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ABSTRACT

To trace the origin of catalyst deactivation is in many cases difficult. It is usually a complex problem
where several mechanisms contribute to the loss of activity/selectivity. Low temperature Fischer-Tropsch
synthesis (FTS) is a three phase system having a wide range of products and intermediates. Addition-
ally, high partial pressures of steam will arise during reaction. Thus, the chemical environment in the
Fischer-Tropsch synthesis reactor encompasses a large number of interacting species which may nega-
tively affect catalytic activity. Furthermore, it is an exothermic reaction and local overheating might occur.
Utilization of the produced heat is crucial and the choice of the reactor should be done with respect to
the catalyst stability properties. Catalyst deactivation in the Fischer-Tropsch reaction has been a topic
of industrial as well as academic interest for many years. The main causes of catalyst deactivation in
cobalt based FTS as they appear in the literature are poisoning, re-oxidation of cobalt active sites, for-
mation of surface carbon species, carbidization, surface reconstruction, sintering of cobalt crystallites,
metal-support solid state reactions and attrition.

The present study focuses on cobalt catalyzed Fischer-Tropsch synthesis. The various deactivation

routes are reviewed, categorized and presented with respect to the most recent literature.

© 2010 Elsevier B.V. All rights reserved.
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1. Introduction

Modern Fischer-Tropsch technology aims at converting synthe-
sis gas into long-chain hydrocarbons (FT waxes) [1]. A key element
in improved Fischer-Tropsch technology is the development of
active and stable catalysts with high wax selectivity. Cobalt is con-
sidered the most favourable metal for the synthesis of long chain
hydrocarbons due to its high activity, high selectivity to linear
paraffins and low water-gas shift (WGS) activity. The catalyst usu-
ally consists of Co metal particles dispersed on an oxide support.
The Fischer-Tropsch synthesis (FTS) can be described by a chain
growth mechanism where a C; unit is added to a growing chain.
a-olefins and paraffins are the primary products of the synthe-
sis. a-olefins can also participate in secondary reactions adding
complexity to the reaction network. For cobalt catalysts oxygen is
rejected as water which has a large effect on the activity and selec-
tivity [2]. A number of oxygenates will be produced as well. N,
CH4 and CO, that may be present in the feed are usually regarded
as inert [3].

Catalyst deactivation is a major challenge in cobalt based
Fischer-Tropsch synthesis. Combined with the relatively high price
of cobalt, improved stability of the catalyst will add competitive-
ness to the technology. Activity measurements in a demonstration
plant have shown that two apparent regimes of deactivation exist
[4]. The first initial deactivation regime (period A in Fig. 1) has
been linked with reversible deactivation and lasts for a few days
to weeks. The second long-term deactivation regime (period B in
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Fig. 1. Common deactivation profile for cobalt catalysts in FTS.
Adapted from reference [4].

Fig. 1)is associated with irreversible deactivation and has therefore
operational significance. This change in deactivation rate with time
on stream suggests that the actual cause of deactivation is not the
result of one, but a combination of several phenomena.

The proposed mechanisms of catalyst deactivation include poi-
soning, sintering, surface carbon formation, carbidization, cobalt
re-oxidation, cobalt-support mixed compound formation, surface
reconstruction and mechanical deactivation through attrition. The
Fischer-Tropsch catalysts are usually very sensitive to poisoning
and purification of the synthesis gas is therefore an important part
of the process, particularly for processes using coal and biomass as
feedstocks [5]. The loss of activity is also related to process condi-
tions such as temperature, pressure, conversion, partial pressures
of synthesis gas and steam and the type of reactor (fixed-bed or
slurry). Hence, reproduction of a realistic FT environment in deac-
tivation studies is fundamental.

The study of catalyst deactivation is mainly a characterization
oriented problem. Spent catalyst has to be characterized and com-
pared with its activated counterpart. A main challenge for studying
catalyst deactivation in FTS is the fact that the catalyst is embedded
in wax after use. The wax limits the range of technique that can be
applied for characterization of the spent catalysts. In addition, the
sensitivity of the active phase against air hampers the handling of
the dewaxed catalysts. Deactivation is an inevitable phenomenon
in FTS although catalytic systems show different behaviour. Regen-
eration is therefore also an important topic.

2. Causes of catalyst deactivation in Fischer-Tropsch
synthesis

In the following paragraphs the main mechanisms of catalyst
deactivation in FTS are discussed.

2.1. Poisoning

2.1.1. Sulphur compounds

Sulphur is a known poison for metals since it adsorbs strongly
on catalytically active sites. The consequences of this strong bond-
ing are usually a physical blocking of the sites and possibly the
electronic modification of neighbouring atoms [6]. For cobalt FT
catalysts poisoning by sulphur appears to be more a geomet-
ric blockage of sites than an electronic modification. It has been
reported that one sulphur atom adsorbed on a Co/Al,03 catalyst
poisons more than two cobalt atoms [7]. Sulphur is usually present
inthe feed and is therefore considered as a potential cause of deacti-
vation. Raw synthesis gas derived from biomass or coal will usually
contain significant amounts of sulphur, whereas sulphur usually is
removed from natural gas before the reformer section. Sulphur may
also stem from corrosion inhibitors which are occasionally added.

In any case, there is a possibility that traces of sulphur can reach
the FTS reactor, typically during operational upsets. Thus, already at
the early stages of the development of the FT technology, the effect
of sulphur in different molecular forms was studied [8]. An upper
limit of sulphur concentration in the feed was proposed already by
Fischer (1-2 mg/m?) [9]. However, these limits are decreased and
usually kept below 0.02 mg/m? in today’s applications [10].

The oil crisis in the 70s raised crude oil prices and hence
renewed the interest in FTS mainly using natural gas as feedstock.
This resulted in increased research and process development in the
field of cobalt based FTS. Madon and Seaw summarized in 1977 the
literature concerning the effect of sulphur [9]. In particular they
presented several studies carried out for more than four decades
dealing with sulphur effects on different FT catalysts. For cobalt
catalysts the results seemed to agree that sulphur, added in low
concentrations in the forms of H,S and CS,, has a promotional effect
on the catalysts. In particular, at low concentrations of sulphur, an
increase in the catalysts lifetime and also the selectivity towards
heavier hydrocarbons was observed. Further addition of sulphur
compounds led to complete catalyst deactivation.

Studying sulphur poisoning by in situ methods is challenging.
H,S, which is normally being used as a sulphur carrier, adsorbs
strongly on metallic tubes. In addition, it is corrosive, toxic and
flammable. The selection of sulphur carrier is important since
there is a significant difference between adsorption phenomena of
organic (e.g. C;Hs5SH) and inorganic (e.g. H,S) sulphur containing
molecules. A proper sampling procedure is essential for the accu-
racy of such studies, due to an expected intraparticle and reactor
poisoning gradient (especially for plug flow reactors) [11,12].

Bartholomew and Bowman [13] studied the effect of sulphur
by introducing 0.5-8 ppm H,S in the reactor feed through Teflon
lines. For the silica-supported cobalt catalyst a decline in catalyst
activity was observed for the entire range of sulphur content in the
feed. The decline appeared to be more intense for concentrations
between 0.5 and 2 ppm, while less for 5-6 ppm of H;S. A possible
explanation for this trend was that at higher sulphur concentrations
a surface sulphide of a different structure or multilayers of sulphide
were created. Catalyst selectivity was also altered as a result of
sulphur addition leading to increased production of heavier hydro-
carbons (>C4). A possible reason for the increased selectivity to
higher molecular weight products could be the selective adsorp-
tion of the H,S on sites which normally adsorb hydrogen, resulting
in a hydrogen deficient surface. Decreased water production, which
is aresult of the lower conversion, normally affects the product dis-
tribution in the opposite direction. Chaffee et al. also studied in situ
sulphur poisoning using H,S as the sulphur carrier in a fixed-bed
reactor [14]. Commercial catalysts were used and the main focus
of the study was on the effect of the H,/CO ratio on the catalyst
deactivation behaviour. The result showed that for cobalt catalysts,
H, rich feeds appeared to be more sensitive to sulphur poisoning
than lower H;/CO ratios. Furthermore, 300 ppm H,S in the feed
had minor impact on the product selectivities, but in most cases it
favoured the formation of methane and saturated products.

Due to the difficulty that arises when studying sulphur poison-
ing by in situ techniques, the effect of sulphur poisoning has mainly
been investigated by ex situ, “pre-sulphidation” procedures. Cov-
ille and co-workers have studied extensively the effect of sulphur
addition during catalyst preparation [15-17]. These studies also
included the effect of additives such as boron and zinc, which act
as sulphur sinks. Results from diffuse reflectance infrared Fourier
transformed spectroscopy (DRIFTS) and temperature programmed
reduction (TPR) that were carried out on TiO, and SiO, supported
cobalt catalysts, showed that in the entire range of sulphur load-
ing (100-2000 ppm) CO adsorption inhibition is being observed.
In addition, in the range of 200-2000 ppm sulphur, an increase in
the reduction temperature of the sulphided samples was detected.
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Fig. 2. CO conversion and selectivities to the main products obtained with dif-
ferent sulphured catalysts. Experimental conditions: catalyst loading 3 g diluted
1:2 (v/v) with a-Aly03, Tcr=220°C, P=20bar, H,/CO inlet molar ratio=2,
GHSV =5000 N cm3/h/gcat.

Adapted from reference [18].

Further studies of the catalyst activity by IR suggested that the sul-
phur loading had a promotional effect for concentrations lower
than 200 ppm. At such concentrations an increase in the catalyst
activity and selectivity towards methane was observed [15]. By
using (NHy),S as the sulphur source for a boron treated catalyst,
Li and Coville showed that the additive did not influence the cata-
lystresistance to sulphur at low concentrations (100 and 200 ppm).
However, at higher loadings (500 ppm) the reaction rate was twice
as high as compared to the boron-free catalyst with the same
sulphur loading. The selectivity was also influenced by sulphur,
leading to a lower chain growth probability a.. Boron was selected
because of its electron accepting nature which neutralizes the elec-
tronic density introduced by sulphur addition (sulphide ions are
considered as electron donors). Recently, the effect of zinc as an
additive has been reported showing the importance of the step in
which sulphur is being introduced to the system during the pre-
sulphidation procedure [17]. Sulphided zinc-containing Co/TiO,
catalyst showed about 45% improved activity compared to sul-
phided catalyst without zinc. In both cases sulphur and zinc were
introduced before cobalt. In agreement with previous results the
selectivity for the sulphided catalyst was shifted towards lighter
hydrocarbons.

Visconti et al. recently reported on the effect of sulphur poi-
soning of a y-Al,03 supported Co catalyst [18]. Sulphur in the
range of 0-2000 ppm was added ex situ to the catalyst by incipient
wetness impregnation of ammonium sulphide. This range corre-
sponds to approximately 50.000 h on stream, assuming that the
feedstock contains 0.02 mg/m3 of sulphur and a space velocity of
2000 cm?3 (STP)/h/gcat. The catalysts reducibility, activity, hydro-
genation ability and selectivity were experimentally estimated. The
results showed no morphological changes in the catalyst structure.
However, in the entire range of sulphur addition, a negative effect
on the catalysts reducibility and the catalytic activity was observed.
The effects were more pronounced at higher loadings (Fig. 2). At the
same time the product selectivity shifted towards lighter hydro-
carbons and CO, production. The results are suggesting selective
poisoning by sulphur atoms having different influence at different
loadings. An attempt to model the sulphur effect on the conversion
rate was also presented.

The results reveal a mismatch between the static ex situ and
dynamic in situ experiments as expected. The ex situ studies
agree that sulphur addition influences the reducibility, activity and
selectivity of the catalyst shifting it to lighter hydrocarbons. The
promotional effect of small amounts of sulphur is more controver-
sial.

2.1.2. Nitrogen compounds

Little is known on the effect of nitrogen containing compounds
and the available information is mainly found in patents. Levi-
ness et al. investigated the effects of NH3, HCN, and NOy [19].
Such compounds are usually present downstream of the synthe-
sis gas generation processes. It was found that small amounts of
the N-contaminants (even in ppb levels) have an immediate effect
on the catalysts activity. Extended operation under such condi-
tions showed a direct correlation between nitrogen compound
concentrations and the deactivation rate. However, the deactiva-
tion appears to be reversible and a mild in situ hydrogen treatment
can recover 100% of the catalyst activity. A reduction of the amount
of N-contaminants in the feed to less than 50 ppb is proposed
[20].

2.1.3. Alkali and alkaline earth metals

Itis known that small amounts of alkali metals, i.e. Na, K, Li, usu-
ally can change the catalyst behaviour in Fischer-Tropsch synthesis
[21,22]. The chain growth probability increases significantly with
alkali metal addition, while the activity is negatively influenced. It
is suggested that for any alkali metal promoter there is an optimum
concentration level that balances catalyst activity and promotional
effects [21,23]. Alkali metals are present in low quantities in most
common supports and sodium appears to have a detrimental effect
on FT activity [24]. Apparently, poisoning by alkali metals is not an
operational deactivation mechanism. Nevertheless, care should be
taken when choosing raw materials for catalyst preparation. The
effect of alkali metals seems to be more pronounced with biomass
as the raw material [25].

2.2. Sintering of cobalt crystallites

Sintering leads to a reduction of the active surface area. Sinter-
ing is thermodynamically driven from the, energetically favoured,
surface energy minimization of the crystallites. In addition, the
size dependent mobility of the crystals on various supports
contributes significantly to the sintering behaviour. Strongly inter-
acting supports like Al,03 are retarding crystallite diffusion.
Two main mechanisms of sintering exist: (a) atomic migration
(Ostwald ripening or coarsening) and (b) crystallite migration
(coalescence). High temperatures and water vapour (hydrother-
mal conditions) accelerate the process [6]. Sintering in general
is considered to be an irreversible phenomenon. However, by
a reduction-oxidation-reduction (ROR) sequence at certain con-
ditions it may be possible for cobalt to regain dispersion [26].
This redispersion process seems to be assisted by the nanoscale
Kirkendall effect [27,28]. Although redispersion through the ROR
treatment results in a catalyst with similar initial activity, a higher
deactivation rate is usually, [29] but not always observed.

The most common techniques for detecting sintering are X-ray
diffraction (XRD), transmission electron microscopy (TEM) and H;
chemisorption. Extended X-ray absorption fine structure (EXAFS)
and anomalous small angle X-ray scattering (ASAXS) are gaining
importance in crystallite size analysis as synchrotron based tech-
niques with in situ capabilities are readily available. However, the
previously mentioned techniques are covering different size ranges
and are not always applicable.

FTS is a highly exothermic reaction and the potential for sinter-
ing is therefore relatively high. Special attention should therefore
be given to the choice of reactor, since isothermal conditions are
important. Fixed-bed reactors have poor heat transfer rates and
hot spots may arise during operation [12]. However, with proper
design and the use of multitubular fixed-bed reactors these limita-
tions can be overcome [30]. Slurry reactors have the advantage of
isothermal conditions due to a higher heat transfer coefficient [31].
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Fig. 3. TEM image of two cobalt particles during coalescence.
Adapted from reference [40].

Cobalt crystallites used in FT catalysts usually have a diameter of
a few nanometres (3-20 nm) [32]. It is expected that their physico-
chemical properties differ from those of the bulk metal. In particular
the melting point of nanoparticles is crucial for their diffusion rates
and can deviate significantly from the bulk. At temperatures near
the melting point, the diffusion becomes faster and the probability
of two crystallites to collide is higher. This theory is further sup-
ported by the fact that the Hiittig temperature for bulk cobalt is
253°C, not far from low temperature FT conditions [33]. Further-
more, the mobility of the crystals may be affected by the crystal
structure and the nature of the site, with low coordinated metals
atoms being more mobile [34,35].

Sintering has been proposed as a reason for FT catalyst deacti-
vation already by Fischer and Tropsch. A magnesium promoter was
incorporated in order to inhibit the effect [36,37]. Since the early
works by Fischer and Tropsch, many reports have linked deactiva-
tion with sintering as described below.

Sintering of cobalt crystallites may be accelerated in the pres-
ence of water [6]. A number of studies related to the effect of
water in the catalyst deactivation of FTS, suggest sintering of cobalt
crystallites as one of the main deactivation mechanisms. Bertole
et al. investigated the effect of water using a rhenium promoted
unsupported cobalt catalyst [38]. They showed that the periodic
addition of water at 210°C and high partial pressures (4 and 8 bar)
resulted in a permanent loss of activity (starting conditions 10 bar
Hs,, 5bar CO, 8 bar inert and ~11% CO conversion). A subsequent
hydrogen treatment recovered only 80% of the activity. The CO
adsorption capability of the catalyst was reduced which supports
the hypothesis of loss of active surface area due to sintering of
cobalt crystals. Recent studies by Kiss et al. point to sintering as
an indirect deactivation mechanism [29]. It appears that crystallite
growth occurs as a consequence of re-oxidation of cobalt crystal-
lites (see Section 2.4 below). The work by ExxonMobil [29,39,40]
has been performed in a variety of reactors (fixed-bed and slurry)
involving TGA (thermogravimetric analysis), chemisorption and
(transmission electron microscopy) TEM as the characterization
techniques. The used samples were treated and analyzed ex situ.
TEM images indicated sintering of cobalt crystallites. The authors
proposed coalescence (crystallite migration) as the predominant
sintering mechanism as indicated in Fig. 3. In addition, agglomer-
ation seemed to occur for a critical distance between the cobalt
crystallites.

XRD and H; chemisorption studies of silica-supported Co/ZrO,
catalyst before and after FTS by Sun and co-workers [41,42] showed
that sintering contributes to the deactivation of the catalyst. The
experiments were performed in a laboratory fixed-bed reactor
at 200 and 210°C, 20bar and H,/CO=1, 2 and 3. Addition of
water during reaction led to sintering of the cobalt crystallites.
The results of different synthesis gas ratios suggested that sinter-
ing was detectable only for the lowest H,/CO ratio. The XRD and
H, chemisorption results were supported by dispersion measure-
ments from X-ray photoelectron spectroscopy (XPS).

In a study of potential offshore application of FTS, different
compositions of synthesis gas were tested over a silica-supported
cobalt catalyst also containing ThO, and MgO (220°C, 20bar,
GHSV=250h-1 and H,/CO=2.1) [43]. The feedstock contained dif-
ferent amounts of nitrogen and carbon dioxide, simulating offshore
FTS conditions. Hydrogen chemisorption on spent catalysts showed
sintering of the cobalt crystallites and it appeared to be more
delayed for nitrogen rich feeds.

The sintering behaviour of a calcined and an uncalcined SiO,
supported cobalt catalyst was investigated by Bian et al. [44]. The
catalysts were exposed to synthesis gas in a fixed-bed reactor for
60h at 10 bar, 200-240°C and CO conversion up to 90%. Both cat-
alysts were characterized by XRD, EXAFS and H, chemisorption
before and after reaction. As expected the uncalcined catalyst was
more sensitive to sintering whereas the calcined catalyst displayed
only minor changes in crystallite size. However, increasing the tem-
perature to 240°C accelerated the growth of cobalt crystallites,
especially for a catalyst containing small (6-10 nm) cobalt crys-
tallites.

Davis and co-workers have studied alumina supported cobalt
catalysts promoted with platinum and ruthenium [45,46]. Three
catalysts were tested in a continuous stirred tank reactor (CSTR) at
220°C, 18 bar, Hy/CO =2 and 750 rpm. The catalysts were unloaded
from the reactor after reaction and characterized. The alumina
supported catalysts contained 15 wt% cobalt and promoter concen-
trations of 0.5 wt% Pt, 0.5 wt% Ru and no promoter. The unloaded
samples were studied by EXAFS and spectra were compared
with acquired data from a cobalt foil and fresh passivated cata-
lysts. Results derived from the k3 weighted Fourier transformation
showed that there was an increase in the Co—Co coordination, a fact
that suggests sintering of the cobalt clusters. However, it is empha-
sized that the fresh passivated sample contains a fraction of CoO
according to X-ray absorption near edge structure (XANES) data.
Thus, the Co-Co coordination will be smaller compared to a com-
pletely reduced catalyst. Das et al. [47] also examined a cobalt based
v-Al,03 supported catalyst having different amounts of rhenium
(0, 0.2, 0.5 and 1 wt%) and crystallites in the range of 5-7 nm. The
0.2 wt% Re-15wt% Co/vy-Al,03 catalyst was tested in a CSTR and
samples were removed at different times on stream. EXAFS data
analysis indicated an increase in the cobalt cluster size with time
on stream. This was based on the slightly increased Co-Co coordi-
nation number. It appears that the use of noble metals as promoters
enhances the reducibility of the cobalt and thus increases the num-
ber of active sites. Accordingly, itis likely that small crystallites of an
unpromoted catalyst that would be difficult to reduce at the applied
conditions are reduced with the assistance of the promoter. These
small crystallites are more sensitive to sintering and other phenom-
ena that may lead to deactivation, e.g. re-oxidation and solid state
reactions with the support. This sensitivity of the smaller clusters
leads to higher rates of initial deactivation for the promoted cata-
lysts. However, it should be mentioned that EXAFS is regarded as a
supplementary technique for size estimation of clusters containing
more than 1200 atoms (approximately 4-5 nm). Beyond this range
XRD and TEM are considered as more accurate [48].

Multiple oxidation-reduction cycles have also been performed
in order to simulate extended ageing of the catalyst [49]. A
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2wt% Ru-promoted 15wt% Co/Al,03 catalyst was tested and
batches of the catalyst underwent different cycles of an oxida-
tion (calcination)-reduction procedure. Subsequently, a number
of those batches were tested in a CSTR using a Polywax-3000
solvent at 220°C, 19.3 bar, H,/CO=2, 750rpm and CO% conver-
sion of 55-60%. XANES/EXAFS, TPR, HR-TEM, and EDS elemental
mapping techniques were employed in order to study changes
in the samples after the different treatments. It appears that the
oxidation-reduction treatments led to sintering of the metallic
cobalt clusters.

Tavasoli et al. [50,51] concluded that catalyst deactivation is
related to sintering at low steam partial pressures where the effect
of water-induced oxidation is not as severe. Cobalt re-oxidation
and formation of mixed metal-support compounds were identified
as the main deactivation mechanisms when Py, /(PH, + Pco) was
above 0.75. Experiments were performed in a laboratory fixed-bed
reactor using a Co-Ru/vy-Al,03 catalyst. According to the authors
sintering is the main cause of long-term deactivation in FTS and
the change in cobalt cluster size can be modelled using a power
law expression having a power order of n=39.7 [50]. These results
were derived from H, chemisorption of a fresh catalyst and catalyst
subjected to 220°C, 20 bar, and a H,/CO =2 for a period of 850 and
1000 h. Additionally, the increase in the Cs. selectivity with time on
stream (TOS) supports these results since larger cobalt particles are
more selective to higher molecular weight products. Finally, anal-
ysis of samples from different parts of the reactor bed showed an
increased particle growth towards the reactor outlet. This sintering
gradient along the reactor may be due to different partial pressures
of steam or temperature gradients along the reactor bed.

Commercial Sasol catalysts containing Co/Pt/Al,03; have been
studied after use in a SBCR (slurry bubble column reactor) with
a capacity of 100-barrel/day working under commercially rele-
vant conditions (230°C, 20 bar, H,/CO~2) [52]. The samples were
periodically unloaded from the reactor, treated in a procedure con-
sisting of xylene extraction followed by hydrocracking, passivated
over dry ice and characterized by means of H, chemisorption and
high angle annular dark field-transmission electron microscopy
(HAADF-TEM). Changes in crystal morphology during TOS were
clearly evident after 3 days on stream. Crystallite size distribu-
tions at different TOS were obtained by size determination of about
1000 crystallites per sample. By ruling out oxidation and fouling
as reasons for surface area loss, H, chemisorption results were
in agreement with TEM observations. It was observed from both
techniques that the rate of active surface area loss decreased sig-
nificantly after 10-20 days on stream. The results clearly suggested
that sintering is one of the major mechanisms involved in the initial
FT catalyst deactivation. A further attempt to model deactivation
showed that sintering appears to be responsible for 40% of the total
deactivation observed in FTS.

An in situ XRD-XAS approach for studying cobalt crystallite
changes during FTS start-up under industrially relevant conditions
has recently been published by Renning et al. [53]. Synchrotron
X-ray diffraction was used as a tool for studying in situ changes
in the crystallite size of a Re-promoted Co/y-Al,053 catalyst. The
reactor cell, proposed by Clausen and co-worker [54], resembles
the behaviour of a plug flow reactor. The reaction was carried out
for several hours under FT relevant pressures (10 and 18 bar) and
temperatures (210 and 400 °C) with a constant H,/CO ratio of 2.1.
Diffractograms were acquired during FTS and the light hydrocar-
bons were monitored by an on-line mass spectrometer (MS). Line
broadening analysis of the XRD profiles suggested that no signifi-
cant crystallite growth occurred during start-up at 210°C (Fig. 4).
However, increasing the temperature to 400°C forced Co crystals
to sinter resulting in a 20% size increase. These techniques are
promising for studying FTS catalysts at their working conditions
and could reveal information that will lead to better understand-

Fig. 4. Diffractograms from the start (black) and after 2 h of FT reaction at 210°C
and 10 bar (red). The difference curve (green) indicates no significant changes in the
Co peaks during reaction compared to scattering from FT wax only (gray) and from
the catalyst after 2 h of reaction at 210°C, A =0.70417 A. (For interpretation of the
references to color in this figure legend, the reader is referred to the web version of
the article.)

Adapted from reference [53].

ing of deactivation phenomena. Recently Karaca et al. performed an
in situ synchrotron XRD study by using similar equipment [55]. Alu-
mina supported cobalt catalysts were tested at 210°C, 20 bar and
H,/CO =2.During the first hours of reaction a crystallite size growth
was detected. Line broadening analysis showed that fcc-Co crystal-
lite diameters increased from 6 to 10 nm, while subsequently the
formation of Co,C carbide compounds was also detected. Accord-
ing to the authors, cobalt sintering and carbidization (see Section
2.3.1) seem to be the major mechanisms of initial deactivation in
FTS.

Furthermore, sintering of the support is possible especially
at hydrothermal conditions. However, the phenomenon is rarely
observed since FTS is usually performed at rather mild conditions.
Sintering of the silica support has been suggested as a cause of deac-
tivation in cobalt based FTS by Huber et al. [56]. High surface area
silica-supported catalysts were investigated. Steam treatments of
the catalyst at pressures resembling FTS conditions were performed
at 220°C. The treatment led to a significant loss of BET surface area
as well as the formation of catalytically inactive cobalt silicates. The
pore size distribution and the cobalt hydrogen chemisorption sur-
face area determined by H, chemisorption were affected as well.
Activity measurements on the same catalysts showed activity loss
during time on stream.

2.3. Carbon effects

In general, carbon is known for having positive as well as neg-
ative effects in catalysis [6,57]. A detailed classification of carbon
species that can be formed on a catalyst surface has been given
by Bartholomew [58]. FT synthesis can be described as a poly-
merization reaction where a C; unit is added to a growing chain.
Different mechanisms have been proposed based on different C;
monomers; produced from CO dissociation, Hy assisted CO dis-
sociation, and molecularly adsorbed CO. In any case, the surface
consists of a wide range of carbon containing molecules. Each of
those molecules might interact differently with the catalyst. Fur-
thermore, side reactions like the Boudouard (Fig. 5) reaction may
enhance carbon formation. It is therefore reasonable to expect that
carbon is a possible cause of deactivation since carbon may interact
with the metal under reaction conditions and form inactive species
(e.g. bulk or subsurface carbides) or form species that may act as
reaction inhibitors (e.g. amorphous, graphitic or other surface car-
bon species). The possible routes for carbon formation during FTS
are presented in Fig. 5 [59]. However, the mechanisms shown in
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Fig. 5. Possible carbon formation routes on cobalt based catalysts during
Fischer-Tropsch synthesis.
Adapted from reference [59].

Fig. 5 are mostly related to hydrogen deficient conditions and do
not take into account that the reaction usually is carried out at a
H,/CO ratio close to 2.

FTS has been classified as a carbon (coke) insensitive reaction
[57]. The presence of hydrogen and the hydrogenation function of
the catalyst should not allow carbon to accumulate on the surface.
Accordingly, coke precursors may rapidly transform to hydrocar-
bons and are thus considered as reaction intermediates. In spite
of the above statement, several reports have pointed to the pos-
sible deactivation by carbon in different forms (polymeric carbon,
graphitic carbon, refractory carbon or other carbonaceous species).

Surface carbon is difficult to detect, particularly during or after
FTS when the surface is covered with various hydrocarbon prod-
ucts. The most common characterization techniques that have
been successfully employed in determining carbon species are
temperature programmed techniques [60-62]. In most cases the
deactivated catalysts have been hydrogenated at elevated tem-
peratures and the evolution of methane and other products is
detected. The carbon species are evaluated according to their
hydrogenation resistance. Recently, more advanced techniques
like energy filtered-transmission electron microscopy (EF-TEM)
and high sensitivity-low energy ion scattering (HS-LEIS) [61] have
been applied to dewaxed samples. Auger electron spectroscopy
(AES) and X-ray photoelectron spectroscopy have also been used
although to a lesser extent. For bulk carbide detection XRD remains
the most commonly applied technique [63,64]. However, CoxC car-
bides appear to be metastable, especially in presence of H,, [65]
and rarely observed by ex situ techniques [66].

2.3.1. Bulk carbide formation

Cobalt crystallites are more resistant to carbide formation than
iron partly because carbon diffusion rates in cobalt are lower by
a factor of 10° [67]. In addition, the calculated heat of chemisorp-
tion of atomic carbon by using the UBI-QEP method is weaker for
cobalt (162 kcal/mol) than iron (200 kcal/mol) suggesting a lower
possibility of bulk carbide formation in cobalt catalysts [68,69].
However, cobalt crystallites subjected to pure carbon monoxide
at atmospheric pressure at 226-230°C slowly form a cobalt car-
bide corresponding to Co,C[63]. Fischer and Tropsch were the first
suggesting that cobalt carbide may be a reaction intermediate [70].
However, later studies clarified that this carbide is not bulk cobalt
carbide, but probably a surface species [71,72].

Recently, it was shown that hydrogen treatments, at low tem-
perature, are leading to the decomposition of bulk cobalt carbide
and primarily creation of the hexagonal close packed (hcp) cobalt

structure [73]. This structure appears to be more active in FTS [74].
The transformation of the face center cubic (fcc) cobalt phase to
carbide seems to be more difficult. From the above it is expected
that FT catalysts that have been deactivated due to carbide forma-
tion, after mild hydrogen treatment at low temperatures, will have
higher content of the hcp cobalt structure and hence regaining the
initial activity. However, no such change in the cobalt phase has
been reported.

Although the probability of bulk carbide formation in cobalt
based FTS is low, some studies have reported the detection of Co,C
in used catalyst or by in situ characterization. Agrawal et al. stud-
ied CO hydrogenation on cobalt, supported on a-Al,03 plates [75].
A quartz internal-recycle reactor was used and operated under
methanation conditions (>90% CHy4 selectivity, 200-400 °C, atmo-
spheric pressure and 0.1-20% CO in H,). The spent catalysts were
characterized with AES. It appears that under those conditions car-
bon monoxide is being dissociated on the surface and the resulting
surface carbon species can be hydrogenated to form methane or
diffuse into the bulk and form carbides or surface graphitic species.
The authors suggested that carbidization of bulk cobalt and the for-
mation of graphitic carbon on the Co surface are responsible for the
observed catalyst deactivation [75].

A direct link between FT catalyst deactivation and bulk carbide
formation has also been proposed by Ducreux et al. [64]. Differ-
ent catalysts, i.e. Co/Al;03, Co/SiO, and Co-Ru/TiO, were studied
at 230°C, 3 bar, H,/CO=9 and CO conversion ~20% and charac-
terized by in situ XRD. The observed catalyst deactivation was
different for the various catalysts. Simultaneously with this activ-
ity decline, new diffraction peaks appeared corresponding to Co,C.
This phenomenon was observed only for TiO, and Al, 03 supported
catalysts, whereas no Co,C formation was observed on SiO, sup-
ported catalyst. The activity decline could be directly correlated to
carbide formation.

Jacobs et al. studied the effect of promoters in FTS on a 15 wt%
Co/Al, 03 catalyst [46] claiming evidence of carbide formation. The
X-ray diffraction data from a catalyst used in a CSTR (18 bar, 220°C
and H,/CO = 2) suggested the existence of Co,C. Several of the peaks
in the diffractogram correlated well with crystalline Co,C suggest-
ing that small amounts of Co,C may have been formed during
synthesis. This is in agreement with Tavasoli et al. [50] who also
detected Co,C peaks in the diffractograms of catalysts used in a
fixed-bed reactor at 220°C, 20 bar, and a ratio H,/CO = 2 for a period
of 1000 h.

Several other reports also exist claiming the formation of cobalt
carbide and examples are Gruver et al. [76] and Karaca et al. [55]
on alumina supported catalysts, Xiong et al. [77] on cobalt sup-
ported on activated carbon and Pennline and co-workers [78,79] for
a bifunctional catalyst containing cobalt-thoria mixed with ZSM-5
and tested with H,/CO=1.

2.3.2. Fouling by carbon species

Long chain hydrocarbons are the desired products in low tem-
perature Fischer-Tropsch synthesis. FT hydrocarbon waxes are
accumulated on the surface can potentially retard the rate of dif-
fusion of the reactants and slow down the reaction [11]. The
hydrocarbons are not directly connected to the catalyst deactiva-
tion, they are just slowing down an already slow reaction. However,
since FTS catalysts are used to produce “syncrude” they are not
considered as highly selective systems. They are designed to pro-
duce a range of hydrocarbons with carbon numbers that can reach
~100 or more. Therefore, higher molecular weight hydrocarbons,
produced from the main or side reactions (e.g. condensations,
oligomerizations, cracking), may accumulate and block microp-
orous channels and hence the catalytically active surface. These
hydrocarbon species are referred to as polymeric amorphous car-
bon. In addition, more stable carbon compounds with less hydrogen
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content, e.g. coke or graphite-like species may build up on the sur-
face and poison or physically block the active sites. It has been
proposed that the above mentioned carbon species are linked with
the catalyst deactivation [6,58].

Although FTS has been considered as a coke-insensitive reaction
[57], hydrogen deficient conditions may lead to the formation of
carbon species. Such conditions may be present in Fischer-Tropsch
reactors [41].

Lee et al. have used combined thermogravimetric-temperature
programmed reduction and Auger electron spectroscopy to distin-
guish the forms of carbon produced from CO disproportionation on
areduced Co/Al,03 sample at different temperatures (250-400 °C)
[60]. It was suggested that carbon is present in two forms: atomic
and polymeric carbon. High temperature led to an increase in the
total carbon deposition, but a decrease in the fraction of atomic
carbon. Consequently the remaining sample was more resistant
to reduction. AES results confirmed the increase in the amount of
carbon. From these results, the authors suggested that the carbon
species which was difficult to reduce (polymeric and/or graphitic)
created a pore diffusion inhibiting effect rather than an electronic
modification of the active sites. Small cobalt crystallites seem to be
more sensitive to the carbon formation. In addition, activity tests
of the carbon deposited samples showed that a higher deposition
temperature leads to more deposited carbon and a higher activity
loss. This activity loss is followed by a shift in the selectivity towards
unsaturated hydrocarbons.

Niemeld and Krause proposed that the initial deactivation,
corresponding to the first hour of the reaction, is a result of
selective blockage of the most narrow catalyst pores by high
molecular weight hydrocarbon species and/or coke [80]. Co/SiO,
catalysts derived from different precursors were evaluated for their
behaviour in FTS for 120 h (fixed-bed reactor, 5 bar, 235-290 °C and
H,/CO =3). Detailed analysis of the FT products (IR and MS analysis)
showed that low reaction temperatures enhanced the formation of
long chain oxygenate species, mainly alcohols and ketones. These
species are reactive and they can assist in the formation of long
chain hydrocarbons, e.g. by condensation reactions.

A synergy between poisoning and carbon deposition has also
beenreported [81].Itis known that poisons, apart from the physical
blocking of the active site, may alter electronically the neighbour-
ing atoms due to strong chemisorption (see Section 2.1). This could
possibly lead to a change in the properties of the site and hence
promote side reactions. Kim et al. studied the effect of sulphur
poisoning on the decomposition of ethylene over unsupported
cobalt catalyst powders [81]. The cobalt powders were reduced
and treated in H,S. Afterwards, they were subjected to an ethy-
lene/hydrogen mixture (1:1) at 535 °C. The catalyst samples were
analyzed with several techniques such as TEM, XRD and gravimet-
ric methods. It was shown that the pretreatment of cobalt with low
levels of hydrogen sulphide (4-100 ppm) increased the amount of
produced carbon by more than an order of magnitude compared to
the untreated catalyst. The carbon filaments deposited on uncon-
taminated cobalt particles were found to be highly graphitic in
nature. On the other hand, higher levels of H,S (>60 ppm) in the
feed or (>500 ppm) during pretreatment completely suppressed
catalytic activity. The authors suggested that low levels of sulphur
may reconstruct the metal surface in such a way that graphitic car-
bon formation is enhanced, whereas higher concentrations result
in 2D or 3D bulk sulphides. Additionally, it was found that sul-
phur adatoms induced fragmentation of the cobalt particles. This
demonstrates the relation between sulphur poisoning and carbon
deposition with redispersion of cobalt particles.

Several studies have also been carried out on catalyst sam-
ples obtained from large demonstration units operated for months
[61]. Sasol operated a 0.05 wt% Pt-20 wt% Co/y-Al, 053 catalyst in a
slurry bubble column reactor for 6 months. Catalyst samples were

Fig. 6. (a) Peak deconvolution of a methane profile for TPH of a wax-extracted
Co/Pt/Al,0O3 catalysts from the FTS run in the slurry bubble column. (b) Carbon
amounts obtained from TPO experiments following TPH which represents carbon
resistant to hydrogen at 350°C.

Adapted from reference [61].

unloaded periodically from the reactor and treated under inert con-
ditions. The wax was removed by tetrahydrofuran extraction before
the samples were characterized by temperature programmed
techniques, EF-TEM and HS-LEIS. The study was based on tem-
perature programmed hydrogenation followed by temperature
programmed oxidation experiments. The correlation of tempera-
ture programmed hydrogenation (TPH) data with reported values
of the hydrogenation resistance of hydrocarbon species suggest
that high molecular weight carbon species, polymeric in nature and
amorphous in structure, were accumulated during the run (peak 3
in Fig. 6a). Subsequent temperature programmed oxidation (TPO)
gave a quantitative approximation of the amount of hydrogen resis-
tant carbon accumulating on the surface (Fig. 6b). The nature of
the carbon species was confirmed by high resolution-transmission
electron microscopy (HR-TEM) and carbon mapping using EF-TEM
images gave the topography of polymeric carbon. It appears that the
carbon species are located both on cobalt and on the alumina sup-
port. The authors believe that the carbon is nucleated on the cobalt
sites and then migrating to the support. It was suggested that the
polymeric carbon accumulation was responsible for the long-term
deactivation of FT catalyst [61]. Catalyst deactivation due to carbon
deposition on cobalt crystallites has also been proposed by BP based
on results from laboratory plug flow reactors and a demonstration
pilot plant [82].

Several studies have been published dealing with the positive
effect noble metals may have on suppressing carbon formation
during FTS. Ruthenium addition is considered to retard carbon
deposition in addition to increasing the activity, selectivity, disper-
sion and reducibility. It is known that ruthenium based FTS catalysts



N.E. Tsakoumis et al. / Catalysis Today 154 (2010) 162-182 169

have better resistance to carbon formation compared to other met-
als [83]. Iglesia et al. have reported that Ru addition acts as an
inhibitor for carbon formation [84]. A Ru-promoted and an unpro-
moted Co/TiO, catalyst were used in a fixed-bed reactor (>200°C,
20 bar, H,/CO =2.05). The promoted catalyst showed no evidence of
carbon formation even at 500 °C, whereas the unpromoted catalyst
formed carbon filaments which encapsulated the cobalt particles at
lower temperatures (400 °C). The importance of calcination during
catalyst preparation is emphasized for obtaining contact between
the cobalt metal and the promoter, apparently essential for the
promotional effect. In addition, model catalysts were used and
studied with XPS. It appears that the deactivation by carbon depo-
sition might be the reason of initial catalyst deactivation, since both
catalysts (Co and Co-Ru) exhibited similar long-term deactivation
characteristics.

It is known that catalyst deactivation may be a result of fila-
mentous carbon formation including carbon nanofibre structures,
in particular at high temperatures [85]. These stable carbon species
can be formed in environments containing carbon monoxide or
a gaseous hydrocarbon. Cobalt metal is known to catalyse this
growth [86]. Thus, it is expected that cobalt based FT catalysts
will exhibit similar behaviour at given conditions. Studies of a Pt
promoted cobalt catalyst supported on Al,O3 and a NaY zeolite
[87] have shown the formation of carbon nanotubes, carbides and
amorphous carbon. The catalyst was exposed to CO atmosphere at
750°C and 10 bar and subsequently characterized by several meth-
ods including TEM. It was proposed that CO disproportionation
is led to carbon nanotube formation that encapsulated only the
cobalt particle through the formation of a CoxC metastable carbide
which acted as an intermediate. It is evident that those conditions
are not FT relevant, but the authors suggested that the mecha-
nism of carbon growth may be linked to H-deficient FT processes.
Similarly, Jun and co-workers detected filamentous carbon forma-
tion at milder conditions (220-240°C, 20bar and H,/CO=2.017)
by using an amorphous aluminium phosphate (AIPO4)-supported
cobalt catalysts [88]. No sign of filamentous carbon formation was
observed on a similar Ru-promoted Co/AIPO4 and Co/Al,03 cata-
lysts. The authors correlated the filamentous carbon formation with
the higher deactivation rates for the unpromoted Co/AIPOy.

It is evident from several observations that ruthenium addition
leads to less carbon formation. Apart from noble metals, alkali met-
als may also have a retarding effect on carbon formation. Somorjai
and Lahtinen [89] investigated the effect of potassium addition
to model catalysts. Polycrystalline cobalt foils were prepared
and potassium addition investigated by subjecting the catalysts
to synthesis gas atmosphere at >250°C, 1.01 bar and H,/CO=3
followed by subsequent characterization using AES. Despite the
shift in the catalysts selectivity towards C3. hydrocarbons, potas-
sium promotion led to increased resistance towards graphite
formation.

Recently boron was proposed as an additive for the mini-
mization of carbon deposition [90]. DFT calculations coupled with
experimental results from FTS showed that the addition of 0.5 wt%
B enhanced catalysts stability by a factor of 6. Computational cal-
culations suggested that boron reduces graphene nucleation and
initiation of a clock reconstruction (see Section 2.3.3).

Apart from the use of promoters, different solutions have been
applied for suppressing fouling by carbon deposits. Supercritical
fluids have been proposed as alternative solvents for use in the FT
reactors. Supercritical media are showing exceptional mass trans-
fer characteristics and it is believed that they will not allow heavy
hydrocarbons to accumulate and deactivate the catalyst [91]. In
addition, multifunctional catalysts having a cracking ability have
been employed in FTS [92,93]. The catalysts are encapsulated in
an H-pB-zeolite shell which does not allow heavy hydrocarbons to
build up. As a result the high molecular weigh products are pass-

ing through a process including hydrocracking and isomerization to
isoparaffins. These catalysts have showed increased stability. How-
ever, the selectivity of such systems changes dramatically favouring
lighter hydrocarbons and are hence suitable when products in the
gasoline range are desired.

Studies on model catalysts have also been carried out by Geer-
lings and co-workers [94,95]. They studied the behaviour of Co
single crystals in FTS at temperatures between 220 and 300 °C, 1 bar
total pressure and H,/CO = 2. The investigation covered several dif-
ferent cobalt surfaces including (0001),(1120)and (101 2) using
electron energy loss (EELS) and AES spectroscopies. Both tech-
niques indicated the existence of CO and CHy surface species after
the reaction. In addition, spectroscopic data showed a higher selec-
tivity towards long chain hydrocarbons (>C3) in the zigzag grooved
(1120) surface, whereas the other surfaces were covered mainly
with CO and light hydrocarbons. The activity of the stepped sites
in CO dissociation was higher than for the flat surface. The authors
described the reaction as self-poisoning, due to the fact that carbon
may poison the catalytically active sites. The results suggested that
the balance between carbon deposition via CO dissociation and car-
bonremovalvia hydrogenation is destroyed when carbon atoms are
strongly bonded to the step sites. The strongly chemisorbed carbon
cannot be efficiently hydrogenated under FT conditions and is thus
poisoning the surface. Subsequently, it builds up to form other car-
bon species which deactivate the catalyst. It should be noted that
the pressure gap between ultra high vacuum (UHV) conditions and
realistic FT conditions may significantly change the behaviour of
the catalyst.

In addition to model studies, the effect of carbon in FTS
has attracted interest from computational chemistry [96,98].
Zonnevylle et al. applied preliminary calculations using a
Hartree-Fock-Slater linear combination of atomic orbitals (HFS-
LCAO) on a cobalt cluster consisting of nine atoms [96]. The
calculations showed that in such a cluster and under specific con-
ditions subsurface carbon formation may prevail at the expense
of surface carbidic species. It appeared that the energy barrier of
subsurface carbon formation is relatively high in a fixed lattice.
However, the calculations showed that the effect of surface stretch-
ing (1%) and relaxation combined with oxygen coadsorption can
decrease the barrier by as much as 90%, making subsurface car-
bon formation feasible. In addition, it is noted that the existence
of a subsurface carbon configuration is expected to lead to an elec-
tronic modification of the surface and subsequent inhibition of CO
adsorption and the reaction.

A recent study incorporated the use of computational tech-
niques for the investigation of graphitic carbon formation on a
flat fcc-Co (11 1) surface [97,98]. Density functional theory (DFT)
calculations were used to probe the most energetically favourable
routes for graphitic carbon formation. It was found that the ini-
tially adsorbed carbon, which was a result of carbon monoxide
dissociation, was highly mobile especially at low coverage. These
atomic carbon species were building up on the surface in order
to create linear and branched carbon structures, with the linear
ones being energetically favourable. Subsequently high coverage
of those species will give rise to the formation of aromatic clusters
by linkage. Further growth from atomic carbon addition or from
C-C coupling resulted in the formation of more stable graphene
structures. In order to facilitate the interaction of graphene with
the cobalt surface, DFT calculations were supplemented by partial
DOS (density of states) and Bader charge analysis calculations. Cal-
culations also indicated that graphene is chemisorbed on the cobalt
surface and that the heat of adsorption is equal to —4 kJ/mol carbon.
Although the normalized value per cobalt atom is low, it is signif-
icant for long graphene clusters. Accordingly, extended structures
will either slide away from the surface and possibly end up on the
support or even be immobilized due to the prosthetic chemisorp-



170 N.E. Tsakoumis et al. / Catalysis Today 154 (2010) 162-182

Fig. 7. Adsorption sites for graphene on fcc-Co (11 1) at ring-top, ring-bridge, ring-fcc and ring-hcp sites (top layer Co atoms: light gray; second layer Co atoms: dark gray;
carbon atoms: black). A p(1 x 1) unit cell was used for all calculations. Tests with larger p(2 x 2) unit cells gave similar results.

Adapted from reference [98].

tion. Different configurations of the system grapheme-metal are
presented in Fig. 7.

2.3.3. Carbon induced surface reconstruction

Cobalt surfaces reconstruct during FTS and reconstruction could
alter catalyst behaviour. Changes in the surface configuration dur-
ing FTS may lead to alternation of the nature of active sites and
hence to activity variations. Reconstruction may also render the
surface more sensitive to events which may deactivate the catalyst.
These changes may be induced from adsorbed species, e.g. CO, O,
N, S or other molecules including carbon containing intermediates
and products [99]. Thus, an indirect contribution of surface recon-
struction to activity loss should not be neglected. The detection
of these phenomena needs sophisticated instrumentation and as a
dynamic phenomenon, it may not be visible by ex situ techniques.
Most studies are based either on probe microscopic examinations
of model compounds or computational approaches.

The contribution from studies on model surfaces in FTS is signif-
icant [100]. de Groot and Wilson [101] reported the restructuring
of a model flat Co (0001) surface to triangular shaped cobalt
islands when subjected to CO hydrogenation conditions (Fig. 8)
(250°C, 4 bar and constant flow 1 ml/min of H,/CO=2). The exis-
tence of surface restructuring phenomena under the influence of
CO was further confirmed by polarization modulation-reflection
absorption infrared spectroscopy (PM-RAIRS) experiments in sim-
ilar model catalysts [102,103].

Scanning tunneling microscopy (STM) was used at UHV condi-
tions on a clean metal surface. The proposed mechanism consists of
an etch-regrowth process which is triggered by the mobility of the
formed sub-carbonyl adspecies, i.e. Co(CO)x (x=1-4). This mecha-
nism seems to be favourable since it does not require a net loss of
cobalt atoms via the gas phase and is further strengthened by the
fact that several inductively coupled plasma (ICP) analyses of spent
catalysts suggested negligible cobalt loss during FTS [41,42,50,51].
However, industrial scale extended runs may result in significant
loss of the catalytically active component [5].

Fig. 8. (a) STM image of the clean Co (000 1) surface (prior to reaction) showing
atomically flat terraces 150 nm (ca. 600 atoms) in width (tunneling current Iy =2 nA,
sample bias V=0.05V). The smallest step visible is monatomic in height, 0.205 nm
being the expected single atom step height on Co (000 1). (b) STM image of the Co
(0001) surface after 1h exposure to high-pressure CO hydrogenation conditions
(I;=0.5nA, V=0.5V). Inset: hard-sphere model of the bulk-terminated Co (0001)
surface.

Adapted from reference [101].
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Fig. 9. Sequence of 200 x 200 A STM images showing the formation of the (1 x 2) added row structure. (a) Clean surface with a monoatomic step. (b) 0.6L CO. (c) 1.0L CO.

(d) Evacuation for 8 min 30 after 1.0 L CO exposure.
Adapted from reference [105].

Venvik et al. studied the effect of carbon monoxide adsorption
on(1120)and (101 2) cobalt surfaces at room temperature using
STM [104,105]. The atomic scale images of the crystals showed
that adsorption induced restructuring took place on both surfaces.
In particular, molecular adsorption of carbon monoxide on a Co
(1120) surface induced migration of Co atoms along the (0001)
direction. The diffusion of the cobalt on the surface was found to
be anisotropic and atoms migrated over distances up to 300A. In
agreement with previous proposals the mobile species was sug-
gested to be carbonyl-like species, without the exclusion of single
atom or cluster diffusion. Similarly on a Co (1012) surface and
upon CO adsorption added rows were found to nucleate and grow
from the step edges of the surface. Co atoms seem to be released
from the step edges to form the added rows (Fig. 9).

Since direct detection of surface reconstruction of industrial
type catalysts is still relatively rare [106], number of studies are
indirectly related to surface restructuring. Schulz et al. suggested
that there is an incubation period from the start of the reaction
until the catalyst reach an FT active structure [107,108]. This active
structure, which in the article is referred to as the “true catalyst”,
is formed and stabilized only under FT conditions. In order to link
the state of the surface with the reaction a detailed product anal-
ysis was performed. The theory relies on the fact that changes
in the catalytically active species will be reflected in the product
distribution. Three SiO, supported and promoted cobalt catalysts
were prepared and used in a laboratory reactor at 463K, 5bar
and H,/CO=1.9. The catalysts were promoted with Re, Pt and Ir,
respectively. The resulting plot of the CO conversion with time on
stream in logarithmic scale reveals three different kinetic regimes
(not presented here). Further data analysis of the product distribu-
tion together with the fact that the activity increases about three
times after some days on stream, led to the hypothesis that slow
restructuring of the cobalt crystallite surface occurs and leads to
the creation of a new rough surface with increased area. This rough
surface consists of characteristic sites with different coordination
numbers, which are described as peaks, holes and planes. It was
proposed that these sites are responsible for different FT reactions
such as chain growth, CO dissociation and hydrogenation, respec-
tively. Ultimately, it was suggested that this reconstruction results
in a segregation (roughening) of the cobalt surface, induced by
the strong CO chemisorption. However, reconstruction of cobalt
surfaces is related to the activation period of FTS. The only correla-
tion that has been done with catalyst deactivation is related to the
on-plane sites, of medium coordination, which may be poisoned
(reversibly) by adsorbed CO and methyl species. In addition, it was
proposed that sintering of the metal crystallites will be compen-
sated for by the strong chemisorption of CO which will stabilize a
segregated surface.

Bezemer et al. investigated the influence of cobalt particle
size on FTS. In accordance with the above described studies they
reported experimental indications of cobalt surface reconstruction
[109]. EXAFS data taken from spent carbon nanofibre supported

cobalt catalysts, with crystallites in the range of 2.6-27 nm,
revealed a decrease in the first shell Co-Co coordination number of
about 6-7% after exposure to synthesis gas. This change in the coor-
dination number indicates a reconstruction of the cobalt crystallites
during FT synthesis. It is worth to mention that the authors did not
detect any other phenomena that may lead to catalyst deactivation,
i.e. sintering, re-oxidation or carbidization.

Along with other simulation studies on the cobalt crystallite
behaviour at reaction atmospheres, density functional theory has
been employed in order to resolve restructuring phenomena. The
importance of carbon adsorption is addressed. Ge and Neurock have
performed periodic DFT calculations on adsorption and activation
of CO on several cobalt surfaces [110]. Models of flat Co (000 1), cor-
rugated Co(1120),and stepped Co(1012)and Co(1124)surfaces
were compared. Simulation of various adsorption configurations on
these surfaces and the least energetically demanding configuration
was determined. It was found that significant surface reconstruc-
tion was induced by C adsorption in the Co (101 2) stepped surface.
In particular the adsorption of the C atom at the hollow site pushes
the Co rows apart in the (010) direction by 0.2 A. A more recent
DFT study emphasizing on (11 1) and (1 00) fcc-cobalt surfaces has
been performed by Ciobica et al. [111]. From the several simulated
adsorbate candidates, i.e. O, CO, CH,, CH and C, it was proposed
that only carbon is able to induce surface reconstruction on the
two surfaces. Calculations also show that a fcc-Co (11 1) surface,
with 50% adsorbed carbon, will reconstruct to a fcc-Co (1 00) sur-
face which subsequently will undergo a clock type reconstruction,
while fcc-Co (1 0 0) will give a clock type reconstruction in presence
of carbon. This surface rearrangement will increase the number of
carbon atoms neighbouring cobalt atoms from four to five and thus
create a more stable configuration which will eventually poison
the surface or assist in the formation of stable carbon species (see
Section 2.3.2).

It should be mentioned, that due to the complexity of the FT
environment theoretical studies are subjected to several assump-
tions. Thus, the influence of different adsorbed species (e.g. Hy) is
not always taken into consideration.

2.4. Re-oxidation

A frequently debated topic in cobalt based FT catalyst deac-
tivation is the possible re-oxidation of cobalt active sites during
synthesis and the subsequent formation FT inactive cobalt oxides.
This hypothesis arises from the fact that water, the most abundant
byproduct of FTS, is an oxidizing agent and thus may cause surface
oxidation of the cobalt nanoparticles. Water, which is present in
the form of steam under normal FT conditions, originates from side
reactions of surface oxygen and hydroxyl species that are removed
from the surface via hydrogenation [112]. The effect of water in
FTS is well documented and described from different perspectives
in recent reviews [2,113,114].
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Fig. 10. (a) Stability diagram of bulk cobalt metal and various cobalt oxide phases as
a function of temperature and ratio of partial pressure of water to partial pressure of
hydrogen. (b) Stability region of spherical 3-Co (fcc) and Co(II)O crystals in H,O/H,
atmospheres at 220 °C as a function of the diameter of a spherical metal Co crystallite
(dotted line yg_co + 15%).

Adapted from reference [115].

The most commonly applied technique for studying the re-
oxidation is the co-feeding of water during low-conversion FTS
activity measurements. This is believed to resemble high conver-
sion FTS experiments in slurry reactors. However, extended runs
and low space velocity runs have also been performed. The spent
catalysts, subjected to such conditions could be analyzed for the
detection of re-oxidation of active species with TPR, XPS, Moss-
bauer Emission Spectroscopy (MES) and XANES. XANES appears
to be the most successful technique, since it can give quantita-
tive results on the degree of reduction (DOR) and can be applied
without removing FT waxes that are covering the surface of the cat-
alyst. Thus, the catalyst is protected from air exposure. However,
for XANES experiments synchrotron radiation is needed.

It is known that the bulk oxidation of metallic cobalt is not fea-
sible under realistic Fischer-Tropsch synthesis conditions [11,115]
(Fig. 10a). However, it is expected that the behaviour of cobalt
nanoparticles may deviate from the properties of the bulk cobalt at
FT conditions (Fig. 10b). Thermodynamic calculations have shown
that spherical cobalt crystallites less than 4.4 nm in diameter may
oxidize in steam-hydrogen environments (Py,0/Px, < 1.5, corre-
sponding to 75% CO conversion and 220 °C) commonly encountered
in FTS [115]. The calculations were based on the surface energies of
cobalt crystallites that are different in size (<100 nm), morphology
(e.g. spherical shape) and the initial crystal phase (e.g. 8-Co (fcc)).
Calculations have also shown that formation of an oxide shell sur-
rounding a metallic core is thermodynamically unstable. However,
the contribution of support interaction and surface reconstruction
at FTS conditions was not taken into consideration.

Numerous studies have still pointed to the possible existence of
surface re-oxidation in the complicated/crowded FTS environment.
The relation between external addition of steam in order to simu-
late high conversions and the resulting FTS activity and selectivity
has been studied by several groups. Schanke et al. [116,117] stud-
ied a rhenium promoted and an unpromoted Co/y-Al,03 catalyst.

The catalysts were subjected to several different tests including
co-feeding of steam or by using pure H,O/H,. Results from TPR
and gravimetric studies indicated re-oxidation to a small extent,
depending on the conditions. It was proposed that surface oxida-
tion and in particular oxidation of highly dispersed fractions of the
cobalt could take place. Steady state isotopic transient kinetic anal-
ysis (SSITKA) performed at methanation conditions (CO conversion
<15%, 210°C, 1.85bar and H,/CO=10) using the same catalyst as
above [118] showed an increased olefin selectivity and unchanged
intrinsic catalytic activity with respect to the methane formation
after steam addition.

Further experimental studies also concluded loss of active
sites [119,120]. These experiments were carried out on 17 wt%
Co/y-Al;03 and 1wt% Re-17 wt% Co/y-Al,03 catalysts at 210°C
and 13 bar. The externally added steam was kept at the ratio of
H,0/H; =1.5, simulating the environment of approximately 75%
CO conversion. In agreement with previous observations the pro-
moted catalyst appeared to deactivate faster. This deactivation was
more pronounced at high steam partial pressures. Temperature
programmed desorption (TPD) results indicated a significant loss
in the cobalt surface area which is in line with the previous reports.
TPR and gravimetric studies showed indications of re-oxidation in
the presence of steam.

Catalysts on different supports with various pore size dis-
tributions have been evaluated [121-125]. Experiments with
unpromoted and Re-promoted Co catalysts on different supports
(i.e. y-Al,03, SiO,, TiO;) with various pore size distributions have
shown that the observed deactivation depends on the support. For
Co supported on y-Al, 03, addition of steam in the feed resulted in
loss of activity with time on stream and most pronounced for the
Re-promoted catalyst. As shown in Fig. 11, different behaviour was
observed of Co supported on SiO, and TiO,. Additionally, it was
found that small amounts of water (H,O/H;)=0.4 on TiO, and SiO,
supported catalyst may benefit the activity. However, the effect
of steam has to be discussed with respect to crystallite size, sup-
port interaction and catalysts structural characteristics (e.g. pore
size). Alumina supported catalysts were further studied and the
importance of the pore characteristics were evaluated [125]. It was
found that small pores yield lower reaction rates, while larger pores
give higher rates. Irrespective of the support, it is observed that
steam addition has a positive effect on the Cs. selectivity. Pro-
moted catalysts deactivated more rapidly than their unpromoted
counterparts.

One of the earliest in situ XAS investigations on FT catalysts was
done on K-promoted and unpromoted cobalt catalysts supported
on SiO, and Al,03 with only 9 and 4.4 wt% Co, respectively [126].
The in situ cell was similar to the one designed by Lytle et al. [127].
Experiments were performed at ambient pressure and 190-200°C,
while the H,/CO ratio was equal to 3. External water addition was
also applied. Both K-edges of potassium and cobalt were investi-
gated. Results for the silica-supported catalyst are suggested that
re-oxidation of the unpromoted catalyst took place when water
vapour was externally added to the system, while the promoted
maintained its degree of reduction. On the contrary the promoted
alumina supported catalyst was apparently converted to a mixture
of Co304 and CoO at reaction conditions at 200 °C. The unpromoted
counterpart did not change significantly.

Mossbauer emission spectroscopy has also been employed in
combination with thermogravimetric analysis for the detection of
changes in the oxidation state of cobalt [128,129]. Application of
the MES technique is challenging, since the catalyst has to con-
tain a fraction of the radioactive isotope >’Co. The catalysts were
supported on alumina and promoted by platinum. However, the
doped catalyst for MES characterization was prepared in a slightly
different manner. The catalyst was subjected to model gaseous
mixtures of Hy, H,0 and Ar. FTS runs were performed in a labo-
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Fig. 11. Observed reaction rate for formation of hydrocarbons as a function of time
on stream 5 h after start-up for Co (®) and CoRe () catalysts supported on Al,03
(A), SiO, (B), and TiO; (C). H2/CO=2.1, Prota =20bar, T=210°C.

Adapted from reference [124].

ratory CSTR (220°C, 20bar, and 50-70% synthesis gas conversion
levels). Results from the model studies showed that re-oxidation of
the catalyst occurred depending on the Py, /Py, o ratio which is in
contradiction with bulk phase thermodynamics. Formation of both
reducible and less reducible cobalt oxide species was observed by
MES and was in agreement with the thermogravimetric studies.
Data from realistic FTS combined with steam feeding indicated a
second cause of deactivation in addition to poisoning. Based on

their model studies, the authors did not exclude re-oxidation as a
possible deactivation mechanism. Further studies were performed
under atmospheric pressure. The group also reported the design of
a high-pressure cell. Data obtained from the high-pressure cell are
suggesting further reduction of the catalyst with increasing total
pressure during treatment with a gas mixture having Py, /Py,0 =
1.0 at 150°C and pressures up to 10 bar [130]. The importance of
reaction conditions on the re-oxidation phenomena should hence
be emphasized.

Sasol in cooperation with university research groups has
employed advanced characterization techniques like HR-TEM, TPR,
XRD, XAS and magnetism in an attempt to further investigate
the influence of water and the potential re-oxidation of indus-
trial catalysts. Simultaneously, EXAFS, AFM, XPS and Rutherford
backscattering spectrometry (RBS) were used to study model cata-
lysts. Initially, a planar Co/SiO,/Si(1 00) model catalyst with cobalt
crystallites of 4-5 nm was prepared and subjected to FTS simulated
environment (Hy/H20 =1, Prg¢q = 0.4 mbar, and 150-450°C) [131].
The catalyst was characterized before and after treatment. Near-
edge X-ray absorption fine structure (NEXAFS) results from the Co
Lyj-edge showed no indication of re-oxidation at the present con-
ditions. It was proposed that crystallites within this size range did
not re-oxidize during FTS. Additionally, spherical Co/SiO, model
catalysts were prepared having cobalt crystallites with average
size of 4, 13 and 28 nm and their behaviour against oxidation was
also examined [132]. A strongly oxidizing environment was used
(H20/He, Py,0 = 0.04bar). The catalysts were subjected to these
conditions and showed different behaviour highly depending on
crystallite size. The catalyst having small crystallites (i.e. 4 nm) was
surprisingly resistant to re-oxidation. Although the catalyst under-
went mixtures of HyO/He at Py, = 0.04-0.3 bar, it did not show
any re-oxidation, which is in contradiction with previous ther-
modynamic calculations [115]. The observation was attributed to
metal-support interactions resulting in crystallite encapsulation
by the support. The assumption was supported by TPR and HR-
TEM results. Larger crystallites were oxidized in gaseous mixtures
of HyO/He (Py,0 = 0.04 bar) reaching a maximum of 30% oxidation
at 300°C. Crystallites around 28 nm showed less than 2% oxidation
at the same conditions. The authors emphasized the difficulty of
re-oxidation of these models and the strong size dependence.

The next step in this series of studies included XANES character-
ization of industrial catalysts operated in a slurry bubble column
reactor having a capacity of 100-barrel/day at commercial FTS con-
ditions (230°C, 20 bar, synthesis gas conversion between 50% and
70%)[133]. A20 wt% Co, 0.05 wt% Pt supported on y-Al, 03 catalyst
with average crystallite size of 6 nm was unloaded from the reac-
tor at different times throughout its operation over a period of 140
days. The FTwax protected catalysts were characterized by means
of XANES (Fig. 12). Linear combination of the spectra with stan-
dards gave a quantitative approach of the changes in the degree of
reduction during operation and the fraction of metallic cobalt was
found to increase from 50% to 88% (Table 1).

Based on these results it was concluded that re-oxidation can be
ruled out as a deactivation mechanism of cobalt crystallites larger
than 6 nm supported on alumina at the applied FTS conditions. In
order to verify their conclusions the group employed X-ray diffrac-
tion and magnetic measurements [113]. The results from magnetic
measurements were in line with XANES, showing from the sat-
uration magnetisation the degree of reduction or the amount of
cobalt metal. X-ray diffraction results verified the observations by
demonstrating the disappearance of the CoO peaks after 3 days on
stream. The authors proposed that re-oxidation is not a significant
deactivation mechanism for alumina supported cobalt catalysts at
industrially relevant FT synthesis conditions. Potential deactivation
by oxidation can be prevented by the correct combination of partial
pressures of hydrogen and water (Py, /Py,0) and the crystallite size
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Fig. 12. XANES analysis of a series of spent Co/Pt/Al, 03 catalyst samples taken from
a 100-barrel/day slurry bubble column reactor operated at commercially relevant
FTS conditions, i.e.220°C, 20 bar, (H + CO) CO conversion between 50% and 70%, feed
gas composition of ca. 50 vol.% Hz and 25 vol.% CO, Py, 0 /Pu, = 1-1.5,Pu,0 = 4-6 bar.
Adapted from reference [133].

of cobalt. It should be noted that the low starting DOR suggests a
partially reduced fresh catalyst. The CoO content in such a catalyst is
expected to be high and may influence the interactions between the
metal and the support leading to different deactivation behaviour.
Recently, Botes [134] reported that the kinetic effect of steam on
the overall FT reaction rate is negligible. However, it affects product
distribution, mainly by lowering CH, selectivity while increasing
the selectivity to CO,. In addition long-term exposures appear to
increase the irreversible deactivation.

Iglesia has stated that small crystallites appear to be less active
for CO hydrogenation than larger crystals [112]. This was attributed
to stronger support interactions, reflected in the incomplete reduc-
tion of CoO and even the re-oxidation of Co metal by water formed
in the FTS. It has also been suggested that crystallites of 5-6 nm may
re-oxidize and deactivate rapidly in the presence of water at typical
FTS conditions. A more recent in situ infrared spectroscopic study
[135] on a 12.7 wt% Co/SiO; catalyst (200°C, 5bar and H,/CO=2)
suggested that water does not influence the density or structure

Table 1

Quantification of XANES analyses of a series of spent Co/Pt/Al,03 catalysts taken
from a 100-barrel/day slurry bubble column reactor operated at commercially rel-
evant FTS conditions using a linear combination of reference compounds.

Sample Co (%) Co0? (%)
Freshly reduced 53b 47
Day 1 69 31
Day 2 80 20
Day 8 85 15
Day 89 88 12
Day 125 89 11
Day 140 87 13

Adapted from reference [128].
Error=+2-3%.

2 The following does not rule out any minor CoAl;O4, which is difficult to differ-
entiate with XANES using the current data and is most likely present at the interface
of the cobalt particles with the support.

b Although on the low side, the degree of reduction is close to that obtained from
gravimetry, i.e. 63%.

of adsorbed CO intermediates nor the number of exposed cobalt
atoms. However, subjecting the catalyst to a simulated FTS envi-
ronment (H,O/H; ratio > 0.8 at 200 °C) resulted in surface oxidation
and the formation of adsorbed oxygen islands. The islands do not
readily react with adsorbed hydrogen at the same rate as isolated
adsorbed oxygen species formed by the CO dissociation reactions.

Kiss et al. studied FTS performance of silica-supported cobalt
catalysts under hydrothermal FT conditions [39]. The catalysts were
subjected either to high CO conversion or steam co-feeding in
order to simulate hydrothermal conditions. Catalyst tests were per-
formed in both fixed-bed and slurry autoclave reactors (220°C,
20bar, H,/CO=2.1). TEM-EDS, TGA and XRD techniques were
employed for catalyst characterization at different stages. For over-
coming the problems facing the characterization, a special reactor
assembly was developed allowing hydrogen treatments and inert
transfer of the sample [136]. It was found that high conversions
(>90%) led to the formation of needle-like crystalline cobalt-silica
mixed oxides. This phase transformation believed to be the main
cause of deactivation of silica-supported cobalt catalysts at high
steam partial pressures. The metal-support compound appeared
to be well defined having 1 nm lattice space and atomic ratio Co/Si
equal to 1.2/1. Steam treatment of the fresh catalyst led to cre-
ation of a similar phase in terms of morphology and composition,
supporting the idea that the phenomenon was water induced.
Hydrogen treated spent catalyst (at mild conditions) was charac-
terized by TEM and a crystallite size distribution was obtained. The
change of crystallite size of the freshly reduced and spent catalyst
suggested that sintering is also a deactivation route. A regenera-
tion procedure was presented and involved a high temperature
(>400°C) hydrogen reduction at 1.2 MPa. During the regenera-
tion procedure the cobalt-support mixed oxide decomposed and
metallic cobalt crystallites were formed having a bimodal size dis-
tribution. It appears that re-oxidation of cobalt is the intermediate
of a process which assists to sintering and formation of inactive
mixed oxides with the support.

Recently an investigation of the initial deactivation mechanisms
of FTS was presented supporting previous observations [29]. EF-
TEM, XPS, EXAFS, TGA, Secondary ion mass spectrometry (SIMS)
and chemisorption techniques were applied on catalysts operated
at 5-35bar and 200-230°C. Experimental observations suggest
that re-oxidation occurs during FTS and increases the mobility
of cobalt crystallites, which are wetting the surface, facilitating
sintering or leading to the formation of cobalt-support mixed
compounds. The effect is highly related to the crystallite size and
conversion level. In addition the importance of the mean crystal-
lite distance is addressed. Regenerated catalysts through a ROR
cycle showed higher sensitivity to sintering due to its bimodal size
distribution and mean crystallite distance, thus deactivated faster.

Davis and coworkers have performed a comprehensive study
on the kinetic effects of water during FTS and the possibility of re-
oxidation of cobalt crystallites [137-141]. Li et al. studied the effect
of water for different supports [142-145]. Promoted or unpro-
moted cobalt catalysts with 10-15wt% Co, supported on SiO,,
Al;,03 and TiO, were tested in a continuously stirred tank reac-
tor (210-230°C, 20.2-29.3 bar, 750rpm and a H,/CO ratio of 2).
The high steam partial pressures were controlled either by varying
the space velocity (1-8 NL/h/gcat) or by externally adding steam
in the feed. In particular, the 0.5 wt% Pt-15 wt% Co/Al,03 catalyst
exhibited a slight decrease in the conversion when small amounts
of steam were added [142]. This effect was reversible. Increasing
the amount of water (Py,0/Pco = 1) in the feed resulted in a per-
manent deactivation of the catalyst. The CO, selectivity increased
with the CO conversion. This was taken as an indication of an
increasing extent of the water-gas shift reaction from higher water
partial pressures, probably due to transformations of cobalt to oxide
forms (oxides or mixed metal-support compounds). Similar results
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Fig. 13. (A) XANES derivative spectra. Effect of water on 25% Co/Al,03 catalyst moving from bottom to top: (a) after stabilization in the reactor before addition of 25% H,O;
(b) after deactivation in the reactor under 25% H,0; (c) after recovery period when water was switched off. References are also provided for (d) Co® foil; (e) CoO; (f) Co304;
and (g) CoAl,04. (B) Normalized XANES spectra moving from bottom to top (a) after stabilization in the reactor prior to addition of 25% H,O; (b) deactivation in the reactor
under 25% H,0; and (c) after recovery after water was switched off. Inert balancing gas was used and sequentially replaced by water to maintain a constant partial pressure
of reactants. References are also provided for (d) Co® foil; (e) CoO; (f) Co304; and (g) CoAl,04.

Adapted from reference [148].

were obtained on a 0.2 wt% Ru-10 wt% Co/TiO- catalyst[143] where
steam addition at low space velocities (2 NL/h/gcat) decreased the
CO conversion in a reversible manner, while at higher conversions
(1NL/h/gcat) the deactivation was irreversible. CO, selectivity
was increased by water addition as well. The unpromoted silica-
supported catalyst (12.4 wt% Co/SiO,) showed different behaviour
upon steam addition. It was found that relatively small amounts of
H,0 in the range of 5-25vol.% increased the CO conversion, with
the catalyst displaying a high stability throughout the study. How-
ever, continuous addition of larger amounts of H,0 led to severe
catalyst deactivation. The authors suggested that the difference in
behaviour of the silica-supported catalyst may be due to different
crystallite sizes (5.6, 8.5 and 13.2 nm on alumina, titania and silica,
respectively).

In a later study concerning comparison of results on differ-
ent supports it was suggested that the formation of a cobalt
formate-like species may be a potential explanation for catalyst
deactivation, or even the formation of mixed cobalt-support com-
pounds [145]. Particularly for alumina the possibility of support
restructuring during reaction at high steam levels (i.e. boehmite
formation) was addressed. The role of promoter should be consid-
ered as well. Zhang et al. compared the deactivation rates of CO
and CO, hydrogenations on Pt promoted Co/Al,03 catalyst [146].
For CO, hydrogenation the rate of deactivation was not as rapid,
despite the higher steam partial pressures. This suggests that assis-
tance of CO is vital in the deactivation process via re-oxidation and
that the H,O/CO partial pressure ratio is more substantial than the
H,O/H,; ratio. Therefore, it is concluded that the deactivation path-
way should involve H,0 and CO, which may synergistically form
intermediates that cause the oxidation or crystal growth of cobalt
clusters.

X-ray absorption spectroscopy (EXAFS and XANES) has been
employed in order to detect a wide range of deactivation mecha-

nisms. Different alumina supported cobalt catalysts were prepared
either with promoter addition (i.e. Ru, Re and Pt) or without. The
catalysts were tested in a CSTR for FTS activity and subsequently
characterized. The ruthenium promoted catalyst was subjected to
FTS conditions (H,/CO=2.0,220°C, 20 bar, 33 SL/h/gcat and 15-20%
CO conversion levels) and after reactor shut down it was unloaded
and cooled in argon atmosphere [45]. XANES spectra were obtained
from the wax protected sample. Pre-edge feature and XANES
derivative spectra of the samples indicated an increase in the tetra-
hedral environment of cobalt clusters (Fig. 13). This suggests that
either Co304 or Co-aluminate was formed during reaction. Safe
conclusion could not be drawn from the data since both structures
contain tetrahedrally coordinated cobalt and thus similar signals.
However, it was proposed that since formation of Co30, is ther-
modynamically unfavourable the existence of Co304 is unlikely.
In the above study the difference in the behaviour of promoted
and unpromoted catalyst was addressed as well. It appears that
the promoted catalyst has higher deactivation rate. Based on this
observation and the fact that ruthenium appears to act as a reduc-
tion promoter, it was suggested that promoter addition allowed
the reduction of small cobalt crystallites which are strongly inter-
acting with the support. The small crystallites are deviating from
bulk-like behaviour and may re-oxidize during FTS. This explains
the higher initial activity rate for the promoted catalyst and accord-
ingly the faster deactivation rate due to the sensitivity of the small
crystallites. Jacobs et al. expanded the study by preparing and
testing a 0.5wt% platinum promoted 15wt% cobalt catalyst and
compared with previously characterized systems [46]. The cata-
lysts were tested in a CSTR (220°C, 18 bar, 750 rpm, H,/CO =2 and
CO conversion levels of about 40%) and characterized mainly with
XANES and XRD. Comparison of XANES derivative spectra with ref-
erence materials suggested that either Co304 or cobalt-aluminate
like species were formed, with the latter being the most proba-
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ble. Again it was suggested that small cobalt crystallites which
are strongly interacting with the support and deviating from the
bulk cobalt behaviour, may re-oxidize in the presence of water
(Fig. 13).

The same Pt promoted catalyst as described above was also
investigated by adding steam to the feed [147]. The catalyst was
tested in a CSTR at 20bar, 210°C, H,/CO =2 while the amount of
externally added H,0 was calculated to be 15 and 30vol.%. The
catalyst was unloaded from the reactor before and after each treat-
ment. For the low-level steam addition, the results suggested that
inhibition by H,O at such levels is probably kinetic, while higher
levels create irreversible effects in the catalyst. XANES and EXAFS
data strongly suggested that the reason for this observed deacti-
vation was due to structural changes and in particular formation
of oxide species such as mixed cobalt-aluminate compounds. Fur-
thermore, Das et al. also investigated the deactivation behaviour of
Co/Al, 03 catalysts consisting of small amounts of rhenium [47]. A
0.2 wt% Re-15 wt% Co/Al, O3 catalyst was tested at 220°C, 19.9 bar,
space velocity 5SL/h/gcat and 50% CO conversion and withdrawn
from the reactor at different times on stream. In contrast to previ-
ously reported results, EXAFS data indicated no re-oxidation. The
authors suggested that if re-oxidation occurs, it is either limited to
the surface of the cobalt crystallites and hence cannot be detected
by EXAFS or it is part of a dynamic oxidation/reduction cycle. In
addition, it was proposed that rhenium addition may play a role in
suppressing re-oxidation.

Jacobs et al. investigated the impact of crystallite size by
preparing and testing catalysts with low and high loading, having
crystallite sizes between 5-6 and >10 nm, respectively [ 148]. In this
study special attention was given to the effect of high partial pres-
sures of H,0. Thus, external addition of steam was again employed.
EXAFS and XANES results showed clearly different behaviour for
the low (15 wt% Co) and high (25 wt% Co) loaded catalysts. The low
loaded catalyst with the small crystallites increased interactions
with the support and resulted in an irreversible deactivation after
water treatment suggesting that cobalt aluminate-like species were
formed. Similar to XANES spectra, EXAFS datarevealed a decreasein
Co-Co coordination of the highly loaded catalysts suggesting the re-
oxidation of cobalt to CoO. The crystallites were re-reduced when
the H,0 addition was stopped, and the activity displayed a signif-
icant recovery. This was believed to be due to a surface oxidation
phenomenon.

Similarly, by using in situ XANES on a Pt promoted Co/Al, 03 cat-
alyst which was reduced in hydrogen at 400 °C, Khodakov observed
re-oxidation of 7 nm cobalt crystallites when they were subjected
to a HyO/Ar mixture at 220°C [149].

Recent studies also indicate that other oxygen containing
species can act as oxidizing (deactivating) agents. For instance,
carbon dioxide [150], methanol [151] and ethanol [152] have
been suggested as mild oxidizers and may be responsible for
cobalt re-oxidation or enhancement of the support compound
formation. A number of in situ studies have been monitoring
oxidation state of cobalt by XAS or XPS during FT reaction and
they are not reporting any re-oxidation of cobalt crystallites
[109,153-155]. Recently, a combined in situ XAS-XRD study per-
formed at 18 bar and 210°C observed no bulk re-oxidation of
the cobalt during the FT activation period. However, high tem-
perature operation resulted in further reduction of the catalyst,
as observed by XRD, accompanied by sintering of the crystallites
[53].

It should be taken into consideration that re-oxidation is
reversible under mild hydrogen reduction regeneration treatments
and it is thus expected that the activity will be regained. However,
the activity is usually partly recovered after mild hydrogen treat-
ments in high conversion FT runs, suggesting the possible existence
of several deactivation mechanisms [121].

2.5. Metal-support solid state reactions

Refractory metal oxides are usually chosen as supports in cobalt
based FT catalysts [112] and deactivation of the FT catalysts is
observed on all commonly used supports. The selection of support
materials relies mainly on their ability to be easily manipulated
and provide phases with high surface area, unique metal-support
interactions and mechanical strength at a competitive price. These
characteristics enhance stability of the catalyst by simultaneously
lowering the cost of catalyst preparation. y-Alumina seems to be
the preferred support due to its high resistance to attrition, vital
for the use in continuously stirred tank or in slurry bubble column
reactors, and the ability of stabilizing cobalt clusters, a character-
istic which is connected with the resistance against sintering [49].
However, the relatively strong metal-support interaction leads to
the formation of hardly reducible cobalt species [156]. It has been
reported that such hardly reducible metal-support compounds
may act as anchors and make cobalt crystallites more resistant to
sintering. [157].

The formation of mixed metal-support compounds is known to
occur already during the preparation of the catalyst. Calcination and
reduction [158-163] are the steps with high potential for mixed
oxide formation. The metal loading is also a critical parameter
in metal-support compound formation. Higher diffusion of cobalt
ions into the support lattice has been observed for lower loadings
[158,164]. Other parameters such as the pH of the impregnating
solution during catalyst preparation may be significant [165]. It has
been suggested that promoters, e.g. Re, may play an important role
in obstructing the diffusion of cobalt into the support by occupying
the defectsites of the alumina where the diffusion takes place [166].

The formation of irreducible Co phases during catalyst pre-
treatment or under reaction conditions is attributed to the
migration/diffusion of cobalt cations (e.g. Co?*, Co3*) into the sup-
port framework and/or diffusion of cations of the support towards
the surface (e.g. AI3*) [167-169)]. It appears to be a surface phenom-
enalacking long range order. For y-alumina the effect is particularly
intense since the metal-support interactions are strong and the
similarity of the crystal structures of Co304 and y-alumina enhance
the ease of migration during calcination. Arnoldy and Moulijn
suggested that diffusion of Co?* may occupy tetrahedral sites of
v-Al;03 and lead to the formation of Co?* with many O-Al ligands.
Additional exchange of CoZ* in Co30,4 with AI3* may occur [163].
In accordance with this, results from Raman spectroscopy sug-
gested that the formed cobalt-aluminate is not identical to CoAl;04
(spinel), but is probably a surface compound deficient in Co [170].
These results were further supported by XAS studies proposing that
during reduction a small fraction of the cobalt content is randomly
dispersed over the tetrahedral vacancies of the alumina support
resulting in an amorphous dispersed phase rather than the bulk
CoAl, 04 spinel [171]. Typical catalyst pretreatment temperatures
are too low to allow formation of the bulk spinel. However, small
cluster sizes may deviate significantly from the properties of the
bulk and experience this partial transformation at the surface level
[172]. It has also been found that water may increase the rate of
metal-aluminate formation [168].

Useful techniques in identifying mixed metal-support oxides
are Temperature programmed techniques [163], Raman spec-
troscopy [170,173] and XAS [160,172]. For alumina supported
catalysts it has been found that XANES derivative spectra of Co304
and CoAl, 04 structures may be used to deconvolute contributions
from Co2* and Co3* occupying the tetrahedral and octahedral sites,
respectively [174].

Goodwin and co-workers performed a series of studies focus-
ing on the formation of mixed metal-support compounds in the
catalyst preparation steps and in simulated reaction conditions.
Silica supports were first studied for the formation of mixed
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Fig. 14. (A) TPR of Co/Al, 03 after calcination (a), reduction (350°C, 16 h) (b), reduction and exposure to H,O/He (250°C, 10bar, 16 h, 5.5 bar H,0) (c), and after reduction
and exposure to H;O/H; =10 (250°C, 10 bar, 16 h, 5.5 bar H,0) (d). (B) TPR of CoRe/Al, O3 after calcination (a), reduction (350°C, 16 h) (b), reduction and exposure to H,O/He
(250°C, 10bar, 16 h, 5.5 bar H,0) (c), and after reduction and exposure to H,O/H; =10 (250°C, 10 bar, 16 h, 5.5 bar H,0) (d).

Adapted from reference [119].

metal-support compounds [175] while studies based on alumina
supported catalysts followed [176,177]. A silica-supported cobalt
catalyst (Co/SiO,) was exposed to hydrothermal conditions simu-
lating FT synthesis [175]. Steam was introduced externally for the
simulation. It was found from TPR that hardly reducible species
were formed upon exposure. These species were reduction resis-
tant up to 900°C. The authors proposed that the species were
cobalt-silicates. It was also suggested that the presence of metallic
cobalt is vital for the cobalt-support compound formation and that
hydrogen may accelerate this formation.

Further insight into the causes of the cobalt-support com-
pound formation came from a study of a Co/y-Al,O3; cata-
lyst [176]. The unpromoted catalyst was prepared by incipi-
ent wetness impregnation, reduced, exposed to hydrothermal
conditions (mixture of helium and water vapours) at dif-
ferent temperatures and finally recalcined before TPR mea-
surements. The results revealed that the presence of water
vapour promotes cobalt aluminate formation. This has been
explained by the possible hydration of the alumina which may
stabilize the oxidic cobalt species and create strong interactions
with the support and eventually induce its diffusion into subsur-
face regions. The authors emphasize the need for controlling the
partial pressure of steam at temperatures above 150°C, where
highly dispersed Co2* or metallic Co are present, in order to prevent
cobalt-support compound formation. Zirconia modified alumina
supported catalysts were also used in FTS. Past studies had shown
that zirconia apart from good mechanical strength appears to have
promotional effects on the reaction rate and the metal reducibility
[177]. The examined catalysts contained 2-11 wt% ZrO,, which was
firstly impregnated on alumina, then calcined and subsequently
impregnated with cobalt. FTS was carried out under differential
conditions (220°C, 1.01 bar, CO conversion <5% and H;/CO ratio of
2) in a fixed-bed reactor. Raman spectroscopy was employed for
detection of the cobalt-support mixed compounds. Reduced and
passivated catalyst samples, with and without Zr modification were
characterized. Steam-treated samples were characterized as well.
It appears that there were no Raman bands linked to the formation
of cobalt-alumina mixed compounds for the Zr-modified catalysts,

even when water vapour was added during reduction. According to
the authors, this suggests that zirconium enhances support stabi-
lization by blocking defects and subsequently minimize the impact
of water vapour during reduction, possibly by partially blocking
cobalt-aluminate formation.

A similar effect of zirconium promotion in the cobalt-support
compound formation has been reported in earlier studies [178]
when zirconium oxide chloride was added to a Co/SiO, catalyst.
TPR studies reveal that zirconium appears to lower the interac-
tion of cobalt with the silica support. This results in a catalyst with
higher reducibility, since the formed cobalt-zirconium species can
be reduced at lower temperatures than cobalt silicates.

Extended model studies simulating high partial pressures of
steam in FTS reactors have been performed by Holmen and
co-workers. Although these studies were focusing on better under-
standing of the effect of water, interesting information about the
strong interaction between cobalt and the alumina support were
obtained [116] by using TPR, XPS and gravimetric techniques [119].
Based on the assumption of the similarity of Fischer-Tropsch reac-
tion environment and gaseous mixtures of hydrogen and steam,
model studies were carried out. Rhenium promoted and unpro-
moted Co/y-Al,03 reduced catalysts were exposed to H,O/He and
H,0/H, mixtures and analyzed. TPR results indicated the presence
of a phase which was reduced at temperatures similar to those of
cobalt-aluminate compounds, i.e. 800 °C as shown in Fig. 14.

The measurements were performed after exposure of the
reduced catalyst to a H,O/He mixture at 250 °C and 10 bar. At such
conditions no high temperature reduction peaks were detected for
the unpromoted catalyst. After H,O/H, treatment, both the Re-
promoted and unpromoted catalysts showed reduction peaks at
temperatures >727 °C, most likely corresponding to metal-support
mixed compounds. Gravimetric measurements were used to follow
the weight changes during gas mixture exposures of the catalysts.
TPR results are in agreement with the reported gravimetric results
in terms of oxygen uptake. Promoted catalysts appear to have a
higher tendency to oxidize than their unpromoted counterparts. It
was also shown that the H,O/He treatment of the reduced catalyst
led to a large increase in reduction temperatures [117]. It was sug-
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gested that the cobalt oxide formed from the treatment interacts
more strongly with the alumina support. This reduction difficulty
is usually observed for bulk cobalt aluminate or cobalt ions having
a high number of O-Al ligands (827-927 °C). In addition, in the XPS
spectrum the cobalt oxide peak was dominating also after reduc-
tion, which indicates the existence of multiple cobalt compounds
on the surface having widely different dispersion and reducibility.

In accordance with the previously mentioned results, investiga-
tions of noble metal-promoted Co/vy-Al,03 catalysts have shown
cobalt-support mixed compound formation during FTS. It was
proposed that since bulk oxidation of cobalt by water is not thermo-
dynamically permitted at typical FTS conditions, smaller clusters
are interacting with the support and their behaviour deviate sig-
nificantly from bulk cobalt metal. These clusters may undergo
oxidation in the presence of water and subsequently lead to the
diffusion of cobalt cations into the tetrahedral sites of the alumina
lattice [156].

Ru-promoted and unpromoted 15wt% Co/y-Al,03 catalysts
were subjected to FTS conditions (19 bar, 220°C, H,/CO=2.0 and
SV=5SL/hgcat)ina CSTR for 1000 h [45]. Reduced/passivated fresh
and used catalysts were characterized, with the assistance of model
compounds, by means of EXAFS and XANES. From the analysis of the
used samples it appeared that both pre-edge features and XANES
derivative spectra resemble either Co304 or Co-aluminates mixed
compounds. As already mentioned the thermodynamic behaviour
of the small cobalt clusters may deviate significantly from the bulk
and thus allow the re-oxidation of the small clusters and sub-
sequently increase their interactions with the support leading to
mixed metal-support compound formation. This route appears to
be preferred over the complete oxidation to Co304. The contribu-
tion to the spectra from the Co304 can thus be excluded.

Platinum promoted 15 wt% Co/vy-Al,03 catalyst was studied in a
CSTR for behaviour in Fischer-Tropsch synthesis [142,147] (210°C,
20 and 29.3 bar, H,/CO=2, 750 rpm and 30% Ar in the feed). In the
study, various space velocities were applied together with external
addition of water. The effect of the different steam concentrations
was investigated. Samples were acquired before, during, and after
H,0 addition and examined by XAS. The spectra were normalized
and derivatives were obtained. XAS results strongly suggested that
the irreversible loss in activity after the external introduction of
steam at high concentrations led to the reaction of the cobalt clus-
ters with the support, forming cobalt aluminate-like species. In
particular XANES data showed a sharp peak rise ~5eV after the
edge, which closely resembled the sharp feature evident in cobalt
aluminate, but absent in CoO. Moreover, the k-weighted spectra
underwent changes in agreement with the formation of cobalt alu-
minate. The changes included increase in the Co-O coordination
number, significant reduction of Co-Co coordination and forma-
tion of two peaks at the distance of 2.8 and 3.0 A from the absorber,
which are likely due to Co-Co coordination in the oxidized species.
It was also observed that the CO, selectivity was low at low con-
version levels and increased linearly with increasing CO conversion.
This indicates increased water-gas shift activity in connection with
the partial pressure of steam. It was suggested that another WGS
active form of cobalt, such as cobalt oxide or cobalt-aluminate
was formed. This is in line with the possibilities of re-oxidation
or mixed-cobalt compound formation.

Rhenium promotion of a 15wt% Co/y-Al,03 catalyst was also
investigated [47]. The catalyst was used in a CSTR (220°C, 20 bar,
H,/CO=2, 750rpm), withdrawn at various times on stream and
characterized by XAS (XANES and EXAFS). XANES results revealed
a strong contribution of the reduced cobalt metal and three small
peaks which resembled the peaks of the cobalt-aluminate and
Co304 model compounds. The peaks were more pronounced in the
derivative spectra. This suggests that small fractions of the cobalt
may have transformed into a FT inactive state. However, EXAFS

data failed to verify these results. Jacobs et al. studied promoted
and unpromoted catalysts with different metal loadings (15 wt%
and 25wt%) [148]. The low loaded catalysts, having cobalt parti-
cles between 5 and 6 nm, showed indications of cobalt-aluminate
formation. The XANES derivatives showed a increasingly intense
feature at 7717 eV for both catalysts, supporting the hypothesis of
cobalt-aluminate formation. In general the catalysts with low load-
ings and hence small crystallite size appeared to be more sensitive
to the partial pressure of water, leading to irreversible deactivation
apparently caused by the metal-support mixed compounds.

Cobalt-support mixed oxide formation appears to be a sur-
face or subsurface phenomena with no long range order, where
cobalt atoms are randomly distributed in the support. However, X-
ray diffraction studies of Ru-promoted Co/vy-Al,03 spent catalyst
revealed the existence of bulk aluminates [50]. The catalyst was
used in a fixed-bed reactor at 220 °C, 20 bar and H,/CO ratio of 2 for
a period of 1000 h and subsequently characterized by several tech-
niques. The authors suggested that external factors, like the partial
pressure of steam were responsible for this deactivation. Cobalt re-
oxidation and increased metal-support interactions leading to the
formation of xCoO-yAl, 03 species was proposed as the dominating
deactivation mechanism.

Chen et al. observed the formation of hydrated cobalt silicates
on a Co/Zr0,/Si0, catalyst tested for 500 h in a laboratory fixed-bed
reactor (20 bar, 500 h~1, H,/CO =2 in the temperature range from
186 to 191 °C). The employed techniques were XRD, FT-IR, TPR and
TGA [179,180]. It was proposed that the hydrated cobalt silicate
species were the main cause of deactivation of the FT catalyst and
their formation was facilitated at high partial pressure of water.

2.6. Attrition

Attrition is defined as the unwanted breakdown of solid par-
ticles. The mechanisms of the attrition process include both
abrasion/erosion (the process during which particle surface layers
or corners are removed) and fracture (the fragmentation of par-
ticles) [6]. This fragmentation or abrasion of catalyst particles or
pellets may result in the production of finer particles and possibly
catalyst loss. The produced fines may influence the process oper-
ation by affecting the fluidization properties (e.g. foam formation
inside the reactor), by plugging the solid-liquid separation devices
(e.g. filters), and can emerge downstream and consequently con-
taminate the products (e.g. mixed with FT wax) as indicated in
Fig. 15. The attrition phenomena are more intense in fluidized or
slurry bed reactors [181]. However, slurry bubble column reactors
have received a lot of attention in the recent years due to their
excellent heat removal capabilities during FT reaction [182]. Thus,
catalyst deactivation through attrition is of significant importance
when the application of SBCR is considered.

Several techniques exist for measuring the attrition resistance
of a catalyst. These are fluidized bed tests, collision tests, ultrasound
tests and jet cup. The last appears to be most suitable and accurate
for predicting attrition in a SBCR environment [182].

The mechanical strength of the support and the metal loading
are critical parameters for the attrition resistance of the cata-
lyst. Wei et al. studied the behaviour of different catalysts against
attrition [183]. The study focused on the most common sup-
ports used for FT synthesis, i.e. alumina, silica and titania (rutile
and anatase). Attrition resistance tests were performed both in
a laboratory-scale SBCR under FT conditions for 10 days and by
using an ultrasonic attrition testing procedure. The supports were
calcined, sieved (grain size >38 wm) and subjected to the test.
It appears that the attrition resistance has the following order:
Al;03 >TiO; (rutile)>SiO,. The effect of cobalt loading was also
studied and adding cobalt to alumina or silica increased the resis-
tance towards attrition. However, titania supported catalyst did not
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Fig. 15. Different hydrothermal behaviour of FT catalysts. (a) Settling problems and plugging of the catalyst/wax separation cartridges inside the pilot reactor, (b) after
catalyst sedimentation (the black layer) the reaction product still appears gray because of the suspension of fines and (c) the reaction products for catalyst with improved

hydrothermal stability.
Adapted from reference [181].

show any improvement. The catalysts had the following order of
attrition resistance Co/Al,03 > Co/SiO, > Co/TiO, (rutile) > Co/TiO,
(anatase). Addition of metal (Ru, Cu) or oxide promoters (La, Zr, K,
Cr) did not affect the attrition resistance of the catalyst significantly.

Although alumina is the most attrition resistant support, it
will react with water to produce mechanically fragile hydrated
forms [181] at industrial FT conditions. Suppressing attrition dur-
ing Fischer-Tropsch synthesis in slurry bed reactors can be further
achieved by doping of the support with various bi-valent metals
(e.g. Ni) and a subsequent rise in calcination temperature of the
catalyst preparation steps. In particular it appears that impregna-
tion of alumina support with low amounts of a bi-valent metal
(capable of forming a spinel compound with alumina) followed by

a calcination above 550 °C and a second impregnation with the cat-
alytically active metal increases dramatically attrition resistance of
the catalyst [184].

3. Summary
A summary of the recent literature dealing with deactivation
mechanisms for cobalt based Fischer-Tropsch catalysts is given

below and summarized in Table 2:

(a) Poisoning is important in Fischer-Tropsch synthesis. Sulphur
and possibly nitrogen contaminants are affecting catalyst per-

formance. Purification of the feed is vital for the process and

Table 2
Proposed mechanisms of catalyst deactivation in cobalt based FTS.
Deactivation Short description References
Mechanism
Poisoning Sulphur in the form of H,S, COS will poison the catalyst. [4,7,9,13-18,81]
Sulphur content in the feed should be kept below 0.02 mg/m?3.
Feed purification is vital for the process.
Nitrogen compounds appear to have a reversible poisoning [19-21,23,24]
effect. Other species are accused for catalyst poisoning as well.
Sintering Exothermicity of the reaction dictates sintering as a possible [26,29,38-47,49-53,55]

Carbon formation
and fouling

Re-oxidation

Carbidization

Metal-support
solid state
reactions
Surface
reconstruction

Leaching of active
phase

Attrition

deactivation mechanism. Coalescence seems to be the
prevailing mechanism.

Support sintering has been proposed as well.

The possibility of pore plugging and catalyst fouling due to
carbonaceous species formation is high, since carbon is a key
element of the synthesis. The exact nature of the species is still
unclear.

Thermodynamic calculations shown that re-oxidation is
possible only for crystallites less than 5 nm in diameter.
Nevertheless, several studies are proposing water-induced
re-oxidation as a deactivation mechanism. In contradiction
further reduction during FTS has been proposed as well.
Other oxygen containing species have been investigated for
their oxidizing ability.

Mainly XRD studies are reporting Co,C formation. The
formation appears to be reversible.

The formation of mixed compounds of metal and the support
is thermodynamically feasible, however kinetically restricted.
Water may promote this side effect.

Surface reconstruction has been proposed and connected with
the activation of the catalyst. Calculations have shown a link
between reconstruction and deactivation, but the
phenomenon is lacking experimental evidences.

ICP analysis of spent catalysts used in laboratory units shows
that the catalyst components are remaining in the catalyst
after operation.

Particularly valid for moving beds. Fragmentation of catalyst
particles is resulting in secondary effects disturbing proper
operation and assisting catalyst loss.

[56]
[4,26,59-61,80-82,84,87-98,155]

[29,39,42,45-47,50,51,53,113-135,137-149]

[150-152]
[46,50,55,64,75-79,153]

[29,39,41,42,45,50,51,56,116,117,119,142,143,147,148,156,175-180]

[26,90,103,107-111,185]

[5,41,42,50,51]

[181,183,184]




180 N.E. Tsakoumis et al. / Catalysis Today 154 (2010) 162-182

the levels of sulphur should be kept below 0.02 mg/m?3. Other
species like alkali metals, carbon or metal carbonyls may be
responsible for catalyst poisoning.

(b) Sintering is highly depended on the support. Alumina appears
to stabilize cobalt crystallites and make the catalyst more resis-
tant against sintering. However, the Hiittig temperature of Co
is not far from the ordinary FT temperatures and the pres-
ence of water may accelerate sintering. In addition, crystallite
transformations may increase surface mobility and enhance the
possibility of agglomeration.

(¢) Bulk carbidization at FT conditions, although thermodynam-
ically not feasible, has been reported by in situ studies.
Carbidization is reversible upon mild hydrogen treatments and
this regeneration will yield hcp rich cobalt particles.

(d) It is expected that the formation of high molecular weight
carbon species will affect the activity due to diffusion inhi-
bition and pore plugging. It is likely that these species will
accumulate and slowly undergo transformations to more sta-
ble carbon species that physically block the surface or even
strongly chemisorb on the catalytically active sites. Neverthe-
less, this deactivation mechanism appears to be reversible with
the proper treatment (i.e. solvent extraction combined with
hydrogen treatment and/or calcination).

(e) It is evident that the surface of cobalt under Fischer-Tropsch
conditions is dynamic and subjected to severe reconstruction.
This behaviour, due to the lack of in situ monitoring, has rarely
been taken into consideration as a cause of catalyst deacti-
vation. However, essentially computational calculations have
been performed and only recent experimental studies have evi-
denced surface reconstruction during FTS at low syngas partial
pressures [185,109].

(f) Contradictory reports exist for the re-oxidation of cobalt FTS
catalysts. Although thermodynamically not favourable, sev-
eral reports are indicating surface re-oxidation. The effect
is strongly linked with the presence of water. In contrast,
several studies have not detected any re-oxidation. Some of
them even report further reduction of the catalyst during FTS.
The wide range of obtained results reveals the importance of
experimental characteristics like pretreatments (i.e. calcination
temperature, degree of reduction), experimental conditions
(e.g. T, P,H,/CO, GHSV, CO conversion level), catalyst micro- and
macroscopic properties (crystallite size, promoter, support type
and framework), instrumentation (i.e. reactors, in situ cells).

(g) The formation of hardly reducible cobalt-support species has
been claimed by several groups. The phenomenon is highly
depended on the used support and can be enhanced by the
existence of surface re-oxidation. It should be noted that it can-
not be the main reason of deactivation of FT catalysts since
deactivation is observed also on weakly interacting supports.

(h) Attrition is an important topic for the industrial process, espe-
cially when slurry reactors are used. However, attrition is
known and prevention is expected to be obtained by a balance
between high calcination temperatures of doped supports with
mechanical promoters and the supports surface area.

4. Concluding remarks

The present literature review of deactivation of cobalt
based Fischer-Tropsch catalysts confirms the complexity of the
Fischer-Tropsch reaction system. The diversity in reported opin-
ions is evident in the majority of the proposed deactivation
mechanisms. Poisoning of the catalyst and mechanical failure
through attrition (mostly for slurry beds) are generally accepted.
Modelling and prevention of the phenomena via catalyst design
should be addressed. There is evidently a lack of information con-

cerning the role of promoters in FTS. The nature, the state and
the way noble metal promoters act under FTS conditions remains
unknown and no information exist concerning their contribution
to deactivation. The promoter phase transformation, segregation or
alloy formation with the metal should be part of future deactiva-
tion studies. Mechanisms of deactivation that are highly dependent
on the chemical environment of the reaction are still debated.
Sintering, re-oxidation, cobalt-support mixed compound forma-
tion and carbon formation are the main issues. The carbon rich
environment in FTS may lead to carbon species (atomic to poly-
meric, amorphous to crystalline) accumulating on the surface or
diffusing into the bulk. Diffusion limitations may also be involved.
Nevertheless, the exact nature of the carbon species and the way
they act is still unclear. Although the effect of water is well docu-
mented, it is still unidentified if the effect is kinetic, diffusional or
oxidative. Sintering appears to be probable under FTS conditions.
Apparently, deactivation in FTS is sensitive to several parame-
ters. By changing pretreatments, experimental conditions, catalyst
micro- and macroscopic properties and instrumentation may facil-
itate different deactivation mechanisms. In addition, the difficulty
in characterization due to the air sensitivity of metallic cobalt and
the FT waxes that are covering the surface creates uncertainty in
comparison of results. Thus, it is vital that well defined catalysts are
studied under industrially relevant conditions with simultaneous
monitoring of the involved phases. Operando techniques have been
rapidly developed in recent years [186,187]. Application of such
techniques for the Fischer-Tropsch synthesis, may facilitate the
investigation of initial deactivation mechanisms by providing time
resolved, accurate and quantitative information [53,55,130,188].
For long-term deactivation, extended FT runs will be beneficial and
a close collaboration between industry and academia will assist
towards that perspective.
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