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Abstract

Supported CoRu catalysts have been prepared with ordered mesoporous silica (MCM-41) as the support using the incipient
wetness impregnation method in order to study the effect of ordered mesoporous silica and pore size on cobalt dispersion,
reduction behavior, and catalytic properties for the Fischer–Tropsch synthesis (FTS). Metal loadings of 2, 5, 8, and 14 wt.%
Co with 0.5 wt.% Ru were investigated, as well as two different mesoporous silicas having average pore diameters of 3
and 7 nm. For comparison purposes, conventional amorphous silica (SiO2) supported CoRu catalysts were also prepared
using the same procedure. Due probably to higher concentration of water vapor in the small pores of MCM-41 during
metal reduction, CoRu/MCM-41 catalysts showed stronger interaction of Co with the support than CoRu/SiO2 as manifested
by lower reducibilities of the catalysts during standard reduction. The Co dispersions were similar on MCM-41 to that
on amorphous silica for a given Co loading. MCM-41 supported catalysts exhibited similar selectivities for FTS as to the
SiO2-supported ones; however, they had in general greater activities. There was an absence of any obvious pore size effect on
product selectivity, probably due to the pores being sufficiently large for the reaction to easily proceed at 1 atm and 220◦C,
the reaction conditions used. Thus, MCM-41 supported CoRu catalysts appear to be suitable for application to FTS. Their
unique and tailored properties offer interesting possibilities for catalyst design and application in particular cases.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Cobalt-based catalysts are applied most widely for
hydrogenation reactions in a variety of systems[1].
To increase the catalytic activity, cobalt is usually
supported on a high surface area support in order
to obtain a high metal dispersion. Various supports
for cobalt have been used, including silica[2–7,39],
alumina [2,8–11], kieselguhr[12], titania [2,13,14],
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magnesia[2], carbon [2,15], and zeolites[16,17].
Such catalysts exhibit a wide range of properties, such
as specific surface area, cobalt dispersion, reduction
behavior, and catalytic activity[18]. The presence of a
small amount of a second transition metal such as Ru
in addition to Co is known to increase the reducibility
and dispersion of Co[10].

Highly ordered mesoporous silica, such as MCM-
41, has been recently used as a support for metal
catalysts, resulting in several cases in significant
improvements when compared to conventional and
commercial catalysts. For example, Corma et al.[19]
have reported a superior hydrogenation activity and
sulfur tolerance for Pt/MCM-41 catalysts compared
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to Pt/zeolite-USY, Pt/SiO2, and Pt/Al2O3. Song and
Reddy[20] reported that Co–Mo supported on alumi-
nosilicate MCM-41 catalysts prepared by impregna-
tion showed higher hydrogenation and hydrocracking
activities than conventional Co–Mo supported on
�-Al2O3 catalysts. In a more recent study by Schuth
et al.[21], Fe2O3/MCM-41 was found to exhibit a su-
perior performance for the conversion of SO2 to SO3
compared to Fe2O3 supported on conventional silica.

MCM-41 possesses high BET surface areas, uni-
form pore sizes with pore dimensions between 1.5 and
10 nm, and high thermal and hydrothermal stability.
The better performances of MCM-41 supported cata-
lysts have been attributed especially to their high sur-
face areas and superior dispersion of the active metals.

In this study, MCM-41 was used as support for
Ru-promoted Co catalysts suitable for the Fischer–
Tropsch synthesis (FTS). Two kinds of pure silica
(MCM-41) with different pore sizes were synthe-
sized and employed. Our investigation focused on
determining the effect of ordered mesoporous silica
and its average pore size on cobalt dispersion, reduc-
tion behavior, and catalytic properties for the FTS.
The results are compared to those for conventional
amorphous silica-supported CoRu catalysts.

2. Experimental

2.1. Catalysts preparation

The pure silica (MCM-41) was prepared as reported
elsewhere[22] using the following gel composi-
tion: (1.0 SiO2):(0.33 TMAOaH):(0.17 NH4OH):(17
H2O), where TMAOH denotes tetramethylammonium
hydroxide. Cab-O-Sil silica (40 g, from Cabot) was
mixed manually with 67 g of water. Then, 68.2 g of
25% TMAOH aqueous solution (Aldrich) was added
under vigorous magnetic stirring. Another mixture
comprised of 40.5 g of CTMABr (Aldrich), 72 g of
water, and 13 g of concentrated ammonia (BDH) was
prepared during stirring, where CTMABr denotes
cetyltrimethyl ammonium bromide. Both of these
mixtures were transferred into a Teflon lined auto-
clave, stirred for 30 min, then heated statically at 70◦C
for 3 days, then at 130◦C for 1 day. The obtained
solid material was filtered, washed with water and
dried at 60◦C. The sample was then calcined in flow-

ing nitrogen up to 550◦C (1–2◦C/min), then in air at
the same temperature for 5 h, and is referred to in this
paper as small pore MCM-41 or M1. The larger pore
MCM-41 or M2 was prepared by treating the small
pore MCM-41 (prior to calcination) in an emulsion
containingN,N-dimethyldecylamine (0.625 g in 37.5 g
of water for each gram of MCM-41). The treatment
was carried out for 3 days at 120◦C. The obtained
samples were washed thoroughly, dried, and calcined
in flowing nitrogen up to 550◦C (1–2◦C/min), then
in air at the same temperature for 5 h. For comparison
purposes, conventional amorphous silica (Davison
silica grade 952) was also used as a catalyst support.

The series of supported CoRu catalysts (2–14 wt.%
Co and 0.5 wt.% Ru) were prepared by the incipient
wetness impregnation of the supports (M1, M2, and
amorphous silica) with an aqueous solution containing
the desired amount of cobalt nitrate (J.T. Baker) and
ruthenium nitrosyl nitrate (STREM Chemicals). The
catalysts were dried overnight in an oven at 120◦C
and calcined at 300◦C in an air flow for 2 h. CoRu cat-
alysts supported on the small pore MCM-41 catalysts
are referred to as 2CoRu/M1, 5CoRu/M1, 8CoRu/M1,
and 14CoRu/M1, where the initial number denotes
the wt.% of Co. CoRu catalysts supported on the
large pore MCM-41 are referred to as 2CoRu/M2,
5CoRu/M2, 8CoRu/M2, and 14CoRu/M2. CoRu cat-
alysts supported on amorphous silica (SiO2) catalysts
are referred to as 2CoRu/S, 5CoRu/S, 8CoRu/S, and
14CoRu/S. The final Co loadings of the catalysts were
determined using inductively coupled plasma (ICP)
spectroscopy (Galbraith Laboratories).

2.2. BET surface area and pore size distribution

The BET surface area, pore volume, average pore
diameter, and pore size distribution of the catalysts
were determined by N2 physisorption using a Micro-
meritics ASAP 2010 automated system. Each sample
was degassed in the Micromeritics ASAP 2010 at
200◦C for 4 h prior to N2 physisorption.

2.3. X-ray diffraction

A Scintag 2000 X-ray diffractometer with monochro-
matized Cu K� radiation (40 kV, 40 mA) and a Ge
detector was used for the XRD measurements. The
spectra were scanned with a rate of 0.5◦/min from
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1.5◦ to 7.0◦ 2θ and with a rate of 3◦/min from 20◦ to
70◦ 2θ . The cobalt and ruthenium phase were iden-
tified by comparison with the JCPDS database and
average crystallite sizes (dp) were calculated using
the Scherrer equation[23].

2.4. Temperature programmed reduction

The reducibilities of the calcined cobalt catalysts
were measured by temperature programmed reduction
(TPR) using an Altamira AMI-1 system. TPR used a
temperature ramp of 5◦C/min from 30 to 800◦C in a
flow of 5% H2 in Ar. H2 consumption was measured
by analyzing the effluent gas with a thermal conduc-
tivity detector. The detector output was calibrated by
reduction of Ag2O powder.

2.5. Hydrogen chemisorption

Percent metal dispersion and average Co particle
size of the reduced catalysts were calculated based on
the results from H2 chemisorption. H2 chemisorption
was carried out following the procedure described
by Reuel and Bartholomew[2] using a Micromerit-
ics chemisorption ASAP 2010 automated system.
Prior to chemisorption, the catalysts were evacuated
at 100◦C for 15 min, reduced at 100◦C for 15 min,
reduced at 350◦C for 10 h after ramping up to a rate
of 1◦C/min, and desorbed at 350◦C for 90 min at
10−6 mm Hg. The number of exposed metal atoms on
the surface was calculated by extrapolating the total
adsorption isotherm to zero pressure and assuming
coverage of one H atom per Co0 atom exposed on the
surface.

2.6. Scanning electron microscopy

Catalyst granule morphology and elemental dis-
tribution were obtained using a Hitachi S-3500N
scanning electron microscopy (SEM). The SEM was
operated using the back scattering electron (BSE)
mode at 20 kV and a working distance (the distance
between the sample and the electron beam) of 15 mm.
After the SEM micrographs were taken, EDX was
performed to determine the elemental concentration
distribution on the catalyst granules using INCA
software.

2.7. Reaction

FTS was performed in a down-flow differential
fixed-bed stainless steel reactor at atmospheric pres-
sure and 220◦C. A GHSV of ca. 20,000 h−1 and a
H2/CO ratio of 2 were used. The reaction temperature
was controlled by a thermocouple inserted into the
catalyst bed. A catalyst (ca. 200 mg) was held in the
middle of the reactor using quartz wool. It was first
heated in 50 cc/min H2 flow to 350◦C, using a ramp
rate of 1◦C/min, and then reduced in situ at this tem-
perature for 10 h prior to reaction. In order to avoid
exotherms and hot spots that lead to rapid catalyst
deactivation, the reaction was initiated in a controlled
manner by gradually increasing the reactant con-
centrations over a period of 2 h. After the start-up,
samples were taken at 3 h intervals and analyzed by
GC (Varian CP-3800). Reaction was continued at
220◦C for 24 h in order to determine time-on-stream
behavior to steady-state reaction.

3. Results

3.1. N2 physisorption

BET surface areas, pore volumes, and average pore
diameters of the catalysts are given inTable 1. SiO2-
supported catalysts had BET surface areas between
200 and 300 m2/g and large pore volumes. The
BET surface areas of the catalysts supported on
mesoporous silica (M1 or M2) were significantly
higher (600–1100 m2/g) in the order of CoRu/M1 >

CoRu/M2 > CoRu/SiO2 for a given loading of Co,
reflecting the significant difference in surface areas of
the original support materials. The BET surface area
and pore volume of the catalysts decreased with Co
loading, the decrease however being more significant
in the case of M1-supported CoRu catalysts. For the
maximum Co loading of 14 wt.%, BET surface area of
the supports decreased by ca. 50, 30, and 25% for M1,
M2, and SiO2, respectively. The pore size distributions
of M1- and M2-supported CoRu catalysts are shown
in Figs. 1 and 2, respectively. Both series of supported
CoRu catalysts had narrow pore size distributions.
The average pore diameters for the small (M1) and the
large (M2) pore MCM-41 were determined to be ap-
proximately 3 and 7 nm, respectively. Co loading did
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Table 1
N2 physisorption results

Catalysts BET surface
area (m2/g)a

Pore volume
(cm3/g)b

Average pore
diameter (nm)b

SiO2 293 1.78 23.7
2CoRu/S 285 1.57 22.0
5CoRu/S 264 1.49 22.6
8CoRu/S 262 1.48 22.5
10CoRu/S 219 1.23 22.6

M1 1226 0.85 2.8
2CoRu/M1 1087 0.67 2.5
5CoRu/M1 987 0.60 2.4
8CoRu/M1 726 0.39 2.1
14CoRu/M1 650 0.34 2.1

M2 901 1.59 7.0
2CoRu/M2 885 0.98 4.4
5CoRu/M2 790 0.71 3.6
8CoRu/M2 687 0.63 3.7
14CoRu/M2 610 0.62 4.1

a Error of measurement was±10%.
b Error of measurement was±5%.

not appreciably change the average pore diameter of
the SiO2. It did however decrease that of M1 and M2.

3.2. X-ray diffraction

The X-ray diffraction (XRD) patterns of the two
kinds of mesoporous silica (M1 and M2) are displayed

Fig. 1. Pore size distribution of M1 and M1-supported CoRu catalysts.

Fig. 2. Pore size distribution of M2 and M2-supported CoRu
catalysts.

in Figs. 3 and 4, respectively. Only M1 exhibited the
highly distinct pattern at low 2θ angles reflecting the
ordered structure of MCM-41. M2 showed only a
broad peak in the XRD pattern at higher 2θ angles (ca.
23.7◦), similar to that of amorphous silica. Diffraction
peaks at 2θ angles below 1.5◦ could not be measured
accurately because of instrumentational reasons. Ef-
fect of Co loading on XRD patterns at low 2θ angles of
the M1-supported CoRu catalysts is shown inFig. 5.
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Fig. 3. XRD pattern for M1.

After impregnation of Co and Ru, the XRD pattern
for MCM-41 diminished and disappeared for catalysts
with Co loadings≥ 5 wt.%. However, after removal
of the metals by acid leaching of the 5CoRu/M1 cat-
alyst, the XRD characteristic peak of MCM-41 was
again detectable (Fig. 6), suggesting that the struc-
ture of MCM-41 was not destroyed by preparation
of the CoRu catalysts as also suggested by the re-
tention of the same average pore diameter ca. 3 nm.

Fig. 4. XRD pattern for M2.

During XRD, Co thus acted as an X-ray scatterer. The
XRD patterns at higher diffraction angles of the cal-
cined SiO2-, M1-, and M2-supported CoRu catalysts
are shown inFig. 7. The diffraction peaks at 2θ of ca.
31.3◦, 36.8◦, 45.1◦, 59.4◦, and 65.4◦ indicate that af-
ter calcination at 300◦C, cobalt was primarily in the
form of Co3O4 spinel on all the catalysts. The higher
is the cobalt content, the stronger is the XRD inten-
sity of the cobalt oxide became for all three types
of supported CoRu catalysts. For the lowest Co load-
ing (2 wt.% Co), XRD peaks due to ruthenium ox-
ide (RuO2) were also observable at 2θ of ca. 28.0◦,
35.1◦, and 54.3◦ on all the catalysts. For catalysts with
higher Co loadings, the XRD peaks for RuO2 were
not observable because of the relatively small amount
of ruthenium in the catalysts compared to cobalt. The
average crystallite sizes of Co3O4 (d0) in the origi-
nal calcined catalysts were calculated using X-ray line
broadening (Table 2). Co3O4 has to be reduced to
cobalt metal (Co0) prior to reaction since cobalt metal
is known to be the most active phase for CO hydro-
genation, not its oxides[24]. However, Co metal was
not detectable by XRD for the reduced catalysts (not
shown here) probably due to its particle sizes being
near or below the lower limit for the XRD detectability
(5 nm), as supported by the H2 chemisorption results
(Table 2).
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Fig. 5. Effect of cobalt loading on the XRD pattern of M1.

3.3. Temperature programmed reduction

TPR profiles of the SiO2-, M1-, and M2-supported
CoRu catalysts are shown inFigs. 8–10, respectively.
The TPR profile of bulk Co3O4 is also given inFig. 8.
The reduction peak for bulk Co3O4 can be assigned
to the two-step reduction of Co3O4 to CoO and then
to Co0 [25,26]. The SiO2-supported CoRu catalysts
exhibited two major reduction peaks. In general, TPR
profiles are more complex for supported Co cata-
lysts than for bulk Co3O4 due to various causes such

Fig. 6. XRD results for acid-leached 5CoRu/M1.
Fig. 7. XRD results for the calcined SiO2-, M1-, and M2-supported
CoRu catalysts.
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Table 2
Characterization results

Catalyst Co (wt.%) % Reductiona H2 chemisorptiona XRDb, Co3O4,
do (nm)

During TPR
30–800◦C

During TPR
30–400◦Cc

Totald (�mol
H2/g cat.)

Average dre

of Co0 (nm)
% Co
dispersionf

2CoRu/S 1.9 68 68 21.4 4.9 13.2 –
5CoRu/S 4.3 68 68 35.7 6.7 9.8 –
8CoRu/S 8.3 65 65 64.7 6.8 9.2 13
14CoRu/S 14.2 70 58 92.6 7.2 7.7 16

2CoRu/M1 1.8 62 59 21.9 3.9 14.6 –
5CoRu/M1 4.6 63 57 49.1 4.3 12.7 –
8CoRu/M1 7.8 65 39 54.5 4.5 8.3 16
14CoRu/M1 14.4 69 38 58.7 7.6 4.8 23

2CoRu/M2 1.8 60 60 20.9 4.3 13.6 –
5CoRu/M2 4.2 64 58 42.4 4.6 12.0 –
8CoRu/M2 7.6 65 49 54.9 5.5 8.6 13
14CoRu/M2 14.2 70 47 116.1 4.7 9.7 15

a Error of measurements was±5%.
b Based on XRD results of the calcined catalysts.
c Correlates to percentage of metal reduced during standard reduction procedure (ramp 1◦C/min to 350◦C, hold for 10 h).
d Extrapolated to zero pressure.
e Based on the reduced cobalt during standard reduction (used TPR 30–400◦C data), assuming H/Cos = 1 anddr = 5/(metal surface

area)/(g reduced Co)/(Co density).
f Based on the total cobalt.

as variation in metal particle size on the support,
metal–support interaction, and influence of support
porous structure resulting in differently reducible
cobalt species on the support[27–30]. A peak due to
the decomposition of any Co(NO3)2 remaining after
calcination is not likely to be present in this case
since it has been reported that for Co/SiO2, residual
nitrate remains only when the catalyst precursors
starting from cobalt nitrate have been calcined below
250–300◦C [31]. Calcination temperatures of 300◦C
or higher for Co/SiO2 catalysts result in the nitrate be-
ing completely thermally decomposed[29]. Many re-
searchers have concluded that the two major reduction
peaks in the TPR profiles of Co/SiO2 or CoRu/SiO2
can be assigned to two different species of Co3O4
[3–5,27–30]. The first peak located at ca. 135–230◦C
is assigned to the reduction of large Co3O4 particles
to Co metal and possibly partial reduction of highly
dispersed Co3O4 to CoO. The reduction of RuO2 to
Ru0 which usually takes place at lower temperatures
than the reduction of Co3O4 [32,33] did not exhibit a
separate peak; that peak probably overlapped the first
reduction peak of Co3O4. The second peak located at
ca. 250–360◦C is assigned to the reduction of CoO

(possibly) and Co species that are highly dispersed
and strongly interacting with the SiO2 support. As
Co loading increased, the reduction peaks in TPR of
CoRu/SiO2 shifted to higher temperatures. However,
the presence of Ru as a promoter resulted in lower
reduction temperatures compared to non-promoted
Co/SiO2 [10] as a result of hydrogen spillover.

The M1-supported CoRu catalysts exhibited quite
different TPR profiles from the SiO2-supported ones.
More than two major reduction peaks were observed
and significant reduction peaks were in evidence above
600◦C for ≥8 wt.% Co, suggesting that Co exhibited
a stronger interaction with MCM-41 than with SiO2.

The M2-supported CoRu catalysts exhibited quite
similar TPR profiles to the SiO2-supported ones with
two major reduction peaks being observed. For the
same Co loading, the first peaks were located at essen-
tially the same temperature as CoRu/SiO2. The second
peaks for CoRu/M2, however, were located at much
higher temperatures, especially for higher Co loading
catalysts.

The reducibilities of the catalysts during TPR
30–800◦C and during TPR 30–400◦C are reported in
Table 2. The reducibilities of all the catalysts during
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Fig. 8. TPR profiles of bulk Co3O4 and the CoRu/SiO2 catalysts with different Co loadings.

TPR 30–800◦C were not significantly different, rang-
ing from 60 to 70%. Any Co not reducible during TPR
is identified as “non-reducible” Co silicate[5,34].
The reducibilities during TPR 30–400◦C, however,
for the M1- and M2-supported catalysts, especially
for high Co loadings, were much lower than those
of the SiO2-supported ones. The reducibility during
TPR 30–400◦C is especially important because it
has been found to correlate with the reducibility of
the catalysts during the optimum standard reduction
procedure (reduction at 350◦C in flowing H2 for 10 h
after ramping to that temperature at 1◦C/min) [26].
This reducibility is related to the amount of active Co0

available for catalyzing FTS after standard reduction.

3.4. H2 chemisorption

The total hydrogen uptakes, the percentages of
cobalt dispersion, and the average diameters of

reduced Co0 particles (dr) are reported inTable 2.
The total hydrogen uptake was used to calculate
cobalt metal particle size and dispersion since it has
been reported to more accurately represent Co metal
dispersion on silica[29]. Ru promotion has been
reported previously to result in an increase in dis-
persion of Co on SiO2 [10]. For the SiO2-supported
catalysts, the higher is the Co loading, the greater
is the amount of H2 chemisorbed. The result was
similar for the M2-supported catalysts. However, for
the M1-supported ones, the increase in the amount
of H2 chemisorbed with Co loading was minimal for
Co loadings≥ 5 wt.%, apparently due in part to a
decrease in reducibility of the catalysts at the stan-
dard reduction condition (350◦C) and also possibly
to a pore blocking effect. Average particle size for
reduced Co (dr) was calculated to be in the range of
3.9–7.6 nm. These average Co0 particle sizes for the
reduced catalysts calculated based on H2 chemisorp-
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Fig. 9. TPR profiles of the CoRu/M1 catalysts with different Co loadings.

tion are not identical of course to the calculated Co3O4
particle sizes for the calcined catalysts obtained by
XRD, since only a portion of Co was reducible.
The M1- and M2-supported catalysts with low Co
loadings appeared to have smaller average Co0 par-
ticle sizes compared to those of the SiO2-supported
ones, resulting in their relatively high Co dispersions.
However, 14CoRu/M1 had the lowest Co disper-
sion due to its significantly lower reducibility during
standard reduction. The average Co0 particle size on
M1 for all Co loadings was calculated to be larger
than the average pore diameter of M1. Part of this
was probably due to larger Co0 particles being on
the external surface of the M1 granules. However,
a contribution to this may have also been particles
occluded in the pores. Pore blockages probably oc-
curred, especially when a large amount of Co was
impregnated, as evidenced by the decrease seen in
pore volume with Co loading for both CoRu/M1 and
CoRu/M2.

3.5. SEM and EDX

SEM and EDX were carried out for all the cata-
lysts. Typical SEM micrographs of cross-sectioned
catalyst granules of 8CoRu/S, 8CoRu/M1, and
8CoRu/M2 with locations of EDX analysis are shown
in Figs. 11–13, respectively. The corresponding ele-
mental distributions are reported inTable 3. The term

Table 3
EDX resultsa

Spectrum Co (wt.%)

8CoRu/S 8CoRu/M1 8CoRu/M2

1 6.6 17.2 7.3
2 6.0 4.5 4.7
3 7.4 4.1 5.7
4 6.8 5.6 7.7
5 8.4 10.1 8.9

a Error of measurements was±5%.
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Fig. 10. TPR profiles of the CoRu/M2 catalysts with different Co loadings.

Fig. 11. SEM micrograph of 8CoRu/S with locations of EDX
analysis.

“granule” here refers to a catalyst particle composed
of Co, Ru, and silica (SiO2 or MCM-41). In all the
SEM figures, the white or light spots on the catalyst
granules represent a high concentration of cobalt and
its compounds while the darker areas of the granules
indicate the support with minimal/no cobalt present.
The dark background is due to the carbon tape used
for holding the catalyst samples. It was observed
from both SEM and EDX that the concentration of
cobalt was similar at different points of interest on
the cross-sectioned granules of the 8CoRu/S and
8CoRu/M2 catalysts, whereas, for 8CoRu/M1, the
concentration of cobalt was higher at the edges of the
catalyst granules than in the interior. This distribution
difference was also seen for 14CoRu/M1, suggesting
that for the smaller pore MCM-41 (M1), using in-
cipient wetness impregnation resulted in cobalt not
being uniformly deposited throughout the pores of
the MCM-41 but concentrated more towards the ex-
ternal surface of the catalyst granules, especially for
high Co loadings. However, for the lowest Co loading
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Fig. 12. SEM micrograph of 8CoRu/M1 with locations of EDX analysis.

Fig. 13. SEM micrograph of 8CoRu/M2 with locations of EDX analysis.
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Table 4
FTS steady-state resultsa

Catalysts CO
conversion (%)

Total rate
(g CH2/g cat/h)

TOFb

(×103 s−1)
Selectivity (wt.%) Chain growth

probability
(α) (C5–C15)

EA

(kJ/mol)
C1 C2–C4 C5–C12 C13+

2CoRu/S 3.4 0.12 55.6 20.4 48.4 30.7 0.6 0.56 95
5CoRu/S 7.5 0.23 63.9 19.8 47.0 32.4 0.8 0.56 –
8CoRu/S 4.4 0.25 38.3 19.4 46.0 34.2 0.5 0.58 –
14CoRu/S 5.8 0.33 35.4 18.8 44.5 36.3 0.4 0.60 –

2CoRu/M1 4.8 0.16 72.5 20.0 47.5 32.1 0.4 0.56 88
5CoRu/M1 6.1 0.21 42.4 19.9 47.2 32.3 0.6 0.57 –
8CoRu/M1 5.1 0.29 52.8 19.6 46.5 33.3 0.3 0.60 –
14CoRu/M1 7.7 0.44 74.4 19.4 46.2 33.8 0.6 0.61 –

2CoRu/M2 4.7 0.16 75.9 20.1 47.8 31.9 0.3 0.53 102
5CoRu/M2 7.2 0.24 56.1 19.9 47.3 32.4 0.2 0.54 –
8CoRu/M2 4.6 0.26 47.0 20.1 47.8 31.7 0.2 0.56 –
14CoRu/M2 7.2 0.40 34.2 19.9 47.3 32.7 0.2 0.57 –

a The reaction conditions were 220◦C and 1 atm, H2/CO = 2. Error of measurement was±5%.
b Based on total H2 chemisorption.

Fig. 14. Reaction rate at 220◦C vs. time-on-stream.
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(2 wt.% Co) the distribution of cobalt was found to be
uniform on all types of supports.

3.6. Fischer–Tropsch synthesis

FTS results are summarized inTable 4. The
MCM-41 supported CoRu catalysts were found to
have somewhat higher FTS activities (on a gram cata-
lysts basis) than the SiO2-supported ones with similar
Co loadings. The variation of FTS activity as a func-
tion of time-on-stream for different CoRu catalysts
(with 2, 8, and 14 wt.% Co) is shown inFig. 14. The
results (i.e., decrease in rate with TOS) were similar
for the 5 wt.% Co catalysts (not shown inFig. 14).
In general, steady-state reaction was reached after 6 h
on stream. For 2CoRu/M1 and 2CoRu/M2, the rate at
steady-state was ca. 80% of the initial rate, while for
2CoRu/S, it was ca. 65%.

The steady-state TOF for FTS was fairly constant
among the different CoRu catalysts used in this study
(in the range of 0.034–0.076 s−1). FTS is usually con-
sidered to be a structure-insensitive reaction and as
such would not be expected to exhibit significant dif-
ferences in TOF for different Co loadings and disper-
sion, barring major metal–support interactions capable
of affecting Co0 activity. While the TOF of CoRu/S
and of CoRu/M2 decreased with Co loading, that of
CoRu/M1 did not show any obvious trend.

Transport limitations due to the restricted pore
structure of the MCM-41 did not appear to be a fac-
tor. The catalyst most likely to be impacted by this
limitation because of its small pore size and distri-
bution of Co, 2CoRu/M1, had an apparent activation
energy of 88 kJ/mol, typical for FTS and close to
that for 2CoRu/S (95 kJ/mol). Within experimental
error, there was no significant difference in chain
growth probability(α = 0.5–0.6) for all the catalysts.
Therefore, MCM-41-supported CoRu catalysts did
not exhibit any shape-selective behavior or diffusional
effects on selectivity at the reaction conditions used.

4. Discussion

Using MCM-41 as a metal support resulted in cat-
alysts with much higher BET surface areas even at
high Co loadings. The decrease in surface area, pore
volume, and average pore diameter of MCM-41 as

Co loading increased suggests that Co particles were
deposited in the pores of the MCM-41 and this was
confirmed by EDX. It is also possible that some loss of
surface area and pore volume was partially due to pore
blocking, especially when MCM-41 with smaller di-
ameter pores (M1) was used as the support. Although,
the ordered structure of MCM-41 was not detectable
when≥2 wt.% Co was loaded, the XRD results of the
catalysts after removal of the metals by acid leaching
indicated that the MCM-41 ordered structure was not
destroyed by the preparation of supported CoRu cat-
alysts. The disappearance of the XRD pattern due to
MCM-41 for the catalysts with Co loading≥ 2 wt.%
was probably due to the greater diffraction ability
of the metal particles, as has been reported before
[35]. Based on the XRD results at low 2θ angles, it
would appear that the large pore MCM-41 (M2) is
more amorphous than M1. The only difference from
amorphous silica was that M2 had a narrow pore size
distribution with uniform pore diameters around 7 nm.

It is known that reduction of cobalt in the oxide
form, Co3O4 or Co2O3, to Co0 involves a two-step
reduction: first reduction of Co3O4 or Co2O3 to CoO
and then the subsequent reduction of CoO to Co0

[25,26]. The two reduction steps may not always be
observed as separate peaks in TPR[29,36–38], as
seen inFig. 7for the reduction of bulk Co3O4 powder.
However, a separation of the two reduction steps has
often been found for supported cobalt catalysts due
to interactions between Co3O4 and support materials
such as silica or alumina. A wide range of variables
including Co particle size[36], support interaction
[37,40], and reduction gas composition[41] have an
influence on the reduction behavior of cobalt catalysts
resulting in the observation of different locations of
the TPR peaks. The effects of particle size and sup-
port interaction, however, can superimpose on each
other. Thus, while a decrease in metal oxide particle
size can result in faster reduction due to a greater sur-
face area/volume ratio, smaller particles may interact
more with the support slowing reduction. A number
of publications have appeared dealing with the study
of the interaction between metal and support on silica-
and alumina-supported cobalt catalysts[5,33,34].
Co–support species such as Co “silicates” and Co
“aluminates” have been identified. Water vapor pro-
duced during metal reduction has been reported to
facilitate the formation of these Co–support species
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resulting in a decrease in the degree of reduction of the
cobalt[5,26,34,37]. This probably explains why, when
MCM-41 was used as the support, lower reducibilities
of the catalysts during standard reduction (as measured
by TPR 30–400◦C) resulted. Due to the restricted pore
structure of the MCM-41, higher partial pressures of
water vapor could develop in the pores, especially for
high Co loadings where larger amounts of water vapor
would be produced. The water vapor effect would be
expected to be more pronounced for the M1-supported
catalysts than the M2-supported ones because of the
much smaller pore diameter of the M1. Thus, it is not
surprising that Co in CoRu/M1 was harder to reduce
(as shown by higher temperature TPR peaks).

The results from H2 chemisorption show that both
M1- and M2-supported CoRu catalysts had compara-
ble Co dispersions to the SiO2-supported ones with
similar Co loadings. Although MCM-41 has much
higher BET surface areas than amorphous silica, a
higher metal dispersion was not observed due to the
decrease in the extent of Co reduction able to be
achieved during standard reduction of the MCM-41
supported catalysts. The average Co0 metal particle
size determined from H2 chemisorption was also quite
similar for the same Co loading on different supports
and in general increased with increasing Co loading.
The average Co0 metal particle size for M1-supported
catalysts (3.9–7.6 nm) was, however, found to be larger
than the average pore diameter of M1 (3 nm). If this
was the case, therefore, most Co particles would exist
only on the external surface of the MCM-41, not inside
the pores. Nevertheless, overestimation of Co metal
particle is possible due to (a) partial blockage of hy-
drogen chemisorption as a result of agglomeration of
metal particles in the pores that render some portions
of the metal particles inaccessible to H2 adsorption
[42] and (b) localized destruction of the well-defined
pore structure forming cracks and holes where larger
metal particle could form[43]. There is no evidence
of H2 chemisorption suppression since the TOF re-
sults for FTS on the three series of the catalysts are
quite similar. Thus, it is most likely that some of the
Co metal particles existed as large particles on the ex-
ternal surface of the MCM-41 and some existed as
very small particles inside the MCM-41 pores where
H2 chemisorption may have been partially blocked,
resulting in the larger average particle diameters being
determined.

SEM and EDX provided additional information
about the elemental distribution of the three types
of supported CoRu catalysts. For low Co loading
(2 wt.%), the distribution of cobalt was found to be
uniform throughout the catalyst granules for all types
of support. For M2- and SiO2-supported catalysts
the uniform distribution of cobalt was observed for
all Co loadings studied (2–14 wt.%). However, for
M1-supported catalysts, as Co loading increased,
cobalt was found to be concentrated more towards the
outer surface of the catalyst granules and less evenly
distributed. This suggests that, if uniform distribu-
tion of Co metal is desired at higher Co loadings on
MCM-41 having small pores, multiple impregnations
of the Co precursor are required. A preparation tech-
nique for highly dispersed Co on MCM-41 can also
be found in Ref.[44].

Because of uniform Co distribution throughout the
granules of 2CoRu/M1, initially reaction would be ex-
pected to occur throughout the catalyst pores. If the
pores became blocked during reaction so that most/all
of the Co surfaces within pores became inaccessible
for reaction, one would expect to have seen a signif-
icant loss of activity with TOS. This did not happen,
as seen inFig. 14. The degree of deactivation with
TOS for 2CoRu/M1 was similar to that of 2CoRu/S.
At steady-state, the apparent activation energy also
did not indicate any diffusion limitations. For cata-
lysts with higher Co loadings, Co was concentrated
more towards the external surface of the catalyst gran-
ules. Certainly, reaction did take place more towards
the external surface of the MCM-41 granules on those
catalysts due to the distribution of the Co. However,
there is no evidence for those catalysts either that re-
action on the Co particles inside the pore was blocked.
The TOF values for FTS did not vary significantly
with support or metal loading. There was an absence
of any pore size effect on the product rate or selectiv-
ity probably due to pores being sufficiently large for
the reaction to easily proceed at 1 atm and 220◦C, the
reaction conditions used.

5. Conclusion

Compared to CoRu/SiO2, CoRu/MCM-41 had
much higher BET surface areas, even at high Co
loadings. The ordered structure of MCM-41 was pre-
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served after the preparation of the CoRu catalysts as
confirmed by the XRD results of the catalysts after
removal of the Co and Ru metals by acid leaching.
CoRu/MCM-41 manifested lower reducibilities during
standard reduction than CoRu/SiO2. The Co–support
interaction became stronger when MCM-41 was used
as a support as shown by higher temperature TPR
peaks, especially for the smaller pore MCM-41 with
high Co loadings. Its restricted mesopore structure
probably impedes the diffusion of the water out of
the pores during reduction, facilitating the forma-
tion of more difficult to reduced Co–support species.
CoRu/MCM-41 had comparable percent Co disper-
sion to CoRu/SiO2 for similar Co loadings. The
results from N2 physisorption, H2 chemisorption, and
EDX suggest that pore blockages probably occurred
when a large amount of Co was impregnated into the
small pore MCM-41 resulting in non-uniform distri-
bution of cobalt. This suggests that, if uniform distri-
bution of Co metal is desired at higher Co loadings
on MCM-41 having small pores, multiple impregna-
tions of the Co precursor are required. There was an
absence of any pore size effect on the reaction rate or
selectivity probably due to the pores being sufficiently
large for the reaction to easily proceed at 1 atm and
220◦C. The results of this study clearly demonstrate
that active Co FTS catalysts can be prepared using
MCM-41 as a support. Given flexibility of preparing
MCM-41 with uniform small–medium pores and with
a variety of metal substitutions in the SiO2 frame-
work, interesting possibilities exist for the preparation
of a wide variety of new Co catalysts having unique
and tailored properties.
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