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A B S T R A C T

To obtain a novel, active and selective to diesel catalytic material for syngas processing via Fischer–

Tropsch synthesis (FTS), a series of 20 wt.% cobalt catalysts has been prepared by impregnation of a

mesoporous molecular sieve based on silica (SBA-15, Al-MCM-41, INT-MM1), and a commercial

amorphous silica for comparison purposes. All materials were characterized by several physico-chemical

techniques: AAS, BET surface area, XRD, TPR, and H2 chemisorption with pulse reoxidation and finally

their reactivity on the FTS reaction was evaluated at 523 K, 10 bar, and H2/CO = 2. Catalytic and

characterization results show a great influence of mesoporous support porosity on the structure,

reducibility, and FTS catalytic behavior of cobalt oxide species supported over these ordered materials. It

was found that the size of supported cobalt oxide species formed during the calcination step increased

with the average pore size (Dp) of the mesoporous support. Thus, the catalyst with larger Co oxide species

located in wide pore silica showed to be easily reducible, more active and very selective toward the diesel

fraction. It seems to be the case of the Co/SBA-15 solid, which showed to be the most active solid (XCO

�63%) when the same mass of catalyst was used. Under CO iso-conversion conditions (XCO �40%), Co/

SBA-15 was more selective toward the formation of C5+ hydrocarbons (�80%, a = 0.76) and less selective

to CH4 (�15%). On the contrary, when Al-MCM-41 and INT-MM1 were used as supports, a lower

selectivity to C5+ and CO conversion and higher CH4 selectivity (�20%) were observed due to the decrease

of Dp, of the cobalt oxide species size and the reducibility degree of such species.

� 2009 Elsevier B.V. All rights reserved.
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1. Introduction

Fischer–Tropsch synthesis (FTS) is a part of gas-to-liquids (GTL)
technology, which produces synthetic liquid hydrocarbons from
natural gas. Recently the production of clean fuels and particularly
of synthetic diesel by means of the FTS process has aroused
renewed interest in both industrial and academic field [1–3]. The
super clean diesel oil fraction produced through the FTS is mainly
composed by linear paraffins having high cetane numbers (>70)
and it is free of sulfur and aromatics pollutants. The quality of this
diesel offers significant environmental and efficiency benefits over
those derived from crude oil [4].

The FTS is a surface-catalyzed polymerization process that uses
CHx monomers, formed by hydrogenation of adsorbed CO, in order
to produce hydrocarbons with a broad range of chain length and
functionality. This process was shown to be catalyzed by certain
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0920-5861/$ – see front matter � 2009 Elsevier B.V. All rights reserved.

doi:10.1016/j.cattod.2009.03.030
transition metals, such as Co, Fe and Ru, which present the highest
activity [5,6]. Among them, Co is considered the most favourable
metal for the synthesis of long-chain hydrocarbons from synthesis
gas due to its high activity per weight of metal compared to Fe, high
selectivity to linear paraffins, high stability toward deactivation by
water (a by-product of the FTS process), low water–gas shift
activity and low price compared to noble metals such as Ru, Re, or
Pt [6,7].

In the FTS process it has been shown that both catalyst activity
and hydrocarbon selectivity are function of the density of surface-
active sites (Co0), and at the same time depend on both cobalt
dispersion and reducibility [7,8]. These two parameters are mainly
determined by the cobalt-support interaction strength [8,9]. In
order to achieve a high density of metal sites (Co0), cobalt
precursors are usually dispersed on porous carriers, such as
amorphous SiO2, Al2O3, or TiO2. A large number of publications
have shown that the nature of the metal precursor [1,10,11], the
conventional carriers [1,12–16] the preliminary treatments
[1,3,17,18] and the metal loading [1,7,10,19] could significantly
influence the extent of metal reduction, morphology, adsorption
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and catalytic properties of the active phase, especially in well-
dispersed catalysts. In addition to the effects of these parameters,
others studies have shown that the support porous structure can
strongly affect Co dispersion, Co reducibility and FTS catalytic
performance of supported cobalt catalysts [16,20,21]. Therefore,
the choice of a support is a very important aspect for the final
design of new FTS catalysts, since it not only determine the number
of active sites stabilized after reduction pretreatment, but it can
also influence the amount of cobalt oxide species that can be
reduced [1,8,22].

In this sense, the use of mesostructured materials based on
silica (MCM-41 and SBA-15 [12,20,23–25], and HMS [26]) and
zeolitic materials (ITQ-2 and ITQ-6 [8], ZSM-5, NaY and HY [25]) as
supports for preparing Co-based FTS catalysts has been explored in
the last decade, since these materials represent an efficient tool to
control the sizes of supported cobalt particles [18,27]. On the one
hand, the typical very high surface area of these mesoporous
molecular sieves should allow higher dispersions at higher Co
loadings compared to amorphous silica. On the other hand, the
presence of a uniform pore size distribution in the ordered
mesoporous materials should allow a better control on the cobalt
crystallite size and thus on the catalytic properties. Besides, narrow
pore size distribution of the support could prevent the sintering
effect of the cobalt particles.

Nowadays the use of periodic mesoporous silica as supports for
heterogeneous metal catalysts has caused a great interest in a
wide range of catalytic reactions: photocatalysis, hydrogenation,
hydrodesulfurization, oxidative dehydrogenation and more
recently FTS. The utilization of such novel materials as supports
of Co catalysts makes it possible to design new catalysts with
higher productivity for C10–C20 paraffins as the main component
of diesel oil.

In this work, a series of mesoporous molecular sieves based on
silica, such as: SBA-15, Al-MCM-41, and INT-MM1 (a novel
material) with different average pore diameters (Dp) and high
surface areas (>730 m2/g) has been studied as supports of cobalt
catalysts (�20 wt.% Co) to be tested in FTS. The obtained results
were compared to commercial amorphous silica. MCM-41
materials are usually synthesized in a basic medium in the
presence of surfactants [28]. The Dp of MCM-41 materials may vary
from 2 to 10 nm as a function of the alkyl chain length of the
surfactant template and synthesis conditions. SBA-15 materials are
typically prepared in acid conditions with poly (alkyl oxide) tri-
block copolymers [29,30]. They usually have wider pores (up to
30 nm) and thicker walls than MCM-41. Both solids have
periodically ordered structures, which consist of two-dimensional
arrays of uniform mesopores; the pore size distributions in these
periodic mesoporous silicas are very narrow.

The mesoporous material INT-MM1, a novel molecular sieve
developed by PDVSA–INTEVEP S.A. [31], is an inert material
based on silica. It has a high BET surface area and good thermal
and hydrothermal stability. It presents tortuous channels of
uniform diameter (�2.5 nm) with short-range order and high
concentration of hydroxyl groups on its surface, which facil-
itates the incorporation of dispersed metal phases. This material
has a bimodal pore distribution, with pore volume Vp > 0.2 mL/
g. It is synthesized using conventional sol–gel methods. Among
other applications, this material has been used as a selective
adsorbent of polluting molecules in liquid streams, as a catalyst
support in hydrocarbon selective oxidation, hydrotreatment
reactions, fine chemistry, dry reforming [32] and for the first
time in FTS.

This work focuses on the effect of support mesoporous
structures on the cobalt dispersion and its reducibility, and how
these parameters influence on the product distribution and
catalytic behavior of the Co catalysts tested in FTS reaction.
2. Experimental

2.1. Preparation of catalytic materials

The parent silica SBA-15 and Al-MCM-41 materials were
synthesized in the laboratory following a procedure involving
an initial stage of silica-surfactant self-assembly and other stage of
large hydrothermal treatment according to [30,33], respectively.
SBA-15 silica was synthesized in acidic media using Pluronic
triblock copolymer (EO20–PO70–EO20, P123, Aldrich) as the
structure-directing agent (surfactant) and tetraethyl orthosilicate
(TEOS, Aldrich, 99 wt.%) as Si source. The Al-MCM-41 mesoporous
sieve was synthesized in basic media from SiO2 + AlO(OH)2 [33]. In
this synthesis, the silicon oxide (Baker, �100% purity) was used as
Si source, the boehmite (Catapal B from Sasol, Germany) was used
as Al source and the hexadecyltrimethylammonium bromide
(CTMABr, Aldrich, 99 wt.%) was used as surfactant (templating
agent). The synthesis of the material was initiated by mixing and
stirring of an aqueous solution of surfactant with an aqueous
solution consisting of tetramethylammonium hydroxide (TMAOH,
Aldrich 97 wt.%) containing the Si source. Afterward, the amount of
boehmite necessary to reach a mol ratio Si/Al = 100 in the final
material was added. The aluminum incorporation to the MCM-41
matrix during the step of hydrothermal synthesis has the objective
of improving the thermal and hydrothermal stability of this
material, since the structure of MCM-41 has been reported to
collapse after brief heating in boiling water [3,34]. The INT-MM1
mesoporous material has been supplied by PDVSA–INTEVEP S.A.,
and it was prepared according to the method patented by Carraza
et al. [31]. The commercial amorphous silica, Kali Chemie AF125
was used as support for comparison purposes.

All catalysts with a Co loading �20 wt.% were prepared by
incipient wetness impregnation using a solution of Co(NO3)2�6H2O
(Aldrich, 98% purity) dissolved in excess of ethanol with respect to
the pore volume of each silica material used as support (liquid/
solid ratio �5 cm3/g), followed by slow evaporation of the solvent
in a rotary evaporator at 35 8C until dryness. Afterward, the
samples were further dried at 60 8C overnight and milled at
250 r.p.m. for 15 min by means of a centrifugal ball mill. Finally,
the catalysts were calcined in air at 350 8C for 6 h by increasing the
temperature at a controlled heating rate of 2 8C/min.

2.2. Characterization techniques

The metal content in the calcined samples was determined by
atomic absorption spectrophotometry (AAS) using a GBC Avanta e
equipment.

The N2 adsorption–desorption isotherms were measured at
�196 8C on a Micromeritics ASAP 2020 volumetric system, with
the samples previously outgassed for �8 h at 120 8C. The surface
areas (SBET) of silica supports and Co catalysts were determined by
the BET method. The total pore volume (Vp) was calculated from
the amount of vapor adsorbed at a relative pressure (P/P0) close to
unity. Pore size distribution was established from the adsorption
branches of the isotherms using BJH method.

XRD patterns were obtained at room temperature in a Bruker
D8-Advance X-ray diffractometer using a graphitic monocromator
and a Cu Ka-ray radiation (l = 1.540598 Å) operating at 40 kV and
30 mA. The sweeping used for all the samples was from 58 to 858
with step size of 0.058 at an interval of 100 s. The Co3O4 average
crystallite size was calculated using the Scherrer equation [35] for
the more intense peak (2u = 36.88).

TPR profiles were obtained using a TPD/R/O 1100 equipment of
ThermoFinnigan. About 17 mg of calcined catalyst was placed in a
quartz tubular reactor and then a mixture of 5.11% H2 in Ar was
passed through the sample at a total flow rate of 20 mL/min while



Fig. 1. Nitrogen adsorption–desorption isotherms obtained at �196 8C for: (a)

supports based on silicas and (b) Co catalysts supported on silica supports.
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the temperature was increased from 35 to 1100 8C at a heating rate
of 10 8C/min.

H2 chemisorption was conducted using temperature-pro-
grammed desorption (TPD) with the TPD/R/O 1100 equipment
under experimental conditions previously reported [36,37]. A
sample of about 0.250 g was activated using a H2 flow of 30 mL/
min at 350 8C for 10 h and then cooled to 100 8C keeping the initial
flow conditions. The sample was kept at 100 8C for 90 min under
argon flow (30 mL/min) to remove and/or prevent adsorption of
weakly bound H2 species. Afterward, the H2 TPD profile was
obtained increasing the temperature from 100 to 350 8C for 1 h
using a heating rate of 10 8C/min under argon flow. The TPD profile
was integrated and the number of moles of desorbed hydrogen was
determined making comparison of the obtained area with the
areas of calibrated hydrogen pulses. Dispersion calculations were
based on the assumption of 1:1 H:Co stoichiometric ratio, taking
into account the fraction of reduced Co particles [36,37]. The cobalt
metal crystallite size was estimated from the cobalt dispersion by
assuming spherical and uniform cobalt metal particles [38]. To
estimate the Co dispersion (Dcorrected%) and the Co0 crystallite size,
d (Co0), the Eqs. (1) and (2) were used:

Dcorrectedð%Þ ¼
number of Co0 atoms on surface

total Co atoms in samples� reduced Co fraction

� 100

(1)

dðCo0Þ ðnmÞ ¼ 96

Dcorrectedð%Þ
(2)

After TPD of hydrogen, the sample was reoxidized at 350 8C
using pulses of oxygen. The reduced cobalt fraction was calculated
by assuming that the Co0 was completely reoxidized to Co3O4

[36,37].

2.3. Catalytic measurements

Standard catalytic tests were carried out in a Microactivity

Reference equipment (PID Eng&Tech. S.L.) [39]. About 0.45 g of
catalyst were used with a total flow adjusted to assure a space
velocity of 0.15 mol kg�1 s�1 using a feed of N2/H2/CO (9/60/30)
corresponding to a H2/CO ratio of 2. Total pressure was fixed to
10 bar, the reaction temperature at 250 8C and the reaction time to
70 h. Prior to the catalytic tests the catalysts were reduced in situ at
atmospheric pressure using a flow of 54 mL/min of H2 at 350 8C for
10 h. During the reaction, the reactor effluent passed through a hot
trap kept at 120 8C and 10 bar to collect waxes. The previously
depressurized gaseous products were sent through a thermostatic
line at 200 8C to a two-ways 6890 Agilent GC, using a FID to analyze
hydrocarbons from C5 to C18 and a TCD to analyze permanent gases
and light hydrocarbons.

3. Results and discussion

3.1. Textural properties of materials

The nitrogen adsorption–desorption isotherms for the siliceous
supports, with the corresponding pore size distribution curves
calculated using BJH method are shown in Figs. 1a and 2a,
respectively. The estimated textural parameters such as: SBET, Vp

and Dp for siliceous supports and their corresponding Co-
supported catalysts are shown in Table 1. According to the
classification of Brunauer et al. [40], all supports based on
mesoporous silica (see Fig. 1a) presented a type IV isotherm and
only for the SBA-15 and MCM-41 supports a reversible part and a
type H1 hysteresis loop were observed at higher relative pressures,
associated with the presence of cylinder shape pore of rather
constant cross-section [40,41]. The shapes of these isotherms are
typical for mesostructured materials and occur on porous
adsorbents possessing pores in the diameter range from 2 to
50 nm. The isotherms for the SBA-15 presented a sharp inflection
in the range of relative pressure from 0.7 to 0.8 (see Fig. 1a)
indicative of good-quality SBA-15 material with uniform meso-
pores [7,42]. On the other hand, the shape of the adsorption–
desorption isotherms for the Kali Chemie AF125 commercial silica
presented a sharp inflection in the range of relative pressure from
0.8 to 1.0 with hysteresis loop. This reveals a wide pore size
distribution that corresponds to a macroporous material.

Although the BJH pore sizes distribution curves for the SBA-15
and Co/SBA-15 solids show a mesopore bimodal distribution in
Fig. 2a and b, respectively, it is important to clarify that the smaller
peaks observed around 4 nm are the result of a physical
phenomena known as the tensile strength effect [43]. Never-
theless, it is well known in the literature that the SBA-15 material
also present microporosity [7]. Additionally, the curves in Fig. 2a
shows a uniform and narrower pore size distribution for the SBA-
15 support compared to the rest of mesoporous silicas. On the



Fig. 2. BJH pore size distribution curves calculated from nitrogen desorption

isotherms of: (a) supports based on silicas and (b) Co catalysts supported on silica

supports.
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other hand, the N2 adsorption–desorption isotherms for the INT-
MM1 support and the Al-MCM-41 modified mesoporous silica (see
Fig. 1a) practically did not show hysteresis loop in agreement with
that previously reported for these materials [31,33]. For Al-MCM-
Table 1
Chemical and physical properties of supports based on silica and Co-supported catalys

Samples Co content (wt.%) Textural propertiesa

Dp
b (nm) Vp (cm3/g) SBET

(m2

SBA-15 – 4.9 0.87 781

Al-MCM-41 (Si/Al) = 100 – 3.2 0.93 860

INT-MM1 – 2.6 0.66 730

SiO2 amorphous – 8.4 0.79 280

Freshd Usede Freshd Usede Fres

Co/SBA-15 18.1 4.8 5.1 0.62 0.20 538

Co/Al-MCM-41 17.7 3.2 3.4 0.66 0.23 625

Co/INT-MM1 20.9 3.1 3.6 0.50 0.15 584

Co/SiO2 19.3 8.1 8.3 0.54 0.36 209

a Values obtained from N2 adsorption–desorption isotherms.
b Dp and surface area values obtained by means of the BJH and BET methods, respec
c Values calculated using the Scherrer equation for the more intense peak (2u = 36.8
d Calcined samples.
e Used samples in FTS for 70 h on stream.
41, the sharp increase observed in adsorbed volume at 0.3–0.4
relative pressure followed by a plateau indicates capillary
condensation within mesopores in a narrow diameter range (see
Fig. 2a).

The absence of hysteresis in the isotherms of the INT-MM1
support (see Fig. 1a) indicates that the channels in the material are
formed by a uniform system of through-pores (open at both ends)
that are interconnected. The shape of these isotherms is typical for
this type of mesoporous material [31]. Previous results obtained
from the density function theory (DFT) method for the INT-MM1
gave an Dp of 2.5 nm and a bimodal pore distribution, with
approximately 55% mesoporosity and 45% microporosity con-
tributing to the total surface area of this material [31]. The bimodal
pore supports, such as SBA-15 and INT-MM1 contain large and
small pores simultaneously. The small pores could yield the sites
for anchoring smaller cobalt oxide particles, while the large pores
could provide a network for fast diffusion of reacting molecules
and products.

The nitrogen adsorption–desorption isotherms for the cata-
lysts: Co/Al-MCM-41, Co/SBA-15, Co/INT-MM1 and Co/SiO2

(amorphous) and the corresponding pore size distribution curves
calculated using BJH method are shown in Figs. 1b and 2b,
respectively. The shapes of the N2 adsorption isotherms of Co-
supported samples were quite similar to their corresponding
siliceous supports (see Fig. 1a), suggesting that the mesoporous
structure was mostly retained upon Co impregnation in all cases.
This observation is in agreement with previous reports [44,45].
Also note that the shape of pore size distribution curves (Fig. 2b)
remains the same, though the Dp of the catalysts was lightly
smaller after cobalt introduction, except for INT-MM1, which
presented an increase from 2.6 to 3.1 nm (see Table 1, and Fig. 2a
and b). This increase may be caused by both partial collapse of its
mesoporous structure as a consequence of its low pore wall
thickness (�1.7 nm) compared with the Al-MCM-41 (�1.7 nm)
and SBA-15 (�5.4 nm) supports [12,26,31], and/or the partial
degradation of pure silica matrix caused by the presence of high
concentrations of hydroxyl groups in INT-MM1. The interaction of
these hydroxyl groups with the humidity in time could facilitate
the hydrolysis of silica matrix, especially when the INT-MM1 lote
used has been stored during several years.

The chemical analysis results are presented in Table 1. Nominal
and real cobalt contents were very similar. Cobalt introduction on
supports based on silica leads to a sharp decrease in SBET in all
cases. The SBET in all periodic mesoporous silicas (Al-MCM-41, SBA-
15, and INT-MM1) was higher than 730 m2/g, whereas the SBET of
the commercial amorphous silica was much lower (280 m2/g).
ts calcined at 350 8C.

Structural properties

b

/g)

Co dispersion

(%)

Co0 crystallite

size (nm)

Reduced Co

fraction (%)

Co3O4
c average

crystallite size (nm)

– – – –

– – – –

– – – –

– – – –

hd Usede

205 3.0 32.6 81 14.6

212 5.3 18.1 44 7.0

170 4.7 20.3 36 6.8

136 2.1 45.8 94 14.9

tively.

8).
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Compared to the pure mesoporous silicas, a reduction of SBET and
Vp is noted for all catalysts after incorporation of �20 wt.% Co. The
decrease may be attributed to the dilution effect of the support
caused by the presence of the supported cobalt oxide phase, and/or
to a partial blockage of the support pores (specially micropores and
mesopores) occurred after Co incorporation [7,20].

Textural properties comparison between the fresh and used
catalysts has been performed in order to evaluate their hydro-
thermal stability. In Table 1 are also listed the textural properties of
the used catalysts in FTS after 70 h on stream, where a slight
increase in Dp and a sharp decrease in SBET and Vp were observed
again. These observed variations suggest that the ordered structure
of these mesoporous materials under reaction conditions continue
collapsing in varying degree depending on their hydrothermal
stability and therefore depending on the pore wall thickness of
mesoporous material. Thus, according to the differences between
Dp, SBET and Vp noticed for fresh and used catalysts might be
established a hydrothermal stability order for all mesoporous
materials as follows: Co/SBA-15 > Co/Al-MCM-41 > Co/INT-MM1.
The observed variations in Dp, SBET and Vp could be also attributed
to the accumulation of the waxes deposited in the catalyst pores.

3.2. X-ray diffraction: cobalt species and crystallite sizes

The XRD patterns for all cobalt catalysts supported on
mesoporous silicas are presented in Fig. 3. These show five sharp
signals characteristic of Co3O4 spinel (PDFWIN 42-1467) and one
broad signal with low intensity located at 2u = 238 typical of
siliceous materials. The latter signal is attributed to diffuse
dispersion caused by the lack of long-range order of Si atoms
located on the walls of the channels in the materials based on silica.

The XRD peaks become narrower and more intense for the Co/
SiO2 and Co/SBA-15 catalysts, indicating the presence of larger and
easier to reduce Co3O4 crystallite size in these materials in
comparison with the Co/Al-MCM-41 and Co/INT-MM1 solids. This
observation can be correlated with the Co3O4 average crystallite
size data and the results of reduced Co fraction presented in
Fig. 3. XRD patterns of cobalt-supported catalysts. (a) Co/Al-MCM-41, (b) Co/SiO2

amorphous, (c) Co/INT-MM1, and (d) Co/SBA-15. Identified phases: (*) amorphous

SiO2 and (^) Co3O4 spinel.
Table 1, where is clearly showed that the Co/SiO2 and Co/SBA-15
samples exhibit the largest Co3O4 average crystallite size (�15 nm)
and the higher reduced Co fraction (>80%). In this sense, strong
metal-support interactions and consequently higher Co dispersion
percentages are expected to be found in the Co/Al-MCM-41 and Co/
INT-MM1 catalysts.

On the one hand, Table 1 shows that the sizes of the supported
Co3O4 crystallites depend on silica porous structure, specifically
from Dp since larger Co3O4 crystallite sizes are found in the
catalysts prepared from the support with wider pores (SBA-15 and
commercial SiO2) and vice verse (Al-MCM-41 and INT-MM1). On
the other hand, Table 1 also shows in all cases that the Co3O4

crystallite size values estimated for the catalysts exceed the Dp

values calculated for their corresponding supports. Therefore,
these results suggest that a portion of larger Co3O4 particles could
be located on the external surface of the support while another
portion (the smallest ones) could be encapsulated inside the
mesoporous channels. This statement is consistent with previous
works [7,8,20]. Additionally, those small Co3O4 particles in narrow
pores are expected to be more difficult to reduce than those larger
ones deposited in wider pores, suggesting in a certain sense that
differences in Co3O4 crystallite sizes lead to differences in Co
reducibility. This argument is in line with the reduced Co fraction
results shown in Table 1 and with the results previously reported
by other authors [1,20,46].

It must be noted that in Table 1 are shown notable differences
between the Co3O4 average crystallite size values obtained for all
the catalysts and their corresponding Co0 crystallite size values. In
all cases the second ones values are larger than the first ones. These
discrepancies could be explained by sintering effects of reduced
metal species and/or by considering the limitations and approx-
imations of the characterizations techniques used for this type of
analysis.

3.3. Temperature-programmed reduction: cobalt species reducibility

Fig. 4 shows TPR profiles of the supported cobalt oxide particles
on the different mesoporous supports based on silica. As observed,
all the samples exhibit two main reduction peaks with a maximum
located in the temperature ranges 290–315 and 320–370 8C, which
correspond to the two-step reduction process in which the Co3O4

phase is first reduced to CoO and then the CoO phase is reduced to
Co0 [36,37]. The TPR profiles for the Co/SiO2 and Co/SBA-15
catalysts (see Fig. 4b and d, respectively) are quite similar,
indicating a comparable reducibility degree of the supported oxide
species on them as can be corroborated by the reduced Co fraction
results shown in Table 1. These catalysts presented very similar
Co3O4 average crystallite sizes (�15 nm) despite they showed very
different Dp and Co dispersion values. Thus, periodically ordered
structures based on silica used as Co catalyst support lead to higher
metal-support interactions compared to amorphous silica. Others
no identified supported cobalt oxide species with smaller crystal-
lite sizes and lower reducibility degree can be observed at
temperature above 400 8C. This variety of surface-Co oxide species
is represented by several shoulders and peaks of reduction showed
in the temperature range from 400 to 1000 8C (see Fig. 4). The
interaction degree of these surface-Co oxide species with the
support is directly proportional to the temperature increase and
inversely proportional to their crystallite sizes. According to this
argument, the Co/SBA-15 solid (see Fig. 4d) exhibits two unique Co
oxide species not observed on the rest of the samples: a reduction
feature with a maximum at 432 8C and a small shoulder at 600 8C.
These signals could be attributed to easily reducible surface-Co
species at the reduction conditions, which could be responsible for
the catalytic behavior experimentally observed for this sample, as
will be hereinafter discussed. In the same way, the Co/Al-MCM-41



Fig. 4. TPR profiles of cobalt-supported catalysts. (a) Co/Al-MCM-41, (b) Co/SiO2

amorphous, (c) Co/INT-MM1, and (d) Co/SBA-15.

Table 2
Catalytic activity and selectivity on Fischer–Tropsh synthesis.

Catalysts XCO (%) Selectivity (%)

CO2 CH4 C2–C4 C5+ aa

Co/SBA-15 63.2 0.9 22.3 5.7 71.1 0.70

Co/SBA-15 39.6b 0.3 15.6 4.5 79.6 0.76

Co/Al-MCM-41 38.5b 0.4 20.0 5.2 74.4 0.72

Co/INT-MM1 40.3b 0.7 21.2 6.3 71.8 0.70

Co/SiO2 42.5b 0.5 22.1 6.0 71.4 0.70

Reaction conditions: T = 250 8C, P = 10 bar, H2/CO = 2, GHSV = 0.15 mol kg�1 s�1.
a Chain growth probability obtained from the approached expression a ¼
ð0:75� 0:373Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
�logðSC5þ Þ

q
þ 0:25ðSC5þ Þ [49].

b CO iso-conversion conditions closed to �40%.

O. González et al. / Catalysis Today 148 (2009) 140–147 145
solid (see Fig. 4a) presents a broad and intense reduction peak with
a maximum located at 664 8C, which could be attributed to the
reduction of the small surface-cobalt particles strongly interacting
with the support. For the rest of the solids, this signal was not
observed either. For the case of the Co/INT-MM1 solid (see Fig. 4c),
a shoulder at 800 8C and an intense reduction feature with
maximum hydrogen consumption were observed above 952 8C,
most likely corresponding to the reduction of very small cobalt
silicate particles, which are stable and difficult to reduce and to
detect by XRD measurements. It has been reported that during the
reduction process the cobalt silicate phases formed probably can
be produced by reaction of highly dispersed CoO phases with the
support based on silica [8,47]. The formation of hardly reducible
cobalt species in this case could be attributed to the CoO-support
interaction produced as a consequence of very small cobalt
particles confined inside the mesoporous channel of this material.
For this reason, the INT-MM1 silica is a least appropriated material
to be used as Co catalyst support.

The cobalt reduction degree determined by reduced fraction
measurements for the Co-supported catalysts is presented in
Table 1. The obtained results are in good agreement with the TPR
profiles discussed above. According to this, the reducibility order
observed in Fig. 4 based on the ease of reduction of these materials
was as follows: Co/SiO2 > Co/SBA-15 > Co/Al-MCM-41 > Co/INT-
MM1. Thus, a high reduction degree was obtained for Co/SBA-15
(>80%, see Table 1) compared to the rest of mesoporous silicas.
This suggests that a considerable portion of Co0 small particles
could be stabilized by the structure of own support. It is possible
that the porous structure of the SBA-15 material prevents the
sintering of the metallic phases due to the array and dimensions of
its channels and to the metal-support interactions that could take
place.

3.4. Fischer–Tropsch synthesis results: catalytic behavior

The results of activity in terms of syngas conversion (XCO%) and
selectivity in terms of hydrocarbon product distribution (C5+) and
chain growth probability (a) are shown in Table 2. As observed,
when �0.4 g of each catalyst were used under the same FTS
reaction conditions, the Co/SBA-15 catalyst displayed the highest
CO conversion (�63%) than the rest of catalysts tested, showing
very similar selectivity results (a � 0.70 and selectivity to C5+

between 71 and 74%). It is well known that FTS selectivities could
be affected by conversion. For this reason, the selectivities should
be compared at similar conversion levels to evaluate any changes
arising from differences in catalysts properties. In this sense, under
CO iso-conversion conditions (�40%) the Co/SBA-15 mesoporous
catalyst exhibited the highest selectivity to C5+ (�80%) and lowest
selectivity to CH4, with a higher a value than the rest of the tested
solids in FTS reaction (a = 0.76). The high activity and selectivity
obtained for the Co/SBA-15 catalyst can be explained by the
interplay between the reducibility obtained for this catalyst and its
dispersion degree, which could be controlled by the pore size of the
Co/SBA-15 support. A relation between the sizes of Co3O4

crystallites and extents of chain growth probability (a) on the
pore diameters of mesoporous catalysts is presented in Fig. 5.
According to the textural properties results (see Table 1 and Fig. 5),
the Co/SBA-15 material presented the highest Dp (�5 nm) of the
mesostructured material series evaluated in this work. The shape
and dimensions of these pores could yield sites appropriated for
the anchoring or encapsulating of surface-Co oxide species with
sizes smaller than 5 nm. Such species could be easily reduced (81%
of reducibility according results shown in Table 1) increasing the
number of active sites available for the reaction, which can be
reflected on a better catalytic performance.



Fig. 5. Dependences of Co3O4 crystallite sizes and extents of chain growth

probability (a) on the pore diameters of mesoporous catalysts: (~~) Co/Al-MCM-

41, (^^) Co/SiO2 amorphous, (&&) Co/INT-MM1, and (**) Co/SBA-15. a values

determined under CO iso-conversion conditions (�40%).
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It is worth noting that for a similar metal loading, product
selectivities were comparable between the catalysts based on Al-
MCM-41 and INT-MM1 mesoporous supports and the Co/SiO2

reference solid, though a slightly higher selectivity to C5+

hydrocarbons was found for the Al-MCM-41-supported sample
(see Table 2). In this case, the amorphous SiO2 with a Dp of �8 nm
could lead to the formation of larger surface-Co oxide particles
highly reducible (94% of reducibility according results shown in
Table 1), but also susceptible to metal sintering process to cause
larger Co0 crystallite sizes (�46 nm, see Table 1). Unlike Co/SBA-15
mesoporous catalyst, similar results or no changes in terms of
selectivity were expected for the Co/Al-MCM-41 and Co/INT-MM1
catalysts due to these materials presented very seemed Dp values
(�3 nm). Therefore, the sizes of Co3O4 crystallites smaller than
3 nm formed in the pores of these materials (after calcining) led to
the formation of small and seemed Co0 crystallite sizes, which
could be able to interact strongly with the support. This strong Co-
support interaction yields a decrease in the extent of Co reduction
(close to 40%, as seen in Table 1), which could lead to a decrease of
Co0 active sites necessary for improving the catalytic properties of
these catalysts. Fig. 5 confirms this abovementioned argument,
since it shows no changes in crystallites sizes and values of a for
the Co/Al-MCM-41 and Co/INT-MM1 samples because of these
materials presented Dp similar values.

The low CO conversion and selectivity to C5+ observed for the
Co/Al-MCM-41 solid compared to the Co/SBA-15 catalyst (see
Table 2) could be attributed to the presence of aluminum in the
MCM-41 structure. In spite of the fact that this element was
introduced during the synthesis procedure of MCM-41 in order to
improve its mechanical properties, it could significantly influence
the reducibility degree of Co/Al-MCM-41 due to an increase of the
metal-support interactions. Although to observe this effect largest
amount of Al (>5 wt.%) should be added to the support [48].

4. Conclusions

The use of SBA-15 as cobalt catalyst support for the FTS seems to
be very promising, since the Co/SBA-15 catalyst with a Dp of�5 nm
has shown the best catalytic behavior in comparison with the rest
of the materials tested in reaction. Catalytic and characterization
results have shown a great influence of mesoporous support
porosity on the structure and reducibility of the cobalt oxide
species formed inside the pores of the material during the calcining
step. Characterization techniques have shown that the size of such
supported species and their reducibility strongly depend on the Dp

of mesoporous materials. Small pores of �3 nm present in Al-
MCM-41 and INT-MM1 lead to smaller supported Co clusters sizes
with lower reducibility in H2 and thus higher metal dispersions.
Therefore, the surface-Co species located in the narrow pore silicas
are less active and selective to long-chain hydrocarbons and more
selective to CH4 in FTS. Larger surface-Co species anchored or
encapsulated in the wide pore mesoporous supports showed a
contrary tendency.
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[32] O. González, J. Lujano, H. Molero, M. Pacheco, E. Pietri, M.R. Goldwasser, in:

Proceedings of the 18th North American Catalysis Society Meeting, Cancún,
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