding using
some binders. In our future work, we will investigate the

effectiveness of the bicontinuous macropore morphology
in catalysis.
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CONCLUSIONS

A silica–alumina with distinct bimodal pore structure was
prepared by phase separation in sol–gel reactions of TEOS
and aluminum nitrate in the presence of PEO. It contains
continuous macropores with uniform size between 0.3 and
5 µm. It was found that the macropore size changes with
the compositions in sol–gel reactions. The macropores are
formed by fixing transitional structures of spinodal decom-
position by gelation. Here, the size of the pore changes de-
pending on the timing of the onset of the spinodal decompo-
sition and gelation. The change in the starting composition
would affect the timing. The silica–alumina prepared with
PEO has a large number of Brønsted acid sites effective
for the cracking of cumene, probably because the PEO in-
creases the uniformity of Al atoms in the silica network
which would be a cause of the formation of Brønsted acid
sites.
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