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Abstract

The influence of cobalt loading (10—40 wt% Co), cobalt precursor, and promoters (Re, Mn) on the physico-chemical and catalytic properties
of mesoporous Co/SBA-15 catalysts for the Fischer—Tropsch Synthesis (FTS) redttod93 K, P = 20 bar, B/CO = 2) has been
investigated. Catalysts were characterized byaxd Ar adsorption, X-ray diffraction (XRD), transmission electron microscopy (TEM),
X-ray photoelectron spectroscopy (XPS), and temperature-programmed reduction (TPR). For Co/SBA-15 catalysts prepared from Co(ll)
nitrate the dispersion decreased and the extent of cobalt reduction increased with cobalt loading. A maximum CO conversion was founc
for the sample with ca. 30 wt% Co loading, though the intrinsic activity of Co remained constant in the range of Co loading studied. More
methane and lesssG n-paraffins were produced over the less reducible 10 wt% Co loading sample. The addition of ca. 1 wt% Re enhanced
the reducibility of cobalt oxides and increased the catalyst activity, though the intrinsic activity of cobalt sites was not altered. Rhenium
also favored the formation of long-chainparaffins (Go4) while decreasing methane selectivity. Promotion of cobalt with ca. 2 wt% Mn
significantly improved cobalt dispersion but decreased its reducibility, producing catalysts that were less active than the unpromoted one
At similar cobalt loading (ca. 20 wt%), a much better dispersion and a stronger cobalt—support interaction leading to the formation of low-
reducible cobalt silicates was observed for oxidized samples prepared from acetate and acetylacetonate precursors as compared to that deri
from cobalt(ll) nitrate, as evidenced by TEM, XPS, and TPR. The former catalysts were characterized by a low FTS activity and a product
distribution shifted toward the formation of lighter products. Finally, at comparable Co loading Co/SBA-15 catalysts (nitrate precursor) were
about 1.5 times more active per weight of total Co than a Co/S#bnple, with only minor differences in product selectivity.
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1. Introduction are mainly composed by linear paraffins having high cetane
numbers and are free of sulfur and aromatics pollutants [4,5].
The FTS process was shown to be catalyzed by certain
The increasing demand for high-quality and environmen- ansition metals, with Co, Fe, and Ru presenting the high-
tally friendly transportation fuels together with the techno- ggt activity [6]. Among them, cobalt-based FTS catalysts
logical improvements achieved in the last years in gas-to- gre usually preferred for the synthesis of long-chain paraf-
liquid (GTL) processes making them more efficient and cost fins [7-9], as they are more active per weight of metal,
competitive has renewed the interest of using natural gasmore stable toward deactivation by water (a by-product of
as a potential source of hydrocarbons [1-3]. In particular, the FTS reaction), less active for the competing water-gas-
diesel fuels made with GTL technology through the Fischer— shift (WGS) reaction, and produce less oxygenates than
Tropsch synthesis (FTS) process (synthesis of hydrocarbonshe iron-based systems. Ru-based catalysts are highly active
from CO and H) offers significant environmental and ef- but the high cost and low availability of Ru are impor-
ficiency benefits over those derived from crude oil, as they tant concerns limiting their commercial application [10].
In order to achieve a high density of surface-active sites
(CdY), cobalt precursors are dispersed on porous carriers,
* Corresponding author. with SiOp, Al203, and to a lesser extent Tibeing the
E-mail address: amart@itq.upv.es (A. Martinez). most frequently used. The strength of cobalt—support inter-

0021-9517/$ — see front mattét 2003 Elsevier Inc. All rights reserved.
doi:10.1016/S0021-9517(03)00289-6


http://www.elsevier.com/locate/jcat

A. Martinez et al. / Journal of Catalysis 220 (2003) 486-499 487

action increases in the order SI@ Al2,03 < TiO». Iglesia a low FTS activity and high methane selectivity for highly
et al. [11] showed that at conditions favoring chain growth, dispersed Co/SBA-15 catalysts prepared from cobalt acetate
i.e., high G, selectivity, the FT synthesis rates per total Co and cobalt acetylacetonate precursors, which was ascribed
atoms increase linearly with increasing metal dispersion irre- to a low reducibility of the Co species.
spective of the nature of the support used. In other words, the In this work we have undertaken a more thorough
turnover rates are not influenced by dispersion and supportstudy of the characterization of cobalt-supported meso-
identity, and thus the catalyst activity should be proportional porous SBA-15 catalysts and their catalytic behavior for
to the number of surface cobalt metal {sites. The final the Fischer-Tropsch synthesis reaction. The catalysts are
density of active C® sites will depend on two main para- characterized by Nadsorption, X-ray diffraction (XRD),
meters, i.e., cobalt dispersion and degree of reducibility of transmission electron microscopy (TEM), temperature-prog-
the supported oxidize cobalt species. Ideally, optimum Co rammed reduction (TPR), and X-ray photoelectron spec-
catalysts should be prepared by achieving high dispersionstroscopy (XPS). The influence of cobalt loading (10—40 wt%
of highly reducible Co species at cobalt loadings as high asCo) and cobalt precursor salt (nitrate, acetate, acetylace-
possible. For AIO3 and particularly TiQ carriers the strong  tonate) and the presence of promoters (Re, Mn) on the
Co—support interaction leads to high dispersions, but also physico-chemical and catalytic properties of Co/SBA-15
favors the formation of nonreducible cobalt aluminates and catalysts were investigated.
titanates, respectively, resulting in a low density of reduced
cobalt surface sites. In the case of i@ weaker interaction
of cobalt with the support favors the reducibility of the cobalt 2. Experimental
oxides but at the same time promotes the agglomeration of
cobalt particles during the thermal activation (calcination- 2.1. Preparation of catalysts
reduction) treatments leading to a low dispersion of thé Co
particles on the silica surface. The siliceous SBA-15 mesoporous material was synthe-
The use of periodic mesoporous silicas as supports forsized according to the procedure described in Ref. [20]
preparing Co-based FTS catalysts has been recently exwith slight modifications, using Pluronic triblock copoly-
plored [12-17]. The very high surface area characteristic of mer (Aldrich, EQo-PG;c-EQz0, P123) as the structure-
mesoporous molecular sieves should allow for higher disper- directing agent and tetraethyl orthosilicate (TEOS, Merck-
sions at higher cobalt loading as compared with conventional Schuchardt) as silica source from a gel of the following
amorphous silicas. On the other hand, the presence of amolar composition:
uniform pore-size distribution in the ordered mesoporous _.
materials should allow, in principle, for a better control on Si0,:0.0168 P12%.866 HCH193 HO.
the cobalt particle size and thus on the catalytic properties.  First, the triblock copolymer was dissolved in a solu-
In this line, CoRu/MCM-41 catalysts were reported to be tion of water and HCI under stirring, and then the required
more active for the FTS process at similar metal loading than amount of TEOS was added to the above solution at 309 K
CoRu/SiQ while exhibiting similar product selectivities —and kept under stirring for 20 h. Then, the gel mixture was
[13]. Recently, the synthesis of a new periodic mesoporoustransferred into polypropylene bottles and heated at 353 K
silica, SBA-15, has been reported under acidic medium us-for 3 days in static. After the synthesis, the solid obtained
ing triblock copolymers as structure-directing agents [18]. was filtered, exhaustively washed with distilled water until
SBA-15 possesses a high surface area (600-16p9)and neutral pH, dried at 353 K and finally calcined in a flow of
is formed by a hexagonal array of uniform tubular chan- air at 773 K for 6 h to remove the organic template.
nels with pore diameters ranging from 5 to 30 nm, which Co/SBA-15 catalysts with different Co loading (ca. 10—
are significantly larger than those of MCM-41. Interestingly, 40 wt%) were prepared by impregnation using a solution of
SBA-15 also possesses thicker pore walls and better hy-cobalt(ll) nitrate (Alpha, 98.9% purity) dissolved in ethanol
drothermal stability than MCM-41 [18,19], a feature that in excess with respect to the pore volume of the SBA-15
can be relevant for the FTS process in which water is an support (liquid/solid ratio of 4 cryg), followed by slow
important by-product. Khodakov and co-workers [15-17] evaporation of the solvent in a rotary evaporator at 323 K
have investigated the effect of pore size in FTS over cobalt- and vacuum until dryness. This series of samples was de-
supported on periodic mesoporous SBA-15 and MCM-41 noted asxCoSBA-n, wherex is the nominal Co content
silicas as well as on commercial mesoporous silicas. The (in weight percent) in the calcined catalyst, and n refers to
FTS reaction rate andsG selectivity were seen to increase the nitrate precursor. Co/SBA-15 samples containing about
with increasing catalyst pore diameter. These authors found20 wt% Co were also prepared by the above impregnation
Co/SBA-15 catalysts more active and selective towagd C method but using cobalt(ll) acetate (Aldrich, 99% purity)
hydrocarbons than Co/MCM-41, which was ascribed to a and cobalt(ll) acetylacetonate (Acros, 99% purity) as cobalt
higher reducibility of the larger G®4 particles formed in precursors. These samples were denoted as 20CoSBA-ac
the bigger pores of the SBA-15 support [15-17]. However, and 20CoSBA-aa for cobalt acetate and cobalt acetylacet-
in a preliminary catalytic study Wang et al. [14] observed onate precursors, respectively.
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Promoted Co/SBA-15 catalysts were prepared by coim- whereD is the % dispersion and is the mean particle size
pregnation of the SBA-15 support with an excess of ethano- of Co” in nm.
lic solution containing the required amounts of cobalt nitrate  TEM micrographs were obtained in a JEOL JEM 2000FX
(nominal concentration of 20 wt% Co) and promoter pre- microscope operating at 200 kV, equipped with a XEDS
cursors. Thus, Re-promoted catalyst was prepared usingdetector, and a JEOL JEM 4000EX (structural resolution
perrhenic acid (Acros, 85% aq) as precursor, and the sam-0.16 nm andCs = 1.0 mm) transmission electron micro-
ple was denoted as 1Re20CoSBA-n (1 wt% Re nominal scope at 400 kV. For the TEM measurements the solids were
content). Mn-promoted catalyst containing about 2 wt% dispersed in acetone and dropped on a copper microgrid cov-
Mn (nominal) was obtained using manganese(ll) acetate ered by a holey carbon film.
as precursor (Panreac, pure). This sample was denoted as The reduction behavior of the supported oxidized cobalt
2Mn20CoSBA-n. Finally, a Co/SBA-15 sample contain- phases was studied by temperature-programmed reduc-
ing about 20 wt% Co and promoted by both Re and Mn tion in a Micromeritics Autochem 2910 equipment. About
(denoted as 1Re2Mn20CoSBA-n) was also prepared by30 mg of the calcined catalyst was initially flushed with
co-impregnation using an ethanolic solution of cobalt(Il) ni- 30 cn?/min of Ar at room temperature for 30 min and then a
trate, perrhenic acid, and manganese(ll) acetate as Co, Remixture of 10 vol% of k in Ar was passed through the cata-

and Mn precursors, respectively. lyst at a total flow rate of 50 cAfmin while the temperature
For comparison purposes, a Co/gi@atalyst contain-  is increased to 1173 K at a heating rate of 10mdn. The

ing ca. 20 wt% Co was also prepared by impregnation of a H, consumption rate was monitored in a thermal conductiv-

commercial amorphous silica (Fluka, silica gel 1881 = ity detector (TCD) calibrated previously using the reduction

387 nt/g, PV=0.81 cn?/g) with an ethanolic solution of  of CuO as standard. A different set of experiments was per-
cobalt nitrate as described above for #@SBA-n samples.  formed in the same equipment to determine the extent of

After impregnation, the samples were further dried at cobalt reduction after submitting the calcined samples to the
333 K overnight and then calcined in air by increasing the same reduction treatment applied prior the catalytic tests.

temperature at a controlled heating rate of Ankn until For this purpose, about 100 mg of oxidized catalyst was

573 K and held at this temperature for 10 h. placed in the TPR cell and reduced in situ at 673 K for 10 h
at a heating rate of 1 nin by flowing 50 cni/min of a

2.2. Characterization techniques mixture of 10 vol% +p in Ar. Then, the temperature was in-

creased from 673 to 1173 K at a rate of 1@min and the

The metal content in the calcined catalysts was deter- H> consumption registered. The extent of Co reduction was
mined by atomic absorption spectrophotometry in a Varian then calculated from the amount of ldonsumed assuming
Spectra A-10 Plus apparatus. that complete reduction of G&4 to CoO and partial reduc-

The BET surface area and pore volume of the SBA- tion of CoO to C8 took place during the in situ reduction
15 support and Co-containing catalysts were derived from treatment at 673 K. This assumption is based on the fact
the corresponding nitrogen adsorption isotherms obtainedthat supported CsD4 crystallites have been shown to be re-
at 77 K in a Micromeritics ASAP 2000 system. The pore- duced to CoO at temperatures typically below 673 K, while
size distributions were obtained from the Ar adsorption higher temperatures are needed to reduce CoO to metallic
isotherms at 87 K using the BJH method. Prior to the adsorp- cobalt [24].
tion measurements the samples were outgassed at 473 K for The X-ray photoelectron spectra were obtained with a
24 h. VG-Escalab-210 electron spectrometer, by using a non-

X-ray diffraction patterns were obtained at room temper- monochromatic Al-K (1486.7 eV) source of a twin anode
ature in a Phillips X'pert diffractometer using monochroma- in the constant analyzer energy mode with a pass energy

tized Cu-K, radiation. The average particle sizes 0f;0g of 50 eV. The spectral acquisition time was also reduced
in the different catalysts were estimated from the Scherrerto prevent the damage of the sample. In order to remove
equation [21] using the most intense reflexion@t236.9°. charging shifts and deal with Fermi edge coupling prob-

The CaO4 particle sizes in the calcined samples were then lems, binding energies (BE) were scaled against the peak of
converted to the corresponding cobalt metal diameters in re-the C—(C,H) component coming from contamination carbon
duced catalysts by considering the relative molar volumes of (set to 284.6 eV). The pressure of the analysis chamber was

Co? and C@O4 using the equation: maintained at 5 10~1° mbar.
0 In situ pretreatments were conducted in a high-pressure
d(C0") =0.75x d(C0304). gas cell (HPGC) mounted directly to the preparation cham-

Then, the CB metal dispersions can be calculated from the Per of the spectrometer, allowing the samples to be trans-
mean C8 particle sizes assuming a spherical geometry of ferred into the analysis chamber without exposure to the

the metal particles with uniform site density of 14.6 atgms & after treatments. The analyses were obtained on self-
nn? as described in [22,23] using supporting wafers of 9 mm diameter and ca. 5 mg weight

that were fixed on a circular sample holder, specially de-
D =96/d, signed for the reaction cell, in such a way that all the reactant
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flow passes through the catalyst. The reactant gases (air or amount of waxy products collected in the hot trap were quite
mixture of hydrogen—nitrogen) were introduced into the re- satisfactory(100+2%). Preliminary experiments performed
action cell through mass flow controllers at a gas flow rate of in the absence of catalyst showed that the FTS reaction was
150 cn?/min. First, the catalyst sample (already calcined at negligible under the reaction conditions used.

573 K) was pretreated in situ in flowing air at 150 $fmin

for 2 h at 623 K, followed by cooling in vacuum to room
temperature before acquisition of the XP spectrum. In the
next st'ep, the gatglyst was again introduceq intg the HPCG3 1 characterization of catalysts
for their reduction in flowing hydrogen (20% in nitrogen) at

3. Resultsand discussion

150 cn?/min for 10 h at 673 K and then analyzed. 3.1.1. Textural properties of Co/SBA-15 catalysts
Vi ) The Np adsorption isotherm for calcined siliceous SBA-
2.3. Catalytic experiments 15 presented a sharp inflection at a relative pressure in the
The Fischer-Tropsch synthesis reaction was performed infange of 0.7-0.8 (Fig. 1a) indicative of a good-quality SBA-
a down-flow fixed-bed stainless-steel reactr¢ 10 mm, 15 material with uniform mesopores [25,26]. The shape of

1 = 40 cm). Typically, the reactor was loaded with 1.0 g of the No adsorption isotherms of Co-supported samples was
catalyst (0.25-0.42 mm particle size) diluted with CSi (0.25— Similar to that of the original SBA-15 (as an example the
0.59 mm particle size) up to a constant volume of 6.4.cm isotherms of catalysts containing ca. 20, 30, and 40 wt% Co
Prior to the catalytic experiments the catalysts were reducedare shown in Fig. 1 b—d), suggesting that the mesoporous
in situ at atmospheric pressure by increasing the temperaturestructure of SBA-15 was mostly retained upon cobalt im-
at a heating rate of 1 Knin up to 673 K and maintained at pregnation. The inflection of the adsorption branch of the
this temperature for 10 h while passing a flow of pure hydro- isotherm occurred at a lower relative pressure (0.65-0.75)
gen (400 crd/min) through the reactor. After the reduction for Co-containing samples as compared to the pure silica
step the temperature was lowered to 373 K under the flow of SBA-15, indicating a decrease of the mean pore diameter
H, and then the reactant gas mixture(BO:Ar in a volume after cobalt impregnation. In fact, the mean pore diameter
ratio of 6:3:1, Ar used as internal standard) was introduced at Of the pure silica SBA-15 obtained from Ar adsorption at
a total flow rate of 250 cRymin (Hp/CO= 2), correspond- 87 K and using the BJH method was 10.0 nm, while it de-
ing to a GHSV of 13.5 I(NTP)(gcach) referred to the syngas ~ creased to about 9.5 nm for the cobalt-containing SBA-15
feed, and the reactor pressure slowly increased up to 20 barsamples (see inset in Fig. 1). The chemical composition and
Then, the temperature in the catalyst bed was increased fronfextural properties obtained by,Mdsorption of the pure sil-
373 to 493 K at a controlled heating rate of 4riin in or- ica SBA-15 sample and supported cobalt catalysts are given
der to avoid instability of the system induced by the highly in Table 1. The BET surface area and total pore volume of
exothermic FTS reaction. Once the reaction temperature ofthe siliceous calcined SBA-15 (8424fy and 1.18 criyg,
493 K was achieved (TOS 0), the reaction was led to pro-  respectively) are typical for siliceous SBA-15 synthesized
ceed during a period of 20-24 h to ensure stabilization of the under similar conditions. Both the BET surface area and the
catalyst activity. During the reaction the temperature in the total pore volume significantly decreased upon Co impreg-
catalyst bed was controlled to 4231 K by means of two nation, with the decrease higher at larger Co loading. This
independent heating zones with the corresponding temperaimay be caused by a partial blockage of the SBA-15 pores by
ture controllers. cobalt oxide clusters and/or a partial collapse of the meso-
During the reaction the reactor effluent passed through porous structure.
a hot trap kept at 473 K and 20 bar to collect waxes, and
the stream of products leaving the trap (unreactedahkid Table 1
CO, CQ, water, alcohols, and hydrocarbons up tes)C Chemical composition and textural properties obtained frgnadisorption
was depressurized and analyzed on-line at periodic inter-isotherms of SBA-15-supported Co catalysts

vals by gas chromatography in a Varian 3800 chromatographcCatalyst Co Promoters Sggr  Total pore
equipped with three columns and two detectors. Analysis of (Wt%) (Wt%) (m?/g) volume
Ar (reference), CO, CQ Hy, and CH, was performed us- Re Mn (cn/g)
ing two packed columns, a Porapak Q (0.5 m length) and a sea-15 - - - 842 1.18
13X molecular sieve (1.5 m length), and a thermal conduc- 10CoSBA-n 2 - - 607 0.83
tivity detector. Alcohols and hydrocarbons from @p to 20CoSBA-n 180 - - 508 0.62
about Gs were analyzed using a capillary column (WCOT 30C0SBA- 2 - - 421 0.60
> S 40C0SBA-n 48 - - 350 0.49
fused silica, 2.5 m length) and a flame ionization detector ,o-ospa-ac 15 _ _ 267 0.62
(FID). To avoid condensations a controlled flow of nitrogen 20cosBa-aa 18 - - 355 0.55
(50 cn?/min) was added to the product stream after depres- 1Re20CoSBA-n 1» 09 - 498 0.74
surization while all transfer lines between the reactor and the 2Mn20CoSBA-n 1B - 18 476 0.76

|_1R62Mn20COSBA-n 19 1.3 2.0 443 0.63

GC were kept at a temperature of 473 K. Carbon mass ba 20C0Si0) 05 - i 262 0.60

ances performed at the end of the experiments including the
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Fig. 1. Nitrogen adsorption isotherms obtained at 77 K for: (a) SBA-15, (b) 20CoSBA-n, (¢c) 30CoSBA-n, (d) 40CoSBA-n. The inset shows the pore-size
distribution for the pure silica SBA-15 and 20CoSBA-n catalysts obtained from Ar adsorption at 87 K using the BJH method.

30nm

@)

Fig. 2. TEM images of sample 20CoSBA-n taken along the direction parallel (a) and perpendicular (k) &xithe

As observed in Table 1, the BET surface area of the collapse of the mesoporous structure of the SBA-15 support
Re and Mn-promoted samples was similar to that of the in the latter catalyst.
unpromoted catalyst with comparable Co loading. On the
other hand, the surface area of the sample prepared froms. 1.2, Transmission electron microscopy
cobalt acetate was slightly lower than that of the equiva-  Cobalt-containing SBA-15 samples were studied by
lent sample prepared from cobalt nitrate, whereas the sampleransmission electron microscopy. Micrographs of calcined
prepared from cobalt acetylacetonate precursor presented 20CoSBA-n sample prepared from cobalt nitrate are shown
much lower surface area (35%yiy). This suggests a higher in Fig. 2. Contrast due to the SBA-15 symmetry is observed
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Fig. 3. TEM images along the direction perpendicular toctlais of sample 20CoSBA-ac.

as well as darker contrast corresponding to cobalt speciesoxide particles inside the mesoporous channels might indi-
Images show the highly ordered hexagonal arrangement ofcate a preferential location of cobalt on the external surface
the channels along two directions, parallel (Fig. 2a) and in the acetate sample. However, it can be speculated that af-
perpendicular (Fig. 2b) to theaxis. The SBA-15-type struc-  ter impregnation with the organic salt precursor most of the
ture was clearly maintained after cobalt impregnation and cobalt species would also be located inside the channels, as
calcination. The cobalt species were evidenced by darkerit occurs for the nitrate precursor (Fig. 2). Then, during cal-
contrasts and identified by XEDS where the cobalt peak wascination of the impregnated samples the higher temperature
easily observed. Fig. 2a shows the TEM image of sample required for the decomposition of the organic salt as com-
20CoSBA-n taken in the [001] direction, which gives the pared to the nitrate (as we have evidenced from TG-DTA
cross sections of the SBA-15 channels. Two different types experiments, not shown) may favor a strong interaction of
of dark contrast from Co particles are apparent. The small cobalt species with the siliceous wall of the SBA-15 support.
dark spots, marked with black arrows, correspond to cobalt Such a strong interaction could prevent migration of cobalt
oxide located inside the pores. This affirmation is evidenced avoiding the formation of large cobalt oxide particles, but it
also by the strong contrast along the longitudinal axis of the may promote the reaction of the highly dispersed cobalt par-
crystals in this projection (Fig. 2b). However, it is apparent ticles located inside the channels with the silica wall leading
that not all the channels in this sample are filled by cobalt to a cobalt silicate-like phase, as observed in Fig. 3b. This
oxide. The other dark areas, marked with white arrows, give explanation seems to be supported by the fact that the cobalt
a smeared contrast over the channels, which corresponds tsilicate phase appears to be oriented in the direction of the
cobalt particles on the external surface. SBA-15 channels.

Micrographs corresponding to the 20CoSBA-ac sample
prepared from cobalt acetate precursor are shown in Fig. 3.3.1.3. Sructure and particle size of cobalt species
Although some dark but smeared contrasts, due to cobalt3.1.3.1. X-ray diffraction The XRD patterns of unpro-
particles located on the external surface of the SBA-15, were moted and promoted Co/SBA-15 catalysts calcined at 573 K
observed, images perpendicular to the channel axes of samas well as those of the bulk @0, spinel phase are presented
ple 20CoSBA-ac appear to be different than those of samplein Fig. 4. All catalysts prepared from cobalt nitrate precur-
20CoSBA-n since no strong contrast along the channel axissor (Fig. 4 b—e) showed the reflexions characteristic of the
was found. On the other hand, as is seen in Fig. 3a, sup-CozO4 spinel. In this series of samples the peaks become
ported cobalt oxide particles appeared to be highly dispersednarrower, indicating an increase of the mean@gpcrystal-
on the external surface of the 20CoSBA-ac sample. Further-lite size, when increasing the Co content.30g particles
more, the TEM image of a different particle of the catalyst large enough to be detected by XRD appeared to be also
prepared from cobalt acetate precursor is shown in Fig. 3b. present in the sample prepared from cobalt acetate (Fig. 4f),
This type of particle, which was not observed in the cata- although the intensity of the corresponding reflexions was
lyst prepared from the nitrate precursor, are much different much lower than that of the catalyst prepared from cobalt
from the typical SBA-15-supported cobalt particles in which nitrate with equivalent Co loading (Fig. 4c), suggesting that
the mesoporous structure was clearly seen, and closely rermost of the cobalt in the acetate sample should be highly
sembled a cobalt silicate material. The absence of cobaltdispersed on the SBA-15 surface. On the other hand, no
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ported Co catalysts does not necessarily imply the presence
of very small GOy particles escaping XRD detection, but
could also be due to the formation of a noncrystallized cobalt
phase induced by a strong cobalt—support interaction. This
would be more so in the case of the catalysts prepared from
the organic cobalt precursors which are known to decompose
at higher temperatures than cobalt nitrate, thus facilitating a
strong Co—support interaction. We will come to this point
later when discussing the XPS and TPR results.

The mean CgO4 crystallite sizes calculated using the
Scherrer equation are presented in Table 2. The average
Coz04 crystallite size in the unpromotedCoSBA-n series
showed a clear dependence on the cobalt loading, with larger
particles being formed at higher loading. Thus, at 10 wt% Co
loading the mean diameter of €04 was 6.2 nm, and it in-
creased up to 17.6 nm for the sample loaded with ca. 40 wt%
Co. It must be noted that the meangCi crystallite diame-
ter exceeded the pore diameter of the SBA-15 support (about

— 10.0 nm as determined from Ar adsorption) for Co loading
10 20 30 40 50 60 70 above 20 wt%, indicating that larger €0, particles are lo-
20, degrees cated on the external surface of the SBA-15 support. This
Fig. 4. X-ray diffraction patterns for unpromoted and promoted Co/SBA-15 is in fact observed by TEM’ as discussed before. For th.e
catalysts and bulk GDg: (a) Ca:04, (b) 10COSBA-N, () 20CoSBAN, promoted samples containing qbout 20 wt% Co, the addi-
(d) 30COSBA-n, (€) 40CoSBA-n, (f) 20CoSBA-ac, (g) 20CoSBA-aa, tion of small amounts of Re slightly decreased the mean
(h) 1Re20C0SBA-n, (1) 2Mn20CoSBA-n, (j) 1Re2Mn20CoSBA-n. Co304 crystallite size, while a significant reduction of the
average size of G4 particles from 11.4 to 5.9 nm was
noted upon the incorporation of ca. 2 wt% Mn. Moreover,
crystalline cobalt phases were observed in the sample pre+the catalyst promoted by both Re and Mn showed a mean
pared from cobalt acetylacetonate (Fig. 4g), reflecting also co;0, diameter intermediate (6.8 nm) between that of Re-
a Very h|gh diSperSion of the CObalt in thIS Sample. S|m|' and Mn_promoted Samp'es_ The Correspondina meper_

larly, Sun et al. [27] did not observe any Co diffraction peak  sjons estimated from XRD as described under Experimental
for a Co/SiQ sample (10 wt% Co) prepared from cobalt are given in Table 2.

acetate, and concluded that Co should be highly dispersed

on the silica surface. In a recent work, Wang et al. [14] 3.1.3.2. X-ray photoelectron spectroscopy: calcined cata-

did not find any diffraction peaks in calcined Co/SBA-15 |ysts Fig. 5 illustrates the Co2p XP spectra obtained for
catalysts prepared from cobalt acetate with Co loading up the different catalysts after calcination at 573 K for 10 h,
to 20 wt%, which was taken as evidence of the formation and the corresponding spectral parameters are collected in
of nanosized Cg04 clusters inside the mesopores of the Table 2. No other peaks, either from cobalt or from the
SBA-15. Similar results have been reported by Yin et al. siliceous SBA-15 carrier, were split or broadened, indicat-
[12] for Co/HMS mesoporous catalysts with Co loading up ing the absence of differential charge effects. First, the series
to 15 wt%. However, the absence of4tn reflexions in sup- of unpromotedt CoSBA-n catalysts (nitrate precursor) will

Signal (a.u.)

Table 2
Physico-chemical properties of cobalt phases in Co/SBA-15 catalysts as determined from XRD, TPR, and XPS characterization techniques
Catalyst XRD Extent of Co BE of Co2p (eV)
Co304 crystallite diameter (nm) Cfbdispersion (%) reductiéh(%) Calcined Reduced
10CoSBA-n 62 205 27 781.8 781.9
20CoSBA-n 114 112 62 780.4 778.8
30CoSBA-n 13 93 88 - —
40CoSBA-n 176 7.3 89 780.2 778.0
20CoSBA-ac - - 28 781.8 -
20CoSBA-aa - - 12 782.0 -
1Re20C0oSBA-n % 135 83 780.9 778.5
2Mn20CoSBA-n [5°] 217 40 780.4 778.7-781.5
1Re2Mn20CoSBA-n 8 188 84 - -
20CoSiQ 141 9.1 89 - -

a Estimated from TPR after reducing the samples in diluted# vol% H, in Ar) at 673 K for 10 h and assuming reduction of CoO tPCo
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Fig. 6. Co2p core-level spectra of the Co/SBA-15 catalysts after in situ re-

. . duction in flowing hydrogen (20% in nitrogen, 150 %;‘min) at 673 K for
Fig. 5. Co2p core-level spectra of calcined unpromoted and promoted 1q 1,

Co/SBA-15 catalysts.

be analyzed. Samples with Co loading of ca. 20 and 40 wtg (20C0SBA-ac) and cobalt acetylacetonate (20CoSBA-aa)

are characterized by binding energies of the Gpammpo- ~ appeared at higher energy (BE7818-782.0 eV) than

nent of 780.4 and 780.2 eV, respectively, and a low intensity that of the equivalent catalyst prepared from cobalt nitrate
of the shake-up satellite peak at ca. 787 eV, which is typ- (20CoSBA-n). Moreover, the former catalysts are character-

ical for C&**/Co®" ions in the CgOy spinel phase [28]. ized by a very high intensity of the shake-up saFeIIite. peak
Therefore, CgO4 is the predominant cobalt phase in these that unambiguously revealed the presence ot'Gons in
catalysts after calcination at 573 K. In the case of the cat- °ctahedral symmetry typical of CoO [29]. These results sug-
alyst with low Co loading (L0CoSBA-n) the Cogp peak gesF that most of the surface cpbalt species in these catalysts
was shifted toward higher energies (BE7818 eV), and the are in the form of C?6+ strongly interacting yy|th the SBA-15
relative intensity of the shake-up satellite slightly increased Surface, probably in the form of a cobalt silicate phase as ob-
with respect to the high-loaded samples. These features ar&€rved by TEM, and discard the presence of large amounts
indicative of the presence of &b species in octahedral of nanosized CgD4 particles not detectable by XRD. This is
symmetry as found in CoO [29] and can be taken as ev- further supported by the sharpness of the Gg4peak in the
idence of a strong interaction of the cobalt species with acetate and acetylacetonate samples (FWHRI2 and 3.3,
the surface of the SBA-15 support. However, the full-width respectively), in contrast with the higher FWHM value found
half-maxima (FWHM) of the Co2§, peak was found to be for the 10CoSBA-n, as discussed above. The strong cobalt—
higher (4.3 eV) than that expected if octahedralCons support interaction leading to the formation ofspecies
were the only cobalt species formed, suggesting the presencéomd be favored by the higher temperatures required for de-
of another Co component at lower BE that could be related COmposing the organic cobalt salts as compared to cobalt
to Co?t/Co® species in the G4 spinel, as observed by nitrate, as we determined from thermogravimetric analysis
XRD. The presence of a significant amount of surfac&'Co ~ (not shown).
ions in the low-loaded sample could be related to a high
dispersion of the cobalt oxide phase, which determines a3.1.4. Reducibility of Co speciesin Co/SBA-15 catalysts
high proportion of cobalt in the small @@, particles to be 3.1.4.1. X-ray photoelectron spectroscopy: reduced cata-
in intimate contact with the SBA-15 support. On the other lysts Fig. 6 shows the XP spectra obtained with the cobalt
hand, the XP spectra of the Re- and Mn-promoted cata- catalysts after in situ reduction treatment in flowing hydro-
lysts containing about 20 wt% Co are similar to those of the gen (20% in nitrogen, 150 clyimin) at 673 K for 10 h.
high-loaded unpromoted samples, suggesting the presencés observed in Fig. 6 and Table 2, the BE of the Co2p
of Co304 as the main surface cobalt oxide phase. transition of the catalysts prepared from cobalt nitrate with
The influence of cobalt precursor used in the impreg- low Co loading (10CoSBA-n) hardly changed after the in
nation step has also been investigated by XPS. As it is situ reduction treatment (BE 7819 eV), pointing to a
seen in Fig. 5 and Table 2, the Co2p transition of cata- low reducibility of the cobalt oxide phases present in this
lysts containing ca. 20% cobalt prepared from cobalt acetatecatalyst. For the nitrate samples with higher Co loading a
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20CoSBA-aa tures in the temperature range of 650-800 and 800-950 K
were also observed, suggesting the presence of surface Co
species with different degrees of interaction with the sup-
20CoSBA-ac port. The relative contribution of the species reducing at high

8 temperature (800-950 K) to the overall reduction pattern
o decreased and the temperature maximum for these species
T shifted to lower temperatures, indicating a lower strength of
3 40CoSBA- interaction, with increasing Co loading. On the other hand,
8 a significantly different reduction pattern was observed for
= M the catalyst with ca. 10 wt% Co (10CoSBA-n). The main

wn reduction feature for this sample was observed in the tem-

10CoSBAN perature range of 950-1150 K, with a maximum centgred at
N\ about 1050 K. Such a high reduction temperature might be
; : R assigned to the reduction of cobalt silicate species formed
200 400 600 800 1000 1200 during the TPR experiments by reaction of highly dispersed
Temperature (K) CoO with the siliceous SBA-15. In fact, cobalt silicates were
shown to reduce at temperatures well above 723 K [33],
Fig. 7. TPR profiles of unpromote_d Co/SBA-15 samples with different \\hile bulk CqOs became completely reduced at temper-
cobalt loading and prepared from different cobalt precursor salts. atures below 773 K [34,35]. Besides this high-temperature
peak, a less intense reduction feature at about 560 K cor-
peak at ca. 778 eV clearly revealed the presence of metallicresponding to the reduction of @94 to CoO and a broad
cobalt [30] after the reduction step. However, the presencereduction in the 650-750 K temperature range were also ob-
of other Co2p components at higher binding energies in- served. All these features suggest that most of the Co in the
dicated that complete reduction of the cobalt oxide phasescalcined 10CoSBA-n sample was strongly interacting with
was not accomplished. For the Re- and Mn-promoted sam-the SBA-15 support, as also evidenced from XPS data.
ples the Co2p peak of Calso coexisted with higher energy Besides Co loading, the nature of the cobalt precursor
components, reflecting again a partial reduction of cobalt ox- ysed in the impregnation step also had a marked influence
ides to metallic cobalt. The relative contribution of the?Co  on the reduction behavior of Co/SBA-15 catalysts. The re-
component to the Co2p peak appeared to be higher for  duction profiles of the catalysts loaded with ca. 20 wt% Co
the Re-promoted sample as compared to the Mn-containingand prepared from cobalt acetate (20CoSBA-ac) and cobalt
catalyst, indicating a greater extent of cobalt reduction in the acetylacetonate (20CoSBA-aa) are also shown in Fig. 7. As
former. Nevertheless, the reduction behavior of the different observed, these two samples presented a reduction behavior
catalysts will be studied in more detail in the following sec- significantly different from that of the sample prepared from
tion addressing the TPR results. cobalt nitrate and having similar Co loading (20CoSBA-n).
The TPR profile of the 20CoSBA-ac sample is characterized
3.1.4.2. Temperature-programmedreduction Temperature- by a small peak at about 575 K attributed to the reduction
programmed reduction is a powerful tool to study the of Co3O4 to CoO, and a large reduction peak centered at
reduction behavior of oxidize phases; in some cases it isabout 1060 K, while that of 20CoSBA-aa only showed an
also possible from the reduction profiles of supported oxides intense reduction peak centered at ca. 1020 K. As discussed
to obtain useful information about the degree of interaction above, the high-temperature peak could be assigned to the
of the supported phase with the carrier. The influence of Co reduction of cobalt silicate species (observed by TEM in
loading and cobalt precursor on the reduction behavior for the acetate sample) probably formed by reaction offCo
the unpromoted Co/SBA-15 catalysts calcined at 573 K is species strongly interacting with the SBA-15 support, as
shown in Fig. 7. The TPR profiles have been normalized per seen by XPS. Such a strong interaction could be favored by a
weight of cobalt in the catalyst to facilitate the discussion. high dispersion of the cobalt phases and the higher tempera-
For unpromoted samples prepared from cobalt nitrate with tures required for the decomposition of the organic cobalt
Co loading from ca. 20 to 40 wt% two main reduction peaks salts as compared to the nitrate precursor. Sun et al. [27]
close to each other with temperature maxima at about 560—-also observed that Co in a Co/SiQL0 wt% Co) catalyst
580 K (T1nax and 590-610 K (TRax), respectively, are  prepared from cobalt acetate started to be reduced at tem-
observed. The first peak could be assigned to the reductionperatures above 1000 K. Then, we suggest that the cobalt
of Coz04 to CoO, and the second one to the subsequent re-silicate phase observed in these catalysts could be formed
duction of CoO to C8[31,32]. The relative intensity of the  during the calcination of the catalysts rather than during the
second reduction peak increased with Co loading, suggest+eduction process, as probably occurs for the low-loaded
ing a higher reduction degree of CoO to metallic Co with 10 wt% Co sample prepared from cobalt nitrate.
increasing the mean diameter of {0y particles. Besides Finally, the effect of Re and Mn promoters on the reduc-
these two main reduction peaks, two broad reduction fea-tion behavior of Co/SBA-15 catalysts is presented in Fig. 8.
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duction profile of the sample promoted with both Re and Mn
was similar to that of the Re-promoted sample. This suggests
that the presence of Re facilitated the reduction of the less

1Re2Mn20CoSBA-n . . ) ) .
z reducible Co species interacting with MnO and the SBA-15
s MBA'“ support.
‘_é The extent of Co reduction estimated from the amount
» of H> consumed during TPR experiments after reducing the
8 samples at 673 K for 10 h is given in Table 2. The extent
= 1Re20CoSBA-n

of reduction of unpromoted Co/SBA-15 samples prepared
from cobalt nitrate increased from 27 to 89% when increas-
ing the Co loading from ca. 10 to 40 wt%. In a previous
characterization study, Khodakov et al. [37,38] showed that
the hydrogen reduction properties of supported cobalt oxide
particles depended on the size of theOgcrystallites, with
larger particles being much easily reduced. This finding is in
agreement with the observed increase of reducibility with in-
creasing CgO4 particle size in the unpromotedCo/SBA-n
series with different Co loading. As expected from the TPR
The catalyst promoted with about 1 wt% Re showed a first profiles discussed above, at similar Co loading the extent of
reduction peak with a maximum at ca. 570 K and a more Co reduction was much lower for the samples impregnated
intense reduction peak at ca. 635 K with a pronounced shoul-with cobalt acetate (28%) and acetylacetonate (12%). Fi-
der at ca. 675 K. By comparing the reduction profile of this nally, it is seen that the amount of reduced Co increased from
sample with that of the unpromoted catalyst with similar 62 to 83% upon addition of Re, while it decreased to 40%
Co loading, it becomes evident that the addition of small for the Mn-promoted sample. The extent of Co reduction for
amounts of Re hardly affected the reducibility of Co oxide the sample promoted with both Re and Mn was similar to
species reduced at low temperatures (ca. 570-580 K) but itthat of the Re-promoted catalyst (85%). These trends are in
significantly improved the reducibility of those species that good agreement with the changes in the reduction profiles
had a stronger interaction with the support [24]. This effect discussed above. It can also be seen in Table 2 that at com-
has been ascribed topHpilled over from metallic Re to the  parable Co loading (ca. 20 wt%) the extent of reduction of
Co species interacting with the support [24,36]. On the other Co supported on amorphous silica (20Co8i@as higher
hand, it can be seen in Fig. 8 that the addition of Mn had lit- (89%) than when supported on the mesoporous SBA-15 ma-

20CoSBA-n

200 400 600 800 1000 1200
Temperature (K)

Fig. 8. TPR profiles of unpromoted and Re- and Mn-promoted Co/SBA-15
catalysts with ca. 20 wt% Co loading.

tle effect on the reduction of G@4 to CoO (a slight shift
in Tlmax from ca. 580 to 555 K), but it hindered the sec-
ond reduction step (from CoO to &pas observed from the
broad and intense reduction peak withygRat ca. 695 K.

terial (62%). This fact can be related with the larger particle
size of C@Oy in the former catalyst (Table 2).

3.2. Catalytic results for the FTSreaction

Moreover, a broad reduction feature in the temperature range

of ca. 900-1100 K with a maximum at about 1010 K was 3.2.1. Activity of Co/SBA-15 catalysts

also observed, indicating the formation of hardly reducible = The catalytic activity of the different Co/SBA-15 cata-
cobalt silicate species, as found in the low-loaded samplelysts was studied in a fixed-bed reactor under typical FTS
prepared from cobalt nitrate and those obtained from the conditions: 493 K, 20 bar, $/CO = 2, and GHSV of
acetate and acetylacetonate precursors. Yin et al. [12] also13.5 I(NTPY (gcath). Under these conditions the conversion
observed that the addition of 2 wt% Mn to a mesoporous of CO gradually decreased during the first 10-15 h and then
15% Co/HMS catalyst made the reduction process afd;0 a pseudo-stationary state was observed, the decrease being
to Cd more difficult as compared to the unpromoted sam- more pronounced for the most active catalysts (not shown).
ple. The lower reducibility of Co oxide after addition of Mn  The activity and selectivity values reported here correspond
was attributed to a partial segregation of;0g crystallites to the period of pseudo-stationary behavior. The catalytic re-
favoring Co—support interactions as well as to a possible in- sults are summarized in Table 3. For unpromoted catalysts
teraction of MnO with Co oxides [12]. Unfortunately, in that prepared from cobalt nitrate the conversion of CO passed a
work the TPR process was stopped at 773 K and thus themaximum at a Co loading of ca. 30 wt%. In principle, the ac-
high-temperature reduction peak above 1000 K was not ob-tivity of reduced Co catalysts should be proportional to the
served. In our case, the XRD results showed the formation concentration of surface €wites. The maximum activity

of very small CgO, crystallites with an average diameter obtained thus reflected the inverse trends of cobalt disper-
of 5.9 nm upon the addition of Mn (Table 2). Then, the in- sion and extent of reduction observed when increasing Co
teraction of such a highly dispersed cobalt oxide particles loading (Table 2). Therefore, the maximum concentration
could favor the formation of the cobalt silicates during the of surface C8 sites is achieved for the 30 wt% Co sam-
reduction process. Finally, it is also seen in Fig. 8 that the re- ple presenting a good dispersion and high reducibility. As
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Table 3
FTS results for Co/SBA-15 catalysts
Catalyst CO conversion Selectivity%C) Hydrocarbon distribution (%C) ©+/Csy Olefing/RHP at
(%) CO, ROH RH G Co—C Csy ratio (%C)
10CoSBA-n 12 6.3 109 82.8 28.4 25.3 48 0.63 138 0.86
20CoSBA-n 231 1.2 50 93.8 19.5 15.8 67 0.58 105 0.87
30CoSBA-n 33 1.1 33 95.6 21.3 15.5 62 0.54 129 0.86
40C0SBA-n 301 0.7 39 95.4 18.5 14.8 66 0.63 178 0.87
20CoSBA-ac 5} 6.2 106 83.2 33.5 30.9 36 0.57 190 0.85
20CoSBA-aa D 9.6 191 71.3 56.2 42.1 X - 9.8 0.30
1Re20CoSBA-n 43 1.3 37 95.0 14.1 11.7 72 0.70 83 0.87
2Mn20CoSBA-n 12 34 163 80.3 19.2 36.6 42 0.37 296 0.78
1Re2Mn20CoSBA-n 15 4.6 171 78.3 20.4 35.4 42 0.36 287 0.77
20CoSiQ 17.7 6.0 72 86.8 17.9 19.1 68 0.70 122 0.83

Reaction conditions: 493 K, 20 barpfCO = 2, GHSV= 135 I(NTP)/(gcath)-
@ ROH, alcohols; RH, hydrocarbons.
b Percentage af-olefins in the hydrocarbon fraction.
¢ Chain-growth probability obtained from the ASF plot in thg-Cy4 hydrocarbons range.

20 = YCoSBAN the 20CoSiQ catalyst was very close to that of unpromoted
© ° ;sizzggzzg/:\-_r; xCQSBA-n samples (Fig. 9), suggesting a similar intrinsic
X 15} | & iRe2Mn20CoSBAN activity of Cd in both supports.
2L * 20C0Si0, As observed in Table 3 the catalysts prepared from cobalt
3 acetate and acetylacetonate precursors were much less ac-
g 10r tive (CO conversion of 5.5 and 5.0%, respectively) than that
3 prepared from cobalt nitrate at similar Co lading. Such a
E 5| A low activity can be related to the low reducibility of cobalt
* species in the former catalysts, probably in the form of cobalt
o v silicates as discussed before. After the addition of small

0 ' ' : amounts of Re (ca. 1 wt%) the conversion of CO was sig-
5 10 15 20 25

nificantly increased from 23 to 43% (Table 3), which can be
ascribed to the higher reducibility and slightly better disper-
Fig. 9. FTS reaction rate based on reduced cobalt as a function’afii€o sion of cobalt in this sample as compared to the unpromqted
persion. one. Indeed, the reaction rate per reduced cobalt obtained
for 1Re20CoSBA-n was that expected for the level of Co

observed in Fig. 9, the steady-state rate of CO conversiondispersion achieved in this sample (Fig. 9), indicating that
calculated on the basis of reduced cobalt (total Co content the intrinsic activity of Co was not modified upon the addi-
extent of reduction at 673 K) increased linearly with®Co tion of Re. By contrast, results in Table 3 show that the CO
dispersion for the series of unpromoted samples preparedconversion of the Mn-containing catalysts (2Mn20CoSBA-n
from Co nitrate. This trend implies a constant intrinsic ac- and 1Re2Mn20CoSBA-n) was much lower than that of the
tivity of Co irrespective of Co content and particle size (i.e., Unpromoted catalyst with similar Co loading. Yin et al. [12]
dispersion). By working at atmospheric pressure and differ- also observed a significant reduction of the CO conversion
ential conditions, Khodakov et al. [15] observed an increase from ca. 72 to 40% at 493 K upon addition of 2 wt% Mn to
of the turnover when increasing the particle size of cobalt @ 15% Co/HMS catalyst, even though the activity of the Mn-
supported on mesoporous silicas of different pore size. Ourpromoted sample approached that of the unpromoted one
results, however, are in agreement with those of Iglesia et al.at higher reaction temperatures. The relatively low activity
[11], who reported a constant turnover for Co-based FTS ca-0obtained for the Mn-promoted catalysts is surprising if one
talysts when working under typical FTS conditions favoring takes into account their high €dispersion and reducibil-
high Gs; selectivities, as in the present work. It can also be ity. In fact, the rate of CO conversion per reduced Co for
seen in Table 3 that at similar Co loading the catalyst basedthe Mn-promoted catalysts was much lower than that of the
on the mesoporous SBA-15 support is about 1.5 times moreunpromoted 10CoSBA-n sample having similar dispersion
active per weight of total cobalt than that based on amor- (Fig. 9), pointing to a lower intrinsic activity of Cain the
phous silica. This higher activity can be related with a higher former catalysts. The characterization data obtained in this
dispersion of cobalt on the high surface area mesoporouswork do not offer a clear explanation for these results, al-
support, even thought the reducibility of cobalt oxides was though a close interaction of cobalt with manganese species
somewhat larger for the silica-supported catalyst (Table 2). might contribute to the low activity of the Mn-promoted ca-
In fact, the reaction rate per amount of reduced cobalt for talysts. In this sense, in a recent in situ diffuse reflectance

Dispersion (%)
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FTIR study using CO and C@& Ha probe molecules, Jiang The influence of promoters on product selectivity is also
et al. [39] observed a change in the adsorption properties ofshown in Table 3. The addition of Re reduced the selec-
surface C8 species induced by the presence of Mn in pre- tivity to methane and favored the formation of long-chain
cipitated Co/Mn catalysts that resulted in an initially lower n-paraffins (Go;.) with respect to the unpromoted catalyst.

activity for the FTS reaction. The increase in selectivity toward higher hydrocarbons ob-
served for the Re-promoted catalyst was accompanied by a
3.2.2. Product selectivity decrease of the olefin content in the hydrocarbon fraction.

The selectivity (on a carbon basis) to the different This result reflects a higher readsorption of thelefins
FTS products obtained for the unpromoted and promotedwhich thus could participate in the chain-growing process
Co/SBA-15 catalysts is also presented in Table 3. Con- favoring the formation of high molecular weight products.
cerning the series of samples prepared from Co nitrate, it A higher readsorption od-olefins can be originated by an
can be seen that the unpromote@oSBA-n catalysts with  increase in the density of surface Csites caused by the
ca. 20-40 wt% Co loading presented a high selectivity to- higher reducibility and dispersion of the Re-promoted cata-
ward hydrocarbons (ca. 94-96%), and low selectivity toward lyst, as suggested by Iglesia et al. [40] for Co—Ru catalysts.
alcohols (ca. 3-5%) and CG{ca. 1%) reflecting a low ac-  On the other hand, the Mn-promoted catalysts produced
tivity for the competitive water-gas shift reaction (WGS: more alcohols §ron = 16—17%), slightly more C& and
CO+ Ho0O — CO + Hy) typically observed for Co-based less hydrocarbons than the unpromoted one with similar
FTS catalysts. However, a distinct selectivity is observed for Co loading. Moreover, the product distribution within the
the low-loaded 10CoSBA-n sample. This catalyst produced hydrocarbon fraction in the Mn-containing catalysts was
more CQ (ca. 6%) and alcohols and less hydrocarbons shifted toward the formation of lighter products (morg-C
than those with higher Co content. Moreover, a higher con- Cq4, lower G /Cs+ ratio and lowera). Recently, Yin et
centration of light products (methane«€C4) within the al. [12] also observed a significant increase of the methane
hydrocarbon fraction was obtained for the low-loaded cat- selectivity and a decrease of.Cproducts upon addition of
alyst. The chain growth probabilitg;, obtained from the = 2 wt% Mn to a Co/HMS catalyst at a reaction temperature of
slopes of the Anderson—Shultz—Flory (ASF) plotsinthe C 493 K. Moreover, the concentration of olefins in the hydro-
C14 hydrocarbon range (0.86—0.87) did not change with Co carbon fraction was much higher for the Mn catalysts (about
loading. As observed in Table 3, the product selectivities 30% olefins). An enhanced formation of olefins, mainly in
obtained for the acetate and acetylacetonate catalysts wer¢he G—C4 range, has been generally reported in the literature
similar to those of the low-loaded 10CoSBA-n sample pre- for Mn-promoted Co- and Fe-based FTS catalysts [41-46].
pared from cobalt nitrate, i.e., a relatively high selectivity to Finally, no significant differences in product selectivity
CO, alcohols, and methane. Selectivities to these productswere found for the SBA-15 and Splupported catalysts
were particularly high for the acetylacetonate 20CoSBA-aa having similar Co loading (ca. 20 wt%) and prepared from
sample, for which the concentration of methane in the hydro- cobalt nitrate precursor, though the latter produced a higher
carbon fraction reached a value of ca. 56% with a very low concentration of @ n-paraffins in the g, fraction.
chain growth probability¢ = 0.30). High methane selectiv-
ities have also been reported in the literature for low-loaded
Co catalysts presenting high dispersion and low reducibility 4. Conclusions
[22]. This effect was attributed to the presence of unreduced
cobalt oxides catalyzing the WGS reaction, thus increas- The physico-chemical and catalytic properties for the
ing the effective H/CO ratio at the catalyst surface. The Fischer—Tropsch synthesis reaction of mesoporous SBA-
local increase of the HCO ratio near the surface €sites 15- (pore diameter of 10.0 nm) supported cobalt catalysts
would favor hydrogenation of the adsorbed species leadinghave been investigated as a function of cobalt loading,
to higher methane selectivities. Khodakov et al. [15] found cobalt precursor, and addition of promoters (Re, Mn). Cal-
an inverse relationship between methane selectivity and thecined Co/SBA-15 catalysts prepared from Co(ll) nitrate with
overall extent of Co reductionin a series of cobalt—supported cobalt loadings of 10-40 wt% contained 40 as the only
mesoporous silicas with different pore sizes. However, thesecrystalline phase. The mesoporous structure of the SBA-15
authors did not observe significant formation of £i@their support was preserved after cobalt impregnation and calci-
catalysts and thus the higher methane selectivities were ashation at 573 K, as observed by TEM. The dispersion of
cribed to the presence of either unreduced cobalt species oICd°, calculated from the average particle size of;0g
to small cobalt particles, rather than to a higher activity for decreased from ca. 20 to 7% and the extent of cobalt reduc-
the WGS reaction. By contrast, in our study we observed tion at 673 K, determined from TPR experiments, increased
a general parallelism between the selectivities to methanefrom 27 to 89% when increasing Co loading from ca. 10
and CQ, suggesting that the higher methane selectivity dis- to 40 wt%. A maximum CO conversion was obtained for
played by well-dispersed low-reducible catalysts could be the catalyst loaded with ca. 30 wt% Co presenting the high-
due, at least in part, to a higher extent of the WGS reaction est density of surface Cosites, as determined from the
occurring on unreduced Co species. total Co content, Cddispersion, and degree of reduction
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at 673 K. However, the intrinsic activity of €qturnover) 2726) is gratefully acknowledged. C.L. acknowledges the
remained constant in the range of cobalt loading studied. Ministerio de Ciencia y Tecnologia of Spain for a Ph.D.

Product selectivities were also influenced by Co loading.
The formation of G, hydrocarbons (mainly:-paraffins)
was favored over Co/SBA-15 catalysts presenting high re-
ducibility, while the product distribution shifted toward the
formation of lighter hydrocarbons (methane~C,) for the
less reducible low-loaded (ca. 10 wt% Co) sample.

The addition of small amounts of rhenium (ca. 1 wt% Re)
to a 20 wt% Co/SBA-15 catalyst promoted the reduction of
the less-reducible cobalt species which had a stronger inter-
action with the support, as observed by TPR, without signif-
icantly affecting cobalt dispersion. Consequently, the cata-
lytic activity per weight of total cobalt of the Re-promoted
sample increased, though the turnover of the accessitle Co
sites was not altered with respect to the unpromoted cata-
lyst. Moreover, the higher density of reduced Co sites in the
Re-promoted catalyst favored the formation of long-chain
paraffins (Go) while the selectivity to methane decreased.
On the other hand, promotion with ca. 2 wt% Mn signif-
icantly improved the dispersion of €drom ca. 11% for
the unpromoted catalyst (ca. 20 wt% Co loading) to 22%.
However, the increase in dispersion and the presence of Mn
favored a strong interaction of cobalt oxides with the support
and possibly also with the MnO phases producing catalysts
that were about 50% less active than the unpromoted one.
Furthermore, the product distribution obtained for the Mn-
containing catalysts was characterized by a higher formation
of alcohols (ca. 16—-17% selectivity), a lower selectivity to
Cs4 products within the hydrocarbon fraction, and an in-
creased olefinicity, mainly in thes=C,4 range.

A very high cobalt dispersion was observed for Co/SBA-
15 catalysts containing ca. 20 wt% prepared from organic
cobalt precursors (acetate, acetylacetonate). Most of the
cobalt species in these catalysts were strongly interacting
with the support, probably forming cobalt silicates, as ev-
idenced by XPS and TEM, and could be reduced only at
temperatures above 1000 K. The presence of large amount
of unreduced cobalt phases in the acetate and acetylaceto,
nate derived catalysts lead to very low FTS activities and
high methane selectivities.

Finally, at similar Co loading (ca. 20 wt% Co) Co/SBA-
15 was found to be about 1.5 times more active (per weight
of total cobalt) than a Co/SiDsample, owing to a better
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