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A B S T R A C T

The effects of promotion with ruthenium on the structure of cobalt catalysts and their performance in

Fischer–Tropsch synthesis were studied using MCM-41 and SBA-15 as catalytic supports. The catalysts

were characterized by N2 physisorption, H2-temperature programmed reduction, in situ magnetic

measurements, X-ray diffraction and X-ray photoelectron spectroscopy. It was found that monometallic

cobalt catalysts supported by smaller pore mesoporous silicas (dp = 3–4 nm) had much lower activity in

Fischer–Tropsch synthesis than their larger pore counterparts (dp = 5–6 nm). Promotion with ruthenium

of smaller pore cobalt catalysts led to a considerable increase in Fischer–Tropsch reaction rate, while the

effect of the promotion with ruthenium was less significant with the catalysts supported by larger pore

silicas.

Characterizations of smaller pore cobalt catalysts revealed strong impact of ruthenium promotion on

the repartition of cobalt between reducible Co3O4 phase and barely reducible amorphous cobalt silicate

in the calcined catalyst precursors. Smaller pore monometallic cobalt catalysts showed high fraction of

barely reducible cobalt silicate. Promotion with ruthenium led to a significant increase in the fraction of

reducible Co3O4 and in decrease in the amount of cobalt silicate. In both calcined monometallic and Ru-

promoted cobalt catalysts supported by larger pore silicas, easy reducible Co3O4 was the dominant phase.

Promotion with ruthenium of larger pore catalysts had smaller influence on cobalt dispersion, fraction of

reducible cobalt phases and thus on catalytic performance.
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1. Introduction

Fischer–Tropsch (FT) synthesis converts coal-, biomass- and
natural gas-derived syngas into super clean diesel fuels with high
cetane numbers, low contents of sulfur and aromatics [1–3]. It has
gained recently renewed interest because of high crude oil prices
and new environmental requirements for the residual sulfur (30–
50 ppm) in diesel fuel.

FT synthesis is a reaction which proceeds on supported metal
catalysts. Cobalt-based catalysts are preferred for the synthesis of
high molecular weight paraffins [1–3], as they own high activity,
high selectivity to linear hydrocarbons, low activities for the
water-gas shift reaction, and lower price compared to those of
noble metals. Since the catalytically active phase of this reaction is
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metallic cobalt, the behavior of cobalt catalysts in FT synthesis
strongly depends on the dispersion and reducibility of cobalt
species. Design of efficient cobalt catalysts with high concentration
of cobalt metal sites, high FT catalytic activity and high selectivity
to desired products still remains a challenge.

Hence, high surface area ordered mesoporous materials (such
as MCM-41 and SBA-15) and different promoters (such as
ruthenium, zirconium, lanthanum, rhodium, boron, platinum)
have been explored recently. MCM-41 and SBA-15 mesoporous
materials as supports for cobalt FT catalysts have been addressed
in several publications [4–11]. Our previous reports [12–15] have
shown that cobalt dispersion in ordered mesoporous silicas is
principally affected by pore diameters; smaller cobalt particles are
usually observed in smaller pore silicas. It appears [13] that
catalyst texture may even have a more significant impact on cobalt
dispersion than overall cobalt loading. The sizes of cobalt particles
could be controlled by pore diameters even at high cobalt contents.
Due to the strong interaction of cobalt species and supports in
these catalysts, the reducibility of small cobalt particles in small
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Table 1
Chemical composition of catalysts.

Supports Type Catalysts Cobalt

content (wt.%)

Ruthenium

content (wt.%)

Si1 MCM-41 CoSi1 10 0

CoRuSi1 10 0.3

Si2 SBA-15-1 CoSi2 10 0

CoRuSi2 10 0.3

Si3 SBA-15-2 CoSi3 10 0

CoRuSi3 10 0.3
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pore was relatively low, which led to poor FT synthesis
performance.

Analysis of recent literature data [3a, 3b] suggests that the
introduction of noble metals could result in several phenomena:
much easier reduction of cobalt oxide particles, formation of
bimetallic particles and alloys, a lower fraction of barely reducible
mixed oxides, enhancement in cobalt dispersion, inhibition of
catalyst deactivation, appearance of additional sites of hydrogen
activation, and increase in the intrinsic reactivity of surface sites.

This work focuses on the effects of ruthenium addition on the
structures and cobalt species in mesoporous-silica supported cobalt
catalysts, and their catalytic performances in FT synthesis. Nitrogen
adsorption, X-ray diffraction (XRD), Temperature Programmed
Reduction (TPR), in situ magnetic measurements and X-ray
photoelectron spectroscopy (XPS) were applied to characterize
the catalysts. The catalytic performances of mesoporous silica
supported cobalt catalysts were evaluated in a fixed bed micro-
reactor.

2. Experimental

2.1. Catalyst preparation

2.1.1. Support preparation

The synthesis of Si1 sample (MCM41 type) was carried out
according to the procedure reported in Ref. [12]. This material was
prepared by stirring 37.50 g of 25% solution of cetyltrimethyl
ammonium chloride (CTMACl) and 1.79 g of 28% NH4OH solution,
9.46 g tetramethylammonium hydroxide pentahydrate (TMAOH),
10 g of fumed silica and 20.36 g of deionized water. The reacting
mixture was stirring for 30 min and then transferred into a
hermetically closed polypropylene flask and heating in an oven at
80 8C for 48 h. The resulting gel was washed thoroughly with
distilled water, dried at 80 8C for 12 h and calcined first in flowing
nitrogen for 5 h at 500 8C, then in flowing air at 550 8C for 5 h.

The preparation of Si 2 sample (SBA15 type) was performed in a
similar manner as described in Ref. [16]. To get 10 g support,
16.32 g of P123 (poly (ethylene glycol)–poly (propylene glycol)–
poly (ethylene glycol)) was dissolved in a mixture of 514.39 g
water and 97.61 g 2 mol/L HCl under stirring. As a silica source,
34.68 g tetraethylortho-silicate (TEOS) was the last component
added to the synthesis mixture. The above mixture was kept at
40 8C under stirring for 24 h. The final molar ratio was 1 TEOS:1.16
HCl:206.06 H2O:0.017 P123. Then using the same procedure as in
the preparation of Si1, the mixture was transferred to a
hermetically closed polypropylene flask and heated in an oven
at 80 8C for 48 h. The as-prepared Si2 was separated by filtration,
washed thoroughly by distilled water, dried at 80 8C for 12 h, and
calcined first in flowing nitrogen at 500 8C for 5 h, then in flowing
air for another 5 h at 550 8C.

The procedure of Si3 (SBA-15 type) synthesis was similar to that
of Si2. Concentration of HCl was however 10 mol/L instead of
2 mol/L in the synthesis of Si2. The final molar ration of materials
was 1 TEOS:5.58 HCl:197.34 H2O:0.017 P123.

2.1.2. Cobalt deposition

In preparation of monometallic catalysts, cobalt was introduced
to silicas by aqueous incipient wetness impregnation (IWI) using
solutions containing the desired amount of cobalt nitrate.
Ruthenium nitrosyl nitrate was added to the impregnation
solution in preparation of Ru-promoted cobalt catalysts. The
samples were dried overnight at ambient temperature and then
calcined in the flow of dry air at 250 8C for 5 h. Before reaction, all
the catalysts were reduced in the flow of hydrogen at 400 8C for 5 h.
The chemical composition of catalysts is presented in Table 1.
2.2. Catalyst characterization

2.2.1. 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 at 77 K using a Micromeritics ASAP 2010 apparatus.
Prior to the experiments, the samples were outgassed at 150 8C for
5 h. The total pore volume (TPV) was calculated from the amount of
vapor adsorbed at a relative pressure (P/P0) close to unity assuming
that the pores are filled with the condensate in liquid state, where P

and P0 are the measured and equilibrium pressures, respectively.
The pore size distribution curves were calculated from the
desorption branches of the isotherms using BJH formula [17].

2.2.2. X-ray diffraction measurements

XRD patterns were recorded at room temperature by a Siemens
D5000 diffractometer using Cu Ka radiation using the Co3O4

(4 4 0) diffraction peak at 2u = 65.34. The average size of Co3O4

particle was calculated according to the Sherrer equation [18].

d ¼ 0:89l
B cos u

� 180�

p

where d is the average crystallite diameter, l is the peak length,
and B is the full width half in degrees.

2.2.3. X-photoelectron spectroscopy

XPS spectra of calcined catalysts were recorded using VG
ESCALAB 220XL spectrometer equipped with a 300 W Al Ka source
(hy = 1486.6 eV) operated at 15 kV and 16 mA. The binding energy
of Si 2p (103.8 eV) from silica support was used as a reference. The
measurements were performed in high vacuum level (�10�8 Torr)
at room temperature. The powdered catalyst was pressed as a thin
pellet onto an indium block. The experimental Co 2p XPS spectra of
the catalysts were normalized by the intensity of Si 2p line. The
particle sizes of Co3O4 particles were estimated with the Kerkhof–
Moulijn formula [19], the calculation details are also available from
Ref. [12].

The size values of Co3O4 particles in the catalysts were utilized to
calculate the corresponding cobalt metal particle size according to
the relative molar volumes of metallic cobalt and Co3O4. The
resulting conversion factor for the diameter of a given Co3O4 particle
being reduced to metallic cobalt is: d(Co0) = 0.75 d(Co3O4) [20,21].
Cobalt dispersion (D, %) was calculated from the average metal
particle sizes (nm) assuming spherical uniform particles with site
density 14.6 atoms/nm2, by the use of formula: D = 96/d [20,21].

2.2.4. H2-temperature programmed reduction

The temperature-programmed reduction profiles were obtained
by passing 5% H2/Ar gas mixture through the catalyst while
increasing the temperature at a linear rate. The experiments were
carried out in the reactor. The amount of samples for all experiments
was about 50 mg. The gas flow velocity was 30 ml/min, and the rate
of temperature ramping was 3 8C/min.



Fig. 1. Nitrogen adsorption–desorption isotherms measured for silica supports and

cobalt catalysts: (a) Si1 supported catalysts; (b) Si2 supported catalysts; (c) Si3

supported catalysts.
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2.2.5. In situ magnetic measurements

In situ magnetic measurements were performed using a Foner
vibrating-sample magnetometer as described previously [22].
Design of magnetometer allows recording curves of magnetization
during temperature-programmed heating or under isothermal
conditions at 5–700 8C. The magnetometer is fitted with a
continuous-flow quartz microreactor equipped with a built-in Pt–
PtRh thermocouple. The experiments were conducted by passing
pure H2 through the catalyst while increasing the temperature at a
linear rate. The amount of samples for all measurements was around
20 mg. The rate of temperature ramping was 28.2 8C/min, and the
temperature measure range was from 20 to 400 8C, then keeping it
isothermal at 400 8C. The appearance of metallic cobalt species in the
samples was monitored in situ by a continuous increase in sample
magnetization during the reduction.

2.3. Catalytic measurements

The Fischer–Tropsch reaction was carried out in a fixed-bed
stainless-steel tubular microreactor (dint = 9 mm) operating at
190 8C under atmospheric pressure with a H2/CO molar ratio of 2.
The thermocouple was in direct contact with the catalyst. The
catalyst was crushed and sieved to obtain catalyst grains 63–
200 mm in diameter. The catalyst loading was typically 0.5 g. Before
reaction, the samples were reduced in hydrogen flow at 400 8C for
5 h. The carbon monoxide contained 5% nitrogen, which was used as
an internal standard for calculating carbon monoxide conversion.
The reactor and gas transfer lines were placed in an oven and
constantly heated at 160 8C, in order to avoid possible condensation
of the reaction products. The reaction products were analyzed on-
line by gas chromatography. Analysis of H2, CO, CO2, and CH4 was
performed by a 13X molecular sieve column and a thermal
conductivity detector. Hydrocarbons (C1–C18) were analyzed by
a flame-ionization detector with a 10% CP-Sil5 on Chromo Sorb WHP
column. The hydrocarbon selectivities were calculated on carbon
basis. The Anderson–Schulz–Flory (ASF) chain growth probabilities
were calculated from the slope of the curve ln(Sn/n) versus n, where
n is the carbon number and Sn is the selectivity to the Cn

hydrocarbon. The chain growth probability was calculated for the
C4–C16 hydrocarbon range. The FT reaction rate is expressed as
cobalt-time yield (in moles of converted CO per second divided by
the total amount of cobalt (in moles) loaded into the reactor).

3. Results and discussion

3.1. Catalyst porosity

The nitrogen adsorption–desorption isotherms for both Si1, Si2
and Si3 silicas and cobalt monometallic and Ru-promoted catalysts
are shown in Fig. 1a–c. The original Si1 silica (Fig. 1a) presents a type
IV isotherm according to the classification of Brunauer et al. [23]. The
isotherm displays the typical step at P/P0 � 0.3 characteristic of
capillary condensation within narrow mesopores of the MCM-41
structure. Calculations using BJH method show that the S1 silica has
a narrow pore size distribution with an average pore diameter of
3.4 nm. Modification of Si1 silica either with cobalt or with both
cobalt and ruthenium results in a considerable modification of the
shape of nitrogen adsorption-desorption isotherms. In the isotherms
of the cobalt catalysts, the step at P/P0 = 0.3 characteristic of the
MCM-41 mesoporous structures disappears. This observation is
consistent with previous report [6] about the effect of impregnation
with cobalt nitrate solutions on the structure of MCM-41 materials.
Table 1 shows that the modification with cobalt also leads to a
dramatic decrease in the BET surface area and total pore volume. In
cobalt and cobalt–ruthenium catalysts supported by Si1 silica BJH
analysis (Fig. 1a) indicates the simultaneous presence of both
micropores (dp < 2 nm) and a small population of relatively larger
mesopores (dp = 30 nm).

S2 and S3 silicas exhibit irreversible type IV isotherms with a H1
hysteresis loop (Fig. 1b and c) which are typical of SBA-15 type
materials with cylindrical pores. The P/P0 position of the inflection
point is a function of the pore diameter. The pore diameter of the
original S2 and S3 silicas calculated using the BJH method are
respectively 4.4 and 5.7 nm. Broader hysteresis loop observed after
modification either with cobalt or with cobalt and ruthenium
suggests broadening pore size distribution curves in the FT
catalysts supported on Si2 and Si3 silicas.

Information about the texture of the supports and catalysts is
presented in Table 2. The BET surface area in all periodic
mesoporous silicas (Si1, Si2, Si3) was higher than 900 m2/g. The



Table 2
Adsorption properties of supports and cobalt based catalysts.

Supports SBET (m2/g) TPV (cm3/g) Pore diameter (nm) Catalysts SBET (m2/g) TPV (cm3/g) Pore diameter (nm)

Si1 1180 1.05 3.4 CoSi1 349 0.30 Bimodal PSDa

CoRuSi1 439 0.31

Si2 1029 0.92 4.4 CoSi2 471 0.56 4.5

CoRuSi2 441 0.50 4.4

Si3 935 1.13 5.7 CoSi3 534 0.67 6.1

CoRuSi3 519 0.69 6.1

a Bimodal pore size distribution (PSD), simultaneous presence of micropores (dp < 2 nm) and large mesopores (dp = 30 nm).

Table 3
XRD and XPS analysis of the catalysts.

Catalyst XPS atomic ratio (%) Co3O4 crystallite

diameter (nm)

Estimated

cobalt

dispersion

(%, XPS)Co 2p O 1s Si 2p XRD XPS

CoSi1 1.80 61.80 31.94 8.7 – –

CoRuSi1 2.93 58.71 29.53 6.4 2.1 47.4

CoSi2 2.06 60.83 31.59 9.2 – –

CoRuSi2 4.80 55.75 27.82 8.8 Very small Highly

dispersed

CoSi3 1.34 60.50 32.72 9.8 7.2 17.8

CoRuSi3 1.11 61.37 32.28 9.2 8.7 14.7
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total pore volumes of the supports were varied from 0.90 to
1.20 cm3/g. After impregnation, both BET surface area and total
pore volume significantly decreased. The drop of surface area can
be due both to plugging silica pores with cobalt oxide crystallites
and to the effect of the silica ‘‘dilution’’ because of the presence of
cobalt species. The magnitude of surface area drop suggests,
however, that pore plugging contributes more significantly to the
surface area decrease than silica ‘‘dilution’’.

In this paper, the catalysts supported by Si1 and Si2 silicas with
pore diameters of 3.3 nm and 4.4 nm respectively, are considered
as small pore catalysts, while their counterparts supported by Si3
silica are seen as larger pore catalysts.

3.2. Cobalt species and particle sizes

The XRD patterns of Co and CoRu catalysts are presented in Fig. 2.
XRD patterns characteristic of Co3O4 were detected for all calcined
catalysts. The Co3O4 crystallite sizes (Table 3) were calculated from
the widths of XRD peaks using the Sherrer equation (2u = 65.344).
The Co3O4 crystallite diameter varied only very slightly as a function
of silica pore size. After the introduction of ruthenium, the intensity
of XRD peaks of Co3O4 crystallites was considerably enhanced in Si2
supported catalyst, the size of Co3O4 crystallites did not change
significantly. The diameter of Co3O4 crystallites in Si1 supported
cobalt catalyst decreased to some extent after the addition of
ruthenium, while CoSi3 and CoRuSi3 showed similar Co3O4 particle
size (Table 3). Some decrease in Co3O4 crystallite size after
promotion of silica supported catalysts with noble metals (Ru, Re,
Pt) was also observed in previous reports [24,25]. Our earlier work
[24] suggests that this decrease could be related to a higher
concentration of cobalt oxide crystallization sites in the presence of
noble metals during decomposition of cobalt nitrate complexes.
Higher concentration of crystallization sites at the similar cobalt
Fig. 2. XRD diffraction patterns of silica supported Co and CoRu catalysts.
content would result in larger number of cobalt particles and
consequently higher cobalt dispersion in the catalysts.

Fig. 3 illustrates the Co 2p spectra obtained from mesoporous
silica supported cobalt catalysts and their ruthenium promoted
counterparts after calcination at 250 8C for 5 h. For smaller pore
catalysts (CoSi1 and CoSi2), the binding energies of Co 2p3/2 were
781.9 and 781.7 eV, respectively, and a high intensity of the shake-
up satellite peaks was observed. These features indicate the
presence of Co2+ species in amorphous cobalt silicate [12,26] and
could be taken as evidence of a strong interaction of the cobalt
species with the surface of support. After the addition of
ruthenium, the binding energies of Co 2p3/2 were shifted towards
lower energies, from 781.9 to 780.6 eV and from 781.7 to 780.0 eV
Fig. 3. XPS spectra of the Co 2p level for silica supported Co and CoRu catalysts.
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for Si1 and Si2, respectively, and showed a low intensity of the
shake-up satellite peaks, which was typical for Co2+/Co3+ ions in
the Co3O4 spinel phase [27]. Therefore, Co3O4 was the dominant Co
phase in calcined CoRuSi1 and CoRuSi2 catalysts, while in calcined
CoSi1 and CoSi2 catalysts the fraction of cobalt silicate was much
higher. In the case of CoSi3 catalysts, the binding energy of Co 2p3/2

was slightly shifted towards higher energies (from 780.1 to
780.6 eV), and the intensity of XPS signal decreased in the
promoted catalyst, however, the shapes of the Co 2p spectra
remain similar, Co3O4 is the dominant cobalt phase in both CoSi3
and CoRuSi3 samples. The intensities of XPS peaks for Ru were
below the detection limit, because of the relatively small amount
of ruthenium in the catalysts (0.3 wt.%).

XPS is a technique which is selectively sensitive to the surface
composition of the catalysts grains (depth of analysis �6 nm). In
the bulk cobalt oxide clusters, only a part of cobalt atoms is
detectable by XPS. The ICo/ISi ratio obtained from the intensity of
XPS line provides valuable information about the sizes of Co
clusters. For these catalysts ICo/ISi ratio equal to 3.09 corresponds to
monolayer coverage. More information about calculating particle
sizes from XPS data is available in the paper by Kerkhof and
Moulijn [19] and in our earlier report [12]. The sizes of Co3O4

particles obtained from the intensity of XPS and the Kerkhof–
Moulijn method are displayed in Table 3. Note that cobalt oxide
particle size calculations from XPS data were only performed only
for catalysts where Co3O4 was the dominant phase. The Co/Si ratio
for CoRuSi2 catalyst was higher than it can be expected from the
monolayer coverage. This is indicative of high cobalt dispersion in
this catalyst. Table 3 also provided the elemental composition on
the surface of Co and CoRu catalysts measured by XPS. The cobalt
surface atom ratio of CoSi1 and CoSi2 samples increased by the
introduction of a small amount ruthenium. In agreement with XRD
data, these results indicated that the addition of 0.3% Ru in small
pore silica supported cobalt catalysts could both change reparti-
tion of cobalt phase between Co3O4 and cobalt silicate and enhance
the cobalt dispersion.

3.3. Cobalt reducibility

The influences of supports on the reducibility of the supported
cobalt catalysts were studied by temperature programmed
reduction (TPR). The TPR profiles of both monometallic and Ru-
promoted Co/SiO2 catalysts, shown in Fig. 4, exhibited several
peaks. The occurrence of multiple reduction peaks indicated the
presence of several reducible cobalt oxide species. Caused by the
low calcination temperature, some low temperature TPR peaks
Fig. 4. TPR patterns of silica supported Co and CoRu catalysts.
might also be assigned to the decomposition of residual cobalt
nitrate [28]. The TPR peaks in the temperature range of 150–450 8C
also comprised the two step reduction of Co3O4

(Co3O4! CoO! Co0) [29–33]. The broad peak which located
higher than 450 8C was assigned to the reduction of those cobalt
oxide species (Co2+ and Co3+), which were in interaction with the
support. Note that presence of low temperature peaks in TPR
profiles of monometallic catalysts precalcined at low temperature
does not indicate much easier reducibility of these catalysts. The
TPR profiles of cobalt–ruthenium based catalysts were much
different from that of the catalyst without ruthenium addition,
which indicated that cobalt reducibility was significantly changed
by the addition of ruthenium.

The complexity of hydrogen consumption profiles in TPR
experiments made it difficult to identify the exact nature of
reduction stages of these catalysts. It is known that the magnetic
method is selectively sensitive to the concentration of metallic
cobalt phase. Thus, it appears to be helpful for interpreting the
complex TPR profiles. Our previous report showed [22] that
hydrogen partial pressure had strong effect on the catalyst
magnetization. This suggests that in pure hydrogen cobalt species
can be reduced at lower temperatures than in H2/Ar mixtures.
Thus, TPR peaks temperatures of metallic cobalt generation,
measured in 5% H2/Ar, were higher than those in the relevant
measurements of magnetization in pure hydrogen.

The effects of ruthenium addition on the properties of metallic
cobalt generations of these cobalt samples could be seen from
Fig. 5. Metallic cobalt was the only ferromagnetic phase presented
in the catalysts during the reduction. Since magnetic method was
selectively sensitive to the presence of ferromagnetism, the total
amount of metallic cobalt could be evaluated from magnetization
measurements. The presence of ruthenium resulted in a decrease
in the temperature of appearance of the metallic cobalt phase.
Meanwhile, the intensity of magnetization which corresponds to
the concentration of metallic cobalt phase was significantly
enhanced by the introduction of ruthenium in smaller pore silicas
(Si1 and Si2) supported cobalt catalysts. Compared the concentra-
tion of metallic cobalt phase in these investigated samples, after
reduction in pure hydrogen at 400 8C, from Fig. 5, they followed
this order: CoSi3 � CoRuSi3 > CoRuSi1 � CoSi2.

3.4. Catalytic behavior

The catalytic activities of Co based and CoRu based catalysts
were measured in a fixed-bed reactor at 190 8C, 1 bar, H2/CO = 2
and GHSV = 1800 ml/(gcat h). Carbon dioxide was not observed in
ig. 5. In situ magnetization of silica supported Co and CoRu catalysts during the

duction in pure hydrogen.
F
re



Fig. 6. FT reaction rates (a), methane, and C5+ selectivities (b) as functions of time on

stream on CoSi3 sample (T = 190 8C, H2/CO = 2, P = 1 atm, GHSV = 1800 ml/(g h)).

Fig. 7. Relation between cobalt-time yield and pore size of support.
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the reaction process at above conditions. The activity and
selectivity values reported here correspond to those at the period
of quasi-steady behavior. The FT reaction rates (cobalt time yields)
were calculated from the FT reaction rates from carbon monoxide
conversions and gas hourly space velocities, then the rates were
normalized by the number of cobalt atoms loaded in the reactor.

Fig. 6 showed the performances of FT reaction rate, methane
selectivity and C5+ selectivity; versus the time on stream for CoSi3
sample. FT reaction rates decreased slightly and gradually with
increasing time on stream during 24 h test; and the quasi-steady
state was attained after about 4 h, whereas the selectivities of
hydrocarbons almost unchanged. The reaction rates were
calculated from CO space velocity and its conversion at 24 h
on stream.

The experimental results were shown in Table 4 and Fig. 7. The
catalytic performances of CoSi1 and CoSi2 samples were remark-
ably enhanced by the Ru addition and promotion, the CO
conversion increased from 1.0% to 4.72% for Si1 supported cobalt
catalyst, and from 3.3% to 8.9% for Si2 supported cobalt catalyst,
respectively. While the activity of the Si3 supported cobalt catalyst
decreased slightly with Ru addition. XRD data (Fig. 2, Table 3)
Table 4
The effect of Ru addition on the catalytic performance of Co supported catalysts.

Catalyst Conversion

CO (%)

Cobalt time

yield (10�4 s�1)

Selectivities

CH4 (%)

Selectivities

C5+ (%)

aa

CoSi1 1.0 0.4 21.9 45.7 0.58

CoRuSi1 4.7 2.0 11.9 60.0 0.74

CoSi2 3.3 1.4 9.8 76.0 0.80

CoRuSi2 8.9 3.8 10.1 73.2 0.79

CoSi3 9.3 3.9 9.9 75.1 0.80

CoRuSi3 7.8 3.3 9.3 76.3 0.81

T = 190 8C, H2/CO = 2, P = 1 atm, GHSV = 1800 ml/(g h).
a ASF chain growth probability.
demonstrated that cobalt dispersion did not significantly change
after promotion with Ru. XPS suggests (Fig. 3) the addition of
ruthenium contributed to the formation of Co3O4 phase instead of
cobalt silicate. Cobalt silicate has much lower reducibility in
hydrogen than Co3O4 crystalline phase and does not produce active
sites for FT synthesis. CoSi1 and CoSi2 catalysts which contained
high fractions of cobalt silicate showed much lower cobalt-time
yield (Fig. 7) than the ruthenium-promoted counterparts. As for
CoSi3 and CoRuSi3, the dominant Co phase in both calcined
samples is Co3O4. XRD, XPS, TPR and magnetic measurements
indicate similar dispersion and reducibility for these catalysts.
Thus, the effect of promotion with Ru on the cobalt time-yield
(Fig. 7) was less significant than that with larger pore catalysts.
Hence, the effect of ruthenium promotion on catalytic performance
of CoSi3 was less pronounced.

It can be suggested that for small pore catalysts, the addition
of ruthenium not only improved the reducibility of cobalt
compounds into Co0 but also significantly increased the
concentration of active sites and improved catalytic performance
in FT synthesis.

The catalytic and characterization results emphasize the role of
Ru promoter on the fraction of Co3O4 phase in smaller and larger
pore cobalt FT catalysts. It is shown that formation of easy
reducible Co3O4 is considerably enhanced in smaller pore catalysts
in the presence of ruthenium. It seems that ruthenium affects
crystallization of Co3O4 particles in silica small pores. Higher
fraction of Co3O4 crystalline phase in Ru-promoted cobalt silica
supported catalysts with smaller pores improves cobalt reduci-
bility and leads to better catalytic performance in FT synthesis. The
uncovered effect of catalyst pore sizes on the fraction of Co3O4

reducible phase and amorphous cobalt silicate cannot be assigned
to the different surface area of the supports. Indeed, all the
supports and all the catalysts have comparable BET surface areas
(Table 2, 935–1180 m2/g for the supports and 349–519 m2/g for
cobalt catalysts).

4. Conclusions

The results show strong impact of catalyst pore sizes and
ruthenium promotion on the repartition of cobalt between Co3O4

and amorphous cobalt silicate species in calcined catalyst
precursors, cobalt dispersion and on the overall FT catalytic



J. Hong et al. / Catalysis Today 140 (2009) 135–141 141
performance. Higher fraction of Co3O4 was found in larger pore
silicas and in smaller pore silicas promoted with ruthenium. Lower
concentration of amorphous hardly reducible cobalt silicate and
enhanced cobalt reducibility are likely to be the reasons
responsible of higher FT reaction rates and high C5+ selectivity
over small pore (3.4–4.4 nm) cobalt–ruthenium bimetallic cata-
lysts. The effect of promotion with Ru on cobalt repartition
between Co3O4 and cobalt silicate and FT catalytic performance
was less significant on larger pore silica.
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