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Abstract

The paper addresses the structure and catalytic performance in fixed bed reactor at 20 bars of cobalt Fischer—Tropsch catalysts
supported by commercial alumina (Puralox) and silica-doped alumina (Siralox). The cobalt loading varied between 8 and 15 wt.%;
both alumina and silica-doped alumina supports had similar textural properties. Cobalt dispersion in both supports was principally
affected by support pore diameter; at high cobalt loadings, cobalt particle size slightly increased with cobalt content. The presence
of small amounts of silica in alumina (5 wt.% SiO,) enhanced cobalt reducibility and hindered formation of hardly reducible cobalt
aluminate species. Higher Fischer—Tropsch reaction rate over cobalt catalysts supported on silica-doped alumina was attributed to
a better cobalt reducibility. To cite this article: A. Jean-Marie et al., C. R. Chimie 12 (2009).
© 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Cet article porte sur la structure et les performances catalytiques dans un réacteur a lit fixe des catalyseurs Fischer—Tropsch a
base de cobalt supportés par alumine (Puralox) ou par alumine dopée au silicium (Siralox). Le taux de cobalt varie entre 8 et 15% en
poids; les deux supports présentent des caractéristiques texturales proches. Il a été constaté que la dispersion du cobalt était
principalement influencée par le diametre des pores. Par ailleurs, a des teneurs élevées en cobalt, la taille des particules d’oxyde de
cobalt tend a augmenter légerement avec la teneur en métal. La présence de silice dans I’alumine (5% poids de SiO,) améliorerait la
réductibilité du cobalt et empécherait la formation de phases d’aluminate de cobalt inactives en synthese Fischer—Tropsch. Les
catalyseurs qui contiennent de la silice ont montré une vitesse de réaction plus importante. Ceci a été attribué a une meilleure
réductibilité du cobalt. Pour citer cet article : A. Jean-Marie et al., C. R. Chimie 12 (2009).
© 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The Fischer—Tropsch (FT) reaction produces a wide
range of hydrocarbons from synthesis gas (mixture of
carbon monoxide and hydrogen with a H,/CO ratio
close to 2). The current interest in FT synthesis has
been largely driven by the growing demand for clean
fuels and rational utilization of natural gas, coal or
biomass [1—4]. Industrial FT processes involve cobalt
and iron catalysts. Because of their higher productivity
and hydrocarbon selectivity at lower temperature and
pressure, cobalt supported catalysts have been particu-
larly suitable for the production of middle distillate
and hydrocarbon waxes in the low temperature FT
process [4—7].

Conventional cobalt FT catalysts are prepared via
aqueous impregnation of porous oxide supports with
solutions of various salts [4,5,7,8]. After decompo-
sition of supported cobalt salts by drying and
calcination, the catalysts are reduced in hydrogen to
obtain metallic cobalt, which contains active sites
for the reaction. Among the different parameters
affecting the catalytic performance, the key factors
seem to be cobalt dispersion, reducibility and
stability. Indeed, higher concentrations of stable
cobalt metal sites typically favor higher FT reaction
rates [4—6,7,9,10].

Catalytic support also influences several important
properties of cobalt catalysts such as dispersion,
reducibility, electronic structure of smaller cobalt
particles, diffusion of reagents and reaction products,
mechanical and chemical strength [4]. Our previous
reports [11—15] have emphasized the impact of the
support porous structure on cobalt dispersion in silica
supported FT catalysts. Smaller cobalt particles are
usually found in narrow pore silicas. It was uncov-
ered [16—19] that the sizes of Co30, crystallites
influenced cobalt reducibility; smaller cobalt oxide
particles are known to be more difficult to reduce
than larger ones. Similar results have been recently
obtained by Holmen et al. [20] for cobalt alumina
supported catalysts.

In the case of cobalt alumina supported catalysts, an
interaction between cobalt oxide and catalyst support
could also result in incorporation of some AI*" ions
into Co;0, spinel matrix resulting in Co>"Co3",Al,O4
mixed spinels which would hinder the reduction of
Co30,4 particles [21]. In addition to surface
compounds, cobalt alumina supported FT catalysts
could also contain bulk cobalt aluminates. Cobalt
incorporated in bulk aluminate cannot be reduced by
hydrogen in an acceptable temperature range

(T <773 K). Hence, the amount of available metallic
cobalt for the FT reaction and catalytic activity shrink
drastically. Minimization of concentration of hardly
reducible mixed cobalt support compounds and opti-
mization of cobalt metal dispersion would therefore
result in a better catalytic activity.

The paper addresses the structure and catalytic
performance of cobalt Fischer—Tropsch catalysts sup-
ported by commercial alumina (Puralox) and silica-
doped alumina (Siralox). The effects due to a variation
of chemical composition of the support have been
investigated separately from the effects which could
arise from a different porous support structure. Indeed,
alumina and silica-doped alumina supports studied in
this work had identical texture. At different stages of
the preparation (from aqueous impregnation through
calcination and reduction) the catalysts were charac-
terized by X-ray diffraction (XRD), X-ray photoelec-
tron spectroscopy (XPS), and temperature programmed
reduction (TPR). The characterization results are dis-
cussed together with the results of catalytic evaluation
in a fixed bed microreactor.

2. Experimental

Cobalt catalysts were synthesized via incipient
wetness impregnation using aqueous solutions of cobalt
nitrate. Alumina (Puralox SCCA 5/170, Sasol, pore
volume = 0.47 cm® g~ !, average pore diameter = 80 A)
and silica-doped alumina (Siralox 5/170, Sasol, 95%
AlL,O3—5% SiO,, pore volume = 0.49 cm® g~ ', average
pore diameter = 83 A) were used as catalytic supports.
Puralox and Siralox are commercial catalytic supports.
Puralox alumina [22] is produced via controlled acti-
vation of high purity boehmite. Siralox is prepared by
hydrolyzing an aluminum alkoxide, obtained from an
alkoxide process [23] at about 90 °C. Thereafter, a dilute
solution of orthosilicic acid is added to the stirred
mixture. This slurry is then spray-dried. The spray-dried
product is calcined to yield Siralox silica-doped alumina
[24,25].

The impregnated catalysts were dried at 120 °C and
calcined at 400 °C in a flow of air (heating ramp 1 °C/
min) and then reduced in hydrogen at 400 °C with at
GHSV =2000 h™". The cobalt content in the catalysts
was respectively 8 wt.% and 15 wt.%. The catalysts
containing 15% of cobalt were prepared in two
consecutive impregnations separated by calcination at
400 °C under airflow. Cobalt content in the catalysts
was measured by atomic absorption at the “Service
central d’analyse du CNRS” (Vernaison, France). The
catalysts are labeled as xCo/S where S designates the
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support (Al,O5; or Al,03(Si0,)), and x indicates the
cobalt content.

The solids were characterized by several character-
ization techniques. The surface areas were measured by
a standard BET procedure using nitrogen adsorption at
—196 °C on a Micromeritics ASAP 2010 setup. Scan-
ning electron microscopy (SEM) with energy-dispersive
X-ray spectroscopy (EDX) was used for morphological
and microchemical analysis. The microchemical anal-
ysis was performed with a Quanta 200 (FEI) microscope
equipped with an EDX microprobe at 5 and 20 keV in
order to determine the chemical composition in the
interior and at the surface of catalyst grains. The anal-
yses were performed on powder or on a polished slide
metalized with carbon. X-ray powder diffraction
experiments were conducted using a Brucker AXS D8
diffractometer using Cu(Ke) radiation for crystalline
phase detection. The average crystallite size of Co3;0,4
was calculated using the 511 (26 =59.5°) diffraction
lines according to the Scherrer equation [26]. The
reducibility of the catalysts was studied by temperature
programmed reduction (TPR). The TPR was carried out
by AutoChem II 2920 apparatus from Micromeritics
using 0.5 g of the sample in 5 vol.% H,/Ar stream
(3.6 N1h ' g™"). The temperature was increased from
room temperature to 1000 °C at a rate of 2.5 °C/min.
Surface analyses were performed using a VG ESCA-
LAB 220XL X-ray photoelectron spectrometer (XPS).
The Aly, non-monochromatized line (1486.6 ¢V) was
used for excitation with a 300 W-applied power. The
analyzer was operated in a constant pass energy mode
(Epass = 40 eV). Binding energies were referenced to the
Aly, core level (74.6 eV) of the support. The vacuum
level during experiments was better than 10~ Pa. The
powdered catalyst was pressed as a thin pellet onto
a steel block. The reproducibility was £0.2 eV for the
Co2p binding energy.

Carbon monoxide hydrogenation was carried out in
a fixed bed stainless steel tubular microreactor
(dine = 13.1 mm) operating at 20 bars. The catalyst
loading was 1 g. The thermocouple was in direct contact
with the catalyst. The samples were reduced in
hydrogen flow during 10 h at 400 °C. After the reduc-
tion, the catalyst was cooled down to 190 °C and a flow
of premixed synthesis gas with a molar ratio H,/CO =2
was gradually introduced to the catalyst. Then, the
temperature was slowly increased to 212 °C. Gaseous
reaction products were analyzed by on-line by gas
chromatography. Analysis of H,, CO, CO, and CH, was
performed using a packed CTR-1 column and a thermal
conductivity detector. Hydrocarbons (C;—C;) were
separated in a capillary Poraplot Q column and analyzed

by a flame-ionization detector. The carbon monoxide
contained 5% of nitrogen, which was used as an internal
standard for calculating carbon monoxide conversion.
The hydrocarbon selectivities were calculated on
a carbon basis. Carbon mass balances were respected
within the error margin of 10%.

3. Results and discussion

3.1. Cobalt repartition inside and at the surface of the
catalyst grains

SEM images of 8Co/Al,O;, 15Co/Al,0;5,
8Co/Al,05(S10,) and 15Co/Al,05(Si0,) samples are
presented in Fig. 1. The samples mainly contain poly-
dispersed spherical particles, with diameter varying
from 20 to 160 um. The average cobalt content deter-
mined by SEM—EDX analysis is in good agreement
with the cobalt content determined by X-ray fluores-
cence (Table 1). This suggests that cobalt repartition is
quite uniform at the external surface of the catalyst
grains whatever cobalt content and support are used.

In addition, cobalt repartition inside the catalysts
was investigated using microtomy; SEM—EDX
micrographs of 15C0/Al,03(Si0;) catalyst have been
taken after inclusion in a resin, polishing and metalli-
zation in carbon (Fig. 2). EDX analyses have been
performed at the shell and in the core of the grain. The
Co/Al and Si/Al atomic ratios are displayed in Table 2.
The results show that repartitions of cobalt, aluminum
and silicon are uniform inside the catalytic grain. The
Co/Al and Si/Al atomic ratios obtained in the core or at
the shell of the particles are in good agreement with the
theoretical atomic ratios.

3.2. Cobalt species in the calcined catalysts

The BET specific surface areas, pore diameters and
pore volumes calculated from the isotherms of nitrogen
adsorption/desorption on the supports and supported
catalysts, are presented in Table 1. The two supports used
have almost identical texture. A small decrease in
specific surface area and pore volume was observed after
cobalt addition in both alumina and silica-doped alumina
supported catalysts. This decrease is likely to be attrib-
uted to the effect of support “dilution” with cobalt.
Indeed, the BET surface areas and pore volume expressed
per gram of alumina do not change considerably after
modification with cobalt. This indicates that pores of the
supports have not been plugged by cobalt species.

The XRD patterns of the calcined catalysts (Fig. 3)
represent a combination of peaks attributed to y-Al,O3
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Fig. 1. SEM micrographs of catalysts: a) 8Co/Al,0O3, b) 8Co/Al,03(Si0,), ¢) 15C0/Al,03, d) 15C0/Al,03(Si0,).

and Co304 crystalline phases. The diameter of the
cobalt oxide crystallites was calculated using the
Scherrer equation (Table 1). The average diameter of
the cobalt oxide crystallites (around 9 nm) was similar
for alumina and silica-doped alumina supported catalysts
prepared with 8 wt.% cobalt loading and comparable to
the average pore diameter of the two supports (8 nm).
This suggests possible dependence of Co;O, particle
size on catalyst pore diameter. Indeed, previous reports
[11—15,20] uncovered that the sizes of cobalt oxide
particles in supported catalysts prepared via aqueous
impregnation with cobalt nitrate were principally
affected by support pore sizes. The average diameter of
the cobalt oxide crystallites slightly increases while
increasing cobalt content from 8 to 15 wt.%.

Table 1
Characterization of cobalt supported catalysts.

Surface analyses of the calcined samples have been
performed by XPS spectroscopy. Co2p XPS spectra of
calcined cobalt alumina and cobalt silica alumina
supported catalysts (Fig. 4) are indicative of the pres-
ence of Coz04 which was identified by the binding
energies, peak shape, spin-orbital splitting of 15.2 eV
and the absence of intense satellite structure [27—32].
This observation is consistent with XRD data which
also hint at the presence of significant Co;04 concen-
trations in the calcined catalysts. The XPS spectra
revealed the presence in the catalysts of aluminum,
oxygen and some concentration of residual nitrogen.
Note that the XPS concentration of silicon atoms in
silica-doped alumina catalysts was relatively low
(<1%).

Sample Cobalt content Average Co from BET surface Average pore Total pore volume, Size of Co304 nCo/nAl ratio
(wt.%) SEM (wt.%) area (m2/g) diameter (A) (cm3/g support) crystallites by XRD (;X) from XPS*

ALO; 0 0 159 80 0.47 - -
Al,053(Si0,) 0 0 166 83 0.49 - -

8Co/Al,O3 7.5 8 148 81 0.40 96 0.05
8Co/Al,05(Si0,) 7.6 8.1 143 84 0.41 91 0.05
15Co/Al,04 135 15.6 128 79 0.34 124 0.06
15Co/AL05(Si0,) 13.8 15 126 85 0.36 128 0.06

# (nco/nar) monolayer = 0.08 for 8%Co and 0.18 for 15% Co on either Al,O3 or Al,O5(SiOy).
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Fig. 2. SEM micrographs taken on polishing slide for 15Co/Al,O5(SiO,) catalyst.

Cobalt dispersion in the calcined catalysts was
evaluated by comparing the nco/na; atomic ratio deter-
mined by XPS with the theoretical atomic ratio corre-
sponding to a monolayer coverage of the support by
cobalt species [33]. The nco/na) ratios are rather similar
for the two supports (Table 1) which is indicative of
comparable cobalt dispersion. This is consistent with
the XRD data. Similar cobalt particle size in both
catalyst series was calculated using the Scherrer equa-
tion from XRD patterns. Note that the ncy/na; atomic
ratio determined by XPS does not increase much with
cobalt content. This suggests that cobalt introduced in
the second impregnation does probably not contribute to
the enhancement of surface area of Co;0,4 crystallites.
Moreover, it can be suggested that cobalt introduced in
the second impregnation agglomerates on the Co30y4
particles which had been formed during the first
impregnation step. This suggestion is also consistent
with an increase in Co30, crystallite size observed by
XRD after the second impregnation (Table 1).

Table 2

Fig. 5a and b shows the TPR profiles of 8Co/Al,03,
8Co/Al,05(Si0,), 15C0/Al,03 and 15C0/Al,05(Si05,)
catalysts. The profiles of these catalysts exhibit three
groups of hydrogen consumption peaks: low tempera-
ture, medium temperature and high temperature peaks.
In agreement with previous reports [21,34,35] the low
temperature peaks observed between room temperature
and 350 °C were mainly attributed to the reduction of
the Co304 to CoO. The small shoulder at 180 °C seems
to be related to the decomposition of residual unde-
composed nitrate species in hydrogen [21]. The second
group of peaks situated between 350 and 750 °C is
mainly attributed to the reduction of CoO particles and
cobalt species interacting more strongly with the
support to metallic cobalt, while the high temperature
peaks (T > 750 °C) are probably due to the reduction
of cobalt aluminate compounds. The TPR data indicate
that doping alumina with silica increases the fraction of
easy reducible cobalt oxide phases and results in
a significant decrease in the concentration of hardly

EDX analyses for 15C0/Al,03(Si0,) catalyst (Co/Al theoretical ratio = 0.18 and Si/Al theoretical ratio = 0.05).

Type of analysis Co/Al atomic ratio

Si/Al atomic ratio

Average Standard deviation ¢ Min. Max. Average Standard deviation ¢ Min. Max.
Total 0.19 0.01 0.17 0.21 0.06 0.01 0.04 0.06
Core 0.19 0.02 0.15 0.20 0.05 0.01 0.04 0.06
Shell 0.19 0.01 0.17 0.21 0.06 0.01 0.04 0.08
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Fig. 3. XRD patterns of calcined catalysts: a) 8Co/Al,O5, b) 8Co/
Al,053(510,), ¢) 15C0/AlL, 03, d) 15Co/Al,05(Si05).

reducible cobalt aluminate species (TPR peaks at
T > 750 °C). Hence, the presence of small amounts of
silica (5%) in the alumina support seems to hinder
cobalt aluminate formation and enhances cobalt
reducibility. Earlier, Barradas et al. [36] showed that
coating alumina with a protective layer of silica could
protect the catalyst from formation of cobalt aluminate
at the conditions of FT synthesis and thus, from loss of
the active component during the reaction. Zhang et al.
[37] also showed that formation of cobalt aluminate in
alumina supported catalysts could be efficiently sup-
pressed by a surface layer of magnesia.

According to the XPS data, in the silica-doped
alumina supported catalysts studied, the concentration
of Si on the external surface was very low; no
enrichment of catalyst surface with SiO, was observed.
SEM measurements also suggest (Table 2) almost
uniform silica repartition in alumina matrix. Thus,
lower concentration of cobalt aluminate in cobalt
silica-doped alumina supported catalysts cannot be
explained in terms of protective layer of silica on
alumina. It is known that cobalt aluminate can be

Intensity (a.u.)

810 800 790 780 770
B.E. (eV)

Fig. 4. Co2p XPS spectra of calcined catalysts: a) 8Co/Al,O5, b)
8Co/AL,05(Si0,), ¢) 15Co/AL,03, d) 15C0o/Al,O5(Si0,).
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Fig. 5. H,-TPR profiles of calcined catalysts: a) catalysts with

15 wt.% of cobalt; b) catalysts with 8 wt.% of cobalt.

produced at different stages of catalyst preparation
[34,38—40]: cobalt deposition, decomposition of
cobalt precursor, catalyst calcination and even reduc-
tion. Note that in contrast to Puralox alumina which
has a basic character, Siralox silica-doped alumina
possesses some acidity, which was recently investi-
gated by Daniell et al. [41]. Previous reports [42—45]
suggest that decomposition of cobalt precursors is
a crucial step in catalyst preparation which affects the
fraction of cobalt-support mixed compounds such as

100

80

60 -

40 -

Conversion (%)

20

0 50 100
Time-on-stream (h)

Fig. 6. Catalytic performance of a) 15Co/AlL,O; and b) 15Co/
AlL,O3(SiO,). Experimental conditions: T=212°C, P =20 bars,
GHSV =5000h"".
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Table 3
Catalytic performance of cobalt supported catalysts in FT synthesis
after 100 h on stream.

Catalyst Cobalt Conversion S(CHy) S(Cs.,)
content (Wt.%) (%) (%) (%)

15Co/Al, 05 13.5 22 16 77

15Co/Al,05(Si0,) 13.8 26 14 77

cobalt aluminates and cobalt dispersion in the cata-
lysts. Therefore, it can be suggested that lower basicity
of Siralox silica-doped alumina relative to Puralox
seems to a factor which could hinder formation of
cobalt aluminates at the stage of cobalt precursor
decomposition.

3.3. Catalytic results

Fig. 6 displays catalytic performance data obtained
for 15Co/Al,03 and 15Co/Al,05(Si0,) catalysts at
20 bars, 212°C and GHSV =5000h""'. The 15Co/
Al,O5(Si0O,) catalyst exhibits high initial carbon
monoxide conversion, which gradually decreases with
time-on-stream. The initial carbon monoxide conver-
sion was much lower with 15Co0/Al,O3 -catalyst
(~20%). It stabilizes however, more promptly than
with 15Co/Al,05(Si0,) catalyst. After 100 h of reac-
tion carbon monoxide conversion on both catalysts was
between 22 and 26%. At these conditions, the hydro-
carbon selectivities were rather similar on both cata-
lysts (Table 3).

The characterization data suggest similar cobalt
dispersion in both alumina and silica-doped alumina
supported catalysts, while TPR points out a lower
concentration of cobalt aluminate and correspondingly
better cobalt reducibility in silica-doped alumina than
in alumina-supported catalysts. Better reducibility of
Co/Al,05(Si0,) catalysts at similar cobalt dispersion
would normally result in higher concentration of cobalt
metal sites which are active in FT synthesis. Thus,
higher FT catalytic activity of 15Co/Al,05(Si0O,)
relative to 15Co0/Al,O3 catalyst could be possibly
attributed to a higher concentration of cobalt metal
active sites in these catalysts because of a better
reducibility of cobalt.

4. Conclusion

The structure of supported cobalt species in alumina
supported catalysts and their catalytic behavior in FT
synthesis appear to be strongly affected by doping
alumina with small amounts of silica (~5 wt.%).
Support and catalyst characterization show that doped

silica has uniform repartition in alumina, no enrich-
ment of alumina subsurface layer by silica was
observed. In alumina and silica-doped alumina sup-
ported catalysts with similar textural properties, cobalt
dispersion was primarily a function of support pore
diameter. Higher concentration of hardly reducible
cobalt aluminate compounds was detected in cobalt
catalysts supported on alumina than in their counter-
parts supported by alumina doped with silica. The
presence of small amounts of silica in alumina supports
significantly enhances cobalt reducibility. Higher
cobalt reducibility at similar cobalt dispersion seems to
be responsible for the higher FT reaction rate on cobalt
catalysts supported on silica-doped alumina.
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