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Abstract

Mesoporous molecular sieves (MCM-41 and SBA-15) with different pore diameters have been studied as supports of high loading of
Co catalysts, and the performances in FT synthesis have been examined with a fixed bed stainless steel reactor at 2.0 MPa for the purpose
of efficient production of C10–C20 fraction as the main component of diesel fuel. The method of exchanging template ions in uncalcined
MCM-41 with Co2+ ions is effective for holding 10–20% Co within the mesopores while keeping the structure regularity of MCM-41 to some
extent, compared with the conventional impregnation method using calcined MCM-41. At 523 K, CO conversion and selectivity to C10–C20

hydrocarbons are both higher at larger loading of 20% Co for the exchanged catalysts with pore diameters of 2.7–2.9 nm. When four kinds
of 20% Co/SBA-15 with the diameters of 3.5–13 nm, prepared by the impregnation method using an ethanol solution of Co acetate, are used
in FT synthesis at 523 K, the catalyst with the diameter of 8.3 nm shows the largest CO conversion, which is higher than those over MCM-41
supported Co catalysts. At a lower temperature of 503 K, however, the acetate-derived Co is almost inactive. In contrast, the use of Co nitrate
alone or an equimolar mixture of the acetate and nitrate as Co precursor drastically enhances the reaction rate and consequently provides high
space–time yield (260–270 g C/kgcath) of C10–C20 hydrocarbons. The X-ray diffraction and temperature-programmed reduction measurements
show that the dependency of the catalytic performance of 20% Co/SBA-15 on its precursor originates probably from the differences in not only
the reducibility of the calcined catalyst but also the dispersion of metallic Co. Catalyst characterization after FT synthesis strongly suggests
the high stability of the most effective Co/SBA-15 in the dispersion and reducibility of the oxide species and in the mesoporous structure.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Fischer–Tropsch (FT) synthesis is a well-established pro-
cess for the production of valuable long chain hydrocarbons
from a mixture of CO and H2, so-called syngas, derived
from coal and natural gas. Stringent regulations on residual
sulfur in diesel fuel and emission standards for particulate
matters from diesel vehicles have recently roused renewed
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interest in FT synthesis, because it can produce super clean
diesel oil fraction with high cetane number and without any
sulfur and aromatic compounds using syngas from remote
natural gas[1–7].

Supported Co-based catalysts have been widely used to
achieve high yields of paraffinic hydrocarbons in FT synthe-
sis [2,8–12]. Some papers published so far have focused on
elucidating the roles of support and its porosity in reaction
rate and product selectivity in the Co-catalyzed synthesis
and suggested, for example, different degrees of metal dis-
persion and catalyst reduction, consequent different behav-
iors of CO and H2 adsorption on Co particles, mass transport
limitations for CO and hydrocarbons in catalyst pores, and
pore filling by condensation of heavier hydrocarbons formed
[9,13–17].
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However, the effects of physical and chemical properties
of supports on the performances of Co catalysts in FT syn-
thesis remain still unclear[18]. The Co components are usu-
ally supported on SiO2, Al2O3, and TiO2 with microporous
and mesoporous structures. Conventional mesoporous ox-
ides are irregularly spaced and their pore sizes are broadly
distributed. On the other hand, mesoporous molecular sieves
recently developed, such as MCM-41[19], FSM-16[20] and
SBA-15 [21], have well-defined periodic mesopores, con-
sequently provide very narrow pore size distributions, and
possess large pore volumes of 1–2 cm3/g and high surface
areas reaching 1000 m2/g. The pore diameters can readily
be controlled in the range of 2–30 nm by using various sur-
factants, some additives, and different synthetic conditions
[22]. The utilization of such novel materials as supports of
Co catalysts may make it possible to design new catalysts
with higher productivity for C10–C20 paraffin as the main
component of diesel oil.

Thus, the present authors have been working on this
topic [23–26]. Although a large number of papers have
been published on synthesis, characterization and catalytic
applications of MCM-41, FSM-16, SBA-15 and similar
molecular sieves[22], only quite limited information on
FT synthesis with them as catalyst supports, except for the
present authors’ work[23–26], has recently been provided
[18,27–29]. When 15 mass% Co catalysts supported on
hexagonal mesoporous silica (HMS) and MCM-41 with
pore diameters of<3 nm were used in FT synthesis at
503 K and 2.0 MPa, for example, higher CO conversion and
larger wax yield were observed with the HMS support[28].
The reason for this difference was not clear, though shorter
channel and larger pore volume of the HMS were suggested
to explain the difference. It has also been reported that,
when the performances of 5–7 mass% Co catalysts loaded
on MCM-41 and SBA-15 supports with different pore di-
ameters of 2–9 nm are compared at low CO conversions
of <5%, lower FT activity and higher CH4 selectivity are
observed at smaller catalyst pores due to lower reducibility
of Co particles held within them[18].

Since the present authors’ target is to achieve high
space–time yield (STY) of C10–C20 hydrocarbons as the
main components of diesel fuel with mesoporous molecular
sieves as catalyst supports, this article focuses on exam-
ining FT performances of Co catalysts at high loading of
20 mass% on MCM-41 and SBA-15 supports under the
practical conditions of 503–523 K and 2.0 MPa, on extract-
ing the key factors influencing CO conversion and C5+
selectivity from some observations obtained, and finally on
improving the STY of the target product. Unique properties
and structures of the molecular sieves, such as wide pores of
>2 nm in diameter, large pore volumes of 1–2 cm3/g, high
surface areas reaching 1000 m2/g, may enable ready diffu-
sion of feed gas, avoid pore filling caused by condensation
of heavier hydrocarbons, stabilize long-lived long chain
radicals, and hold large amounts of Co species as nanoscale
particles.

2. Experimental

2.1. Synthesis of mesoporous silica materials

The synthesis of MCM-41 was carried out according to
the hydrothermal method reported elsewhere[19,30]. An
acidic aqueous mixture of both sodium silicate as a SiO2
source and C16H33(CH3)3NBr as a template surfactant was
first charged into a Teflon-made cylinder in a stainless au-
toclave and then held at 393 K during stirring. After the hy-
drothermal reaction for 96 h, as-synthesized MCM-41 was
recovered by filtration, then dried at 313 K under vacuum
and finally calcined in a stream of air at 823 K for 6 h to re-
move the template. The dried MCM-41 without calcination
as well as the calcined MCM-41 was used as a catalyst sup-
port. The size of the calcined MCM-41 was in the range of
40–50�m.

The preparation of SBA-15 was performed in a simi-
lar manner to that reported earlier[21]. An acidic aque-
ous mixture of tetraethyl orthosilicate as a SiO2 source,
a triblock copolymer, poly(ethylene oxide)–poly(propylene
oxide)–poly(ethylene oxide), as a template, and trimethyl-
benzene (TMB) was first heated at 308 K for 24 h under am-
bient pressure and then subjected to post-synthesis treatment
at 370 K. The ratio of TMB/copolymer and the treatment
conditions were varied to produce SBA-15 supports with
different pore diameters ranging from 3 to 12 nm[23]. Then,
as-synthesized SBA-15 was separated by filtration, dried at
room temperature under vacuum, and finally calcined under
flowing air at 773 K for 6 h. The calcined SBA-15 with an
average pore diameter of 8.6 nm was used as a support for
Co catalyst, unless otherwise stated. The size of the calcined
SBA-15 was roughly 50�m.

2.2. Loading of cobalt components

Cobalt catalysts were loaded on the MCM-41 support in
two different manners. One was the template ion exchange
(TIE) method[31], in which an aqueous mixture of the un-
calcined MCM-41 and Co(CH3COO)2 or Co(NO3)2, de-
noted as Co(A) or Co(N), respectively, was kept at 308 K
for 24 h so that the template cations in the MCM-41 could
be exchanged with Co2+ ions in Co(A) or Co(N). Since the
ratio of the template cations to Co2+ ions is estimated to be
1.5 at Co loading of 10 mass%, the ion-exchangeable sites
may be enough this case. However, the sites may be not suf-
ficient for loading of 20 mass% Co. Part of Co2+ ions may
be impregnated inside and/or outside the mesopores of the
MCM-41 support.

Another was the conventional impregnation (IMP)
method, in which the calcined MCM-41 was impregnated
with an aqueous solution of Co(A) or Co(N) at ambient
temperature. The exchanged and impregnated catalysts af-
ter removal of water were calcined again in the same way
as mentioned above. The catalysts prepared by the TIE
and IMP methods are denoted as Co-MCM-41 (TIE) and
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Co/MCM-41 (IMP), respectively. Nominal loading of Co
metal was 10 or 20 mass%. The amount of the actually
loaded Co was not determined in this work.

When 10% Co and 1% Ru were co-loaded on the
MCM-41 support, the two manners were used: both of Co
and Ru cations were added simultaneously to the uncalcined
MCM-41 by the TIE method, and the Co(A)-MCM-41
(TIE) was impregnated with an aqueous solution of RuCl3.

Since the SBA-15 was prepared by using the triblock
copolymer as a non-ionic surfactant, Co addition to the
support was carried out at room temperature by the IMP
method alone[23,26]. The effect of a solvent of Co precur-
sor in the IMP process on the dispersion of the oxide species
after air calcination was first examined, and an ethanol so-
lution of Co(A), Co(N) or its equimolar mixture (denoted as
Co(A+N)) was then selected. After removal of ethanol, the
resulting sample was air-calcined again at 773 K as men-
tioned above. The SBA-15 supported catalyst is represented
as Co/SBA-15. Loading of Co metal in it is expressed inx
andy mass% of Co(xA +yN); for example, Co(10A+10N)
indicates 10 mass% Co from Co(CH3COO)2 and 10 mass%
Co from Co(NO3)2, and Co(20N) does 20 mass% Co from
Co(NO3)2 alone. The same abbreviations are employed
to express Co catalysts supported on MCM-41, such as
Co(10A)/MCM-41 and Co(10N)-MCM-41.

2.3. Characterization of supports and catalysts

The N2 adsorption measurements of these supports and
catalysts were made at 77 K. The specific surface area was
estimated by the BET method. The pore size distribution and
pore volume was determined by the BJH method. Average
pore diameters of SBA-15 supports and Co/SBA-15 catalysts
were calculated by using total volume and surface area of the
mesopores on the assumption that they are cylindrical[21].

The X-ray diffraction (XRD) analysis before and after
FT synthesis was carried out with a conventional powder
diffractometer using Ni-filtered Cu K� radiation (40 kV,
30 mA). The average crystalline size of Co3O4 identified
by the XRD was calculated by the Debye–Scherrer method.
The small angle X-ray scattering (SAXS) measurements of
some Co/SBA-15 catalysts were performed using Cu K�
radiation (40 kV, 80 mA).

In order to examine the reducibility of Co species in
calcined catalysts, the temperature programmed reduction
(TPR) measurements were made by heating at a rate of
10 K/min up to 1273 K in a stream of 67.5 vol.% H2 diluted
with Ar, and the changes in H2 concentration were on line
monitored with a gas chromatograph with a thermal con-
ductivity detector.

2.4. FT synthesis and product analysis

The reaction run was performed with a stainless fixed-bed
reactor. The apparatus and procedure have been described
in detail elsewhere[26] and is thus simply explained below.

After the catalyst sample charged into the reactor was pre-
treated with atmospheric H2 at 673 K for 12 h, the H2 was
replaced at 373 K with a pressurized mixture of H2 and CO,
and finally the reactor was heated up to reaction tempera-
ture. The temperature could be controlled and measured with
a thermocouple inserted into the catalyst bed. After the FT
run, the reactor was quenched to room temperature. Catalyst
weight (W), W/F (F, feed rate), H2/CO ratio, reaction tem-
perature and pressure were 0.50 g, 4.0 g h/mol, 2.0, 503 or
523 K, and 2.0 MPa, respectively, unless otherwise stated.

Liquid products formed were recovered with three kinds
of traps, and C6–C28 hydrocarbons in them were determined
with a capillary GC–MS. Lower hydrocarbons (C1–C5) in
the effluent after recovery of the liquid products were on line
analyzed with a high-speed micro-GC[26]. Waxy materials
remaining in the catalyst recovered after the FT run were
also determined by the conventional elemental analyzer.

3. Results and discussion

3.1. Properties of Co catalysts supported on MCM-41

The XRD profiles for the fresh catalysts are shown in
Fig. 1, where those for MCM-41 supports before and af-
ter air calcination are also illustrated for comparison. The

Fig. 1. XRD profiles for MCM-41 supports and Co catalysts.
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Table 1
Properties of MCM-41 supported Co catalysts

Support and catalysta Co loading (mass%) Pore properties

Diameter (nm) Volume (cm3/g) SBET
b (m2/g) D(Co3O4)c (nm)

MCM-41 0 2.2 0.75 1060 –
Co(N)/MCM-41 (IMP) 10 2.2 0.47 740 8.6
Co(A)/MCM-41 (IMP) 10 2.1 0.42 710 n.d.d

Co(N)-MCM-41 (TIE) 10 2.9 1.2 840 n.d.d

Co(A)-MCM-41 (TIE) 10 2.7 1.1 890 n.d.d

Co(N)-MCM-41 (TIE) 20 2.9 0.98 780 13
Co(A)-MCM-41 (TIE) 20 2.9 0.95 770 n.d.d

a Co(N), Co nitrate; Co(A), Co acetate; IMP, impregnation; TIE, template ion exchange.
b Surface area measured by the BET method.
c Average crystalline size of Co3O4 estimated by the Debye–Scherrer method.
d No species detectable by XRD.

uncalcined MCM-41 provided distinct four diffraction lines
due to SiO2 (1 0 0), (1 1 0), (2 0 0), and (2 1 0) planes, show-
ing hexagonal structures, as reported earlier[30]. After
air calcination at 823 K, the diffraction angles (2θ) of the
(1 0 0), (1 1 0) and (2 0 0) lines shifted slightly to larger
values.

When the XRD results were compared with the calcined
MCM-41 and the Co(10N)/MCM-41 (IMP) catalyst, the
intensity of SiO2 (1 0 0) was much lower with the latter,
and any other lines were not observed, showing the consid-
erable lowering in the structure regularity of the catalyst.
With the Co(10N)-MCM-41 (TIE), on the other hand, the
position of the (1 0 0) peak was equal to that for the un-
calcined MCM-41, and the (1 1 0) and (2 0 0) planes were
still present. Although the intensity of the (1 0 0) line was
decreased by Co addition, it was much larger than that
for the Co(10N)/MCM-41 (IMP). When Co loading in the
Co-MCM-41 (TIE) was increased from 10 to 20%, the XRD
profile was almost unchanged. The use of Co(A) in place of
Co(N) had almost no effect on the XRD results. It is evident
that the hexagonal structures of the uncalcined MCM-41 are
still retained to some extent even by adding 10–20% Co by
the TIE method.

As expected, all of the Co catalysts used as well as the
MCM-41 support showed very narrow pore size distribution
[24]. The pore properties and BET surface areas are sum-
marized inTable 1. The pore diameter, pore volume and
surface area of the calcined support were 2.2 nm, 0.75 cm3/g
and 1060 m2/g, respectively. With the Co catalysts, these
values were dependent on the method of catalyst addition
and loading of Co metal but almost independent of the
kind of its precursor. The pore diameters of Co(10N)/and
Co(10A)/MCM-41 (IMP) catalysts were 2.1–2.2 nm, which
were nearly equal to that of the support but lower than those
(2.7–2.9 nm) of Co(10N)- and Co(10A)-MCM-41 (TIE) cat-
alysts. When Co loading was increased to 20% in the latter
case, the diameter was almost unchanged. Such differences
in the diameter among these catalysts corresponded well to
the changes in the diffraction angle of the (1 0 0) line men-
tioned above.

As shown inTable 1, the pore volumes of the Co(10N)/and
Co(10A)/MCM-41 (IMP) decreased to about 60% of that
of the MCM-41 support. This decrease is reasonable, be-
cause Co particles were held inside the mesopores. In con-
trast, the volume was rather larger with the Co-MCM-41
(TIE), regardless of both the kind of Co precursor and the
catalyst loading, than with the support alone. The reason
is not clear but may be related with the larger pore di-
ameters (Table 1) of the Co-MCM-41 (TIE). In the TIE
process, part of ion pairs, in other words, Co cations and
the counter anions, might be inserted into the weak ionic
bonds between the template cations in the uncalcined
MCM-41 and the silicate anions, and such insertions could
help protect the support pores from collapsing upon cal-
cination, which results in the larger pore diameters and
higher pore volumes, compared with those of the support
alone. This speculation may be supported by the XRD
results (Fig. 1) that the diffraction angles of the (1 0 0)
lines observed with Co(10N)- and Co(20N)-Co-MCM-41
(TIE) catalysts are the same as that with the uncalcined
MCM-41.

Fig. 2 shows the XRD profiles at 2θ (Cu K�) of 20–80◦
to clarify crystalline states of Co catalysts at loading of
10%. The use of Co(A) provided no significant XRD
peaks attributable to Co species, irrespective of the method
of catalyst addition. When Co(N) was used in place of
Co(A), the weak diffraction lines of Co3O4 were observed
for the Co(10N) (IMP), whereas any XRD signals of this
species could not be detected for the Co(10N) (TIE). As
shown in Table 1, the average crystalline size of Co3O4
observed with the former catalyst was estimated to be
8.6 nm.Table 1also shows the XRD results for 20% Co
catalysts prepared by the TIE method. Although the diffrac-
tion lines of Co3O4 with the average size of 13 nm were
observed for the Co(20N), no XRD peaks of the oxide
were detectable with the Co(20A). These observations point
out that Co species are more highly dispersed in the TIE
method than in the IMP one, and that the crystallization
upon calcination proceeds more readily with the Co(N)
than with the Co(A). The average sizes of Co3O4 crys-
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Fig. 2. XRD profiles for MCM-41 supported Co catalysts after air calci-
nation.

tallites detected were larger than the corresponding pore
diameters (2.2–2.9 nm), showing that some of Co3O4 are
held outside the mesopores. It is probable that the Co par-
ticles can readily agglomerate to be crystallized due to
weak interactions with the support, compared with those
inside the pores. The crystallized Co is detectable by
the XRD.

The observations described above suggest that the TIE
method utilizing the uncalcined MCM-41 works more ef-
ficiently for holding large amounts of 10–20% Co within
the mesopores of the support while keeping the structure
regularity to some extent, compared with the impreg-
nation method using the calcined MCM-41. Therefore
the Co-MCM-41 (TIE) catalysts are mainly used in FT
synthesis.

Table 2
Performances of MCM-41 supported Co catalysts in FT synthesis at 523 K

Catalysta Co conversionb (%) Product selectivityc (C mol%) αd

C1–C4 C5–C9 C10–C20 C21+e

Co(10N)/MCM-41 (IMP) 20 47 25 21 7 0.70
Co(10A)/MCM-41 (IMP) 2.4 n.a. n.a. n.a. n.a. n.a
Co(10N)-MCM-41 (TIE) 7.7 42 32 18 8 0.73
Co(10A)-MCM-41 (TIE) 10 37 30 24 10 0.70
Co(20N)-MCM-41 (TIE) 50 34 33 27 6 0.71
Co(20A)-MCM-41 (TIE) 33 34 31 31 4 0.75

a Keys as inTable 1.
b CO conversion after 6 h reaction.
c Average value during 6 h reaction.
d Chain growth probability.
e Including waxy materials remaining in catalyst after reaction.

Fig. 3. CO conversion during FT synthesis with different Co catalysts at
523 K.

3.2. Performances of MCM-41 supported Co catalysts in
FT synthesis

Fig. 3compares the activity of four kinds of 10% Co cat-
alysts in FT synthesis at 523 K. CO conversion increased
gradually with increasing time on stream, and it was steady
after about 1.5 h, regardless of the kind of the catalyst.
The conversion over the Co-MCM-41 (TIE) was almost
the same between the Co(10N) and the Co(10A), whereas
the activity of the Co/MCM-41 (IMP) was much higher
with the Co(10N) than with the Co(10A). As a result, the
Co(10N)/MCM-41 (IMP) showed the largest conversion of
20% among the four catalysts.

The catalytic performances are summarized inTable 2,
where CO conversion after 6 h reaction is provided, and
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product selectivity is expressed as an average value dur-
ing 6 h reaction. The amount of CO2 was always negligible
small. With product distribution among three kinds of 10%
Co catalysts, selectivity to lower hydrocarbons (C1–C4) or
diesel oil fraction (C10–C20) was smaller or larger with the
Co(10A)-MCM-41 (TIE), respectively, CH4 selectivity be-
ing 19–20 C mol%, irrespective of the kind of catalyst. When
metal loading in the Co-MCM-41 (TIE) catalyst was in-
creased from 10 to 20%, CO conversion increased remark-
ably in both cases, but the increment was higher for the
Co(20N) than for the Co(20A); the conversion over the for-
mer catalyst reached 50%, which was 6.5 times that at 10%
Co. Interestingly, the increase in Co loading from 10 to 20%
lead to higher selectivity to C10–C20 fraction, irrespective of
the type of Co precursor, and the values were 27–31 C mol%,
which were 1.3–1.5 times those at 10% Co. CH4 selectiv-
ity was almost independent of Co loading. It is evident that
Co loading is one of the key factors determining the perfor-
mance of the Co-MCM-41 (TIE) catalyst in the production
of diesel oil fraction.

As indicated by comparing the results inTables 1 and 2,
the Co(10N)/MCM-41 (IMP) and Co(20N)-MCM-41 (TIE),
which both provided the XRD peaks of Co3O4 after air
calcination, showed the highest CO conversions among the
corresponding 10 or 20% Co catalysts. These observations
suggest that the extent of crystallization of Co species is re-
lated closely to the catalytic activity. It has been reported
that, when Co(10N) or Co(10A) is impregnated with a con-
ventional SiO2 support, the Co(10N) is more readily crys-
tallized and reduced during air calcination and subsequent
H2 reduction, respectively, and that the Co(10N) is more ac-
tive in FT synthesis[32]. We have also shown that the crys-
tallization and reduction of 20% Co/SBA-15 proceeds to a
larger extent with the Co(20N) than with the Co(20A), and
the former exhibits higher FT activity[26]. These results
point out that the high degree of Co crystallization means
weak interactions with catalyst support and thus lead to the
ready reduction to metallic Co, which catalyzes FT synthe-
sis effectively.

Since the coexistence of a small amount of Ru enhanced
the reduction of Co oxides on conventional SiO2 supports
and thus increased the rate of FT synthesis[33,34], two kinds
of Co(10A) catalysts including 1% Ru were prepared by the
IMP and TIE methods and then subjected to the FT run.
No significant effect of the Ru addition on CO conversion
at 523 K was observed with the two catalysts. The reason is
not clear, but interactions between Co(A) and SiOH groups
in the MCM-41 support might be too strong for Co species
to be reduced.

3.3. Properties of Co catalysts supported on SBA-15

As mentioned above, the method of Co addition and the
kind of its precursor remarkably affected the crystallization
of the oxide species formed upon calcination. It has been
accepted that the formation of small crystallites of Co ox-

Table 3
Crystalline states after air calcination of Co/SBA-15 catalysts prepared
under different conditions

Co precursora Solvent Co loading
(mass%)

D(Co3O4)b

(nm)

Co(N) Water 10 19
Co(N) Acetone 10 12
Co(N) Ethanol 5 n.d.c

Co(N) Ethanol 10 9.5
Co(A) Ethanol 10 n.d.c

Co(A) Ethanol 20 n.d.c

a SBA-15 support with average pore diameter of 3.5 nm: Co(N), Co
nitrate; Co(A), Co acetate.

b Average crystalline size of Co3O4.
c No species detectable by XRD.

ides leads to high dispersion of metallic Co, which results
in the large catalytic activity for FT synthesis[9,17,26,32].
The effects of Co precursor and solvent used in the im-
pregnation process on the average crystalline size of Co3O4
were thus examined using the SBA-15 support with aver-
age pore diameter (denoted asDav thereafter) of 3.5 nm and
pore volume of 0.6 cm3/g. The results are summarized in
Table 3. When Co(N) was used at loading of 10%, the XRD
peaks of Co3O4 appeared with all of three solvents exam-
ined, whereas the average size decreased in the sequence
of water> acetone> ethanol. The decrease in Co loading
from 10 to 5% with an ethanol solution of Co(N) provided
no diffraction lines of any oxide species, which are probably
too fine to be detected by XRD. The use of Co(A) in place
of Co(N) showed the absence of any XRD signals of Co
oxides as well, even at higher loading of 20% Co. This ob-
servation can be explained by the formation of amorphous
Co silicates and surface oxide species, as shown later.

According to the results inTable 3, all of Co/SBA-15
catalysts for FT synthesis were prepared by an ethanol so-
lution of Co(N) or Co(A).Fig. 4 shows typical examples
of pore size distribution for four kinds of Co(20A)/SBA-15
catalysts with differentDav. Each catalyst provided a single
peak at the pore diameter of 3.6, 5.5, 8.4, or 13.8 nm. As
the diameter of the peak position was larger, the peak shape
was asymmetric and broad, as observed for SBA-15 supports
with different Dav [23]. The SAXS measurements showed
that a strong (1 0 0) line was detectable for the Co(20A) cat-
alyst withDav of 5.4 nm, whereas no scattering peaks were
observed with the Co(20A) with the largestDav of 13 nm,
suggesting the formation of less organized pore structures.

The properties of different Co catalysts are summa-
rized in Table 4, where Fe(20N) catalyst prepared from an
ethanol solution of Fe(NO3)3 is included as a reference.
With Co(20A)/SBA-15 catalysts, the pore volume increased
with increasingDav, whereas the surface area seemed to be
the largest atDav of 5.4 nm. When the XRD results were
compared among four kinds of Co catalysts with almost
the sameDav of 8.2–8.6 nm, all of the Co(10A + 10N),
Co(10N), and Co(20N) catalysts including Co(N) provided
the diffraction lines of Co3O4, and the average crystalline
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Fig. 4. Pore size distribution for Co(20A)/SBA-15 catalysts with different
pore diameters.

size was estimated to be 9.1–20 nm, as seen inTable 4. It
thus tended to be larger in the sequence of Co(10A+10N) <

Co(10N) < Co(20N). The slightly larger sizes than the cor-
respondingDav suggest that part of the Co3O4 particles may
be present outside of the catalyst pores. Since it has been
shown that the pore volume and surface area of the SBA-15
support lower remarkably by Co addition[23,26], however,
it is reasonable to see that most of Co particles can be held
inside the mesopores. The crystallization of the Co present
outside the pores would rather readily proceed due to weak
interactions with surface SiOH groups of the support. The
crystallized Co can be detected by the XRD and may read-
ily be reduced with H2 to form large particles of metallic

Table 4
Properties of Co/SBA-15 and Fe/SBA-15 catalysts with different pore
diameters

Catalysta Dav
b

(nm)
Vp

b

(cm3/g)
SBET

b

(m2/g)
Dcrys

c

(nm)

Co(20A) 3.5 0.31 360 n.d.d

Co(20A) 5.4 0.69 530 n.d.d

Co(20A) 8.2 1.2 460 n.d.d

Co(20A) 13 1.7 450 n.d.d

Co(10A + 10N)e 8.2 1.4 530 9.1
Co(10N)e 8.6 1.6 720 12
Co(20N)e 8.5 1.3 590 20
Fe(20N) 8.3 1.2 650 n.d.d

a Co(A), Co acetate; Co(N), Co nitrate; C(A+ N), a mixture of Co(A)
and Co(N).

b Dav, average pore diameter;Vp, pore volume;SBET, BET surface area.
c Average crystalline size of Co3O4 or Fe2O3 for Co or Fe catalyst,

respectively.
d No metal oxides detectable by XRD.
e Ref. [26].

Co. Table 4also reveals that no XRD peaks attributable to
any Fe oxides are detectable with the Fe(20N) catalyst.

3.4. Performances of SBA-15 supported Co catalysts
in FT synthesis

The results for FT runs at 503 and 523 K are summa-
rized in Table 5. When the effect of the average pore di-
ameter of Co(20A)/SBA-15 catalyst on the FT performance
at 523 K was examined, the catalyst with the diameter of
8.2 nm showed the largest CO conversion of 72% after 6 h
reaction. The similar dependency has been reported in FT
synthesis with 20% Co(N) catalysts on conventional SiO2
supports with mean pore diameters of 2–15 nm; the highest
CO conversion at 493 K is observed with the support with the
moderate diameter of 10 nm[17]. Narrow pores of not only
conventional but also periodic mesoporous SiO2 supports,
compared with wide pores, lead to formation of smaller Co
oxides, which were more difficult to reduce probably due
to stronger interactions between metal and support than the
larger particles, and such interactions resulted in higher dis-
persion of metallic Co reduced[17,18]. The highest activ-
ity of the Co(20A) catalyst withDav of 8.2 nm may thus be
explained by the interplay between catalyst reducibility and
dispersion.

Table 5also reveals that the chain growth probability (α)
observed with the most active Co(20A) catalyst at 523 K
is as low as 0.72, which means that CH4 and lower paraf-
fin (C2–C4) are the main products, whereas selectivity to
C10–C20 fraction is only 8 C mol%.

On the basis of the above-mentioned observations, the
SBA-15 support withDav of about 8.5 nm is used in the
following FT runs, and the temperature is decreased from
523 to 503 K to suppress CH4 formation. The results are
also shown inTable 5. The amount of CO2 was always
negligible small, and CH4 selectivity was almost the same
(15–17 C mol%), irrespective of the kind of catalyst. As seen
in Table 5, CO conversion at 503 K was only 1% with the
Co(20A) withDav of 8.3 nm[26], which was nearly equal to
that (8.2 nm) of the most active catalyst at 523 K. In contrast,
CO conversions over the Co(10A+ 10N) and Co(20N) cat-
alysts with the respectiveDav of 8.2 and 8.5 were as large as
84–89%[26]. Compared with these catalysts, the Co(10N)
and Fe(20N) were much less active, as shown inTable 5.
Since CO conversion over the Co(10A + 10N) remarkably
exceeds the sum of those observed with the Co(20A) and
Co(10N), it is evident that the synergistic effect exists with
the catalytic activity of the Co(10A + 10N) [26].

To clarify the activity difference between the Co(20A)
and Co(20N) catalysts, the TPR measurements were carried
out. The results are illustrated inFig. 5. These fresh catalysts
after air calcination showed the quite distinct profiles[26];
the Co(20A) had only a broad peak at 900–1200 K (Fig. 5A),
but contrarily the Co(20N) provided the main and shoulder
peaks at lower temperatures of≤800 K (Fig. 5B). The H2
consumption at≥900 K and≤800 K may be identified to
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Table 5
CO conversion, selectivity to C10–C20 fraction and chain growth probability over Co/SBA-15 and Fe/SBA-15 catalysts with different pore diameters

Catalysta Temperature (K) CO conversionb (%) C10–C20
c (C mol%) αd

Co(20A) (3.5) 523 14 13 0.69
Co(20A) (5.4) 523 5.6 n.a. n.a.
Co(20A) (8.2) 523 72 8 0.72
Co(20A) (13) 523 6.8 n.a. n.a.
Co(20A) (8.3)e 503 1.0 n.a. n.a.
Co(10A + 10N) (8.2)e 503 84 32 0.93
Co(10N) (8.6)e 503 20 30 0.87
Co(20N) (8.5)e 503 89 30 0.92
Fe(20N) (8.3) 503 14 7 0.84

a Keys as inTable 4; values in parentheses denote average pore diameters.
b CO conversion after 6 h reaction.
c Average selectivity during 6 h reaction.
d Chain growth probability.
e Ref. [26].

the reduction of Co silicates and/or surface CoOx species
to metallic Co and of Co3O4 to CoO and subsequently Co,
respectively[35–38]. The silicate species in the Co(20A),
if any, are not crystallized and/or present at the outermost
layer, because no diffraction lines of any Co species were
detectable with the fresh Co(20A), as indicated inTable 4.
Table 4also confirmed the presence of Co3O4 as the bulk
phase of the fresh Co(20N).

When the Co(20N) charged into a quartz reactor in the
TPR apparatus was first pretreated with H2 at 673 K for 12 h,
in other words, in the same manner as that for the H2 pre-
treatment before the FT run, and then subjected to the TPR
measurement, no significant H2 consumption took place up
to 800 K, as shown inFig. 5C. This strongly suggests al-
most complete reduction of Co3O4 in the Co(20N) to metal-

Fig. 5. TPR profiles for different Co/SBA-15 catalysts: (A) fresh Co(20A)
catalyst after air calcination; (B) fresh Co(20N) catalyst after calcination;
(C) fresh Co(20N) catalyst after H2 reduction at 673 K; (D) used Co(20N)
catalyst after re-calcination.

lic Co. On the other hand, the Co species in the Co(20A)
must remain unreduced even after the H2 pretreatment. It is
probable that such a distinct reducibility to metallic Co ob-
served with the Co(20A) and Co(20N) catalysts leads to the
activity difference between the two.

Although the Co(20A)/SBA-15 was almost inactive at
503 K, it exhibited high activity when the temperature was
raised to 523 K (Table 5). Since the Co(20A) was strongly
resistant to the H2 reduction at 673 K before the FT run
(Fig. 5A), the Co species may be reduced to metallic Co
with the CO in feed gas and consequently active.

As shown inTable 5, selectivity to C10–C20 hydrocarbons
and chain growth probability (α) were both much larger with
the Co(20N) and Co(10A + 10N) at 503 K than with the
Co(20A) at 523 K. The former two catalysts provided the
selectivity of 30–32 C mol% andα of 0.92–0.93 at 503 K
[26]. Fig. 6 summarizes space–time yield of C10–C20 frac-
tion and CO conversion against catalyst composition. The

Fig. 6. Performances of Co/SBA-15 catalysts in FT synthesis at 503 K.
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Table 6
Comparison in space–time yield of C10–C20 hydrocarbons among different Co catalysts supported on conventional SiO2 and mesoporous molecular sieves

Catalyst propertiesa FT synthesis Remarksd

Support Dav (nm) Vp (cm3/g) Co loading (mass%) T (K) P (MPa) W/Fb (g h/mol) STY (g C/kgcath)c

SiO2 8.7 1.2 20, 25 503 1.0 5.0 90, 100 Slurry[32]
SiO2 10 2.0 20 493 1.5 27 40 Slurry[17]
SiO2 16 1.2 20e 493 1.0 5.0 210 Gas[39]
HMSf 2.8 0.4 15 513 2.0 24 60 Gas[28]
MPASg 2.5 0.6 20g 503 1.0 10 80 Slurry[29]
SBA-15 8.6 1.9 20 503 2.0 4.0 270h Gas[26]
SBA-15 8.6 1.9 20 503 2.0 2.4 350h Gas[26]

a Dav, average pore diameter;Vp, pore volume; Co nitrate impregnated.
b Ratio of catalyst amount (g) to feed gas rate (mol/h).
c Space–time yield of C10–C20 fraction, estimated using CO conversion and chain growth probability.
d Slurry or gas means a slurry or gas phase reactor, respectively.
e Equimolar mixture of Co nitrate and acetate.
f Hexagonal mesoporous silica.
g Mesoporous silica with Si/Al of 19; 0.5% Ir added.
h Calculated using CO conversion and selectivity to C10–C20 hydrocarbons.

STY at 503 K was as large as 260–270 g C/kgcath with the
Co(10A+10N) and Co(20N) catalysts[26]. Fig. 6also point
outs that the STY or the conversion with the Co(10A+10N)

is much larger than the arithmetic mean of the correspond-
ing value observed with the Co(20A) and Co(20N). In other
words, the synergistic effect exists with the performance of
the Co(10A + 10N) catalyst in production of C10–C20 hy-
drocarbons as well as the activity, that is, CO conversion, as
mentioned earlier (Table 5).

According to the TPR measurements of the fresh
Co(10A+10N) after air calcination[26], the profile was not
the same as that (Fig. 5A) with the fresh Co(20N) catalyst,
but it was rather close to a mixed one of the TPR spectra
observed with the Co(20N) and Co(20A). In other words,
Co3O4 and Co silicates (and/or surface CoOx species) co-
existed in the Co(10A + 10N). Since this means that the
proportion of the readily reducible Co3O4 is smaller in the
Co(10A+10N) than the Co(20N), almost the same FT per-
formances observed with both catalysts cannot be explained
by the TPR results alone. The dispersion of metallic Co
may be different between them[32]. In fact, the preliminary
TEM studies after H2 reduction at 673 K and subsequent
surface passivation showed the formation of the more highly
dispersed particles of metallic Co on the Co(10A + 10N)

than on the Co(20N). The more fine particles on the former
catalyst may account for the high performance comparable
to that of the Co(20N) catalyst. To make clear the cataly-
sis of FT synthesis by the Co(10A + 10N) should be the
subject of future work.

It is of interest to compare the STY of C10–C20 hydrocar-
bons among different Co catalysts supported on conventional
SiO2 and mesoporous molecular sieves. The results recently
reported are summarized inTable 6, where the STY is esti-
mated by using CO conversion and the chain growth proba-
bility (α), except the present work. Since it is well known that
the STY depends strongly on the catalyst properties and the
conditions of FT synthesis, these data are also provided in

Table 6. Among conventional SiO2 supports, the high STY
of 210 g C/kgcath was observed for Co(10A+ 10N)/SiO2
with the pore diameter of 16 nm, and it was realized by op-
timizing the temperature of catalyst reduction[39].

When hexagonal mesoporous silica (HMS) with the pore
diameter of 2.8 nm was used as a support of Co(15N) cata-
lyst, as seen inTable 6, large CO conversion of about 95%
was observed at 513 K, and heavy wax was mainly produced,
which resulted in the low STY of C10–C20 hydrocarbons
[28]. The reasons for the high activity of the Co catalyst
and the large selectivity to the wax were not clear, though
they were suggested to be related to short channels and large
mesoporosity of the HMS support[28]. Such a high selec-
tivity may also be caused by largeW/F of 24 g h/mol, that
is, a long contact time between gas and catalyst. With the
present SBA-15 support, theα on the Co(20N) catalyst in-
creased with increasingW/F, and the STY thus showed a
maximal value of 350 g C/kgcath at 2.4 g h/mol[26]. It has
been reported that theα is dependent on the pore diameter
of Co(20N)/SiO2 catalyst and maximal at the moderate di-
ameter of 10 nm[17], whereas theα tends to be higher at a
larger pore diameter in the range of 2.0–7.5 nm with 5–7%
Co(N) catalysts on mesoporous molecular sieves, though CO
conversion is always as low as<5% [18].

Since product distribution in FT synthesis usually fol-
lows the Anderson–Schultz–Flory distribution, the STY of
C10–C20 hydrocarbons is determined by both CO conversion
and chain growth provability (α). As described above, small
Co particles in narrow pores may show lower reducibility
but provide higher metal dispersion, whereas large Co par-
ticles in wide pores may exhibit the reverse reducibility and
dispersion[17,18]. The extent of overall reduction may thus
be one of the key factors for determining not only CO con-
version but�. In other words, there may be the optimal pore
size that can provide the highest STY of C10–C20 fraction.
It has been accepted that catalyst supports with wide pores
can overcome mass transport limitations in FT synthesis to
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Fig. 7. XRD profiles for Co(20N)/SBA-15 catalysts under different con-
ditions: (A) fresh catalyst after air calcination; (B) used catalyst after FT
synthesis at 503 K; (C) used catalyst after re-calcination.

some extent[9,13–17]. As a result of a complex interplay
between these factors, the SBA-15 support with the diame-
ter of 8.6 nm used in the present study may be suitable for
producing C10–C20 hydrocarbons efficiently.

3.5. Structural stability of SBA-15 supported
Co catalysts

The XRD profiles for fresh and used Co(20N) catalysts
are compared inFig. 7, where the latter one is recovered
after reaction at 503 K. InFig. 7B, after the FT run, very
sharp diffraction lines attributable to paraffin wax appeared,
and weak XRD peaks of Co3O4 observed for the fresh cat-
alyst disappeared, though any XRD signals of metallic Co
could not be detected. The latter two observations may show
the transformation of the initial Co3O4 to metallic Co parti-
cles that are too fine to be detected by XRD. The presence
of the wax indicates that significant amounts of long chain
paraffinic hydrocarbons are retained inside the mesopores
when the catalyst is quenched for recovery. Such retention
was supported by the considerable decrease in the pore vol-
ume of the used Co(20N), as will be mentioned inFig. 8.
When it was calcined again at 773 K, the XRD signals of
the wax disappeared completely, and Co3O4 appeared again
(Fig. 7C). The average crystalline size of the oxide species
was estimated to be 13 nm, which was slightly smaller than
that (20 nm) for the fresh Co(20N) (Table 4).

Fig. 5D also shows the TPR result for the re-calcined
Co(20N). The spectrum at≤800 K could be almost com-
pletely overlaid with that (Fig. 5A) for the fresh catalyst.
This observation indicates that the reducibility of Co3O4 in
the Co(20N) does not change significantly before and after
FT synthesis, because the H2 consumption at≤800 K orig-

Fig. 8. Pore size distribution for Co(20N)/SBA-15 catalysts under different
conditions: (A) fresh catalyst after air calcination; (B) used catalyst after
FT synthesis at 503 K; (C) used catalyst after re-calcination.

inates from the reduction of Co3O4 to metallic Co as men-
tioned above.

When the pore size distribution for fresh and used
Co(20N) catalysts was compared inFig. 8A and B, the peak
height for the used catalyst was reduced to be one third of
that for the fresh one. The reduction means the considerable
decrease in the pore volume and must be caused by the re-
tention of significant amounts of waxy materials inside the
mesopores as indicated by the XRD peaks of paraffin wax
(Fig. 7B). The re-calcination of the used Co(20N) burned
the wax out (Fig. 7C) and consequently restored the pore
distribution to almost the same state as with the fresh cat-
alyst, as shown inFig. 8C. These changes in the pore size
distribution were also observed with the Co(10A + 10N)

[26].
These observations thus show that not only the dispersion

state of Co species in the Co(20N)/SBA-15, which exhibits
the highest performance in FT synthesis at 503 K, but also
the pore structure is stable. Such a structural stability may
be ascribed to thicker walls of the mesopores in the SBA-15
than in other molecular sieve silica materials[21].

4. Conclusions

Cobalt catalysts supported on MCM-41 and SBA-15 with
well-defined mesopores by the different methods have been
studied in gas phase Fischer–Tropsch synthesis at 2.0 MPa
to efficiently produce C10–C20 hydrocarbons as the main
components of diesel fuel. The conclusions are summarized
as follows:

1. The method of exchanging template ions in uncalcined
MCM-41 with Co2+ ions in an aqueous solution of Co
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acetate or nitrate makes it possible to hold large amounts
of 10–20% Co inside the mesopores while maintaining
the structure regularity of MCM-41 to some extent, com-
pared with the impregnation method using the calcined
MCM-41.

2. The increase in Co loading from 10 to 20% for the ex-
changed catalysts with pore diameters of 2.7–2.9 nm en-
hances not only CO conversion but also selectivity to
C10–C20 fraction at 523 K, irrespective of the kind of Co
precursor.

3. When an ethanol solution of Co acetate is impregnated
at metal loading of 20% with four kinds of SBA-15 sup-
ports with different pore diameters, the catalyst with the
moderate diameter of 8.3 nm provides the largest CO
conversion at 523 K, and it is more active than MCM-41
supported Co catalysts.

4. In FT synthesis at 503 K, the acetate-derived Co on the
SBA-15 is almost inactive even at loading of 20%, but
contrarily, the catalyst prepared from Co nitrate alone
or an equimolar mixture of the acetate and nitrate pro-
vides high CO conversion of 85–90% and achieves large
space–time yield of 260–270 g C/kgcath for C10–C20 hy-
drocarbons.

5. Since the temperature-programmed reduction measure-
ments of fresh Co/SBA-15 catalysts after air calcination
reveal that the acetate is transformed to less reducible
Co silicates, whereas the nitrate-derived catalyst exists
mainly as readily reducible Co3O4, such differences can
account for the quite distinct catalytic activity observed
at 503 K with the two precursors.

6. The X-ray diffraction, N2 adsorption, temperature-pro-
grammed reduction measurements after FT synthesis and
subsequent air calcination strongly suggest that the most
effective Co/SBA-15 catalyst is stable in not only the
dispersion and reducibility of the oxide species but the
mesoporous structure.
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