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A B S T R A C T

Fischer-Tropsch synthesis has been investigated over a commercial type cobalt-based catalyst (20 %Co/0.5 %Re/
γ-Al2O3) by varying the H2/CO ratio (2.55–1.12), CO conversion (15–75 %), reaction temperature (210 °C, 230
°C), and by adding water to the syngas. The experiments were conducted in a fixed bed reactor with the main
purpose of obtaining experimental data to be used in the development and fitting of a mechanistic model. A
positive effect of water on the catalyst activity was found for experiments with a H2/CO ratio higher than 1.7.
Water was found to always increase the C5+ selectivity regardless of the H2/CO ratio. Increasing conversion led
to increased C5+ selectivity. The selectivity to CO2 was significantly enhanced at higher conversions (high water
partial pressure), particularly with the lowest H2/CO = 1.12, interpreted as the emergence of water-gas shift
activity. Re-oxidation of cobalt, probably limited to small cobalt particles, is proposed as the main deactivation
mechanism caused by water while a steeper deactivation curve was found for higher temperature, indicating that
sintering also may play a role.

1. Introduction

Fischer-Tropsch synthesis converts synthesis gas (H2 + CO) into a
wide range of hydrocarbons that can be refined into drop-in commer-
cial products like diesel and jet fuel [1]. Syngas may be derived from
natural gas, coal, and biomass. The related processes are called GTL
(gas-to-liquids), CTL (coal-to-liquids) or BTL (biomass-to-liquids) [2].
The ratio between hydrogen and carbon monoxide and the impurity
content in the syngas can differ depending on which feedstock is used.
In the case of coal or biomass, it also depends on the gasification
technology [3]. While the CTL and GTL processes are established
commercial technologies, the BTL process is still challenging con-
cerning the scale and complexity of the process, questioning the eco-
nomic feasibility [4]. However, liquid fuels produced via the Fischer-
Tropsch process from biomass-derived syngas promises an attractive,
clean, carbon-neutral and sustainable energy source [5]. The possibility
to work with the existing fuel infrastructure and versatility in feedstock
and products are key advantages of using the BTL-FTS process route.
Another benefit is the ability to utilize the whole organic biomass
matter. Biomass represents the only practical renewable source of

carbon, necessary for the production of liquid hydrocarbon fuels and
chemicals [6].

Fischer-Tropsch synthesis on cobalt catalysts have been subject to
thorough investigations since the development by Fischer and co-
workers in the 1920s–1930s [7]. Cobalt-based catalysts are of particular
interest for industrial applications due to high activity at low tem-
peratures, high selectivity towards long-chained hydrocarbons and a
long life-time [8]. A lower deactivation rate is usually found using Co
catalyst under pure synthesis gas [9], but Co is more sensitive to im-
purities when compared to iron-based catalysts, the major alternative
[10]. Cobalt catalysts are often considered to have a negligible or low
activity for the WGS (water gas shift) reaction compared to iron [11],
making it suitable for applications using hydrogen-rich synthesis gas.
Biomass gasification results in low H2/CO = 1, thus, the installation of
a WGS reactor prior to the FT reactor in order to adjust the ratio is
usually proposed. It has, however, been observed that Co catalysts
might develop WGS activity at high CO conversion levels depending on
the H2O/H2 ratio level [12]. Addition of promotors (e.g. Re, Ru, Pt)
mainly enhances catalyst reducibility and increases Co dispersion [13].
A positive correlation with Co activity and selectivity was also reported
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upon Re promotion [14–16].
In order to do a good and realistic design of a potential BTL plant, it

is necessary to have a kinetic model that captures major variations of
reaction rates and selectivities subject to changes in process parameters.
To reduce the investment and the operational costs and to efficiently
use the syngas in a once-through concept, it is beneficial to operate at
high CO conversion levels. Thus, it is essential to understand the cat-
alyst behavior at high CO conversion levels with different H2/CO ratios.
The selectivity towards heavier hydrocarbons depends on process
conditions like temperature, pressure, H2/CO ratio and water partial
pressure. Therefore, a suitable model should include these variables. It
is also important to understand the effect of process parameters on the
selectivity, thus the model should include a description of the rates of
formation of the various products (chain growth model). It is estab-
lished that oxidation of bulk cobalt metal does not occur under typical
FTS conditions, however, small cobalt metal particle properties may
differ considerably from those of the bulk metal. Thus, re-oxidation of a
fraction of the metal in a cobalt catalyst caused by the indigenous water
during FTS might be thermodynamically feasible [17].

The objective of this work is to investigate the effects of process
conditions such as H2/CO ratio (2.5−1.0), CO conversion level
(15–75%), added water in the syngas, and temperature (230 °C, 210 °C)
on activity and selectivity of a commercial type cobalt-based Fischer-
Tropsch catalyst. The experiments aim to provide a detailed kinetic
study which can be used in developing a kinetic model covering all
important aspects. Developing new concepts with the aim of process
intensification could be particularly relevant for FT-BTL plants that due
to feedstock logistics cannot be of the mega-scale typically applied for
plants using fossil-based feedstocks.

2. Experimental

Fischer−Tropsch synthesis experiments were performed with dif-
ferent H2/CO ratios at high CO conversions over a commercial type 20
%Co/0.5Re ɣ-Al2O3 catalyst in a stainless steel fixed-bed reactor at
different temperatures (210 °C and 230 °C) and 20 bar. A detailed de-
scription of the experimental setup can be found elsewhere [13]. The
catalyst was provided by Equinor. The feed gas compositions were H2/
CO = 1.12, 1.41, 1.72, 2.13 and 2.55, with corresponding catalyst
loadings mcat = 4.0 g/1.5 g, 1.85 g/0.5 g, 1.5 g/0.6 g, 1.0 g/0.3 g, and
0.9 g/0.35 g for temperatures 210 °C/230 °C, respectively. The catalyst
mass was different in order to achieve comparable conversion levels.
Additional water was in some cases added to the syngas with the pur-
pose of simulating high conversion levels. Different CO conversion le-
vels were obtained by changing the syngas flow, typically every 24 h in
order to record a steady state behavior of the catalyst before changing
the conditions. A simple formula was used when changing the con-
version:

=F F X
X

*
new

old old

new

Where Fold is the old flow, Xold is the old conversion, Xnew is desired
conversion and Fnew is the new flow required to reach desired conver-
sion. In most cases the flow needed to be adjusted few times in order to
reach desired conversion of 50 or 70 %. This was especially difficult
with the low H2/CO ratios, particularly for reaching higher conversions.
All the experiments were performed as follows:

1 Initial conditions: syngas flow of 250 mL/min.
2 Syngas flow adjusted to obtain 50 % conversion.
3 Syngas flow adjusted to obtain 70 % conversion.
4 Syngas flow adjusted back to initial conditions (250 mL/min
syngas).

5 Keeping the initial conditions, increase the total pressure to 22 bar
and add water corresponding to 2 bar water partial pressure to the
syngas flow.

6 Syngas flow adjusted to obtain 50 % conversion, and the water flow
rate adjusted correspondingly to keep 2 bar water in the feed.

7 Syngas flow adjusted back to initial conditions (250 mL/min
syngas), the total pressure decreased to 20 bar and the water flow
stopped.

After every ∼24 h time on stream (TOS) activity data, reported as
Site Time Yield (STY), were collected based on steady-state measure-
ments at the corresponding conditions. Selectivity data are reported
from the same analysis points, typically at comparable CO and constant
conversions, based on the analysis of CO, N2 (internal standard), CO2

and C1–C4 hydrocarbons in the gas phase. Since the focus is on the
amount of higher hydrocarbons, the selectivity is reported in the usual
way as C5+ and CH4 selectivity, and in addition the selectivity to CO2 is
reported.

The standard catalyst characterization techniques (H2 - chemisorp-
tion, N2 physisorption measurements and TPR - temperature pro-
grammed reduction) were performed in order to determine dispersion,
surface area, pore size, pore volume and reduction profile of the com-
mercial type catalyst. A detailed description of the characterization
techniques used can be found in our previous publications [10,18,19].

3. Results and discussion

3.1. Catalyst characterization

H2 - chemisorption was performed in order to determine the Co
dispersion. The resultant dispersion of 7 % was found which indicates
an average cobalt particle size of ∼13 nm assuming spherical particles.
The commercial type catalyst exhibits a surface area of 131 m2/g, an
average pore diameter of 12.1 nm and a pore volume of 0.47 cm3/g
based on the BET and BJH method, respectively. These characterization
results are in accordance with our previous publication where a similar
Co-based catalyst was synthesized in-house [18]. The TPR experiments
showed a typical profile usually found for cobalt supported on alumina,
with two main peaks corresponding to a transition from Co3O4 to CoO
(∼300 °C) and from CoO to Co° (∼400 °C). The result coincides well
with findings in the literature [20].

3.2. Fischer-Tropsch synthesis

The effect of process parameters on activity and selectivity of the
Co-based Fischer-Tropsch catalyst will be described in separate chap-
ters as follows: effect of syngas flow, effect of feed gas composition,
effect of temperature, effect of water. Finally, WGS activity and catalyst
deactivation will also be discussed.

3.2.1. Effect of syngas flow
The evaluation of the experiment with H2/CO= 2.13 at 210 °C with

changes in CO conversion and water addition is shown in Fig. 1. a).
Other H2/CO ratios (Figs. S1–S4 in the supplementary information)
followed the same trend. The same trend is also observed with ex-
periments performed at 230 °C. The effect of temperature will be dis-
cussed in a separate chapter. The effect of conversion level on catalyst
activity will be discussed together with the effect of H2/CO ratio in the
next chapter. The Fischer-Tropsch product selectivities are well-docu-
mented to be highly dependent on the conversion level [14,21]. For
every H2/CO ratio, we found that increasing conversion leads to in-
creased selectivity to C5+, CO2 and decreased selectivity to methane
and reduced olefin to paraffin ratio, Fig. 1. The last period showed
higher C5+ selectivity when compared with the same periods with the
constant flow (250 mL/min). This might be due to the small differences
in conversion levels, but also due to changes of the catalyst during high
conversions and water addition. Small Co surface particles, typically
responsible for more methane and less C5+ selectivity, are probably re-
oxidized and contribute less to the hydrocarbon distribution compared
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to larger particles which are responsible for higher C5+ selectivity. At
the same time the formed cobalt oxide, probably CoO, can contribute to
increased CO2 selectivity in the last period, Fig. 1. d). When the syngas
flow is reduced, the resulting longer residence time in the reactor gives
a higher probability of secondary reactions taking place. This results in
higher chain-growth probability and enhanced degree of re-adsorption
and hydrogenation of α-olefins [22]. The increased formation of CO2 is
likely due to the increased H2O partial pressure at higher conversions,
leading to a higher potential of re-oxidation of cobalt metal, which
resulted in an increased rate of the WGS reaction. The Co WGS activity
will be discussed in the separate chapter.

3.2.2. Effect of feed gas composition
The effect of feed gas composition on the kinetics of the Fischer-

Tropsch synthesis is well established, where the rate of reaction in-
creases with increasing H2/CO ratio [23]. The molar H2/CO usage ratio
is 2.06:1 for heavier hydrocarbons (waxes) [24]. Hence, using synthesis
gas ratios lower than that will create a hydrogen deficiency for the
reactions at increasing conversion, lowering the theoretical limit of CO
conversion [25]. The Co activity, described as the STY, versus CO
conversion is presented in Fig. 2. The STY is almost constant with the
changes in conversion for the H2/CO ratios higher than 1.7. For the
lower H2/CO ratios, the STY has a decreasing trend. The gradient in the
partial pressures of H2 and CO over the catalyst bed could contribute to
this behavior. With H2/CO ratio of 1 and a CO conversion level of 47 %,
hydrogen will be nearly depleted at the end of the catalyst bed. This
decreasing trend in STY is in agreement with the previously published
work form our group [25].

A comparison of the selectivities at the various feed gas composi-
tions and two temperatures at approximately 50 % CO conversion is
presented in Table 1. Increasing the H2/CO ratio leads to increased
methane formation and decreased CO2, C5+ and a reduced olefin-to-
paraffin ratio for the intermediate hydrocarbons (C2 - C4). Lillebø et al.
[25] reported a nearly linear relationship between the C5+ selectivity
and the syngas composition. The highest C5+ was found for the lowest
H2/CO ratio, 87 % and 85.8 % for 210 °C and 230 °C, respectively.
Varying the H2/CO ratio shifts the surface concentrations of adsorbed
species, i.e. a lower H2/CO ratio gives a lower surface concentration of
hydrogen and higher concentration of -CH2 monomer [26]. This ma-
terializes as a higher chain-growth probability and lower hydrogenation
activity, consequently favoring the formation of olefins and heavier
hydrocarbons prior to methane and saturated hydrocarbon chains. The
highest CO2 selectivity of 12 % was obtained for the lowest H2/CO ratio
of 1.12, indicating a significant WGS activity.

Fig. 1. Catalytic results at different conditions vs Time on Stream (TOS) with
H2/CO = 2.13 at 210 °C and 20 bar. a) CO conversion b) Selectivitites to C5+

and CH4 c) Olefins to paraffins ratio for C3 and C4 hydrocarbons d) Selectivity to
CO2.

Fig. 2. Catalyst activity reported as site time yields (STY) vs CO conversion
with different H2/CO ratios at 210 °C and 20 bar.
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3.2.3. Effect of temperature
Fischer-Tropsch product selectivities are dependent on temperature,

Table 1. Experiments performed at 230 °C obtained higher methane
selectivity for all H2/CO ratios with the highest (14.1 %) obtained with
the H2/CO ratio of 2.55 at 230 °C. Hence, the combined effects of
temperature and the feed gas ratio has a strong influence on the me-
thane selectivity. The rate of the hydrogenation reaction of -CH2

monomers (to methane) is increasing faster with temperature than its
competing reactions, thus lowering the surface concentration of -CH2

monomers [27]. This is supported by the observed decreased olefin-to-
paraffin ratios with increased temperature, indicating also a higher
relative rate of olefin hydrogenation. Pendyala et al. [28] performed
experiments on aqueous-phase Fischer-Tropsch synthesis and observed
a higher rate of formation of both methane and CO2 and a lower rate of
formation of heavier hydrocarbons when increasing the temperature.
Higher temperatures also increase the WGS reaction.

3.2.4. Effect of added water
The addition of external water is a common strategy for simulating

high conversion levels without altering the residence time, as the par-
tial pressure of water is increased. An additional 2 bar of water was
added while keeping the syngas flow at 250 mL/min We observed all
positive, negative and neutral effects of water on the activity, with no
obvious trend what dictates the effect, Table 2. In most cases, the ad-
dition of water yields an immediate positive response in activity fol-
lowed by a steady decline (see Figs. 1 and S2–S4 in the supplementary
information). The negative effect was found for the lowest H2/CO ratio
of 1.41, Fig. S1. The effect of water seems to be almost independent on
temperature.

Blekkan et al. [29] reported positive, negative and neutral effects of
water on activity which indicates that the results can be conflicting.
Borg et al. [30] performed experiments on a set of catalysts with dif-
ferent pore characteristics, where positive effects were observed only
for wide-pore catalysts, while negative effects were reported over
narrow-pore catalysts. Their concluding remark was that the kinetic
effect of external water was likely determined by the pore

characteristics. Rytter et al. [31] reported that catalysts with broad pore
size distributions were more susceptible to displaying negative effects
of external water on the kinetics, while the opposite was true for cat-
alysts with wider pores, and sufficiently large cobalt crystallites. The
size of the cobalt particles is another factor highly influencing the se-
lectivities, where it is reported that the catalyst with the smaller cobalt
particle size had a lower catalytic activity and C5+ selectivity [32].
Borg et al. [13] found that the C5+ selectivity increased with increasing
particle size.

Since all experiments were performed on the same catalyst, it is
expected that the pore structure variation is negligible between the
batches. Hence, the various feed gas compositions must either influence
the pore structure differently during the reaction, or the kinetic effect of
water must be more complex than solely a pore characteristics phe-
nomenon.

The water effect on selectivities is, however, more straightforward.
Except for the experiment with H2/CO = 1.12 at 210 °C, the C5+, CO2,

and olefin-to-paraffin selectivity is increased when feeding water, while
methane formation was decreased. Storsæter et al. [14] found both
increased C5+ selectivity and decreased selectivity to methane on both
promoted and unpromoted cobalt catalysts supported on titania, silica,
and alumina. This can be explained if some of the methane is formed on
special methanation sites where chain growth cannot take place [33],
where water may inhibit the reaction kinetics over these methanation
sites, but not the traditional FT sites where the bulk of the hydrocarbons
are formed. Another explanation could be that water does affect the
polymerization kinetics if, for example, it promotes carbon-carbon
coupling or retards chain termination via hydrogenation [34]. There
might be a possibility that some fraction of the indigenous water could
be in the liquid phase in the pores of the Co-based catalyst due to ca-
pillary condensation under relevant FT condition. Thus, water in a li-
quid phase may change the transportation of the reactants (H2 and CO)
from the bulk phase to the catalyst active sites, and consequently,
change the reaction rate and product selectivity [35].

There are hardly any differences in the selectivity towards CH4, C5+,

and CO2 when comparing indigenous and added water at quite similar
and comparable syngas flows, Table 3. There is, however, a clear dif-
ference in selectivity towards olefins versus paraffins. As was discussed
previously, the probability of secondary reactions taking place, in-
cluding re-adsorption and hydrogenation of olefins to form paraffins,
are highly dependent on the residence time. However, when simulating
high conversion by adding external water to the feed, the residence
time is as good as unchanged, and in this case, the olefin to-paraffin
ratio increased. When lowering the feed flow rate whilst feeding water,
it is observed that the olefin-to-paraffin ratio decreases. This suggests
that the effects of residence time and water addition are two conflicting
phenomena, where water has an inhibiting effect on secondary hydro-
genation of olefins, while the opposite is true for residence time. This is
a result of the combined contributions of a lower rate of chain termi-
nation via hydrogen addition and a lower rate of secondary

Table 1
FT product selectivities at approximately 50 % CO conversionc with different H2/CO ratios and different temperatures.

H2/CO Flow rate (ml/min) SCO2
(%)

SCH4
(%)

SC5+a

(%)
O/Pb

210 °C 230 °C 210 °C 230 °C 210 °C 230 °C 210 °C 230 °C 210 °C 230 °C

1.12 32.7 37.5 12 12.9 3.9 5.5 87.0 85.8 2.8 2.1
1.41 120 90 0.6 1.1 6.0 7.7 86.6 85.3 2.1 1.5
1.73 150 190 0.3 0.5 8.0 10.1 84.0 81.2 1.4 1.0
2.13 134 100 0.2 0.4 9.4 11.8 81.0 79.2 1.3 0.8
2.55 140 135 0.2 0.4 10.9 14.1 79.4 76.2 1.1 0.7

a Reported on a CO2 free basis.
b Total olefin-to-paraffin ratio for C2-C4 species.
c CO conversion = 49 +/- 3%.

Table 2
Effect of adding water (2 bar water added) on STY at different feed gas com-
positions at constant flow of 250 mL/min.

H2/CO STY (s−1)

210 °C 230 °C

Dry feed With water Dry feed With water

2.55 0,060 0,066 0,14 0,17
2.13 0,050 0,054 0,13 0,15
1.72 0,046 0,048 0,13 0,15
1.41 0,030 0,030 0,073 0,088
1.12 0,019 0,016 0,054 0,047
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hydrogenation reactions [22]. It is, however, important to emphasize
that the two scenarios are not directly comparable, as the concentration
profile of water throughout the reactor is more uniform in the case
where external water is fed, whilst in the case where no water is added,
the concentration of indigenous water will be high only near the exit of
the reactor.

3.2.5. Water-gas shift activity for the Co based catalyst
Cobalt-based catalysts are often claimed to display negligible or low

activity towards the WGS reaction [36]. However, Marion et al. [12]
performed experiments at high conversions to induce WGS activity.
They reported that cobalt catalysts WGS activity is dependent on the
specific criterion molar ratio H2O/H2 in the reactor. Thus, Co catalyst
would develop significant WGS activity if the ratio exceeds 1. They also
observed that the process was both reversible and that the reversibility
was close to instantaneous, and hence favored a hypothesis for the
modification in selectivity (WGS versus FTS) based on the competition
between H2 and H2O to react with CO.

This phenomenon was observed in the experiments performed with
a H2/CO ratio of 1.12 for both temperatures (210 °C, 230 °C). The effect
was diminishing as the H2/CO ratio was increased. The experiment at
210 °C and H2/CO = 1.12 is used as an illustration here, Fig. 3. The
highest selectivity to CO2 reached maximum of about 12 % at 46.6 %
conversion. The right-hand plot in Fig. 3 shows the calculated molar
ratio of H2O and H2 at the reactor outlet plotted as a function of CO
conversion. The H2O/H2 molar ratio exceeds unity at the higher con-
versions. Comparing the molar ratio with the plot of the selectivity to
CO2 as a function of CO conversion, as shown in the left-hand graph, it
is evident that when the H2O/H2 ratio exceeds unity the CO2 selectivity
increases dramatically, indicating increasing WGS activity. The figure
also shows the reversibility of the phenomenon, where a rapid decline
in CO2 selectivity (and hence WGS activity) is observed and the se-
lectivity to CO2 is fully reversed shortly after lowering the conversion
level. There is however a hysteresis effect, the CO2 selectivity curve is
upon reducing the CO conversion clearly higher than the one resulting
from increasing the conversion. This could indicate that a change in the
catalyst properties is involved such as formation of cobalt oxides.
However, another pathway for CO2 formation may also be of relevance

here. The Boudouard reaction is a disproportionation reaction of carbon
monoxide into CO2 and elemental carbon, and although it is favored at
higher temperatures than those under investigation here [11], it is
possible that this pathway may be relevant under these extreme hy-
drogen depleted conditions. Considering that the elemental carbon
formed in the Boudouard reaction would deposit onto the surface of the
catalyst and cause fouling, a notable drop in kinetic activity would be
observed if this reaction was significant. This was, however, not ob-
served given that the topical experiment displayed the lowest degree of
deactivation of all experiments. Hence, it is not likely that the Bou-
douard reaction plays a significant role in the formation of CO2 in this
instance, such that cobalt re-oxidation arises as the preferred hypothesis
to explain the phenomenon.

The effect is, however, not as substantial when water was added to
the feed, as indicated in Fig. 4. In this case, it was not possible to reach
the same conversion level as was reached at “dry” conditions and still
maintaining the pressure in the reactor, hence the maximum obtained
conversion was about 35 %. Still, with the added water the higher
conversion is simulated. Considering this, it would be expected that the
response in activity for the WGS reaction would approximate that ob-
served during the “dry” conditions, but the trends are quite different.
Although adding water to the feed is not exactly analogous to that of
increased conversion level given both the different water pressure
gradient throughout the reactor and the differences in the amounts of
H2 and CO present, this result is rather surprising. Concerning the hy-
pothesis that re-oxidized cobalt is the main cause of the formation of
CO2 through WGS activity, this result implies that either does the ex-
ternally added water act differently than indigenous water or that the
higher concentration of CO and H2 present while adding water reduces
the potential for re-oxidizing. This is supported when cobalt activity is
compared for two situations. At ‘dry’ conditions at 46.6 % conversion,
the STY was just 0.004 (s-1), indicating strong deactivation induced by
indigenous water. On the other hand, when water is added (35 %
conversion) the STY was 0.01 (s-1), indicating a weaker response to the
added water.

3.2.6. Catalyst deactivation
The deactivation rate is dependent on the reaction conditions.

Table 3
Effect of indigenous and added water on FTS, H2/CO = 2.13, T = 210 °C.

Effect of water TOS (h) STY (102 s-1) Flow rate (ml/min) Conversion
(%)

SCO2
(%)

SCH4
(%)

SC5+a

(%)
O/Pb

(%/%)

indigenous 56.7 6.3 95.6 70.5 0.27 8.3 82.6 1.05
added 132.3 4.9 113.96c 70.8 0.45 7.4 83.7 1.77

a Reported as CO2 free.
b Total olefin-to-paraffin ratio for C2-C4 species.
c Included 10.36 mL/min water.

Fig. 3. Relationships between the CO2 se-
lectivity and CO conversion (left panel), and
molar ratio of H2O and H2 (right panel) when
adding water to the feed. Filled symbols re-
present data points collected when increasing
the conversion, while open symbols denote the
return to low conversions. Conditions: H2/CO
= 1.12, mcat. = 4.0 g, T = 210 °C, p =20 bar.
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Several deactivation mechanisms have been proposed, whereas two
main mechanisms are somewhat observable during FTS experiments,
namely re-oxidation of metallic cobalt and sintering [9]. We observed
decreased STY over time on stream for all H2/CO ratios at constant
syngas flow of 250 mL/min for both temperatures investigated. Com-
parison of the slopes of the deactivation curves at the various feed gas
ratios shows a trend where the catalyst suffers less deactivation as the
H2/CO ratio is decreased, Fig. 5. The deactivation curves include

periods with high conversion and added water feed to the syngas, but
the points showing the activity were collected at the constant ‘dry’
syngas feed rate, at various times during the experiment.

Water, as the most abundant product in Fischer-Tropsch synthesis,
is an oxidizing agent, and although bulk oxidation of metallic cobalt is
thermodynamically infeasible under realistic FTS conditions [37], it has
been calculated that very small surface cobalt particles may behave
differently [38]. Peterson et al. [39] reported that water hinders the
reduction of cobalt oxide with shifting transition temperatures, where
the transition of CoO to Co° was particularly slowed. Wolf et al. [40]
reported formation of inactive cobalt aluminate induced by high water
partial pressure (pH2O/pH2 ratio of 30). Since in the present work that
high levels were not reached, the formation of cobalt aluminate as a
source for catalyst deactivation is less likely. Considering that sintering
is mainly a function of temperature [41] and that coking is more critical
at low H2/CO ratios [9], it is probable that the re-oxidation of small
cobalt particles is a cause of deactivation. Re-oxidation causes phase
transformation of metallic cobalt to FT inactive cobalt oxides, resulting
in fewer active cobalt sites on the catalyst, thus negatively affecting the
activity. Schanke et al. [37] studied the role of water on deactivation on
alumina supported cobalt Fischer-Tropsch catalysts using XPS studies
and they observed significant surface oxidation of cobalt even at low
H2O/H2 ratios and concluded that surface oxidation or oxidation of
highly dispersed cobalt phases was responsible for the observed deac-
tivation. This is supported by the increased CO2 selectivity for all H2/
CO ratios (except 1.72) due to the pronounced WGS activity with time
on stream, Fig. 6.

We have also observed a steeper deactivation curve for all H2/CO
ratios when increasing temperature to 230 °C, Fig. 7. The filled circles

Fig. 4. Relationships between the CO2 se-
lectivity and CO conversion (left panel), and
molar ratio of H2O and H2 (right panel) when
adding water to the feed. Filled symbols re-
present data points collected when increasing
the conversion, while open symbols denote the
return to low conversions. Conditions: H2/CO
= 1.12, mcat. = 4.0 g, T = 210 °C. The pres-
sure was 22 bar (20 bar syngas and 2 bar
water) in instances with filled symbols, and 20
bar for the hollow symbols.

Fig. 5. Catalyst deactivation with different feed gas composition at constant
flow of 250 mL/min at 210 °C and 20 bar.

Fig. 6. CO2 selectivity with TOS at constant flow (250 mL/min) with different
H2/CO ratios at 210 °C and 20 bar.

Fig. 7. Catalyst activity reported as STY vs time on stream for different H2/CO
ratios at 250 mL/min at 210 °C (triangles) and 230 °C (circles).

L. Gavrilović, et al. Catalysis Today xxx (xxxx) xxx–xxx

6



represent the points at 230 °C, while the triangles represent points at
210 °C. We can observe that higher H2/CO ratios result in steeper de-
activation curves. FTS is a highly exothermic reaction and therefore
operating the lab-reactor at isothermal conditions is important. Fixed-
bed reactors can have poor heat transfer rates and hot spots may arise
during operation, thus, the potential for sintering is relatively high [9].
Sintering of cobalt particles leads to an overall reduction of the active
surface area, resulting in lower reaction rates. Both sintering and re-
oxidation of cobalt particles are highly dependent on the temperature
[9]. Claeys et al. [42] studied the impact of process conditions on sin-
tering in Fischer-Tropsch synthesis on a platinum promoted alumina
supported cobalt catalyst and used in-situ magnetic measurements. The
authors concluded that sintering occurred via a combination of high CO
and high water partial pressures. Hence, it appears that sintering is the
prominent deactivation mechanism in the early stages of operation.
This phenomenon has also been reported by Sadeqzadeh et al. [43],
suggesting that sintering was the main reason for initial deactivation,
while a combination of surface oxidation and carbon deposition mainly
caused long-term deactivation.

4. Conclusion

The commercial type 20 %Co/0.5Re ɣ-Al2O3 Fischer-Tropsch cata-
lyst was tested at a variety of process conditions, including a range of
feed gas compositions, variation in the conversion level, water addition,
and different temperatures. Based on the observations made during all
the experiments in this work, a summary of all the reaction conditions
and how they influence the FTS are given in Table 4.
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