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Abstract

The effect of water on the activity and selectivity of unpromoted and Re-promoted cobalt Fischer–Tropsch catalysts supported o2O3,
SiO2, and TiO2 has been studied in a fixed-bed reactor at 483 K and 20 bar. Common for all the catalysts was an increase in C5+ selectivity
and a decrease in the CH4 selectivity at increased conversion or by external water addition. Promoting with Re increased the reac
[gHC/(gcath)] for all catalysts and the C5+ selectivity for the SiO2- and TiO2-supported catalysts. It was found that the Co/Al2O3 and
CoRe/Al2O3 catalysts deactivate when water is added during Fischer–Tropsch synthesis. For the Co/SiO2 and CoRe/SiO2 catalysts the
reaction rate increased with increasing conversion or upon water addition. However, at high concentrations of water the catalysts
rapidly. An increased reaction rate was also observed for the Co/TiO2 and CoRe/TiO2 catalysts with increasing conversion or with t
addition of small amounts of water. At higher partial pressures of water the reaction rate decreased. Water interacts with the c
different ways, and the effect of water is discussed in terms of Co particle sizes, secondary reactions, adsorbed species on
surface, and diffusion in liquid-filled pores.
 2005 Elsevier Inc. All rights reserved.
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1. Introduction

The Fischer–Tropsch synthesis is an interesting
promising pathway for the conversion of natural gas to tra
portation fuels. A key element in improved Fischer–Trop
processes is the development of active catalysts with
wax selectivity. Supported cobalt is the preferred catalys
the Fischer–Tropsch synthesis of long-chain paraffins f
natural gas because of its high activity and selectivity,
water–gas shift activity, and comparatively low price. W
ter is produced during the Fischer–Tropsch synthesis a
present in varying quantities during the reaction, depend
on the conversion and reactor system.

Different results have been reported for the effect of w
ter on the Fischer–Tropsch activity for cobalt catalysts
* Corresponding author. Fax: +47 735 95047.
E-mail address:holmen@chemeng.ntnu.no(A. Holmen).

0021-9517/$ – see front matter 2005 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2005.01.036
has been observed that addition of water to Re-prom
or unpromoted Co/Al2O3 catalysts results in catalyst d
activation [1–3]. The observed deactivation is only par
reversible. The same effect has been found for Pt-prom
Co/Al2O3 catalysts[4]. Schanke et al.[3] examined the de
activation mechanism of Al2O3-supported Co catalysts b
model studies using H2O/H2 feeds in conjunction with XPS
and gravimetry and found that reoxidation of surface co
or highly dispersed cobalt phases interacting with the s
port is the most likely reason for the observed deactivat
van Berge et al.[5] concluded from Mössbauer emissi
spectroscopy and thermogravimetry results that the de
of oxidation of Al2O3-supported catalyst depends on t
PH2/PH2O ratio. Jacobs et al.[6] concluded from XANES
studies that for noble metal-promoted Co/Al2O3 catalysts,
small Co clusters interacting with the support undergo

idation in the presence of water and that significant cobalt
cluster growth takes place during the initial period of deacti-
vation.

http://www.elsevier.com/locate/jcat
mailto:holmen@chemeng.ntnu.no
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Indigenous or added water has been reported to incr
the activity[7,8] and to decrease the activity[9] on Co/SiO2
catalysts. At high conversions and high water partial p
sures rapid deactivation is observed, but very slow deac
tion is observed at low conversions[8,10] when no water
is added. The loss of activity at high water partial pr
sures has been found to be irreversible and due to sup
breakdown by water accompanied by the formation of co
silicates[10].

For Re-promoted and unpromoted Co/TiO2 catalysts
both increased activity[11–14] and decreased activity[15]
have been reported with increased partial pressure of w
Bertole et al.[11] explained the increased activity by wat
by suggesting that water induced an enhancement of the
dissociation rate.

For a bulk Co catalyst[16] and a Co/MgO2/ThO2/Aerosil
catalyst, water was found to increase the activity[17]. How-
ever, no effect was found on the effect of water on the ac
ity for a Co/ZrO2/Aerosil catalyst[18].

Even though water apparently influences the activity
various Co catalysts in different ways, water increases
C5+ selectivity and decreases the CH4 selectivity for all
Co catalysts[1,2,7,11,13,14,16–18]. Different explanations
have been proposed to explain this effect, including the
duction of secondary hydrogenation of primary olefins
water[1,12,19], thereby facilitating olefin readsorption an
chain initiation.

As discussed above, there have been contradictory
servations of the effect of water on the performance of
catalyst with different supports, and there does not see
be an obvious common explanation of the observed effe
The purpose of the present work was to study the effec
water on the activity and selectivity for a series of cobalt c
alysts using different supports. The effect of water is stud
by making changes in the conversion and thereby increa
the partial pressure of water or with the addition of exter
water to the feed gas. By use of the same experimental
cedures and the same reactor setup for all of the cata
a more reliable basis for comparisons is obtained.

2. Experimental

2.1. Catalyst preparation

Catalysts containing 12 wt% Co and 12 wt% C
0.5 wt% Re were prepared by incipient wetness co
pregnation of different supports with aqueous solutions
Co(NO3)2 ·6H2O and HReO4. The following supports hav
been included in the study:γ -Al2O3 (Puralox SCCa-5/200
from Condea; treated with air at 773 K for 10 h), SiO2 (PQ
corp. CS-2133; treated with air at 773 K for 10 h), and Ti2
(Degussa P25; treated with air at 973 K for 10 h, rutile). T

catalysts were dried in air at 393 K for 3 h, before calci-
nation in air at 573 K for 16 h. Before the experiments the
catalysts were sieved to 53–90 µm.
atalysis 231 (2005) 405–419
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2.2. Temperature-programmed reduction

Temperature-programmed reduction (TPR) studies
both calcined and reduced catalyst were performed
U-shaped tubular quartz reactor heated by an electrical
nace. For the TPR measurements of calcined catalysts
reactor was loaded with 0.2 g of catalyst and heated
rate of 10 K/min to 1203 K with a gas consisting of 7% H2
in Ar. The gas flow rate was 30 ml/min. For the TPR exper
iments with reduced catalyst, 0.5 g of catalyst was loa
into the reactor. The catalyst was reduced in situ in a flow
hydrogen (30 ml/min), with temperature programming fro
ambient to 623 K at a rate of 1 K/min. The temperature wa
held at 623 K for 16 h before the temperature was redu
to ambient. The catalyst was flushed with Ar for 1 h a
then heated at a rate of 10 K/min to 1203 K with a gas con
sisting of 7% H2 in Ar (30 ml/min). The H2 consumption
was measured by analysis of the effluent gas with a the
conductivity detector. Calibration was done by reduction
Ag2O powder in the usual way.

2.3. H2 chemisorption

H2 adsorption isotherms were measured at 313 K
standard volumetric glass apparatus (Micromeritics AS
2010) capable of achieving a vacuum of 10−5 Torr or better.
The reactor was loaded with 0.2–0.5 g of catalyst. Be
measurements the catalysts were reduced in flowing hy
gen with temperature programming from ambient to 62
at a rate of 1 K/min. The temperature was kept at 623 K f
10 h. After reduction the samples were evacuated for 0
at 603 K before they were cooled to 313 K[19], and the ad-
sorption isotherm was measured between 10 and 510
After 30 min of pumping a second isotherm was measure
separate strongly and weakly held hydrogen. Only the t
amount of hydrogen adsorbed is reported here. The am
of hydrogen chemisorbed was determined by extrapola
of the linear part of the isotherm to zero pressure. It is
sumed, as done previously, that Re does not contribu
the amount of hydrogen chemisorbed when the disper
is calculated[20] and that the adsorption stoichiometry
H:Co= 1.

2.4. Pulse oxidation

The extent of reduction was determined by pulse o
dation with O2 of reduced samples at 673 K in the sa
apparatus as the TPR experiments. After reduction at 62
for 10 h (heating rate from ambient to 623 K: 1 K/min), the
sample was heated to 673 K in He and kept for 1 h to d
orb any chemisorbed H2. Calibrated pulses of O2 were then
added to the continuous He flow until no further consum
tion of O2 was detected by the thermal conductivity detec

located downstream of the reactor. The amount of O2 con-
sumed was calculated from known pulse volume, tempera-
ture, pressure, and the number of pulses reacting with the
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catalyst. The extent of reduction was calculated assum
stoichiometric reoxidation of metallic Co to Co3O4.

2.5. BET surface area

BET surface area measurements were performed
Carlo Erba Multisampler 1900 apparatus by N2 adsorption.
The samples were evacuated and dried at 423 K be
analysis.

2.6. Pore size measurements

Pore diameter, pore size distribution, and pore volume
Al2O3- and SiO2-supported catalysts were determined by2
adsorption in a Micromeritics Tristar 3000 instrument. T
samples were degassed and dried at 373 K before mea
ment. Pore diameter, pore size distribution, and pore vol
measurements for the TiO2-supported catalysts were pe
formed with a Carlo Erba Porosimeter 2000 by Hg intrusi
Each sample was evacuated and dried at 423 K before a
sis.

2.7. X-Ray diffraction

X-ray diffraction studies were performed in a Phili
PW 1710 spectrometer using monochromatic Cu-Kα radi-
ation. The measurements were made on calcined cata
and average Co3O4 particle sizes were calculated from t
most intense Co3O4 line, with the use of the Scherrer fo
mula[21].

We obtained the Co3O4 particle size by assuming sphe
cal particles and correcting the crystallite thickness obta
from the Scherrer formula by a factor of 4/3 [21]. To com-
pare Co3O4 particle sizes calculated from XRD with th
dispersion obtained from chemisorption, the Co3O4 particle
sizes were converted to the corresponding Co particle s
according to the relative molar volumes of metallic cob
and Co3O4 [2]. The resulting conversion factor for the d
ameterd of a given Co3O4 particle being reduced to metall
cobalt is

d(Co0) = 0.75d(Co3O4). (1)

Dispersion can then be calculated from average metal
ticle sizes, assuming spherical, uniform cobalt particles w
site density of 14.6 atoms/nm2, using the formula[3]

(2)D = 96

d
,

whereD is the dispersion (%) andd (nm) is the particle
diameter.

2.8. Activity and selectivity measurements
The experiments were carried out in a stainless-steel
fixed-bed reactor (i.d. 10 mm). Catalyst (1–2 g, particle size
53–90 µm) was diluted with inert SiC (75–150 µm) in a
Catalysis 231 (2005) 405–419 407
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weight ratio of 0.2–0.5 (depending on the catalyst ac
ity) to minimize temperature gradients. An aluminum jac
was placed outside the reactor to further reduce pos
temperature gradients. These conditions also ensure th
sence of mass transfer limitations on the rate of CO con
sion [22]. The catalysts were reduced in flowing hydrog
at atmospheric pressure and a temperature of 623 K for
(heating rate from ambient to 623 K: 1 K/min). After reduc-
tion the temperature was reduced to 443 K and the rea
was purged with helium for 1 h, before the pressure was
creased to 20 bar. Synthesis gas (200 ml/min) with a H2/CO
ratio of 2.1 (and about 3% N2) was then switched to the re
actor, and the temperature was slowly increased to 48
A slow startup procedure was adapted to maintain cata
activity and to avoid runaway. The first 5 h are not repor
because this was the time it took to reach steady-state
ditions in terms of composition and temperature. On-l
GC samples were taken at regular intervals and analyze
H2, N2, CO, CO2, and C1+ hydrocarbons. A HP 5890 ga
chromatograph equipped with a thermal conductivity de
tor (TCD) and a flame ionization detector (FID) was us
The space velocity was adjusted to give a conversion a
40–45%. We added steam by feeding water (distilled) w
a liquid flow controller into a vaporizer kept at 648 K. Th
steam generated was mixed with synthesis gas just pri
the reactor inlet. The water was degassed with helium at
16 h before use.

The C5+ selectivity was calculated by difference from t
total mass balance and selectivity for C1–C4 components
The activity is reported as the hydrocarbon formation r
(r , gHC/(gcath)). The calculation is based on the assumpt
of a pseudo-first-order reaction in a plug flow reactor[23].

3. Results and discussion

3.1. Catalyst characterization

TPR curves for all of the catalysts before and after red
tion at 623 K are included asFigs. 1–3to ease the compar
son with other catalysts. It is usually assumed that the p
at 640 and 670 K for Co/Al2O3 and CoRe/Al2O3 (Fig. 1)
are due to the reduction of large crystalline Co3O4 parti-
cles and that the peaks above 700 K are due to the redu
of highly dispersed cobalt oxide phases interacting with
support[24,25]. According to Lapidus et al.[26] and van
Steen et al.[27] the nitrate precursor is completely therma
decomposed at 573 K (which is the temperature of calc
tion). Arnoldy and Moulijn[28] found that nitrate can onl
be completely removed by calcination at ca. 650 K, and H
et al. [29] showed that a calcination temperature of ab
673 K is necessary to achieve an almost complete decom
sition of cobalt nitrate. With this in mind and taking earli

TPR results on Co/Al2O3 and CoRe/Al2O3 catalysts[2] into
account, we suggest that the peaks at 530 and 590 K corre-
spond to reductive decomposition of Co-nitrate remaining
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Fig. 1. TPR of 12% Co/Al2O3 after calcination (a), 12% Co/Al2O3 af-
ter reduction (623 K, 16 h) (b), 12% Co–0.5% Re/Al2O3 after calcination
(c), 12% Co–0.5% Re/Al2O3 after reduction (623 K, 16 h) (d), and 12%
Co/Al2O3 after calcination using a closed reactor configuration, i.e., no
flow supplied (623 K, 16 h) (e).

Fig. 2. TPR of 12% Co /SiO2 after calcination (a), 12% Co/SiO2 after re-
duction (623 K, 16 h) (b), 12% Co–0.5% Re/SiO2 after calcination (c), and
12% Co–0.5% Re/SiO2 after reduction (623 K, 16 h) (d).

after calcination. This is further confirmed by curve e
Fig. 1, which shows the TPR curve for Co/Al2O3 calcined
without air supplied. In this way the concentration of NOx

surrounding the catalyst is higher compared with nor
calcination conditions. As indicated byFig. 1e, the higher
NOx concentration during calcination results in more res
ual nitrate on the catalyst. The temperature for appear

of the Co-nitrate peak depends upon the degree of interac
tion with the support, and the stronger interaction on the
Al2O3 requires a higher temperature for decomposition of
atalysis 231 (2005) 405–419

Fig. 3. TPR of 12% Co/TiO2 after calcination (a), 12% Co/TiO2 after re-
duction (623 K, 16 h) (b), 12% Co–0.5% Re/TiO2 after calcination (c), and
12% Co–0.5% Re/TiO2 after reduction (623 K, 16 h) (d).

Co-nitrate. Addition of rhenium causes the high-tempera
peak to shift to a lower temperature as expected, and
shoulder on the high-temperature peak is likely due to co
species with varying degrees of support interaction that
pend on the cluster size[30]. TPR of reduced Co/Al2O3 and
CoRe/Al2O3 shows that a large part of the high-temperat
peak remains after reduction of the unpromoted catalyst
this high-temperature peak is just about absent after re
tion of the Re-promoted catalyst (Figs. 1b and d). Becaus
of the strong interaction between cobalt and the suppo
Co/Al2O3, a large part of the cobalt oxide is not reduc
However, with the addition of rhenium to the Co/Al2O3 cat-
alyst, the reduction of cobalt is promoted, and a larger pa
the cobalt is reduced under both TPR conditions and no
reduction conditions (623 K, 16 h). From the TPR resu
for the SiO2-supported and TiO2-supported catalysts, the
is no obvious effect on the reducibility created by the ad
tion of rhenium.

The TPR profile of Co supported on SiO2 contains
mainly two peaks corresponding to a two-step reduc
(Co3+ → Co2+ → Co0) of large crystalline Co3O4 parti-
cles. The unpromoted catalyst also contains a very s
high-temperature peak. Two hypotheses have been prop
to explain the high-temperature peak[31]. The peak may
be due to the presence of cobalt silicate or alternativel
reduction of a fraction of cobalt that is contained in t
inner cavities of the silica support. The high-temperat
peak observed for Co/SiO2 has disappeared after promoti
with rhenium. This effect of the Re promotion could ind
cate that the high-temperature peak is linked with a chem

-effect, that is, a form of cobalt oxide stabilized by the sup-
port, like cobalt silicate or a similar species. TPR profiles
of the reduced Co/SiO2 and CoRe/SiO2 catalysts indicate
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Table 1
Characterization results: dispersion, particle size and extent of reduction

Catalyst Dispersiona

(H2-ads.) [%]
Particle sizeb

(H2-ads.) [nm]
Particle sizec

(XRD) [nm]
Dispersiond

(XRD) [%]
Extent of
reductione,f

[%]

Co/Al2O3 6.3 15.2 10.9 8.8 53
CoRe/Al2O3 10.2 9.4 11.5 8.3 61
Co/SiO2 5.3 18.1 19.6 4.9 65
CoRe/SiO2 5.8 16.4 15.8 6.1 66
Co/TiO2 2.3 41.7 38.7 2.5 69
CoRe/TiO2 2.4 40.0 56.9 1.7 71

a Cobalt metal dispersion from H2 chemisorption at 313 K, assuming adsorption on Co atoms only.
b Cobalt metal particle size calculated from H2 chemisorption usingd(Co) = 96/D.
c Cobalt metal particle size calculated from XRD of calcined catalyst, usingd(Co) = 0.75d(Co3O4).

d Cobalt metal dispersion calculated from XRD data, using the relationD = 96/d(Co).
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f The uncertainty is calculated to be±1% based on standard deviation

that mainly all cobalt oxide reduced under TPR conditio
is completely reduced after 16 h at 623 K (Figs. 2b and d).

The TPR of calcined, unreduced Co/TiO2 (Fig. 3a) shows
four peaks, and the TPR of calcined, unreduced CoRe/T2

(Fig. 3c) shows three peaks. The low-temperature pe
at 485 and 490 K correspond to reductive decomposi
of Co-nitrate remaining after calcination[32]. Both low-
temperature peaks are relatively small compared with
other peaks, and, bearing in mind that decomposition
1 mol of Co-nitrate requires 3 mol of H2, only minor
amounts of Co-nitrate remained after calcination. For
cination temperatures above 673 K no residual Co-nit
is observed after calcination for TiO2-supported catalyst
[31,33]. The lower temperature observed for the decom
sition of Co-nitrate on TiO2-supported catalysts confirms
lower degree of interaction between Co-nitrate and the
port compared with Al2O3-supported catalysts. The peaks
620, 650, and 740 K inFig. 3a and the peaks at 645 an
725 K in Fig. 3c are due to the reduction of Co3O4 to Co0.
The broad peak inFig. 3a is presumably due to the reducti
of species for which there exists a range of degrees of in
action of the cobalt oxide with the support[24,34]. Promot-
ing with rhenium shifts the broad peak at high tempera
to a narrower peak at lower temperature. Re is a classica
duction promoter. Because Re is reduced at 690 K, only
reduction of the high-temperature peak is affected by
probably by spillover of hydrogen from Re, making the
duction of Co in interaction with the support easier[25].
Like the SiO2-supported catalysts, all of the cobalt oxi
reduced at TPR conditions for Co/TiO2 and CoRe/TiO2 is
completely reduced after 16 h at 623 K (Figs. 3b and d).

Catalyst dispersion, particle size, and extent of reduc
for all of the catalysts are shown inTable 1. As expected
the extent of reduction shows that Re increases the de
of reduction of Co supported on Al2O3 from 53 to 61%. For
the SiO2- and TiO2-supported catalysts the results show

effect of Re on the degree of reduction. The differences given
in Table 1for the catalysts supported on SiO2 and TiO2 are
clearly within the experimental uncertainty.
multiple experiments.

-

The chemisorption results given inTable 1have been cal
culated with the assumptions that the adsorption stoichio
try is H:Co= 1 and that Re does not contribute to the amo
of hydrogen chemisorbed, in agreement with previous ex
imental results and theoretical calculations[20].

As shown inTable 1, volumetric chemisorption gives
higher dispersion for the rhenium-promoted Co/Al2O3 cat-
alyst than for the unpromoted one. According to previo
studies, this is due to rhenium promoting the reduction
highly dispersed cobalt phases[2]. The same promoting ef
fect of Re is not observed from the XRD measureme
In this case the observed dispersion is slightly lower
CoRe/Al2O3 compared with Co/Al2O3. The main reason
for this are probably that XRD does not measure the sm
est particles[35], the highly dispersed phases present l
crystallinity, and the XRD measurements were done on
ide catalysts instead of on reduced catalysts as in volum
chemisorption. For the Al2O3-supported Co catalyst, the di
persion measured by chemisorption increases by two-th
as a result of the addition of Re, whereas the effect of ad
rhenium to the Co/SiO2 catalyst is much less pronounce
On TiO2 the addition of Re leads to no change in the
drogen chemisorption, whereas the XRD measurement
dicate that Re leads to slightly larger Co particles and lo
dispersion. In general the particle sizes calculated from X
are in good agreement with the particle sizes calculated f
H2 chemisorption.

The BET surface areas, pore diameter, pore volum
and pore size distribution are given inTable 2. There are
very small differences between Re-promoted and un
moted catalysts, but the pore size distribution (figures
shown in this paper) shows that Re-promoted Co cata
supported on SiO2 and TiO2 have a slightly higher fraction
of the largest pores than their unpromoted counterparts.
Al2O3-supported catalysts have the smallest pores (∼ 67 Å),
the narrowest pore size distribution, the smallest pore

3 2
ume (∼ 0.35 cm /g), and a surface area (160 m/g) between
those of SiO2 and TiO2. The SiO2-supported catalysts have
a slightly higher pore size (∼ 115 Å), a broader pore size
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Table 2
Characterization results: pore diameter, pore volume and surface area

Catalyst Average pore
diameter [nm]

Pore size distribution
[nm]

Pore volume
[cm3/g]

Surface areac

[m2/g]

Co/Al2O3 6.7a 5–9a 0.34a 161
CoRe/Al2O3 6.8a 5–9a 0.36a 155
Co/SiO2 11a 9–15a 1.0a 297
CoRe/SiO2 12a 9–16a 1.1a 302
Co/TiO2 770b 100–8000b 0.77b 8
CoRe/TiO2 790b 100–8000b 0.90b 12

a Calculated from N2 adsorption measurements.
b Calculated from Hg porosimetry measurements.
c BET surface area calculated from N2 adsorption measurements.

Table 3
Activity and selectivity at 40–45% CO conversion prior to any water addition, and turnover frequencies (TOF) at initial conditions. H2/CO= 2.1, PTot =
20 bar,T = 483 K

Catalyst GHSV
[ml/(gcath])

CO conversion
[%]

Hydrocarbon formation rate
[gHC/(gcath)]

Selectivitya [%] TOFb

[s−1]CH4 C5+
Co/Al2O3 2982 42.6 0.25 9.7 80.2 0.052
CoRe/Al2O3 5960 42.8 0.42 8.8 80.8 0.052
Co/SiO2 3060 40.4 0.24 9.1 81.7 0.054
CoRe/SiO2 4166 40.3 0.33 8.7 83.4 0.056
Co/TiO2 1885 39.8 0.14 10.2 81.6 0.053
CoRe/TiO2 3595 42.6 0.30 8.9 84.8 0.12
a The uncertainty (±2σ ) is estimated to be±0.4% based on repeated measurements.
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distribution, and a pore volume that is three times lar
(∼ 1.0 cm3/g) compared with the Al2O3-supported cata
lysts. The SiO2-supported catalysts also have the largest
face area. The pore sizes for the TiO2-supported catalyst
(∼ 0.78 µm) are very large compared with the other ca
lysts, and the pore size distribution is remarkably broa
but the pore volume (0.85 cm3/g) does not differ from tha
of the other catalysts in the same way as the pore sizes
surface area (∼ 10 m2/g) is very low for the TiO2-supported
catalysts compared with the other catalysts.

3.2. Effect of water on the activity for Co-supported
catalysts

We studied the effect of water on the activity and
lectivity of cobalt Fischer–Tropsch catalysts by cha
ing the GHSV (and thereby the conversion) and by
feeding different amounts of water (inletPH2O/PH2 = 0.38
andPH2O/PH2 = 0.76) to the reactor at constant convers
(40–45%). The selectivity and activity of the different ca
lyst were compared at the same conversion level rather
at constant GHSV. Previous results have shown that the
lectivities strongly depend upon conversion[1]. After water
co-feeding the conditions were adjusted to those used be
water was added so as to compare directly the deactiva

of the different catalysts. The experiments were performed
for Co and CoRe supported on Al2O3, SiO2, and TiO2. In
Table 3the hydrocarbon formation rate, the C5+ selectiv-
-

ities, and the CH4 selectivities at 40–45% conversion a
under dry conditions are given together with the turno
frequencies at initial conditions. The main trend is that
activity depends on the support and on the cobalt disper
Re-promoted catalysts are more active (per gram of c
lyst) than their unpromoted counterparts. This has ea
been reported to be caused by increased reducibility an
creased number of surface-exposed Co atoms for prom
catalysts[36]. CoRe/Al2O3 catalyst is the most active cat
lyst, and Co/TiO2 shows the lowest hydrocarbon formati
rate. For all of the other samples the hydrocarbon forma
rates do not differ very much.

Table 4shows the hydrocarbon formation rate, the C5+
selectivities, and the CH4 selectivities shortly after water ad
dition. The addition of water causes some deactivation,
the hydrocarbon formation rate is therefore followed a
function of time on stream.Fig. 4 shows the rate of for
mation of hydrocarbons (gHC/(gcath)) as a function of time
on stream when the GHSV is reduced (to adjust the con
sion to 40–45%) and when different amounts of water
added to the feed for Co and CoRe catalysts supporte
Al2O3, SiO2, and TiO2. The formation rates measured a
ter water was removed from the feed are also include
the figure. As indicated byFig. 4A, a small increase in th
rate is observed when GHSV is reduced for both CoRe

Co supported on Al2O3. Part of the increase may be due to
an increase in temperature inside the reactor when the con-
version is increased, although such an increase is not easily
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Table 4
Conversion, activity and selectivity shortly after addition of about 20% water at 40–45% conversion. H2/CO= 2.1, PTot = 20 bar,T = 483 K

Catalyst CO conversion
[%]

Hydrocarbon formation rate
[gHC/(gcath)]

Selectivitya [%]

CH4 C5+
Co/Al2O3 39.5 0.23 6.7 83.0
CoRe/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/TiO 47.8 0.18 5.2 90.1
2
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a The uncertainty (±2σ ) is estimated to be±0.4% based on repeated m

observed by the thermocouple. In accordance with pr
ous results on Al2O3-supported Co catalysts, the reacti
rate decreases with time on stream and the rate of de
vation increases when water is added[1–3,5,6]. Increasing
the amount of co-fed water also increases the rate of d
tivation. For both Co/Al2O3 and CoRe/Al2O3 the activity
seems to return to about the level observed before the
ond water period; that is, some of the deactivation cause
the water addition is reversible. Similar behavior has b
observed for Pt-supported Co/Al2O3 catalyst[4]. The deac-
tivation of the Al2O3-supported Co catalysts in the presen
of water is probably mostly due to reoxidation of met
lic cobalt [3,5,37]. The extent of reoxidation depends
the partial pressure of water and thePH2O/PH2 ratio in the
feed.

The loss in activity and the rate of deactivation are gre
for the Re-promoted catalyst compared with the unpromo
catalyst. Adding about 20% water (inletPH2O/PH2 = 0.38)
caused deactivation of the catalyst over a period of 2
by 28 and 37% of the initial activity for Co/Al2O3 and
CoRe/Al2O3, respectively. The rate [gHC/(gcath)] for the
CoRe/Al2O3 is higher than for Co/Al2O3, in accordance
with the dispersion measurements given inTable 1. The
higher dispersion observed for the CoRe/Al2O3 catalyst may
also be the reason for the increased tendency to oxid
As Fig. 1 indicates, Re promotes the reduction of high
dispersed cobalt oxide interacting with the support, ther
increasing the degree of reduction. Re might have the s
effect on the reverse reaction, increasing the rate and th
gree of oxidation due to water. Water may also influe
the metal-support interactions. The rate of deactivation
creases with time for both catalysts, indicating that the
of deactivation also depends on the remaining activity in
dition to the partial pressure of water.

Fig. 4B clearly shows that with an increase in the co
version (decreasing GHSV), the rate increases for both
promoted and unpromoted Co supported on SiO2. This be-
havior suggests that one of the reaction products incre
the rate of reaction. The catalysts deactivate faster as
conversion is increased, indicating that one of the produ
in addition to increasing the reaction rate, also leads to

activation. Adding about 20% water increases the rate for
both catalysts even more, and they start to deactivate rathe
quickly, confirming that water is the product responsible for
4.7 91.4

rements.

-

-

-

.

-

s

the increased reaction rate and the increased rate of dea
tion at higher conversions. The rate of deactivation decre
with time, as observed for the Al2O3-supported catalysts
Adding more water does not increase the activity further;
stead the catalyst deactivates even more. This indicates
the activity is passing through a maximum depending on
partial pressure of water and the inletPH2O/PH2 ratio. Af-
ter water is removed from the feed, the activity decrea
at first before some of the activity lost during water ad
tion is recovered. The activity increase and the deactiva
presented inFig. 4B are consistent with the results obtain
by Krishnamoorthy et al.[7]. The recovery of some of th
activity after added water was removed from the feed i
contrast to what has been observed by others[8]. It has pre-
viously been reported that the deactivation occurring at h
conversions or at high water partial pressures is irrevers
the catalyst does not regain any activity after re-reduct
showing that the deactivation is not due to oxidation
cobalt [10]. Support collapse and the formation of cob
silicates[10] have been proposed as an explanation for
observed deactivation. Although our results show some
covery of the activity, the main trend is permanent dea
vation, in general agreement with the suggestions mad
Huber et al.[10].

Under dry conditions the reaction rate for CoRe/SiO2 is
slightly higher than the corresponding rate for Co/SiO2, as
expected from the dispersion data given inTable 1. Re does
not increase the reducibility or the dispersion for Co/S2
to any large extent. However, the difference in reaction
at a conversion of∼ 45% is larger than can be ascribed
the difference in dispersion, and we propose that this ca
ascribed to different surface coverages of reactive interm
ates, leading to products for the promoted and unprom
catalysts, as previously observed in SSITKA experimen
lower pressure[36]. On SiO2 there is no observable diffe
ence in the rate of deactivation between the Re-prom
and the unpromoted catalyst.

As shown inFig. 4C the rate increases with increa
ing conversion for Co and CoRe supported on TiO2. The
rate also increases with the addition of 20% water to
feed, which is similar to what was observed for the SiO2-
r
supported catalyst. However, when TiO2 is used as the sup-
port, there is almost no deactivation, even at high conversion
or when water is added. As for the SiO2-supported catalysts,



al of C

unc-

ter

the
re-

pt

e of
r at
di-

ro-
ts in

a et
ad-

balt
in an

y Re
er

f the
v-
nd

v-
ell-
as a

y.
en-
for

the
e
y a
nt.

cal-
ture
sts.
ith

ased

For
port
em-

ifi-
ing

p-
412 S. Storsæter et al. / Journ

Fig. 4. Observed reaction rate for formation of hydrocarbons as a f
tion of time on stream 5 h after start-up for Co (") and CoRe (!) cat-
alysts supported on Al2O3 (A), SiO2 (B), and TiO2 (C). H2/CO = 2.1,
PTot = 20 bar,T = 483 K.

the rate is lower at 33% water addition than at 20% wa

addition. Only a small deactivation is observed. For both cat-
alysts the rate after removal of the water from the feed is only
15% lower than the rate observed before water was added
atalysis 231 (2005) 405–419

The positive effect of water on the activity observed for
TiO2-supported Co catalysts is in agreement with earlier
sults[11–13].

CoRe/TiO2 and Co/TiO2 behave in the same way, exce
that the Re-promoted catalyst is twice as active [gHC/(gcath)]
as the unpromoted catalyst. The difference in the rat
hydrocarbon formed between the two catalysts is highe
∼ 45% conversion and wet conditions than at initial con
tions similar to what was observed for the SiO2-supported
catalysts. At higher conversions more water is being p
duced and the water enhances the rate for both catalys
the same way as when external water is being added.

The large difference in activity between Co/TiO2 and
CoRe/TiO2 has been observed by others[12,34,38,39]and
has been associated with different dispersions. Iglesi
al. [12] found that Re acts as a structural promoter, le
ing to higher dispersion on TiO2, without influencing FTS
turnover rates. This effect is observed only when the co
nitrate precursors are exposed to a high temperature
oxidizing environment before reduction. Oukaci et al.[38]
have explained the observed enhancement in activity b
promotion as being due to initial reduction of Co at low
temperatures, which in turn increases the dispersion o
reduced cobalt. Li et al.[34] found that the enhanced acti
ity is due to the increased reducibility of the catalyst, a
Mauldin et al.[39] explained the large difference in acti
ity by better cobalt oxide dispersion and reduction of w
dispersed cobalt oxide at lower temperatures with Re
promotor.

The dispersion for Co/TiO2 and for CoRe/TiO2 as mea-
sured by chemisorption (Table 1) is 2.3 and 2.4, respectivel
Therefore the dispersion cannot explain the observed
hancement in activity. The same effect has been seen
Ru-promoted Co/TiO2 catalyst. Iglesia et al.[40] found that
promotion with very small amounts of Ru increases
FTS turnover rates on Co/TiO2 without an apparent chang
in cobalt dispersion. This effect has been explained b
bimetallic effect created during the calcination treatme
An intimate contact between Co and Ru occurs during
cinations; this lowers the Co oxide reduction tempera
and inhibits carbon deposition on bimetallic CoRu cataly
Others have observed activity increased by promotion w
Ru, and this has been explained as being due to incre
dispersion[34,38].

The dispersions given inTable 1based on H2 chemisorp-
tion for the TiO2-supported catalysts could be erroneous.
titania-supported noble metal catalysts, strong metal-sup
interactions (SMSI) are observed when the reduction t
perature is above 573 K[41]. Materials with SMSI exhibit a
diminished hydrogen adsorption capacity without a sign
cant enlargement of particles due to migration and bond
of a suboxide (TiOx), induced by reduction, from the su
port to the metal particles[42]. All of the catalysts studied in
.

this work were reduced at 623 K before the chemisorption
measurements and the kinetic studies, indicating that there
is a possibility that SMSI exists for the titania-supported
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catalysts. This means that the dispersions measured by
umetric chemisorption for the TiO2-supported catalysts ar
probably too small. This is especially the case for the
promoted catalysts, where Re may activate the hydroge
reduction of the support.

As a consequence of higher activity but the same dis
sion for CoRe/TiO2 compared with Co/TiO2, the turnover
frequency for CoRe/TiO2 given in Table 3is higher com-
pared with that of the other catalysts. This effect was
served earlier for TiO2-supported group VIII metals, eve
after a low temperature reduction (573 K)[42]. A proposed
explanation for this is that the support is partly reduc
during reduction due to SMSI and at low-temperature
duction, resulting in the formation of TiOx species. During
low-temperature reduction, these species do not have en
mobility to achieve a significant transport over the metal,
they do have a promoting effect on the CO/H2 reaction. The
promoting effect of TiOx has been explained in terms of
higher rate for CO dissociation[42], which in turn will re-
sult in a higher TOF.

3.3. Effect of water on C5+ and CH4 selectivity

The reaction network in the Fischer–Tropsch synthes
very complex, and the selectivities depend on the reac
rate for many reactions. A simplified representation of
reaction network is given inFig. 5. A * Cn species on the
surface can react in three ways: termination by hydroge
tion to a paraffin, termination by hydrogen abstraction to
α-olefin, or propagation to higher hydrocarbons. A prim
α-olefin can react in two ways: it can either be second
ily hydrogenated to a paraffin or readsorb with subsequ
chain initiation. Because of several reaction possibilitie
is evident that a reduction in secondary hydrogenation d
not necessarily result in an increase in the olefin selec
ity, because of the other reactions that have to be ta
into account. In the two following sections the selectivit
are discussed in terms of the reaction network presente
Fig. 5.

Fig. 6shows the selectivity of C5+ and CH4 as a function
of the conversion of CO under dry conditions, at differe
water additions, and after removal of the water for all
the catalysts involved in this study. For the Al2O3-supported
catalysts (Figs. 6A and B) the C5+ selectivity increases an
the CH4 selectivity decreases as the CO conversion is
Fig. 5. Simplified reaction network of the Fischer–Tropsch synthesis. Cn−1,
Cn, and Cn+1 represent the growing chain on the catalyst surface.
Catalysis 231 (2005) 405–419 413
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h

creased under dry conditions, as has been observed p
ously [1,43]. Co-feeding water to the reactor inlet increas
the C5+ selectivity and decreases the CH4 selectivity further,
and the effect is larger at higher partial pressures of wate
some point the effect of adding more water is not that e
dent. After removal of water for the Co/Al2O3 catalyst, the
CH4 selectivity is 1% higher than before water addition a
the C5+ selectivity is 4% lower than before water additio
For the CoRe/Al2O3 catalyst the C5+ selectivity and the CH4
selectivity return to the level observed before the water
dition.

For the SiO2-supported catalysts (Figs. 6C and D) the
C5+ selectivity increases and the CH4 selectivity decrease
as the CO conversion is increased under dry conditions
observed previously, the C5+ selectivity is further increase
when water is added[7]. When the partial pressure of w
ter is rather high, the effect of adding more water is not v
clear, but there is still a small positive effect. In agreem
with the increase in C5+ selectivity, the CH4 selectivity de-
creases, as water is co-fed. For the Co/SiO2 catalyst the C5+
selectivity returns to the same value as before water addi
but for the CoRe/SiO2 catalyst the C5+ selectivity is a few
percent lower compared with the selectivity observed be
water addition. The effect of increasing the conversion
adding water is larger for the SiO2-supported catalysts tha
for the Al2O3-supported catalysts. The CoRe/SiO2 catalyst
achieves higher C5+ selectivity than the Co/SiO2 catalyst
(Tables 3 and 4).

The same effect is observed for the TiO2-supported
catalysts as for the Al2O3- and SiO2-supported catalyst
(Figs. 6E and F). The C5+ selectivity is increased and th
CH4 selectivity is decreased as the conversion is increa
or water is added. However, in contrast to the Al2O3- and
SiO2-supported catalysts, the C5+ selectivity is a few per-
cent higher after water addition (after the removal of wa
from the feed gas) than before water addition. The Ti2-
supported catalysts achieve the highest C5+ selectivity and
the lowest CH4 selectivity of the catalysts tested. Furth
more, the effect of increasing the conversion or adding w
is greatest for the TiO2-supported catalysts. The smaller i
crease in C5+ selectivity for the Al2O3-supported catalyst
may be due to the fact that small cobalt particles on alum
can easily be reoxidized by water under the conditions of
Fischer–Tropsch synthesis. This affects the density of s
available for olefin readsorption and consequently the5+
selectivity.

As for the SiO2-supported catalysts, the Re-promot
Co/TiO2 catalyst achieves higher C5+ selectivity than the
unpromoted one (Tables 3 and 4). Bertole et al.[44] have
recently claimed, based on from SSITKA experimen
that Re does not affect Co site activity or selectivity.
cobs et al.[45] have concluded from CSTR experimen
that the CH4 and C5+ selectivity is about the same fo

Re-promoted and unpromoted Co/Al2O3 catalyst. A pos-
itive effect of Re has previously been presented for low-
surface and high-surface Al2O3 support [46]. This ef-
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Fig. 6. C5+ selectivity (filled symbols) and CH4 selectivity (open symbols) as a function of CO conversion at different conditions for Co/Al2O3 (A),
/TiO2
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CoRe/Al2O3 (B), Co/SiO2 (C), CoRe/SiO2 (D), Co/TiO2 (E), and CoRe
water added (�,�) and after water addition (", !).

fect could probably arise from differences in the act
surface carbon intermediates[7,36,47], leading to prod-
ucts.

The observed increase in C5+ selectivity as the conver
sion is increased has been attributed to secondary reac
(Fig. 5) of primary olefins at higher residence times in t
liquid-filled pores[43]. It has also been shown that water
hibits secondary hydrogenation of primary olefins[19], and
this effect may contribute to increased C5+ selectivity, since

more olefins are available for insertion and chain growth at
increasing amounts of water in the reactor. The increase in
C5+ selectivity is mainly coupled with the decrease in CH4
(F). Before water addition (�,�), ∼ 20% water added (F, E), ∼ 33%

s

selectivity (propagation of* C1 preferred over hydrogenatio
of * C1 to CH4), but there is also an effect on the C2–C4 se-
lectivity. For the Co/Al2O3 the increase in C5+ selectivity as
water is added is a little bit smaller than the decrease in C4
selectivity, but for all of the other catalysts the increase
C5+ selectivity is somewhat larger than the decrease in C4
selectivity. For the Co/Al2O3 catalysts a decrease in C5+ se-
lectivity is observed after the period of water addition. T
increase is 3% larger than the increase in CH4 selectivity.

This indicates that it is not only the decrease in the selectiv-
ity of CH4 that contributes to the observed changes in C5+
selectivity.
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3.4. Effect of water on olefin and paraffin selectivities an
olefin/paraffin ratios

The content of olefins and paraffins is changed as the
version is changed or external water is added. The effe
CO conversion under dry conditions, at different levels
water addition, and after removal of water on the selecti
of C3- olefin and paraffin is presented inFig. 7for Co/SiO2.
Table 5contains the C3 selectivity data for all of the othe
catalysts. The same trends are observed for the C2 and C4
selectivities as for the C3 selectivities; thus the values a
not given here. As highlighted inFig. 7A, the propene selec
tivity for Co/SiO2 decreases as the conversion is increa
but is almost unaffected by water addition. The same ef
of increasing the conversion on the propene selectivit
observed for the TiO2- and the Al2O3-supported catalysts
The propene selectivity is increased for the Al2O3-supported
catalysts and slightly decreased for the TiO2-supported cat
alysts by water addition (Table 5). The decrease in propen
selectivity that occurs when the conversion is increase
also larger for the SiO2- and TiO2-supported catalysts. Fo
the Co/SiO2 catalyst the propane selectivity (Fig. 7B) in-
creases slightly as the conversion is increased but decr
as external water is added. The other catalysts show
same behavior regarding the propane selectivity, but the
Fig. 7. C3-olefin and paraffin selectivity as a function of conversion be-
fore, during and after water addition for 12% Co/SiO2. H2/CO = 2.1,
PTot = 20 bar, T= 483 K.
Catalysis 231 (2005) 405–419 415
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crease in propane selectivity that occurs as water is a
is most pronounced for the SiO2- and TiO2-supported cata
lysts (Table 5). The above results indicate that the degree
termination and the secondary reactions (Fig. 5) depend on
the partial pressure of water and the residence time for
different supports. The rates are affected in various w
depending on whether the CO conversion is increase
water is co-fed. The reason for the decreased olefin s
tivity as the conversion is increased, in spite of higher wa
concentrations reducing the degree of secondary hydrog
tion at higher conversions, is the higher extent ofα-olefin
readsorption at higher residence times[7]. The decrease in
paraffin selectivity observed when water is added is due
lower rate of secondary hydrogenation[19] and a lower rate
of chain termination via hydrogen addition[12]. A compari-
son between the C3-olefin and paraffin selectivities (Table 5)
suggests increased readsorption at higher partial pressu
water. Another explanation could be that water influen
the probability of chain growth (i.e., through inhibition
the termination reaction).

For all of the supports the C3 selectivity is smaller for
the Re-promoted catalysts than for the unpromoted onesTa-
ble 5). The TiO2-supported catalysts achieve the lowest3
selectivity, and the Al2O3-supported catalysts achieve t
highest C3 selectivity. For the C5+ selectivity the opposite
trend is observed. For Co/Al2O3 the total C3 selectivity is
about unchanged as the conversion is increased but incr
as water is added. The same trend is observed for the C2 and
C4 selectivities, explaining why the increase in C5+ selectiv-
ity during water addition is smaller than the decrease in C4
selectivity for this catalyst. After water addition the total s
lectivity for C2–C4 hydrocarbons by the Co/Al2O3 catalyst
increases even more, and is the main reason for the larg
crease in C5+ after the water periods. For CoRe/Al2O3 only
a small decrease in C3 selectivity is observed as the conve
sion is increased or water is being added. For the TiO2- and
SiO2-supported catalysts the total C3 selectivity decrease
with increasing conversion or with the addition of water (Ta-
ble 5).

The olefin/paraffin ratios, as a function of time o
stream for C2–C6 components for the Co/SiO2 catalyst,
are shown inFig. 8. When the conversion is increased, t
olefin/paraffin ratio is decreased for all catalysts, which
plies more secondary reactions of olefins (Fig. 5) at higher
residence times and changes in the termination mechan
The olefin/paraffin ratio is increased when water is adde
the feed, which points to a reduced secondary hydrogena
of primary olefins.

3.5. Comparison of different supports and the effect of
water

Previous results for bulk Co catalyst showed that ex

nal water addition increases the CO conversion, increases
the C5+ selectivity, and decreases the CH4 selectivity[16].
It has been reported that water has no effect on the activity
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Table 5
C3-olefin selectivity, C3-paraffin selectivity, total C3 selectivity and C3-olefin/paraffin ratio at different conditions and CO conversions. H2/CO = 2.1,
PTot = 20 bar,T = 483 K

Catalyst Conditions and
CO conversion [%]

C3-Selectivity [%] Olefin/paraffin
ratioOlefin Paraffin Total

Co/Al2O3 Dry feed 11.5 3.1 1.0 4.1 3.1
Dry feed 44.8 2.8 1.2 4.1 2.3
∼ 20% water 34.5 3.4 1.1 4.5 3.3
∼ 33% water 25.8 3.8 1.0 4.8 3.8

CoRe/Al2O3 Dry feed 21.3 3.1 1.1 4.3 2.8
Dry feed 47.6 2.8 1.3 4.1 2.3
∼ 20% water 28.7 3.2 0.9 4.1 3.5
∼ 33% water 19.3 3.2 0.8 4.0 4.0

Co/SiO2 Dry feed 16.7 2.5 1.8 4.3 1.4
Dry feed 42.2 2.0 1.8 3.8 1.1
∼ 20% water 37.9 2.2 0.9 3.1 2.6
∼ 33% water 28.9 2.2 0.7 2.9 3.3

CoRe/SiO2 Dry feed 13.1 2.5 1.4 3.8 1.8
Dry feed 41.2 1.9 1.3 3.2 1.4
∼ 20% water 39.5 1.9 0.7 2.6 2.7
∼ 33% water 31.0 1.9 0.6 2.5 3.3

Co/TiO2 Dry feed 11.1 2.7 1.4 4.1 2.0
Dry feed 36.9 1.6 1.6 3.2 1.0
∼ 20% water 46.6 1.2 0.8 2.0 1.5
∼ 33% water 38.8 1.0 0.6 1.6 1.8

CoRe/TiO2 Dry feed 17.8 1.9 1.3 3.2 1.5
Dry feed 43.9 1.1 1.3 2.5 0.8
∼ 20% water 52.8 0.9 0.7 1.6 1.4
∼ 33% water 44.4 0.8 0.4 1.3 1.8
onen sed
h and

on
Fig. 8. Olefin/paraffin ratio as a function of time on stream for C2–C6 comp
GHSV at 23 h,∼ 20% water addition at 50 h,∼ 33% water addition at 70

for a Co/ZrO2/Aerosil catalyst, but the methane formati

was suppressed and the chain growth was enhanced[18].
The behavior of the reaction rate in the presence of water for
Co/SiO2 catalysts has been found to be different for small-
ts for 12% Co/SiO2. Step changes in olefin/paraffin ratio are due to increa
back to the dry feed at 95 h. H2/CO= 2.1,PTot = 20 bar,T = 483 K.

pore silicas and large-pore silicas[12]. The effect of water on

the C5+ selectivity is positive for all Co catalyst systems, but
the water effect on the activity greatly depends upon the type
of support used. The lower rate of secondary hydrogenation
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and chain termination via hydrogen addition in the prese
of water may indicate a lower availability of adsorbed h
drogen on the active Co surface. But this is not consis
with the activity increase observed upon water addition
some catalysts.

Several different theories for the effect of water have b
proposed. Iglesia et al.[12] explained it by a separate in
trapellet water phase, which facilitates CO and H2 transport
within the porous structure and increases the accessibili
isolated transport-limited regions within porous pellets. T
pore size determines the partial pressure of water at w
this phase will take form. Lately, Krishnamoorthy et al.[7]
have ruled out the possibilities that new pathways are
troduced by water, that water has a cleaning effect on
concentration of site-blocking unreactive intermediates,
that water removes significant CO transport restriction.
stead it was suggested that water influences the relative
centrations of active and inactive forms of carbon presen
low concentrations on Co surfaces, but the mechanism
remains unclear. Another suggested explanation by Be
et al. [11] is that a direct interaction between coadsorb
CO and water lowers the barrier to CO dissociation. The
creased C5+ selectivity was associated with an increase
the active carbon coverage caused by an increase in C
activity without a parallel increase in the overall activity
surface carbon[11]. Recently, Bertole et al.[47] concluded
from isotope transient kinetic studies under industrially
evant conditions that the rate of propagation to termina
during chain growth in Fischer–Tropsch synthesis is stron
correlated with the steady-state amount of active carbon
all carbon number products, and that the dominant form
active carbon is monomeric. They also concluded that m
of the effects of changes in CO and water partial press
on the chain growth probability appear to arise via an in
rect effect on the active carbon inventory.

The C5+ selectivity depends on the support pore struct
and readsorption site density. The C5+ selectivity increase
with increasing site density, and different pore structures
fluence the intrapellet residence times, which further af
the readsorption rates[43]. Differences in pore structure
for Al2O3, SiO2, and TiO2, which can be attributable to
reduced olefin hydrogenation activity and enhanced re
sorption activity, may be part of an explanation for the d
ferences in C5+ selectivities and olefin/paraffin selectivitie
observed at equal conversions.

However, the results of this work also point to the
fluence of the particle size of cobalt on the C5+ selectivity.
Alumina-supported catalysts with the smallest cobalt pa
cles (Table 1) achieve the lowest C5+ selectivity, whereas
titania-supported catalysts with the largest cobalt parti
show the highest C5+ selectivity. Schanke et al.[46] found
that Co supported on low-surface-area alumina with a h
α-alumina content gives improved C5+ selectivities in FTS

compared with high-surface-area alumina. The same effect
of surface area can be seen from the present results; the
C5+ selectivity for the low-surface-area titania catalysts is
Catalysis 231 (2005) 405–419 417
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prominent compared with the C5+ selectivity for the high-
surface-area alumina catalysts, which again can be as
ated with larger Co particle sizes on low-surface-area tita
compared with high-surface-area alumina. The size of
Co particles seems to depend on the pore size of the sup
Supports with large pores (like TiO2) exhibit larger Co par-
ticles than supports with smaller pores (like Al2O3). This is
also in accordance with the slightly larger Co particles
served on SiO2-supported catalysts compared with Al2O3-
supported catalysts. Khodakov et al.[48] have observed th
same pore size effect for cobalt supported on mesopo
silicas. Recent TEM studies have shown that the Co part
exist as agglomerates of smaller particles[49,50]. Zhang et
al. [51] found that Co supported on alumina with low ac
ity leads to higher activity and higher C5+ selectivity than
Co supported on alumina with high acidity. Co supported
ammonium-treated and ammonium nitrate-treated alum
results in lower acidity and further higher activity and C5+
selectivity compared with the corresponding Co cataly
supported on untreated alumina[52]. The alumina used in
the present work has low acidity.

The activity does not vary in the same way for all of t
catalysts as the conversion is increased or water is ad
For the Al2O3-supported catalysts the activity is slightly i
creased as the conversion is increased, but the catalys
activate rapidly as∼ 20% water or a larger amount of wat
is added. For the SiO2-supported catalysts a large increase
activity is observed at increased conversion or when∼ 20%
water is added, but again the catalysts deactivate rapid
high partial pressures of water. The TiO2-supported catalyst
exhibit increased activity as the conversion is increase
∼ 20% water is added. Larger amounts of water reduce
activity, but a high concentration of water does not perm
nently deactivate this catalyst. The optimal partial press
of water and the optimal inletPH2O/PH2 ratio for achieving
the highest activity probably vary for the different suppo
It is possible that water has a positive effect for all of
supported Co catalysts used in this study, but for some o
supports the deactivation is so rapid and large that it is
possible to observe the positive kinetic effect without exa
ining the product gas continuously. The different behav
is probably due to different deactivation mechanisms for
various supports. For the Al2O3-supported catalysts, the d
activation is mainly due to surface oxidation or oxidation
highly dispersed phases interacting with the support[2]. Re-
cently, Jacobs et al.[53] found that when 25% water or less
added, the negative effect for Co/Al2O3 was recovered whe
the water addition was terminated. XAS studies made of
samples after 25% water addition indicated that the st
ture of cobalt did not change. They proposed a kinetic
fect below 25% water addition due to adsorption inhibitio
At high pressures of water (above 28%), changes in co
structure were readily observed, and EXAFS confirmed

cobalt aluminate-like species were formed. Catalysts with
smaller cluster sizes were found to be more sensitive to per-
manent deactivation from water[54]. The deactivation ob-



al of C

sed
nce
of
-

tions
res,
-
tion
ter
balt
reac
e

tiva-
ort)
sid-
ies,

or

on-
ying

the
dif-

as
sed
the
r at
ible
ted

lso
ed

ore.
re-

on-
-
re-
tion

e in

for
and

ol-

tal.

d-

tal.

raan,

ppl.

Ca-

02)

.H.

5.

994)

97)

ol-

l-

har-
ork,

ol-

d-

pl.

J.

an-

ci.

vis,

6

418 S. Storsæter et al. / Journ

served for the SiO2-supported catalysts has been propo
to be due to formation of cobalt silicates in the prese
of water [10]. It has been found that with the addition
zirconia to the Co/SiO2 catalyst, the cobalt-silica interac
tions decreased and were replaced by Co–Zr interac
that favor reduction of the catalyst at lower temperatu
thus increasing the activity[55]. For the TiO2-supported cat
alyst no significant deactivation occurs. Another explana
for the impact of water may be differences in cobalt clus
size for the various supports. A decrease in the size of co
clusters results in a decrease in the extent of secondary
tions[56]. The activity and selectivity results imply that th
nature of the supports is crucial when it comes to deac
tion (because of interactions between Co and the supp
but structural differences seem to be the prevailing con
eration with respect to selectivities, and probably activit
for the various catalysts.

4. Conclusions

The effect of water on the selectivity and activity f
12% Co/Al2O3, 12% Co–0.5% Re/Al2O3, 12% Co/SiO2,
12% Co–0.5% Re/SiO2, 12% Co/TiO2, and 12% Co–0.5%
Re/TiO2 has been studied in a fixed-bed reactor. The c
version was increased (producing more water) and var
amounts of external water were added to the feed during
Fischer–Tropsch synthesis. The water was found to have
ferent effects, according to the type of support:

– For the Al2O3-supported catalysts the activity w
almost unchanged as the conversion was increa
whereas the addition of external water deactivated
catalysts. The deactivation observed was greate
higher water partial pressures and only partly revers
after removal of the water. The addition of water resul
in greater deactivation for the Re-promoted catalyst.

– Increasing the conversion or adding∼ 20% water to the
SiO2-supported catalysts increased the activity, but a
the rate of deactivation. Adding more water to the fe
(∼ 33%) increased the rate of deactivation even m
Only a relatively small part of the deactivation was
covered after water removal.

– For the TiO2-supported catalysts an increase in c
version or the addition of∼ 20% water resulted in in
creased activity. Higher partial pressures of water
sulted in decreased activity. No permanent deactiva
was observed for the TiO2-supported catalysts.

– Indigenous or added water led to a marked increas
C5+ selectivity and a decrease in CH4 selectivity for all
of the Co catalyst systems.
– Re increased the activity for all three supports and the
C5+ selectivity for the SiO2 and TiO2 supports.
atalysis 231 (2005) 405–419
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