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Abstract

Co and CoRe supported gnAl,03, SiOy, and TiG, were prepared by incipient wetness impregnation. The influence of the different supports
on the shape, appearance, and size of cobalt particles, as well as on reducibility, was studied by different techniques, including X-ray diffracti
scanning transmission electron microscopy,ddemisorption, N adsorption measurements, temperature-programmed reduction paitth©
tion. Co was found to exist as @04 on the catalysts in their calcined state.30g particle size, CB particle size, and reducibility increased
with increasing average pore diameter of the support. On pedlumina and silica, G§D4 appeared in clusters, with larger clusters for the
silica support, which has a larger average pore diameter. However, ogn TR0, existed as single crystals, as it also didesalumina with
large average pore diameter. Thus the size af@@oagglomerates probably increases with increasing pore size up to a certain pore size, beyonc
which no agglomeration will occur. Rhenium was evenly distributed over the substrate surface, but higher concentrations of rhenium were fol
at the cobalt-containing positions. Activity and selectivity data obtained previously are discussed in terms of cluster size, particle sige, and m
transport limitations.
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1. Introduction a change in turnover frequency, then, by definition, the reaction
is structure-insensitive.

Supported cobalt has been widely studied as a Fischer— The type and structure of the support influence the disper-

Tropsch (FT) catalyst for the conversion of synthesis gas des_ion, particle size and reducibility, and thereby the activity for

rived from natural gas, due to its high activity, high selectivity Eo-ﬁupporteg catalystst—;ga; Cs:+ selectivityzis also a;feczted
to long-chain paraffins, and low water—gas shift activity. The y the type of supportand the promof#r10,12,16-18,20,21]

support seems to be an important factor in the properties of th-ghe acidity of alumina support22,23] and modification of

catalysts. Cobalt in its reduced state, not cobalt precursors, %Iica supports by the addition of zircorfiz4,25] are other fac-

the active component in the COjlveaction. Two major factors tors that affect FT activity through changes in reducibility and

determine catalyst activity fgha/(geath)), namely the degree of dlspgr5|on. However, zirconia increases the FT acpwty for an
reduction of the metal precursor and the shape and size of ﬂ?éumlna—supported Co catalyst with no corresponding increase

metal particles formed, which control the number of active sited "educibility or dispersioi26,27] Furthermore, in most cases

available (dispersion). If a change in dispersion does not lead {ifferent promoters also affect dispersion and reducibjity,
28-39] Besides the support and promoter, several other prepa-

ration variables, including cobalt precursor and soljé0—
* Corresponding author. Fax: +47 73595047. 46], cobalt loadind3,4,7,44,47-49]preparation metho8,42,
E-mail address: holmen@chemeng.ntnu.ia. Holmen). 50,51] and pretreatments (e.g., the conditions during drying
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Table 1

Hydrocarbon formation rate and selectivity to gbihd G at 40-45% CO conversion.JACO = 2.1, Pt = 20 bar andl’ = 210°C [17]

Catalyst GHSV CO conversion Hydrocarbon formation Selectivity (%5 Structural parameter
(ml/(gcath)) (%) rate (¢4c/(geath)) CHq Css x x 1016 (m~1)b

Coly-Al,03 2982 426 0.25 97 802 33

CoRef/-Al,03 5960 428 0.42 88 808 52

ColSiO 3060 404 024 91 817 12

CoRe/SiQ 4166 403 0.33 87 834 12

ColTiOy 1885 398 014 98 823 7

CoRe/TI® 3595 426 0.30 89 848 7

@ The uncertainty£20) is estimated to be-0.4% based on the standard deviation of repeated measurements.
b structural parameter calculated according to equatiof2)

and calcinationi6,52-55]and reductiori56—61), affect the re-  Table 2

ducibility and dispersion of the catalysts. Conversion, activity and selectivity shortly after addition of about 20% water at
The most usual methods for cobalt particle size and dis#0-#5% conversion. )§CO=2.1, Prot =20 bar,I' = 210°C

persion determinations are;Hthemisorption, X-ray diffrac- Catalyst co Hydrocarbon Selectivity (%}
tion (XRD), X-ray photoelectron spectroscopy, and extended conversion formation rate CHy Cst
X-ray absorption fine structure spectroscopy (EXAFS). How 06) (@ric/ (Geath)

ever, these methods say nothing about the shape and morph@fégé?'i%o ggi 8.2431 g; 222
ogy of the particles or how they exist in relation to each otherc o, s 460 028 54 875
Transmission electron microscopy (TEM) is a valuable methodore/sio 46.4 0.38 51 886

for obtaining this information. G4 has been found as clus- Co/TiO; 478 018 52 901
ters on silica supportd 6,19,25] but conflicting results on the CORe/TG 531 037 47 914

dependence of the size of these clusters on pore diameter havieThe uncertainty £20) is estimated to bet0.4% based on the standard

been reported. Different studies have found that the cluster siAgviation of repeated measurements.

increase$l6] and decreasg49] with increasing pore diameter

of the silica support. was observed for the-alumina-supported catalysts. For the
TEM is a widely used technique for collecting information silica-supported catalysts, in addition to increased activity, the

about small metal particles. However, few studies of cobaltrate of deactivation was greater than before water addition. For

supported catalysts involve TEM investigations. VoR ef1] the titania-supported catalysts, very little deactivation was ob-

characterized Co catalysts supported on alumina, silica, and terved. The effect of water has also been studied by others, and

tania by several techniques, including electron microscopy. Théimilar results showing that water has a significant effect on

catalysts were studied in the calcined state. The effect of redud=T synthesis have been obtairf@i0,63—70] The reason why

tion temperature on the cobalt particles supported on high- and@ater affects the reaction rate to hydrocarbons differently with

low-surface area silica was studied by Jaiski et al[59] using ~ dissimilar supports remains incompletely understood.

TEM. The catalysts were reduced ex situ and passivated in air The main reason for using TEM to study cobalt-supported

before performing the TEM. Some preliminary results from ourcatalysts is to investigate the shape, size, and orientation of the

work using scanning TEM (STEM) for studying CoRe catalystsC0 particles on different supports, and then determine how this

supported ony-Al,0s, SiO,, and TiG have been presented May contribute to the different behavior observed during the
previously[62]. FT synthesis. We also discuss the performance of the different

It has been shown that the reaction rate to long-chain hycatalysts in terms of mass transfer limitations and the structural

drocarbons and thesG selectivity over supported Co catalysts Parameter introduced by Iglesia et gJ21].

depend on the type and structure of the supfibf{18] The

greatest long-chain hydrocarbon selectivity is observed for & Experimental

promoted TiQ-supported cobalt catalyst, and the highest reac-

tion rate is observed for a promoted high-surface aréd,0s3- 2.1. Catalyst preparation

supported cobalt catalyst. The effect of water on FT activity

and selectivity for a series of unpromoted and Re-promoted Co Catalysts containing 12 wt% Co and 12 wt% Co/0.5 wt%
catalysts supported on high-surface area alumina, high-surfa¢®e were prepared by incipient wetness coimpregnation of dif-
area silica, and low-surface area titania has been recently réerent supports with aqueous solutions of CogJf6H,O and
ported[17]. The results obtained at 40-45% conversion areHReQy. The following supports were included in the study:
given inTable 1 Activity and selectivity data obtained shortly y-Al,O3 (Puralox SCCa-5/200 from Condea, treated with air
after 20% water addition are presentedable 2 It was found  at 500°C for 10 h), SiQ (PQ corp. CS-2133, treated with air
that water increases the selectivity to long-chain hydrocarbonat 500°C for 10 h) and TiQ (Degussa P25, treated with air at
for all supports and that it initially increases the activity for 700°C for 10 h). The catalysts were dried in air at £ZDfor
silica- and titania- supported catalysts, whereas deactivatioB h before calcination in air at 30@€ for 16 h. The catalysts
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were sieved to 53-90 pum. For use during the STEM studies, with 0.2 g of catalyst and heated at a rate of°@@min to
a-Al,03 sample containing 20% Co/0.5% Re was prepared ir®30°C in a gas consisting of 7% Hn Ar. The gas flow rate

the same way as above. was 30 mfmin. For the TPR experiments for reduced cata-
lysts, 0.5 g of catalyst was loaded into the reactor. The catalyst
2.2. Hy chemisorption was reduced in situ in a flow of hydrogen (30 /miin) with

temperature programming from ambient to 380at a rate of
H> adsorption isotherms were measured at@0n a stan-  1°C/min. This temperature was maintained for 16 h before re-
dard volumetric glass apparatus (Micromeritics ASAP 2010)ducing the temperature to 28. The catalyst was flushed with
capable of obtaining a vacuum of 10Torr or better. The re- Ar for 1 h and then heated at a rate of Xy min to 930°C
actor was loaded with 0.2-0.5 g of catalyst. Before measuren a gas consisting of 7% Hn Ar (30 ml/min). H, consump-
ments, the catalysts were reduced in flowing hydrogen withion was measured by analyzing the effluent gas using a thermal

temperature programming from ambient to 3&Dat a rate  conductivity detector, and calibration was done by reduction of
of 1°C/min. This temperature was maintained for 10 h. Af- Ag,0 powder.

ter reduction, the samples were evacuated for 0.5 h atG30
before cooling to 40C, and the adsorption isotherm was mea-, g pise oxidation
sured between 10 and 510 mmHg. The amount of hydrogen

cher_msorbed was determined by e_xtrapolatmg the linear part of The extent of reduction was determined by pulse oxidation
the isotherm to zero pressure. It is assumed that Re does not

contribute to the amount of hydrogen chemisorbed when calcuv—\”th O of reduced samples at 49Q in the same apparatus

. : : ; L .~ as used for the TPR experiments. After reduction at°g5€or
::tg-gc?i (ilspersmﬁzg] and that the adsorption stoichiometriy 10 h (heating rate 1C/min), the sample was heated to 4@

Assuming spherical particles, the Sparticle sizedp) is re- in He and held for 1 h to desorb any chemisorbed@tlibrated

. . : ulses of @ were then added into the continuous He flow un-
lated to the dispersion) through the following formulgr1]: tFi)I no furthcgr consumption of @was detected by the thermal

do = 96 (1) conductivity detector located downstream of the reactor. The
P~ D" amount of @ consumed was calculated from the known pulse

volume, temperature, pressure, and the number of pulses react-

ing with the catalyst. The extent of reduction was calculated

. assuming stoichiometric reoxidation of ©m Coz04.
Surface area measurements were performed in a Carlo Erba

Multisampler 1900 apparatus by.Mdsorption. The samples
(particle size 53—90 um) were evacuated and dried at C5ie-

fore analysis. The surface area was calculated as the Brunauer— _ ) ]
Emmett—Teller (BET) surface area. Sample preparation was done by two different techniques

Pore diameter, pore size distribution, and pore volume wer@nd examined using two different microscopes. The first prepa-
determined by M adsorption in a Micromeritics Tristar 3000 "ation method (denoted by PM1) was used for thé\l20s-,
instrument for the/-Al,Os- and SiQ-supported catalysts and SiOy-, and TiGQ-supported catalysts. Calcined catalysts were
by Hg intrusion using a Carlo Erba Porosimeter 2000 for thecrushed before they were sprinkled on a “holey carbon” film
TiO,-supported catalysts. The samples were degassed &€200 Supported on Ti grids. These samples were analyzed in a dedi-
overnight before measurement. Total pore volume and pore siZ&ted scanning transmission electron microscope (VG HB-603)
distribution were calculated form the nitrogen desorption curvéiSing a Si(Li) detector connected to an INCA analytical sys-

2.3. BET surface area and pore size measurements

2.7. Electron microscopy

using the Barrett—Joyner—Halenda (BJH) metf#]. tem (Oxford Instruments). The beam voltage was 300 kV. En-
ergy dispersive spectrometry (EDS) was used to confirm the
2.4. X-Ray diffraction presence and location of the different species in the samples.

The chemical phase of cobalt on the catalyst was obtained

XRD studies were performed in a Philips PW 1710 specby comparing the diffraction pattern of a reference material

trometer at ambient temperature using monochromatic Gu-KWwith diffraction patterns from the samples. STEM images were

radiation. The measurements were done on crushed calcinégcorded using an annular dark-field detector, giving a signal
catalysts and average €0y particle sizes were calculated from that is sensitive to the local atomic number in the sample.

the most intense G@4 line (29 = 36.9°), using the Scherrer Thinner samples with a more even surface were obtained

formula[73]. by the second method, PM2, using ultramicrotomy as follows.
A small amount of the uncrushed catalyst particles was embed-
2.5. Temperature-programmed reduction ded in a two-component epoxy resin and stored overnight at

40°C. Thin slices of the samples were obtained by cutting the

Temperature-programmed reduction (TPR) studies werembedded catalyst with a diamond knife using a model ultra-

performed in a U-shaped tubular quartz reactor heated by amicrotome. The resulting sample slices were collected on a Cu

electrical furnace, for both calcined and reduced catalysts. Fanesh grid and analyzed in a Philips CM30 transmission elec-
the TPR studies of calcined catalysts, the reactor was loadedon microscope at 200 kV.
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Fig. 1. X-Ray diffraction pattern for (a) CptAl,03, (b) CoRef-Al>03, (c) Co/SiQ, and (d) CoRe/Si@ Phases denoted are) (Co3O4, () y-Al203 and
(+) SiOy.

20 30 40 50 60 70
20 [°C]

Fig. 2. X-Ray diffraction pattern for (a) Co/Tigland (b) CoRe/TiQ. Phases denoted are€) (Coz04, (O) anatase Ti@ and @) rutile TiOo.

3. Resultsand discussion average particle size calculation from XRD, calculating the size
in different directions found that a spherical shape was a good

3.1. X-Ray diffraction, H, chemisorption, and pore approximation for the CD4 particles. The average @04 par-

measurements ticle size calculated for all catalysts from the Scherrer equation,

together with the average €particle sizes obtained fromH

Fig. 1 shows the XRD patterns of Co and CoRe supportecchemisorption measurements, are giverfable 3 The aver-
on y-Al,03 (a and b) and Si@(c and d). The location of the age C@OQ4 particle size, as determined by XRD, was smallest
peaks confirms that G@4 was the only crystalline phase of for the y-Al,O3-supported catalysts and slightly larger for the
Co present. Except for G®4, only peaks for amorphous SjO  SiO-supported catalysts. The largestCa particles were ob-
andy-Al,O3 were detected. No Re was observed in the XRDserved on the Ti@supported catalyst. Although Re had only
patternsFig. 2 shows the XRD patterns for the Co/TiOand  an insignificant influence on the averagesOg particle size
CoRe/TiQ-supported catalysts. Due to the high-temperaturdor the y-Al,03- and SiQ-supported catalysts, Re increased
calcination (700C) of the TiQ, support before impregnation, the average G, particle size for the Ti@-supported cata-
the support was present mostly in its rutile phase. In this caséysts.
Co was also detected only as crystalline;Og. The same trend between support and averadep@dicle

As stated earlier, the width at half maximum of the mostsize was found from the fHchemisorption resultsTable 3.
intense CgO4 peak, 2 = 36.9°, was used to calculate the However, in this case Re influenced the averag@ ganticle
Coz04 particle size. Narrow CfD4 peaks indicate large par- size for the SiQ- and TiG-supported catalysts only slightly,
ticles, whereas broad peaks correspond to small particles. Farhereas for the/-Al,O3-supported catalysts, promoting with
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0.16
Tables , _ o , a) —e— Co-ALO,
Co? particle size and dispersion fromykthemisorption, and G, particle
size from XRD
Catalyst Dispersion cd® particle size  Coz0O4 particle — 0127
(Hp-ads.) (%%  (Hp-ads.) (nmy  size (XRD) (nm§ mg’
Coly-Al,03 6.3 152 137 %
CoRef/-Alo,0O3  10.2 94 150 E 0.08
Co/SiO 5.3 181 225 2
CoRe/SiQ 5.8 164 202 o
ColTiOp 2.3 417 416 &
CoRe/TiQ 24 400 508 0.04 -
a co? dispersion from K chemisorption at 313 K, assuming adsorption on
Co atoms only.
b co? particle size calculated from4themisorption using (Co) = 96/D. 0.00 i i s o e
€ Co304 particle size calculated from XRD of calcined catalyst using the 0 50 100 150 200 250 300
most intense peak located &t 2 36.9°. Pore diameter [A]
0.20
Table 4 . b) —e— CoRe-Al,O,
Pore diameter, pore volume, surface area and porosity o CoRe-SIO
. 2
Catalyst Average Pore Surface Porosity 0.16 1
pore diam- volume area e (%)d _
eter (nm) (cm/g)  (mP/g)° 2
Coly-Aly03 6.72 0.342 161 58 S, 0127
CoRef/-Alo03 6.82 0.36% 155 59 g
Co/Si0y 112 1.02 297 72 3
CORe/SiG 12 112 302 74 o 0081
ColTiO, 770 0.77 8 76 S
CoRe/Tio, 790° 0.90° 12 80
0.04 4
& Calculated from N adsorption measurements.
b Calculated from Hg porosimetry measurements.
€ BET surface area calculated frony lddsorption measurements. 0.00 4
d Calculated from the measured pore volume. o 100 200 300 400

Pore diameter [A]
Re decreased the average’Qarticle size quite significantly.

This is because Re promotes the reduction of cobalt phase o8 ¢) ok
interacting strongly with the/-Al>,O3 support[17]. The ob- : CoRe_TZiOQ
served effect of Re on the particle size from XRD for the
TiO,-supported catalysts, compared with no effect from H
chemisorption, may also be due to cobalt phases interacting
with the titania support. If this phase is nonreducible at standar %
reduction condition, then it does not contribute to the particle§
size obtained from bichemisorption.

Surface area, pore volume, average pore diameter, ar
porosity for the different catalysts are givenTiable 4 The av- 027
erage pore diameter increased in the same order as the aver:
Co304 particle sizes. The Si§supported catalysts had a larger
average pore diameter-(2 nm) than the/-Al ,Os-supported 0.0 . ‘ .
catalysts 7 nm), and the Ti@-supported catalysts had an av- 001 01 ! 10 100
erage pore diameter close to 800 nm. The pore volume for the Pore diameter [um]
y-Al>0s-supported catalysts was significantly smaller than the o _ '
pore volume for the other catalysts, and thus the porosity Wa]'é'_%zbi‘]:nzogls;g"(sbt)”g‘gggﬂ%‘;g‘:;:;%g;gf;gp;gg (C;”’Ceof/‘;rl ((;) Cof
correspondingly smaller as well. and CoRe/TiQ.

According to the particle sizes obtained from XRD and
H, chemisorption measurements and the information about theore diameters-3 nm by Khodakov et al12,14] Panpranot
pore structure of the different catalysts,"Cand CaOy4 parti- et al.[8], Saib et al[16], and Castner et g19].
cle sizes are controlled by the pore diameter of the support. The Fig. 3shows the pore size distribution for all of the catalysts.
same relation between pore diameter and cobalt particle siZEhe pore size distribution is broader for the gi€upported
has been reported previously for various silica supports witttatalysts than for the -Al,Os-supported catalysts={gs. 3a

0.6

°/9]

0.4 -

°
>
<
S

o
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Fig. 4. STEM micrographs of a CoRefAl O3 sample prepared by sprinkling crushed catalyst on a “holey carbon” film supported on a Ti grid. (a) Low magnification
image including an EDS map for determination of30g location. (b) Higher magnification image.

and 3B, and consists of two shoulders on the left side, comthe amorphoug -alumina support, which appears as gray re-
pared with one shoulder for the-Al,O3z-supported catalysts. gions. The higher-magnification image fig. 4b shows that
Promoting with Re has no major effect on the average pore sizéhe CgO,4 cluster consists of many smaller oy particles.

or the appearance of the pore size distributions. The pore siZEhe contrast is not sufficiently clear to allow a statistical count
distribution §ig. 3c) of the TiG:-supported Co and CoRe cat- of the particle sizes, but they are in approximately the 7-25 nm
alysts differs significantly from that of the other catalysts; therange. The CgO, cluster sizes observed were distributed at
distribution is much broader. The promoted catalyst has a cleaf0—400 nm. The rhenium present is difficult to detect, but EDS
bimodal distribution and a larger fraction of both the largestsuggests that some rhenium is evenly distributed throughout the
pores and the smallest pores compared with the unpromotesipport, although a large part of rhenium is associated with the
catalyst, which has a larger fraction of the average pores. Theobalt. STEM images of CptAl>,03 showed similar CgO4

pore size distribution for the Co/Titatalyst consists of three cluster sizes and GO®4 particle sizes. STEM analysis did not

overlapping peaks. detect any obvious differences in £y particle size between
the rhenium promoted and unpromoted cobaftlumina cat-
3.2. Electron microscopy alysts, in agreement with the XRD results. Strong interactions

between the smallest cobalt particles and the support exist on

It would have been desirable to be able to perform in situy-alumina-supported catalyst. Re is known to enhance the de-
reduction before conducting the electron microscopy studieggree of reduction of these cobalt species in strong interaction
however, this was not possible with the available equipmentwith the support. The catalysts are reduced in theth&misorp-
For this reason, we attempted to reduce the catalyst and theion studies, and this difference in degree of reduction for Co/
passivate it using 0.5%£n N2 before exposing itto air. How- y-Al,O3 and CoRey-Al,0;3 is included. For the XRD and
ever, XRD studies of the samples immediately after the passiva8TEM studies, the catalysts are not reduced, and the difference
tion procedure showed that the major part of the cobalt oxidizeéh degree of reduction for the two catalysts is not taken into ac-
quite rapidly to mainly CgOs, with no traces of Cdfound.  count. This is the reason why an effect of Re on the particle
Thus the electron microscopy studies were carried out on cataize is observed from thedthemisorption studies, whereas no
lysts in their calcined state. To obtain good electron microscopeffect is seen from XRD and STEM.
images, the samples must be specially prepared to a thicknessSTEM images of the Co/Si#catalyst are presented in
that allows electrons to transmit through the sample. The twéigs. 5 and 6As for they-Al,O3-supported catalysts, G0,
preparation techniques used were described above. STEM aappears as clusterBi@j. 5a), mainly spherical in shape but with
nular dark-field images of samples prepared by method onsome oval and even hexagonal clusters. There is a wide dis-
(PM1) are shown irFigs. 4-9 and TEM bright-field images tribution in CgO4 cluster size on the silica support, ranging
of oney-alumina sample prepared by method two (PM2) arebetween 40 and 700 nm. It is not easy to detect thgOzpar-
shown inFig. 10 ticle sizes from the image iRig. 5o, in which several C§04

Electron diffraction patterns of all of the catalysts confirm particles are very closely connected. However, from the micro-
that cobalt is present as €04 on the catalysts in their calcined graph images and especially from the inserted EDS maps of
state.Fig. 4 shows dark-field STEM micrographs of CoRe/ the smallest Cg04 clusters, as shown iRig. 6, it is possible
y-Al>03. The smaller image inside the large images is an EDSo roughly distinguish Cg04 particles from the silica support.
map showing the distribution of cobalt in the micrograph im-Thus, from the smallest clusters, thes0q particle sizes are
age. InFig. 4a, CgO4 appears as bright, spherical clusters onfound to be in the 10-35 nm range. The particles seem to have
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f 300nm 1 f 70nm 1

Fig. 5. STEM micrographs of a Co/Sp&ample prepared by sprinkling crushed catalyst on a “holey carbon” film supported on a Ti grid. (a) Low magnification
image and (b) higher magnification image.

30nm 1 r 7o 1

Fig. 6. STEM micrographs of a Co/Sy&ample prepared by sprinkling crushed catalyst on a “holey carbon” film supported on a Ti grid. Both (a) and (b) are high
magnification images including EDS maps for determination of@oparticle sizes.

different shapes; most are spherical, but some drop-like ovand the contrast between §&oy and titania is also much clearer.
particles are also seen. The broader distribution of cluster sizéadeed, it is easier to make a distinction between@goand
and particle sizes of G®,4 observed on the silica support com- titania at higher magnifications than at lower magnifications.
pared with they-alumina support is consistent with the broaderMicrographs of the Co/Ti@catalyst are shown iRigs. 7a, 7b
pore size distributions for the silica-supported catalysts. It apand 8a On the small EDS map inserted infdg. 7a, CgO4
pears that larger pores result in larger clusters gf@zaduring  appears as discrete particles that look almost sponge-like. Un-
drying and calcination, in addition to larger §@y and C8 like the y-alumina- and silica-supported catalysts,30g ap-
particles. pears as crystalline particles distributed relatively evenly over
No significant differences in shape, £y cluster size, or the support. Particle shape varies significantly, with some ap-
Coz04 particle size were found between the CoRe/S#dd  pearing hexagonaF{g. 7b) and others looking like peanuts or
Co/SiQ, catalysts. The fraction of larger agglomerates founddroplets. These are the same structures observed byhdibé
on the silica-supported catalysts is probably due to the proporl. [59] for low-surface area silica. These authors found that on
tion of larger pores for the silica catalysts compared with thehigh-surface area silica, the €0, particles exists as agglom-
y-alumina catalyst. Saib et 4lL6] also found that an increase erates, whereas for low-surface area silica, with larger pores,
in average pore size from 40 to 150 A for silica-supported catthe CaO4 phase is more evenly distributed. Also, Castner et
alysts led to an increase in the average cluster size. al. [19] have reported that G@,4 particles are clustered to-
The STEM images of cobalt supported on titania appear difgether on silica with small pores, but not on silica with large
ferent from those of cobalt supported on silica andlumina, pores.
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100nm f 70nm !

Fig. 7. STEM micrographs of a Co/Tgsample prepared by sprinkling crushed catalyst on a “holey carbon” film supported on a Ti grid. (a) High magnification
image including an EDS map for determination of3Cqg location. (b) High magnification images showing the size of@gparticles.

Cobalt Cobalt

f 70nm 1 7onm !

Fig. 8. High magnification STEM micrograph of (a) a Co/}i@mple and (b) a CoRe/TigOsample, both prepared by sprinkling crushed catalyst on a “holey
carbon” film supported on a Ti grid.

Fig. & is an annular dark-field image of CoRe/Bi@With As stated above, cobalt has been found to exist as clus-
inserted EDS maps showing the cobalt-containing and titaniaters on high-surface area silica and as single particles more
containing areas. The @04 particles are generally found on evenly distributed on low-surface area silica. For comparison,
the edge of the titania grains. Measuring particle size is nod CoRe catalyst supported eralumina (a low-surface area
easy, because of the particles’ irregular shapes. However, basedpport) was also included in the STEM study. This catalyst
on the dimension in the elongated direction, the@gparticle  has a BET surface area of 23.5 fg, an average pore diameter
size is estimated as 30-80 nm for the Co/iatalyst and 30— of 0.15 pum, and a pore volume of 0.54 $fg. Micrographs of
70 nm for the CoRe/Ti@catalyst. For the rhenium-promoted the CoRe#-Al,O3 catalyst are shown ifig. 9. Co304 shows
catalyst, the C¢g04 particle sizes seem slightly smaller, in con- slightly brighter contrast, and, as on HOCo304 appears as
trast to the results from XRD. For calculating particle sizes fromdiscrete particles that appear almost porous. The particles are
XRD, spherical particles are assumed. This assumption obvrelatively evenly distributed over the support, and the shape of
ously is not valid for the cobalt particles supported onJfi@hd  the particles differs significantly. A relatively broad particle dis-
may be one reason for the differences ingOgp patrticle sizes tribution is found, ranging from 10 to 100 nm; however, most of
derived from XRD, STEM, and Hchemisorption. For both the particles are in the 20-50 nm range (length in the elongated
the silica- and the/-alumina-supported catalysts, the {0g direction).
particle sizes obtained from XRD are within the particle size For the promotegr-Al 03, SiO,, and TiG catalysts, analyt-
distribution range obtained from the STEM images. ical elemental analysis of random cobalt-containing areas was
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300nm 100nm '

Fig. 9. STEM micrographs of a Ce/Al ,03 sample prepared by sprinkling crushed catalyst on a “holey carbon” film supported on a Ti grid. (a) Low magnification
image and (b) higher magnification image.

! T RS SESEES came range as before, 70-400 nm. The embedded sections of
o o, 30 the sample tended to charge under the electron beam and fell
from the resin if the electron beam current was too high, limit-
ing the detailed analysis of microtomed samples. Vol3 ¢13].
also prepared samples for TEM following the same principles,
embedding the catalyst in epoxy resin followed by ultrami-
crotomy, and found that on a silica support, contrast cobalt
oxide clusters were easily distinguished from the support. How-
ever, they found that it was not possible to distinguish between
cobalt oxide and the support on alumina and titania supports.
Okamoto et al[43], Sun et al[44], and Castner et dl19] also
obtained valuable information on Co/Si@atalysts by TEM

_ i _ using preparation method PM2.

Fig. 10. TEM micrographs of a Cp/Al,03 sample prepared by ultramicro- — rp o 1M studies demonstrated that on silica (average pore
tomy. (a) Low magnification image and (b) higher magnification image showing . . .
different cluster sizes. size~120 A) andy -alumina (average pore size70 A), Ca;04
appears in agglomerates of different sizes created during the
performed to detect the quantity of rhenium located in cobaltdrying and calcination process. On titania, which has a much
rich areas. The concentration of rhenium was 1.3-3.1 at%, witlf'9er average pore size, §loy emerges mostly as larger single
an average value of 2.1 at% for the Sicatalyst. For the Tig-  Particles. The CgO, particles will probably exist as agglomer-
supported catalysts, the cobalt-containing areas contained 0.8es up to a certain pore size, beyond which no agglomeration

3.8 at% Re, with an average value of 1.9 at%. The amount O\P{ill occur. This is the case both in the present study and in pre-

Re in they -Al,03-supported catalyst was 0.5-2.6 at%, with anV'0Ys studies on small- and Iarge-pore S'I'm’lg’Sgl -
average value of 1.2 at%. The average Gy, particle sizes ory-alumina- and silica-

. . P supported catalysts determined by XRD and STEM are larger
Bright contrast in an annular dark-field image can be_due t?han the average pore sizes. This means that a large fraction of

some of the STEM images prepared by PM1,

prepared by another method. The main purpose was to Creaf§ese two supports. The cobalt precursor is mobile during dry-
thinner samples, with even, parallel, surfaces, to prevent thlclqhg and calcination and thus may diffuse in the pores, forming
ness differences from influencing the contrast between coball sters. The drying and calcination steps are very important
oxide and the support. In some cases PM2 was a more promiguring catalyst preparatiof,52—55] Because of the higher

ing preparation method than PMEig. 10 shows bright-field  porosity of the silica support compared with thealumina sup-
TEM images of the Cg/-Al,O3 catalyst; here CfD4 is rep-  port, the pores are possibly more closely connected. This may
resented by the dark spots in the micrograph. Ad=ig. 4 enhance the possibility of diffusion into adjacent pore cavities
here CaO4 appears as clusters, and in this case it is possibland decrease the distance between the cobalt particles, which in
to locate many clusters in one image, making the counting ofurn may further increase the probability of cluster growth, due
cluster sizes much easier. The average cluster size was in the shorter diffusion distances, and be the reason for the larger
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Table 5 than CaOq. If this is the case, then the assumption of complete
Hydrogen consumption from TPR and extent of reduction calculated from TPRyxidation of C& to C304 is not valid, and the degree of reduc-
and Q-titration tion from Oy titration is too low. The extent of reduction for the
Catalyst H:Co*P H:.Co? Extent of reduction Coly-Al,03 catalyst from TPR is in good agreement with that
calcined reduced TPR Optitration®  from O, titration.
catalyst catalyst

For titania-supported noble metal catalysts, strong metal-

Coly-Al203 24 089 >4 53 support interactions (SMSIs) are observed when the reduction
CoRef/-Al,03 2.4 0.17 79 61 . . X

ColSiOy 24 012 85 65 temperature is-300°C [74], and the reduction procedure may
CoRe/SiG 23 0.02 86 66 reduce the support to form a suboxide (F)QO[75]. Thus the
ColTiO» 2.7 0.01 100 69 hydrogen consumption during TPR for the titania-supported
CoRe/TiG 2.9 0.02 105 71 catalysts may be due to reduction of the support, in addition

a mol H/mol Co assuming negligible consumption of tfor reduction of ~ to reduction of CgO4. This could explain the high extent of
Re;O7. Complete reduction of GO, requires 2.67 moles of H per mole of reduction calculated for these systems, which is indeed higher
Co. than the theoretical value for CoRe/HO

The uncertainty£20) is calculated to be-0.1 based on standard deviation . . .
from multiple experiments. The degree of reduction from TPR and @tration in-

¢ The uncertainty£20) is calculated to be-1% based on standard deviation Creases in the order AD3 < SiO; < TiO2. The reducibility
from multiple experiments. reflects the extent of the metal-support interaction. Jacobs et

al. [7] found the metal-support interaction to be in the order

clusters observed on silica compared witalumina. However, y-Al203 > TiO2 > SiO,. However, for titania, the degree of
the internal structure of these supports remains incompletelipteraction depends strongly on the pi@hase. It has been
understood. found that the metal-support interactions are weaker for rutile

The titania andy-alumina supports have much larger porestitania than for anatase titanja5,74] The titania used in this
than silica andy-alumina, and larger G®, particles are work is mainly rutile, as found by XRDHig. 2). Furthermore,
formed Fig. 7). The average G4 particle size is smaller than the water produced during TPR may have an influence on the
the average pore size, meaning that in this case the particles aretal-support interaction and on the reducibilityeélumina-
probably located inside single pores. The larger particles do n@nd titania-supported catalysts. For Co supported on titania, the
easily migrate on the support surface in the pores or on the suevolution of water vapor during reduction and the reduction it-
face of the particles, and no agglomeration take place. This magelf resulted in a rather large decrease in reducibility, indicating
also be the reason why @04 particles located on the edge of the formation of nonreducible “Co-titanat¢g8]. Also for Co
titania grains were found, whereas for the silica gadlumina  supported on alumina, the presence of water vapor during re-
catalysts, support was observed beneath thegparticles in  duction and the reduction itself have been found to retard the

all cases. reducibility, to a larger extent than for Co/Ti{66,57,61] This
is explained by increased Co—aluminate interaction and/or for-
3.3. Degree of reduction mation of nonreducible cobalt compounds. For Co/5ibhas

been found that the formation of cobalt—support compounds

The degree of reduction is an important parameter, contairthat are nonreducible at900°C occurs only when hydrother-
ing information about the interaction with the support. A cor-mal treatment is carried out on the reduced cataly$ik Thus
rected dispersion can also be calculated based on the degreetloé reduction process itself, as well as the procedure for dealing
reduction[17]. The degree of reduction was obtained both fromwith the water produced during reduction, are important to re-
TPR and Q titration measurements; the values are givefidn  ducibility. Different metal-support interactions formed for the
ble 5 When TPR is used to estimate the degree of reductiorgifferent supports and various techniques during the reduction
reduction of Cg04 to Cd, requiring 2.67 mol of H per mol may partially explain the observed dissimilarities.
of cobalt, is assumed. For the calcingealumina-supported Borg et al.[77] recently determined the extent of reduc-
catalysts, some of the cobalt remains as cobalt nitrate after caion by X-ray absorption spectroscopy (XAS) measurements
cination, which is taken into account in the calculations fromfor the same series of Re-promoted catalysts. The degree of re-
TPR. The degree of reduction fromp@tration is based on the duction increased in the order CoReAl,03 < CoRe/TiIQ <
assumption of complete oxidation of & Coz04. CoRe/SiQ and was 63, 75, and 85% from X-ray absorption

With the exception of Ca/-Al»03, the values from @titra-  near-edge spectroscopy (XANES) and 65, 75, and 79% from
tion are systematically lower than those from TPR. Based ofEXAFS, respectively. The consistency between XANES and
repeating measurements, the uncertainty in the hydrogen coBXAFS results was found to be within the limits of experimen-
sumption from TPR (H:Co ratio iTable § for the calcined tal error. Nonetheless, the results are somewhat higher than the
catalysts is+4%. This uncertainty is also present for the de-O; titration values, especially for the silica-supported catalyst.
gree of reduction. The extent of reduction from f@ration has  The discrepancy from the Qitration values may be due to the
an uncertainty of about-2%; however, within the estimated incomplete oxidation described above. The extent of reduction
errors, the values from TPR are still higher than the valuesrom TPR for the silica-supported catalysts is in good agree-
from O titration. Kodakov et al[12,52] stated that in inert at- ment with the results from XAS, but for the-alumina- and
mospheres at temperature850°C, CoO could be more stable titania-supported catalysts, the values from XAS are lower than
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those from TPR. It should be noted, however, that the reduce
tion in XAS was carried out at 400, whereas for Qtitration
and TPR of reduced catalysts, the samples were prereduce
at 350°C. A higher reduction temperature may increase the;
degree of reduction by reducing cobalt oxide, which is nonre—§
ducible at 350C [7]. However, at the same time a higher re- §
duction temperature in XAS may result in a higher degree of%
metal-support interaction, and thus lower reducibility. This isg
particularly true for they-alumina- and titania-supported cat- é
alysts. As stated above, the reduction process decreases tge
reducibility for both titania- and alumina-supported catalysts'*g o : . .
due to metal-support compound formation. e Undildied.  Reduced i ot He ~a3He o ted

0,0 - T T T
0 20 40 60 80 100 120

9 H'D./g cat

3.4. Sructural parameter and mass transfer limitations
Time on stream [h]

Activity and selectivity data for the’-Al,O3-, SiO,-, and  Fig. 11. The effect of reducing the partial pressure pid CO, by co-feeding
TiO»-supported catalysts have been presented previgiligly heIiL_Jm at constant reactor pressure, on the observed reaction rate for for-
and results obtained at 40—45% conversion are giv@alite 1 ?a_t'ggogfchydrocarbons for CoRe/Al203. Hy/CO = 2.1, Prot = 20 bar,
Activity and selectivity data obtained shortly after 20% water '
addition are reviewed iffable 2 Activity and selectivity data 3.5. Catalytic behavior contra pore sizes, particle sizes, and
for the sample using-Al203 as the support have also been  «er sizes
reported previously10,18].

 Diffusion is also an important phenomenon in FT synthe-  1he previous studies carried out in a fixed-bed reactor at
sis. Although the reactants are in the gas phase, the suppajg bar, 210C, and H/CO = 2.1 [17] showed that with in-
pores are filled with liquid products, and diffusion in the lig- creasing conversion, the observed rate increased for the silica-
uid phase is several orders of magnitude slower than in the g9agg titania-supported catalysts. The rate increased even further
phase. Reactants and products must be transported to and frgffih the addition of 25% water. For the-alumina-supported
the catalytic active sites; thus the two major diffusion limita- catalysts, only a slight increase in activity was observed as
tions are reactant arrival and product removal. Iglesia 2&].  the conversion increased, and the catalysts deactivated with in-
derived a model for the FT process based on reaction and diffyyeasing time on stream. Increased deactivation was observed
sion in the catalyst pores. The analysis is based on a structurg@ith the addition of 25% water. Eor the silica-supported cat-
parametery [21], alysts, an increase in the partial pressure of water inside the
reactor also resulted in rapid deactivation. Larger amounts of
water (33%) led to decreased activity and increased deactiva-
tion for all catalysts.

The reason for adding external water is to simulate high con-
whereR is the diffusion lengthg is porosityfv is site density,  yersion, wherein a large amount of water is formed. The total
andrp is the mean pore diameter. Thevalues for the catalysts nressure is kept constant as water is added; however, the par-
involved in this study are included iFable 1 tial pressures of bland CO are reduced. Thus the effect of

According to the model proposed by Iglesia et ak, Ge-  reduced partial pressure of,Hind CO on the reaction rate
lectivity will increase due to olefin readsorption up toxa and selectivity was considered by running experiments over the
value of about 100& 10*® m~* and then decrease because of coRre,-Al,O; catalyst, replacing the water with the addition
unfavorable H/CO ratios[21]. In the catalytic systems stud- of helium. A detailed description of the experimental setup has
ied previously by ug17], such behavior was not observed. peen given previouslji7]. The experiments were performed in
The G selectivity remains constant up jovalues of about 3 fixed-bed reactor at 20 bar, 210, and a H/CO ratio of 2.1.
1000x 10" m™, after which it decreases. The testing involved five periods. In period |, 200 Ntmiin of

For the catalysts involved iffable 1 the x values are all  synthesis gas was added; in period II, the GHSV was adjusted
in the range 7-5X 10'® m=1. For diffusion-limited CO ar-  to give 40—-45% conversion; and in periods 11l and IV, 20% and
rival to become valid, structural parameters larger than 2000 33% He were added, respectively. During period V, the same
10'® m~! are needed?1,64] To obtain such values with the conditions as in period Il were used.
present catalysts, required pellet sizes are about 0.3 mm for the The reaction rate to hydrocarbons as a function of time on
y-alumina-supported catalysts, 0.7 mm for the silica-supportedtream during the different periods is showrFig. 11 The re-
catalysts, and 0.9 mm for the titania-supported catalyst. Besults show that when 20% He was added, the observed reaction
cause pellet sizes of 53—-90 pm are used in the present studwte dropped by 5.5%. The reaction rate was further reduced by
the reaction rates and selectivities should not be limited by difY% when 33% He was added. The activity returned to the same
fusion of CO to the active sites. level as before He addition when the He flow was removed.

R289M
=0 2)

Tp
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This implies that for the/-alumina-supported catalysts, some
of the decrease in the reaction rate as water was added was due
to the reduced partial pressures of Bihd CO. If the experi-
ments with He on CoRgeFAl,O3 were also representative for ¥ N
the silica- and titania-supported catalysts, then the increase in > o 4
reaction rate in these systems as 20% water is added would have%J 78 4 / L 11
been slightly higher if the partial pressures had remained con- e
stant. The decrease in observed reaction rate with the addition N B
of 33% water for all of the catalyst systems is, according to the 76 4 ‘
results shown irFig. 11, due to a decrease in the partial pres-
sures of H and CO in addition to the deactivation. Another
interesting point is that when He was added to the feed, the de- 74 . : 9
activation rate for CoRe’-Al,O3 was slower than when no He 20 30 40 50
was added, as observed fréfig. 11 CO conversion [%]

The smaller cobalt particles and the agglomerates on the
y-alumina- and silica-supported catalysts found on the STEMrig. 12. The effect of reducing the partial pressure giifd CO, by co-feeding
studies may be the reason for the deactivation in the presenéglium at constant reactor pressure, g, Gelectivity (filled symbols) and
of water. This is because the smaller metal particles are morwgg;)eﬁgg‘ggyeg”p‘?”os)@ggf/z L"; ggﬁ{ﬁzﬁ;‘;{;:‘iﬁﬁ:&::g;r
exposed for the formation of a Co—support interaction and reox-
idation. The larger particles and no agglomeration observed for

the titania catalysts seem to favor higher stability against deaéqcceleratlon of the CO dissociation rate without a matching

tivation on water exposure. Thus, this tendency for the@o reactivity increase in the downstream hydrocarbon synthesis

particles to agglomerate during drying and calcination seemgteps' In tum, the monomer dependencies in the FT synthesis

to be very important to the catalytic performance. In ::1ddition,mecmmlsm e_xplam the lower methane_ selectivity and higher-
the location of the particles (i.e., inside a single pore, in théﬂolecular weight products observed at increased water concen-

pore mouths, or occupying adjacent pores) may be an impo _ra;cjlon. ﬁhg_ﬁﬁe?tﬁf wattte_r Imay altsho be relatted to the location
tant factor in the effect of water and may influence the degree ofhd avariabliity ot the particies on the support.
Larger pores, and thus larger metal particles, have been

metal—support interaction. In addition to particle size, particle d1of high lectiviti ticularly wh
location, and the tendency to form agglomerates, the differer{f’un O favor higher §. selectivities, particularly when ex-
rnal water is addedTéble 9 [17]. Separate studies of the

support materials also must be taken into account. The metalS q ) ‘ T | h | h h
support interactions are dependent on the type of support. Ith rogenat!on otpropene on catalysts ave aiso snown that
ydrogenation is suppressed on larger partifl€§. For a se-

been found that Co og-alumina reoxidizes in the presence . - | | i diff | il
of water[63], and that cobalt silicate forms for Co supported "€S Of CORey-Al20Os catalysts with different metal particle
on silica[68]. It has been reported that the presence of the ru'2€s, a linear relationship betwees,Cseleciivity and parti-

tile phase on titania stabilizes the Co/Fi€atalyst by blocking ~ CI€ Siz€ was obtaingd9]. Comparingy -Al20s, «-Al203, and
the formation of Co species strongly interacting with the titanial |02 Showed the same relationship betwegn €electivity and
support15]. particle sizg10]. In the case of -alumina and silica, the G@®4

The G, selectivity was found to increase with increasing particles are located in clusters, and cluster size also could
conversion and by increasing the amount of external water fope important to catalytic behavior. The STEM studies involve

all three supports. The effect of water og,Cselectivity was cobalt oxide, and not the metal in its reduced state. Further-
largest for the Ti@-supported catalysts and smallest for theMOre. STEM studies of used catalysts have not been performed,
y-Al,03-supported catalystsTéble 2. Fig. 12 shows the ef- and detailed information about the working catalyst is lacking.

fect of reducing the partial pressures of &hd CO on the €, Comparing thg .§+ selectivities for the unpromioted cata-

and CH, selectivities. No effect is observed on the Csélec- Iy_sts at dry cond|t|0ns'l(ab'le ) shows that there is a small

tivity, and the G, selectivity increases only slightly (0.5%) as difference between the different supports. However, for the

20% He is added, and a further increase of 0.2% is observege-Promoted counterparts, the silica- and titania-supported

when 33% He is added. However, the increase 4n Selec- catalysts result in notably highersC selectivities than the

tivity as water is added (3-8.5%) was found to be much highet -alumina-supported catalyst. It can be speculated that this

than 0.5%. This implies that the decrease in the partial pressur82y be due to the slightly closer contact between rhenium and

of H, and CO as water is added has only a limited influence offobalt on the silica- and titania-supported catalysts than on the

the selectivities observed. y-alumina-supported catalyst, as found from the element ana-
Water influences the selectivity in different ways. Water in-lytical analysis in STEM.

hibits secondary hydrogenation of the primary formedlefins _

[10]. Water has a diluting effect on the catalytic surface and i#. Conclusions

seems to be important for the carboneous intermediates form-

ing on the surface. Bertole et 8] found that water increases A series of unpromoted and Re-promoted cobalt catalysts

the amount of active surface carbon monomers, caused by aupported ory-Al,03, Si0y, and TiQ was studied using dif-

T
-
N

80

CH, selectivity [%]

Cs, sele

T
-
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ferent characterization techniques. A CoRré&1,03 catalyst [22] J. Zhang, J. Chen, J. Ren, Y. Sun, Appl. Catal. A 243 (2003) 121.
q Y :
was included in the STEM study for comparison. [23] J. Zhang, J. Chen, J. Ren, Y. Li, Y. Sun, Fuel 82 (2003) 581.
XRD and STEM showed that cobalt exists as3Og on [24] G.R. Moradi, M.M. Basir, A. Taeb, A. Kiennemann, Catal. Commun. 4

. : : 2003) 27.
the catalysts in their calcined state. Pore structures were foqus] (A Felfer M. Claeys, E. van Steen, J. Catal. 185 (1999) 120

to greatly influence the size, shape, and appearance of tl'[‘%] F. Rohr, A. Holmen, K.K. Barbo, P. Warloe, E.A. Blekkan, Stud. Surf. Sci.
cobalt particles. On the small-poyeAl O3 and SiQ supports, Catal. 119 (1998) 107.

Co304 exists as clusters (agglomerates of smaller particleg)g?] F. Rohr, O.A. Lindvag, A. Holmen, E.A. Blekkan, Catal. Today 58 (2000)
with rather broad cluster size distribution, whereas on the wide-

. . [28] A.M. Hilmen, D. Schanke, A. Holmen, Catal. Lett. 38 (1996) 143.
pore Ti, anda-Al203 supports, CgO, was found as single [29] D. Schanke, S. Vada, E.A. Blekkan, A.M. Hilmen, A. Hoff, A. Holmen,

particles, evenly distributed. The averagesOgp particle size J. Catal. 156 (1995) 85.

increases with increasing pore diameter of the support. ThBo] A.M. Hilmen, D. Schanke, K.F. Hanssen, A. Holmen, Appl. Catal. A 186
Co304 cluster sizes were found to be larger on Sif@mpared (1999) 169.

with they-Aleg support. [31] A. Hoff, E.A. Blekkan, A. Holmen, D. Schanke, Stud. Surf. Sci. Catal. 75

. . . (1993) 2067.
From this STEM study and the earlier studies on low- anda,; &\ Huber, ¢.H. Bartholomew, Stud. Surf. Sci. Catal. 136 (2001) 283.

high-surface area silica, it can be concluded that on highps) g.w. Huber, S.J.M. Butala, M.L. Lee, C.H. Bartholomew, Catal. Lett. 74
surface area supports, cobalt tends to agglomerate into clusters. (2001) 45.

For low-surface area supports, the cobalt is more evenly did34] G.Jacobs, P.M. Patterson, Y. Zhang, T. Das, J. Li, B.H. Davis, Appl. Catal.
tributed, and is found as single crystalline particles. Rhenium A 233 (2002) 215.

. . 5] A. Kogelbauer, J.G. Goodwin Jr., R. Oukaci, J. Catal. 160 (1996) 125.
seems to be in close contact with the cobalt, and more so f({gs] 3. Li, G. Jacobs, Y. Zhang, T. Das, B.H. Davis, Appl. Catal, A 223 (2002)

CoRe supported on Tiand SiQ than ony-Al,03. The pore 195.
structure has a significant effect on the size, location, shape, amgh] c.H. Mauldin, D.E. Varnado, Stud. Surf. Sci. Catal. 136 (2001) 417.
appearance of the cobalt particles_ [38] T.K. Das, G. Jacobs, P.M. Patterson, W.A. Conner, J. Li, B.H. Davis,

Fuel 82 (2003) 805.

[39] C.L. Bianchi, Catal. Lett. 76 (2001) 155.
[40] S.L. Soled, E. Iglesia, R.A. Fiato, J.E. Baumgartner, H. Vroman, S. Miseo,

Top. Catal. 26 (2003) 101.
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