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Fischer–Tropsch synthesis over Co–SiO2 catalysts
prepared by the sol–gel method
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Abstract

Fischer–Tropsch synthesis was carried out in slurry phase over uniformly dispersed Co–SiO2 catalysts prepared by the sol–gel method.
When 0.01–1 wt.% of noble metals were added to the Co–SiO2 catalysts, a high and stable catalytic activity was obtained over 60 h of the
reaction at 503 K and 1 MPa. The addition of noble metals increased the reducibility of surface Co on the catalysts, without changing the particle
size of Co metal significantly. High dispersion of metallic Co species stabilized on SiO2 was responsible for stable activity. The uniform pore
size of the catalysts was enlarged by varying the preparation conditions and by adding organic compounds such asN,N-dimethylformamide
and formamide. Increased pore size resulted in decrease in CO conversion and selectivity for CO2, a byproduct, and an increase in the
olefin/paraffin ratio of the products. By modifying the surface of wide pore silica with Co–SiO2 prepared by the sol–gel method, a bimodal
pore structured catalyst was prepared. The bimodal catalyst showed high catalytic performance with reducing the amount of the expensive
sol–gel Co–SiO2.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

GTL (gas to liquid) process is one of the most promis-
ing ways to utilize natural gas at remote areas to form
ultra-clean fuels at economically feasible cost[1]. Devel-
opment of catalysts for Fischer–Tropsch (F–T) synthesis is
the key technology of GTL process. One of the major issues
in F–T reaction is wide molecular distribution of products.
The extremely exothermic property of the reaction causes
hot spots on the catalyst surface, bringing about thermal
heterogeneity, resulting in a decrease in selectivity because
of undesirable side reactions. In order to avoid formation
of hot spots, effective thermal removal of the reaction and
uniform surface structure of the catalysts are prerequisite.
Slurry reactor is economically the most effectual for ther-
mal removal. In the present paper, the second task, the
uniform structure, was accomplished by preparing Co–SiO2
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catalysts by the sol–gel method, and the effects of the pore
structure were investigated by varying the pore size.

2. Experimental

2.1. Catalyst preparation by the sol–gel method

Although the sol–gel method is known as one of the easi-
est ways to obtain uniform structure, the microscopic feature
depends on the detailed preparation method employed[2–4].
When the procedure is inadequate, Co–O–Si bond is atom-
ically non-uniform, and the structure of obtained Co–SiO2
gel is almost the same as Co/SiO2 prepared by impregnation,
even if the gel seems apparently homogeneous. The sol–gel
procedure employed in this study is as described previously
in detail [5–7]. The required amount of Co(NO3)2·6H2O
was dissolved in ethylene glycol. Tetraethyl orthosilicate
(TEOS) was added to the solution, and the mixture was
heated with vigorous stirring to form a homogeneous
solution. A pore size modifier consisted of various or-
ganic compounds, such asN,N-dimethylformamide (DMF),
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formamide (FA), and polyethylene glycol (PEG; average
molecular weight= 2000), and a precursor of promoter
(MClx) were added to the solution at this stage. Distilled
water diluted with ethanol was then added to the solution
dropwise at room temperature, resulting in a homogeneous
clear sol. The sol was slowly hydrolyzed by heating at a
temperature higher than 353 K for more than 40 h, to form a
glassy transparent gel. The gel was dried and calcined in N2
and air flows at 823 K for 15 h, and then reduced in a H2 flow
at 773 K for 15 h to form 20 wt.% Co–M–SiO2(SG) catalyst
(M: promoter).

A bimodal catalyst was prepared by modifying the sur-
face of wide pore silica (Fuji Silisia, Q-30; average pore
diameter= 30 nm) with the Co–M–SiO2(SG), according
to the similar method reported by Tsubaki et al.[8]. The
finely ground Q-30 silica was suspended into the clear
sol of Co–M–SiO2 described above, and the mixture was
gelled at 353 K with vigorous stirring. The gel was sim-
ilarly dried, calcined, and then reduced to form 20 wt.%
Co–M–SiO2(SG)/Q-30.

2.2. Fischer–Tropsch synthesis

After passivation, 2.0 g of the reduced catalyst was ground
into fine powder, and suspended in 50 cm3 of hexadecane
under an inert atmosphere. The catalyst slurry was packed
into an autoclave-type reactor of about 100 cm3, and synthe-
sis gas containing 10% Ar was bubbled into the slurry with
vigorous stirring in the flow system. The dissolution of the
gas into the slurry was promoted by a specially designed stir-
ring tubular T-rod with small holes at the upper part. When
the stirring rate was higher than 600 rpm, the reaction gas
over the slurry was aspirated into the rod through the holes,
and bubbled out from the ends of the tubular T-rod, probably
owing to centrifugal force. Thus, the gas-phase syngas was
effectively circulated in the reactor through the stirring rod,
and the complete mixing system was accomplished[9,10].

The reaction conditions were as follows: H2/CO = 2/1,
T = 503 K, P = 1 MPa, andW/F = 10 g-catal. h/mol.
The effluent gas was periodically analyzed by on-line gas
chromatography, and the contents of inorganic gases and
C1–14 hydrocarbons were determined, with using Ar in the
sample gas as the internal standard. The contents of C11+
hydrocarbons in the slurry were determined separately by
gas chromatography after the reaction.

2.3. Characterization of catalysts

Multi point BET surface area, pore volume, and BJH pore
size distribution of the catalysts were calculated from the
adsorption–desorption isotherm of N2 at 77 K, using an au-
tomatic gas adsorption apparatus, ASAP-2000. The metallic
surface area of the catalysts was determined by H2 adsorp-
tion at 308 K, using ASAP-2000. X-ray photoelectron spec-
tra of the catalysts were recorded with Shimadzu ESCA-850
without exposure to open-air after pretreatment at 773 K in

a flow of H2 within the pre-chamber of the apparatus. The
binding energies of XPS were referred to evaporated Au on
the surface of the sample as the internal standard with Au
4f7/2 level at 83.8 eV. The reduction of the catalysts was eval-
uated by temperature-programmed reduction (TPR) heating
up to 1200 K at a rate of 10 K/min in a flow of H2 at a
rate of 50 cm3/min, using Shimadzu TGA-51. Transmission
electron microscopy (TEM) images were obtained on a Jeol
JEM-2000FX operated at 200 kV. The TEM sample was de-
posited as a dry powder on a thin carbon film mounted on a
copper grid. X-ray powder diffraction (XRD) patterns were
recorded using a Mac Science MPX-18 diffractometer with
Cu K� irradiation (40 kV, 150 mA).

3. Results and discussion

3.1. Structure of catalysts prepared by the sol–gel
method

The pore size distribution curves derived from N2 des-
orption from catalysts are shown inFig. 1.((a) and (b):
Co/SiO2(SG) catalysts prepared by the sol–gel method, and
(c): Co/SiO2(Imp) catalyst prepared by impregnation, re-
spectively.) The catalyst (c) supported on a commercial silica
(Q-10) showed wide distribution of pore size. In contrast, the
distribution curves of the sol–gel catalysts ((a) and (b)) were
very sharp with a peak maximum at about 4 nm irrespec-
tive of the Co content, indicating that the pore structure of
Co–SiO2(SG) was more uniform than that of Co/SiO2(Imp).

Fig. 1. Pore size distribution of (a) 20 wt.% Co–SiO2(SG) prepared
by the sol–gel method, (b) 40 wt.% Co–SiO2(SG) prepared by the
sol–gel method, and (c) 20 wt.% Co/SiO2(Imp) prepared by impregna-
tion. (Reprinted with permission from[6], Copyright (1999) The Japan
Petroleum Institute.)
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Fig. 2. TEM image of 40 wt.% Co–SiO2(SG) catalyst prepared by the
sol–gel method.

The TEM observation displayed that Co metal particles
with a diameter of 3–5 nm were uniformly dispersed in the
Co–SiO2(SG) catalysts, as shown inFig. 2. The XPS depth
profile analysis of the Co–SiO2(SG) catalysts indicated that
the Co concentration was three-dimensionally uniform, too.

XRD patterns of the Co/SiO2(Imp) catalysts clearly
showed peaks corresponding to Co metal. From the line
broadening of the peaks, the crystallite size was estimated
at 26–28 nm for the fresh and used catalysts, respectively. In
contrast, the peaks were not obvious for the Co–Ir–SiO2(SG)
catalysts, and the crystallite size was difficult to estimate by
XRD line broadening, implying high dispersion of Co, even
in highly loaded Co–SiO2(SG) catalysts up to 60 wt.% Co.
Such a highly loaded catalyst was difficult to prepare by

Fig. 3. Time course of F–T reaction in slurry phase over (a) 20 wt.% Co/SiO2(Imp), (b) 20 wt.% Co–0.1 wt.% Ir–SiO2(SG), (c) 20 wt.% Co–SiO2(SG),
and (d) 0.1 wt.% Ir/SiO2(SG) catalysts, atT = 503 K, P = 1 MPa, H2/CO = 2/1, andW/F = 10 g-catal. h/mol. (Reprinted with permission from[6],
Copyright (1999) The Japan Petroleum Institute.)

impregnation, because of the restriction of the pore volume
(Vp); i.e. such a large amount of Co(NO3)2 is difficult to
dissolve in water of the same volume asVp by the incipient
wetness technique of impregnation. The sol–gel method
proved to be more suitable for the uniform preparation of
highly loaded catalysts than the impregnation method.

3.2. Fischer–Tropsch reaction over catalysts prepared by
the sol–gel method

Fig. 3 shows time course of F–T reaction in slurry phase
over (a) 20 wt.% Co/SiO2(Imp), (b) 20 wt.% Co–0.1 wt.%
Ir–SiO2(SG), (c) 20 wt.% Co–SiO2(SG), and (d) 0.1 wt.%
Ir/SiO2(SG) catalysts. The conventional Co/SiO2(Imp) cat-
alyst was rapidly deactivated during the reaction, though
it showed high initial activity. In contrast, CO conversion
of the Co–SiO2(SG) catalysts without promoter (Fig. 3(c))
was much lower than that of the Co/SiO2(Imp) catalyst.
The small amount of chemisorbed H2 on the Co–SiO2(SG)
catalyst corresponded to its low activity. However, when a
trace amount of noble metal was added to the Co–SiO2(SG)
catalyst, the catalytic activity drastically increased, and
no deactivation was observed as shown inFig. 3(b). It is
suggested that the uniform structure of the sol–gel cata-
lysts was responsible for the stable activity. The fact that
Ir/SiO2(SG) catalyst (d) did not show any F–T reaction ac-
tivity implies synergistic effect between the small amount
of Ir and the Co/SiO2(SG) catalyst on high activity. The
similar synergism has been also reported on Co–Pd/SiO2
catalysts, of which Co/Pd ratio is in the range of 2/1–1/2
[11]. In contrast, such a synergistic effect was not clear
on our Co/SiO2(Imp) catalyst prepared by impregnation,
since the catalytic activity hardly increased by adding Ir to
Co/SiO2(Imp).
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Table 1
Effect of noble metal promoters on F–T reaction over Co–SiO2 catalysts
prepared by the sol–gel methoda

Promoter (M) CO conversion (%) Selectivity (%)

CH4 CO2 C5+ αb

– 0.0 – – – –
Re 51.3 19.5 1.8 59.6 0.81
Ru 53.8 11.8 2.8 62.9 0.80
Rh 59.5 18.1 6.7 50.2 0.76
Ir 60.6 13.3 2.7 68.3 0.84
Pd 44.0 15.3 1.5 61.2 0.78

a Catalyst: 20 wt.% Co–0.1 wt.% M–SiO2(SG), where M is noble metal.
b Chain growth probability of CHx intermediate determined by

Anderson–Schultz–Flory plot of hydrocarbon products.

The effect of various noble metal promoters on F–T reac-
tion is summarized inTable 1. Since almost no deactivation
was observed, the average values throughout the reaction
were tabulated. Every promoter (M) listed increased the ac-
tivity of 20 wt.% Co–SiO2(SG) catalyst, by loading 0.1 wt.%
of M. Among the promoters, Ir showed the highest CO con-
version and C5+ selectivity, with restraining CH4 formation.
The effect of loading amount of Ir was investigated and il-
lustrated inFig. 4. Even an addition of 0.01 wt.%–Ir was
sufficient for the promotion. It suggests that spilt-over hy-
drogen on Ir is responsible for the activation of Co on the
surface[12].

3.3. Characterization of Co–SiO2(SG) catalyst promoted
by noble metal

In order to elucidate the promoting effects by the noble
metals, the catalysts were characterized by XPS, TPR, and

Fig. 4. Effects of the amount of Ir promoter on F–T synthesis over 20 wt.%
Co–Ir–SiO2(SG) catalysts, atT = 503 K, P = 1 MPa, H2/CO = 2/1, and
W/F = 10 g-catal. h/mol. (a) C5+ selectivity, (b) CO conversion, (c) CH4
selectivity, and (d) CO2 selectivity. (Reprinted with permission from[6],
Copyright (1999) The Japan Petroleum Institute.)

Fig. 5. TPR spectra of (a) 40 wt.% Co–SiO2(SG), (b) 40 wt.% Co–1 wt.%
Ir–SiO2(SG), and (c) 20 wt.% Co/SiO2(Imp) catalysts, at a heating rate
of 10 K/min in H2 flow of 50 cm3/min. (Reprinted with permission from
[6], Copyright (1999) The Japan Petroleum Institute.)

chemisorption.Fig. 5 shows TPR spectra of (a) 40 wt.%
Co–SiO2(SG), (b) 40 wt.% Co–1 wt.% Ir–SiO2(SG), and
(c) 20 wt.% Co/SiO2(Imp) catalysts. The most of Co in the
sol–gel catalyst without promoter was difficult to reduce
below 1000 K, suggesting strong Co–O–Si bond to form
Co-silicate like structure. XRD measurement confirmed the
formation of Co2SiO4 by calcining Co–SiO2(SG) at a high
temperature above 900 K. In contrast, the sol–gel catalyst
promoted with Ir was readily reduced as Co/SiO2(Imp)
prepared by impregnation, which was reduced at a low tem-
perature about 600 K. The adsorbed amount of H2 and the
% reduction of surface Co (%-Co0) on the catalysts after
pretreatment with H2 at 773 K are summarized inTable 2.
The %-Co0 determined by XPS should be, however, re-
garded as qualitative reduction degree, since XPS provides
information of external surface of the sample only. It clearly
indicates that Ir is responsible for the reduction of the sur-
face Co in Co–SiO2(SG) prepared by the sol–gel method.

Table 2
Adsorbed amount of H2 and %-Co0 on catalysts, and TOFa (Reprinted
with permission from[6], Copyright (1999) The Japan Petroleum Institute)

Catalyst %-Co0

determined
by XPS

H2 adsorbed
(cm3 g−1)

TOF (s−1)

20 wt.% Co/SiO2(Imp) 52 0.42 0.11
40 wt.% Co–SiO2(SG) <5 <0.01 –
40 wt.% Co–1 wt.%

Ir–SiO2(SG)
35 0.16 0.34

a Turn-over frequency.
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The promotion of Co reducibility by noble metals has
been also investigated on Ru−Co/Al2O3 catalysts[13,14],
Re−Co/Al2O3 catalysts[15], and so on[16]. The number
of active sites evaluated by the H2 amount adsorbed was,
however, still smaller on Co–Ir–SiO2(SG) catalyst than on
Co/SiO2(Imp) catalyst. Consequently, turn-over frequency
(TOF) of the F–T reaction was three times higher over
Co–Ir–SiO2(SG) catalyst than over Co/SiO2(Imp) catalyst,
since both catalysts showed the similar CO conversion at
the steady state of the reaction, as shown inFig. 3.

3.4. Pore size effect of Co–SiO2 catalysts prepared by the
sol–gel method

Although the noble metal promoted Co–SiO2(SG) cata-
lysts showed higher and more stable activity owing to the
uniform structure than Co/SiO2(Imp) catalysts, the selectiv-
ity for CH4 was relatively higher over the former catalysts
than the latter. The former catalysts showed a sharp distri-
bution of pore size at about 4 nm, whereas the latter showed
wide distribution at about 10 nm. Thus, in order to clarify the
pore size effect on the reaction, the pore size of the sol–gel
catalyst was changed by varying the preparation conditions.

Fig. 6 shows additive effect of the sol–gel preparation
on the pore size distribution of the catalysts. The amount
of the pore size modifier (organic additive) was 1 g/g-catal.,
and the gelation temperature (TG) was 353 K. Addition of
polyethylene glycol to the homogeneous sol at the catalyst

Fig. 6. Pore size distribution of 20 wt.% Co–0.1 wt.% Ir–SiO2(SG) cat-
alysts prepared by the sol–gel method (a) without additive, and with
addition of (b) polyethylene glycol, (c)N,N-dimethylformamide and (d)
formamide. Additive amount= 1 g/g-catal. (Reprinted with permission
from [7], Copyright (2001) The Japan Petroleum Institute.)

preparation stage by the sol–gel method resulted in the pore
distribution curves of the final catalysts, (b) inFig. 6, being
almost identical to the curve of the catalyst without addi-
tives (a). Although it is reported that the structure of SiO2
is controlled via addition of PEG[17], it was difficult to
change the pore size by our sol–gel method, probably be-
cause of the differences in the precise preparation conditions.
In contrast, addition ofN,N-dimethylformamide to the ho-
mogeneous sol caused a peak maximum at about 5 nm in the
pore distribution curve of the catalyst, as shown inFig. 6(c).
The pore size increased with the amount of the additive up
to 2 g/g-catal., and then leveled off. Addition of formamide
caused the pore distribution curve to a peak at about 6 nm
(d), and the width became wider than (c). The addition of FA
gave rise to a decrease of uniformity of the pore structure,
along with enlargement of the pore size of the catalyst.

Fig. 7 shows the effect of gelation temperature (TG) on
pore size of the Co–Ir–SiO2(SG) catalysts with FA addi-
tion (2 g/g-catal.). Pore size increased linearly withTG. At
a higher temperature, gelation occurred almost instanta-
neously. From this result, the reaction rate of gelation may
sensitively affect the pore size of the final gel.

The chemical state of Co on the reduced catalysts was
investigated by H2 chemisorption to evaluate the number of
active sites on the surface. The adsorption amount was in the
range of 0.11–0.16 cm3/g over the catalysts prepared above,
and no drastic variation was observed.

Fig. 8illustrates the F–T reaction results using the 20 wt.%
Co–0.1 wt.% Ir–SiO2(SG) catalysts with various pore sizes.
CO conversion (a) and selectivity for CO2 (d) decreased, and
the olefin/paraffin ratio (o/p) of C2–4 hydrocarbon products
(b) increased with the mean pore diameter of the catalysts.
However, CH4 selectivity (c), as well as theα-value, was
not varied significantly with the pore size. It is reported that
wide pore catalysts are preferable for higher conversion and
higher C5+ selectivity, because of higher reducibility of large

Fig. 7. Effect of gelation temperature (TG) on pore diameter of 20 wt.%
Co–0.1 wt.% Ir–SiO2(SG) catalysts prepared by the sol–gel method.
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Fig. 8. Effect of pore diameter of 20 wt.% Co–0.1 wt.% Ir–SiO2(SG)
catalysts on F–T reaction atT = 503 K, P = 1 MPa, H2/CO = 2/1,
and W/F = 10 g-catal. h/mol. (a) CO conversion, (b) olefin/paraffin ratio
(o/p) of C2–4 hydrocarbon products, (c) CH4 selectivity, and (d) CO2
selectivity. (Reprinted with permission from[7], Copyright (2001) The
Japan Petroleum Institute.)

Co particles in wide pores[18]. On the other hand, Iglesia
et al. reported that C5+ selectivity does not increase with
Co particle size[19]. Over our Co–Ir–SiO2(SG) catalysts,
the catalytic activity did not increase with the pore diameter,
since Co was sufficiently activated by Ir promoter. Actually,
Co particle size of Co–Ir–SiO2(SG) catalysts was slightly
varied by changing the pore size, since Co was uniformly
dispersed. Therefore, the pore size effect can be purely eval-
uated over our Co–Ir–SiO2(SG) catalysts, with counting out
the effects of Co particle size.

It is generally accepted that the activities of hydrogena-
tion and water-gas-shift reaction (WGSR) increase at higher
temperature, resulting in a higher yield of CO2 and a lower
o/p ratio of the products[20]. The characteristics of the reac-
tion results over Co–Ir–SiO2(SG) catalysts with small mean
pore diameter resemble the F–T reaction results at higher
temperature.

The dependency of the F–T reaction selectivity on the
pore size of the catalysts is often explained in terms of the
mass transfer limitation of the products, when the mean pore
diameter is effectively small. Heavier wax produced in the
small pores of the catalyst is considered to be hydro-cracked
into lighter hydrocarbons or CH4, during transport from the
pore to the external surface of the catalyst, resulting in the
lower α-value and lower o/p ratio[21–26].

However, the reaction results described above do not fol-
low this expectation, but can be simply explained assuming
a temperature difference between the micro-pore and the
slurry. Since the F–T reaction is highly exothermic, the cat-
alytic active sites in the pore may be at a higher temperature,
when the heat transfer in the micro-pore is limited, resulting
in the microscopic temperature gradient inside the particles.
Therefore, more complex evaluation of the dependency of
the reaction is required for the pore structure of the catalyst
prepared by the sol–gel method.

3.5. Fischer–Tropsch reaction over bimodal catalyst

The promoted sol–gel catalysts with uniform structure
showed high and stable F–T reaction activity as described
above, and large pores were necessary for effective thermal
removal from active sites in the pores. On the other hand,
the catalytically effective sites are limited to the vicinity
of the outer surface of catalyst particles, and practically
the core of the particles hardly participates in the F–T re-
action, because of diffusion limitation of high molecular
weight products and/or slurry solvent[9]. When Co in the
sol–gel catalyst was reduced to Co0, some of Co0 came
out to the surface of the catalyst particles by Co–O bond
cleavage, and others remained in the particles. The latter
would not participate in the F–T reaction effectively. Thus,
in order to design an efficient catalyst, the surface of wide
pore silica was modified with mesoporous sol–gel catalyst,
and catalysts with bimodal pore structure were prepared.
By coating the surface of macropores of silica with meso-
porous sol–gel catalyst, it is expected that the macropore
diameter will be reduced to the extent of the thickness of
coating, while that the mesopore diameter of sol–gel cat-
alyst will not be greatly changed by coating.Fig. 9 shows
pore size distribution of (a) the Co–Ir–SiO2(SG) catalyst,
(b) wide pore Q-30 silica, and (c) the bimodal catalyst,
20 wt.% Co–0.1 wt.% Ir–SiO2(SG)/Q-30, with the ratio of
SiO2(SG):Q-30 = 1:1 by weight, respectively. The peak
position corresponding to mesopores of the bimodal cat-
alyst was almost the same as that of Co–Ir–SiO2(SG),
while the peak position corresponding to macropores of the
bimodal catalyst shifted to smaller size side than that of
Q-30 silica. Therefore, bimodal catalyst was prepared as
expected.

Fig. 9. Pore size distribution of (a) 20 wt.% Co–0.1 wt.% Ir–SiO2(SG),
(b) silica Q-30, and (c) bimodal catalyst (20 wt.% Co–0.1 wt.%
Ir–SiO2(SG)/Q-30) with SiO2(SG):Q-30= 1:1.
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Fig. 10. Time course of F–T reaction over bimodal 20 wt.% Co–0.1 wt.% Ir–SiO2(SG)/Q-30 catalyst, atT = 503 K, P = 1 MPa, H2/CO = 2/1, and
W/F = 10 g-catal. h/mol. (a) CO conversion, (b) CH4 selectivity, and (c) CO2 selectivity.

Fig. 10 illustrates the time course of F–T reaction
over the bimodal catalyst. A stable activity was obtained
over 90 h of the reaction, similar as 20 wt.% Co–0.1 wt.%
Ir–SiO2(SG) catalyst. Theα-value of the products was 0.82.
The CO conversion level was almost the same as that over
Co–Ir–SiO2(SG) catalyst, though the amount of sol–gel
catalyst used was actually half. Thus, by modifying the
surface of commercial wide pore silica with the sol–gel cat-
alyst, almost the same catalytic performance was obtained
with reducing the used amount of the expensive sol–gel
catalyst.

From the practical point of view, durability of catalyst is
crucially important. The longer term test of the reaction is
now in progress to verify the stability, and the result will be
reported in the near future.

4. Conclusions

Structurally uniform Co-based catalysts were prepared
by the sol–gel method. While CO conversion was low over
the sol–gel catalyst without promoter, addition of a trace
amount of noble metal to the catalysts drastically improved
the activity. The noble metal played a role in reducing
surface Co of the catalyst to metallic state at low temper-
ature. By varying the preparation conditions of the sol–gel
method, the pore size was enlarged. CO conversion and
CO2 selectivity decreased, and the o/p ratio of the products
increased with the pore size. By modifying the surface of
wide pore silica with the sol–gel catalyst, a bimodal cata-
lyst was prepared. The bimodal catalyst showed a high and
stable activity, with reducing the used amount of the sol–gel
catalyst.
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