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The effect of different modifications (Zn, Mg, Ni, Re) has been studied for alumina-supported 12 wt%
Co-catalysts in the Fischer–Tropsch synthesis (FTS) using a fixed-bed reactor at 483 K, 20 bar, and
H2/CO = 2. Different parameters including calcination temperature, loading, impregnation sequence,
and water partial pressure during FTS have been studied. When compared to low surface area a-Al2O3,
mechanical strength was substantially improved for Ni- and Mg-modified aluminas calcined at very high
temperatures (>1400 K), thus making them more suitable for slurry or fluidized-bed operation. However,
Mg was found to have a loading-dependent negative effect on both activity and selectivity. The wt% effect
was stronger when co-impregnated with Co–Re and calcined at 773 K, than when impregnated on the
support and calcined at a high temperature (1173 K) prior to impregnation with Co–Re. Co-impregnating
Co–Re with Zn also had a strong loading-dependent negative effect on activity and selectivity, while
impregnating Zn on the support and calcining at a high temperature (1173 K) prior to impregnation with
Co–Re had no negative effect on the overall C5+ yield. The negative effects of Mg and Zn could not be
explained by dispersion or particle size effects and were likely related to a chemical/site effect similar
to that of alkalies reported on in the literature. The effect of water for the Ni-modified support was in
accordance with the literature, improving reaction rates and C5+ selectivity, while inhibiting olefin hydro-
genation, as demonstrated by the propene/propane ratio. The catalysts were characterized with H2

chemisorption, N2 sorption, mercury intrusion, X-ray diffraction, temperature-programmed reduction,
and O2 titration.

� 2011 Elsevier Inc. All rights reserved.
1. Introduction

The purpose of modern Fischer–Tropsch synthesis (FTS) is the
value-added conversion of natural gas or gasified carbon resources
to high-quality waxes and diesel fuel. For natural gas–based
processes, delivering H2/CO close to 2.0, cobalt is the preferred
catalyst, with high selectivity to long-chain hydrocarbons (waxes).
Iron catalysts are preferred for direct conversion to mid-range (die-
sel) products based on coal as a feedstock. Water–gas-shift activity
is higher in the presence of iron, and it is, therefore, possible to
operate at lower H2/CO feed ratios. Iron catalysts are also more tol-
erant to feed contamination from alkali and alkaline earth metals
than cobalt; in fact, potassium is beneficial for improving the activ-
ity and selectivity of iron catalysts [1]. For cobalt-based catalysts,
the selectivity to long-chain hydrocarbons (C5+) depends on a
number of different factors including the support material, Co
dispersion, and reaction conditions (e.g., gas velocity, residence
time, partial pressures, and temperature).
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For industrial applications using, e.g., slurry or fluidized-bed
reactors, mechanical strength is a parameter that has to be opti-
mized. The attrition of a catalyst, which is a measure of the degree
of abrasion and fracturing of catalyst pellets during operation and
catalyst handling, can be influenced by modifying the support. If
the support is too weak, the breakdown of these solid particles will
produce substantial amounts of particle fines (micron and sub-mi-
cron powders). This fine powder affects not only fluidization prop-
erties (e.g., foaming) but may also plug solid–liquid separation
filters and contaminate the wax product.

The full commercial potential for any catalytic system can only
be properly addressed after optimizing catalyst activity and selec-
tivity. In the Fischer–Tropsch synthesis, the selectivity to
long-chain hydrocarbons and the rate of reaction determine the
overall productivity or yield. Several factors are important for opti-
mizing productivity, such as: the site-time yield on the catalytic
surface, possible differences in site activity and/or selectivity, local
temperature gradients (hot spots), local concentrations of reac-
tants, and products as well as possible transport limitations. Some
of these factors can be accounted for by obtaining kinetically
relevant data in the absence of transport limitations and hot spots.
This typically requires careful control of the temperature, and in or-
der to avoid intra-particle diffusion limitations, the catalyst pellet

http://dx.doi.org/10.1016/j.jcat.2011.08.008
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diameter must be sufficiently small. Then, possible differences in
site activity or selectivity can be addressed as a function of catalyst
composition.

The Fischer–Tropsch reactions proceed in a manner which for
decades was believed to be structure insensitive. However, recent
research has demonstrated that structural effects become evident
for particles smaller than about 5–7 nm [2–4]. For larger particles,
the calculated average turnover frequency (TOF) and, thus, also the
averaged site-time yield (STY) is still largely unaffected by the sup-
port material [5,6], the cobalt loading and dispersion [6,7]. The
same has been observed with respect to the surface orientation
of cobalt single crystals and for films [8–11]. Steady-state isotopic
transient kinetic analysis (SSITKA) of CO hydrogenation on a large
number of different cobalt catalysts has also concluded with an
apparent structure insensitivity [12–14], again provided that the
Co-particles are larger than about 5–7 nm. It has been claimed that
the reason for the apparent variations in calculated TOF’s or STY’s
is differences in surface coverage of active intermediates. The
apparent structure insensitivity of FTS was even earlier argued to
be caused by an almost complete surface coverage of reactive
intermediates derived from CO, which is reflected by the negative
reaction order of CO [15,16]. Deviations from this apparent struc-
ture insensitivity, such as the observations by Fu and Bartholomew
[17], are usually explained by an incomplete reduction of Co oxi-
des. For Co supported on carbon nanofibers, it was recently shown
that for Co-particles smaller than 5–7 nm, the turnover frequency
strongly depended on the Co particle size [2–4]. It was concluded
that the reduced turnover frequency of the smaller particles
(<6 nm) was caused by both blocking of edge/corner sites and a
lower intrinsic activity at the small terraces. The term structure
insensitive is, thus, inadequate, in particular, when looking into
reaction mechanisms, as it only expresses an apparent approxima-
tion based on the averaged experimental data under certain condi-
tions (e.g., large particles, well-covered surface).

Because it has been recognized that the degree of reduction is
such an important parameter, the dispersion and reducibility of
cobalt oxide species have been much investigated on different
supports [18–22]. The effects of reduction promoters such as Pt,
Pd, Ru, and Re have also been studied extensively [23–26]. Several
excellent reviews have addressed the topics of kinetics, selectivity,
and reaction mechanisms [16,27–29]. Different explanations have
been proposed for variations in selectivity, but the overall model
described by Iglesia et al. [27], Fig. 1, still provides one of the most
(Cn
*) (Cn+1

*) 

(Cn
*) paraffins 

(Cn-1
*) 

(Cn
*) olefins 

(Cn+1 OH) 
alcohols 

(Cn) 
paraffins 

(Cm, Cn-m) 
paraffins 

kh

kp kp

krko

kskc

ka

secondary 
reactions 

Fig. 1. Illustration of chain growth and termination parameters in the Fischer–
Tropsch synthesis by Iglesia et al. [27]. Rate constants (k) are for; hydrogenation
(kh), chain propagation (kp), hydrogen abstraction (kr), olefin re-adsorption (ko),
catalytic cracking (kc), secondary hydrogenation of olefins (ks), and hydroxylation to
alcohols (ka).
suitable illustrations for discussing variations in selectivity with
respect to intrinsic rate parameters.

Large differences with respect to selectivity have been observed
depending on support material [18–22,30–33], yet most of the dis-
cussions have revolved around the same explanations. The pore
size effect [20,34–37] and the pore size versus particle size effect
[20,38] are both structurally related effects, which is a theme that
extends to include also the effect of pore tortuosity on the effective
diffusivity of reactants and products [39,40]. There is no doubt that
C5+ selectivity appears to increase with increasing Co particle sizes
up to a certain level [21,41], an observation which applies to most
supports. However, it has typically not been possible to isolate this
effect from the effect of pore structure without also changing other
parameters such as, e.g., surface acidity or degree of reduction. By
studying carbon nanofiber-supported catalysts, it was recently
shown that C2+ selectivity during CO hydrogenation was indepen-
dent of Co particle size for Co particles >6 nm [2]. For particles
<6 nm, the selectivity to methane increased with decreasing parti-
cle size. A higher surface coverage of hydrogen was measured for
particles <6 nm, thus increasing the probability for hydrogenation
reactions. Bezemer et al. [4] reported substantially increased
octane/octene ratios for particles <5 nm during Fischer–Tropsch
synthesis, also indicating increased hydrogenation activity.

The second general theme for explaining differences in selectiv-
ity is related to the active site itself. This includes effects from site-
blocking or electronic effects from chemical site poisoning by
(un)reactive intermediates or other elements (e.g., Na, K). Electronic
modifications of the active site affects the binding energy, and thus
the activation energy barriers of elementary surface reactions, from
which the initial product composition is largely determined, given
the local concentrations of reactants and products. Referring to
Fig. 1, site poisoning or site blocking can explain differences in
selectivity by decreasing different intrinsic rates of chain propaga-
tion, chain termination, or re-adsorption of reactive intermediates.
Because of differences in binding energies, different sites will have
different coverage-dependent intrinsic rates, thus affecting not only
activity but also the intrinsic selectivity. Differences in coverage-
dependent binding energies will be mirrored in the measured
differences in the surface residence time and concentration of reac-
tants, products and intermediates. These species compete for the
different sites (i.e., sites with different coordination numbers),
and their coverage-dependent binding energy to a specific site will
greatly influence the outcome of this competition. Binding energies
may also depend on the size of the metal particle, and an explana-
tion for the effect of the Fermi level on the binding energy of CO to
small Co (<7 nm) particles was recently included in a review of bio-
mass to liquids by van Steen and Claeys [26]. Whatever is the prop-
er combination of effects, there is no doubt that the site itself and
the presence of other elements on the surface is a governing theme
with respect to understanding both selectivity and activity.

The purpose of this work has been to investigate the effect of sup-
port and catalyst modifications, including Ni, Mg, Zn, and Re. The
reason for studying low surface area alumina was that very high
C5+ selectivity was previously reported by Schanke et al. [42]. How-
ever, it is known that low surface area alpha-alumina does not have
proper mechanical strength for use as a slurry reactor catalyst [27].
Thus, the reason for adding Ni or Mg was to stabilize and strengthen
the alumina by forming spinel structures (NiAl2O4 or MgAl2O4). Such
modifications may not only affect attrition properties, catalyst dis-
persion, and reducibility but can also change both catalytic activity
and selectivity. Only a few studies have previously been reported
investigating Mg [33,43] and Zn [44–49] as modifications to Co in
FTS. The results on Mg were not conclusive as Zhang et al. [33] re-
ported negative effects from Mg on both activity and C5+ selectivity,
while Guerrero-Ruiz reported positive effects [43]. Madikizela and
Coville [44–48] studied Zn as a promoter for Co/TiO2 catalysts,



Table 1
Catalyst propertiesa and steady-state results from fixed-bed testing of activity and selectivity in the Fischer–Tropsch synthesis at 483 K, 20 bar and H2/CO = 2. The four sections of the table: (1) 1–2; standard temperature calcined
(773 K) Co(Re) on c-Al2O3 (178 m2/g), (2) 3–8; catalysts on high-temperature calcined (>1400 K) alumina and modified aluminas, (3) 9–14; catalysts on intermediately calcined (1173 K) modified aluminas, and (4) 15–21; standard-
temperature calcined (773 K) co-impregnated modified catalysts.

# Support Co
wt%

Re
wt%

Zn
wt%

Mg
wt%

Ni
wt%

BET
(m2/g)

PV
(ml/g)

DOR
(%)

H:Co
(%)

Co-dp

(nm)
XRD-dp

(nm)
H2-vads

(Nml/g)

bRun
#

crCO
(mol/g h)

cCo t.y.
(s�1) e

cSTYH-sat

(s�1)

dSCH4

(%)

dSC5+

(%)

dSTYH-sat

(s�1)

1 c-Al2O3 12 – – – – 154 0.57 57 6.7 14 14 1.54 0.0297 44 0.07 9.4 80.0 0.06
2 c-Al2O3 12 0.5 – – – 155 0.57 65 9.4 10 13 2.18 0.0370 55 0.06 8.5 83.2 0.06

3 a-Al2O3 12 – – – – 8.5 0.25 65 2.7 35 32 0.63 0.0132 19 0.07 8.2 83.2 0.08
4 a-Al2O3 12 0.5 – – – 13.5 0.25 71 3.7 26 29 0.85 0.0228 34 0.09 7.4 86.7 0.10
5 NiAl2O4-a-

Al2O3

12 – – – 5 13.3 0.20 66 3.8 26 n.a. 0.87 a 0.0164 24 0.06 9.5 79.7 0.08

‘‘ b 0.0169 25 0.07 8.9 80.8 0.11
6 NiAl2O4-a-

Al2O3

12 0.5 – – 5 18.0 0.20 70 4.7 21 n.a. 1.08 a 0.0246 36 0.08 8.3 83.9 0.07

‘‘ b 0.0229 34 0.07 8.8 82.9 0.08
7 MgAl2O4-a-

Al2O3

12 – – 10 – 18.3 0.12 60 5.3 18 n.a. 1.23 0.0127 19 0.04 8.9 80.9 0.04

8 MgAl2O4-a-
Al2O3

12 0.5 – 10 – 22.8 0.12 67 6.2 16 n.a. 1.42 0.0180 27 0.04 8.0 83.3 0.04

9 1%Mg-c-
Al2O3

12 0.5 – 1 – 105 0.53 n.a. 9.7 10 10 2.24 0.0271 37 0.04 8.1 82.3 0.04

10 5%Mg-c-
Al2O3

12 0.5 – 5 – 74 0.37 n.a. 10.0 10 10 2.31 a 0.0267 36 0.04 8.2 81.8 0.04

‘‘ b 0.0290 40 0.04 9.2 80.6 0.04
11 10%Mg-c-

Al2O3

12 0.5 – 10 – 65 0.34 n.a. 9.3 10 10 2.15 0.0154 21 0.02 9.4 76.6 0.02

12 1%Zn-c-
Al2O3

12 0.5 1 – – 103 0.53 n.a. 9.5 10 10 2.20 0.0399 54 0.06 8.7 82.1 0.06

13 5%Zn-c-
Al2O3

12 0.5 5 – – 95 0.47 n.a. 9.3 10 10 2.15 0.0437 60 0.06 8.8 82.5 0.06

14 10%Zn-c-
Al2O3

12 0.5 10 – – 87 0.41 n.a. 10.2 9 10 2.36 0.0374 51 0.05 9.0 82.4 0.05

15 c-Al2O3 12 0.5 – 0.01 0.01 150 0.56 n.a. 9.0 11 11 2.08 a 0.0393 54 0.06 9.1 81.8 0.06
‘‘ b 0.0372 51 0.06 9.1 82.0 0.06
16 c-Al2O3 12 0.5 – 0.1 0.1 148 0.56 n.a. 8.8 11 11 2.04 0.0289 39 0.05 9.2 80.7 0.04
17 c-Al2O3 12 0.5 – 1 1 146 0.53 n.a. 9.2 10 10 2.13 0.0155 21 0.02 11.0 72.4 0.02
18 c-Al2O3 12 0.5 1 – – 149 0.54 n.a. 7.5 13 13 1.73 0.0312 43 0.06 10.2 79.7 0.06
19 c-Al2O3 12 0.5 2 – – 148 0.53 n.a. 5.3 18 18 1.23 0.0195 27 0.05 10.3 76.8 0.07
20 c-Al2O3 12 0.5 5 – – 144 0.50 n.a. 3.8 25 25 0.88 0.0025 3 0.01 n.a. n.a. n.a.
21 c-Al2O3 12 0.5 5 – – 140 0.51 n.a. 4.5 21 21 1.04 0.0071 10 0.02 n.a. n.a. n.a.

a wt%: all loadings are nominal values given as wt% metal/Al2O3; BET: surface area (Brunauer–Emmett–Teller); PV: pore volume; DOR: degree of reduction from O2 titration; H:Co is a measure of catalyst dispersion assuming
100% DOR and H:Co adsorption stoichiometry of 1:1; Co-dp is the particle size calculated using H:Co as a measure of catalyst dispersion; XRD-dp is the particle size calculated from the Scherrer thickness of Co3O4. n.a. (not
available).

b Run numbers a/b are repeated runs for the same catalyst, included to illustrate the small degree of uncertainty for the data set. n.a.: not available.
c Initial activity data, including cobalt-time yields (Co t.y.) mostly obtained after 8 h on stream, see also c.
d Activity and selectivity data obtained after adjusting the gas velocity to obtain about 50% CO conversion. When necessary, data have been extrapolated from the range 45–55% CO conversion to exactly 50%. Co t.y. (cobalt-time

yield); STYH-sat (site-time yield from ex situ H-saturation coverage, i.e., total H2 chemisorpion); XCO (conversion of CO); SCH4 (selectivity to CH4); SC5+ (selectivity to C5+); n.a. (not available). For catalyst No. 19, CO conversion
increased through the entire initial 24-h period. For catalysts No. 20, the initial CO conversion was <2% after 24 h, and for catalyst No. 21, it reached at maximum of 5.6% CO conversion after 74 h, neither could therefore be
adjusted to 50% CO conversion.

e Actually (mol CO/mol cobalt � s).
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including the effects of impregnation sequence [44], sol–gel synthe-
sis [45], sulfur tolerance [46], Zn loading [47], and Co and Zn precur-
sors [48]. For these catalysts, a positive effect on both conversion and
selectivity to C5+ was observed for 5 wt% Zn, when this was added to
TiO2 before impregnating with Co. The positive effect on activity was
observed for all; however, with 10 wt% Zn or when Co and Zn were
co-impregnated, or when Zn was impregnated after Co, the product
composition was shifted toward lighter hydrocarbons. With 10 wt%
Zn, about 40% of the product was methane. Ni is one of the metals
that Fischer and Tropsch found to be active for CO hydrogenation;
however, it was soon discovered that a catalyst, where Ni was the ac-
tive phase, yielded a light product range dominated by methanation.
A summary of studies on Ni in the Fischer–Tropsch synthesis is far
beyond the scope of this introduction. Many studies were carried
out on Nickel–Thoria–Kieselguhr during the 1940–1950s. Interest-
ingly, recent work by Rytter et al. [50] indicates that Ni may substi-
tute for Re as a reduction and activity promoter for Co catalysts.
Another interesting property of Ni is that its divalent metal ion en-
ables spinel (NiAl2O4) formation, a material with a mechanical
strength superior to alumina, making it more suitable for slurry or
fluidized-bed operation. For FTS, this property was first explored
by Rytter et al. [51]. This material may also have interesting proper-
ties as a catalyst precursor [52].
2. Experimental

2.1. Catalyst preparation

Cobalt and cobalt–rhenium catalysts were prepared by one-step
incipient wetness co-impregnation of different (modified) supports
with aqueous solutions of Co(NO3)2�6H2O (Acros organics, >99%)
and HReO4 (Alfa Aesar, Johnson Matthey GmbH, 75–80% aq. soln.).
The catalysts (20 g) were dried in air at 383 K for 3 h before calci-
nation in flowing air (200 ml/min), increasing the temperature at
2.5 K/min from ambient to 573 K and holding for 16 h. The calcined
samples were then sieved, and the 53–90 lm samples were col-
lected. Further, pretreatment was done in situ. Catalyst properties
are summarized in Table 1, including details from characteriza-
tions with XRD, H2 chemisorption, and N2 sorption as well as
results from fixed-bed Fischer–Tropsch activity testing.

a-Al2O3 support was prepared by treating c-Al2O3 (Puralox
SCCa-45/190) support with air at 1413 K for 10 h. The NiAl2O4-a-
Al2O3 support was prepared by incipient wetness impregnation of
the c-Al2O3 with Ni(NO3)2�6H2O (Acros organics, >99%) and then
treated with air at 1433 K for 12 h. The nominal loading prior to
high-temperature calcination was 5 wt% Ni/Al2O3. The MgAl2O4-
a-Al2O3 support was prepared by incipient wetness impregnation
of c-Al2O3 with Mg(NO3)2�6H2O (Acros organics, >99%) and then
treated with air at 1413 K for 10 h. The nominal loading prior to
high-temperature calcination was 10 wt% Mg/Al2O3. Six different
Mg-c-Al2O3 and Zn-c-Al2O3 supports (1, 5, and 10 wt% Mg or Zn)
were prepared by impregnation of a pre-calcined c-Al2O3 using
Mg(NO3)2�6H2O (Acros organics, >99%) and Zn(NO3)2�6H2O (Fluka,
>99%) precursors, followed by drying at 383 K for 3 h and then
treated with air at 1173 K for 16 h. The effect of Mg and Zn as
support modifications was contrasted by co-impregnating Mg
(0.01, 0.1 or 1 wt%) or Zn (1, 2 or 5 wt%) together with 12 wt% Co
and 0.5 wt% Re on c-Al2O3, using the same precursors as above.
These are all nominal loadings given as wt% metal/support.
2.2. Surface area and pore volume measurements with N2, H2, or
mercury intrusion

Isotherms from volumetric adsorption and desorption of nitro-
gen were measured at the boiling point of liquid nitrogen using a
standard commercial equipment (Micromeritics Tristar 3000).
The sample (0.5 g) was placed in the quartz container, vacuum
dried at 573 K for 1 h, and cooled to room temperature before
the measurements. The surface area and pore volume were calcu-
lated using the BET [53] and the BJH [54] methods, respectively.
The BJH method was applied assuming a slit pore shape followed
by stepping off the desorbed volume by using the Kelvin equation
and a film thickness equation.

Isotherms from volumetric chemisorption of hydrogen were
measured at 313 K or 333 K in a standard glass apparatus (Microm-
eritics ASAP 2010) capable of achieving a vacuum of 10�3 Pa or
better. The sample (0.2–0.4 mg) was placed in a U-tube quartz
reactor, dried and evacuated at 313 K (1 h), and reduced in flowing
hydrogen by ramping at 1 K/min from ambient to 623 K and hold-
ing for 10 h. The sample was evacuated for 1 h at 623 K and cooled
to 313 K (or 333 K) before the chemisorption isotherms were ob-
tained. It was assumed that Re did not contribute to the amount
of hydrogen chemisorbed [55]. The obtained H:Co ratio is only a
measure of catalyst dispersion if: (a) it is assumed that the adsorp-
tion stoichiometry is H:Co = 1 [56] and (b) the degree of reduction
is close to 100%. Increasing the chemisorption temperature from
313 to 333 K has been shown to increase the H:Co ratio by a factor
of 1.07–1.09 for similar Co/Re catalysts [57]. This effect has been
accounted for by increasing the H:Co ratio obtained at 313 K by a
factor of 1.08. The hydrogen to Co ratio (H:Co), which is a measure
of the surface area of metallic cobalt when the loading of Co is the
same for all catalysts, was calculated using Eq. (1):

H : Co ¼ Ct
MCo

xCo
ð1Þ

Ct = Vads/22,711 is the total concentration of sites (mol/g), where
Vads was obtained from an extrapolation of the linear part of the
isotherm to zero pressure, 22,711 N cm3/mol is the ideal gas volume
at 1 bar and 273 K. xCo is the mol fraction of cobalt, and MCo is the
molar mass of cobalt. No chemisorption of H2 was found on the
supports.

Pore volumes for low surface area catalysts were obtained on a
Carlo Erba Macropores Unit 120, Carlo Erba Porosimeter 2000, and
Carlo Erba Multisampler 190. The pore diameters were calculated
using a force balance Eq. (2) for a cylindrical pore assuming a surface
tension of 480 mN/m and a wetting angle of 141.3o for mercury.

d ¼ 15;000
pðbarÞ ðnmÞ ð2Þ
2.3. Measurements of catalyst reducibility

Temperature-programmed reduction (TPR) was carried out in a
U-shaped tubular quartz reactor heated by an electrical furnace
[58]. The sample (0.2 g) was exposed to a reducing gas mixture
consisting of 7% H2 in argon, while the temperature was increased
from ambient to 1203 K at 10 K/min. A cold trap containing a
mixture of 2-propanol and dry ice was used to eliminate water
and other condensable products from the product gas mixtures.
The consumption of hydrogen was measured by analyzing the
effluent gas with a thermal conductivity detector (TCD).

The degree of reduction (DOR) was obtained by O2 titration using
the same apparatus as for TPR measurements. The catalyst sample
(0.10 g) was reduced in a U-tube quartz reactor using flowing hydro-
gen for 16 h. The hydrogen flow rate was 45 ml/min, and the helium
carrier gas pressure was adjusted to 1.0 ± 0.15 bar. The sample was
heated from room temperature to 623 K at 1 K/min and was then
kept at 623 K for 10 h. Pre-treatment was turned off, and the sample
was heated at 2 K/min up to 673 K in pure helium flow. The sample
was kept at 673 K for 1 h before calibrated oxygen pulses were
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passed through the system. The oxygen pulses were added to the
continuous flow of helium until no further consumption of oxygen
was detected by the thermal conductivity detector downstream of
the reactor. The degree of reduction was calculated assuming
stoichiometric re-oxidation of metallic cobalt to Co3O4.

2.4. Phase properties and mechanical strength

X-ray diffraction spectra were obtained using a Siemens D5005
X-ray diffractometer with monochromatic Cu Ka radiation,
k = 0.1542 nm [59], operating at 40 kV and 50 mA. The results were
used to verify the presence of the three-dimensional spinel struc-
tures NiAl2O4 and MgAl2O4 and to estimate the diameter of the
cobalt particles using the Scherrer [60] thickness (t) of Co3O4, Eq. (3).

t ¼ Kk
Dð2hÞ cosðhÞ ¼ 0:75 � dCo3O4 ¼ dCo ð3Þ

The K factor was set to 0.89 [61], and instrumental line broadening
was accounted for in D(2h), as determined from XRD of LaB6 (Lan-
thanaum Hexaboride). The diffraction lines associated with NiAl2O4

and MgAl2O4 overlap those from Co3O4 making particle size deter-
mination very uncertain for catalysts supported on NiAl2O4–a-
Al2O3 and MgAl2O4–a-Al2O3. Those estimates were, therefore,
omitted in Table 1.

A modified ASTM-type equipment was used for attrition mea-
surements [62]. The custom-built equipment consists of a moisture
and a separation chamber. Initially, 50 g (>40 lm) was loaded into
the separation chamber. Pressurized air was then passed through
the moisture chamber and then through sieve trays to the separa-
tion chamber. In this way, the pre-loaded sample was exposed to
sonic air flow, resulting in grinding of the particles. Particles larger
than 40 lm fell down, whereas the smaller particles entered a soxh-
let filter in the top of the separation chamber. The amount of fines
was measured every hour for 5 h. The attrition value reported was
calculated using:

Attrition ¼ cumulative amount of fines after 5 h=
total amount of sample ð50 gÞ:
2.5. Measurements of fixed-bed activity and selectivity

Fischer–Tropsch synthesis was carried out in a unit with two
parallel fixed-bed reactors (stainless steel, 10 mm inner diameter).
The samples (1–2 g, 53–90 lm) were diluted with inert silicon
carbide particles (3–4 g, 75–150 lm) in order to improve the tem-
perature distribution along the catalyst beds.

The samples were reduced in situ by passing through hydrogen
(250 N ml/min) at 623 K and 1 bar. After 16 h, the reactor was
cooled to 443 K and flushed 1 h with helium (150 N ml/min). The
system was then pressurized to 20 bar using 50% hydrogen in
helium (250 N ml/min) before synthesis gas was introduced to
the reactors (H2/CO = 2.0, 3% N2 as internal standard, 250 N ml/
min). After 1 h, the reactor system was heated to 483 K at 1 K/min.

Wax and liquid products were collected in a heated trap (about
363 K), and light liquid products were removed in a cold trap
(298 K). An on-line gas chromatograph (HP5090A) equipped with
thermal conductivity detector (TCD) and flame ionization detector
(FID) was used to analyze the effluent product stream. The equip-
ment has been described and illustrated in more detail by Hilmen
et al. [63].

After about 24 h on stream at initial conditions, the flow of feed
gas was reduced in order to adjust the CO conversion to about 50%.
The flow rate of synthesis gas was kept constant throughout subse-
quent periods (if any). Steady-state results for all catalysts are
detailed in Table 1.
For catalysts 5 and 6 in Table 1, after about 25 h at 50% CO conver-
sion, helium was added to the feed gas in order to change the partial
pressures of hydrogen, CO and H2O. Helium was then replaced by
de-ionized water, which was fed from a water tank pressurized to
20 bar to a vaporizer kept at 573 K. The following co-feeds were
investigated as a sequence, each period lasting about 25 h: 5 bar
He, 4 bar water, 6,9 bar water, and 10 bar He. Finally, to check for
deactivation caused by these changes in conditions, the catalysts
were exposed to the same feed as prior to adding He or water.

The activity is reported as three parameters: the rate of CO con-
version, cobalt-time yield (mol CO/mol(Co) s), and site-time yield
STYH-sat (s�1). STYH-sat was calculated using the total number of H
sites obtained by ex situ hydrogen chemisorption, and thus as-
sumes that the saturation coverage of H is a suitable measure for
the number of sites. It also assumes that there is only one type of
sites, i.e., it ignores any effects from the binding-site coordination
number or coverage dependencies on the activation energy barri-
ers. The C5+ selectivity was calculated by subtracting the amount
of C1–C4 (including CO2) in the effluent gas mixture from the total
mass balance.

3. Results and discussion

3.1. Surface area, pore volume, and mechanical strength

The purpose of carrying out support modifications was to inves-
tigate how this affects attrition properties, catalyst reducibility,
and dispersion; properties that are of the highest importance for
industrial application of a Fischer–Tropsch synthesis catalyst.

Table 1 is separated into four sections. First, there is a standard
Co(Re) on c-Al2O3 (178 m2/g) catalyst, which serves as a reference
for our modifications. The second section contains catalysts
supported on low surface area aluminas and aluminates with Ni
or Mg-spinel inclusions (<25 m2/g). These were prepared by
high-temperature calcination (>1400 K). In the third section, we
find catalysts prepared on modified c-Al2O3 with intermediate sur-
face areas (65–105 m2/g). These supports were modified by Mg or
Zn prior to calcination at 1173 K. At this calcination temperature, it
cannot be completely excluded that phase transition to d-Al2O3

may have initiated [64], even though it was not evident from our
XRD data. Modifying with either Mg or Zn and calcining at
1173 K decreased the BET surface area. MgO and ZnO are substan-
tially more difficult to reduce as compared to cobalt oxides and
will likely be present as oxides and/or hydroxides during FTS.
The main reason for the decreasing surface areas of supports
impregnated with Mg and Zn is probably the high-temperature
calcination; however, some effect attributable to MgO or ZnO can-
not be excluded. For example, Zhang et al. [33] reported slightly
decreasing average pore diameters when adding MgO, suggesting
that MgO was coating the interior of the support, thus somewhat
decreasing its surface area. A similar effect may be expected for
ZnO. The fourth section of Table 1 summarizes catalysts where
the modification (Zn or Mg) was added as a promoter during co-
impregnation of Co and Re followed by calcination at 573 K.

As already mentioned, the poor mechanical strength of the a-
Al2O3 support makes it unsuitable for slurry or fluidized-bed oper-
ation. Still, it shows excellent selectivity to C5+ products [42],
which makes it interesting. Increasing the mechanical strength
by spinel formation is not new, and reports and patents on prepa-
ration and different applications of aluminate spinels have
appeared since the sixties [51,65–71]. Decreasing the surface area
by high-temperature calcination affects not only the surface area
but also the porosity and pore structure of the material. Fig. 2 illus-
trates how high-temperature calcination has affected mechanical
strength (attrition), pore volume, surface area, and average pore
diameter for the supports used to prepare most of the catalysts
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(No. 1–8 and 15–21) detailed in Table 1. It is worth noting that the
precursor for all these supports is the c-Al2O3 (Puralox SCCa-45/
190, 178 m2/g), also shown in the plots. The increased mechanical
strength for the 5 wt% Ni- and 10 wt% Mg-modified supports
(Fig. 2a) is likely related to how the spinel inclusions bind together
the a-Al2O3 phase (grains). The spinel inclusions also decrease the
overall pore volume as compared to the pure a-Al2O3 (Fig. 2a),
while retaining slightly more of the surface area of the starting
material (Fig. 2b, Table 1). It also appears that a higher loading of
spinel (10 wt% Mg vs. 5 wt% Ni) better prevents the narrower pores
in the c-Al2O3 from collapsing completely during high-tempera-
ture calcination (>1400 K), as illustrated in Fig. 2c. The preparation
procedure was not optimized, so there is likely room for improve-
ments with respect to retaining more of the surface area and pore
volume of the starting material in the spinel-strengthened
supports. Typically, the impregnation and low-temperature calci-
nation of Co (+Re) on the supports increases the attrition values
very slightly, as previously shown for 20 wt% Co/c-Al2O3 [51],
but it is the high-temperature calcination of the support that has
the dominating influence on the mechanical strength. Therefore,
only attrition values for the supports are presented here. A fol-
low-up on Rytter et al. [51] with more attrition values for supports
and catalysts will be published later. Other effects related to
changing the calcination rate, the number of calcinations, and
reductions, as well as the support acidity, have been addressed
extensively in the literature [16,25–30]. Co(Re) supported on
Fig. 2. Illustration of attrition [51] correlated to (a) pore volume, (b) BET surface area, and
(j), NiAl2O4-a-Al2O3 (}), MgAl2O4-a-Al2O3 (�), and 10%Mg-c-Al2O3 (s).
a- and c-Al2O3 have previously been characterized with scanning
transmission electron microscopy (STEM) [22], and 3D images
from STEM tomography have been published for CoRe supported
on c-Al2O3 and Ni-spinel; NiAl2O4 (5 wt% Ni) [72].

3.2. Catalyst reducibility, dispersion, and cobalt particle sizes

There is no doubt that Fischer–Tropsch synthesis requires acti-
vation of the catalyst by exposing it to a reducing atmosphere. The
presence of reduced sites is imperative to dissociative H2 adsorp-
tion on transition metals for FTS [73]. Hydrogen atoms may also
spill over to the support [74], thus providing a support-dependent
reservoir. Because the unreduced catalyst is inactive for FTS, the
degree of reduction becomes an important parameter for maximiz-
ing FTS productivity (throughput).

In order to increase the dispersion of a catalyst, using a high
surface area support may seem like a good idea. However, as illus-
trated in Fig. 3a, when using the incipient wetness impregnation
technique, with nitrate-based precursors dissolved in water, there
appears to be a limit with respect to catalyst dispersion; leveling
out around 10% (about 10 nm particles) with the drying and calci-
nation procedure used here. Higher dispersions (down to 3–5 nm
particles) can be achieved by using, e.g., deposition–precipitation
[75–77], where aqueous cobalt amine carbonate complexes are
decomposed at 333–383 K. Another alternative for increasing
dispersion, tuning particle sizes, and their distribution is by reduc-
(c) average pore diameter for the following support materials; c-Al2O3 (h), a-Al2O3



Fig. 3. Ex situ hydrogen chemisorption as a function of; (a) BET surface area for different 12 wt% Co catalysts, most of which are promoted by 0.5 wt% Re, and (b) cobalt
particle size from XRD. Support materials; c-Al2O3 (h), a-Al2O3 (j), NiAl2O4-a-Al2O3 (}), MgAl2O4-a-Al2O3 (�), Mg-c-Al2O3 (s), Zn-c-Al2O3 (4), and c-Al2O3, where Co/Re
was co-impregnated with Mg (d) or Zn (N). See Table 1 for details.

Fig. 4. Temperature-programmed reduction of 12 wt% Co (+0.5 wt% Re) catalysts (0.2 g) using 7% H2 in Ar, heated at 10 K/min. Comparing: (a) Co and Co-Re catalysts on
different supports; c-Al2O3 (No. 1 and 2), a-Al2O3 (No. 3 and 4), NiAl2O4-a-Al2O3 (No. 5 and 6) and MgAl2O4-a-Al2O3 (No. 7 and 8), and b) catalysts with Mg or Zn added to the
c-Al2O3 support and calcined (1173 K) prior to impregnation with Co–Re (No. 9, 10, 12 and 13) or co-impregnated with Co-Re (No. 15, 17, 20 and 21), all numbered according
to Table 1. The two dotted lines: 635 K and 735 K.

B.C. Enger et al. / Journal of Catalysis 284 (2011) 9–22 15
tion of nitrate precursors with small amounts of NO in an inert car-
rier gas [78–80] or by using other solvents than water, such as eth-
ylene glycol [41,81]. For intermediate cobalt dispersion (D), values
the metal particle (dp) size can be estimated by a formula that is
close to dp (nm) = 96/D (%) [56]. Fig. 3b correlates H:Co, which is
an estimate for D, with particle sizes from XRD. The dotted line
is simply a plot of the dp = 96/D formulae. Table 1 also confirms
that H2 chemisorption and XRD yield more or less the same parti-
cle size for all catalysts with 12 wt% Co (+0.5 wt% Re). Co-impreg-
nating Co–Re with Zn (N) had a clear loading-dependent negative
effect on dispersion, yielding increased Co particle sizes, as seen
from both Fig. 3a and b as well as Table 1.

The catalyst reducibility and degree of reduction (DOR) were
investigated by temperature-programmed reduction (TPR) and O2

titration. Table 1 summarizes the DOR values obtained for the first
two sections of catalysts using oxygen titration. No DOR values
were obtained for the other two sections, but the TPR profiles
and areas underneath are similar to those for catalysts No. 1 and
2 on c-Al2O3. Borg et al. [21,82] and Khodakov et al. [35] have
found that oxygen titration likely underestimates the extent of
reduction, probably due to incomplete oxidation because of the
relative high stability of CoO in inert atmosphere above 623 K
[83]. Comparing the DOR values here to those from Borg et al.
[21] (having used the same equipment and procedure), we expect
the actual degree of reduction to be higher than the DOR values
from oxygen titration. DOR values are most likely about 25–30%
higher than the values from O2 titration, and thus in the range of
85–100%, when including all catalysts in Table 1 together.

In Fig. 4, TPR profiles are illustrated for most of the catalysts in
Table 1. Borg et al. demonstrated that the peak located at about
510–530 K is from the reduction of residual nitrate [21]. Hydrogen
spillover has previously been suggested as the mechanism by
which Re promotes the reduction of CoO to Co0 [84]. A more recent
investigation by low-energy ion scattering [85] indicates that
rhenium preferentially occupies sub-surface sites within bimetallic
Co–Re clusters. The results were supported by density functional
theory (DFT) calculations on small clusters (Co14, Co13Re, Co12Re2).
TPR data suggested the following reduction sequence:
Co3O4 ?CoO, then Re2O7 ? Re0, and finally CoO ? Co0, but the
dynamics of how rhenium relocates to the sub-surface layers was
not possible to determine from the data set. The two-step reduction
sequence Co3O4 ? CoO ? Co0 has previously been verified in EX-
AFS studies [30,82]. Our results also show that Re had no noticeable
effect on the first step of the reduction process, from Co3O4 to CoO



Fig. 5. Initial reaction rates from Fischer–Tropsch synthesis at 483 K, 20 bar and H2/CO = 2, obtained after 8 h on stream. (a) Cobalt-time yield (Co.t.y.) as a function of H:Co
(%) and (b) site-time yield (STY) as a function of Co particle size from H2 chemisorption. Illustrating different 12 wt% Co catalysts, most of which are promoted by 0.5 wt% Re.
Support materials; c-Al2O3 (h), a-Al2O3 (j), NiAl2O4-a-Al2O3 (}), MgAl2O4-a-Al2O3 (�), Mg-c-Al2O3 (s), Zn-c-Al2O3 (4) and c-Al2O3, where Co/Re was co-impregnated with
Mg (d) or Zn (N). The dotted line identifies the standard catalyst (No. 2): Co-Re/c-Al2O3.
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(the peak located near the dotted line at 635 K), in agreement with
previous studies [38,84]. The exact nature of the TPR signal from the
second reduction step is probably affected by how different particle
sizes (Co loading) interact with the support [19]. Comparing cata-
lysts No. 1, 3, 5, and 7 from Fig. 4a supports this view. The TPR signal
for the more highly dispersed catalysts (dp = 14, 35, 26, and 18 nm,
respectively) is stretched out to higher temperatures. Such an effect
was also noted by Borg et al. [21] for a series of Co on different gam-
ma-aluminas. For catalysts on the Ni-spinel modified support (No. 5
and 6), there is also a high temperature peak (>1120 K), which is re-
lated to the reduction of the spinel [52]. Reduction of CoAl2O4 re-
quires comparably high temperatures [86]. From the TPR profiles,
the catalysts on the Mg-spinel-modified supports (No. 7 and 8) ap-
pear slightly more difficult to reduce than those on the Ni-spinel-
modified supports (No. 5 and 6), which is also in agreement with
the DOR values in Table 1. Because the loading of Mg is higher
(10 wt%) than the loading of Ni (5 wt%), it is not unlikely that this
may have had an effect.

The TPR profiles in Fig. 4b are largely comparable to the cata-
lysts on c-Al2O3 (No. 1 and 2) in Fig. 4a. At higher loadings of Mg
or Zn (P1%), the reduction of CoO to Co0 shifts slightly toward
higher temperatures, most clearly seen for 5 wt% Mg (No. 10) or
5 wt% Zn (No. 21). This may suggest interactions between ZnO or
MgO and CoO. MgO or ZnO were not observed in the XRD data,
indicating that these phases are either highly dispersed or lack
crystallinity. Zhang et al. [33], who studied 15 wt% Co/MgO/Al2O3

catalysts with different loadings of MgO, reported the same effect
on reducibility during TPR, as described here. They attributed this
negative effect to the formation of a solid solution (single phase)
MgO–CoO. The formation of solid solutions with ZnO–CoO is also
known from the literature [87–89].

3.3. Effects on activity from modifications

It has been repeatedly shown in the literature that for particle
sizes >5–7 nm, the activity apparently correlates to the cobalt
surface area measured by H2 chemisorption [4,7,90]. In Fig. 5a, ini-
tial cobalt-time yields are illustrated for 12 wt% Co catalysts, most
of which have been promoted by 0.5 wt% Re. The dotted line iden-
tifies the standard Co-Re/c-Al2O3 catalyst (No. 2, Table 1), which
serves as a good reference point. The catalysts below this line have
all been modified with P0.1 wt% Mg or Zn, either as a modification
of the support prior to high-temperature calcination (P1173 K)
followed by impregnation of Co–Re or co-impregnated with Co
and Re. If these catalysts were not included in Fig. 5a, then the
general trend is that the cobalt-time yield correlates linearly to
the amount of hydrogen adsorbed during chemisorption, here di-
vided by the nominal loading of cobalt to obtain H:Co (%). As seen
from Table 1, there was excellent agreement between estimates of
particle sizes from H2 chemisorption and XRD. A particle size or
dispersion effect can, therefore, be excluded as an explanation for
this poisonous effect of Mg and Zn. Neither can the effect be
explained by ex situ differences in reducibility based on TPR. The
results strongly suggest a chemical/site poisoning effect, perhaps
most comparable to the effect of other alkalis [91]. However,
in situ differences in degree of reduction when exposed to H2/CO
cannot be excluded without further studies.

In general, we found that the effect of Re was in accordance
with previous studies [24,38,84], promoting the reduction and dis-
persion of cobalt. Fig. 5b illustrates site-time yield (STY) as a func-
tion of cobalt particle size, calculated using a formula that can be
rounded off to dp (nm) = 96/D (%) [56], where H:Co (%) is used as
an estimate for D (%). The solid line is only suggestive, as there
are no results here for particles <9 nm, but this indication is in line
with results from the literature [2–4]. Again, as in Fig. 5a, the cat-
alysts that have been modified with P0.1 wt% Mg or Zn are below
the dotted line, confirming that Mg and Zn appears to have a poi-
soning effect on initial catalytic activity, as the results cannot be
explained by dispersion or particle size effects. The effect appears
to depend on loading and whether Mg or Zn was added to the sup-
port and then calcined at high temperatures (P1173 K) prior to
impregnation with Co–Re, or co-impregnated with Co and Re.
The cobalt-time yield for catalyst No. 10 (Table 1), where 5 wt%
Mg was added to the support is comparable to catalyst No. 16,
where 0.1 wt% Mg was co-impregnated together with Co and Re.
The same is true for catalysts No. 11 and 17, with 10 wt% Mg and
1 wt% Mg, respectively. It cannot be excluded that the nature of
the Mg species may be different on these catalysts, but the effect
is likely related to the different degrees of interaction achieved
by sequential impregnation and calcination in between, compared
to co-impregnation. Interestingly, there was no significant negative
effect on activity from Zn, when added to the support and then
high-temperature calcined (1173 K) prior to impregnation with
Co–Re. In contrast, 5 wt% Zn co-impregnated with Co–Re was ex-
tremely poisonous to activity, as indicated by the two points (N)
with STY 60.02 s�1. These two catalysts had insufficient activity



Fig. 6. Selectivity to long-chain hydrocarbons (C5+) obtained at 45–55% CO conversion (extrapolated to 50% CO conversion) during Fischer–Tropsch synthesis at 483 K, 20 bar
and H2/CO = 2, illustrated as a function of Co particle size for catalysts with a) 12 wt% Co and b) 12 wt% Co + 0.5 wt% Re. Support materials; c-Al2O3 (h), a-Al2O3 (j), NiAl2O4-
a-Al2O3 (}), MgAl2O4-a-Al2O3 (�), Mg-c-Al2O3 (s), Zn-c-Al2O3 (4) and c-Al2O3, where Co/Re was co-impregnated with Mg (d) or Zn (N). Data from Storsæter et al. [99] for
catalysts on c-Al2O3, SiO2 and TiO2, extrapolated to 50% CO conversion (�). The dotted line identifies the catalysts (No. 1 and 2) on c-Al2O3.
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for adjusting the gas velocity to reach high CO conversion. For cat-
alysts No. 20, the initial CO conversion was <2% after 24 h, and for
catalyst No. 21, it reached at maximum of 5.6% CO conversion after
74 h. Neither could be adjusted to 50% CO conversion and are,
therefore, not included in Sections 3.4–3.6.

A variation of up to 1 K in bed temperature corresponds in
experimental uncertainty of STY = 0.065 ± 0.004 s�1, when assum-
ing that the activation energy in Eq. (4) is Ea = 130 kJ/mol, using
recent estimates for the rate-limiting step in model studies
[92,93]. R is the ideal gas constant, and T is the bed temperature.
The measured experimental variation in bed temperature was typ-
ically <1 K. The difference between 0.054 s�1 for Co–Re/c-Al2O3

(No. 2) and 0.084 s�1 for Co–Re/a-Al2O3 (No. 4) corresponds to as
much as 7 K if converted into a temperature difference. Thus, var-
iation in bed temperature is unlikely to be the only reason for this
difference in STY. In situ measurements of the number of active
sites and concentrations of surface species will be necessary to ad-
dress this issue in further detail.

STY1=STY2 ¼ e
�Ea

R
1

T1
� 1

T2

� �
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3.4. Effects on selectivity from modification

The FTS carbon selectivity can be described by polymerization
kinetics, where different chain termination or chain propagation
probabilities can be identified for each of the pathways in Fig. 1,
where, e.g., rp = kp � exp(�Ea/RT). These pathways are influenced
by both catalyst and operating conditions [27]. Thus, by introduc-
ing modifications, the carbon selectivity may be affected through
structural and/or site/kinetic effects.

In Fig. 6a, the selectivity to C5+ at 50% CO conversion is illus-
trated for the 12 wt% Co catalysts from Table 1, as well as for the
12 wt% Co catalysts on c-Al2O3, SiO2 and TiO2 from Storsæter
et al. [22]. The solid line is only suggestive and added as a reading
aid. The dotted line identifies the Co/c-Al2O3 reference catalyst
(No. 1). There are two ways to read this plot, either being largely
in agreement with constant selectivity for particles >6–8 nm [2,4]
or in agreement with increasing C5+ selectivity with increasing par-
ticle size, as previously reported for the range 10–15 nm [21].
Because the studies that showed constant C5+ selectivity for parti-
cles >6–8 nm were done on carbon nanofiber-supported catalysts,
thus avoiding the issue with possible effects from the pore
structure of the support, we believe the apparent increased selec-
tivity to C5+ with increasing particle size in Fig. 6a is an effect re-
lated to the local conditions created within the support rather
than a site/kinetic effect. To further explore this point of view, a
range of catalysts with different Co particle sizes in the range
10–40 nm on different pure low surface aluminas (5–50 m2/g)
would be very interesting as a future study. Compared to the cat-
alyst on c-Al2O3, the Ni-spinel-modified support does not appear
to have improved the conditions for increased C5+ selectivity to
the same extent as the might be indicated by the Co particle size
obtained by incipient wetness impregnation. Also when compared
to the results on carbon nanofiber supports, showing of constant
selectivity for particles >6–8 nm [2,4], the Ni-spinel appears to
have had no negative effect on C5+ selectivity. However, the rela-
tively modest C5+ selectivity of the Ni-spinel-based catalyst in this
work is surprising, as our previous studies [50,51] have demon-
strated significantly higher C5+ selectivity over Ni-spinel-based
catalysts than over c-Al2O3-based catalysts.

A positive effect of Re on C5+ selectivity is seen by comparing
catalysts on identical supports from Fig. 6a and b. This was
expected [22,24,38,94]. Again, the dotted line identifies the refer-
ence catalyst, No. 1 and 2, respectively, in Fig. 6a and b. Almost
all the catalysts in Fig. 6b that fall below this line are catalysts that
have been modified with Mg or Zn. Their effect on C5+ selectivity is
loading dependent, as previously seen for activity in Fig. 5b, and
also depends on whether Mg or Zn was added to the support and
then calcined at high temperatures (P1173 K), prior to impregna-
tion with Co–Re, or co-impregnated together with Co and Re. This
loading dependency is explored in more detail later.

Another interesting aspect of Fig. 6b is suggested by the solid
line tracing unmodified 12 wt% Co + 0.5 wt% Re catalysts on
c-Al2O3 and a-Al2O3 reported here and the TiO2-supported catalyst
reported by Storsæter et al. [22]. The solid line suggests that there
may be an optimum particle size for this specific Co/Re ratio, where
the promotion of Co with Re yields maximum C5+ selectivity.
Fig. 6b suggests that this may be somewhere between 10 and
20 nm for 12 wt% Co + 0.5 wt% Re. Borg et al. [41] also suggested
an optimum particle size for Co on different aluminas; however,
considering the results on carbon nanofiber [2,4], this apparent
optimum may indicate a support-related effect. An effect on selec-
tivity related to Co/Re ratio is not new [24], but with respect to
selectivity, it is critically important to compare catalysts at the
same CO conversion level [21]. This idea of an optimum particle



Fig. 8. Results from Fischer–Tropsch synthesis obtained at 45–55% CO conversion
(extrapolated to 50% CO conversion) during Fischer–Tropsch synthesis at 483 K,
20 bar and H2/CO = 2. Illustrating for catalysts with 12 wt% Co and 0.5 wt% Re the
ratio between normalized reaction rates according to Eq. (5) as a function of
modification level (wt%). Support materials; c-Al2O3 (h), Mg-c-Al2O3 (s),
Zn-c-Al2O3 (4) and c-Al2O3, where Co/Re was co-impregnated with Mg (d) or Zn (N).

Fig. 7. Results from Fischer–Tropsch synthesis obtained at 45–55% CO conversion (extrapolated to 50% CO conversion) during Fischer–Tropsch synthesis at 483 K, 20 bar and
H2/CO = 2. Illustrating for different 12 wt% Co catalysts, most of which are promoted by 0.5 wt% Re; a) C5+ selectivity as a function of propene selectivity and b) rate of propane
(C3-) formation as a function of rate of propene (C3=) formation. Support materials; c-Al2O3 (h), a-Al2O3 (j), NiAl2O4-a-Al2O3 (}), MgAl2O4-a-Al2O3 (�), Mg-c-Al2O3 (s), Zn-
c-Al2O3 (4) and c-Al2O3, where Co/Re was co-impregnated with Mg (d) or Zn (N).
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size for a specific Co/Re ratio would be interesting to follow up in
another study, as it relates to whether the effect of Re is only to dis-
perse Co or if it has a chemical/site effect as well. So far, the Co par-
ticle size effect has only been firmly established for catalysts
without Re on carbon nanofiber [2,4].

Re-adsorption and insertion of alkenes into the growing hydro-
carbon chain has been considered one possible explanation for in-
creased C5+ selectivity [7,27]. Fig. 7a illustrates one perspective,
from which it may be easy to jump to such a conclusion. If the
effect of Re was to promote the re-adsorption of alkenes such as
propene and incorporate this into C5+ products, we would expect
a lower propene/propane ratio for Re-promoted catalyst. Rytter
et al. [95] recently demonstrated that the olefin/paraffin (o/p) ratio
for C3, as well as for C4 and C5, is fairly constant and largely inde-
pendent of support, but depends strongly on CO conversion, as ole-
fin hydrogenation is known to be inhibited by water (formation),
as shown for propene hydrogenation [96]. In Fig. 7b, the rate of
propane formation is illustrated as a function of the rate of propene
formation for all 12 wt% Co (+0.5 wt% Re) catalysts at 50% CO
conversion. The dotted line identifies the Co-Re/c-Al2O3 reference
catalyst (No. 2), with an o/p ratio of 1.85. There is some variation
in o/p ratio depending on support material and catalyst prepara-
tion, ranging from 1.3 on the a-Al2O3, perhaps suggesting a higher
degree of re-adsorption with this wide-pored support (Fig. 2c), to
2.1 on some (but not all) of the Mg- and Zn-modified catalysts, per-
haps suggesting some inhibition of re-adsorption. No correlation
was found between Mg loading and o/p ratio of C3. The same
was true for C4, while for C5 and C6, the o/p ratio increased very
slightly with increasing Mg loading for the catalysts with Mg co-
impregnated with Co and Re. For Mg added to the support (catalyst
No. 9–11), no correlation between loading and o/p ratio could be
found. Increasing levels of Zn (1–10 wt%) added to the support
prior to high-temperature calcination (catalyst No. 12–14) had
the opposite effect, with very slightly decreasing o/p ratio (carbon
numbers C3–C6) with increasing loading of Zn. Higher carbon num-
bers were not analyzed. The experimental uncertainty was signifi-
cant, e.g., with C3 o/p values of 1.7–2.0 obtained during repeated
trials on catalyst No. 10. The o/p ratio for C4–C6 was in general
found to increase slightly at steady-state operating conditions
(during 24+ hours), thus the experimental uncertainty is particu-
larly high for this fraction. Some of the variations may be caused
by diffusion effects related to pore structure, pellet size, and possi-
bly bed packing including inert/catalyst mixing [95]. Rytter et al.
[95] also demonstrated that the o/p ratio increases with decreasing
pellet size, indicating that olefins dominate the primary FTS prod-
uct and that paraffins are to a large extent formed by secondary
hydrogenation or cracking followed by hydrogenation, rs and rc,
respectively (Fig. 1). Given the near to constant o/p ratio seen in
Fig. 7b, this leads to the conclusion that the effect of Re on selectiv-
ity is most likely related to a chemical (site) effect [38,85], likely
through influencing surface concentrations (H*/CO/C�n) and modi-
fying the binding energy of surface species, two effects that are
not independent.

Returning to the loading-dependent effect of Mg and Zn modi-
fications, in Fig. 6b, all catalysts from this study below the dotted
line were modified with either Mg or Zn. Studying Table 1, compar-
ing the reference catalyst Co–Re/c-Al2O3 (No. 2) to catalysts with
Zn (No. 12–14 and 18–21), the effect of Zn on activity (rCO) and
selectivity (CH4, C5+) was small when added to the support prior
to high-temperature calcination (1173 K) followed by impregna-
tion of Co–Re (No. 12–14). However, the negative effect was signif-
icant and increasing with loading when co-impregnated with Co–
Re (No. 18–21). The activity of catalysts with 5 wt% Zn co-impreg-



Fig. 9. (a) Selectivity to CO2 and (b) reaction rate to CO2 relative to the reference catalyst (No.2, h), illustrated as a function of modification level (wt%) for 12 wt% Co + 0.5 wt%
Re catalysts, obtained at 45–55% CO conversion (extrapolated to 50% CO conversion) during Fischer–Tropsch synthesis at 483 K, 20 bar and H2/CO = 2. Support materials;
c-Al2O3 (h), Mg-c-Al2O3 (s), Zn-c-Al2O3 (4) and c-Al2O3, where Co/Re was co-impregnated with Mg (d) or Zn (N).

Fig. 10. Selectivity to C5+ as a function of the rate of reaction (mol/g h) obtained at 45–55% CO conversion (extrapolated to 50% CO conversion) during Fischer–Tropsch
synthesis at 483 K, 20 bar and H2/CO = 2. Illustrating (a) all 12 wt% Co + 0.5 wt% Re catalysts and (b) only 12 wt% Co + 0.5 wt% Re, where the cobalt particle size determined
from H2 chemisorption was 10–11 nm. The two stipled lines are productivity lines along which the C5+ yield (YC5+ = rCO � SC5+) is constant and identify the c-Al2O3-and a-
Al2O3-supported catalysts. Support materials; c-Al2O3 (h), a-Al2O3 (j), NiAl2O4-a-Al2O3 (}), MgAl2O4-a-Al2O3 (�), Mg-c-Al2O3 (s), Zn-c-Al2O3 (4) and c-Al2O3, where Co/Re
was co-impregnated with Mg (d) or Zn (N).
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nated with Co–Re was too low to be adjusted to 50% CO conversion.
For catalysts modified with Mg (No. 9–11 and 15–17), the negative
effect on activity (rCO) and selectivity (CH4, C5+) was significant and
increasing with loading for all catalysts. Again, the effect was
stronger when co-impregnated with Co–Re (No. 15–17) than when
added to the support prior to high-temperature calcination
(1173 K) followed by impregnation of Co–Re (No. 9–11). Summa-
rizing, it appears that both Mg and Zn can affect catalytic activity
and both shifts the selectivity toward a lighter product, suggesting
modification of chain propagation versus hydrogenation activity.
In order to compare the relative effect of Mg and Zn on reaction
rates, the rates of CH4 and C5+ formation for the modified catalysts
were divided by the respective rates of the reference catalysts (No.
2), as according to Eq. (5).

r�CH4

r�C5þ

¼
rCH4=rref

CH4

rC5þ=rref
C5þ

ð5Þ

The results from Eq. (5) were plotted in Fig. 8. When this ratio is
>1.0, the rate of C5+ formation (chain propagation) has been more
strongly affected by modifications than the rate of CH4 formation
(methanation, hydrogenation). Thus, from Fig. 8, it appears that
Mg or Zn has been more detrimental to chain propagation than to
hydrogenation (methanation) activity. The effect is substantially
stronger when Mg or Zn is co-impregnated with Co–Re than when
added to the support and high-temperature calcined (1173 K)
before impregnating with Co–Re. This difference in how the modi-
fication influences chain propagation versus hydrogenation/metha-
nation may suggest that there is more than one type of active sites,
and that, these are not all affected to the same extent by Mg or Zn.

3.5. Effects on water–gas-shift from modification

It is well known that Co catalysts are not very active for water–
gas-shift (WGS) [16], and thus requires a higher H2/CO ratio than
Fe catalysts in order to avoid H2 depletion at high CO conversions.
When operating with natural gas-based syngas at H2/CO = 2, low
WGS activity is desirable, since the formation of CO2 constitutes
a loss of carbon. On the other hand, considering operation of Co
catalysts based on biosyngas or syngas from coal, adding a WGS



Fig. 11. Illustrating results from Fischer–Tropsch synthesis for NiAl2O4-a-Al2O3-supported catalysts as a function of time on stream at 483 K, 20 bar and H/CO = 2 during
different periods: A: initial conditions, B: after adjusted gas feed to 50% CO conversion, C: with 5 bar He, D: with 4 bar H2O, E: with 6.9 bar H2O, F: with 10 bar He and G: same
feed as in B. Illustrating for 12 wt% Co (�) and 12 wt% Co + 0.5 wt% Re (}) (a) hydrocarbon production rates, and as a function of average H2O partial pressure; (b) C5+

selectivity, (c) CH4 selectivity and (d) C3 olefin/paraffin ratio.
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step, increasing in situ WGS activity or co-feeding additional H2

will be necessary to avoid its conversion depletion. A separate
WGS step can be combined with CO2 capture prior to FTS and is,
therefore, a more likely commercial alternative if CO2 has to be
captured, thus adding in situ WGS activity is generally not
desirable.

In Fig. 9a, the selectivity to CO2 is illustrated as a function of Mg
or Zn loading. Again, the difference with respect to adding Mg or Zn
to the support prior to high-temperature calcination (1173 K) and
then impregnating with Co-Re, compared to co-impregnating Mg
or Zn with Co–Re, is very significant. Adding Zn to the support
(4) had no effect on CO2 selectivity, while the other modifications
all increased selectivity to CO2. However, increased selectivity to
CO2 does not necessarily imply increased WGS activity. In Fig. 9b,
the relative effect of Mg or Zn on the rate of CO2 formation illus-
trates that WGS activity is actually modified with up to as much
as 30%, when compared to the reference catalyst (No. 2, h), also
identified by the dotted line. For the catalysts where Mg or Zn
has been added to the support prior to high-temperature calcina-
tion (1173 K), the relative effect on WGS activity appears to go
through a maximum at 5 wt% modification, and again the effect
of Mg or Zn is much stronger when co-impregnated with Co–Re.
From a commercial perspective, CO2 formation is generally not
desirable and only increases the amount of inert in the recycle
stream (or flue gas). Thus, decreasing WGS activity may be more
desirable than increasing it. Adding small amounts of Mg or Zn
to the support and calcining at high temperatures (1173) is slightly
beneficial with respect to this, but due to loss in overall activity
and C5+ selectivity, in particular Mg, is likely better avoided.
3.6. Fischer–Tropsch C5+ yield

With respect to commercialization of a catalyst, the yield and
stability (life-time) are very important overall success parameters.
In Fig. 10, the C5+ selectivity is illustrated as a function of the reac-
tion rate (rCO). The product of these two parameters determines the
FT C5+ yield. With respect to maximizing yield, the most desirable
catalysts will be located toward the upper right corner in Fig. 10a.
However, the C5+ yield, here illustrated after about 50 h, needs to
be balanced with evaluations of mechanical strength and long-
term deactivation rates, which have not been investigated here.
Also, costs related to the recycle of light products must be consid-
ered when choosing the optimal catalyst. Fig. 10b illustrates results
exclusively for catalysts with approximately the same Co surface
area (and particle size), as determined from H2 chemisorption. As
illustrated, modifications with Mg have a strong negative impact
on FT C5+ yield, which is not related to Co particle size, again
strongly suggesting a chemical/site-poisoning effect perhaps
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comparable to the effect of other alkalies [91]. The effect of Mg is
relatively much stronger when co-impregnated with Co–Re than
when added to the support prior to high-temperature calcination
(1173 K) and then impregnated with Co–Re. The effect of Zn is less
clear, since here the particle sizes increased when Zn was
co-impregnated with Co–Re. When Zn is added to the support
and high-temperature calcined (1173 K) prior to impregnating
with Co–Re, C5+ yield is actually slightly increased with 5 wt% Zn,
even though the C5+ selectivity is slightly lower than for the refer-
ence catalyst on c-Al2O3 (No. 2).

3.7. Effects from co-feeding water

In a typical gas-to-liquid plant, oxygen-containing species (i.e.,
water or O2) are first introduced to the value chain by the produc-
tion of synthesis gas. In the cobalt-based Fischer–Tropsch synthe-
sis, this oxygen is primarily rejected as water. Thus, the reaction
conditions approaching the fixed-bed reactor exit will be increas-
ingly influenced by water and hydrocarbon products. The only
alternatives to water formation are the rejection of oxygen as
CO2 or oxygenates, neither of which are desirable for the purpose
of hydrocarbon synthesis. The effects of water on Co catalysts were
recently reviewed by Dalai and Davis [97].

The purpose of this investigation was to study the effect of
water, focusing on catalysts (No. 5 and 6) supported on the
mechanically promising material NiAl2O4-a-Al2O3. Previous inves-
tigations have shown increased C5+ selectivity when water is added
during FTS over Co and CoRe catalysts [42], but the effect appears
to depend strongly on the support material [42,94,98]. In Fig. 11a,
the rate of hydrocarbon production (rHC) is illustrated as a function
of time on stream (TOS). This figure can be compared directly to
the previous publication of results for SiO2, TiO2, and c-Al2O3-sup-
ported catalysts [94,99]. The experiments consisted of seven differ-
ent periods each lasting 20–25 h; A: initial dry conditions, B:
adjusted gas feed to reach 50% CO conversion, C: co-feeding He
(5 bar), D: co-feeding H2O (4 bar), E: co-feeding H2O (6.9 bar), F:
co-feeding He (10 bar), and G: same feed as in period B. As previ-
ously seen for 12 wt% Co (+0.5 wt% Re) supported on SiO2 and
TiO2 [94,99], co-feeding water increased hydrocarbon production
rates. Removal of diffusion limitations as an explanation for
increased rates can be ruled out knowing that removing transport
limitations on CO would decrease the rate because of the negative
reaction order of CO [6,16]. Deactivation mechanisms in cobalt-
based Fischer–Tropsch synthesis was recently reviewed by Tsako-
umis et al. [100]. However, extrapolating deactivation rates from
period B, there was no sign that co-feeding water had caused any
(irreversible) deactivation to these catalysts.

Co-feeding water changes the partial pressures of H2 and CO,
when keeping the synthesis gas feed constant in periods B–G.
Co-feeding an inert gas (He) during periods C and E made it possi-
ble to obtain partial pressures of water lower than in period B.
Fig. 11b and c illustrate the selectivity to C5+ and CH4, respectively,
as a function of the average partial pressure of H2O (the average of
inlet and outlet). Using the corresponding average partial pressures
of H2 and CO, the calculated H2/CO ratios remained fairly constant
(1.90–1.94) through periods B–G, which was expected.

It has previously been suggested by Bertole et al. [101] that
water increases the amount of active surface carbon, mostly pres-
ent as monomeric species, while the surface concentration of CO
was found to be almost insensitive to the reaction conditions
[14]. This observation is supported by a study from Krishnamoor-
thy et al. [102], where no variation in the intensity or vibrational
frequency for CO was observed when co-feeding water. The
increased amount of active monomeric carbon species may be
caused by an interaction between co-adsorbed water and CO, low-
ering the barrier to CO activation [101]. Fig. 11d illustrates that
hydrogenation of propene is inhibited by higher partial pressures
of H2O, as previously also demonstrated by Aaserud et al. [96]. This
inhibition of secondary hydrogenation is most likely caused by a
higher total surface concentration of reactants, products, and inter-
mediates, thus leaving fewer sites available for re-adsorption. In
situ studies will be necessary to confirm or dispute this.

4. Conclusions

Different cobalt catalysts were prepared by incipient wetness
impregnation of supports modified by Mg, Zn, or Ni. Two supports
modified with 5 wt% Ni and 10 wt% Mg, respectively, were calcined
at high temperatures (>1400 K) yielding low surface area alumina
with Ni- and Mg-spinel inclusions. These supports exhibited
substantially improved mechanical strength compared to a-Al2O3

prepared from the same c-Al2O3.
Catalyst dispersion was limited to <10–11%, which is common

for samples based on nitrate precursors that are dried and calcined
in air. The effect of 0.5 wt% Re on the dispersion and reducibility of
cobalt oxide was in accordance with previous publications,
promoting the reduction from CoO to Co0, but without significantly
affecting the reduction from Co3O4 to CoO. O2 titration likely
underestimated the degree of reduction, which prior to reaction
(ex situ) most likely was in the range of 85–100%, when including
results for all catalysts together.

The effect of Re on Co-based Fischer–Tropsch synthesis studied
at 483 K, 20 bar, and H2/CO = 2 was in accordance with previously
published results. Co-impregnating Co–Re with Mg or Zn had a
strong negative effect on activity and C5+ selectivity. Adding the
modification to the support and calcining at a high temperature
(1173 K) prior to impregnating with Co–Re, for Mg, the effect
was still negative with respect to activity and C5+ selectivity, while
Zn had no negative effect on C5+ yield. Similar effects were seen
with respect to increased CO2 selectivity for all modifications of
Mg and Zn, except when Zn was added to the support and calcined
at a high temperature (1173 K) before impregnating with Co–Re.
Cobalt catalysts are known to have very low water–gas-shift activ-
ity. Mg and Zn were estimated to have modified this activity by up
to 30%. No amount of Mg or Zn was beneficial for decreasing the
amount of CO2 produced when also considering the negative
effects on overall activity and selectivity. In general, the negative
effects of Mg and Zn could not be explained by dispersion or par-
ticle size effects and were likely related to a chemical/site effect
similar to that of alkalies reported on in the literature.

The effect of water for the high-temperature calcined Ni-modi-
fied support was in accordance with the literature, improving reac-
tion rates and C5+ selectivity, while inhibiting olefin hydrogenation,
as demonstrated by the propene/propane ratio.
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