
t

pports
diffraction

d
the

beyond
ere found
and ma
Journal of Catalysis 236 (2005) 139–152

www.elsevier.com/locate/jca

Characterization of alumina-, silica-, and titania-supported cobalt
Fischer–Tropsch catalysts

Sølvi Storsætera, Bård Tøtdalb, John C. Walmsleyc, Bjørn Steinar Tanemc, Anders Holmena,∗

a Department of Chemical Engineering, Norwegian University of Science and Technology (NTNU), N-7491 Trondheim, Norway
b Department of Physics, Norwegian University of Science and Technology (NTNU), N-7491 Trondheim, Norway

c SINTEF Materials and Chemistry, Synthesis and Properties, N-7491 Trondheim, Norway

Received 27 July 2005; revised 12 September 2005; accepted 16 September 2005

Available online 20 October 2005

Abstract

Co and CoRe supported onγ -Al2O3, SiO2, and TiO2 were prepared by incipient wetness impregnation. The influence of the different su
on the shape, appearance, and size of cobalt particles, as well as on reducibility, was studied by different techniques, including X-ray,
scanning transmission electron microscopy, H2 chemisorption, N2 adsorption measurements, temperature-programmed reduction, and O2 titra-
tion. Co was found to exist as Co3O4 on the catalysts in their calcined state. Co3O4 particle size, Co0 particle size, and reducibility increase
with increasing average pore diameter of the support. On bothγ -alumina and silica, Co3O4 appeared in clusters, with larger clusters for
silica support, which has a larger average pore diameter. However, on TiO2, Co3O4 existed as single crystals, as it also did onα-alumina with
large average pore diameter. Thus the size of Co3O4 agglomerates probably increases with increasing pore size up to a certain pore size,
which no agglomeration will occur. Rhenium was evenly distributed over the substrate surface, but higher concentrations of rhenium w
at the cobalt-containing positions. Activity and selectivity data obtained previously are discussed in terms of cluster size, particle size,ss
transport limitations.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Supported cobalt has been widely studied as a Fisc
Tropsch (FT) catalyst for the conversion of synthesis gas
rived from natural gas, due to its high activity, high selectiv
to long-chain paraffins, and low water–gas shift activity. T
support seems to be an important factor in the properties o
catalysts. Cobalt in its reduced state, not cobalt precurso
the active component in the CO/H2 reaction. Two major factor
determine catalyst activity (gprod/(gcath)), namely the degree o
reduction of the metal precursor and the shape and size o
metal particles formed, which control the number of active s
available (dispersion). If a change in dispersion does not lea
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a change in turnover frequency, then, by definition, the reac
is structure-insensitive.

The type and structure of the support influence the dis
sion, particle size and reducibility, and thereby the activity
Co-supported catalysts[1–19]. C5+ selectivity is also affected
by the type of support and the promoter[1,10,12,16–18,20,21].
The acidity of alumina supports[22,23] and modification of
silica supports by the addition of zirconia[24,25]are other fac-
tors that affect FT activity through changes in reducibility a
dispersion. However, zirconia increases the FT activity for
alumina-supported Co catalyst with no corresponding incre
in reducibility or dispersion[26,27]. Furthermore, in most case
different promoters also affect dispersion and reducibility[2,7,
28–39]. Besides the support and promoter, several other pr
ration variables, including cobalt precursor and solvent[6,40–
46], cobalt loading[3,4,7,44,47–49], preparation method[3,42,
50,51], and pretreatments (e.g., the conditions during dry
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Table 1
Hydrocarbon formation rate and selectivity to CH4 and C5+ at 40–45% CO conversion. H2/CO= 2.1,PTot = 20 bar andT = 210◦C [17]

Catalyst GHSV
(ml/(gcath))

CO conversion
(%)

Hydrocarbon formation
rate (gHC/(gcath))

Selectivity (%)a Structural parameter

χ × 1016 (m−1)bCH4 C5+
Co/γ -Al2O3 2982 42.6 0.25 9.7 80.2 33
CoRe/γ -Al2O3 5960 42.8 0.42 8.8 80.8 52
Co/SiO2 3060 40.4 0.24 9.1 81.7 12
CoRe/SiO2 4166 40.3 0.33 8.7 83.4 12
Co/TiO2 1885 39.8 0.14 9.8 82.3 7
CoRe/TiO2 3595 42.6 0.30 8.9 84.8 7

a The uncertainty (±2σ ) is estimated to be±0.4% based on the standard deviation of repeated measurements.
b Structural parameter calculated according to equation (2)[21].
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and calcination[6,52–55]and reduction[56–61]), affect the re-
ducibility and dispersion of the catalysts.

The most usual methods for cobalt particle size and
persion determinations are H2 chemisorption, X-ray diffrac-
tion (XRD), X-ray photoelectron spectroscopy, and exten
X-ray absorption fine structure spectroscopy (EXAFS). Ho
ever, these methods say nothing about the shape and mo
ogy of the particles or how they exist in relation to each ot
Transmission electron microscopy (TEM) is a valuable met
for obtaining this information. Co3O4 has been found as clu
ters on silica supports[16,19,25], but conflicting results on th
dependence of the size of these clusters on pore diameter
been reported. Different studies have found that the cluster
increases[16] and decreases[19] with increasing pore diamete
of the silica support.

TEM is a widely used technique for collecting informati
about small metal particles. However, few studies of cob
supported catalysts involve TEM investigations. Voß et al.[13]
characterized Co catalysts supported on alumina, silica, an
tania by several techniques, including electron microscopy.
catalysts were studied in the calcined state. The effect of re
tion temperature on the cobalt particles supported on high-
low-surface area silica was studied by Jabłoński et al.[59] using
TEM. The catalysts were reduced ex situ and passivated i
before performing the TEM. Some preliminary results from
work using scanning TEM (STEM) for studying CoRe cataly
supported onγ -Al2O3, SiO2, and TiO2 have been presente
previously[62].

It has been shown that the reaction rate to long-chain
drocarbons and the C5+ selectivity over supported Co catalys
depend on the type and structure of the support[17,18]. The
greatest long-chain hydrocarbon selectivity is observed f
promoted TiO2-supported cobalt catalyst, and the highest re
tion rate is observed for a promoted high-surface areaγ -Al2O3-
supported cobalt catalyst. The effect of water on FT acti
and selectivity for a series of unpromoted and Re-promoted
catalysts supported on high-surface area alumina, high-su
area silica, and low-surface area titania has been recentl
ported [17]. The results obtained at 40–45% conversion
given inTable 1. Activity and selectivity data obtained short
after 20% water addition are presented inTable 2. It was found
that water increases the selectivity to long-chain hydrocarb
for all supports and that it initially increases the activity
silica- and titania- supported catalysts, whereas deactiva
-
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Table 2
Conversion, activity and selectivity shortly after addition of about 20% wate
40–45% conversion. H2/CO= 2.1,PTot = 20 bar,T = 210◦C

Catalyst CO
conversion
(%)

Hydrocarbon
formation rate
(gHC/(gcath))

Selectivity (%)a

CH4 C5+

Co/γ -Al2O3 39.5 0.23 6.7 83.0
CoRe/γ -Al2O3 35.1 0.34 6.5 83.8
Co/SiO2 46.0 0.28 5.4 87.5
CoRe/SiO2 46.4 0.38 5.1 88.6
Co/TiO2 47.8 0.18 5.2 90.1
CoRe/TiO2 53.1 0.37 4.7 91.4

a The uncertainty (±2σ ) is estimated to be±0.4% based on the standa
deviation of repeated measurements.

was observed for theγ -alumina-supported catalysts. For t
silica-supported catalysts, in addition to increased activity,
rate of deactivation was greater than before water addition
the titania-supported catalysts, very little deactivation was
served. The effect of water has also been studied by others
similar results showing that water has a significant effect
FT synthesis have been obtained[2,30,63–70]. The reason why
water affects the reaction rate to hydrocarbons differently w
dissimilar supports remains incompletely understood.

The main reason for using TEM to study cobalt-suppor
catalysts is to investigate the shape, size, and orientation o
Co particles on different supports, and then determine how
may contribute to the different behavior observed during
FT synthesis. We also discuss the performance of the diffe
catalysts in terms of mass transfer limitations and the struc
parameterχ introduced by Iglesia et al.[21].

2. Experimental

2.1. Catalyst preparation

Catalysts containing 12 wt% Co and 12 wt% Co/0.5 w
Re were prepared by incipient wetness coimpregnation of
ferent supports with aqueous solutions of Co(NO3)2·6H2O and
HReO4. The following supports were included in the stud
γ -Al2O3 (Puralox SCCa-5/200 from Condea, treated with
at 500◦C for 10 h), SiO2 (PQ corp. CS-2133, treated with a
at 500◦C for 10 h) and TiO2 (Degussa P25, treated with air
700◦C for 10 h). The catalysts were dried in air at 120◦C for
3 h before calcination in air at 300◦C for 16 h. The catalyst
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were sieved to 53–90 µm. For use during the STEM studie
α-Al2O3 sample containing 20% Co/0.5% Re was prepare
the same way as above.

2.2. H2 chemisorption

H2 adsorption isotherms were measured at 40◦C in a stan-
dard volumetric glass apparatus (Micromeritics ASAP 20
capable of obtaining a vacuum of 10−5 Torr or better. The re
actor was loaded with 0.2–0.5 g of catalyst. Before meas
ments, the catalysts were reduced in flowing hydrogen w
temperature programming from ambient to 350◦C at a rate
of 1 ◦C/min. This temperature was maintained for 10 h. A
ter reduction, the samples were evacuated for 0.5 h at 33◦C
before cooling to 40◦C, and the adsorption isotherm was me
sured between 10 and 510 mmHg. The amount of hydro
chemisorbed was determined by extrapolating the linear pa
the isotherm to zero pressure. It is assumed that Re doe
contribute to the amount of hydrogen chemisorbed when ca
lating the dispersion[29] and that the adsorption stoichiometr
is H:Co= 1.

Assuming spherical particles, the Co0 particle size (dp) is re-
lated to the dispersion (D) through the following formula[71]:

(1)dp = 96

D
.

2.3. BET surface area and pore size measurements

Surface area measurements were performed in a Carlo
Multisampler 1900 apparatus by N2 adsorption. The sample
(particle size 53–90 µm) were evacuated and dried at 150◦C be-
fore analysis. The surface area was calculated as the Brun
Emmett–Teller (BET) surface area.

Pore diameter, pore size distribution, and pore volume w
determined by N2 adsorption in a Micromeritics Tristar 300
instrument for theγ -Al2O3- and SiO2-supported catalysts an
by Hg intrusion using a Carlo Erba Porosimeter 2000 for
TiO2-supported catalysts. The samples were degassed at 2◦C
overnight before measurement. Total pore volume and pore
distribution were calculated form the nitrogen desorption cu
using the Barrett–Joyner–Halenda (BJH) method[72].

2.4. X-Ray diffraction

XRD studies were performed in a Philips PW 1710 sp
trometer at ambient temperature using monochromatic Cuα

radiation. The measurements were done on crushed cal
catalysts and average Co3O4 particle sizes were calculated fro
the most intense Co3O4 line (2θ = 36.9◦), using the Scherre
formula[73].

2.5. Temperature-programmed reduction

Temperature-programmed reduction (TPR) studies w
performed in a U-shaped tubular quartz reactor heated b
electrical furnace, for both calcined and reduced catalysts
the TPR studies of calcined catalysts, the reactor was lo
a
n
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with 0.2 g of catalyst and heated at a rate of 10◦C/min to
930◦C in a gas consisting of 7% H2 in Ar. The gas flow rate
was 30 ml/min. For the TPR experiments for reduced ca
lysts, 0.5 g of catalyst was loaded into the reactor. The cata
was reduced in situ in a flow of hydrogen (30 ml/min) with
temperature programming from ambient to 350◦C at a rate of
1 ◦C/min. This temperature was maintained for 16 h before
ducing the temperature to 25◦C. The catalyst was flushed wit
Ar for 1 h and then heated at a rate of 10◦C/min to 930◦C
in a gas consisting of 7% H2 in Ar (30 ml/min). H2 consump-
tion was measured by analyzing the effluent gas using a the
conductivity detector, and calibration was done by reductio
Ag2O powder.

2.6. Pulse oxidation

The extent of reduction was determined by pulse oxida
with O2 of reduced samples at 400◦C in the same apparatu
as used for the TPR experiments. After reduction at 350◦C for
10 h (heating rate 1◦C/min), the sample was heated to 400◦C
in He and held for 1 h to desorb any chemisorbed H2. Calibrated
pulses of O2 were then added into the continuous He flow u
til no further consumption of O2 was detected by the therm
conductivity detector located downstream of the reactor.
amount of O2 consumed was calculated from the known pu
volume, temperature, pressure, and the number of pulses r
ing with the catalyst. The extent of reduction was calcula
assuming stoichiometric reoxidation of Co0 to Co3O4.

2.7. Electron microscopy

Sample preparation was done by two different techniq
and examined using two different microscopes. The first pre
ration method (denoted by PM1) was used for theγ -Al2O3-,
SiO2-, and TiO2-supported catalysts. Calcined catalysts w
crushed before they were sprinkled on a “holey carbon” fi
supported on Ti grids. These samples were analyzed in a
cated scanning transmission electron microscope (VG HB-
using a Si(Li) detector connected to an INCA analytical s
tem (Oxford Instruments). The beam voltage was 300 kV.
ergy dispersive spectrometry (EDS) was used to confirm
presence and location of the different species in the sam
The chemical phase of cobalt on the catalyst was obta
by comparing the diffraction pattern of a reference mate
with diffraction patterns from the samples. STEM images w
recorded using an annular dark-field detector, giving a sig
that is sensitive to the local atomic number in the sample.

Thinner samples with a more even surface were obta
by the second method, PM2, using ultramicrotomy as follo
A small amount of the uncrushed catalyst particles was em
ded in a two-component epoxy resin and stored overnigh
40◦C. Thin slices of the samples were obtained by cutting
embedded catalyst with a diamond knife using a model u
microtome. The resulting sample slices were collected on a
mesh grid and analyzed in a Philips CM30 transmission e
tron microscope at 200 kV.
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Fig. 1. X-Ray diffraction pattern for (a) Co/γ -Al2O3, (b) CoRe/γ -Al2O3, (c) Co/SiO2, and (d) CoRe/SiO2. Phases denoted are (∗) Co3O4, (�) γ -Al2O3 and
(+) SiO2.

Fig. 2. X-Ray diffraction pattern for (a) Co/TiO2 and (b) CoRe/TiO2. Phases denoted are (∗) Co3O4, (!) anatase TiO2 and (2) rutile TiO2.
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3. Results and discussion

3.1. X-Ray diffraction, H2 chemisorption, and pore
measurements

Fig. 1 shows the XRD patterns of Co and CoRe suppo
on γ -Al2O3 (a and b) and SiO2 (c and d). The location of th
peaks confirms that Co3O4 was the only crystalline phase
Co present. Except for Co3O4, only peaks for amorphous SiO2
andγ -Al2O3 were detected. No Re was observed in the X
patterns.Fig. 2 shows the XRD patterns for the Co/TiO2- and
CoRe/TiO2-supported catalysts. Due to the high-tempera
calcination (700◦C) of the TiO2 support before impregnation
the support was present mostly in its rutile phase. In this c
Co was also detected only as crystalline Co3O4.

As stated earlier, the width at half maximum of the m
intense Co3O4 peak, 2θ = 36.9◦, was used to calculate th
Co3O4 particle size. Narrow Co3O4 peaks indicate large pa
ticles, whereas broad peaks correspond to small particles
e

e,

or

average particle size calculation from XRD, calculating the
in different directions found that a spherical shape was a g
approximation for the Co3O4 particles. The average Co3O4 par-
ticle size calculated for all catalysts from the Scherrer equa
together with the average Co0 particle sizes obtained from H2
chemisorption measurements, are given inTable 3. The aver-
age Co3O4 particle size, as determined by XRD, was smal
for theγ -Al2O3-supported catalysts and slightly larger for t
SiO2-supported catalysts. The largest Co3O4 particles were ob
served on the TiO2-supported catalyst. Although Re had on
an insignificant influence on the average Co3O4 particle size
for the γ -Al2O3- and SiO2-supported catalysts, Re increas
the average Co3O4 particle size for the TiO2-supported cata
lysts.

The same trend between support and average Co0 particle
size was found from the H2 chemisorption results (Table 3).
However, in this case Re influenced the average Co0 particle
size for the SiO2- and TiO2-supported catalysts only slightl
whereas for theγ -Al2O3-supported catalysts, promoting wi
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Table 3
Co0 particle size and dispersion from H2 chemisorption, and Co3O4 particle
size from XRD

Catalyst Dispersion
(H2-ads.) (%)a

Co0 particle size
(H2-ads.) (nm)b

Co3O4 particle
size (XRD) (nm)c

Co/γ -Al2O3 6.3 15.2 13.7
CoRe/γ -Al2O3 10.2 9.4 15.0
Co/SiO2 5.3 18.1 22.5
CoRe/SiO2 5.8 16.4 20.2
Co/TiO2 2.3 41.7 41.6
CoRe/TiO2 2.4 40.0 50.8

a Co0 dispersion from H2 chemisorption at 313 K, assuming adsorption
Co atoms only.

b Co0 particle size calculated from H2 chemisorption usingd(Co) = 96/D.
c Co3O4 particle size calculated from XRD of calcined catalyst using

most intense peak located at 2θ = 36.9◦.

Table 4
Pore diameter, pore volume, surface area and porosity

Catalyst Average
pore diam-
eter (nm)

Pore
volume
(cm3/g)

Surface
area
(m2/g)c

Porosity
ε (%)d

Co/γ -Al2O3 6.7a 0.34a 161 58
CoRe/γ -Al2O3 6.8a 0.36a 155 59
Co/SiO2 11a 1.0a 297 72
CoRe/SiO2 12a 1.1a 302 74
Co/TiO2 770b 0.77b 8 76
CoRe/TiO2 790b 0.90b 12 80

a Calculated from N2 adsorption measurements.
b Calculated from Hg porosimetry measurements.
c BET surface area calculated from N2 adsorption measurements.
d Calculated from the measured pore volume.

Re decreased the average Co0 particle size quite significantly
This is because Re promotes the reduction of cobalt ph
interacting strongly with theγ -Al2O3 support[17]. The ob-
served effect of Re on the particle size from XRD for t
TiO2-supported catalysts, compared with no effect from2
chemisorption, may also be due to cobalt phases intera
with the titania support. If this phase is nonreducible at stand
reduction condition, then it does not contribute to the part
size obtained from H2 chemisorption.

Surface area, pore volume, average pore diameter,
porosity for the different catalysts are given inTable 4. The av-
erage pore diameter increased in the same order as the av
Co3O4 particle sizes. The SiO2-supported catalysts had a larg
average pore diameter (∼12 nm) than theγ -Al2O3-supported
catalysts (∼7 nm), and the TiO2-supported catalysts had an a
erage pore diameter close to 800 nm. The pore volume fo
γ -Al2O3-supported catalysts was significantly smaller than
pore volume for the other catalysts, and thus the porosity
correspondingly smaller as well.

According to the particle sizes obtained from XRD a
H2 chemisorption measurements and the information abou
pore structure of the different catalysts, Co0 and Co3O4 parti-
cle sizes are controlled by the pore diameter of the support.
same relation between pore diameter and cobalt particle
has been reported previously for various silica supports
es
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Fig. 3. BJH pore size distribution from the nitrogen desorption curve for (a)
γ -Al2O3 and Co/SiO2, (b) CoRe/γ -Al2O3 and CoRe/SiO2, and (c) Co/TiO2
and CoRe/TiO2.

pore diameters>3 nm by Khodakov et al.[12,14], Panpranot
et al.[8], Saib et al.[16], and Castner et al.[19].

Fig. 3shows the pore size distribution for all of the catalys
The pore size distribution is broader for the SiO2 supported
catalysts than for theγ -Al2O3-supported catalysts (Figs. 3a
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fication
Fig. 4. STEM micrographs of a CoRe/γ -Al2O3 sample prepared by sprinkling crushed catalyst on a “holey carbon” film supported on a Ti grid. (a) Low magni
image including an EDS map for determination of Co3O4 location. (b) Higher magnification image.
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and 3b), and consists of two shoulders on the left side, co
pared with one shoulder for theγ -Al2O3-supported catalysts
Promoting with Re has no major effect on the average pore
or the appearance of the pore size distributions. The pore
distribution (Fig. 3c) of the TiO2-supported Co and CoRe ca
alysts differs significantly from that of the other catalysts;
distribution is much broader. The promoted catalyst has a c
bimodal distribution and a larger fraction of both the larg
pores and the smallest pores compared with the unprom
catalyst, which has a larger fraction of the average pores.
pore size distribution for the Co/TiO2 catalyst consists of thre
overlapping peaks.

3.2. Electron microscopy

It would have been desirable to be able to perform in
reduction before conducting the electron microscopy stud
however, this was not possible with the available equipm
For this reason, we attempted to reduce the catalyst and
passivate it using 0.5% O2 in N2 before exposing it to air. How
ever, XRD studies of the samples immediately after the pas
tion procedure showed that the major part of the cobalt oxid
quite rapidly to mainly Co3O4, with no traces of Co0 found.
Thus the electron microscopy studies were carried out on c
lysts in their calcined state. To obtain good electron microsc
images, the samples must be specially prepared to a thick
that allows electrons to transmit through the sample. The
preparation techniques used were described above. STEM
nular dark-field images of samples prepared by method
(PM1) are shown inFigs. 4–9, and TEM bright-field images
of oneγ -alumina sample prepared by method two (PM2)
shown inFig. 10.

Electron diffraction patterns of all of the catalysts confi
that cobalt is present as Co3O4 on the catalysts in their calcine
state.Fig. 4 shows dark-field STEM micrographs of CoR
γ -Al2O3. The smaller image inside the large images is an E
map showing the distribution of cobalt in the micrograph i
age. InFig. 4a, Co3O4 appears as bright, spherical clusters
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the amorphousγ -alumina support, which appears as gray
gions. The higher-magnification image inFig. 4b shows that
the Co3O4 cluster consists of many smaller Co3O4 particles.
The contrast is not sufficiently clear to allow a statistical co
of the particle sizes, but they are in approximately the 7–25
range. The Co3O4 cluster sizes observed were distributed
70–400 nm. The rhenium present is difficult to detect, but E
suggests that some rhenium is evenly distributed throughou
support, although a large part of rhenium is associated with
cobalt. STEM images of Co/γ -Al2O3 showed similar Co3O4
cluster sizes and Co3O4 particle sizes. STEM analysis did n
detect any obvious differences in Co3O4 particle size betwee
the rhenium promoted and unpromoted cobaltγ -alumina cat-
alysts, in agreement with the XRD results. Strong interact
between the smallest cobalt particles and the support exi
γ -alumina-supported catalyst. Re is known to enhance the
gree of reduction of these cobalt species in strong interac
with the support. The catalysts are reduced in the H2 chemisorp-
tion studies, and this difference in degree of reduction for
γ -Al2O3 and CoRe/γ -Al2O3 is included. For the XRD and
STEM studies, the catalysts are not reduced, and the differ
in degree of reduction for the two catalysts is not taken into
count. This is the reason why an effect of Re on the par
size is observed from the H2 chemisorption studies, whereas
effect is seen from XRD and STEM.

STEM images of the Co/SiO2 catalyst are presented
Figs. 5 and 6. As for theγ -Al2O3-supported catalysts, Co3O4
appears as clusters (Fig. 5a), mainly spherical in shape but wi
some oval and even hexagonal clusters. There is a wide
tribution in Co3O4 cluster size on the silica support, rangi
between 40 and 700 nm. It is not easy to detect the Co3O4 par-
ticle sizes from the image inFig. 5b, in which several Co3O4
particles are very closely connected. However, from the mi
graph images and especially from the inserted EDS map
the smallest Co3O4 clusters, as shown inFig. 6, it is possible
to roughly distinguish Co3O4 particles from the silica suppor
Thus, from the smallest clusters, the Co3O4 particle sizes are
found to be in the 10–35 nm range. The particles seem to
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fication

re high
Fig. 5. STEM micrographs of a Co/SiO2 sample prepared by sprinkling crushed catalyst on a “holey carbon” film supported on a Ti grid. (a) Low magni
image and (b) higher magnification image.

Fig. 6. STEM micrographs of a Co/SiO2 sample prepared by sprinkling crushed catalyst on a “holey carbon” film supported on a Ti grid. Both (a) and (b) a
magnification images including EDS maps for determination of Co3O4 particle sizes.
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different shapes; most are spherical, but some drop-like
particles are also seen. The broader distribution of cluster s
and particle sizes of Co3O4 observed on the silica support com
pared with theγ -alumina support is consistent with the broad
pore size distributions for the silica-supported catalysts. It
pears that larger pores result in larger clusters of Co3O4 during
drying and calcination, in addition to larger Co3O4 and Co0

particles.
No significant differences in shape, Co3O4 cluster size, or

Co3O4 particle size were found between the CoRe/SiO2 and
Co/SiO2 catalysts. The fraction of larger agglomerates fou
on the silica-supported catalysts is probably due to the pro
tion of larger pores for the silica catalysts compared with
γ -alumina catalyst. Saib et al.[16] also found that an increas
in average pore size from 40 to 150 Å for silica-supported
alysts led to an increase in the average cluster size.

The STEM images of cobalt supported on titania appear
ferent from those of cobalt supported on silica andγ -alumina,
al
es

-

r-

-

-

and the contrast between Co3O4 and titania is also much cleare
Indeed, it is easier to make a distinction between Co3O4 and
titania at higher magnifications than at lower magnificatio
Micrographs of the Co/TiO2 catalyst are shown inFigs. 7a, 7b
and 8a. On the small EDS map inserted intoFig. 7a, Co3O4

appears as discrete particles that look almost sponge-like
like the γ -alumina- and silica-supported catalysts, Co3O4 ap-
pears as crystalline particles distributed relatively evenly o
the support. Particle shape varies significantly, with some
pearing hexagonal (Fig. 7b) and others looking like peanuts
droplets. These are the same structures observed by Jabłoński et
al. [59] for low-surface area silica. These authors found tha
high-surface area silica, the Co3O4 particles exists as agglom
erates, whereas for low-surface area silica, with larger po
the Co3O4 phase is more evenly distributed. Also, Castne
al. [19] have reported that Co3O4 particles are clustered to
gether on silica with small pores, but not on silica with lar
pores.
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oley
Fig. 7. STEM micrographs of a Co/TiO2 sample prepared by sprinkling crushed catalyst on a “holey carbon” film supported on a Ti grid. (a) High magni
image including an EDS map for determination of Co3O4 location. (b) High magnification images showing the size of Co3O4 particles.

Fig. 8. High magnification STEM micrograph of (a) a Co/TiO2 sample and (b) a CoRe/TiO2 sample, both prepared by sprinkling crushed catalyst on a “h
carbon” film supported on a Ti grid.
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Fig. 8b is an annular dark-field image of CoRe/TiO2 with
inserted EDS maps showing the cobalt-containing and tita
containing areas. The Co3O4 particles are generally found o
the edge of the titania grains. Measuring particle size is
easy, because of the particles’ irregular shapes. However, b
on the dimension in the elongated direction, the Co3O4 particle
size is estimated as 30–80 nm for the Co/TiO2 catalyst and 30–
70 nm for the CoRe/TiO2 catalyst. For the rhenium-promote
catalyst, the Co3O4 particle sizes seem slightly smaller, in co
trast to the results from XRD. For calculating particle sizes fr
XRD, spherical particles are assumed. This assumption o
ously is not valid for the cobalt particles supported on TiO2, and
may be one reason for the differences in Co3O4 particle sizes
derived from XRD, STEM, and H2 chemisorption. For both
the silica- and theγ -alumina-supported catalysts, the Co3O4

particle sizes obtained from XRD are within the particle s
distribution range obtained from the STEM images.
-

t
ed

i-

As stated above, cobalt has been found to exist as
ters on high-surface area silica and as single particles m
evenly distributed on low-surface area silica. For comparis
a CoRe catalyst supported onα-alumina (a low-surface are
support) was also included in the STEM study. This cata
has a BET surface area of 23.5 m2/g, an average pore diamet
of 0.15 µm, and a pore volume of 0.54 cm3/g. Micrographs of
the CoRe/α-Al2O3 catalyst are shown inFig. 9. Co3O4 shows
slightly brighter contrast, and, as on TiO2, Co3O4 appears as
discrete particles that appear almost porous. The particle
relatively evenly distributed over the support, and the shap
the particles differs significantly. A relatively broad particle d
tribution is found, ranging from 10 to 100 nm; however, mos
the particles are in the 20–50 nm range (length in the elong
direction).

For the promotedγ -Al2O3, SiO2, and TiO2 catalysts, analyt
ical elemental analysis of random cobalt-containing areas
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fication
Fig. 9. STEM micrographs of a Co/α-Al2O3 sample prepared by sprinkling crushed catalyst on a “holey carbon” film supported on a Ti grid. (a) Low magni
image and (b) higher magnification image.
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Fig. 10. TEM micrographs of a Co/γ -Al2O3 sample prepared by ultramicro
tomy. (a) Low magnification image and (b) higher magnification image show
different cluster sizes.

performed to detect the quantity of rhenium located in cob
rich areas. The concentration of rhenium was 1.3–3.1 at%,
an average value of 2.1 at% for the SiO2 catalyst. For the TiO2-
supported catalysts, the cobalt-containing areas contained
3.8 at% Re, with an average value of 1.9 at%. The amoun
Re in theγ -Al2O3-supported catalyst was 0.5–2.6 at%, with
average value of 1.2 at%.

Bright contrast in an annular dark-field image can be du
higher average atomic number or to uneven sample thickn
Because of this relatively complicated contrast observed
some of the STEM images prepared by PM1, samples were
prepared by another method. The main purpose was to c
thinner samples, with even, parallel, surfaces, to prevent th
ness differences from influencing the contrast between co
oxide and the support. In some cases PM2 was a more pro
ing preparation method than PM1.Fig. 10 shows bright-field
TEM images of the Co/γ -Al2O3 catalyst; here Co3O4 is rep-
resented by the dark spots in the micrograph. As inFig. 4,
here Co3O4 appears as clusters, and in this case it is poss
to locate many clusters in one image, making the countin
cluster sizes much easier. The average cluster size was i
-
h

5–
f
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n
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-
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same range as before, 70–400 nm. The embedded sectio
the sample tended to charge under the electron beam an
from the resin if the electron beam current was too high, lim
ing the detailed analysis of microtomed samples. Voß et al.[13]
also prepared samples for TEM following the same princip
embedding the catalyst in epoxy resin followed by ultra
crotomy, and found that on a silica support, contrast co
oxide clusters were easily distinguished from the support. H
ever, they found that it was not possible to distinguish betw
cobalt oxide and the support on alumina and titania supp
Okamoto et al.[43], Sun et al.[44], and Castner et al.[19] also
obtained valuable information on Co/SiO2 catalysts by TEM
using preparation method PM2.

The TEM studies demonstrated that on silica (average
size∼120 Å) andγ -alumina (average pore size∼70 Å), Co3O4
appears in agglomerates of different sizes created during
drying and calcination process. On titania, which has a m
larger average pore size, Co3O4 emerges mostly as larger sing
particles. The Co3O4 particles will probably exist as agglome
ates up to a certain pore size, beyond which no agglomera
will occur. This is the case both in the present study and in
vious studies on small- and large-pore silicas[16,19,59].

The average Co3O4 particle sizes onγ -alumina- and silica-
supported catalysts determined by XRD and STEM are la
than the average pore sizes. This means that a large fracti
the particles is located not inside single pores, but rather on
outside or occupying adjacent, interconnecting, pore cavi
This may be the reason why Co3O4 appears as agglomerates
these two supports. The cobalt precursor is mobile during
ing and calcination and thus may diffuse in the pores, form
clusters. The drying and calcination steps are very impor
during catalyst preparation[6,52–55]. Because of the highe
porosity of the silica support compared with theγ -alumina sup-
port, the pores are possibly more closely connected. This
enhance the possibility of diffusion into adjacent pore cavi
and decrease the distance between the cobalt particles, wh
turn may further increase the probability of cluster growth, d
to shorter diffusion distances, and be the reason for the la
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Table 5
Hydrogen consumption from TPR and extent of reduction calculated from
and O2-titration

Catalyst H:Coa,b

calcined
catalyst

H:Coa

reduced
catalyst

Extent of reduction

TPR O2-titrationc

Co/γ -Al2O3 2.4 0.89 54 53
CoRe/γ -Al2O3 2.4 0.17 79 61
Co/SiO2 2.4 0.12 85 65
CoRe/SiO2 2.3 0.02 86 66
Co/TiO2 2.7 0.01 100 69
CoRe/TiO2 2.9 0.02 105 71

a mol H/mol Co assuming negligible consumption of H2 for reduction of
Re2O7. Complete reduction of Co3O4 requires 2.67 moles of H per mole o
Co.

b The uncertainty (±2σ ) is calculated to be±0.1 based on standard deviatio
from multiple experiments.

c The uncertainty (±2σ ) is calculated to be±1% based on standard deviatio
from multiple experiments.

clusters observed on silica compared withγ -alumina. However
the internal structure of these supports remains incomple
understood.

The titania andα-alumina supports have much larger po
than silica andγ -alumina, and larger Co3O4 particles are
formed (Fig. 7). The average Co3O4 particle size is smaller tha
the average pore size, meaning that in this case the particle
probably located inside single pores. The larger particles do
easily migrate on the support surface in the pores or on the
face of the particles, and no agglomeration take place. This
also be the reason why Co3O4 particles located on the edge
titania grains were found, whereas for the silica andγ -alumina
catalysts, support was observed beneath the Co3O4 particles in
all cases.

3.3. Degree of reduction

The degree of reduction is an important parameter, con
ing information about the interaction with the support. A c
rected dispersion can also be calculated based on the deg
reduction[17]. The degree of reduction was obtained both fr
TPR and O2 titration measurements; the values are given inTa-
ble 5. When TPR is used to estimate the degree of reduc
reduction of Co3O4 to Co0, requiring 2.67 mol of H per mo
of cobalt, is assumed. For the calcinedγ -alumina-supported
catalysts, some of the cobalt remains as cobalt nitrate afte
cination, which is taken into account in the calculations fr
TPR. The degree of reduction from O2 titration is based on th
assumption of complete oxidation of Co0 to Co3O4.

With the exception of Co/γ -Al2O3, the values from O2 titra-
tion are systematically lower than those from TPR. Based
repeating measurements, the uncertainty in the hydrogen
sumption from TPR (H:Co ratio inTable 5) for the calcined
catalysts is±4%. This uncertainty is also present for the d
gree of reduction. The extent of reduction from O2 titration has
an uncertainty of about±2%; however, within the estimate
errors, the values from TPR are still higher than the va
from O2 titration. Kodakov et al.[12,52]stated that in inert at
mospheres at temperatures>350◦C, CoO could be more stab
ly

re
ot
r-
y

-

of

,

l-

n
n-

s

than Co3O4. If this is the case, then the assumption of comp
oxidation of Co0 to Co3O4 is not valid, and the degree of redu
tion from O2 titration is too low. The extent of reduction for th
Co/γ -Al2O3 catalyst from TPR is in good agreement with th
from O2 titration.

For titania-supported noble metal catalysts, strong me
support interactions (SMSIs) are observed when the redu
temperature is>300◦C [74], and the reduction procedure m
reduce the support to form a suboxide (TiOx), [75]. Thus the
hydrogen consumption during TPR for the titania-suppo
catalysts may be due to reduction of the support, in add
to reduction of Co3O4. This could explain the high extent o
reduction calculated for these systems, which is indeed hi
than the theoretical value for CoRe/TiO2.

The degree of reduction from TPR and O2 titration in-
creases in the order Al2O3 < SiO2 < TiO2. The reducibility
reflects the extent of the metal–support interaction. Jacob
al. [7] found the metal–support interaction to be in the or
γ -Al2O3 > TiO2 > SiO2. However, for titania, the degree o
interaction depends strongly on the TiO2 phase. It has bee
found that the metal–support interactions are weaker for r
titania than for anatase titania[15,74]. The titania used in this
work is mainly rutile, as found by XRD (Fig. 2). Furthermore,
the water produced during TPR may have an influence on
metal–support interaction and on the reducibility ofγ -alumina-
and titania-supported catalysts. For Co supported on titania
evolution of water vapor during reduction and the reduction
self resulted in a rather large decrease in reducibility, indica
the formation of nonreducible “Co-titanate”[58]. Also for Co
supported on alumina, the presence of water vapor durin
duction and the reduction itself have been found to retard
reducibility, to a larger extent than for Co/TiO2 [56,57,61]. This
is explained by increased Co–aluminate interaction and/or
mation of nonreducible cobalt compounds. For Co/SiO2, it has
been found that the formation of cobalt–support compou
that are nonreducible at<900◦C occurs only when hydrothe
mal treatment is carried out on the reduced catalysts[76]. Thus
the reduction process itself, as well as the procedure for de
with the water produced during reduction, are important to
ducibility. Different metal–support interactions formed for t
different supports and various techniques during the reduc
may partially explain the observed dissimilarities.

Borg et al. [77] recently determined the extent of redu
tion by X-ray absorption spectroscopy (XAS) measureme
for the same series of Re-promoted catalysts. The degree
duction increased in the order CoRe/γ -Al2O3 < CoRe/TiO2 <

CoRe/SiO2 and was 63, 75, and 85% from X-ray absorpt
near-edge spectroscopy (XANES) and 65, 75, and 79% f
EXAFS, respectively. The consistency between XANES
EXAFS results was found to be within the limits of experime
tal error. Nonetheless, the results are somewhat higher tha
O2 titration values, especially for the silica-supported catal
The discrepancy from the O2 titration values may be due to th
incomplete oxidation described above. The extent of reduc
from TPR for the silica-supported catalysts is in good ag
ment with the results from XAS, but for theγ -alumina- and
titania-supported catalysts, the values from XAS are lower
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those from TPR. It should be noted, however, that the red
tion in XAS was carried out at 400◦C, whereas for O2 titration
and TPR of reduced catalysts, the samples were prered
at 350◦C. A higher reduction temperature may increase
degree of reduction by reducing cobalt oxide, which is non
ducible at 350◦C [7]. However, at the same time a higher
duction temperature in XAS may result in a higher degree
metal–support interaction, and thus lower reducibility. This
particularly true for theγ -alumina- and titania-supported ca
alysts. As stated above, the reduction process decrease
reducibility for both titania- and alumina-supported cataly
due to metal–support compound formation.

3.4. Structural parameter and mass transfer limitations

Activity and selectivity data for theγ -Al2O3-, SiO2-, and
TiO2-supported catalysts have been presented previously[17],
and results obtained at 40–45% conversion are given inTable 1.
Activity and selectivity data obtained shortly after 20% wa
addition are reviewed inTable 2. Activity and selectivity data
for the sample usingα-Al2O3 as the support have also be
reported previously[10,18].

Diffusion is also an important phenomenon in FT synt
sis. Although the reactants are in the gas phase, the su
pores are filled with liquid products, and diffusion in the li
uid phase is several orders of magnitude slower than in the
phase. Reactants and products must be transported to and
the catalytic active sites; thus the two major diffusion limi
tions are reactant arrival and product removal. Iglesia et al.[21]
derived a model for the FT process based on reaction and d
sion in the catalyst pores. The analysis is based on a struc
parameterχ [21],

(2)χ = R2
0εθM

rp
,

whereR0 is the diffusion length,ε is porosity,θM is site density,
andrp is the mean pore diameter. Theχ values for the catalyst
involved in this study are included inTable 1.

According to the model proposed by Iglesia et al., C5+ se-
lectivity will increase due to olefin readsorption up to aχ

value of about 1000× 1016 m−1 and then decrease because
unfavorable H2/CO ratios[21]. In the catalytic systems stud
ied previously by us[17], such behavior was not observe
The C5+ selectivity remains constant up toχ values of abou
1000× 1016 m−1, after which it decreases.

For the catalysts involved inTable 1, the χ values are al
in the range 7–52× 1016 m−1. For diffusion-limited CO ar-
rival to become valid, structural parameters larger than 100×
1016 m−1 are needed[21,64]. To obtain such values with th
present catalysts, required pellet sizes are about 0.3 mm fo
γ -alumina-supported catalysts, 0.7 mm for the silica-suppo
catalysts, and 0.9 mm for the titania-supported catalyst.
cause pellet sizes of 53–90 µm are used in the present s
the reaction rates and selectivities should not be limited by
fusion of CO to the active sites.
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Fig. 11. The effect of reducing the partial pressure of H2 and CO, by co-feeding
helium at constant reactor pressure, on the observed reaction rate fo
mation of hydrocarbons for CoRe/γ -Al2O3. H2/CO = 2.1, PTot = 20 bar,
T = 210◦C.

3.5. Catalytic behavior contra pore sizes, particle sizes, and
cluster sizes

The previous studies carried out in a fixed-bed reacto
20 bar, 210◦C, and H2/CO = 2.1 [17] showed that with in-
creasing conversion, the observed rate increased for the s
and titania-supported catalysts. The rate increased even fu
with the addition of 25% water. For theγ -alumina-supported
catalysts, only a slight increase in activity was observed
the conversion increased, and the catalysts deactivated wi
creasing time on stream. Increased deactivation was obs
with the addition of 25% water. For the silica-supported c
alysts, an increase in the partial pressure of water inside
reactor also resulted in rapid deactivation. Larger amount
water (33%) led to decreased activity and increased deac
tion for all catalysts.

The reason for adding external water is to simulate high c
version, wherein a large amount of water is formed. The t
pressure is kept constant as water is added; however, the
tial pressures of H2 and CO are reduced. Thus the effect
reduced partial pressure of H2 and CO on the reaction ra
and selectivity was considered by running experiments ove
CoRe/γ -Al2O3 catalyst, replacing the water with the additi
of helium. A detailed description of the experimental setup
been given previously[17]. The experiments were performed
a fixed-bed reactor at 20 bar, 210◦C, and a H2/CO ratio of 2.1.
The testing involved five periods. In period I, 200 Nml/min of
synthesis gas was added; in period II, the GHSV was adju
to give 40–45% conversion; and in periods III and IV, 20% a
33% He were added, respectively. During period V, the sa
conditions as in period II were used.

The reaction rate to hydrocarbons as a function of time
stream during the different periods is shown inFig. 11. The re-
sults show that when 20% He was added, the observed rea
rate dropped by 5.5%. The reaction rate was further reduce
7% when 33% He was added. The activity returned to the s
level as before He addition when the He flow was remov
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This implies that for theγ -alumina-supported catalysts, som
of the decrease in the reaction rate as water was added wa
to the reduced partial pressures of H2 and CO. If the experi-
ments with He on CoRe/γ -Al2O3 were also representative fo
the silica- and titania-supported catalysts, then the increa
reaction rate in these systems as 20% water is added would
been slightly higher if the partial pressures had remained
stant. The decrease in observed reaction rate with the add
of 33% water for all of the catalyst systems is, according to
results shown inFig. 11, due to a decrease in the partial pre
sures of H2 and CO in addition to the deactivation. Anoth
interesting point is that when He was added to the feed, the
activation rate for CoRe/γ -Al2O3 was slower than when no H
was added, as observed fromFig. 11.

The smaller cobalt particles and the agglomerates on
γ -alumina- and silica-supported catalysts found on the ST
studies may be the reason for the deactivation in the pres
of water. This is because the smaller metal particles are m
exposed for the formation of a Co–support interaction and re
idation. The larger particles and no agglomeration observe
the titania catalysts seem to favor higher stability against d
tivation on water exposure. Thus, this tendency for the Co3O4
particles to agglomerate during drying and calcination se
to be very important to the catalytic performance. In additi
the location of the particles (i.e., inside a single pore, in
pore mouths, or occupying adjacent pores) may be an im
tant factor in the effect of water and may influence the degre
metal–support interaction. In addition to particle size, part
location, and the tendency to form agglomerates, the diffe
support materials also must be taken into account. The m
support interactions are dependent on the type of support. I
been found that Co onγ -alumina reoxidizes in the presen
of water [63], and that cobalt silicate forms for Co support
on silica[68]. It has been reported that the presence of the
tile phase on titania stabilizes the Co/TiO2 catalyst by blocking
the formation of Co species strongly interacting with the tita
support[15].

The C5+ selectivity was found to increase with increasi
conversion and by increasing the amount of external wate
all three supports. The effect of water on C5+ selectivity was
largest for the TiO2-supported catalysts and smallest for
γ -Al2O3-supported catalysts (Table 2). Fig. 12 shows the ef-
fect of reducing the partial pressures of H2 and CO on the C5+
and CH4 selectivities. No effect is observed on the CH4 selec-
tivity, and the C5+ selectivity increases only slightly (0.5%) a
20% He is added, and a further increase of 0.2% is obse
when 33% He is added. However, the increase in C5+ selec-
tivity as water is added (3–8.5%) was found to be much hig
than 0.5%. This implies that the decrease in the partial press
of H2 and CO as water is added has only a limited influence
the selectivities observed.

Water influences the selectivity in different ways. Water
hibits secondary hydrogenation of the primary formedα-olefins
[10]. Water has a diluting effect on the catalytic surface an
seems to be important for the carboneous intermediates f
ing on the surface. Bertole et al.[78] found that water increase
the amount of active surface carbon monomers, caused b
ue
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Fig. 12. The effect of reducing the partial pressure of H2 and CO, by co-feeding
helium at constant reactor pressure, on C5+ selectivity (filled symbols) and
CH4 selectivity (open symbols) for CoRe/γ -Al2O3. Before He addition (2, 1),
∼20% He added (F, E), ∼33% He added (Q, P) and after He addition (", !).

acceleration of the CO dissociation rate without a match
reactivity increase in the downstream hydrocarbon synth
steps. In turn, the monomer dependencies in the FT synt
mechanism explain the lower methane selectivity and hig
molecular weight products observed at increased water con
tration. The effect of water may also be related to the loca
and availability of the particles on the support.

Larger pores, and thus larger metal particles, have b
found to favor higher C5+ selectivities, particularly when ex
ternal water is added (Table 2) [17]. Separate studies of th
hydrogenation of propene on FT catalysts have also shown
hydrogenation is suppressed on larger particles[10]. For a se-
ries of CoRe/γ -Al2O3 catalysts with different metal particl
sizes, a linear relationship between C5+ selectivity and parti-
cle size was obtained[79]. Comparingγ -Al2O3, α-Al2O3, and
TiO2 showed the same relationship between C5+ selectivity and
particle size[10]. In the case ofγ -alumina and silica, the Co3O4
particles are located in clusters, and cluster size also c
be important to catalytic behavior. The STEM studies invo
cobalt oxide, and not the metal in its reduced state. Furt
more, STEM studies of used catalysts have not been perfor
and detailed information about the working catalyst is lacki

Comparing the C5+ selectivities for the unpromoted cat
lysts at dry conditions (Table 1) shows that there is a sma
difference between the different supports. However, for
Re-promoted counterparts, the silica- and titania-suppo
catalysts result in notably higher C5+ selectivities than the
γ -alumina-supported catalyst. It can be speculated that
may be due to the slightly closer contact between rhenium
cobalt on the silica- and titania-supported catalysts than on
γ -alumina-supported catalyst, as found from the element
lytical analysis in STEM.

4. Conclusions

A series of unpromoted and Re-promoted cobalt catal
supported onγ -Al2O3, SiO2, and TiO2 was studied using dif
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ferent characterization techniques. A CoRe/α-Al2O3 catalyst
was included in the STEM study for comparison.

XRD and STEM showed that cobalt exists as Co3O4 on
the catalysts in their calcined state. Pore structures were f
to greatly influence the size, shape, and appearance o
cobalt particles. On the small-poreγ -Al2O3 and SiO2 supports,
Co3O4 exists as clusters (agglomerates of smaller partic
with rather broad cluster size distribution, whereas on the w
pore TiO2 andα-Al2O3 supports, Co3O4 was found as single
particles, evenly distributed. The average Co3O4 particle size
increases with increasing pore diameter of the support.
Co3O4 cluster sizes were found to be larger on SiO2 compared
with theγ -Al2O3 support.

From this STEM study and the earlier studies on low- a
high-surface area silica, it can be concluded that on h
surface area supports, cobalt tends to agglomerate into clu
For low-surface area supports, the cobalt is more evenly
tributed, and is found as single crystalline particles. Rhen
seems to be in close contact with the cobalt, and more so
CoRe supported on TiO2 and SiO2 than onγ -Al2O3. The pore
structure has a significant effect on the size, location, shape
appearance of the cobalt particles.
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