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1. Introduction
In this section we discuss the challenges in catalyst design

for Fischer-Tropsch synthesis.

1.1. Brief Historical Perspective
The first experiments on catalytic hydrogenation of carbon

monoxide were carried out at the beginning of 20th century.
In 1902, Sabatier and Senderens synthesized methane from
a mixture of CO or CO2 with hydrogen; the reaction was
performed on cobalt or nickel catalysts at temperatures of
473-453 K and under atmospheric pressure. In 1922, Hans
Fischer and Franz Tropsch proposed the Synthol process,1

which gave, under high pressure (>100 bar), a mixture of
aliphatic oxygenated compounds via reaction of carbon
monoxide with hydrogen over alkalized iron chips at 673
K. This product was transformed after heating under pressure
into “Synthine”, a mixture of hydrocarbons.

Important progress in the development of Fischer-Tropsch
(abbreviated further in the text as FT) synthesis was made
in 1923. It was found that more and more heavy hydrocar-
bons could be produced2 when the Synthol process was
conducted at lower pressure (∼7 bar). Heavy hydrocarbons
were the main products of carbon monoxide hydrogenation
on Fe/ZnO and Co/Cr2O3 contacts. In 1926, Hans Fischer
and Franz Tropsch published their first reports3 about
hydrocarbon synthesis.

After 1927 under the supervision of Roelen, the problems
of chemical engineering had been tackled. A series of fixed
bed and circulating bed reactors was developed. These reac-
tors had already a presentiment of the later industrial pro-
cesses. In 1934, the FT process was licensed by Ruhrchemie
and reached industrial maturity in 2 years. In April 1936,
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the first large-scale FT plant operated in Braunkohle-Benzin.
In 1938, Germany had a capacity of 660 000 tons of primary
products per year. After World War II, ARGE (Arbeitsge-
meinschaft Ruhrchemie und Lurgi) developed a large-scale
process with a fixed bed FT reactor. At the same period,
Kellog proposed a technology based on circulating catalyst
bed. Both the ARGE and Kellog processes were realized by
Sasol in South Africa. The Sasol One plant was built in
Sasolburg in 1955. In 1969, the Natref crude oil refinery
was commissioned. In 1980 and 1982, Sasol Two and Sasol
Three, respectively, began production in Secunda.4 Major
accomplishments of Sasol in the design of catalysts, reactors,
and processes for FT synthesis have been summarized in a
recently published monograph.5

In the 1980s, expensive investments in the FT research
and development programs picked up again in major
petroleum companies. The global resurgence of interest in
FT synthesis has been primarily driven by the problems of
utilization of stranded gas, diversification of sources of fossil
fuels, and environmental concerns. Synthetic liquid fuels
generally have a very low content of sulfur and aromatic
compounds compared to gasoline or diesel from crude oil.
FT synthesis has been considered as a part of gas to liquids
(GTL) technology, which converts natural and associated
gases to more valuable middle distillates and lubricants.

The abundant reserves of natural gas in many parts of the
world have made it attractive to commission new plants
based on FT technology. In 1993, the Shell Bintulu 12 500
barrels per day (bpd) plant came into operation. In June
2006, the Sasol Oryx 34 000 bpd plant was inaugurated.
SasolChevron is currently building its Escarvos GTL plant
in Nigeria. Shell and Exxon signed the agreement on building
140 000 and 150 000 bpd GTL-FT plants in Qatar. Thus,
after several decades of research and development, FT
technology has finally come to the stage of full-scale industry
and worldwide commercialization. The history of catalyst
design for FT synthesis has been recently reviewed by
Bartholomew.6 More information on the early history of
FT synthesis and historical patents is available at www.
fischer-tropsch.org.

1.2. Catalysts for Fischer −Tropsch Synthesis

All group VIII metals have noticeable activity in the
hydrogenation of carbon monoxide to hydrocarbons

Ruthenium followed by iron, nickel, and cobalt are the
most active metals for the hydrogenation of carbon monox-
ide. Vannice7 et al. showed that the molecular average weight
of hydrocarbons produced by FT synthesis decreased in the
following sequence: Ru> Fe > Co > Rh > Ni > Ir > Pt
> Pd. Thus, only ruthenium, iron, cobalt, and nickel have
catalytic characteristics which allow considering them for
commercial production. Nickel catalysts under practical
conditions produce too much methane. Ruthenium is too
expensive; moreover, its worldwide reserves are insufficient
for large-scale industry.

Cobalt and iron are the metals which were proposed by
Fischer and Tropsch as the first catalysts for syngas conver-
sion. Both cobalt and iron catalysts have been used in the
industry for hydrocarbon synthesis. A brief comparison of
cobalt and iron catalysts is given in Table 1. Cobalt catalysts
are more expensive, but they are more resistant to deactiva-
tion. Although the activity at low conversion of two metals
is comparable, the productivity at higher conversion is more
significant with cobalt catalysts. Water generated by FT
synthesis slows the reaction rate on iron to a greater extent
than on cobalt catalysts. At relatively low temperatures
(473-523 K), chain growth probabilities of about 0.94 have
been reported8-10 for cobalt-based catalysts and about 0.95
for iron catalysts. The water-gas shift reaction is more
significant on iron than on cobalt catalysts

Iron catalysts usually produce more olefins. Both iron and
cobalt catalysts are very sensitive to sulfur, which could
readily contaminate them. For iron-based catalysts, the
syngas should not contain more than 0.2 ppm of sulfur. For
Co catalysts, the amount of sulfur in the feed should be much
less than 0.1 ppm.9-11 Cobalt catalysts supported on oxide
supports are generally more resistant to attrition than iron
coprecipitated counterparts; they are more suitable for use
in slurry-type reactors. Iron catalysts produce hydrocarbons
and oxygenated compounds under different pressures,
H2/CO ratios, and temperatures (up to 613 K). Cobalt
catalysts operate at a very narrow range of temperatures and
pressures; an increase in temperature leads to a spectacular
increase in methane selectivity. Iron catalysts seem to be
more appropriate for conversion of biomass-derived syngas
to hydrocarbons than cobalt systems because they can operate
at lower H2/CO ratios.

Table 1. Comparison of Cobalt and Iron FT Catalysts

parameter cobalt catalysts iron catalyst

cost more expensive less expensive
lifetime resistant to deactivation less resistant to deactivation

(coking, carbon deposit, iron carbide)
activity at low conversion comparable
productivity at high conversion higher; less significant effect of water on

the rate of carbon monoxide conversion
lower; strong negative effect of water

on the rate of carbon monoxide conversion
maximal chain growth probability 0.94 0.95
water gas shift reaction

CO + H2O f CO2 + H2

not very significant; more noticeable
at high conversions

significant

maximal sulfur content <0.1 ppm <0.2 ppm
flexibility (temperature and

pressure)
less flexible; significant influence

of temperature and pressure
”on hydrocarbon selectivity

flexible; methane selectivity is
relatively low even at 613 K

H2/CO ratio ∼2 0.5-2.5
attrition résistance good not very resistant

nCO + 2nH2 f CnH2n+ nH2O

nCO + (2n + 1) H2 f CnH2n+2 + nH2O

CO + H2O f CO2 + H2
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Currently, there are two FT operating modes:11-13 high-
and low-temperature FT processes (Figure 1). In the high-
temperature FT (573-623 K, HTFT) process14 syngas reacts
in a fluidized bed reactor in the presence of iron-based
catalyst to yield hydrocarbons in the C1-C15 hydrocarbon
range. This process is primarily used to produce liquid fuels,
although a number of valuable chemicals, e.g.,R-olefins,
can be extracted from the crude synthetic oil. Oxygenates
in the aqueous stream are separated and purified to produce
alcohols, acetic acid, and ketones including acetone, methyl
ethyl ketone, and methyl isobutyl ketone.

Both iron and cobalt (Fe, Co) catalysts can be used in the
low-temperature FT (473-513 K, LTFT) process8,10 (Figure
1) for synthesis of linear long-chain hydrocarbon waxes and
paraffins. High-quality sulfur-free diesel fuels are produced
in this process. Most of the FT technologies developed in
last two decades are based on the LTFT process. These new
LTFT processes have involved syngas with a high H2/CO
ratio, which is generated by vaporeforming, autothermal
reforming, or partial oxidation using natural gas as a
feedstock.

Because of their stability, higher per pass conversion,8 and
high hydrocarbon productivity, cobalt catalysts represent the
optimal choice for synthesis of long-chain hydrocarbons in
the LTFT process.

1.3. Active Sites in Cobalt Catalysts

Information about the nature of the active sites is crucial
for the design of cobalt FT catalysts. There is currently a
consensus in the literature that FT synthesis proceeds on
cobalt metal particles. The attribution of catalyst FT activity
to cobalt metal phases has been built on a series of
experimental findings. First, it was found that unsupported
metallic cobalt and cobalt monocrystals were active15 in FT
synthesis. Secondly, cobalt metallic phases were always
detected in the active FT catalyst before, during, and even
after FT synthesis. Thirdly, Iglesia16-19 et al. showed (Figure
2) that for large cobalt metal particles the reaction rate is
proportional to the number of cobalt surface sites. Figure 2
suggests that turnover rates do not depend on cobalt
dispersion for series of the catalytic supports. FT synthesis
is therefore a structure-insensitive reaction.20

The statement about invariance of FT turnover frequency
on cobalt particle sizes is probably valid only for larger cobalt
particles; several exceptions might be expected21 when cobalt
particles are getting smaller or when they contain22 different
cobalt metal phases.

FT reaction rates and hydrocarbon selectivities on cobalt-
supported catalysts could significantly evolve during the
reaction. A dependence of carbon monoxide conversion and
methane selectivity on time on stream, which is frequently
observed23 in a slurry reactor with cobalt alumina-supported
catalysts, is shown in Figure 3. The decrease in the number

of cobalt active sites (catalyst deactivation) could be one of
the reasons responsible for the evolution of catalyst perfor-
mance. In addition to active cobalt metallic phases, a working
FT catalyst could contain several other cobalt species: cobalt
carbide, cobalt oxides, cobalt support mixed compounds, etc.
These species are probably not directly involved in FT
synthesis. Cobalt carbide formation seems to be related24 to
a deactivation process. Oxidized cobalt species (Co3O4, CoO,
etc.) do not catalyze FT synthesis either. Oxidation of cobalt
metallic species during the reaction leads to catalyst deac-
tivation8,17,19and reduces FT reaction rates. At the same time,
cobalt oxidized species could probably affect the rate of
several side and secondary reactions, such as water-gas shift,
olefin isomerization, reinsertion, and hydrogenolysis.

1.4. Synergy between Catalyst and Catalytic
Reactor

Commercial reactors for FT synthesis involve different
technologies. Circulating bed and fluidized bed reactors are

Figure 1. High- and low-temperature FT processes. Figure 2. Cobalt time yield for a variety of cobalt alumina-, silica-,
titania-supported catalysts. FT synthesis at 473 K, 2 MPa, H2/CO
) 2, 50-60% conversion (reproduced from ref 16, Copyright 2004,
with kind permission from Springer Science and Business Media).

Figure 3. Evolution of carbon monoxide conversion and methane
selectivity over Co/Al2O3 catalyst in slurry reactor (T ) 493 K, 2
MPa, inlet H2/CO ) 2.2, data obtained in our laboratory).
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used for the high-temperature FT processes (HTFT), which
lead to gaseous products, while multitubular fixed bed and
slurry reactors are dedicated to the low-temperature FT
processes (LTFT), which manufacture liquid middle distillate
fractions and hydrocarbon waxes.14,25-28

Several important issues have to be taken into consider-
ation while choosing the reactor for FT synthesis. In addition
to intrinsic chemical kinetics, the yield of hydrocarbons in
the commercial reactor is affected by several other phenom-
ena: interphase and intraphase mass transfer, heat transfer
(FT synthesis is highly exothermic), and hydrodynamics of
the flows. The mechanical stability of the catalyst is also an
important issue, especially in fluidized bed and slurry bubble
column reactors. The highest hydrocarbon yields can only
be obtained when all phenomena are understood, controlled,
and optimized. The optimal industrial reactor should use the
catalyst at its maximum capacities for syngas conversion and
should attain maximal hydrocarbons selectivities.

The process efficiency therefore depends on both the
catalyst and catalytic reactor. This suggests that the FT
reactor should be adapted to a specific catalyst. The design
of novel catalysts should take into consideration the con-
straints imposed by the reactor.

1.5. Goals of This Review

Most of the recent reviews about FT synthesis have
focused on either development of the reactors and processes
for FT synthesis8,11,14,29-35 or kinetic and mechanistic aspects
of this reaction.16,17,19,36-39 Very few reviews have specifically
addressed recent developments in the design and character-
ization of cobalt catalysts.

The goal of the present review is to discuss different
approaches to the FT catalyst design elaborated over the last
10-15 years. The catalyst design involves catalyst synthesis,
catalyst activation, characterization of catalysts and their
active phases, and evaluation of catalytic performance. The
review contains four main sections. Section 2 tackles
synthesis of cobalt FT catalysts. Section 3 focuses on
comparative analysis of in-situ, ex-situ, and operando catalyst
characterization techniques. Section 4 reviews the strategies
for initial evaluation of FT catalyst performance.

2. Synthesis of Cobalt Fischer −Tropsch Catalysts

The catalytic performance of FT catalysts strongly depends
on the methods of catalyst preparation. Preparation of cobalt-
supported catalysts involves several important steps: choice
of appropriate catalyst support, choice of method of deposi-
tion of the active phase, catalyst promotion, and oxidative
and reductive treatments.

The goal of active phase deposition is to spread cobalt
onto porous support and provide the precursors of cobalt
metal clusters. Properties of the catalysts, number of cobalt
metal sites, their characteristics, and localization on the
support could be controlled by promotion with noble metals
and oxides. The effect of promotion on the structure of cobalt
catalysts has been also recently reviewed by Morales and
Weckhuysen.40

The catalytic performance of FT catalysts is usually
strongly affected by different oxidizing and reducing pre-
treatments. The catalytic support could also influence the
performance of FT catalysts.

2.1. Types of Cobalt Catalysts and Methods of
Deposition of Active Phase

2.1.1. Impregnations

Cobalt-supported catalysts for FT synthesis are very often
prepared by impregnation. Impregnation is a method of cobalt
deposition on porous support in which a dry support is
contacted with a solution containing dissolved cobalt precur-
sors.41 In this section we discuss impregnation techniques
which involve solutions of cobalt salts and cobalt carbonyls.

2.1.1.1. Impregnation Using Solutions of Cobalt Salts.
Incipient wetness impregnation is the most common method
to prepare cobalt-supported catalysts. In the incipient im-
pregnation method a solution of cobalt salt, typically cobalt
nitrate, is contacted with a dry porous support. After being
contacted, the solution is aspired by the capillary forces inside
the pores of the support. The incipient wetness occurs when
all pores of the support are filled with the liquid and there is
no excess moisture over and above the liquid required to
fill the pores. Although at the first sight the practical
execution of incipient wetness impregnation is simple, the
fundamental phenomena underlying impregnation and drying
are extremely complex. Reproducible synthesis of cobalt
catalyst requires careful control of all impregnation param-
eters: temperature and time of support drying, rate of
addition of impregnating solution, temperature and time of
drying, etc. An experimental set up used in our laboratory
for incipient wetness impregnation is shown in Figure 4.

The initial repartition of cobalt on the support depends to
a larger extent on the type and concentration of hydroxyl
groups on the surface and pH of impregnating solution.42

At the stage immediately after impregnation, the interaction
between the metal precursor and the support is relatively
weak, thereby allowing redistribution of the active phase over
the support body during drying and calcination.

The distribution of Co2+ ions on the support after
impregnation is affected by electrostatic interactions. Porous
oxides such as alumina, silica, and titania have different
points of zero charge (PZC).43 At pH below the PZC, the
surfaces of the corresponding oxides are charged positively;
at pH higher than the PZC, the surface of the support is
charged negatively. If the impregnating solution has a pH
below the point of zero charge, repulsion between the surface
of the support and Co2+ atoms results in nonhomogeneous
repartition of cobalt ions. At pH higher than the point of
zero charge, Co2+ cations are distributed much more homo-

Figure 4. Scheme of experimental set up for incipient wetness
impregnation. The solution is added dropwise during rotational
motion of the recipient.
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genously. Further increase in pH could lead to dissolution
of the support in the impregnating solution.

Dissolution of silica at pH higher than 7 was previously
observed by Ming44 et al. Alumina can dissolve in acid
solutions at pH lower than 1. After dissolution, aluminum
ions in the presence of cobalt ions, could form hydrotalcite-
like structures, e.g., Co6Al2CO3(OH)16‚4H2O. These amor-
phous hydrotalcite-like structures are then physically ad-
sorbed and loosely bonded to the original alumina surface.45

The pH of the impregnating solution could also affect the
sizes of cobalt oxide particles. A correlation between the
particle size of cobalt oxide and the pH of the impregnating
solution of cobalt nitrate was observed in the catalysts
supported by titania.46

The concentration, distribution, and nature of hydroxyl
groups of the support also play an important role in the
genesis of the dispersion of supported metal. The concentra-
tion of these hydroxyl groups can be controlled by pretreat-
ment of the support with organic compounds and tetraeth-
ylorthosilicate. Zhang47 et al. found that pretreatment of silica
with acetic acid, 1-propanol, and 1-butanol prior to impreg-
nation resulted in higher cobalt dispersion and better activity
in the FT reaction. It was found that pretreatment by organic
solvent modified the surface properties of silica, enhancing
simultaneously cobalt dispersion and reducibility. Pretreat-
ment48 of alumina with ammonia, ammonium nitrate, acetic
acid, and ethanol prior to impregnation also affects the
texture, acidity of the support, and catalytic performance of
the final catalysts. The number of acid sites decreased in
the ammonia- and ammonium-nitrate-treated aluminas, while
in the acetic-acid-treated alumina, the concentration of acid
sites increased. Higher carbon monoxide conversion and C5+
selectivity were observed on less acid ammonia and am-
monium-nitrate-treated catalysts. Initial pretreatment of
alumina and titania by TEOS was reported to reduce
formation of inactive mixed oxide species.49

Slurry (wet) impregnation represents another technique of
introduction of cobalt phase to the catalyst supports. Slurry
impregnation entails use of an amount of impregnating liquid
in excess of what can be accommodated by the total pore
volume of selected porous support.50 The support is usually
added to the impregnating solution heated at 333-363 K to
yield a slurry.51 The slurry is stirred continuously during
impregnation. After removal of the excess liquid phase, the
catalyst is dried at subatmospheric pressure or in flow of
air. The initial drying at subatmospheric water is essential
to inhibit diffusion of active component to the outer surface
of catalyst grains.

2.1.1.2. Impregnation with Cobalt Carbonyl Solutions.
Impregnation is one of the simple techniques for immobiliz-
ing transition-metal carbonyls on porous oxides. Metal
carbonyl impregnating methods have been described by
Bailey and Langer.52 A significant amount of the literature
about impregnation with cobalt carbonyls was published53-55

in the 1980s. It is generally expected that impregnation with

cobalt carbonyl produces cobalt catalysts with high metal
dispersion. In many cases cobalt metal particles could be
obtained at low temperature without use of a reductive
atmosphere. Note that reduction is indispensable for obtaining
cobalt metal particles in the catalysts prepared via impregna-
tion and decomposition of cobalt salts. After initial physical
adsorption, the carbonyls react with surface sites, e.g., sur-
face oxygen sites, hydroxyl groups. A wide range of sur-
face species were identified56-58 when cobalt carbonyls
were gradually losing CO ligands and form, for example,
Co2(CO)6L or Co6(CO)16-nLn species, where L denotes a
surface site. Decomposition of metal carbonyl also occurs59

at FT reaction conditions even in the presence of syngas.
During thermal decomposition, the supported metal complex
can be also oxidized to cobalt oxides via a reaction with
surface hydroxyl groups of the support.

Both monometallic and bimetallic carbonyls have been
used for catalyst preparation. Co2(CO)8 and Co4(CO)12 are
the most important cobalt carbonyl precursors. A comparative
study of impregnation with Co2(CO)8 and Co4(CO)12 was
performed by Niemela¨60 et al. It was found that Co2(CO)8
transformed to Co4(CO)12 on silica support during catalyst
drying. Nevertheless, the supported catalysts derived from
these two precursors exhibited distinct characteristics and
reactivity. Co2(CO)8-derived catalyst had a lower extent of
reduction but higher cobalt dispersion than that prepared from
Co4(CO)12. Cobalt carbonyl catalysts exhibited61 a more rapid
deactivation during carbon monoxide hydrogenation than a
conventional one prepared from cobalt nitrate.

Cobalt catalysts with 3-4 wt % Co content were prepared
by Withers62 et al. using zirconiumn-propoxide and dicobalt
octacarbonyl. Dry SiO2 was impregnated with a hexane
solution of zirconiumn-propoxide and Co2(CO)8 dissolved
in a mixture of hexane and toluene. The bulk activity of the
carbonyl catalysts in the slurry reactor (Table 2) was more
than twice that of the catalysts prepared using conventional
impregnation with cobalt nitrate, while the specific activity
was even more than 3 times higher. Johnson63 et al. also
found a higher catalytic activity of cobalt catalysts supported
on alumina prepared from decomposition of tetracobalt
dodecacarbonyl than that of conventional cobalt catalysts,
while their selectivities were very similar. Lee64 et al.
prepared cobalt-containing zeolite catalysts using ion ex-
change, carbonyl complex impregnation, and water impreg-
nation. Though exhibiting lower FT reaction rates, the
catalysts prepared using carbonyl impregnation had enhanced
selectivity to higher hydrocarbons.

Impregnation with carbonyls could also lead to bimetallic
catalysts. Bimetallic particles were obtained65 on alumina
using co-adsorption of dicobalt octacarbonyl and diruthenium
hexacarbonyl tetrachloride complexes from pentane solutions.
Small Co/Ru superparamagnetic and ferromagnetic nano-
particles were prepared66 using impregnation of MCM-41
silica with a dark red saturated tetrahydrofuran solution of
[NEt4][Co3Ru(CO)12]. Bimetallic Co/Rh particles were

Table 2. Effect of Cobalt Source on the Activity and Selectivity of Cobalt Alumina-Supported Catalystsa

selectivity, %

cobalt source T, K
bulk activity,

mol/h/kg
specific activity,

mol CO/mol Co/min C1 C2-4 C5-11 C12-18 C19-23 C24+ C5-23

Co2(CO)8 513 35.3 0.29 7.9 13.7 37.0 23.4 8.9 9.1 69.3
533 38.5 0.32 10.4 15.0 44.5 25.8 2.0 2.3 72.3

Co(NO3)2 513 15.8 0.09 10.9 6.5 12.9 19.8 21.9 28.0 54.6
533 29.9 0.21 16.5 11.1 26.5 23.8 10.6 11.5 60.9

a P ) 2.07 MPa, CO/H2 ) 1, and SV) 2 nL/h per g of catalysts; original data in ref 62.
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synthesized67-69 in silica by co-impregnation using mono-
metallic Co2(CO)8, Co4(CO)12, Rh4(CO)12, and [Rh(CO)2Cl]2

and bimetallic Co/Rh carbonyls.70 Mixed Fe/Co catalysts
supported by Al2O3 and TiO2 were prepared by Khomenko71

and Duvenhage.72 Ten percent Co/TiO2 and CoFe/TiO2
catalysts were made by impregnation from a solution of
Co2(CO)8, [CpFe(CO)2]2, and dimer Cp(CO)2FeCo(CO)4 in
dry oxygen-free tetrahydrofuran.

2.1.2. Co-Precipitation Method
The co-precipitation method has been commonly used for

preparation of iron FT catalysts, while for cobalt-supported
catalysts very few papers have been published. The precipi-
tation method to prepare cobalt-based catalysts has been
employed by the research group in Novosibirsk. Khassin73-76

et al. prepared cobalt-alumina catalysts using either co-
precipitation of Co2+ and Al3+ ions or Co2+ ion precipitation
onto freshly prepared Mg-Al or Zn-Al hydrotalcite.75 It
has been shown that, at moderate temperatures, hydrotalcite
decomposition yields cobalt oxide phase supported by a
highly defective inverted spinel-like structure. Co-Al-
precipitated catalysts exhibited low reducibility. Promotion
of Co-Al catalysts with Mg2+ or Zn2+ increased the extent
of Co reduction up to 100%. A highly dispersed Co0 phase
was present in all reduced co-precipitated catalysts.

Zirconia-supported cobalt catalysts were prepared by
Chen77 et al. using co- precipitation of mixed cobalt nitrate
and zirconyl chloride with sodium carbonate. In the catalysts,
the bulk Co/Zr ratio varied from 20 to 80 mol %. No Co3O4

clusters were detected by FTIR and EXAFS at low cobalt
loadings. This is probably indicative of formation of mixed
Co-Zr barely reducible compounds. For catalysts containing
higher cobalt contents, the FT reaction rates increased with
the increase in Co/Zr bulk ratio (Figure 5).

2.1.3. Deposition−Precipitation Method
The deposition-precipitation method is based on precipi-

tation combined with deposition from a liquid medium.78 The
method combines all the advantages of the precipitation
method related to control of the size and size distribution of
precipitated particles but diminishes the risk of formation
of bulk mixed compounds of support and active phase.79,80

With this technique a solvated metal precursor is deposited
exclusively onto the surface of a suspended support by slow
and homogeneous introduction of a precipitating agent,

generally hydroxyl ions, in such a way as to avoid nucleation
of a solid precursor compound in the bulk solution. The most
important issue in this method is to prevent precipitation far
from the support surface. Generally, hydrolysis of urea at
323-373 K is used to achieve a slow and homogeneous
increase in pH.81,82 The process consists of two steps: (1)
precipitation from the bulk solution both in support pores
and over support and (2) interaction of the precipitate with
the support surface. A fine and homogeneous phase can be
obtained by involving surface OH groups of the support in
the precipitation process. In the deposition process, adsorp-
tion of the metal ions onto the support coincides with
nucleation and growth of a surface compound. The support
surface acts as a nucleating agent.

The deposition-precipitation technique has been devel-
oped for preparation of highly loaded and highly dispersed
oxide-supported metal catalysts.83-85 In the case of catalysts
supported on SiO2 structures, the deposition-precipitation
method was studied by Geus86-88 and then extensively
explored by Burattin79,80,83,84 et al. This method allows
obtaining catalysts with high metal loading and dispersion.
This method has been previously applied to Ni/SiO2,
Ni/Hâ-zeolite,89,90 and Ni/SBA-1591 catalysts.

The deposition-precipitation method has been also ex-
tended to carbon-supported catalysts. Carbon nanofibers
(CNFs) have been used as templates for manipulating the
properties of Ni catalyst particles.92-94 De Jong95,96 et al.
applied this method for synthesis of Co/CNF catalysts and
was successful in obtaining high cobalt dispersion.

A new deposition-precipitation method has been recently
proposed by Lok.97-99 This method is based on slow
decomposition of aqueous cobalt amine carbonate complexes
at 333-383 K. The pH is homogeneously decreasing from
moderately basic to neutral values by controlled evaporation
of ammonia from an ammonia/carbonate buffer solution.
Cobalt amine carbonate solution may be prepared by
dissolving basic cobalt carbonate in an aqueous solution of
ammonium carbonate containing ammonium hydroxide. The
method leads to a uniform distribution of very small Co
crystallites of 3-5 nm. The cobalt metal surface area
measured by hydrogen chemisorption can attain 50-100
m2/g per gram of cobalt. Due to the high dispersion and Co
loadings, high activity in FT synthesis has been reported.

2.1.4. Sol−Gel Method

Sol-gel is another technique to prepare catalysts for FT
synthesis.100-103 The sol-gel process also allows mastering
and adjusting the surface area, porosity, and particle size of
prepared catalysts.104,105,108Although the sol-gel method has
been known as one of the easiest ways to obtain uniform
structure, the microscopic feature strongly depends on the
preparation method. A typical sol-gel procedure was
employed by Okabe100,106 et al. The required amount of
Co(NO3)2‚6H2O was dissolved in ethylene glycol. Tetraethyl
orthosilicate was added to the solution, and the mixture was
heated under vigorous stirring to form a homogeneous
solution. Pore size modifiers, such asN,N-dimethylforma-
mide, formamide, and polyethylene glycol (average molec-
ular weight) 2000), were added to the solution at that stage.
Distilled water and ethanol were then added to the solution
dropwise at room temperature, resulting in a homogeneous
clear sol. The sol was slowly hydrolyzed by heating at a
temperature higher than 353 K for more than 40 h to form
a glassy transparent gel. The gel was dried and calcined in

Figure 5. Rate of carbon monoxide conversion over Co-Zr-
precipitated catalysts (T ) 473 K, 1500 h-1, 2MPa, H2/CO ) 2;
plotted from original data in ref 77).
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nitrogen and air flow at 823 K for 15 h and then reduced in
hydrogen flow at 773 K for 15 h. After reduction, transmis-
sion electron microscopy displayed a uniform distribution
of Co metal particles of 3-5 nm diameter. XPS depth profile
analysis of the sol-gel catalysts indicated that the Co
concentration was uniform in three dimensions. The sol-
gel method proved to be more suitable for uniform prepara-
tion of highly loaded catalysts (about 60 wt %) than
impregnation. While CO conversion was low over the sol-
gel catalyst without a promoter, addition of a trace amount
of noble metal drastically improved cobalt reducibility and
catalytic activity. Moggi107 et al. reported a similar sol-gel
procedure. Cobalt nitrate hexahydrate was dissolved in dry
tetrahydrofuran, then tetraethyl orthosilicate and water were
added, and the homogeneous sol was transferred in a vessel
suitable for evaporation of the solvent. The obtained gel was
then dried in vacuum at room temperature.107 In such a
catalyst, most of the cobalt particles were occluded in SiO2

matrix and cobalt reduction was very difficult. As expected,
a very low catalytic activity was observed in carbon
monoxide hydrogenation. Ernst and Kiennemann108 et al.
studied the FT activity and selectivity of Co/SiO2 prepared
by a pseudo sol-gel technique in acidic and basic media. It
was found that the FT reaction rate increased with the
specific surface area. High hydrocarbon selectivity was
favored in the case of silica-dispersed cobalt catalyst with a
pore diameter less than 4 nm.

The sol-gel preparation method could be coupled with
drying at supercritical conditions. Eyring et al.109 reported
preparation of three cobalt catalysts supported by aerogel
with cobalt loading varying from 2% to 10%. Transmission
electron micrographs showed the presence of discrete cobalt
metal particles of 50-70 nm for 2% and 6% loadings. The
10% Co catalyst exhibited long needles of cobalt.

2.1.5. Eggshell Catalysts

In recent years, many studies have been concerned with
control of the metal profile in support particles.110-113 A
review of this research area was given by Gavriilidis114 et
al. The choice of the optimal catalyst profile in the support
is determined by the required activity, selectivity, and other
characteristics of the chemical reaction (kinetics, mass
transfer).

Eggshell catalysts are advantageous in the case of fast
reactions with strong diffusion restrictions because the active
component is concentrated close to the external pellet surface.
Eggshell catalysts have been proposed to overcome difficul-
ties due to diffusion limitations in catalyst pellets in fixed
bed FT reactors. It was suggested115 that smaller than 0.2
mm pellets were required to avoid mass-transport restrictions.
Such small catalyst particles would lead to a very significant
pressure drop in large commercial fixed bed reactors.
Eggshell catalyst pellets of 2 mm diameter introduce design
flexibility by decoupling the characteristic diffusion distance
in catalyst pellets from pressure drop and other reactor
constraints.

There are several methods to prepare eggshell catalysts.
Most of these methods are based on controlled catalyst
impregnation and drying. These methods involve several
parameters: metal concentration in the impregnating solution,
solution viscosity, support condition (dry or wet), impregna-
tion time, and drying procedure. These parameters affect the
eggshell thickness, metal distribution, metal morphology, and
metal crystallite size.

Eggshell catalysts can be produced during drying depend-
ing on the relative strength of adsorption, diffusion, and
convection. During drying, the liquid solution is transported
by capillary flow and diffusion116-120 and the precursor may
be redistributed by adsorption/desorption phenomena.116,117

Solvent with higher viscosity121 could prevent migration of
the active phase and lead to a more uniform distribution of
cobalt atoms inside the catalyst grains. The approach based
on solutions of chelated metal complexes with high viscosity
was further developed in work by de Jong and co-workers.122

A desired metal profile can be obtained also by impregnation
of a single component or successive or competitive impreg-
nation of two or more components, called multicomponent
impregnation.114,117,123

Earlier studies of the distribution of the active phase in
the catalyst grains have predominately addressed Pt-based
catalysts. Maatman124 showed that for platinum deposition
from chloroplatinic acid on an alumina support, co-
impregnation can control the distribution of the active phase
in a pellet. A nonuniform distribution of active component
occurs when the support (alumina) acts like a chromato-
graphic column separating the solution and active phase.

Since then, co-impregnation techniques have been widely
used to prepare nonuniformly distributed cobalt catalysts.
Peluso et al.125 and Galarraga126 et al. demonstrated that the
preparation conditions of CoZr eggshell SiO2 catalysts for
FT synthesis influenced the production of middle distillates,
particularly the C10-C20 hydrocarbon fraction. On this basis
it was established that an optimum eggshell catalyst should
have 10 wt % Co deposited in the half radius of a 1.81 mm
diameter particle. This eggshell catalyst displayed encourag-
ing CO conversion and selectivity, yielding 65 wt %
hydrocarbons in the diesel range. Mathematic modeling
demonstrated that wet impregnation using low metal con-
centration solutions improved metal dispersion by producing
a more progressive eggshell profile than incipient wetness
impregnation.127

Zhuang128 et al. showed that eggshell catalysts with a sharp
boundary could be prepared by covering the inside of the
pellet with a defined amount ofn-undecane prior to the
impregnation procedure. In this technique the aqueous
solution (either the impregnation solution or the leaching
solution) is prevented from entering the core of the catalyst
pellet since the pore volume in the center of the catalyst pellet
is filled with the hydrophobic organic solvent. A partial
coverage of silica pellets with a hydrocarbon,n-undecane,
protects that part of the pellet, yielding an eggshell catalyst.

Iglesia129 et al. proposed an alternative route to synthesize
eggshell catalysts by controlling the rate of diffusion of
molten cobalt salt into the support. The eggshell cobalt
catalysts were prepared by placing SiO2 spheres into molten
cobalt nitrate (melting point 373 K). Molten cobalt nitrate
was poured uniformly over SiO2 spheres. For melt impregna-
tion, the shell thickness was less than 0.2 mm for contact
times less than 30 s (Figure 6).

2.1.6. Monolithic Catalysts

One of the largest advantages of monolithic catalysts is a
low pressure drop in a large-scale reactor because of thin
catalyst layers with a tunable thickness.130,131Thin catalyst
layers also eliminate effects of diffusion limitations. Heat
generated by FT reaction can be removed in monolithic
catalysts by recycling liquid through the channels of the
monolith and an external heat exchanger. Tailoring the layer
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thickness allows design of monolithic catalysts with optimal
activity and selectivity132 in FT synthesis. No wax-catalyst
separation is necessary in monolithic reactors.

Two research groups have been working in the area of
monolithic catalysts for FT reaction. Three types of monolith
are generally used: cordieriteγ-Al 2O3 and steel monoliths
(i.e., steel sheets).133-136,138These monolithic catalysts consist
of long parallel channels separated by thin walls136 (Figure
7). The walls can be either made of cordierite on which a
high surface area catalyst support can be wash coated or a
suitable catalyst support such as alumina and silica. The
wash-coating procedure is described in detail by Nijhuis et
al.137 Different coating thicknesses could be achieved by
repeating the coating process. Cobalt active phase in monolith
catalysts is deposited by either aqueous co-impregnation133

or homogeneous deposition138 precipitation from an aqueous

solution of cobalt nitrate and urea. An overall cobalt loading
of 10-20 wt % can be obtained.

Carbon monoxide conversions between 7% and 50% were
attained with cordierite-based catalysts.138 NormalR-olefins
and paraffins are major FT products138 over cordierite
monolithic catalysts. The olefins and paraffins follow ASF
distribution with chain growth probabilities between 0.77 and
0.93 depending on the reaction conditions. Carbon monoxide
conversion was only slightly affected by wash-coat thick-
nesses, while the selectivity to methane increased with layer
thickness. Monoliths with a wash-coat layer thicker than
about 50µm suffer from diffusion limitations, accompanied
by the expected decrease in the apparent activation en-
ergy.133,139,140

2.1.7. Colloidal, Microemulsion, and Solvated Metal Atom
Dispersion Methods

2.1.7.1. Colloidal Method.Colloidal synthesis has been
widely used141 as an efficient route to control metal particle
size and shape, crystallinity, and crystal structure. Metal
colloids displayed remarkable catalytic performance in a wide
range of reactions. Stabilization of colloidal systems is a
crucial issue in the synthesis of metal colloids and colloid-
based supported catalysts. Although colloids encapsulated
in polymer matrix are very stable, it is not economical and
convenient to recover them from the polymer by conventional
methods. In addition, metal sites in a colloidal particle, which
is included in polymer, could be inaccessible for reacting
molecules.

Thus, research has primarily focused on immobilization
of surfactant-stabilized colloids on catalytic supports.142-146

The surfactant-stabilized colloids usually tend to agglomerate
even under very mild conditions. Thus, during synthesis of
the colloids the presence of surfactant is essential to disperse
and stabilize nanoparticles in the solvent.147-151 The colloidal
metallic systems could be stabilized using different surfac-
tants such as organic thiols, carboxylates, poly(acrylic acid),
oleic acid, phosphonates, and trioctylphosphine.152

Several methodological approaches have been developed
to prepare metallic heterogeneous catalysts from colloidal
systems: polyol method, ethylene glycol method, modified
coordination capture method, pseudo-colloidal method, etc.

In the polyol process153 boiling alcohol is used as both a
reductant and a solvent. In a typical synthesis 1,2-dode-
canediol is added into hydrated cobalt acetate solution
dissolved in diphenyl ether containing oleic acid and tri-
octylphosphine. Nanoparticles could be isolated by size using
selective precipitation. The cobalt particle size is controlled
by changing the relative concentrations of both precursor
and stabilizer.

Figure 6. Optical micrographs of eggshell Co/SiO2 catalysts
prepared using (i) controlled immersion in aqueous cobalt nitrate
solution, (ii) aqueous cobalt nitrate solution viscosified with
hydroxyethyl cellulose, and (iii) cobalt nitrate melt. Contact time,
1-30 s; melt at 353 K (reproduced from ref 129, Copyright 1995,
with permission from Elsevier).

Figure 7. Photo of several monolithic catalyst structures (repro-
duced from ref 136, Copyright 2003, with permission from
Elsevier).
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The ethylene glycol method is based on complexation of
colloidal metal particles by carboxylic species produced via
oxidation of ethylene glycol. This method has been described
by Qiu154 et al. for synthesis of cobalt nanoparticles supported
by carbon nanofibers. The typical procedure is presented
below. To obtain a colloidal suspension of cobalt, the pH of
the cobalt nitrate solution was adjusted to 13 using 2.5 M
NaOH in ethylene glycol. The suspension was refluxed at
453 K for 3 h toensure complete reduction of cobalt. During
refluxing, ethylene glycol is reducing cobalt species and
oxidized to glycolic and oxalic acids. After cooling to room
temperature, the pH was decreased using HCl solution. A
pH lower than 7 was essential for deposition of cobalt
particles on carbon nanofibers.

The coordination capture method has been proposed by
Liu155,156et al. The method involves capture of colloidal metal
particles onto the surface of functionalized silica by ligand
coordination.157,158The coordination capture method, how-
ever, suffers from the need for a series of complicated steps
to prepare the functionalized support. Strong coordination
ligands (e.g., mercapto group) are required. These ligands
could be disastrous for the catalytic properties of metal
catalysts.

Using a pseudo-colloid method, Wang159-161et al. prepared
cobalt nanoparticles supported by faujasite zeolites. Cobalt
particles with a maximum size distribution of 1-2 nm, which
are probably located inside the supercages of faujasite zeolite,
were obtained using a higher concentration of NaBH4

aqueous solution (10 M), while formation of cobalt particles
larger than 20 nm was observed when lower temperatures
of Co2+-faujaiste zeolites pretreatments and lower concen-
trations of NaBH4 (0.1 and 0.5 M) were used. The smaller
cobalt nanoparticles, which were located inside the super-
cages of faujasite zeolite, exhibit CO conversions in FT
synthesis higher than the larger cobalt particles outside the
supercages.

In our recent research work162 alumina-supported nano-
sized cobalt catalysts were prepared using the colloid method
from a slurry of alumina and cobalt chloride solution using
reduction with sodium borohydride. The unsupported cobalt
catalyst was almost inactive in FT synthesis. The alumina-
supported cobalt catalysts prepared using reduction with
sodium borohydride exhibited relatively high carbon mon-
oxide hydrogenation rates with a considerable methane
selectivity.

2.1.7.2. Microemulsion Method.A considerable number
of reports have recently addressed the microemulsion method
for preparation of metal-supported catalysts. The microemul-
sion method was recently reviewed by Capek.163 The method
usually involves microemulsion stabilizer. A stabilizer
(emulsifier) is a molecule that possesses both polar and
nonpolar moieties. In diluted water (or oil) solution, emulsi-
fier dissolves; it is present in the form of monomer. When
the concentration of emulsifier exceeds the critical micelle
concentration, the molecules of emulsifier associate spon-
taneously to form aggregates-micelles. Formation of oil-
in-water (o/w) or water-in-oil (w/o) reverse micelles could
be driven by hydrophobic or hydrophilic interactions of the
hydrophobic tail or hydrophilic polar group, respectively.
Because microemulsions typically have droplet diameters
much smaller than the wavelength of visible light, they can
be characterized visually by formation of an optically
transparent single phase. A particle size in the range of 5-50
nm depends on the size of microemulsion droplets and can

be controlled by adjusting the water to surfactant ratio or
concentration of reagents. These small microemulsion drop-
lets can be viewed as nanoreactors.164,165The metal particles
produced by this method usually have a spherical shape.
Modification of the synthesis procedure, however, could
result in rods166 or rings.167

Below is a brief description of the typical microemulsion
procedure. The method consists of preparing two micro-
emulsions (Figure 8): the first microemulsion contains metal

salt encapsulated in the droplets, and the second microemul-
sion represents reducing agent (NaBH4, N2H4, etc.) located
inside the droplets. Then two microemulsions are mixed
together. The metal salt inside the micelles is reducing to
metallic particles by the reducing agent; the rate of the
reduction is controlled by the intermicelle exchange rate.168

The example of making cobalt metallic nanoparticles has
been given by Chen.169 Cobalt fine particles were prepared
using a H2O/sodium di-2-ethyl hexysolfosuccinate (AOT)/
isooctane ternary system. The cobalt-containing microemul-
sion was prepared by mixing AOT in isooctane with an
aqueous solution of cobalt chloride. The reducing micro-
emulsion was obtained by mixing AOT in isooctane with
an aqueous solution of NaBH4. Both emulsions were
transparent. Then they were mixed; the color of the product
turned from light pink to black in a few seconds. The size
of the produced cobalt metal particles was lower than 3 nm.

Despite a great deal of promise, very few studies have
focused on the preparation of cobalt-supported catalysts for
FT synthesis from microemulsion systems. Most of the
literature has primarily addressed Pd, Rh, Fe, and Ru
catalysts.

2.1.7.3. Solvated Metal Atom Dispersion Method.The
solvated metal atom dispersion (SMAD) method was pro-
posed in the 1980s by Klabunde et al. The method employs
free metal atoms (vapor), which are solvated in an organic
solvent at low temperatures.170 The support is impregnated
with this solution. The deposited metal clusters maintain their

Figure 8. Principal stages of metal nanoparticle preparation using
the microemulsion approach (reproduced from ref 163, Copyright
2004, with permission from Elsevier).
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reduction state, and thus, they could be used without any
reduction for catalytic reactions. The typical catalyst prepara-
tion procedure is described in ref 171. The SMAD apparatus
possessed four water-cooled copper electrodes, two W-Al2O3

metal vaporization crucibles, and two separate power sup-
plies. Cobalt and eventually promoting metal were vaporized
in the flow of toluene. The toluene and solvated metal atoms
were condensed into a frozen matrix by the wall of the
chamber cooled with liquid nitrogen. Then the matrix was
allowed to warm slowly to 178 K. The matrix melted and
formed a toluene-solvated metal atom solution. This solution
was stirred and warmed in the presence of a catalytic support.
The solvates decomposed and deposed metal atoms on the
surface of the support (Figure 9).

Several monometallic and bimetallic cobalt172 catalysts
supported by SiO2 and Al2O3 were prepared using the SMAD
method. OH groups served as anchors for cobalt metal atoms
solvated in toluene.173 Nucleation of cobalt clusters proceeds
on cobalt oxide species and catalyst promoters. EXAFS
characterization174 showed that a major part of cobalt atoms
remains metallic. The catalytic test in a recirculating reactor
showed a high activity of monometallic Co/Al2O3-supported
catalysts in FT synthesis. The reaction rates were very high
compared with those for cobalt catalysts prepared by
conventional impregnation and carbonyl methods.

2.1.8. Chemical Vapor Deposition
The conventional chemical vapor deposition (CVD) method

is a well-known technique for deposition of metal oxide
particles on powdery supports.175,176CVD involves chemical
reactions of gaseous reactants on or near the vicinity of a
heated substrate surface. This deposition method can provide
nanostructured and functionally coated materials with unique
structure. The advantages of CVD are due to the uniform
distribution of cobalt nanoparticles on catalyst support and
possibly a narrow distribution of cobalt particle size. CVD
can be performed either in vacuum or in a flow of carrier
gas (Ar, He). After deposition, the precursor is decomposed
at higher temperatures, yielding metallic or oxide nanopar-
ticles.

Commercially available cobalt CVD precursors include
cobalt carbonyl complexes,177-184 cobalt acetylacetonates,185-188

and cobalt acetate.189 Use of these cobalt compounds for
CVD could be explained by their low meting point and high
vapor pressures. Recently, a novel cobalt(I) hydroxide
precursor was synthesized by Choi190 et al. It was used to
deposit high-quality cobalt thin films at 573 K.

Kurhinen177 and Pakkanen191,192prepared cobalt nanopar-
ticles on Al2O3 and SiO2 using chemical vapor deposition
of dicobalt octacarbonyl. Cobalt carbonyl was reacted with
hydroxyl groups of the support. At the surface the Co2(CO)8
rearranged to Co4(CO)12, and the surface was completely
decarbonylated via subcarbonyl species. The amount of
carbonyl adsorbed depended on the support pretreatment

temperature. A considerable concentration of cobalt carbonate
and bicarbonate species was observed after deposition. A
higher cobalt content in the catalysts was obtained using
several subsequent carbonyl deposition-decarbonylation
procedures193,194(Figure 10).

Backman and Krause185,195,196 prepared Co/SiO2 and
Co/Al2O3 catalysts via chemical vapor deposition of cobalt
acetylacetonates (II and III). The precursor was evaporated
into flowing nitrogen at 453 K. The surface of the support
was saturated by an excess of precursor. The precursor was
decomposed by heating the catalyst in air at 723 K. Cobalt
aluminates and silicate were also formed on Co/Al2O3 and
Co/SiO2 samples during calcination and acetylacetonate
decomposition.

Recently, Dittmar175 et al. prepared and characterized
cobalt oxides supported on titania by microwave plasma-
enhanced chemical vapor deposition starting from cobalt-
(III) acetylacetonate and TiO2 (support). In this method
Co(acac)3 was evaporated and adsorbed on the carrier
surface. Then Co(acac)3 was decomposed during the micro-
wave-plasma treatment in an oxygen atmosphere. The
size of deposited cobalt oxide particles was between 2 and
10 nm as a function of plasma treatment time and cobalt
content.

2.1.9. Plasma Methods

Application of plasma techniques for preparation of
catalysts was initiated in the 1980s, and a few significant
results have been reported in the literature.197,198Below two
techniques are discussed based on plasma spraying and glow
discharge plasma.

2.1.9.1. Plasma Spraying.A number of FT synthesis
studies have been carried out using iron199-201 and bimetallic
cobalt-iron202,203 catalysts in tube-wall reactors (TWR).
Tube-wall reactor surfaces were prepared by Dalai199 et al.
using the plasma spraying of five catalysts, namely, Fe,
75Fe/25Co, 50Fe/50Co, 25Fe/75Co, and Co (weight percent
basis). It was interesting to observe that despite the low BET
surface areas for “plasma-sprayed” catalysts, hydrogen and
carbon monoxide uptakes were found to be relatively high.
XRD studies showed that various catalyst phases were stable
up to 623 K; the surface consisted of particles of Fe and Co
oxides and cemented particles of CoO-Fe20B. SEM studies
confirmed that these particles were uniformly distributed
throughout the catalyst layer. The crystallite sizes determined
from hydrogen chemisorption measurements were fairly close
to those obtained from X-ray line-broadening experiments.
Electron probe microanalysis showed that the plasma-sprayed
catalyst surface possessed a higher concentration of iron
particles than that of cobalt particles, suggesting that iron

Figure 9. Deposition of metal atoms on silica support using
SMAD.

Figure 10. Cobalt loading on MCM-41 as a function of cobalt
carbonyl deposition- decarbonylation cycles (reproduced from ref
194, Copyright 2000, with permission from the American Chemical
Society).
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tends to migrate to the surface at the expense of cobalt.
Catalyst activity was200 a strong function of the operating
conditions; a maximum of 98.5% CO conversion was
achieved. The selectivity to C5+ hydrocarbons was over 40%
of the total hydrocarbons produced in the pressure range of
0.69-1.03 MPa.

2.1.9.2. Glow Discharge Plasma.In our previous
work204-206 a number of active catalysts for several catalytic
processes have been developed using the glow discharge
plasma technique. It was reported204 that plasma activation
of a Ni/R-Al2O3 catalyst was efficient for methane conversion
to syngas. That was a typical example of combining plasma
and chemical treatment of the catalyst. First, the radio
frequency (∼13.56 MHz) plasma with argon as plasma-
forming gas has been used for decomposition of Ni(NO3)2

into black Ni2O3. In this step, plasma served as a special
energy supply. Then, hydrogen plasma at the same frequency
has been applied for reduction of catalyst. The catalyst
became green (Ni2O3 f NiO) and then changed to black
(NiO f Ni) again by hydrogen plasma. The plasma-prepared
catalyst showed a better activity and stability compared to a
conventionally prepared sample. The total treatment time is
less than 3 h at adischarge tube temperature of 338 K
(plasma heat treatment for decomposition and then 65 min
for plasma reduction), while conventional preparation of
catalyst needs 10 h of calcination at 1173 K and 1 h of
reduction at 873 K. The plasma activating process was
simple, quick, audiovisual, and easy to control. The activity
and stability of the activated catalyst were higher than those
of conventional catalysts.

Several plasma-enhanced cobalt catalysts have been
developed162 for FT synthesis. The results of selected
catalytic tests are listed in Table 3. Platinum-promoted

catalyst with 15 wt % cobalt loading showed a CO conver-
sion of 21% at 1 bar and 463 K, and the CH4 selectivity
was 8.1%. CO conversion was only 6.4% for the conven-
tional alumina-based catalyst, which was calcined at 613 K
and reduced at 673 K. On the other hand, the plasma-
enhanced catalyst with platinum promoter exhibited a FT
rate that was 25% higher than that of non-plasma-treated
sample. The CO conversion level reached 26.3% from 21%,
with a C5+ selectivity of 73%, slightly lower than 76 % for
conventional catalyst. The cobalt time yield was 769µmol/
mol-Co/s. Glow discharge plasma treatment, therefore, could
lead to higher cobalt dispersion and a high density of surface
sites in cobalt FT catalysts.

2.2. Promotion with Noble Metals

Numerous studies have shown that introduction of a noble
metal (Ru, Rh, Pt, and Pd) has a strong impact on the
structure and dispersion of cobalt species, FT reaction rates,
and selectivities. The promoting metal is typically introduced

via co-impregnation or subsequent impregnation. Introduction
of noble metals could result in the following phenomena:
much easier reduction of cobalt oxide particles, formation
of bimetallic particles and alloys, a lower fraction of barely
reducible mixed oxides, enhancement in cobalt dispersion,
inhibition of catalyst deactivation, appearance of additional
sites of hydrogen activation, and an increase in the intrinsic
reactivity of surface sites.

Ease of Cobalt Reduction.Many authors have observed
much easier reduction of cobalt oxides to active metal cobalt
phases in the presence of noble metals. Batley et al.207

observed that reduction of bulk Co3O4 occurred at much
lower temperature in the presence of 0.5 wt % Pt. Van’t Blik
et al.208 showed that co-impregnation of silica with solutions
of cobalt nitrate and ruthenium chloride resulted in bimetallic
particles, which could be reduced at much lower temperatures
than the parent Co/SiO2. Takeuchi et al.209,210 showed that
modification with ruthenium of cobalt silica-supported
catalysts prepared from cobalt acetate considerably increased
the extent of cobalt reduction and its activity in the synthesis
of C2-oxygenates from syngas. The positive effect of
ruthenium on cobalt reducibility was also observed by
Reinikainen211 et al. Okabe100 et al. showed that addition of
iridium considerably increased cobalt reducibility. Girar-
don212 et al. uncovered that addition of Re and especially
Ru to cobalt silica-supported catalysts considerably improved
cobalt reducibility. The in-situ magnetic method (see section
3.6), which selectively detected cobalt metal particles, was
indicative212 of a higher concentration of cobalt metal phase
in the promoted catalysts (Figure 11).

A significant effect of promotion with noble metals on
the number of cobalt metal sites was observed on alumina-
supported catalysts. In fact, significant shifts of cobalt oxide
reduction temperature to lower values have been observed
with Pt and Ru addition213-215 (Figure 12). It was suggested
that Pt was situated on the edge of the cluster and that
reduction occurred on Pt first, allowing hydrogen to spill
over to cobalt oxide and nucleate cobalt metal sites.216

Tsubaki et al.217,218 found that addition of small amount
of Ru to cobalt catalysts remarkably increased the extent of
cobalt reduction, whereas modification with Pt and Pd did
not have any effect on cobalt reducibility. Pt and Pd were
found to promote mostly cobalt dispersion. The cobalt
catalysts promoted with noble metals displayed the following
order of FT catalytic activity: CoRu> CoPd> CoPt >

Table 3. Catalytic Behavior of Plasma-Enhanced Cobalt
Catalysts in FT Synthesisa

catalyst sample
conv.

%
rate (102

µmol/mol Co/s)
sel. (%)

CH4

C5+

sel. (%)

Co15A340 6.37 1.86 7.32 78.39
CoPtA340 21.04 6.15 8.08 75.84
CoPtA-plasma-PNH 26.30 7.69 9.56 72.67

a Conditions: P ) 1 bar, T ) 463 K, GHSV ) 1800 mL/g/h,
H2/CO ) 2.

Figure 11. In-situ magnetization curves of cobalt catalysts
measured during temperature-programmed reduction in pure hy-
drogen. The catalysts were prepared via decomposition of cobalt
acetate at 443 K (reproduced from ref 212, Copyright 2005, with
permission from Elsevier).
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Co. Pd- and Pt-containing samples also showed higher
methane selectivity than Co and CoRu samples.

The effect of promotion with Re on cobalt reducibility is
usually less significant than with platinum and ruthenium.
It is known that reduction of Co3O4 to metallic cobalt
proceeds via intermediate formation of CoO. It was suggested
that Re affected only the second reduction step: CoO to
Co.219-221 This was attributed to the fact that reduction of
Re occurred above the temperature of Co3O4 to CoO
reduction.

Formation of Bimetallic Particles and Alloys. Pt-Co
alloy was observed using XRD by Dees et al.222 at different
Pt/Co ratios on silica-supported catalysts. Small amounts of
cobalt had a significant impact on the selectivity of the
hexene hydrogenation reaction. It was suggested that the
metal surface of bimetallic Pt/Co particles was enriched
by cobalt. Bimetallic particles in CoPt/NaY213,223 and
CoRe/NaY224 zeolite were also identified by Guczi et al.
Bimetallic Co/Re225 and Co/Pt226 particles were observed in
alumina-supported catalysts. Co/Pd particles were detected
in graphite227 and silica.228

Promotion with noble metals could also affectdecomposi-
tion of cobalt precursor. Our recent report212 has shown
that promotion using ruthenium nitrosyl nitrate results in a
lower temperature of decomposition of cobalt acetate and a
higher density of cobalt metal sites in the resulting catalyst.

Enhancement in cobalt dispersionis another effect due
to introduction of noble metals to cobalt catalysts. One of
the reasons responsible for the higher cobalt dispersion could
be related to a higher concentration of cobalt oxide nucleation
sites during decomposition of cobalt precursors in the
presence of promoting noble metals. A higher concentration
of Co3O4 nucleation sites (at the same cobalt content) would
result in a larger number of cobalt particles and consequently
higher cobalt dispersion in the catalysts. Another reason
responsible for the higher cobalt dispersion could be related
to the lower temperature of reduction of cobalt species in
the presence of noble metals and, consequently, a lower
probability of formation of cobalt-support mixed oxides
and/or sintering of the reduced cobalt metal particles.
Schanke229 et al. showed that addition of platinum to
Co/SiO2 catalyst did not lead to a considerable increase in
the extent of reduction. The total amount of chemisorbed
hydrogen after promotion with 0.4 wt % Pt increased by more
than 30%, while the extent of cobalt reduction was,
respectively, 90% and 92% for monometallic and Pt-
promoted cobalt catalysts. Higher FT reaction rates were
attributed not to an easier reduction but to an increase in
cobalt dispersion due to the presence of platinum.

Iglesia230 et al. uncovered that promotion with ruthenium
retarded irreversible deactivation of cobalt catalysts.Better
resistance to deactivationled to higher concentrations of
active sites in the working catalysts at FT reaction conditions.
Ru-catalyzed hydrogenolysis of carbonaceous residues and
reduction of surface oxygen atoms permitted regeneration
of Co-Ru catalysts in hydrogen at lower temperatures. The
reaction rates increased three times without apparent changes
in cobalt dispersion. The data about the positive effect of
the noble metal promotion on catalyst deactivation are
consistent with the observation by Jongsomjit et al.231 It was
shown that promotion with ruthenium prevented catalyst
deactivation due to the retarded formation of inactive mixed
Co-Al oxides in the presence of water.

Guczi232 et al. showed that addition of Pd to Co silica-
supported catalysts resulted in significant modifications in
the catalytic activity. Promotion with Pd resulted in an
increase in the relative fraction of alkanes in the products of
carbon monoxide hydrogenation. This effect was attributed
to a higher concentration of hydrogen activation sitesin
the presence of promoting Pd. Bardi233 et al. suggested, using
a combination of LEED and low-energy ion-scattering
spectroscopy, that formation of Co-Pt alloys modified the
electronic properties of Pt atoms and the energetics of carbon
monoxide adsorption. Promotion with noble metals could
also lead to the increase in site reactivity.234

2.3. Promotion with Oxides
Promotion with oxides has been one of the methods to

improve the activity and hydrocarbon selectivity of FT
catalysts. Among the oxide promoters, ZrO2, La2O3, MnO,
and CeO2 have been most often employed. Addition of oxide
promoters could modify the catalyst texture and porosity,
reduce formation of hardly reducible cobalt mixed oxides,
increase cobalt dispersion, reducibility, and fraction of
different cobalt metal crystalline phases, enhance mechanical
and attrition resistance of cobalt FT catalysts, and improve
the chemical stability of the support. The paragraphs below
focus on the effects of different oxide promoters on the
structure and catalytic performance of supported cobalt FT
catalysts.

2.3.1. Promotion with Zirconia
The beneficial effect of promotion with zirconia has been

observed on several oxide supports and even for cobalt
catalysts supported by activate carbon.235 Promotion with
zirconia usually results in higher FT reaction rates; an
increase in C5+ selectivity has been also reported.

Silica-Supported Catalysts.It was claimed that zirconium
could enhance the activity and hydrocarbon selectivity of
Co/SiO2 catalysts. Preimpregnated zirconia could constitute
a protecting layer, preventing a chemical reaction between
silica and cobalt and thus formation of hardly reducible cobalt
silicates.236,237

Feller238 et al. showed that modification with zirconia
facilitated reduction of cobalt species. An increase in zirconia
content resulted in larger and easily reducible cobalt particles.
The reaction rate also increased with higher zirconia contents,
which was attributed to a larger concentration of cobalt metal
sites in the catalysts with a higher extent of reduction. This
observation is consistent with the results of Oukaci236 et al.,
who found that addition of ZrO2 to silica-supported cobalt
catalysts slightly increased cobalt reducibility without any
affect on cobalt dispersion. Similar results were obtained in

Figure 12. TPR profiles of unpromoted and Pt-promoted 15%
Co/Al2O3 catalysts (reproduced from ref 214, Copyright 2003, with
permission from Elsevier).
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recent papers by Moradi,239 Yin,240 and Jacobs.221 Ali 241 et
al. showed that the catalytic behavior of CoZr/SiO2 catalysts
was strongly affected by the preparation method. The most
active were catalysts prepared via sequential impregnation
of silica with cobalt and zirconium nitrates.

Modification with zirconia could also modify the fraction
of hexagonal and cubic phases, which constitute cobalt metal
particles in the reduced catalysts. MCM-41 mesoporous silica
was modified by addition of zirconium oxynitrate during
hydrothermal synthesis.242 Cobalt-iridium catalysts modified
with zirconia have been shown to have higher C5+ and lower
methane selectivities than pure silicaneous counterparts.
These effects were attributed to a higher fraction of cubic
cobalt metallic phase in the zirconia-promoted catalysts.

Alumina-Supported Catalysts.Jacobs and Davis found221

that zirconia addition increased the cobalt dispersion and
decreased the reducibility of cobalt species in alumina-
supported FT catalysts. The catalysts after cobalt addition
were promoted by incipient wetness impregnation with
zirconium nitrate. The effect of promotion with zirconia on
cobalt dispersion and reducibility in alumina-supported
catalysts is illustrated in Figure 13.

Rohr243 et al. uncovered that addition of zirconia to
alumina led to a significant increase in both activity and
selectivity. This increase was attributed to the changes in
surface coverage of reactive intermediates and not to changes
in the intrinsic selectivity.

Jongsomjit244 et al. showed that addition of zirconia to
alumina-supported cobalt catalysts resulted in stabilization
of alumina support and prevention of Co surface “aluminate”
formation. SSITKA experiments indicated an increase in the
number of active surface intermediates with Zr modification,
while the intrinsic site activity remained constant. This
suggests that the effect of zirconia is primarily due to the
increase in the number of active sites without modifying the
turnover rate. In agreement with these data, Xiong245 et al.
found that promotion with zirconium led to a lower content
of cobalt aluminate species. This suggests that added zirconia
could inhibit CoAl2O4 formation. Large cobalt particles were
detected after zirconia addition.

Reduction of cobalt oxidized species supported by alumina
results in cubic and hexagonal cobalt metal phase. For
catalysts obtained using conventional calcinations, cobalt

cubic phase seems to be more predominant on alumina than
on silica. A recent study by Enache22 et al. showed that
mostly hexagonal cobalt metal phase can be obtained by
direct reduction of Co/Al2O3 catalysts, which were prepared
by impregnation with cobalt nitrate. It has been shown that
the presence of zirconia in cobalt-supported catalysts pro-
motes poorly crystallized hexagonal phase. This phase was
found to be more active in FT synthesis than cobalt cubic
phase. Therefore, one possible interpretation of the effect of
zirconia promotion on FT reaction rate might be assigned
to the higher concentration of more active Co hexagonal
phase in zirconia-promoted catalysts. Promotion with zirconia
does not always bring about only beneficial effects. Wei246

et al. showed that promotion with zirconia could have a
negative effect on catalyst mechanical strength.

2.3.2. Promotion with Lanthanum Oxide

Ledford247 et al. studied the effect of promotion with
lanthanum of the structure of cobalt species and their
performance in carbon monoxide hydrogenation. The La/Al
XPS intensity ratio in these catalysts was close to the
monolayer values. This suggests that lanthanum tends to be
highly dispersed on alumina support. It was found that
impregnation with cobalt of alumina promoted with lantha-
num resulted in higher selectivity to higher hydrocarbons,
while the overall FT reaction rate was not affected. Signifi-
cant fractions of La-Co mixed oxide formed at higher La
contents. This led to a lower catalytic activity of these
catalysts. A promoting effect of lanthanum oxide on FT
reaction rates and hydrocarbon selectivities at 3 wt % La
content was also observed on silica-supported catalysts by
Adachi248 et al.

Modification of cobalt silica-supported catalysts with La3+

was found249 to increase FT reaction rates measured using
SSITKA. The SSITKA method showed an increase in the
concentration of active sites with an increase in the La3+

content in the samples. The effect was mostly attributed to
higher metal dispersion in the modified catalysts. The
catalysts in that report249 were prepared by impregnation of
reduced and passivated Co/SiO2 catalysts with an aque-
ous solution of lanthanum nitrate. Haddad250 et al. showed
earlier that treatment of reduced and passivated cobalt-
supported silica catalysts with water could itself modify
the concentrations of cobalt crystalline phases. Modification
with La3+ moderates251 this effect, especially at low lantha-
num loadings. At higher lanthanum loadings (La/Co> 0.5)
the amount of cobalt hardly reducible phases increased
probably due to formation of Co-La and Co-Si mixed
oxides.

2.3.3. Promotion with Manganese Oxide

Mn has been described as a perspective promoter, which
could enhance both the carbon monoxide conversion rate
and hydrocarbon selectivity.252-256 Zhang257 et al. found that
the presence of small amounts of Mn improved dispersion
of cobalt active phases and favored formation of bridged-
type adsorbed CO. A significant promoting effect of Mn was
observed on titania-supported catalysts prepared by Morales
and Weckhuysen.254 The effect was more pronounced258 in
the catalysts prepared by homogenous deposition-precipita-
tion than in those prepared by impregnation. STEM-EELS
showed259 that the oxidized catalysts prepared via impregna-
tion contained Co3O4 and MnO2 monometallic particles,
while in the deposition-precipitation sample Mn cations

Figure 13. Extent of reduction versus cobalt dispersion in
unpromoted and Zr-promoted cobalt alumina-supported catalysts.
The catalysts were reduced at 623 K (reproduced from ref 221,
Copyright 2002, with permission from Elsevier).
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were incorporated into Co3O4 structure, resulting in the
MnxCo3-xO4 mixed oxide phase. These mixed phases how-
ever could be reduced, which gives rise to cobalt metal phase
and migration of MnO particles toward the TiO2. The
presence of MnO resulted in lower cobalt reducibility.253 In
the reduced catalysts electronic effects due to interaction of
cobalt metal particles with MnO and possible involvement
of Mn in a chain growth mechanism via CO insertion were
suggested to explain an increase in the FT reaction rate and
higher C5+ selectivity. Localization and transformation of
these species during the reduction is shown in Figure 14.

Bezemer260,261 et al. reported the promoting effects of
manganese oxide on carbon nanofiber-supported (CNF)
cobalt catalysts for FT synthesis. Cobalt was introduced to
the activated CNF by incipient wetness impregnation; the
catalyst systems were promoted with small amounts of MnO.
XPS and STEM demonstrated that manganese was closely
associated with cobalt in both oxidized and reduced catalysts.
Manganese retarded cobalt reduction, and the surface of the
cobalt was more oxidic when MnO was added to the
catalysts. The catalytic performance was affected differently
in FT catalytic tests at 1 and 20 bar. The TOF increased at
low MnO contents. At 1 bar chain growth probability
increased, and simultaneously, the product distribution shifted
toward olefinic products at increasing MnO loadings. In the
experiments at 20 bar, C5+ selectivity increased first from
74 to 78 wt % at 0.03 wt % MnO before decreasing to 52
wt % for 1.1 wt % MnO sample.

Mn-promoted cobalt catalysts were also prepared by
Martı́nez262 et al. using SBA-15 silica as a catalytic support.
It was found that promotion of cobalt with ca. 2 wt % Mn
significantly enhanced cobalt dispersion but decreased its
reducibility. The Mn-promoted catalysts were less active than
the unpromoted ones. Duvenhage263 et al. also showed that
promotion with Mn led to lower reducibility of bimetallic
Co/Fe catalysts and decreased their catalytic activity. More
information about the effect of promotion with Mn on cobalt-
based catalysts is available in a recent review by Morales
and Weckhuysen.40

2.3.4. Other Oxide Promoters
Other oxides have been evaluated in the literature as

potential promoters of cobalt catalysts. Guerrero-Ruiz264 et
al. found that promotion of cobalt and ruthenium/carbon
catalysts with magnesium, vanadium, and cerium oxides
enhanced the specific activity and selectivity for alkenes and
long-chain hydrocarbons. The effect of promoting with
oxides on the dispersion and reducibility of cobalt species

was studied by Jacobs221 et al. Addition of nonreducible
oxides of B, La, Zr, and K were found to increase the cobalt
reduction temperature.

Introduction of various concentrations of cerium could also
increase cobalt dispersion and hinder cobalt reduction.265

Chain growth probabilities were also lower for Ce-containing
catalysts. Vanadium promotion was found266 to increase CO
conversion and hydrocarbon selectivity on cobalt catalysts
supported by activated carbon. Huffman267 et al. using XAFS
studied the effect of modification of potassium on the
reducibility of Co/SiO2 and Co/Al2O3 catalysts. It was found
that potassium hindered Co reduction in hydrogen. At the
same time, CoK/SiO2 catalysts can be reduced in synthesis
gas in 473 K and remain more stable than unpromoted
Co/SiO2 catalyst. Gadolinium promotion was found268 to
increase the number of cobalt active sites in silica-supported
FT catalysts. The presence of gadolinium primarily led to
the enhanced cobalt reducibility. Zhang269 et al. showed that
promotion of silica-supported cobalt catalysts with 5-10 wt
% of Al2O3 could enhance cobalt dispersion and the number
of active sites. As a result, carbon monoxide conversion
increased from 45% to 65%.

2.4. Effect of Catalyst Oxidizing and Reducing
Pretreatments on Cobalt Dispersion and
Reducibility

2.4.1. Exothermicity of Cobalt Precursor Decomposition

Cobalt precursor decomposition is an important stage in
catalyst preparation. The heat released during decomposition
of cobalt precursors could affect the structure of cobalt
species in the final catalysts. The significance of decomposi-
tion of cobalt precursors and its effect on cobalt dispersion
and reducibility was discussed by Soled and Iglesia.16

Cobalt nitrate and cobalt acetate are the most common
precursors for preparation of FT catalysts. Decomposition
of cobalt nitrate and cobalt acetate was compared in refs
270 and 271. Decomposition of cobalt nitrate in air is slightly
endothermic, whereas decomposition of cobalt acetate was
highly exothermic270,271(Figure 15). Decomposition of sup-
ported cobalt nitrate occurs at 423 K. Decomposition of
supported cobalt acetate proceeds at slightly higher temper-
atures, the principal heat flow peak being located at 493 K.

For silica-supported catalysts, decomposition of cobalt
nitrate at lower temperatures (373-423 K) resulted271 in
higher cobalt dispersion. A much smaller effect of the
temperature of decomposition of cobalt nitrate on cobalt
dispersion was observed in alumina-supported cobalt cata-
lysts.162 Highly exothermic decomposition of cobalt acetate
led to higher fractions of hardly reducible cobalt silicate.
The concentration of cobalt silicate could be significantly
reduced if the decomposition of cobalt acetate was conducted
at mild conditions. Addition of promoters significantly
modifies the mechanism of cobalt acetate decomposition. It
was shown, for example,212 that nitrogen oxides released
during decomposition of Ru nitrosyl nitrate reduced the
temperature of decomposition of cobalt acetate.

2.4.2. Exposure to Syngas and Catalyst Deactivation

On most cobalt catalysts the FT reaction rates slowly
evolve with the time on stream. Possible reasons responsible
of the evolution of catalytic activity include the following:
restructuring of the surface of the cobalt metal phase under
the influence of syngas;32 oxidation of the cobalt surface

Figure 14. Localization of cobalt and manganese species in TiO2-
supported catalysts prepared via incipient aqueous impregnation
(A) and deposition-precipitation (B) before and after reduction
(reproduced from ref 259 by permission of the PCCP Owner
Societies).
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and/or small cobalt clusters and formation of mixed oxides;
sintering of cobalt particles and sintering and segregation of
the noble metal promoter; formation of cobalt carbide
species; contamination by impurities in syngas (particularly
during industrial operation).

It is usually very challenging to study the structure of
cobalt FT catalysts that were exposed to syngas. The surface
of FT working catalysts is covered by liquid and solid
hydrocarbons and usually is not accessible for most in-situ
characterization techniques. Water is one of the major
products of FT synthesis. The decrease in the FT reaction
rate is usually attributed to catalyst deactivation due to
oxidation of small cobalt particles by water. Bulk metallic
cobalt is stable to oxidation by water at the conditions typical
of FT synthesis. Recently performed thermodynamic calcula-
tions272 have shown that cobalt metal particles smaller than
4-5 nm could be oxidized by water during the FT reaction.
The probability of cobalt oxidation varies as a function of
catalyst support. While for alumina-supported catalysts the
decrease in FT reaction rates has been observed even after
addition of very small amounts of water,220,273,274for silica-
supported catalysts several authors claim some increase275-278

in FT reaction rate at low water levels. Note however that
at high water levels significant deactivation occurs on all
cobalt catalysts.279

Catalyst deactivation results in formation of nonreducible
mixed oxides (cobalt aluminate, cobalt silicate,280 etc.). These
oxides are produced due to reaction of CoO with the oxide
support (Al2O3, SiO2). The mixed oxides of cobalt and
support are often amorphous. This makes it rather difficult
to characterize these compounds using conventional char-
acterization techniques such as XRD diffraction. Low cobalt
content and high surface area of supports favor formation

of mixed oxides.281 These mixed oxides are barely reducible;
they exhibit219 high-temperature peaks in the TPR profiles
of the catalysts. They do not posses any cobalt metal sites,
and thus, they are inactive in FT synthesis.

Mixed cobalt-support oxides can form during catalyst
preparation, oxidative and reductive pretreatments, and in
the course of the FT reaction. van Steen282 showed that the
tendency to formation of amorphous cobalt silicate increased
with increasing the support surface area, the high pH of the
impregnating solution, and the drying/calcination tempera-
ture. Ming44 et al. showed that silica dissolved in water at
high pH, yielding cobalt silicate species. Cobalt silicates are
also generated under hydrothermal conditions during catalyst
reduction and FT reaction at higher conversion levels.283 A
high calcination temperature of catalysts also results in a
higher fraction of cobalt silicate or cobalt aluminate. Several
reports250,284 suggest that impregnation of reduced and
passivated silica-supported cobalt catalysts followed by
drying in an oxidizing atmosphere could irreversibly convert
part of metallic cobalt into hardly reducible cobalt silicate.

Several types of cobalt silicate and cobalt aluminate have
been postulated.285 Three polyforms of crystalline Co2SiO4

are known;286 in all of them Co atoms are located in a
distorted octahedral environment. TheR form has an olivine
blue color287 and orthorhombic-type structure. Theâ andγ
forms of cobalt silicate286 represent spinel-like (wadsleyite)
and spinel structures. EXAFS characterization271 showed that
the local structure of cobalt in silicate-type species in silica-
supported cobalt catalysts was similar to that in orthorhombic
R silicate. Cobalt orthosilicate was also observed288 by XRD
after calcination of cobalt silica-supported catalysts atT >
1000 K.

Several cobalt aluminate structures are known in the
literature. These compounds usually have Co2+Co3+

xAl2-xO4

(wherex ) 0-2) spinel structure. Co3+ of Co3O4 can be
gradually replaced289 by Al3+ to produce the series of
Co3-sAl sO4 (0 < s< 2) spinels. They include290,291CoAl2O4,
Co2AlO4, and Co3O4, etc. CoAl2O4 has the structure of
normal spinel in which Co2+ ions are accommodated in
tetrahedral positions while Al3+ ions are in octahedral
positions.292 Co3+ could, however, partially substitute Al3+

ions in an octahedral position. Generally speaking, cobalt
aluminate generated during FT synthesis can contain Co2+

ions in tetrahedral coordination and Al3+ ions in octahedral
coordination.

Cobalt aluminate compounds could be prepared by dif-
ferent methods: reaction between Co and Al oxide powders
at high temperature (1073 K)293 resulting in a blackish-blue
compound or to 1473-1573 K294 resulting on a bright blue
pigment; co-precipitation of a mixed aqueous solution of Co
and Al salts and subsequent calcination to 673 and 1073 K,
producing a very dark blue-green-colored oxide material;295

calcination of alumina powder soaked in cobalt nitrate
solution to 1473 K, giving blue cobalt aluminate.296 The
compound can be also prepared by calcination of powdered
Al2O3 coated with a thin film of metallic cobalt at 1273 K,
yielding the characteristic bright blue color of cobalt alu-
minate.297

Arnoldy and Moulijn298 identified on the basis of TPR
measurements three different phases of cobalt aluminate in
Co/Al2O3 catalysts. The first aluminate phase consisted of
Co3+ ions in crystallites of Co3AlO6 stoichiometry or in well-
dispersed surface species. The second phase consisted of
surface Co2+ ions. The third phase consisted of either surface

Figure 15. DSC-TGA curves of decomposition in air of cobalt
nitrate (a) and acetate (b) on silica. Temperature ramp 1 K/min
(reproduced from ref 271, Copyright 2005, with permission from
Elsevier).
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Co2+ ions (with more Al3+ ions in their surrounding than in
the second phase) or subsurface Co2+ ions occurring in
diluted Co2+/Al 3+ spinel structures or in CoAl2O4. Jong-
somjit231 et al. showed using Raman spectroscopy that Co
aluminate could be not identical to CoAl2O4 (spinel) but is
a surface compound deficient in Co. The presence of a
significant fraction of cobalt aluminate in alumina-supported
catalysts can be uncovered by the color changes. Van de
Loosdrecht et al.299 observed a blue color in the reduced
samples containing significant amounts of cobalt aluminate.
The intense blue color typical of Thenard’s blue pigment
was attributed to calcined CoAl2O4.300

Deactivation of cobalt FT catalysts could also be due to
sintering of cobalt particles. This effect is expected to be
more significant on silica-supported catalysts301because silica
is a weakly interacting support. On alumina- and titania-
supported catalysts the probability of cobalt sintering is much
lower.

Formation of carbide-type species was observed by
Johnson et al.302 using AES spectroscopy of submonolayer
cobalt deposited on the surface after FT reaction. In-situ XRD
experiments showed that24 the decrease in the FT reaction
rate over alumina- and titania-supported cobalt catalysts can
be attributed to formation of cobalt carbide (Figure 16).

Cobalt carbide itself is inactive in FT. Formation of cobalt
carbide was suggested to be a major reason of catalyst
deactivation on carbon-supported catalysts.24,303

2.5. Support Role and Influence of Support
Texture

Both the structure and performance of cobalt catalysts
depend on the catalytic support. The principal function of
the catalyst support is to disperse cobalt and produce stable
cobalt metal particles in the catalysts after reduction. The
porous structure of the support could control the sizes of
supported cobalt particles.

FT synthesis is an exothermic reaction. Catalytic supports
also dissipate the heat released by the FT reaction and thus
reduce a temperature gradient in fixed bed reactors. The
support could also affect the structure and electronic proper-
ties of small cobalt metal particles. Ishihara304 suggested that
electron-donor support could enrich in electron density of
the cobalt active phase and thus ease cleavage of the C-O
bond in adsorbed carbon monoxide. The support could react
with cobalt species forming cobalt-support mixed com-
pounds.

The texture of the support modifies diffusion of reagents
and products inside the catalyst grains. In addition, support
texture could affect diffusion and capillary condensation of
the reaction products in the catalyst pores. Kelvin’s equation
suggests that capillary condensation would occur at much
lower partial pressures in narrow pores of the catalyst than
in wider ones. Therefore, narrow pores are more likely to
be filled by liquid reaction products than wider ones.
Capillary condensation in narrow mesopores would lead to
diffusion limitations17,19due to more difficult access for the
reacting molecules to the catalyst through the gas-liquid
interface.305

The support modifies the mechanical strength of FT
catalysts. The catalyst solidity is a crucial issue for slurry
FT reactors. The acidity of the catalyst support leads to olefin
isomerization, lower chain growth probability, and higher
selectivity to lighter hydrocarbons.306

A large number of reports have focused on the effect of
support. Reuel and Bartholomew studied the catalytic activity
of cobalt-based catalysts as a function of support307 and found
it to decline in the following order: Co/TiO2 > Co/Al2O3

> Co/SiO2 > 100% Co> Co/MgO. Iglesia18 et al. found
that at pressures greater than 5 bar and at high conversions
the influence of the support on the selectivity in methane
and C5+ formation could be insignificant.

Let us discuss in a greater detail the support effects in
cobalt silica- and alumina-based catalysts.

2.5.1. Cobalt Catalysts Supported by Conventional
Alumina and Silica

Silica-Supported Catalysts.Interaction between support
and cobalt is relatively weak in silica-supported catalysts.
This usually leads to better cobalt reducibility. At the same
time, cobalt dispersion is much lower in silica-supported
catalysts than in alumina-supported ones. Thus, high cobalt
dispersion is the major challenge in the design of silica-based
FT catalysts.

The effect of texture of silica-supported cobalt catalysts
has been a subject of a few publications. Ernst308 et al. studied
the FT activity and selectivity of Co/SiO2 prepared by the
sol-gel technique in acid and base media. It was found that
the activity in FT synthesis increased with the specific surface
area, and the selectivity for higher molecular weight hydro-
carbons was favored in the case of the catalyst with support
pore diameter less than 4 nm. Saib309 et al. showed that the
catalyst supported by silica with an average pore diameter
of 10 nm was most active and selective for hydrocarbons.
Song and Li310 also reported similar results for a series of
cobalt catalysts supported on silica with different pore sizes.
CO conversion first increased and then decreased with
increasing catalyst pore size. The C5+ selectivity had a trend
similar to CO conversion. The catalysts with a pore size of
6-10 nm displayed higher Fischer-Tropsch activity and
higher C5+ selectivity.

Alumina-Supported Catalysts. Al2O3 has been one of
the mostly used supports for cobalt FT catalysts. Cobalt oxide
strongly interacts with this support, forming relatively small
cobalt crystallites. Chemical reaction of small cobalt particles
with the support may result in diffusion of cobalt active phase
into alumina and formation of stoichiometric or nonstoichio-
metric cobalt aluminate spinels.281,311Cobalt reducibility is
one of the most important problems of alumina-supported
cobalt FT catalysts. Promotion with noble metals can improve
cobalt reducibility (see section 2.2.1).

Figure 16. Diffraction patterns of Co/TiO2 catalyst: (1) after
reduction in hydrogen and (2) after 180 h in syngas (T ) 503 K,
P ) 3 bar, H2/CO ) 9) (reproduced from ref 432, Copyright 2002,
with permission from Oil & Gas Science and TechnologysRevue
de l’IFP).
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Several methods have been used to improve the properties
of alumina support. Some of these methods address pre-
treatment of alumina support before deposition of active
phase. Zhang48 et al. reported that pretreatment of Al2O3

support with acetic acid produced a negative effect on the
catalytic properties of Co catalysts, whereas pretreatment
with ammonia and ammonium nitrate led to improved
catalytic behavior. Another technique focused on coating
alumina with a protecting layer. It has been shown312 that
oxidation of cobalt by water at higher carbon monoxide
conversions could lead to formation of cobalt aluminate and
reaction of cobalt ions with trace amounts of organic acids
present in the reacting media. Deposition of a thin layer of
silica could protect the catalyst from formation of cobalt
aluminate and thus from loss of the active component during
reaction. A similar effect was observed when cobalt alumina-
supported catalysts were promoted with magnesia. Li et al.313

demonstrated that formation of cobalt surface phase, which
interacted strongly with the alumina support, could be
effectively suppressed by modification with a small amount
of magnesia (0.8 wt %). The activity of magnesia-modified
catalyst in the FT reaction increased due to a lower fraction
of cobalt aluminate and an increase in the overall catalyst
reducibility.

The support texture represents another tool to control the
structure, dispersion, and reducibility of cobalt particles. A
larger size of support pores generally leads to larger Co3O4

crystals. Bechara et al.314 found that alumina porosity could
modify the catalytic properties through their effects on the
reducibility of active phase. Li315 et al. reported a significant
effect of alumina porosity on the structure of supported cobalt
catalysts and their performance in FT synthesis. The alumina
carrier was calcined at different temperatures to obtain a
support with different pore sizes. Larger amounts of mi-
cropores were discovered in the catalysts prepared by the
support obtained by lower temperature calcination.316 XRD
and H2 TPD suggest sintering cobalt metal particles in
catalyst pores, which results in a lower number of active
sites.

2.5.2. Cobalt Catalysts on Novel Mesoporous Supports

Novel mesostructured materials with adjustable porous
networks have shown a great deal of promise for the design
of heterogeneous catalysts,317-320 semiconductors, low di-
electric devices, and separation processes. The most common
2D hexagonal type involves MCM-41321-326 and SBA-
15.327-329 Their surface areas are approaching 1000 m2/g;
the pore size distributions in periodic mesoporous silicas are
very narrow.321 The pore sizes from 2 to 30 nm can be
adjusted at the stage of synthesis of these materials using
different surfactants.

Several papers have addressed application of novel me-
soporous materials as supports for cobalt FT catalysts. The
catalysts have been prepared mostly by aqueous impreg-
nation.240,330-336 Several authors have also used ethanol
impregnation,262,337the template ion-exchange method,338gas-
phase incorporation (cyclooctadiene)(cyclooctenyl)cobalt
(Co(C8H12)(C8H13)),339 or Co2(CO)8 impregnation from the
hexane solution.340

The support texture in novel mesoporous materials rep-
resents an efficient tool to control the sizes of supported
cobalt particles.305,341,342Larger cobalt particles and higher
FT reaction rates have been found in the catalysts prepared
from large pore silicas270 (Figure 17). Higher cobalt reduc-

ibility has been generally found for large cobalt particles
located in large pore supports. Higher cobalt dispersion was
found in periodic mesoporous silicas than in conventional
silica supports. This effect was more pronounced at high
cobalt contents. It appears that the narrow pore size distribu-
tion in mesoporous material prevents cobalt particles from
sintering.270,343

The stability of the mesoporous structure in the presence
of water is a crucial issue in the preparation of cobalt
catalysts. SBA-15 materials seem to be much more stable
relative to MCM-41. SBA-15-based materials generally
conserve their structure after aqueous impregnation and
thermal and mild hydrothermal pretreatments. Our recent
report332 has shown that introduction of small amounts of
cobalt via aqueous incipient wetness impregnation could
result in significant modification in the MCM-41 structure
and loss of hexagonal ordering.

2.5.3. Cobalt Catalysts on Carbon Supports

A drawback of oxide supports (SiO2, Al2O3) is their
reactivity toward cobalt, which could lead to formation of
mixed oxides (aluminate or silicate). These mixed oxides
are not active in FT synthesis; they are reducible only at
high temperatures. Carbon-based materials could possibly
overcome these difficulties. Carbon supports are less stable,
however, than inorganic oxides. They can gasify in the
presence of hydrogen.344

A few reports have been published about the utilization
of carbon as a support for FT catalysts. Vannice345 et al.
prepared cobalt catalyst supported by active carbon using
cobalt carbonyl. The catalyst was making only saturated
hydrocarbons and showed good stability on stream. Rela-
tively moderate FT rates over Co/C catalysts were observed
by Reuel and Bartholomew.307 The catalytic performance of
cobalt catalysts supported on active carbon could be modified
by promotion. Addition of K resulted in much lower FT rates,
whereas promotion with Ce and Zr increased carbon
monoxide conversion.235 In addition, promotion with Zr also
led to higher selectivity to heavier hydrocarbons.346

Use of carbon nanofibers as catalyst supports has been
addressed by the group of de Jong. Cobalt catalysts were
prepared using fish-borne carbon nanofibers. The combina-
tion of the high mechanical strength with the high purity of
graphitic carbon, the developed surface area, and the meso-
porous structure makes carbon nanofibers very suitable for

Figure 17. Relation between pore diameters, sizes of supported
Co3O4 particles, and FT reaction rates over cobalt catalysts
supported by mesoporous silicas (reproduced from ref 270,
Copyright 2004, with permission from Elsevier).
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supporting heterogeneous catalysts. Cobalt nanofibers are
weakly interacting supports; good cobalt reducibility was
usually observed.21 The catalysts could be reduced by syngas
even during FT reaction. The deposition-precipitation
technique allowed making highly dispersed cobalt particles96

(Figure 18). Because of a weak interaction between the

carbon nanofibers and cobalt, these catalysts were recently
proposed21 as model systems to study the effect of cobalt
particle sizes on FT turnover frequency. The turnover
frequency was almost independent on cobalt particle size
with sizes larger than 6-8 nm (Figure 19). With smaller

cobalt particle size FT reaction rates were much lower and
significant changes in hydrocarbon selectivities were ob-
served. Considerable restructuring of catalyst and modifica-
tion of cobalt particle sizes were observed by EXAFS during
the reaction.260,261

2.5.4. Bimodal Pore Catalysts
High cobalt dispersion could be obtained by deposition

of a cobalt salt on high surface area supports, such as silica
and alumina, and subsequent reduction. Conventional mono-
modal support with a large surface area usually contains
small pores, which results in poor intrapellet diffusion of
reactants and products, especially in multiphase reactors.
Slow transportation of reactants and products to and from
catalytic sites often controls the rate of primary and secondary
reactions. The bimodal pore support347-349 contains large
pores and small pores simultaneously. The small pores yield
the sites for anchoring small cobalt particles, while the large
pores provide a network for fast diffusion of reacting
molecules and products. The typical pore size distribution
in bimodal silica is shown in Figure 20.

Preparation of Bimodal Silica Supports and Bimodal
Cobalt Catalysts.Recently, Tsubaki et al. reported a simple
preparation method to form tailormade bimodal pore struc-
ture.100,102,347,348, 350,351This method was based on introduction
of oxide sols (silica, alumina, or zirconia) into large-pore
silica gel with pore diameters of 50 nm to form the bimodal
pore supports.347 After impregnation the support was calcined
in air. Formation of new small silica pores is strongly
influenced by the mechanism of interaction of silica gel with
the original silica support. The sol-derived silica particles
could simply block the pore structure and thus do not form
any new small pores inside the large pores.

It was suggested that the following mechanism controlled
the design of bimodal silica from large pore silica via addition
of silica gel (Figure 21). In the calcination step small particles

introduced from silica sols formed 6 nm small pores through
condensation of the surface OH groups of silica sol particles

Figure 18. TEM image of carbon fish-born nanofibers showing
cobalt particles with sizes of around 14 nm (reproduced from ref
21, Copyright 2006, with permission from the American Chemical
Society).

Figure 19. Influence of cobalt particle size on turnover frequency
(TOF) in FT synthesis with catalysts supported by carbon nanofibers
(H2/CO ) 2, 35 bar, 483 K; reproduced from ref 21, Copyright
2006, with permission from the American Chemical Society).

Figure 20. Pore size distribution in bimodal catalyst support
(reproduced from ref 351, Copyright 2004, with permission from
Elsevier).

Figure 21. Scheme of synthesis of bimodal pore support using
large-pore silica and silica sol (reproduced from ref 102, Copyright
2004, with kind permission from Springer Science and Business
Media).
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and narrowing the large pores of silica gel. The obtained
bimodal support contained both 6 and 45 nm pores.

The catalytic performance of the cobalt prepared from the
bimodal support or monomodal silica support is compared
in refs 351 and 352. For the catalyst prepared from the
bimodal support, CO conversion was higher and selectivities
of CH4 and CO2 were as low as those of the catalyst prepared
from the monomodal large-pore silica.

Multifunctional Alumina- and Zirconia -Silica Bimodal
Pore Catalyst. Bimodal catalytic supports could also be
prepared by narrowing the pores of initial large-pore silica
supports with sols of other oxides, e.g., alumina and zirconia.
To prepare alumina gel, the aluminum nitrate is dissolved
in a 0.3 mol/L polyethylene glycol (PEG, average molecular
weight of 200) aqueous solution to prepare the polymer
complex solution. After stirring, the solution was impreg-
nated into original large-pore silica gel by the incipient
wetness method.348,353Zirconia sol was used in the prepara-
tion of zirconia-silica bimodal catalysts.347,354The catalysts
showed enhanced catalytic performance in FT synthesis.

2.6. Preparation Methods and Properties of
Cobalt-Supported Fischer −Tropsch Catalysts

The important stages for the preparation of cobalt-
supported FT catalysts are displayed in Figure 22. These

stages include conditioning, modification, and promotion of
catalyst support, preparation of cobalt precursors and eventu-
ally promoters, followed by deposition of cobalt and promot-
ers. Decomposition of cobalt precursor is an important stage
in catalyst preparation. Several preparation routes require
catalyst oxidative and reducing pretreatments and catalyst
passivation. The catalytic performance of FT catalysts is
finally adjusted during the reactor start up and on-stream
during the FT reaction. The important point is to empha-
size that a catalyst for FT synthesis is a result of the
whole preparation procedure and each preparation step does
matter in attaining the desired and lasting catalytic perfor-
mance.

Let us compare different preparation routes of cobalt-
supported FT catalysts. Impregnation with solutions of cobalt
nitrate results in interaction between cobalt complexes and
the support surface. In aqueous cobalt nitrate solutions the
pH is relatively low. Cation adsorption could be rather limited
at these conditions because of the repulsion between
positively charged cobalt cations and the positively charged
surface of the supports such as alumina, silica, and titania.

Decomposition of these complexes produces cobalt oxide
and cobalt metal particles of variable sizes, typically between
6 and 40 nm. Incipient wetness and slurry aqueous impreg-
nations are most widely used for preparation of cobalt
catalysts. Impregnation with cobalt carbonyls results in
several cobalt carbonyl species on the surface of the support.
Decomposition of the carbonyl species usually results in
small cobalt metal particles. The catalyst could be im-
mediately used in FT synthesis without calcination and
reduction. Cobalt carbonyls, however, are very toxic com-
pounds and require very careful handling during the prepara-
tion procedure.

The co-precipitation method could produce cobalt particles
of different size. Note, however, that a significant fraction
of cobalt could react with the support during bulk co-
precipitation yielding nonactive cobalt-support compounds.
Deposition-precipitation is a promising method of catalyst
synthesis. It could produce very small and stable cobalt metal
particles. The properties of cobalt catalyst prepared using
the sol-gel technique are strongly affected by the preparation
procedure. Solids with very different properties could be
produced by varying the synthesis parameters. The advantage
of the sol-gel method is the opportunity to control the
porosity and texture of the catalysts in addition to the cobalt
particle size.

Preparation of eggshell catalysts involves diffusion-limited
repartition of cobalt precursor in a catalyst grain. The depth
of the cobalt layer in the catalyst grain is an important
parameter, which affects the selectivity of FT synthesis at
the conditions when the rate of the reaction is limited by
intraparticle diffusion. In the preparation of monolithic
catalysts, the active phase is deposited either by aqueous (co)-
impregnation or homogeneous deposition precipitation on
the surface of monolith. Due to the low surface area,
preparation of monolithic catalysts usually results in rela-
tively large cobalt particles. The challenge is to obtain the
monolithic catalyst with high cobalt content and high cobalt
dispersion. Colloidal and microemulsion methods allow
synthesis of cobalt nanoparticles with controllable particle
size and shape and very narrow particle distribution curves.
The crucial issue in this method is elimination of different
organic and inorganic compounds involved in nanoparticle
synthesis. Chloride, alkali ions, surfactants, polyols, phos-
phine, and products of their decomposition could irreversibly
contaminate the final catalysts and alter their catalytic
performance. Use of the solvated metal atom dispersion
(SMAD) method for preparation of cobalt-supported catalysts
remains at the present time largely exotic. The chemical
vapor deposition method produces a uniform distribution of
cobalt precursor on the surface of the support. The maximal
deposited amount of cobalt precursor depends on the
concentration of hydroxyl groups in the support. Decomposi-
tion of the preadsorbed cobalt precursors is a crucial
parameter in the CVD method and usually leads to small
cobalt oxide particles and a significant fraction of cobalt-
support mixed oxides. The plasma-based methods allow
deposition of cobalt species via the plasma spray method
and also optimize the conventional preparation procedures.
Decomposition of cobalt precursor in the glow discharge
technique could influence the nucleation and growth of cobalt
oxide particles in the catalysts and thus enhance cobalt
dispersion.

Promotion of cobalt-supported FT catalysts with noble
metals and oxides influences a number of catalyst properties.

Figure 22. Principal stages in the preparation of cobalt-supported
FT catalysts.

Development of Novel Cobalt Fischer−Tropsch Catalysts Chemical Reviews, 2007, Vol. 107, No. 5 1711



The presence of promoters affects different catalyst prepara-
tion stages from deposition of cobalt active phase through
reduction and evolution of catalyst structure and catalytic
performance during FT synthesis. It could result in new
active sites related to the promoter. The most common
promotion of cobalt FT catalysts involves noble metals (Pt,
Ru, Re, Pd, etc.). The important issue of promotion is its
cost. Promotion with noble metals could significantly
increase the cost of the catalysts and affect the economic
efficiency of the overall FT technology.

In all preparation methods the catalytic behavior of the
final catalysts strongly depends of catalyst pretreatments. The
oxidative and reductive pretreatments convert cobalt precur-
sor into active cobalt surface sites for FT synthesis. Though
the pretreatment procedures should be adapted to each
catalyst synthesis method, the general recommendation is
to conduct the pretreatments at relatively lower temperatures.
Higher calcination and reduction temperatures (>673 K)
could result in formation of cobalt-support mixed oxides
and sintering cobalt particles. The rapid temperature ramping
could increase the rate of heat release and water partial
pressure and thus also affect the number of cobalt active
sites.

A large number of publications have shown that the
chemical composition of catalytic supports significantly
influences the extent of metal reduction, morphology,
adsorption, and the catalytic properties of the active phase,
especially in well-dispersed catalytic systems. Alumina-
supported catalysts generally exhibit higher cobalt dispersion
but lower cobalt reducibility than silica-supported ones. The
probability of formation of mixed cobalt oxides also depends
on the type of support. The support also plays an important
role in the mechanical stability of cobalt catalysts and
influences dissipation of heat in fixed bed reactors. The
texture of the support represents an important tool to control
cobalt dispersion. Narrow pore supports generally lead to
small cobalt metal particles, while larger cobalt particles
could be more easily obtained in large-pore supports.
Bimodal supports have shown promising results for prepara-
tion of cobalt catalysts. In these supports high cobalt
dispersion could be obtained via anchoring cobalt particles
within small pores, while diffusion of reagents and product
could proceed very rapidly in larger pores.

3. Comparative Analysis of Characterization
Techniques of Cobalt-Supported Fischer −Tropsch
Catalysts

Catalyst characterization provides important information
about the structure of cobalt FT catalysts and their precursors.
Catalyst characterization allows identification of the active
sites for FT reaction and reveals possible routes for optimiza-
tion of catalyst structure. A wide range of physical and
chemical techniques has been used. In many cases, catalyst
structure could be investigated during different pretreatments
and catalytic reaction under in- situ and operando conditions.
The paragraphs below address advances, challenges and
uncertainties of catalyst characterization.

3.1. Optical Spectroscopy

3.1.1. UV−Visible Spectroscopy

Cobalt cation complexes are usually colored. Octahedral
Co2+ complexes have a pink color, while tetrahedral Co2+

complexes are blue colored. The pink color corresponds to
the absorption band at 500-510 nm in the UV-vis spectra,
which is attributed to a4T1g(F) f 4T1g(P) transition in
octahedral high-spin Co2+ complexes. The intensity of the
bands attributed to tetrahedral-coordinated cobalt complexes
is usually at least two orders of magnitude higher355,356than
those of octahedral-coordinated cobalt ions. Thus, the blue
color of the sample does not necessarily mean that the
catalyst contains only tetrahedral Co2+ species; some con-
centrations of cobalt octahedral complexes cannot be ex-
cluded. Co3O4 can be detected271,285,357,358in the UV-vis
spectra by two very broad UV-vis bands at about 400-
480 and 700-760 nm. These bands are assigned359,360to the
ligand-metal charge transfers O2--Co2+ and O2--Co3+,
respectively. In small Co3O4 particles these bands could be
shifted358 to lower wavelengths (blue shift) due to the
quantum size effect of nanocrystals. A different interpretation
of the broad bands at 450 and 700 nm of Co3O4 was
suggested by Wood361 et al. These bands were attributed362

to the A1g f T2g and A1g f T1g transitions of octahedral-
coordinated Co3+ ions in Co3O4. The presence of cobalt
silicate in the calcined catalysts could be detected by the
presence of bands characteristic of cobalt ions in much
distorted envirionments.286

UV-vis spectroscopy has been used to study cobalt
coordination in FT catalysts. It was found285 that before
calcination in the catalysts prepared from cobalt nitrate,
cobalt kept predominately octahedral coordination. The local
coordination of cobalt in silica-supported samples prepared
by ion exchange changed from octahedral to tetrahedral after
grinding, while in the samples prepared using impregnation
with cobalt nitrate, no change in cobalt coordination was
observed. Co3O4 was the major phase present in cobalt
catalysts prepared from cobalt nitrate, while tetrahedral Co2+

species were dominant in the cobalt acetate derived samples.
Our recent report271 is consistent with this observation.

UV-vis spectra of impregnating cobalt nitrate and cobalt
acetate solutions and dried and calcined Co/SiO2 catalysts
are shown in Figure 23a and b. In the solution of both cobalt
salts Co2+ ions have octahedral coordination. After deposition
on the silica surface via incipient wetness impregnation, Co2+

also keeps mainly octahedral coordination. After calcination,
in the nitrate-derived samples cobalt was detected by
UV-vis spectroscopy as Co3O4, whereas in acetate samples
most of the cobalt is situated in the form of amorphous cobalt
silicate. Efficient control of heat release during the decom-
position of cobalt acetate could potentially increase the
concentration of the Co3O4 phase.271

3.1.2. FTIR Spectroscopy

FTIR spectroscopy yields three sets of important charac-
terization data: about the structure of supported cobalt
oxides, about surface sites, and about the nature of the
reaction intermediates. Let us discuss them separately.

Characterization of Supported Cobalt Oxides.Co3O4

in the calcined silica-supported catalysts was detected363using
FTIR spectroscopy by the band at 660 and a broad feature
at 570-600 cm-1 corresponding364-367 to metal-oxygen
stretching vibrations from cobalt tetrahedral and octahedral
sites (Figure 24). Though it can be difficult to differentiate
between the spectrum of pure Co3O4 and that of Co3O4 with
CoO impurities, the vibration bands at 450 and 323 cm-1,
which appear after treatment of Co3O4 at elevated temper-
atures, are probably related368 to CoO.
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Co3O4 was also identified369 by FTIR in precipitated
Co-ZrO2 catalysts. Amorphous ZrO2 did not show any
remarkable adsorption. For Co-ZrO2 catalysts, bands at 660
and 574 cm-1 appeared when the Co content exceeded 20
mol % and intensified with the further increase in Co content.
The appearance of Co3O4 FTIR bands was indicative of the
presence of rather bulky Co3O4 particles in the catalysts.

Characterization of Cobalt Surface Sites by Adsorption
of Carbon Monoxide. FTIR spectroscopy coupled with
adsorption of molecular probes is a powerful technique for
investigation of the catalyst surface. Carbon monoxide is the

most common molecular probe to study the nature of surface
sites in cobalt catalysts. The structure of carbon monoxide
complexes on the surface of cobalt-containing catalysts has
been addressed in a large number of publications.

Several complexes of carbon monoxide with surface sites
were detected:48,363,370-375 carbon monoxide species linearly
adsorbed on cobalt metal sites; bridged CO species on metal
sites; carbon monoxide adsorbed on Co2+ and Co3+ ions on
Lewis acid sites; formate, carboxylate, and carbonate species
localized on the catalytic supports.73,376Modification of cobalt
catalysts with different promoters could result in the appear-
ance of additional FTIR bands, which are associated with
CO complexes with these promoters. The position of the
FTIR maxima depends on the nature of the cobalt species
and support. Table 4 presents a brief summary of the spectral

properties of carbon monoxide complexes in cobalt catalysts.
Typical spectra of CO chemisorbed on several cobalt
catalysts are shown in Figure 25. CO complexes with Co3+

cations and Lewis acid sites usually yield FTIR bands at
2170-2220 cm-1. The bands of CO complexes with Co2+

ions are situated at 2150-2170 cm-1. The CO frequency in

Figure 23. UV-visible spectra of cobalt precursors and silica
catalysts prepared using impregnation with cobalt nitrate (a) and
cobalt acetate (b): impregnating cobalt nitrate solution (1), silica
after impregnation with cobalt nitrate and drying (2), samples
calcined in air at 373 (3) and 673 K (4), impregnating cobalt acetate
solution (5), silica after impregnation with cobalt acetate and drying
(6), and samples calcined at 443 (7), 493 (8), and 673 K (9)
(reproduced from ref 271, Copyright 2005, with permission from
Elsevier).

Figure 24. FTIR spectra of Co3O4 supported by silica (reproduced
from ref 363, Copyright 1997, with permission from Elsevier).

Table 4. Assignment of FTIR Bands of Carbon Monoxide
Adsorbed on Co-Supported Catalysts (adapted from refs 73 and
372)

species
wavenumber,

cm-1

unidentate carbonate νC-O 1040-1080
νsCOO 1320-1390
νasCOO 1460-1530

carboxylate νsCOO 1390
νasCOO 1580-1590

formate νsCOO 1360-1400
νasCOO 1600-1625

bicarbonate 1230
1430
1650

carbonyl, single Co site Co0-CO
(“nontilted” or on Co+d)

2050-2070

Co0-CO 1990-2030
Co2+-CO 2150-2160
Al3+-CO, Co3+-CO 2180-2200

bridged carbonyl Co-CO-Co 1800-1950
3- and 4-fold hollow

positions
1800

Figure 25. FTIR spectra of carbon monoxide adsorbed on 17 wt
% Co/Al2O3 (a), 12 wt % Co/TiO2 (b), and 23.4 wt % Co/SiO2 (c)
prepared by sol-gel and 17 wt % Co/SiO2 (d) prepared by
impregnation (room temperature,PCO ) 35 mBar) (reproduced from
ref 284, Copyright 1999, with permission from Oil & Gas Science
and TechnologysRevue de l’IFP).
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these complexes is very close toνCO in the gaseous phase;
at the same time, these complexes have a significantly higher
stability than the physisorbed CO species.

The bonding mechanism377 between CO and metallic
cobalt involves electron transfer from the CO(5σ) orbital into
the empty bands of the metal (σ donation) and electron
transfer from the occupied bands of the metal into the
CO(2π*) orbitals (π back-donation). Adsorption usually
proceeds via the C atom. The complexes of CO with metal
particles produce FTIR bands at 1990-2100 cm-1. Khassin73

et al. tentatively attributed the FTIR bands at 1980-2040
cm-1 to linear Co-CO complexes, while the FTIR bands at
2050-2070 cm-1 were assigned to the “tilted” CO molecules
with a Co-C-O angle much smaller than 180°. The FTIR
bands at 2050-2070 cm-1 could be also attributed to CO
molecules adsorbed on Coδ+ partially charged cobalt metal
atoms.378 In this case, the positive charging of cobalt metal
particles could be related to their interaction with hydroxyl
groups, Lewis acid sites, or Co cations on the catalyst surface.

In the CO complexes with metal particles the position of
FTIR band varies as a function of carbon monoxide coverage
due to the well-known effect of long-range dipole-dipole
interaction between CO molecules;379 theνCO bands shift to
lower frequencies at low CO coverage (θCO f 0). The FTIR
bands at 1950-1800 cm-1 are usually attributed to the
bridged carbon monoxide complexes, which involve adsorp-
tion on several cobalt atoms. Carbon monoxide adsorption
on the supports, especially on basic oxides (Al2O3, ZrO2),
yields different formate, carboxylate, and carbonate spe-
cies.376 These species exhibit FTIR bands in the 1000-1600
cm-1 spectral region.

The carbon monoxide complexes with different surface
sites differ in their stability. Therefore, a stepwise decrease
in carbon monoxide pressure and increase in temperature of
catalyst evacuation could allow separation of different ad-
sorbed CO species and selective observation of the most
stable ones.

Carbon monoxide chemisorption of cobalt catalysts pro-
vides valuable tools to follow the genesis of cobalt metal
sites in the catalysts. Quantitative information can be obtained
about the number of cobalt metal sites, cobalt dispersion,
cobalt reducibility, and structure of cobalt metal particles.
The number of cobalt metal sites could be evaluated
quantitatively from chemisorption measurements by simul-
taneously recording FTIR spectra of chemisorbed CO. The
low intensity of CO bands attributed to Co2+ and Co3+ ions
and very intense bands of CO chemisorbed on metal particles
indicate363 a high extent of cobalt reduction. It was also
suggested380 that the intensity ratio of the bands attributed
to the linear (1990-2100 cm-1) and bridged carbon mon-
oxide complexes (νCO 1800-1950 cm-1) could be used as a
measure of the electronic properties of the metal particles.

In-Situ Studies of FT Synthesis on Cobalt Catalysts.
FTIR provides valuable in-situ information about different
intermediates present on the catalyst surface during the FT
reaction. Carbon monoxide has very intense FTIR bands;
the presence of hydrocarbon intermediates could be also
identified by the stretching C-H bands at 2800-3100 cm-1.

Earlier experiments have shown381,382that coadsorption of
carbon monoxide and hydrogen on supported cobalt catalysts
results in a red shift of the CO stretching band compared to
a hydrogen-free system. The lower CO frequency was
attributed to electronic modification of surface sites and
weakening of CO bonds due to a higher electron dative effect

of the metallic cobalt. The presence of hydrogen on the
surface of the metal particle could increase the availability
of d electrons for back bonding from the metal to the
adsorbed CO. This would decrease the energy of C-O
bonding and thus result in a lower CO frequency. Jiang383

et al. reported a higher intensity of the CO band at 2015
cm-1 after CO adsorption on Co- and CoMn-precipitated
catalysts in the presence of H2 at pressures up to 1.5 MPa.
The authors suggest that the influence of H2 on carbon
monoxide adsorption on cobalt catalysts could explain these
phenomena. Different chemisorbed oxygenated species were
uncovered on cobalt-manganese catalysts during H2 and CO
coadsorption at a wide range of temperatures.

Fredriksen384,385et al. studied hydrogenation of CO over
supported cobalt alumina and silica catalysts using in-situ
FTIR spectroscopy and gravimetric analysis at P) 6 bar,T
) 473-723 K, and H2/CO ) 2-3. On both silica- and
alumina-supported catalysts FTIR absorption bands corre-
sponding to linearly adsorbed CO on metallic cobalt were
observed. Bridged CO complexes were detected on alumina-
supported catalysts. Conducting the FT reaction leads to the
appearance of absorption bands corresponding to both
adsorbed hydrocarbons (3050-2700 cm-1) and oxygen-
containing species (1800-1200 cm-1).

3.1.3. Raman Spectroscopy
Similarly to FTIR, Raman spectroscopy allows identifica-

tion of different cobalt oxidized species in cobalt catalysts.
Most conventional catalytic supports (Al2O3, SiO2, MgO)
are weak scatters and do not produce any distinct Raman
bands. This facilitates selective identification of supported
cobalt oxides using Raman spectroscopy. Co3O4 dis-
plays231,313in the Raman spectra a set of bands at 684, 615,
513, 477, and 194 cm-1. Due to its high sensitivity, the
Raman technique could also detect the presence of cobalt
mixed oxides (cobalt aluminate, cobalt silicate). Cobalt
aluminate (CoAl2O4, spinel) exhibits231 intense signals at 198,
480, 519, 619, and 690 cm-1 and two weak bands at 412
and 753 cm-1 (Figure 26).

The structure of cobalt catalysts during different pretreat-
ments can be also followed by Raman spectroscopy. Led-
ford247 et al. studied the effect of promotion with La on the
intensity of Co3O4 Raman bands. It was found that the

Figure 26. Raman spectra of cobalt reference compounds (repro-
duced from ref 231, Copyright 2004, with permission from
Elsevier).
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intensity of Co3O4 lines was independent of La content up
to a La/Al ratio of 0.026. For higher La contents, the intensity
of the Co3O4 Raman lines decreased with an increase in La
content. In the oxidized mixed SiO2/TiO2 cobalt catalysts,
the Co3O4 phase was identified386 by Raman spectroscopy
in addition to anatase TiO2 phase. Madikizela and Coville
found387 that promotion of Co/TiO2 catalysts with Zn led to
broadening of Co3O4 Raman lines without affecting their
intensity. Jongsomjit231 et al. showed that in oxidized Co
and CoRu/Al2O3 catalysts cobalt was primarily present in
the form of Co3O4. After reduction, the Raman bands of
Co3O4 totally disappeared. This suggests transformation of
supported Co3O4 to metallic cobalt. Passivation of the
reduced catalysts resulted in new broad Raman bands at 400
and 750 cm-1. The authors attributed them to oxidized cobalt
species “strongly interacting with alumina” different from
the reference cobalt aluminate.

3.2. Diffraction Methods
X-ray diffraction (XRD) is a method of long-order

characterization of solids and heterogeneous catalysts. Cobalt
sites involved in FT synthesis are usually situated on the
surface of relatively large crystalline cobalt metal particles
(>6 nm). Thus, the XRD method can be helpful for
identification and characterization of the FT active phases
and their precursors. In-situ characterization of cobalt-
supported catalysts using XRD leads to precious information
about cobalt dispersion and reducibility during different
catalytic pretreatments and under FT reaction conditions. In
addition, the XRD method could detect phase transitions and
phase modifications of the supports, which exhibit distinct
XRD patterns such as alumina, titania, and novel mesoporous
materials (SBA-15, M41S, etc.). The following sections
address different aspects of application of XRD for both ex-
situ characterization of cobalt phases and catalyst supports
in the oxidized cobalt catalysts and in-situ characterization
of cobalt phases during reduction and the FT reaction.

3.2.1. Ex-Situ Characterization of Cobalt Phases and
Catalytic Supports

Oxidized cobalt catalysts supported by porous oxides
typically contain Co3O4, CoO, intermediate cobalt oxides
(Co3O4-x), mixed cobalt-support oxide phases (cobalt alu-
minate and silicate), and possibly nondecomposed cobalt
precursors. Among all these compounds, Co3O4 and CoO
crystallites always exhibit well-defined XRD patterns. In
some cases, XRD patterns attributed to mixed cobalt-support
oxides and cobalt precursors265 could be observed, but often
the mixed oxides are amorphous and do not produce any
distinct XRD lines. Some XRD lines could also be attributed
to the catalytic supports.

XRD is commonly used for identification of cobalt crystal-
line phases and evaluation of the crystallite sizes using the
Scherrer equation. Let us briefly discuss the particle size
analysis from XRD data. Broadening of the XRD lines is
caused by structural imperfections of the sample. It has been
shown that the angular breadthâ of a diffraction line is given
by

whereC is a constant,λ is the X-ray wavelength,L is the
volume-averaged size of the crystallites, andθ is the Bragg

angle. In this expression either the full-width half-maximum
(FWHM) or the “integral width” (area under diffraction peak
divided by peak maximum) can be used388 for definition of
peak breadth. The value of the Bragg constant (C) will
depend389on the definition ofâ. The uncertainty in measuring
the sizes of cobalt crystallites using the Scherrer equation is
often due to the fact that in the catalytic community some
authors evaluate the crystallite sizes using FWHM whereas
others calculate the crystallite the size using the integral
width. A multimodal distribution of crystallite sizes and
indistinct decomposition of the XRD signal arising from
Co3O4 and catalyst support could also undermine the
accuracy of particle size measurements.

While XRD peak broadening with a conventional diffrac-
tometer is noticeable with crystallite sizes smaller than 100-
200 nm, evaluation of crystallite particle size provides
relatively accurate data in the range of 6-25 nm. For very
small and very large crystallites, the accuracy in measuring
crystallite sizes is significantly lower. The XRD technique
is not very sensitive to the presence of very small crystallites
of cobalt oxides (<2-3 nm); the peaks are getting too broad
to be identified and measured.

It is important to note that broadening XRD lines could
be related to not only a finite size of crystallite but also the
presence of strained and imperfect crystals. In this case the
particle size calculated using the Scherrer equation without
any corrections would be much smaller than the real sizes
of cobalt oxide particles. Note that size broadening is
independent of the order of reflection, while strain broaden-
ing is order dependent. The Warren-Averbach390 and Hall-
Williamson391 approaches allow separation of broadening due
to the finite size of crystallites and strain. The details of these
approaches are available in previous publications.392-394 XRD
has been used to evaluate the crystallite sizes in most of
publications about FT catalysts; we did not find, however, a
significant number of reports which focus on the detailed
analysis of XRD line broadening due to size and strain
effects.

In several publications cobalt dispersion was estimated not
from the sizes of metal particles but from the sizes of Co3O4

crystallites measured by the Scherrer equation. According
to the relative molar volumes of metallic cobalt and Co3O4,
the diameter (d) of a given Co3O4 particle could be
converted229,395 to the size of metallic cobalt:d(Co0))
0.75d(Co3O4). This method generally provides a reasonable
estimation of cobalt dispersion. Some limitations of this
approach, however, should be taken into consideration. First,
this approximation suggests that large and small particles of
cobalt oxide have the same reducibility. Previous re-
ports108,363,396,397have shown that smaller particles of cobalt
oxide are much more difficult to reduce than larger ones.
This could lead to underestimation of the sizes of cobalt
metal particles using the method based on the average size
of cobalt oxide particles. Secondly, the approximation
assumes that decreasing the particle diameter during catalyst
reduction proceeds according the molar volume. Castner396

et al. showed that the decrease in the volume of silica-
supported cobalt oxide particles after reduction could vary
between 30% and 50%.

In addition to characterization of different cobalt species,
XRD also provides information about long ordering in the
catalytic supports. Different forms of titania and alumina,
zeolites, and novel mesoporous materials (SBA-15, MCM-
41) exhibit intense XRD patterns. XRD could be used to

â ) Cλ
L cosθ
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follow transformation of these phases and formation of mixed
oxides (cobalt silicate, cobalt aluminate). XRD, for example,
showed386 that in impregnated cobalt catalysts supported by
TiO2-SiO2 all titania was present in the form of anatase.
No phase transformation from anatase to rutile occurred
during catalyst preparation. Formation of cobalt silicate was
detected in the XRD patterns of the used Co/ZrO2/SiO2

catalysts by Chen279 et al.
Small angle X-ray scattering and XRD appear to be helpful

in identification of the structure and its modification of cobalt
catalysts supported by mesoporous silicas. XRD data have
shown332 that SBA-15 silica is much more stable than MCM-
41. Wang398 et al. showed that addition of 20% cobalt via
aqueous impregnation did not affect the intensities of small
angle XRD peaks typical of SBA-15 structure, while the
d(100) spacing decreased slightly from 9.9 to 9.3 nm. Our
recent reports305,343are also consistent with those results. It
was found that the hexagonal SBA-15 structure did not
collapse at cobalt loadings up to 30 wt %.

Panpranot336 et al. found that the intensity of the MCM-
41 (100) XRD peak decreased after reduction and dropped
considerably after conducting the FT reaction for 24 h. These
observations were attributed to partial collapse of the MCM-
41 structure in the presence of water vapor generated during
reduction and the FT reaction. Concepcio´n399 et al. studied
Co catalysts supported on ITQ-2, ITQ-6 zeolite-derived
mesoporous materials, and MCM-41. The ordered mesopo-
rous structure of the MCM-41 support was found to be
preserved after Co loading using ethanol impregnation, as
indicated by the presence of the small angle XRD peaks.
Partial collapse of the cubic MCM-48 structure was observed
by Li330 et al. after modification with cobalt via aqueous
impregnation. The intensity of the XRD patterns attributed
to mesoporous structure also decreased242 after conducting
FT synthesis on cobalt catalysts supported by zirconium-
containing mesoporous silicates.

In addition to characterization of cobalt and support phases,
XRD also yields information about the build up of heavier
hydrocarbons on the catalyst surface during the FT reaction.
The presence of wax was observed by Bechara400 and
Ohtsuka337 in the XRD patterns of cobalt catalysts after
conducting the FT reaction test.

3.2.2. In-Situ XRD Catalyst Characterization

Most of the XRD characterization studies have been
carried out using either oxidized or passivated cobalt
catalysts. Note, however, that ex-situ data about the disper-
sion of cobalt metallic phases and cobalt reducibility might
be not very accurate because of easy reoxidation of cobalt
species in the presence of air. Only in-situ XRD data could
probably yield reliable data about the structure of cobalt
active phases present in the reduced and working catalysts.

In-situ XRD data showed363,401 that reduction of Co3O4

under hydrogen proceeds via intermediate formation of CoO
(Figure 27). Even heating supported particles of Co3O4 in
nitrogen results363 in Co3O4 decomposition and CoO forma-
tion in silica-supported catalysts. In the reduced catalysts in-
situ XRD allows identification of cobalt cubic and hexagonal
phases. Srinivasan402 et al. identified both fcc and hcp
crystalline phases of cobalt on silica after reduction, while a
considerable concentration of hexagonal close-packed planes
were faulty. Enache22 et al. showed that reduction of
crystallized Co3O4 particles supported on zirconia and
alumina led to predominately cubic cobalt metal phase, while

direct reduction of nondecomposed cobalt nitrate resulted
in a higher fraction of cobalt hexagonal phase. More cobalt
hexagonal phase has been obtained after reduction of
zirconia-supported catalysts. The catalysts containing hex-
agonal cobalt phase were found22 to be more active in FT
synthesis than those containing cubic cobalt metal phase.

The FT reaction could also have a significant impact of
the fraction of different cobalt phases. Colley403 et al.
identified, using in-situ XRD, formation of the new bcc
cobalt phase on Co/Al2O3 and Co/MnO catalysts during FT
synthesis using syngas with a low H2/CO ratio. Ducreux24

et al. observed formation of crystalline cobalt carbide (CoC2)
on alumina- and titania-supported catalysts, whereas on
silica-supported catalysts no visible phase transformation
occurred. Formation of cobalt carbide in the catalysts does
not result in new active sites but leads to catalyst deactivation.
It was shown,404 however, that reduction of supported cobalt
carbide during catalyst regeneration selectively yielded cobalt
hexagonal phase, which had a higher activity in FT synthesis
than the cobalt cubic (fcc) metal phase. Thus, formation of
cobalt carbide could be considered as a technique to prepare
cobalt catalysts which contain high fractions of cobalt
hexagonal metal phase.

3.3. X-ray Photoelectron Spectroscopy
XPS has been primarily used for identification of different

phases of cobalt (Co3O4, CoO, metallic cobalt, and mixed
oxides) and evaluation of cobalt particle sizes after different
catalyst pretreatments. XPS spectra of promoting elements
(Mn,254,261 Zn,405 Pt,406 Ru,211 Pd,407 Cu,408,409 La247) could
also provide valuable information about the cobalt-promoter
interaction and chemical composition of the surface.

Conventionally, XPS operates at ultrahigh vacuum (UHV)
pressures (lower than 10-9 mbar) since the emitted photo-
electrons are strongly scattered in gaseous phase. In these
measurements the surface of cobalt catalysts can be cleaned
from oxide films, contaminants, and reaction products (in
the catalysts after catalytic test410) by argon and helium
sputtering.411,412 Argon sputtering also allows the structure
of the catalyst subsurface layer to be uncovered and the
structural changes in the catalysts after different pretreatments
to be revealed.

It has been shown, however, that the structure of the
surface layer can be modified under vacuum and thus might
be not relevant to the surface of real working catalysts. To

Figure 27. In-situ XRD patterns of Co/SiO2 catalyst measured in
hydrogen at room temperature (1) and 473 (2), 573 (3), 623 (4),
and 723 (5) K (reproduced from ref 363, Copyright 1997, with
permission from Elsevier). The patterns are offset for clarity.
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overcome these limitations, high-pressure XPS chambers
were designed in the late 1970s.413 Note, however, that even
in the high-pressure XPS set up the pressure in the measure-
ment chamber should not exceed several mbar.414-418

Thus, XPS is not well suited for in-situ and operando
experiments. The catalyst pretreatment, however, can be
carried out at “semi-in-situ” conditions, i.e., the sample can
be reduced or exposed to different gases in the pretreatment
chamber of the XPS spectrometer before being transferred
to the measurement chamber under vacuum or inert atmo-
sphere without any exposure to air. Most currently this
approach has been used to follow the reduction of cobalt
species. XPS allows evaluation of the extent of cobalt
reduction after treatment in hydrogen in the pretreatment
chamber of the XPS spectrometer.108,270,271This technique
was also used by Hilmen to study the effect of water on the
oxidation of alumina-supported cobalt particles.220 XPS can
be also used for measuring cobalt catalysts, which were
reduced and exposed to syngas.

In the XPS spectra of cobalt FT catalysts Co 2p XPS lines
are usually the most intense; they are most commonly used
for catalyst characterization (Figure 28). Co 3p XPS spectra

are much less intense;419 however, in conjunction with Co
2p XPS, they could provide complementary information
about the cobalt oxidation state and coordination.

Most cobalt oxide compounds could be detected by XPS.
Co3O4 is usually identified by the Co 2p XPS peak at about
780 eV; the spin-orbital splitting is 15.1 eV. Only very weak
shake-up satellites are present in the Co 2p XPS spectra of
Co3O4, which are centered at approximately 789.5 and 804.5
eV, about 10 eV from the main bands.420 The Co2+ species
(CoO, cobalt silicate, cobalt aluminate, etc.) exhibit XPS
peaks at 797 and 804 eV;73,420-422 the spit-orbital splitting
is 15.7 eV.423 The main Co2p3/2 peak of Co2+ species shifts
to higher binding energies (782-782.4 eV) relative to the
spectrum of Co3O4. The XPS method was used by Xiong to

study the inhibiting effect of promotion with zirconia245 and
magnesia313 on formation of unreactive cobalt aluminate
phase in alumina-supported FT catalysts. XPS was also used
by the group of Davis216,424to identify the presence of cobalt
aluminate phase in FT catalysts. Unfortunately, it is very
difficult to distinguish from XPS data between CoO, cobalt
precursor (cobalt nitrate, etc.), and mixed cobalt oxides
(aluminate and silicate).

XPS also provides valuable information about cobalt metal
phases. Cobalt metal phase in cobalt-supported catalysts is
identified in the XPS spectra by Co 2p binding energies (Co
2p3/2 ) 778 eV) and spin-orbital splitting (15.0 eV).396,425

The fraction of different reduced and oxidized cobalt phases
present in the catalysts can be calculated from decomposition
of XPS spectra using the spectra of reference compounds.
For decomposition of XPS spectra, the spectral background
is typically subtracted using the Shirley model.426 Then the
model XPS spectra of reference compounds are used in
decomposition of the XPS spectra of cobalt catalysts.245,313

XPS data also allow evaluation of cobalt particle sizes
using the Kerkhof-Moulijn and Kuipers models. The
Kerkhof-Moulijn model427 assumes a uniform distribution
of Co particles in catalyst grains, a low content of promoter,
and a high specific surface area (>100 m2/g) of the support.
The Kuipers model428,429is based on the probability to detect
cobalt atoms by XPS, which varies as a function of cobalt
particle size. In that method the number of detectable cobalt
atoms is strongly affected by the shape of metallic or oxide
clusters. Most commonly, cobalt particles are represented
by hemispheres.

While XPS provides generally acceptable values of cobalt
particle sizes, some discrepancy could also be observed with
the results of other characterization techniques. Several
reasons could be responsible for these discrepancies. First,
reliable evaluation of cobalt particle sizes using either the
Kerkhof-Moulijn or Kuipers model is possible for catalysts
with low cobalt content. Secondly, XPS is a surface-sensitive
technique; it does not detect cobalt particles in the catalyst
pores or occluded in the catalyst bulk. A nonuniform
distribution of the active phase would also affect the XPS
data. For example, our recent report showed that the sizes
of Co3O4 particles evaluated from XRD were much larger
than those calculated from XPS using the Kerkhof-Moulijn
method.320 The validity of the Kerkhof-Moulijn model rests
on the assumption of a uniform distribution of the supported
phase between the bulk and outer surface of catalyst grains.
Previous work,430 however, showed that impregnation of
silicas followed by calcination could lead to enrichment of
Co3O4 particles on the exterior of SiO2 grains. A higher
concentration of Co3O4 near the outer surface of catalyst
grains would result in a higher intensity of the Co 2p XPS
signal and, therefore, to underestimating Co3O4 particle sizes
using the Kerkhof-Moulijn model.

3.4. X-ray Absorption Spectroscopy (XANES and
EXAFS)

X-ray absorption spectroscopy (XAS) is a powerful
method of local order characterization in catalytic systems.
XAS has been extensively used for identification of the type
of neighboring atoms, measuring interatomic distances, and
evaluation of coordination number and structural and thermal
disorder. The rapid expansion of XAS is due to the growing
availability of synchrotron radiation.431 XAS incorporates the
XANES and EXAFS techniques. EXAFS carries information

Figure 28. Co 2p XPS spectra of oxidized Co/Al2O3 catalysts with
different cobalt contents (a) 9, (b) 16, and (c) 25 wt % (reproduced
from ref 397, Copyright 1999, with permission from the American
Chemical Society). At higher cobalt contents, the spectra are similar
to Co3O4; at lower cobalt contents, the satellite structure charac-
teristic of Co2+ species is observed.
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on the short-range order around a target atom.432,433This is
particularly useful in the case of particles whose size is 1 or
2 nm. Electronic state information can also be obtained by
analyzing the near-edge structure or XANES. Both synchro-
tron-based XANES and EXAFS are well suited434,435 for
determining local structures of amorphous and polycrystalline
materials.436 Since the pioneering work of Tohji,437 XAS has
provided a lot of valuable information about the structure
of cobalt-supported FT catalysts and their evolution during
different pretreatments and catalytic reactions.

XAS measurements of cobalt catalysts are typically
conducted at the K edge of cobalt (7709 eV). The relatively
high photon energy at the cobalt K edge allows both in-situ
and operando studies during catalyst preparation and chemi-
cal reaction. Bazin438 et al. demonstrated the feasibility of
extracting information about the structure of Co silica-
supported catalyst from cobalt LII and cobalt LIII absorption
edges. Note that at these photon energies, due to strong
absorption of the X-ray beam by air, the experiments have
to be carried out at very low pressures. This limits application
of this approach for in-situ experiments.

Several difficulties in evaluating the phase composition
of cobalt FT catalysts from XANES and EXAFS should be
taken into consideration.

First, it is known that the relative fraction of different
cobalt phases present in the catalyst can be measured from
decomposition of near-edge X-ray absorption (XANES)
using X-ray absorption data of the relevant reference
compounds. Note, however, that very often the structure of
amorphous cobalt silicate or cobalt aluminate is uncertain.
This limits the information which can be obtained using the
XANES spectra of reference crystalline cobalt aluminate and
silicate. Secondly, it is known that EXAFS is very sensitive
to the presence of heavy atoms in the cobalt coordination
sphere, while the contribution arising from lighter atoms (O,
C, Al, and Si) could be calculated less accurately. This could
lead to not very reliable EXAFS Co-O and Co-C coordi-
nation numbers in partially reduced or carburized catalysts.

Thirdly, EXAFS has some difficulties in identification of
cobalt metallic phases. Three cobalt crystallographic phases
have been described in the literature: cubic fcc cobalt, cobalt
in hexagonal packing (hcp), and recently discovered epsilon
cobalt.439 The fcc structure is favored above 723 K, while
the hcp phase is more stable at lower temperatures. The
epsilon cobalt is a cubic metastable phase which could be
obtained via decomposition of dicobalt octacarbonyl in the
presence of trioctylphosphane oxide.439 The fcc and hcp
phases of cobalt are close-packed structures which differ only
in the stacking sequence of atomic planes in the 111
direction. The epsilon phase is considerably less dense than
either cubic or hexagonal cobalt. In the epsilon cobalt phase
there are two types of atoms which differ in their local
coordination.439 Unlike ideal close-packed structures (fcc or
hcp),ε-cobalt has three nearest neighbors for type 1 atoms
and two nearest neighbors for type 2 atoms.

Unfortunately, from XANES and EXAFS it is rather
difficult to distinguish between the most common cobalt hcp
and fcc phases. Indeed, the CosCo coordination number and
interatomic distances are the same in the first and second
coordination shells in both cubic and hexagonal phases.
Simulation436 using the FEFF package yielded (Figure 29)
exactly the same Fourier transform patterns for the first and
second coordination shells of fcc and hcp phases of metallic
cobalt. The third peak in the hcp structure has a lower

intensity, and no obvious peak is observed in the fourth
coordination shell. In the fcc cobalt phase the fourth peak is
rather intense due to the multiple scattering. Provided that
the cobalt metal phase is well crystallized, identification of
the fcc and hcp cobalt phases could be done using the fourth
coordination shell. In real disordered catalytic systems the
accuracy in evaluation of the fraction of different cobalt
metallic phases from EXAFS using the third and fourth
coordination shells is relatively low. The EXAFS Fourier
transform modulus of theε-cobalt phase is much different
from that of hcp or fcc cobalt.436 The magnitude of all peaks
is much lower, and the positions for the second and higher
coordination shells are different. This suggests that EXAFS
could distinguish theε-cobalt phase from hcp and fcc cobalt.

XAS yields very essential information about cobalt species
during catalyst preparation, pretreatments, and the FT reac-
tion. Very often the information could be obtained in situ440

when the catalyst is inaccessible to most spectroscopic or
surface analysis techniques. XAS has been used for char-
acterization of the structure of cobalt catalysts through their
preparation. First, valuable information was obtained about
cobalt phases in the cobalt precursors deposited on the
support. Our recent work271 showed that after deposition from
cobalt nitrate and cobalt acetate cobalt ions had mostly
octahedral coordination, similar to that in the precursors.

Decomposition of cobalt precursor (cobalt salt or cobalt
carbonyl) leads to several cobalt species: Co3O4, CoO, and
mixed oxide (silicate or aluminate) or metallic cobalt. XAS
spectroscopy provided quantitative information about the
concentration of each cobalt compound present in the
catalyst.441

XAS undoubtedly showed that reduction of Co3O4 to
metallic species proceeded via intermediate formation of
CoO108 (Figure 30). The XANES spectra and EXAFS Fourier
moduli obtained after reduction of Co/SiO2(SBA-15) cata-
lysts in hydrogen at 473 K were identical to those of the
reference CoO. Reduction at higher temperatures led to
metallic cobalt.

XAS seems to be very helpful in evaluating the extent of
cobalt reduction. The XANES spectra could be decomposed
using a linear combination of XANES spectra of reference

Figure 29. Simulated FT moduli of cobalt fcc, hcp, andε metallic
phases (reproduced from ref 436, Copyright 2004, with permission
from Elsevier).
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metallic cobalt, CoO, and mixed Co-Si and Co-Al com-
pounds. Due to the relatively large cobalt oxide and cobalt
metallic particles in FT catalysts, the X-ray absorption edge
should not be much affected by the cluster size. Provided
the structure of all phases in the cobalt catalysts has been
established and the references are available, the phase
composition of the partially reduced catalyst could be
estimated from XANES data. As for oxidized catalysts, the
principal problem in such evaluation is related to the lack
of information about the structure of mixed oxides and cobalt
metallic phases (cobalt silicate, cobalt aluminate, fcc, hcp,
or ε-cobalt).

XAS provides valuable information about the reduction
and structure of bimetallic cobalt catalysts. The X-ray
absorption data could be measured at adsorption edges of
both cobalt and promoting metals. These experiments could
possibly identify formation of monometallic and bimetallic
cobalt particles.442 Theoretical calculations using molecular
dynamics443 showed a significant effect of Pd in cobalt
clusters on both EXAFS of cobalt and palladium. The most
important information about the presence of bimetallic
particles could be collected at the absorption edge of the
promoter. Note, however, that the concentration of the
promoting metal (Pt, Pd, etc.) should be high enough to
collect a measurable EXAFS signal. Guczi et al. showed that
EXAFS at the Pt LIII absorption edge could identify the
presence of bimetallic particles in CoPt/NaY213,223and CoRe/

NaY224 zeolites. Holmen225 et al. also showed using Re LIII

edge absorption that Co and Re formed bimetallic particles
in alumina-supported FT catalysts. EXAFS analysis of the
Pd and Co K adsorption edge indicated formation of
bimetallic particles in the catalysts supported by graphite227

and silica.228 The presence of bimetallic cobalt-platinum
particles was also identified from EXAFS in CoPt/Al2O3.226

Bimetallic Co-Ru and Co-Re particles were not however
detected in CoRu/NaY zeolite444

Previous reports174,262have shown that addition of Mn to
cobalt catalysts results in lower cobalt reducibility. In the
oxidized cobalt catalysts supported by titania259 and carbon
nanofibers,260 which were prepared via deposition-precipita-
tion technique, EXAFS and scanning transmission electron
microscopy-electron energy loss spectroscopy (STEM-
EELS) have shown the presence of mixed Mn-Co oxides.
Treatment of these catalysts under hydrogen results in partial
reduction of cobalt, while manganese atoms remain mostly
in the oxidized state.

Several attempts were made to investigate, using X-ray
absorption spectroscopy, the structure of cobalt species in
situ under FT reaction conditions. Ernst108 et al. showed that
the reduced cobalt on silica-supported catalysts kept its
metallic state in CO/H2 mixtures. Huffman267 et al. showed
that addition of water to syngas (H2/CO ) 3), which
corresponded to operating at higher carbon monoxide
conversions, resulted in oxidation of cobalt on silica- and
alumina-supported catalysts. The effect of water on the
structure of cobalt species in FT catalysts has been exten-
sively studied by the group of Davis. XAS analysis was
performed with the samples withdrawn from the liquid phase
of the laboratory slurry reactor. In the reactor and after their
withdrawal the catalyst samples were suspended in FT wax.
The authors suggest that coating in wax prevents cobalt
catalysts from oxidation. Analysis of the XANES derivatives
was indicative of partial oxidation of cobalt metal particles
during FT synthesis.445 The increase in the intensity of the
Fourier transform patterns of metallic cobalt during the FT
reaction also suggests sintering of cobalt metallic particles
in CoPt/Al2O3 catalysts.445 Cobalt sintering was probably the
main cause of deactivation of Co/Al2O3 catalysts promoted
with rhenium.446

Jacobs214,447and Saib401 showed that the extent of cobalt
oxidation depended on the partial pressure of water in the
reactor. At relatively low water concentrations (H2O/CO )
1.2; H2O/H2 ) 0.6) no changes were detected in the XANES
spectra of cobalt alumina-supported catalysts promoted with
platinum. At higher water levels, a significant fraction of
cobalt aluminate may be produced. This resulted in the abrupt
drop in the FT reaction rate. The in-situ XAS experiments401

with model cobalt silica-supported catalysts showed partial
oxidation of cobalt particles in the presence of a low pressure
of water (PH2O ) 0.04 bar) at 373 K. It was found that
oxidation with water depended on the sizes of cobalt particles
and their possible encapsulation in silica matrix.

EXAFS also could be used for measuring sizes of small
metallic clusters. Note that it can be very rarely done
accurately with cobalt-supported FT catalysts. The Co-Co
coordination number obtained from EXAFS is sensitive to
particle size for very small particles (1-2 nm). FT catalysts
characteristically involve larger cobalt metal particles
(6-30 nm). For larger particles, the accuracy in measuring
sizes from EXAFS is much smaller due to an insignificant
dependence of metal coordination number on particle size.448

Figure 30. XANES spectra (a) and moduli of Fourier transform
of EXAFS (b) for the cobalt catalysts supported by SBA-15
mesoporous silica reduced in hydrogen at different temperatures.
The X-ray absorption spectra were measured in situ at corresponding
temperatures (reproduced from ref 341, Copyright 2001, with
permission from the American Chemical Society).
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Cobalt particles supported on porous supports usually display
significant structural disorder and often consist of several
structurally ordered domains. In this case, the EXAFS
Co-Co coordination number can be obtained only for a
single ordered cobalt domain. The size of these domains is
much smaller than the overall size of cobalt metal particles.
A significant discrepancy was observed by Barbier449 et al.
between cobalt particle sizes evaluated from the Co-Co
coordination number and microscopic and magnetic data.
This discrepancy was attributed to the presence of larger
cobalt agglomerates attached to each other by a small fraction
of their surface.

3.5. Temperature-Programmed Reduction
Among the thermoanalytical methods, temperature-

programmed reduction is most commonly used for character-
izing heterogeneous catalysts.450 The temperature-pro-
grammed reduction (TPR) method is a catalyst characterization
method based on measuring consumption of hydrogen during
heating a catalyst with a linear temperature rate under
continuous gas flow. The flow typically consists of 5-10%
of hydrogen in argon. The chemical composition of the gas
mixture at the reactor inlet and outlet is continuously
monitored by a catharometer or a mass spectrometer.
Interaction of hydrogen with the catalysts leads to reduction
of different species. In the TPR method all the information
is extracted from hydrogen consumption profiles. This gives
“fingerprints” information about the catalyst redox properties.
The TPR was proposed in its current version by Robertson451

et al. in 1975.
Application of TPR techniques to different catalytic

systems has been examined in several reviews.452-455 Careful
selection of the experimental conditions is essential to ensure
sufficient detector sensitivity and avoid mass- and heat-
transfer limitations. The reactor is usually operating in a
differential mode with constant gas velocity and pressure
along the catalyst bed.

TPR also has several shortcomings. The TPR profiles do
not provide direct information about the modification of
catalyst structure; hydrogen consumption could be attributed
to different reduction processes. Use of diluted hydrogen in
TPR experiments makes direct extrapolation of the TPR data
about the extent of reduction to the catalysts reduced in pure
hydrogen questionable. A higher partial pressure of hydrogen
could lead to higher extents of catalyst reduction. During
TPR measurements the catalyst is exposed to high temper-
atures (973-1273 K). High-temperature treatments during
TPR measurements could alter the structure of the original
catalyst samples.

The method has been largely applied for investigation of
cobalt-supported catalysts. It has been shown that reduction
of unsupported cobalt oxide (Co3O4) is a two-stage pro-
cess456,457 which could be ascribed to successive reduction
of Co3O4 to CoO and then to Co.458,459 The TPR profiles
obtained for cobalt silica-supported catalysts prepared via
impregnation using different cobalt salts460 are shown in
Figure 31. Several TPR peaks have been detected usually.
Though it is usually difficult to attribute these peaks
unambiguously, the low-temperature peaks at 373-623 K
are commonly assigned to either partial reduction of Co3O4

or reduction or decomposition in hydrogen of residual cobalt

precursors (cobalt nitrate, chloride, acetate, etc.). The low-
temperature TPR peaks could be also attributed461 to reduc-
tion of surface carbonate species usually present in strongly
basic oxides (La2O3, ZrO2, etc.). Enache22 and Van Berge et
al.462 assigned several low-temperature peaks to reduction
of amorphous surface cobalt oxide and hydroxide species
(CoOaHb, a g 1.7, b g 0) different from well-known
crystalline Co3O4. Medium-temperature peaks at 673-873
K are attributed to the emergence of cobalt metallic phases

while peaks at temperatures higher than 873 K are usually
related to reduction of barely reducible mixed cobalt oxides
(cobalt silicate, cobalt aluminate).

It has been shown that cobalt reducibility is affected by
the nature of the support. It is generally found445,463that cobalt
species are much more difficult to reduce in alumina than
in silica, titania, and zirconia supports. Below is the brief
review of TPR data obtained for silica, alumina, and other
supported FT catalysts.

Silica-Supported Cobalt Catalysts.A detailed TPR study
of cobalt silica-supported catalysts has been performed by
van Steen282 et al. First, reduction of supported cobalt nitrate,
cobalt acetate, cobalt chloride, and cobalt sulfate was
examined. It was found that TPR profiles of cobalt catalysts
starting from chloride or sulfate were essentially the same
as for the unsupported metal salt, showing negligible
interaction between the support and salt. In the case of nitrate
or acetate precursor, however, a number of peaks were
observed in the TPR spectra indicating formation of different
cobalt species during preparation. The silica source, impreg-
nation solvent, and temperature of drying and calcination
had a significant impact on TPR profiles. van Steen282 et al.
found that low-temperature calcination (473-523 K) of
silica-supported cobalt catalysts resulted in a higher intensity
of low-temperature hydrogen consumption peaks in TPR
profiles. This suggests that extended drying and low-tem-
perature calcination of cobalt catalysts reduce the concentra-
tion of barely reducible cobalt silicate. The effect of cal-
cination temperature on the reducibility of cobalt silica-
supported catalysts was also a subject of our recent report.271

The data obtained using TPR in combination with in-situ
magnetic measurements are consistent with the results of van
Steen about the beneficial effect of low-temperature calcina-
tion on the fraction of reducible cobalt species.

Co3O4 f CoO

Figure 31. TPR profiles of 10 wt % Co silica-supported catalysts
prepared using aqueous impregnation with different cobalt salts (5%
H2/Ar, ramping rate 0.4 K/s).

CoOf Co
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The TPR method has also been used for characterization
of cobalt catalysts supported on mesoporous silicas (MCM-
41, MCM-48, SBA-15). Several TPR peaks were usually
observed.330 Martinez399 et al. reported TPR profiles for a
series of mesoporous materials (Figure 32). TPR profile of

Co/MCM-41 showed a first reduction peak with a maximum
at about 543 K, most likely related to reduction of larger
Co3O4 particles located on the external surface. This sample
also exhibited a second broad reduction at higher tempera-
tures with maximum hydrogen consumption above 900 K,
which is typical of reduction of cobalt silicates.308

Alumina-Supported Cobalt Catalysts. Arnoldy and
Moulijn298 have shown that TPR is a sensitive technique in
identification of different cobalt phases present in alumina-
supported catalysts. Four different reduction regions (600,
750, 900, and 1150 K, ramping rate 10 K/min) were
observed, which were assigned to four Co phases. Similar
TPR results for Co/Al2O3 catalysts have been observed in
more recent publications. Enache et al. uncovered464 four
reduction peaks at 497, 623, 973, and 1243 K in TPR profiles
of 10 wt % Co-A12O3 catalyst. The first peak resulted from
reduction of Co3O4 to CoO. The second one was attributed
to CoO reduction into metallic cobalt. The two other peaks,
at higher temperatures (973 and 1243 K), were ascribed to
cobalt aluminate species. The TPR curves reported by Li245,315

show similar reduction behavior of Co/Al2O3. The peak at
533-673 K was attributed to reduction of bulk Co3O4 (Co3+

f Co2+ f Co0), and the high-temperature peak (673-1023
K) was attributed to reduction of cobalt oxide and cobalt
aluminate. The small peak at ca. 513 K was attributed to
reductive decomposition of residual Co(NO3)2.

Titania- and Zirconia-Supported Catalysts. Strong
metal-support interaction (SMSI) is a specificity of titania-
supported metal catalysts. SMSI is usually observed when
the reduction is performed at temperatures higher than 573
K.465 At these conditions, heating in hydrogen may reduce
TiO2 to (TiOx) suboxide.466 Thus, in addition to reduction
of cobalt oxidized species, reduction of TiO2 can contribute
to the TPR peaks. This could explain the high extent of
reduction calculated for these systems using TPR data. It
has been found that the metal-support interactions are

weaker for rutile titania than for the anatase phase.465,467The
presence of water vapor during reduction could result in
formation of hardly reducible cobalt titanate.468

Zirconia is a well-known promoter of cobalt-supported FT
catalysts. However, very few studies have focused on the
TPR behavior of zirconia-supported cobalt catalysts. For a
series of cobalt catalysts supported on zirconia, Cher-
navskii469 et al. showed that TPR profiles were strongly
affected by the support porous structure. The presence of
small pores resulted in an appearance of low TPR temper-
ature peaks. These peaks were attributed to reduction of
cobalt species located within narrow pores. Cobalt reduction
proceeded464 differently in TPR experiments on tetragonal,
monoclinic, or amorphous zirconia. Cobalt catalysts sup-
ported on monoclinic zirconia exhibited four reduction peaks
with the maxima situated at 398-673 K. These peaks were
attributed to the gradual reduction of Co3O4 into CoO and
then into metallic cobalt. The catalysts supported on high
surface area amorphous zirconia exhibited very small
shoulders indicating hydrogen consumption at a wide range
of temperatures (373-573 K) with maxima situated at 403
and 483 K. This suggests a wide range of Co3O4 particle
sizes. The high-temperature TPR peak (1038 K) observed
during reduction of cobalt catalysts supported on amorphous
zirconia is attributed to reduction of cobalt zirconate.470

Panpranot et al.471 showed that TPR profiles are also affected
by the methods of zirconia preparation. Glycothermal synthe-
sis of zirconia results in higher cobalt dispersion and reduci-
bility and thus better catalytic performance in FT synthesis.

3.6. Magnetic Methods
Let us first briefly recall the magnetic properties of

oxidized and reduced cobalt species. It is known that both
Co3O4 and CoO are antiferromagnetic at lower temperatures.
At the Néel temperature (30 K for Co3O4;472 288 K for
CoO473) they undergo an antiferromagnetic-paramagnetic
transition. Thus, at ambient and higher temperatures both
Co3O4 and CoO exhibit paramagnetic behavior. This leads
to very small magnetization of oxidized cobalt catalysts in
the magnetic field. Thus, the magnetic method does not seem
to be very sensitive to the presence of cobalt oxidized species.
Nevertheless, Dutta et al.474 showed that the dependence of
magnetization on temperature could provide information
about the number of paramagnetic ions in the oxidized
catalysts when no other information about the localization
and coordination of cobalt atoms could be obtained by other
characterization techniques.

Cobalt metallic particles could be of three different
sorts:475 superparamagnetic and single- and multidomain
ferromagnetic. Small superparamagnetic cobalt particles
behave as an ensemble of paramagnetic atoms which have
a significant magnetic momentum.476-478 These particles do
not have any residual magnetization (no remittance). The
upper limit of superparamagnetic particles can be determined
from the relation479

whereK is the cobalt anisotropy constant,kb is Boltzmann’s
constant,V is the volume of the cobalt particles, andT is
the temperature of the measurements. The calculation shows
that at ambient temperatures the maximal size of cobalt
superparamagnetic particles is about 7 nm. Cobalt metal
particles larger than 7 nm constitute a single ferromagnetic

Figure 32. TPR profiles for a series of mesoporous materials
(reproduced from ref 399, Copyright 2004, with permission from
Elsevier).

KV ) 25kbT (1)
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domain. The maximal size of a single-domain ferromagnetic
particle for metallic cobalt is about 20 nm.480 Larger cobalt
particles have multidomain ferromagnetic structure. The
ferromagnetic structure disappears when the sample has
attained the Curie temperature. The Curie temperature for
bulk metallic cobalt is 1388 K.481

The magnetic method could provide two sorts of informa-
tion about cobalt FT catalysts. First, the extent of reduction
could be quantitatively measured in situ from the magnetic
data. Second, in some particular cases, the sizes of cobalt
metal particles could be evaluated.

Reduction of cobalt species could be followed in situ using
the magnetic method coupled with conventional TPR. The
principal advantage of this technique is due to the fact that
magnetic method selectively identifies cobalt metal particles.
Since the magnetic method is very sensitive to the presence
of ferromagnetic and superparamagnetic phases, formation
of cobalt metal particles could be detected at relatively low
concentrations. For example, the presence of a low fraction
of cobalt metallic particles in La(Co,Fe)O3 perovskites after
reduction was uncovered by in-situ magnetic measure-
ments.482,483 The decrease in magnetization during catalyst
reduction at higher temperatures could be related to the
physical effect of temperature on ferromagnetic structure or
indicate formation484 of cobalt silicate or cobalt aluminate.

All magnetic measurements can be done in pure hydrogen.
This leads to more reliable data about cobalt reducibility than
those obtained from conventional TPR. Note that the TPR
method usually operates with H2/Ar mixtures, while FT
catalysts for catalytic tests are commonly reduced in pure
hydrogen. Our recent report485 has shown that use of diluted
hydrogen in TPR experiments could lead to significantly
lower extents of reduction than those normally attained in
pure hydrogen.

Determination of sizes of superparamagnetic and ferro-
magnetic particles is based on the relation between the
magnetization and intensity of the magnetic field (field
dependence curve). The field dependence can be character-
ized by three important parameters:σs, saturation magne-
tization; σr, residual magnetization; andHc, coercive force
(Figure 33a). Different types of cobalt metal particles exhibit
different behavior in magnetic field. The small superpara-
magnetic particles476-478 (size< 7 nm at room temperature)
do not produce a hysteresis in the field dependence curve
(see Figure 33b). For these particles the field dependence
curve represents a sigmoid with zero residual magnetization
and zero coercive force. Particles larger than 7 nm could
have single-domain and multidomain ferromagnetic structure.
The coercive force increases with the size of single-domain
cobalt particle and reaches475,479,480a maximum for the size
of cobalt metal particles of about 20 nm. Then the coercive
force decreases to the limit typical of bulk metal cobalt.
Therefore, the absolute value of the coercive force provides
a method of preliminary evaluation of cobalt particle size.486

The method based on the absolute value of coercive force
was employed by Rana et al.487 to evaluate the sizes of cobalt
metal particles encapsulated in carbon nanotubes. A more
accurate method of measurements of cobalt metal particle
sizes has been proposed by Chernavskii.475 It has been shown
that at relatively low temperatures oxidation of cobalt metal
particles follows the Cabrera-Mott mechanism.488 In this
mechanism the oxidation proceeds via formation of thin
oxide layers of the surface of metal particles. Formation of
CoO/Co bilayers during partial oxidation of metallic cobalt

was confirmed by Gruyters489 and Elbashir.490 Therefore,
oxidation at mild conditions reduces the apparent size of
cobalt metal particles. If the average size of cobalt particles
is larger than 20 nm, the decrease in the apparent size of
cobalt metal particles would result in an increase in coercive
force. If the average size of cobalt particles is smaller than
20 nm, oxidation would lead to a decrease in coercive force.

The choice of method for particle size analysis is strongly
affected by the nature of the cobalt metal particles. When
the catalyst contains only superparamagnetic cobalt particles,
magnetization is expressed by the Langevin function

whereJs is the saturation magnetization (at infinite magnetic
field), Ms is the magnetic momentum,V is the particle
volume,H is the magnetic field intensity,T is the temper-
ature, andkb is Boltzmann’s constant. The cobalt particle
diameter can be therefore calculated from the particle volume
V assuming a spherical morphology of the particle. When
both superparamagnetic and single-domain ferromagnetic
particles are present in the catalyst, the fraction of super-
paramagnetic particles (γ) can be determined from the simple
relation proposed by Martin and Dalmon491,492

whereJs is the saturation magnetization andJr is the residual

Figure 33. Field dependences measured for CoRe/SiO2 (a) and
CoRe/SiO2 catalyst promoted with sucrose (b) (reproduced from
J.-S. Giradon, E. Quinet, A. Griboval-Constant, P.-A. Chernavskii,
L. Gengembre, and A. Y. Khodakov,J. Catal.2007, http://dx.doi.
org/10.2016/j.cat.2007.03.002, Copyright 2007, with permission
from Elsevier).
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magnetization. Note that when multidomain ferromagnetic
cobalt particles are present in the catalysts, eq 3 does not
yield accurate information about the fraction of superpara-
magnetic particles.

The magnetic method has been very valuable for charac-
terizing different cobalt FT catalysts. The in-situ magnetic
method was used270 to follow the genesis of cobalt metal
catalysts in silica-supported FT catalysts. It was shown that
promotion with noble metal resulted212 in a decrease in the
temperature of appearance of cobalt metallic species. Cher-
navskii486 et al. evaluated the fraction of superparamagnetic
and ferromagnetic particles in bimodal silicas from magnetic
measurements. The magnetic method indicated the presence
of cobalt small superparamagnetic particles in the silica-
supported catalysts prepared using impregnation with cobalt
acetate. Larger ferromagnetic cobalt particles were found in
the silica-supported catalysts prepared with cobalt nitrate.
Addition of sucrose during catalyst impregnation resulted
in a significant decrease in the cobalt particle size.485 The
relevant field dependence curves are displayed in Figure 33.
Cobalt catalysts prepared without sucrose showed a field
dependence curve with a hysteresis characteristic of ferro-
magnetic particles (Figure 33a). Addition of sucrose leads
to superparamagnetic particles which do not exhibit any
hysteresis loop.

3.7. Analytical Electron Microscopy
Transmission electron (TEM), scanning electron (SEM),

scanning transmission electron (STEM), and scanning tun-
neling electron (STM) microscopies provide detailed infor-
mation about the composition and electronic structure of
heterogeneous catalysts with real-space resolution down to
the atomic level.493 Conventional transmission electron
microscopy does not require special pretreatment of the
catalysts; it operates in UHV and at room temperature.
Recent development of high-voltage electron microscopes
(>200 kV) allows494 resolution of atomic structure. The
accelerating voltage of 200 kV considerably reduces495 the
beam damage of the sensitive specimens by the ionization
process. For the new TEM microscopes the point resolution
is not limited by the wavelength of the electrons but by the
optics, electronics stability, and mechanical vibrations of the
apparatus. Improvements in electron optics have allowed a
resolution of 0.18 nm to be reached. In SEM and STEM
microscopes the resolution is limited by the size of the
electron probes. For a long time SEM has been considered
to have only very modest resolution. With the development
of novel instrumentation, the resolution of SEM has been
also considerably improved. In the past decade probe sizes
of 0.5 nm at 30 kV and 2.5 nm at 1 kV have been reported.496

Conventional electron micrographs have been obtained in
UHV (10-6-10-7 mbar). Currently, the new environmental
high-resolution electron microscopy497,498(EHREM) allows
measuring high-resolution images under oxidizing and
reducing atmospheres and in the presence of condensable
vapors at pressures of several mbar. The STM technique is
also very promising. Recent studies499-502 showed the
feasibility of in-situ STM imaging real metal-supported
catalysts at high pressures and temperatures.

Interaction of the electron beam with the sample results
in several phenomena: emission of photons and Auger,
secondary, and back-scattered electrons. Several techniques,
which involve these phenomena, have been developed
recently. Electron energy loss spectroscopy (EELS) is one

of them. In combination with electron microscopy it provides
space-resolved information about the chemical composition
and atoms coordination in the catalysts.

The limitations of electron microscopic methods have been
summarized by Lynch.432 Microscopy is a local technique
which does not provide global vision of the sample. The
accuracy of TEM data depends on the number of images
taken. The statistics problem can be crucial with nonuniform
samples. Measuring cobalt particle size is based on recon-
stitution of particle size distributions (histograms). Particle
size measurements from electron microscopy could be
performed accurately only for relatively dilute samples.
Formation of particle agglomerates in the catalysts with high
cobalt contents makes it difficult to evaluate the sizes of
primary cobalt particles. The technique is not selective for a
given atom or phase. In many cases mapping using energy
dispersive spectrometry might be required to discern the
active phase from the support. The electron beam is
potentially destructive; it could modify the catalyst structure
and size of nanoparticles. All measurements in transmission
and scanning electron microscopies have to be carried out
in UHV, while it has been largely accepted that the presence
of reacting molecules could affect the catalyst structure. In
addition, it is also difficult to evaluate the extent of cobalt
reduction from TEM data. Cobalt metal and cobalt oxide
particles look rather similar in the microscopic images.

Electron microscopy has been used to study the structure
of both cobalt active phase and catalytic supports of FT
catalysts. The size of cobalt particles in the supported FT
catalysts has been measured using TEM in a large number
of publications.240,330,386,395,503-508Cobalt particles of spherical,
hexagonal, oval, or irregular shapes have been detected. In
most cases useful information about cobalt dispersion was
obtained and TEM data were consistent with the results of
other characterization techniques.

The electron microscopic measurements have been gener-
ally performed with oxidized catalysts. In the oxidized
catalysts the cobalt particles detected by microscopy are
mostly particles of Co3O4. The absence of Co3O4 crystallites
detectable by TEM usually suggests that most of the cobalt
is present in the form of cobalt mixed oxides (silicate,
aluminate). For example, in our recent report270 no Co3O4

particles were detected by TEM in the silica-supported
catalysts prepared using high-temperature decomposition of
cobalt acetate, while in the catalysts prepared via cobalt
acetate decomposition at low temperatures, a considerable
concentration of Co3O4 crystallites was observed. This
indicates a low concentration of Co3O4 phase in the catalysts
prepared via high-temperature treatment. A combination of
characterization techniques uncovered that cobalt silicate was
the major phase in the sample prepared via high-temperature
cobalt acetate decomposition.

Several authors did their measurements on reduced and
passivated catalysts. Storsæter509 et al. showed, however, that
passivated cobalt catalysts in the presence of air could be
readily oxidized to cobalt oxide. This would definitely affect
the accuracy of particle size measurements using electron
microscopy. As with XPS, which is also an UHV-based
technique, the best approach would be to reduce the catalyst
in situ in the pretreatment chamber and then transfer it to
the microscope vacuum chamber. This type of set up was
used by Castner396 et al. for evaluation of the sizes of cobalt
oxide particles in the oxidized catalysts and cobalt metal
particles in the reduced catalysts.

Development of Novel Cobalt Fischer−Tropsch Catalysts Chemical Reviews, 2007, Vol. 107, No. 5 1723



In addition to measuring supported cobalt particles,
microscopy has also been used to study the structure of
catalyst supports. Iwasaki340 et al. prepared supports for FT
catalysts using mesoporous silicates by hydrothermal treat-
ment of Si-, Mg-, and/or Al-containing hydroxide precipi-
tates. TEM showed that Si-Mg-Al and Si-Mg hydroxides
were composed of homogeneous disk-shaped particles of
about 5 nm in diameter. During the hydrothermal treatment
the particles became about 8 nm in diameter. Microscopy
has been particularly helpful262 for determination of the
structure of cobalt catalysts supported by SBA-15 meso-
porous silica. The images show the presence of both a highly
ordered hexagonal arrangement of the channels and cobalt
oxide particles. Conce´ption399 et al. measured cobalt particle
sizes in ordered mesoporous silicas (MCM-41, ITQ-2) and
amorphous SiO2. The distribution of cobalt particle sizes was
much narrower in the mesoporous silicas than in the
amorphous counterparts.

Encapsulation of cobalt particles in silica matrix was
observed by Saib401 et al. A thick layer of amorphous silica
around the cobalt crystallites indicated that silica could
undergo migration during reduction.

Several recent papers have addressed investigation of
cobalt active phase in manganese-promoted catalysts using
STEM-EELS. The STEM-EELS method provided detailed
information about localization of cobalt, manganese, and sup-
port (TiO2 or carbon nanofibers) in the oxidized, reduced,
and passivated catalysts. STEM-EELS images of calcined
titania-supported catalysts prepared via deposition-precipita-
tion suggest254,259,510(Figure 34A and B) association of cobalt

and manganese atoms and possible formation of mixed
Co/Mn oxide. In the reduced and passivated catalysts,
redispersion of MnOx species on titania support was observed
and Mn species were no longer mixed with Co (Figure 34C
and D).

In the oxidized catalysts supported by carbon nanofibres
Bezemer260,261et al. using STEM-EEELS also showed close
association of cobalt and manganese atoms. In contrast to

titania-supported catalysts, catalyst reduction and passivation
did not lead to redispersion of manganese on the support.
The presence of Mn retarded cobalt reduction, while close
association of Co and Mn existed in the reduced cobalt
catalysts.

Information about the surface structure of cobalt catalysts
can be obtained using STM. This technique offers excellent
opportunities since it is not limited by UHV conditions. STM
has been used by Wilson32,511et al. to study restructuring of
the Co (0001) surface. A terrace-type Co (0001) surface with
atomic steps of 0.2-1 nm was observed following annealing
(Figure 35). After 1 h of FT reaction (H2/CO ) 2, P ) 4

bar, T ) 523 K) small islands of cobalt atoms occupying
the three-fold hollow sites of the underlying close-packed
cobalt terrace were detected. Surface restructuring could
result from exposure of the catalyst to carbon monoxide,
water, high pressure, and high temperature.

3.8. Chemisorption Methods
Chemisorption provides important information about co-

balt FT catalysts. While many characterization techniques
yield data about the structure of different cobalt species, only
chemisorption measurements give direct information about
the number of active sites. This method is directly related
to activation of molecules in the FT catalytic process.512 The

Figure 34. STEM-EELS images of CoMn after calcination (A,
B), reduction at 623 K, and passivation at 423 K (C, D): Ti (green),
Co (red), and Mn (blue) (reproduced from ref 259, Copyright 2005,
by permission of the PCCP Owner Societies).

Figure 35. (a) STM image of the clean Co(0001) surface (prior
to reaction) showing atomically flat terraces 150 nm (ca. 600 atoms)
in width (tunneling currentIt ) 2 nA, sample biasV ) 0.05 V).
(b) STM image of the Co(0001) surface after 1 h exposure to high-
pressure CO hydrogenation conditions (It ) 0.5 nA, V ) 0.5 V).
(Insert) Hard-sphere model of the bulk-terminated Co(0001) surface
(reproduced from ref 511, Copyright 1995, with permission from
the American Chemical Society).
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information about the number of cobalt surface sites is
essential for description of the catalytic performance. Four
key parameters should be taken into consideration while
using chemisorption methods.

(1) Stoichiometry of chemisorption. The stoichiometry of
chemisorption corresponds to the ratio between the number
of adsorbed molecules and cobalt surface atoms at monolayer
coverage.

(2) Reversibility of chemisorption. Chemisorption is
reversible at a given temperature if all chemisorbed molecules
could be removed from the surface at a partial pressure close
to zero. If chemisorption is to a larger extent reversible, the
pulse and flow adsorption methods, which measure only
irreversible uptakes, are not well suited for evaluating the
number of cobalt active sites. These adsorption methods
would result in underestimated values of the cobalt surface
area. If chemisorption is reversible, only static adsorption
techniques provide relevant information about the number
of cobalt surface sites.

(3) Chemisorption could be an activated or a nonactivated
process. If chemisorption is activated, the kinetics of chemi-
sorption can be slow; the amount of chemisorbed molecules
is more significant when the chemisorption is conducted at
higher temperatures.

(4) Restructuring catalyst surface. Adsorption of mole-
cules strongly interacting with cobalt atoms could modify
metal dispersion, shape, and morphology of metal nanopar-
ticles.

The following sections address chemisorption of hydrogen,
carbon monoxide, and hydrocarbons on cobalt catalysts.

3.8.1. Hydrogen Chemisorption

Hydrogen chemisorption is a widely used method for
characterization of the surface of metal-supported particles.
Molecular hydrogen adsorbs513 dissociatively on the surface
of transition metals, including cobalt, at temperatures higher
than 80-90 K.

Reuel and Bartholomew514,515 systematically studied hy-
drogen chemisorption on supported cobalt catalysts. It was
found that chemisorption of hydrogen at elevated tempera-
tures was greater than at room temperature. This sug-
gests516,517 that hydrogen chemisorption is an activated
process. The stoichiometry of total hydrogen chemisorption
was one hydrogen atom per cobalt surface site. Figure 36
shows typical adsorption isotherms obtained on cobalt-
supported catalysts at room temperature. Hydrogen chemi-
sorption on Co/Al2O3, Co/SiO2, and Co/C catalysts was to
some extent reversible at room and higher temperatures. The
extent of reversibility and activation of hydrogen adsorption
increased with decreasing metal loading and increasing the
extent of interaction between metal and support.518 Our recent
report519 is consistent with the results of Bartholomew and
Reuel. We found that hydrogen chemisorption on cobalt
silica- and alumina-supported catalysts was partially irrevers-
ible at temperatures below 373 K. At the conditions of FT
synthesis (T > 423 K), hydrogen chemisorption was es-
sentially reversible.

The reversibility of hydrogen adsorption suggests that flow
and pulse hydrogen adsorption methods are not well suited
to measure cobalt dispersion. Extrapolation of hydrogen
chemisorption isotherms to zero pressure does not provide
reliable information about the number of cobalt active sites
either because it takes into consideration only irreversibly
chemisorbed hydrogen. The reversibility of hydrogen chemi-

sorption also suggests that TPD methods cannot provide
accurate information about the number of cobalt metal
surface sites. The TPD peaks of hydrogen could also arise
from desorption of hydrogen species spilled over support or
reoxidation of small cobalt metal particles by hydroxyl
groups of the support

Several more reliable approaches have been suggested to
measure cobalt dispersion in FT catalysts using hydrogen
chemisorption. These approaches are summarized as follows.
Measurement of total H2 uptake at static conditions at temper-
atures of maximum hydrogen chemisorption. This technique
has been used by Bezemer,260 Jongsomjit,231 Niemelä,301

Reinikainen,211 Belambe520 and others. Measurement of total
hydrogen uptake during cooling in H2 from the reduction
temperature to 298 K. This approach was adopted by Ernst
and Kiennemann.265 Measuring the amount of irreversibly
chemisorbed hydrogen at 190-200 K using the improved
flow method. Bartholomew521 et al. showed that hydrogen
chemisorption at 190-200 K was mostly irreversible.

3.8.2. Carbon Monoxide Chemisorption
Carbon monoxide chemisorption plays a key role in FT

synthesis. It is known that the metals that do not dissociate
CO are inactive in FT synthesis. It was found514,519 that
carbon monoxide chemisorption on cobalt catalysts was
inactivated and less reversible than that of hydrogen. Carbon
monoxide adsorption on cobalt catalysts is more reversible
(T < 423 K). Carbon monoxide adsorption is almost
irreversible at FT reaction conditions because of the irrevers-
ibility of carbon monoxide dissociation. If the catalysts before
carbon monoxide adsorption were exposed to hydrogen,
carbon monoxide can substitute519 hydrogen atoms at cobalt
metal sites. This leads to carbon monoxide assisted hydrogen
desorption. The stoichiometry of carbon monoxide adsorption

Figure 36. Reversible and irreversible H2 adsorption on impreg-
nated 3 wt % Co/SiO2 at room temperature (reproduced from ref
514, Copyright 1984, with permission from Elsevier).

Co + 2T-OH f CoO+ T-O-T +
H2, where T is a support atom (T) Al, Si, Ti, etc.)
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varies from 0.4 to 2.3 as a function of cobalt dispersion,
support, and catalyst preparation.

Three important issues about carbon monoxide adsorption
on cobalt catalysts should be taken into consideration. First,
it has been established that in contrast to hydrogen chemi-
sorption, carbon monoxide can adsorb on different types of
catalyst surface sites: metallic sites, unsaturated ions (Co2+),
Lewis acid sites, hydroxyl groups of the support, etc. Second,
it is known that carbon monoxide can dissociate and
disproportionate on cobalt metal sites at elevated tempera-
tures according to the Boudouard reaction

Third, it is known that carbon monoxide strongly adsorbs
on cobalt catalysts. Carbon monoxide adsorption can ir-
reversibly modify the catalyst surface. These modifications
could be attributed to both carbon monoxide disproportion-
ation and possible sintering of very small cobalt and noble
metal particles, formation of metal carbonyls in the presence
of CO.

All these issues affect the stoichiometry of carbon
monoxide chemisorption and consequently the results of
evaluation of cobalt surface metal sites. Since carbon
monoxide can react on cobalt catalysts, detection of desorb-
ing products by mass spectrometry can yield additional
valuable information. The great advantage of carbon mon-
oxide as an adsorption probe is the opportunity to conduct
the adsorption measurements with simultaneous detection of
the adsorbed species by FTIR spectroscopy. Both gaseous
and adsorbed carbon monoxide species exhibit distinct and
intense FTIR bands. More information about identification
of different carbon monoxide species adsorbed on cobalt FT
catalysts is available in section 3.1.

A number of techniques based on carbon monoxide
chemisorption and disproportionation have been developed
to characterize cobalt metal sites in FT catalysts. Since carbon
monoxide chemisorption on cobalt metal sites is to a larger
extent irreversible, both dynamic and static adsorption
methods can be used to measure the metal surface area.
Holmen229,522,523 et al. suggested that carbon monoxide
chemisorption at 373 K was a more realistic measure of
cobalt surface metal sites than volumetric H2 chemisorption.
Carbon monoxide adsorption in a pulse mode was used by
Niemelä301 and Spadaro524 to calculate the number of cobalt
metal sites in ceria-promoted Co/SiO2 catalysts. TPD of
carbon monoxide chemisorbed at room temperature was used
to calculate the number of metal sites in the catalysts525

supported by Na forms of different zeolites, in MCM-41-
supported catalysts505 and in silica- and alumina-supported
catalysts modified by Zr and La.526 Kienneman239,482 et al.
proposed the rate of carbon monoxide disproportionation for
evaluation of the number of cobalt metal sites. In a typical
experiment the catalysts were reduced in hydrogen and then
cooled to 503 or 623 K. Pulses of carbon monoxide were
admitted to the catalyst until stabilization of the amount of
formed CO2. Carbon monoxide conversion was found to
correlate with the cobalt metal surface area.

3.8.3. Propene Chemisorption

Readsorption of olefins is commonly hypothesized as one
of the principal stages of FT synthesis on cobalt catalysts; it
influences both the selectivity of the reaction and the yield
of higher hydrocarbons. Chemisorption of methane and

ethene has been extensively studied on transition metals,
while studies of chemisorption of propene and higher
hydrocarbons have been mostly limited to monocrystals and
Pt catalysts. Propene hydrogenation as a model reaction of
secondary olefin readsorption and hydrogenation has been
proposed by Aaserud527 and Schanke.528 The lower activity
of the catalysts in propene hydrogenation favors propene
readsorption and leads to a higher C5+ selectivity in the FT
reaction.

Our recent report529 has shown that adsorption of propene
on FT catalysts results in its autohydrogenation, source of
propane, and CHx species adsorbed on the catalyst surface.
Analysis of the propene chemisorption data and results of
other characterization techniques suggests271,530that propene
chemisorption could be also a useful tool for estimation of
the number of metal sites and FT reaction rates over cobalt-
supported catalysts. It was found that the FT rate was a
function of the number of cobalt surface sites detected in
the catalysts by propene chemisorption (Figure 37).

3.9. SSITKA for Characterization of Cobalt
Catalysts

The steady-state isotopic transient kinetic analysis
(SSITKA) method531-534 involves the transient response of
isotopic labels at the reactor outlet following an abrupt
change (switch) in the isotopic composition of one of the
reactants. The reactant concentrations, product concentra-
tions, and gas flow rates remain unchanged during and after
the isotopic switch; only the isotope composition is changing.
It is generally considered that the steady state of the catalyst
and reactor is not perturbed by the changes in the isotope
composition of the reactant. An overview of the SSITKA
method was given by Shannon and Goodwin.535 Details of
the SSITKA mathematical analysis are available in refs 536
and 537.

SSITKA yields a set of parameters such as kinetic
constants, abundance and mean-surface residence time of the
adsorbed surface intermediates, surface coverage, site het-
erogeneity, activity distribution, and concentration of ad-
sorbed reaction intermediates. SSITKA has been used for
studying FT synthesis over cobalt catalysts since the early
1980s. SSITKA has provided538-540 valuable information
about the FT reaction mechanism and chain growth on
cobalt-supported catalysts. Though SSITKA is a kinetic
method, it is also convenient for evaluating the number of
active sites in heterogeneous catalysts. Two types of quan-
titative catalyst characterization information can be ob-

2COf CO2 + C

Figure 37. FT reaction rates as a function of propene chemisorption
at 323 K over a series of cobalt-supported catalysts.
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tained: about the number of active intermediates involved
in the catalytic reaction and about the kinetic constants
characteristic of these sites (intrinsic site activity).

Promotion of cobalt catalysts could result in either an
increase in the concentration of the active sites in cobalt
catalysts or/and an increase in the intrinsic activity of a given
active site. The SSITKA method decouples these two effects.
These effects are usually very difficult to separate in
conventional characterization and kinetic experiments.

A brief summary about calculating the number of active
surface intermediates and kinetic constants from SSITKA
data is given below. The number of active intermediates
involved in a catalytic reaction can be determined from
integration of non-normalized transient response curves after
the switch in isotope composition. This yields the amount
of 12C or 13C atoms present in the active surface species.

The intrinsic kinetic constants characteristic of a given
catalytic site could be calculated from the mean residence
time of surface intermediates. Most SSITKA publications
suggest that the reaction proceeds in a CSTR or in a series
of CSTR reactors. Assuming that the reaction has first-order
kinetics, the reaction rate (R) can be represented by the
following equation

wherek is the intrinsic kinetic constant characteristic of the
catalytic site andN is the number of the sites.

It has been shown that integration of the normalized
transient curve yields the overall mean residence time of all
adsorbed surface intermediates

The first-order kinetics suggests that the rate constant is the
reciprocal of the mean surface residence time of the active
intermediate

Thus, in this approximation the intrinsic kinetic constant can
be readily evaluated from the normalized transient isotopic
response and mean surface residence time. Note, however,
that this SSITKA kinetic analysis is not relevant when the
catalytic reaction involves a complex mechanism and
especially reversible reaction pathways.

Two types of SSITKA experiments have been carried out
to characterize cobalt catalysts: CO chemisorption and CO
hydrogenation studies.

The carbon monoxide chemisorption experiments allowed
measuring the number of sites of reversible carbon monoxide
adsorption. In the chemisorption experiments the transient
switch is carried out between12CO/inert gas and13CO/inert
gas or between12CO/H2 and 13CO/H2 at low temperatures
(Figure 38). At these conditions no carbon monoxide hydrog-
enation occurs. The lag in transient responses of carbon mon-
oxide relative to that of an inert gas is related to the kinetic
effect of carbon monoxide adsorption and desorption.
Frøseth541 et al. showed using SSITKA that H2 did not influ-
ence carbon monoxide chemisorption on cobalt catalysts at
lower temperatures. The limitations of SSITKA for measur-
ing carbon monoxide chemisorption are due to the fact that
only reversible carbon monoxide chemisorption is measured.
This technique does not take into consideration the presence

of cobalt active sites, which could irreversibly chemisorb
carbon monoxide molecules at a given temperature.

The second set of SSITKA experiments addresses carbon
monoxide hydrogenation. For simplicity of data analysis and
in order to avoid catalyst deactivation most of SSITKA
experiments have been carried out at reaction conditions
favoring methanation, i.e., at high H2/CO ratio and low total
pressure. The effect of promotion with La, Zr, and noble
metals on the number of surface active intermediates and
site intrinsic activity has been investigated. Haddad249 et al.
studied the effect of promotion of Co/SiO2 catalysts with
La3+ ions. It was found that La3+ ions did not affect the
intrinsic site activity but led to a higher number of surface
intermediates. Rothaemel542 et al. conducted carbon mon-
oxide hydrogenation (H2/CO ) 10, diluted in He) on
Co/Al2O3 and CoRe/Al2O3 catalysts in the presence of water.
Lower reaction rates were observed when the catalyst was
exposed to water vapor before or during the CO hydrogena-
tion reaction. The normalized methane transient responses
12CO/H2 f 13CO/H2 were542 the same on CoRe/Al2O3

catalyst before and after water treatment (Figure 39). The

SSITKA experiments show that this deactivation is due to
loss of active sites without affecting the specific site activity

R ) kN

τp ) ∫a

∞
Fp(t) dt

k ) τp
-1

Figure 38. Transients of a CO/inert switch (13CO f 12CO) at 373
K and 1.85 bar for Co/Al2O3 catalyst promoted with rhenium
(reproduced from ref 541, Copyright 2005, with permission from
Elsevier).

Figure 39. Normalized methane transient responses12CO/H2 f
13CO/H2 at 473 K before and after water treatment of CoRe/Al2O3
catalyst (reproduced from ref 542, Copyright 1997, with permission
from Elsevier).
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by water treatment. Essentially the same site intrinsic activity
was detected using SSITKA by Rohl243 et al. on zirconia-
and platinum-promoted Co/Al2O3 catalysts. The increase in
the CO hydrogenation rate over the promoted catalysts was
attributed to different coverages with active intermediates.
The results are consistent with the more recent data by
Jongsomjit244 et al. They found that in the catalysts promoted
with zirconia the surface abundance of intermediates was
almost twice as high as in the unpromoted Co/Al2O3

catalysts. Promotion with Zr did not alter, however, the
intrinsic activity of cobalt sites. Panpranot336 et al. character-
ized Ru-promoted Co/MCM-41 catalysts using SSITKA.
Higher methanation rates were observed on catalysts sup-
ported by narrow and wide pore MCM-41 than on those
prepared using conventional amorphous silica. In agreement
with the SSITKA results, higher CO hydrogenation rates
were attributed to a higher concentration of active sites, while
the intrinsic activity of the sites remained unchanged after
catalyst promotion. A higher concentration of active surface
intermediates was also observed336 on CoRu/MCM-41 at a
wide range of hydrogen pressures without affecting the
intrinsic site activity.

3.10. Modeling Active Sites
Modeling cobalt FT catalysts represents a formidable and

unique opportunity to study the nature and reactivity of active
sites at molecular and atomic levels. It has been largely
shown that the properties of nanoparticles dramatically differ
from bulk metal. Because of nanosizes and interaction with
catalyst support, the supported metal nanoparticles may have
an unusual morphology and electronic, magnetic, chemical,
and catalytic properties. Experimental studies of supported
metal nanoparticles represent an extremely difficult task.
Quantum chemical calculations yield important and some-
times crucial information about active sites in metal-
supported catalysts, which cannot be obtained by experi-
mental techniques. Modern density functional theory (DFT)
calculations have been most often used. The modeling gives
information about the elementary steps of FT synthesis on
cobalt catalysts, such as adsorption, desorption, bond cleav-
age, surface reactions, and hydrocarbon chain growth. The
FT reaction network is very complex and involves several
kinetic constants. Provided that the structure of the active
sites has been established, the kinetic constants of different
elementary steps can be calculated ab initio. The calculated
kinetic constants can be then employed for predicting the
reaction rates and hydrocarbon selectivities.

The principal difficulty in modeling active sites of FT
catalysts is the uncertain structure of the catalyst surface.
The catalytic supports are usually amorphous; a large number
of different surface species and phases can coexist simulta-
neously. The second difficulty is due to computing. DFT
methods are still computationally demanding,543 especially
for catalytic systems involving a lot of atoms of transition
metals. Despite considerable progress in computing methods,
obtaining reasonable accuracy requires a high volume of
numerical calculations. Cobalt particles involved in FT
synthesis typically contain several thousands of cobalt atoms.
The structure of these clusters cannot be calculated accurately
at the present time using DFT. This is the reason why the
catalyst surface is often modeled with clusters and fragments
which only scarcely represent the structure of a real FT
catalyst.

Several papers have addressed the processes of preparation
of cobalt catalysts, interaction, and adhesion of cobalt metal

atoms on the oxide supports. Suvanto544 et al. studied the
interaction of cobalt carbonyls with SiO2 surface sites. The
silica surface was represented with clusters of silica. These
clusters were cut from the bulk crystal structure. The
interaction of these silica clusters with Co(CO)4 and
Co(CO)3 species was optimized using the 6-31G* basis set.
The strongest adsorption was found for negatively charged
Co(CO)3 and Co(CO)4 species bonded to the silica surface
via Si-O-Co bonds. DFT calculations of deposition of Co,
Rh, and Ir atoms on the aluminaR-Al 2O3 (0001) surface
uncovered545 a strong interaction of metal atoms with oxygen
sites. The DFT method showed that a three-fold oxygen site
was546 the most stable adsorption site for Co atoms at low
metal contents. A significant displacement of the alumina
outermost layer was detected upon deposition of metal atoms.
Similar cobalt preferential adsorption sites were also found
by the same authors547 on SiO2. An increase in the cobalt
content resulted548 in metal clustering and formation of
layered structures with strong metal-metal bonds and weak
interaction between cobalt and silica. Active sites located
on a flat and stepped Co(0001) surface were modeled by
four layers of cobalt atoms by Gong549 et al.

Deactivation of cobalt catalysts under FT reaction condi-
tions is often attributed to oxidation of small cobalt particles.
Thus, theoretical modeling of the interaction between cobalt
clusters, oxygen atoms, and water is of significant interest
for predicting the performance of FT catalysts. Mikhailov
et al. studied550 the interaction of Co6 clusters withγ-Al 2O3

surface using DFT with exchange and correlation potentials.
Cobalt cluster interaction with a partially dehydroxylated
alumina surface resulted in a thermodynamically favored
proton transfer from alumina to the surface of metal particles.
The modeling identified positive charging cobalt metal
clusters (0.3-0.57 q/e) and partially oxidized electronic states
of cobalt.

The thermodynamic approach was employed by van
Steen272 et al. to evaluate the stability of cobalt metallic
nanocrystals in the presence of water and hydrogen. It is
known that small cobalt metal nanoparticles could be less
stable than bulk metal due to the significant contribution of
the surface energy. The surface energy of cobalt metal
nanoparticles was estimated from the number of “broken”
Co-Co bonds on the particle surface. The thermodynamic
calculations showed that with increasing crystallite diameter
the stability of Co fcc crystallites also increased (Figure 40).
Assuming a spherical morphology of the nanoparticles, under

Figure 40. Stability region of spherical Co (fcc) and Co2+O crystals
in H2O/H2 atmosphere at 493 K as a function of the diameter of a
spherical metal Co-crystallite (dotted lines( 15%) (reproduced
from ref 272, Copyright 2005, with permission from the American
Chemical Society).
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realistic FT synthesis conditions (pH2O/pH2 < 1.5) metal cobalt
crystallites smaller than 4-5 nm were expected to be unstable
and could be readily reoxidized to CoO.

Quantum chemical modeling could give valuable informa-
tion about the structure of intermediate species and elemen-
tary steps of FT synthesis. The report by Klinke551 et al.
focused on the structure of hydrogen adsorption complexes
on the Co(0001) surface. The binding energy of all possible
high-symmetry adsorption sites was calculated to determine
the most energetically favorable site. Similarly to Ni mono-
crystals, the most stable configuration for hydrogen atoms
on the Co(0001) surface at all surface coverages was
adsorption on three-fold hollow sites.

3.11. Evaluation of Attrition Resistance
Catalyst attrition is a commonly encountered problem in

fluidized bed reactors and particularly in the fluid catalytic
cracking (FCC) units.552 Attrition could be a major problem
in commercialization of FT catalysts for slurry bubble
columns. The term “attrition” describes553 all phenomena of
unwanted degradation of catalyst particles. Degradation of
catalyst particles could occur at all stages of catalyst
preparation and catalytic reaction. Attrition leads to genera-
tion of fine powders and loss of valuable catalysts. Attrition
reduces the quality of final products, hinders operation of
filtration system, and could plug downstream lines and affect
fluidization properties of the reaction medium. Two modes
of attrition are distinguished: abrasion and fragmentation.
Abrasion generates a lot of very fine material from the
surface of catalyst grains, while the grains themselves keep
their shape but get slightly smaller. Abrasion is particularly
undesirable in FT slurry reactors.

Fragmentation destroys particles and produces a number
of particles which are slightly smaller than the original ones.
Fragmentation broadens the original particle size distribution
with a shift of the mean particle size to smaller values.
Catalyst attrition in a catalytic reactor usually represents a
combination of abrasion and fragmentation processes. At-
trition resistance of solid particles depends on several
parameters which can be related to both particle and process
parameters: particle structure, size, size distribution, mor-
phology, pretreatment and preparation, gas and solid velocity,
solid residence time, temperature, pressure, wall hardness,
and chemical reaction.

Thus, evaluation of attrition resistance is an important issue
in the development of cobalt FT catalysts for slurry bubble
column reactors. Evaluation of attrition could be done in the
laboratory before envisaging larger scale attrition test. Since
catalyst attrition is strongly affected by the reaction and
process parameters, the principal issue in evaluating attrition
is whether the laboratory attrition tests are relevant to
represent the attrition behavior of FT catalysts in a slurry
bubble column reactor. The laboratory attrition scale tests
should imply the high intensity and the same mechanism of
catalyst attrition as large commercial reactors. The evaluation
should involve comparison of newly developed FT catalysts
with the known attrition resistance of a commercially
acceptable catalyst. Several laboratory-scale methods have
been proposed for evaluation of attrition resistance of FT
catalysts: CSTR test, ultrasonic fragmentation, uniaxial
compaction, ASTM-D-5757-95 method, fluidized bed test,
jet cup, and collision test.

A few tests to evaluate the attrition resistance of FT
catalysts have been proposed by the research group of Oukaci

and Goodwin. Below is the brief presentation of these tests.
The CSTR attrition test consists of conducting FT synthesis
at realistic FT reaction conditions in a CSTR reactor and
measuring the particle size distribution curves before and
after the test. Uniaxial compaction is a method in which a
sample confined in a cylindrical die is compressed uniaxially
under a load. The ultrasonic method involves exposing a
powder to a calibrated ultrasonic field and following the
changes via particle size analysis. Ultrasonic fragmentation
of agglomerates is caused by interaction of cavitation bubbles
with adjacent agglomerated particles. Ultrasonic fragmenta-
tion coupled with particle size distribution measurements was
found in a recent report by Pham554,555 et al. to be more
sensitive to differences in catalyst strength than the conven-
tional approach involving uniaxial compaction.

The conventional ASTM-D-5757-95 attrition test is
applicable556-558 to spherically or irregularly shaped particles
that range in size between 10 and 180µm and have skeletal
densities between 2.4 and 3.0 g/cm3. During a typical test a
representative dry sample of the granular material (approx.
50 g) is subjected to attrition by means of three high-velocity
jets of air. The fine powder generated by attrition is
continuously removed from the attrition zone by elutriation
into a fine collection assembly. The fluidized bed test (Figure
41) and jet cup test are also based559 on the ASTM design.

They involve, however, a single high-velocity air jet and a
smaller catalyst amount (1-2 g) than the conventional
ASTM-D-5757-95 test. To prevent the particles from sticking
to the tube as a result of static electricity, humidified air can
be used in the fluidized bed and jet cup tests as a gas medium.
In the collision test559 the catalyst particles are accelerated
and carried by air jet. Then they drop onto a flat surface.
The particles are collected by the thimble. The collection
assembly is removed after the test and analyzed for changes
in the particle size distribution.

It has been shown559 that the particle break-down mech-
anisms were different in different attrition tests. In the CSTR
test catalyst particles were subjected to fragmentation more

Figure 41. Fluidized bed attrition test (reproduced from ref 559,
Copyright 1999, with permission from Elsevier).

Development of Novel Cobalt Fischer−Tropsch Catalysts Chemical Reviews, 2007, Vol. 107, No. 5 1729



than abrasion. Fragmentation was also the dominant mech-
anism of attrition in the collision test. For the fluidized bed,
jet cup, and ultrasonic tests the large remaining catalyst
particles were obviously smoother on the surface and more
spherical compared to the fresh ones, which suggests559 a
significant contribution of abrasion. Though all attrition tests
produce particle size distribution curves similar to those
obtained after the attrition tests in CSTR, the collision test
better represents the mechanism of catalyst attrition in the
CSTR reactor during FT synthesis.

The attrition resistance of typical cobalt FT catalysts has
been studied by Wei246 et al. using the ultrasonic method.
The catalysts were prepared via aqueous impregnation,
aqueous kneading, and impregnation with a solution of
acetone and ethanol. As expected, Al2O3 was more resistant
to abrasion and produced less fine particles, while SiO2 was
less attrition resistant

Rutile had a much better attrition resistance than anatase.
Cobalt addition improved the attrition stability of Al2O3 and
SiO2 without any significant effect for TiO2 (both rutile and
anatase). The attrition resistance of cobalt-supported catalysts
decreased in the sequence

Catalyst attrition resistance could be also affected, however,
to a much lesser extent by promoters (Zr, Ru-La).

3.12. Summary Characterization of Cobalt
Fischer −Tropsch Catalysts

Characterization of Cobalt Fischer-Tropsch Catalysts.
A number of methods can be used for characterization of
cobalt-supported catalysts at different preparation stages and
during the FT reaction. Table 5 summarizes the capabilities,
challenges, and difficulties of these techniques.

Optical spectroscopy provides information about the
structure of cobalt precursors and oxidized cobalt species.
All optical spectroscopy measurements can be performed in
situ provided the spectrometer has been equipped with the
appropriate cells and attachments. UV-vis spectroscopy
yields data about the coordination of cobalt atoms in cobalt
salts, cobalt oxides, and cobalt support mixed compounds.
Cobalt oxides exhibit intense FTIR and Raman bands and
thus could be detected in the cobalt catalysts. Unfortunately,
no information about cobalt metal species can be obtained
directly from optical spectroscopy. Nevertheless, FTIR
combined with carbon monoxide adsorption could identify
various cobalt surface sites which interact with CO adsorbing
molecules. The attribution of FTIR bands of chemisorbed
carbon monoxide is shown in Table 4.

X-ray diffraction methods are suitable for qualitative and
quantitative identification of different cobalt oxides and metal
crystalline phases. Broadening of XRD peaks is due to the
finite size of nanocrystals and crystal faults. The size of the
cobalt crystallites and the presence of faults and strains could
be evaluated from the width of the XRD patterns using the
Scherrer equation and Warren-Averbach and Hall-Will-
iamson methods. XRD could also measure the extent of
reduction of crystalline oxides to cobalt metallic phases. XRD
provides useful information about the structure and stability

of catalytic supports and can reveal the presence of solid
hydrocarbons in the catalysts after exposure to syngas. At
the same time, the structure of cobalt amorphous phases has
not been satisfactorily characterized using XRD data.

Both reduced and oxidized cobalt phases in cobalt FT
catalysts could be identified using XPS data. Decomposition
of the XPS spectrum provides information about the extent
of cobalt reduction. In the catalysts with low cobalt contents,
the size of the cobalt metal and cobalt oxide crystallites could
be evaluated using this technique. Note, however, that the
sensitivity of XPS is a function of the electron mean path in
the solids and all the information about the catalyst structure
is only relevant to the surface and subsurface layers. All XPS
measurements have to be carried out in vacuum or under
very low pressure; this limits application of XPS for in-situ
and operando experiments. The method is not very sensitive
to cobalt local coordination; it is very difficult to distinguish
Co2+ species in CoO and Co2+ ions in cobalt-support mixed
oxides (aluminate, silicate, etc.). The accuracy in evaluating
the extent of reduction is a function of the quality of XPS
spectrum decomposition. The model (Kerkhof-Moulijn,
Kuipers, or others) strongly affects the results of the particle
size measurements using XPS.

X-ray absorption spectroscopy is sensitive to the bulk
composition of the sample. The method detects both cobalt
crystalline and amorphous phases. Most X-ray absorption
measurements can be carried out in situ. The possibility of
in-situ and operando information represents one of the
principal advantages of this technique. The extent of cobalt
reduction can be estimated at different stages of catalyst
preparation and reaction. In addition, this method can iden-
tify the presence of cobalt bimetallic particles if the
concentration of the metallic promoter is above the detection
limit.

Analysis of the phase composition in XANES is based
on reference compounds. The uncertain structure of cobalt-
support mixed oxides makes this analysis rather tricky.
EXAFS analysis is not very sensitive to the presence of light
atoms around the central cobalt atoms. The EXAFS Fourier
moduli are nearly the same for cobalt hpc and fcc phases;
these phases cannot be clearly distinguished in cobalt FT
catalysts. EXAFS does not provide reliable information about
the sizes of cobalt metal particles larger than 1-2 nm, which
are typically involved in FT synthesis.

The redox fingerprints of cobalt FT catalysts could be mea-
sured using TPR. This method is very useful to confirm the
reproducibility of catalyst synthesis. It evaluates the fraction
of easily and hardly reducible cobalt species. The attribution
of TPR peaks is rather intricate; it should be based on the
results of other characterization techniques. All TPR experi-
ments have to be carried out in diluted hydrogen, while cobalt
FT catalysts are usually reduced in pure hydrogen prior to
the FT reaction. The reduction in diluted hydrogen could
lead to a lower extent of cobalt reduction than that normally
attained after pretreatment in pure hydrogen. Conducting
TPR analysis at high temperatures could alter the catalyst
structure.

The high sensitivity of the magnetic method to ferromag-
netic and superparamagnetic phases allows detection of
cobalt metal particles at different stages of catalyst reduction
and FT reaction. Valuable in-situ information could be
obtained about the extent of cobalt reduction and in some
cases about the sizes of cobalt metal particles. The method
provides little information about cobalt particle sizes when

Al2O3 > TiO2(rutile) > SiO2

Co/Al2O3 > Co/SiO2 > Co/TiO2(rutile) >
Co/TiO2(anatase)
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larger multidomain ferromagnetic cobalt particles are present
in the catalyst.

Analytical electron microscopy allows obtaining space-
resolved information about cobalt catalysts at the atomic
level. The size, shape, and morphology of cobalt particles
and catalyst support could be evaluated. The method could

qualitatively measure the relative fraction of cobalt oxide
and cobalt-support mixed oxides. The absence of distinct
cobalt oxide particles suggests that amorphous cobalt-
support mixed compounds constitute the dominant phase.
Electron microscopy combined with electron energy loss
spectroscopy (EELS) provides information about the mech-

Table 5. Comparative Analysis of Techniques for Characterization of Cobalt-supported FT Catalysts

technique acquired information about FT catalysts challenges and uncertainties

UV-visible coordination of cobalt ions in cobalt precursors
and oxidized cobalt catalysts

conventional UV-visible spectroscopy does not
provide information about cobalt metal species

FTIR identification of supported cobalt oxides
characterization of cobalt suface sites using
adsorption of molecular probes

only cobalt oxidized species could be directly
observed by FTIR; detection of cobalt metal surface
sites requires adsorption of molecular probes

in-situ studies of FT reaction intermediates
Raman characterization of cobalt oxide species cobalt metal species are not seen by

Raman spectroscopy
diffraction in-situ identification of different cobalt oxidized

and reduced crystaline phases
measuring extent of cobalt reduction

very little information about structure of
amorphous compounds; poorly crystallized
and polycrystalline cobalt particles

measuring sizes of cobalt crystallites
characterization of the structure of catalyst

supports (Al2O3, TiO2, SBA-15, MCM-41, etc.)
detection of hydrocarbon built up in the catalysts

X-ray photoelectron
spectroscopy

identification of cobalt oxidized and
reduced phases

information only about subsurface layer

measuring cobalt particle size (catalysts with
low cobalt contents)

UHV-based technique; unfeasibility of
in-situ measurements

evaluating extent of cobalt reduction not enough sensitive to cobalt local coordination
quality of XPS spectrum decomposition strongly

affects the accuracy of quantitative analysis
choice of model affects values of cobalt particle size

X-ray absorption
spectroscopy

identification of cobalt oxidized and reduced
crystalline and amorphous phases

difficulty to find appropriate references for amorphous
mixed oxide compounds (aluminate, silicate)

detection of bimetallic clusters lower sensitivity to the presence of light atoms in
the cobalt coordination spheres

evaluating extent of cobalt reduction lower sensitivity to cobalt particle sizes for cobalt
particles larger than 1-2 nm

possibility of in-situ and operando experiments difficulties in distinguishing between cobalt metal
phases (fcc and hcp)

temperature-programmed redox finger prints of catalysts uncertain interpretation and attribution of TPR peaks
reduction detection of easily and hardly reducible

cobalt phases
low extent of cobalt reduction in TPR experiments

because of use of diluted hydrogen
magnetic methods evaluation of cobalt reducibility and fraction

of cobalt metal phase
unfeasibility of cobalt particle size

measurements in the presence of cobalt
measuring cobalt metal particle size multidomain ferromagnetic particles

analytic electron microscopy
and related techniques

measuring size and morphology of
cobalt particles

absence of global vision of the sample;
statistics dilemma

characterization of support structure
qualitative evaluation of the fraction
of cobalt oxide phases and

difficulties in evaluation of primary cobalt particle
sizes in the presence of particle agglomerates
low selectivity to a given atom or phase;

cobalt-support amorphous compounds mapping is required to discern active phase
from support and promoters

information about localization of
cobalt and promoter

difficulties in distinguishing between cobalt
oxidized and reduced species

potential destructivity of electron beam;
possible modification of catalyst structure
and nanoparticle sizes

need for UHV in most microscopic measurements
chemisorption methods number and type of cobalt surface sites choice of chemisorption method depends on the

prerequisite information about the chemisorption:
reversible/irreversible, activated/nonactivated,
possible effect on catalyst (sintering, redispersion, etc.)

uncertain stoichiometry of chemisorption
uncertain attribution of chemisorption to a specific

cobalt site without supplementary spectroscopic data
SSITKA number of active sites not sensitive to irreversible adsorption

intrinsic site activity very complex mechanism of FT synthesis may
affect the results of common SSITKA analysis

modeling active sites information about elementary steps uncertain structure of active sites in FT catalysts
of FT reaction high volume of numerical calculations for

rigorous models of cobalt clusters
evaluation of attrition

resistance
characterization of fragmentation and

abrasion of cobalt catalysts
uncertain representation in laboratory tests of

attrition behavior of FT catalysts in slurry
bubble column reactors
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anism of catalyst promotion. The STEM-EELS mapping
detects localization of cobalt and promoting elements in the
catalysts at different preparation stages.

Note, however, that electron microscopy does not provide
a global vision on the sample. This issue is particularly
significant with nonuniform samples. Evaluation of the cobalt
particle size is difficult in samples with high cobalt loadings
when large cobalt agglomerates are present. The method is
not selective to a given metal atom or phase. This complicates
detection of cobalt particles in promoted cobalt catalyst
containing several electron-dense phases. Currently the
method has been mostly used for ex-situ measurements;
mostly oxidized or passivated cobalt catalysts were studied.
It is known, however, that exposure of the catalyst to oxygen
during passivation could affect the extent of reduction and
cobalt particle size. Analytical microscopy does not distin-
guish cobalt oxidized and reduced phases and does not
provide information about the extent of cobalt reduction. The
electron beam is potentially destructive and could affect the
catalyst structure. While development of scanning tunneling
electron and environmental high-resolution electron mi-
croscopies seems to be very promising, most electron
microscopy methods involve UHV. The vacuum-based
methods are not suited for in-situ and operando experiments.

Chemisorption methods evaluate the number of cobalt
surface sites in FT catalysts; information about cobalt active
sites is essential for understanding and predicting the catalytic
performance. Note that the choice of static or dynamic
chemisorption method strongly depends on the prerequisite
information about the chemisorption. If chemisorption is to
a larger extent reversible, static chemisorption measurements
are more suited than dynamic ones to measure the number
of cobalt metal sites. If chemisorption is activated, the
measurements should be carried out at elevated temperatures.
The effect of chemisorption on restructuring the catalyst
surface should be also taken into consideration. The uncertain
stoichiometry of chemisorption is one of the most serious
problems in measuring the number of cobalt metal sites. Note
that molecules involved in chemisorption, e.g., carbon
monoxide, can adsorb on several different sites (cobalt metal
sites, acid Lewis and Bronsted sites, etc.). This suggests that
the number of cobalt metal sites is not necessarily equal to
the number of chemisorbed molecules. Other characterization
techniques such as FTIR of chemisorbed carbon monoxide
could provide supplementary information about chemisorp-
tion.

SSITKA proposes a methodology to evaluate separately
the number of active intermediates and intrinsic site activity.
This method has been used to study the number of carbon
monoxide adsorption sites and kinetics of carbon monoxide
hydrogenation at conditions favoring methanation. Note that
in carbon monoxide chemisorption experiments SSITKA
generates information only about the sites of reversible
carbon monoxide adsorption without taking into consider-
ation the sites of irreversible carbon monoxide chemisorption.
Common analysis of SSITKA data involves a model based
on the CSTR reactor and first kinetic order. It is known,
however, that FT synthesis has a very complex mechanism
and kinetics; use of simplified kinetic approaches could
possibly alter the results of SSITKA analysis.

Most of the methods of modeling active sites involve the
DFT approach. Modeling provides important and unique
information about the structure of cobalt active sites and their
interaction with adsorbing and reacting molecules. Quantum

chemical modeling could evaluate the kinetic constants of
many elementary steps. Difficulties in modeling cobalt active
sites are due to the uncertain structure of actives sites and
the high volume of numerical calculations.

Attrition represents a challenge for utilization of cobalt
FT catalysts in slurry reactors. Several laboratory-scale
attrition tests have been proposed in the literature. While
valuable information has been obtained, resemblance of
attrition phenomena in the laboratory-scale test and in a larger
slurry bubble column reactor has not been always confirmed.
The choice of the test for measuring catalyst attrition
probably requires preliminary comparison of the mechanism
of catalyst attrition and catalyst hydrodynamics at laboratory
conditions and in a slurry bubble column reactor.

4. Strategies in the Initial Evaluation of the
Catalytic Performance of Cobalt Fischer −Tropsch
Catalysts

4.1. Catalyst Design and Evaluation of Catalytic
Performance

Elaboration of a new heterogeneous catalyst usually
involves several important steps560,561(Figure 42). After the
new catalyst has been synthesized, its catalytic performance
has to be tested and compared with that of conventional and
commercial catalysts. This stage of catalyst development is
called catalyst screening. As the catalytic performance is
being evaluated, the catalyst has to be characterized by a
number of different techniques. Catalyst synthesis, activa-
tions, pretreatments, evaluation of catalytic performance, and
characterization are the primary steps in the catalyst design.
In-situ and operando studies yield in-depth information about
the state of the catalyst during its activation or catalytic
reaction. Comparison of characterization data and results of
catalyst testing is a very important task; it allows the nature
of the active sites to be identified and catalyst synthetic routes
to be optimized. Thus, the primary stages of catalyst design
generate catalytic systems whose structure, composition,
active sites, and catalytic performance have been qualitatively
defined by characterization and screening.

Kinetic investigation is often the next step in catalyst
design. In contrast to the screening, which allows principally
qualitative ranking of different catalysts, the kinetic studies
provide not qualitative but quantitative relations between the
intrinsic chemical rates and composition of the fluid around
the catalyst. Different from catalyst screening, in the kinetic
studies the intrinsic reaction rates, instead of conversions and
selectivities, are measured or computed. Ideal reactors with
well-defined hydrodynamics are preferred (plug flow or
perfectly mixed). These reactors allow easier computation
of kinetic rates and concentrations of reacting molecules. The
best reactor dedicated to kinetic studies is certainly a perfectly
mixed reactor, which could involve either internal (CSTR)
or external recycling (fixed bed reactor with external
recycling). Usually, several kinetic models are considered;
their discrimination is based on fitting with the experimental
data. Detection of various reaction intermediates by in-situ
and operando characterization techniques is usually helpful
in choosing the most appropriate kinetic model. The kinetic
stage of catalyst design ends up with the quantitative kinetic
model of catalytic reaction on a given catalyst.

The intrinsic kinetic model of the catalytic reaction will
eventually lead to the next step of catalyst design, which
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involves modeling and evaluation of the performance of pilot
catalytic reactors. More comprehensive models will account
for nonideality of the flows and reactors, complex hydro-
dynamics, coupling between mass/heat transfer, and chemical
kinetics.

Thus, the performance of catalysts is evaluated at different
stages of catalyst design (Figure 42), though these evaluations
are performed at different conditions. The goals of these
evaluations are also different. The following sections address
principally the early evaluation of catalytic performance of
cobalt FT catalysts (catalyst screening), which is usually
performed right after catalyst synthesis and activation. Large-
scale development of FT catalysts, kinetics, mass and heat
transfer, and hydrodynamic phenomena have been addressed
in previous publications and reviews.8,13,14,17,19,26-30

4.2. Challenges: Choice of Reactor and
Operating Conditions

Conventional FT catalyst screening consists of comparing
the catalytic performance at the same experimental conditions
(temperature, pressure, space velocity, amount of catalyst
or active phase). The measured output values of catalyst
screening are typically overall activity (syngas conversion),
selectivities (methane, light and heavy hydrocarbons, carbon
dioxide), stability, and catalyst behavior during the start-up/
activation steps.

The choice of operating conditions and reactor represents
the major challenge of FT catalyst screening. The reactor
for screening FT catalysts should involve a small amount of
catalyst; it should have relatively low syngas consumption.
At the same time, operating conditions for the laboratory
FT test (temperature, pressure, inlet syngas composition,
syngas conversion) should be as close as possible to the
operating conditions of a large catalytic unit, while the time
of the experiment should be possibly reduced relative to the
tests in larger reactors. The principal concern of catalyst
screening is that the results obtained in the laboratory FT
reactor should be transferable to other FT reactors. In other
words, it is desirable that the catalyst, which exhibits the
highest activity and selectivity in FT reaction in the labora-

tory reactor, remains the most active and selective in other
reactors. This is not always the case with FT catalysts.
Oukaci236 et al. measured the activity of several patented
cobalt catalysts (Figure 43) in both fixed bed and slurry

bubble column reactors (SCBR). It was found that the most
active catalyst in the slurry bubble column reactor operating
at 3.2 MPa was the less active one in the fixed bed reactor
at atmospheric pressure. The experiments of Oukaci suggest
that catalyst screening should be performed at the same
conditions and in the same reactor. The results of Oukaci236

et al. would have been even more rigorous if the experiments
in fixed bed and SCBR reactors were performed at the same
total pressure. Often FT synthesis is an interplay of chemical
kinetics, interphase, and mass- and heat-transfer phenomena.
Even in the same reactor use of different reactor startup
procedures could significantly affect the performance of FT
catalysts. Note that catalyst screening never provides absolute
ranking of catalytic performance but allows classification of
catalysts on the categories (active catalysts, less active
catalysts, inactive catalysts).

A fixed bed reactor is often selected for FT catalyst
screening because it represents the easiest and cheapest

Figure 42. Schematic presentation of principal stages in the design of a new heterogeneous catalyst.

Figure 43. Comparison of FT activity of different cobalt catalysts
in fixed bed and slurry bubble column reactors (reproduced from
ref 236, Copyright 1999, with permission from Elsevier). The fixed
bed and slurry reactors operate at atmospheric pressure and at 3.2
MPa, respectively.
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technical solution to perform catalytic evaluation. Other
reactors are sometimes also used such as slurry continuous
stirred tank reactor (CSTR) for specific objectives (design
of attrition resistant catalyst, etc.). Relative to the fixed bed
reactor, the slurry reactor has a few advantages relevant to
catalyst screening: better control of the temperature, espe-
cially at high syngas conversions; possibility to extract the
catalyst from the reactor without perturbing the reaction;
better control of reactor hydrodynamics; suitability of slurry
reactor for intrinsic kinetic measurements.

However, despite these advantages, a fixed bed reactor is
often preferred. The slurry reactor is more expensive (cost
of the technology, high amount of loaded catalyst). Gas-
liquid-solid mass transfer may be rate limiting. The local
concentration of the catalyst can be nonuniform inside the
slurry. Catalyst in the slurry reactor can undergo attrition.
Catalyst activation (calcination and reduction) in a slurry
reactor cannot always be performed in situ and requires
additional pretreatments (reduction ex-situ, passivation, etc.).
The time to attain steady-state conditions is usually more
significant in slurry than fixed bed reactors.

4.3. Atmospheric or High-Pressure Test?
Industrial FT units with cobalt catalysts operate at 493-

513 K, a total pressure of 2-3 MPa, and an inlet H2/CO )
1.7-2.2 ratio. Laboratory screening FT catalysts under a total
syngas pressure of 2-3 MPa increases the risks for experi-
mentalists; it requires sophisticated safety systems and
adequate experimental procedures. Let us consider the
influence of the total syngas pressure on both FT kinetics
and the structure of FT catalysts.

(1) Influence of total pressure on FT kinetics and heat
and mass transfer. An increase in total pressure would
generally result in condensation of hydrocarbons, which are
normally in the gaseous state at atmospheric pressure. Higher
pressures and higher carbon monoxide conversions would
probably lead305 to saturation of catalyst pores by liquid
reaction products. The presence of liquid products on the
catalyst surface and in catalyst pores would affect heat and
mass transfer and chemical kinetics. Fewer problems with
heat transfer can be expected for high-pressure tests due to
more rapid heat transfer in liquids than in the gaseous phase,
while mass transfer could be slower in the presence of liquid
phase. Chemical kinetic rates are functions of the local
concentration of reacting molecules. This suggests that FT
kinetics could be also affected when the catalyst is filled
with liquid wax. A different composition of the liquid phase
in catalyst pores at atmospheric and high syngas pressures
could affect the rate of elementary steps and carbon mon-
oxide and hydrogen concentrations. For example, Bremaud562

et al. found that the computed Henry coefficient (defined as
the ratio between the partial pressure and the molar liquid
fraction) for H2 was around 43 MPa and for CO around 35
MPa, leading to a ratio of solubility between H2 and CO of
about 1.23 (computed at 493 K and 2 MPa). In this example,
if the molar ratio of H2/CO in the gaseous phase is 2, the
resulting molar ratio in the liquid phase would be only 1.6.

(2) Influence of total pressure on catalytic surface
restructuring at the atomic level. The surface of FT
catalysts could significantly evolve under the influence of
syngas and FT reaction products. Previous STM re-
ports32,511,563,564revealed significant restructuring of the cobalt
Co (0001) surface in the presence of H2/CO ) 2 mixture at
0.4 MPa and 523 K (see Figure 35). The restructuring could

affect the number of active sites in cobalt catalysts. Water
produced by syngas conversion is often reported to be
responsible for the initial deactivation which is probably due
to a partial reoxidization of the metallic cobalt particles. Total
syngas pressure may influence the concentration of liquid
and gaseous water in contact with cobalt particles and, thus,
the rate of deactivation. Due to the lower concentration of
reagents and water, restructuring the surface of cobalt
catalysts is generally less significant at atmospheric pressures
than at 2-3 MPa.

Thus, total syngas pressure is an important catalyst
screening parameter. The results of FT catalyst screening at
atmospheric and higher pressures could yield different results.
These differences could be interpreted in terms of different
concentrations of reagents in gaseous and liquid phases,
different mass- and heat-transfer conditions, catalyst restruc-
turing, and deactivation.

4.4. Screening Fischer −Tropsch Catalysts in
Fixed Bed Reactor

The fixed bed reactor represents a reasonable compromise
for preliminary screening of FT catalysts. A wide range of
experimental conditions (temperature, pressure, space veloc-
ity, syngas conversion) can be obtained at both differential
and integral modes. To conduct preliminary screening of FT
catalysts, several additional conditions, however, should be
fulfilled: simple, controlled, and reproducible hydrodynam-
ics, and the fixed bed reactor should exhibit plug flow
behavior for gaseous and liquid phases; the reactor should
operate at the kinetic regime without any significant mass-
and heat-transfer effects; the isothermal mode is preferred
instead of the adiabatic one in order to have good reproduc-
ibility.

While the fixed bed reactor could provide valuable
qualitative information about the catalytic performance of
FT catalysts, it is not very well suited for intrinsic kinetic
studies. The fixed bed reactor exhibits considerable gradients
of concentration of liquid and gaseous components along
the catalyst bed. The nonuniformity of the catalyst bed also
implies that different portions of the catalyst work at different
conditions and may evolve differently during the reaction.
The sections below address the choice of operating conditions
for screening cobalt FT catalysts in the fixed bed reactor.

4.4.1. Plug Flow Hydrodynamics

During catalyst screening the hydrodynamics of the reactor
should be relatively simple and most importantly reproduc-
ible. The plug flow hydrodynamics requires that the slices
of the fluids inside the reactor are not mixing and are
“pushing” each other along catalyst bed. Several criteria can
be applied to check the plug flow regime provided that a
Reynolds number based on particle diameter is larger than
10 (turbulent flow). These criteria are relevant to the size of
the catalyst particles and diameter of the reactor. To obtain
plug flow regime, the following simplified relation between
catalyst bed length (Lb) and mean catalyst particle diameter
(dP) should be fulfilled

To avoid the wall effect on catalyst performance, the
diameter of the reactor (dR) should considerably larger

Lb

dp
> 50

1734 Chemical Reviews, 2007, Vol. 107, No. 5 Khodakov et al.



than the catalyst particle size

If a thermometric well is placed in the center of the reactor,
the reactor diameter should be correspondingly corrected.

More rigorous verification of the plug flow regime in a
fixed bed reactor requires evaluation of the residence time
distribution (RTD). RTD studies involve measuring the
transient response at the reactor outlet. The RTD is usually
obtained by introduction of a pulse tracer or introduction of
a step change in the concentration at the reactor inlet. If the
reactor does not deform the trace transient curve, the reactor
operates in plug flow regime. RTD may also be used for
reactor diagnostics: the presence of back mixing and dead
zones will result in broadening the trace transient, while the
appearance of very early peaks will indicate the presence of
shut cuts. The method of RTD measurements has been
largely described in the literature.565-568

When a significant amount of liquid is synthesized, a
trickle flow hydrodynamic regime can exist in several parts
of the bed. Due to the specificity of FT synthesis (conversion
of gas to liquids), the gas phase and liquid phase are moving
in the same direction. While the criteria presented here are
still relevant, the hydrodynamic complexity of the trickle bed
does not guarantee full ideality of the reactor.

4.4.2. Intraparticle Mass-Transfer Limitations: Maximal
Catalyst Particle Size

If the reactor has plug flow hydrodynamics and operates
in the kinetic regime, no concentration gradients should be
present inside the catalyst particle. If intraparticle mass-
transfer limitations occur, this suggests that transport of the
reactants/products in the catalyst particle is not sufficiently
fast relative to their consumption by the chemical reaction.
Internal mass-transfer limitations result in lower syngas
conversions and could also affect hydrocarbon selectivities.
Screening a series of FT catalysts in a fixed bed reactor with
the intraparticle mass-transfer limitations will lead to severe
mistakes in evaluating catalyst performance.

The kinetic network of the FT reaction is rather complex,
and prediction of intragranular transport is rather difficult.
This uncertainty is due to a complex dependence of mass
transport inside the porous solid particles on the geometry,
porosity, tortuosity of the catalyst, and diffusivities of the
reagents and reaction products. It is known that gas and liquid
diffusivities are a function of the temperature, pressure, and
composition of the reacting medium.

Conventional experimental verification of the influence
of intraparticle diffusion on the reaction rates usually involves
variation of catalyst particle size while keeping other
conditions constant (mass of catalyst, temperature, pressure,
inlet composition, and flow rate). Steadiness of selectivity
(see further) and conversion (or apparent rate of syngas
consumption) while varying catalyst particle size suggests
the absence of internal and fluid-solid external mass-transfer
limitations. Note, however, that variation of catalyst particle
size can induce an additional pressure drop and modify
reactor hydrodynamics (see criteria above). In addition, an
apparent activation energy lower than that usually expected
for a chemical reaction could also indicate the possibility of
intraparticle mass-transfer limitations with an internal con-
centration gradient.

If no general rules can be postulated concerning the
maximal particle size for screening FT catalysts in the fixed
bed reactor, several experimental and computational studies
suggest that generally no internal mass-transfer limitations
occur with a size between 50 and 200µm. For most
laboratory fixed bed reactors this is an acceptable catalyst
particle size.

Note that intraparticle diffusion influences hydrocarbon
selectivity to a greater extent than carbon monoxide conver-
sion. The intraparticle diffusion affects differently intrapar-
ticle concentrations of carbon monoxide and hydrogen. This
leads to different H2/CO ratios at the outer surface and in
the bulk of catalyst particles. Intraparticle diffusion limita-
tions generally lead to a higher H2/CO internal ratio and
consequently a higher probability of methanation. In addition,
water produced by FT synthesis for the highest pellet size
has difficulties in being removed from the center to the
external surface of the catalyst. It can enhance the rate of
the water gas shift (WGS) reaction

Iglesia17 et al. experimentally studied the effect of pellet size
on the syngas consumption rate and selectivity in an
isothermal fixed bed reactor (60-65 % CO conversion, 474
K, 2 MPa total pressure, inlet H2/CO ) 2.08) with Co/SiO2

catalysts. For the range of catalyst diameter from 130µm to
1.5 mm, CH4 selectivity varied as a function of pellet size
with the maximal methane selectivity obtained for a 1.5 mm
diameter of catalyst pellets. Production ofR-olefins is also
drastically affected. The ratio of 1-hexene/hexane decreased
from 1.25 to 0.06 with increasing of pellet size. While that
experimental study clearly revealed that the internal mass
transfer affected the selectivity, the syngas consumption rate
was not altered much at these conditions. Several kinetic
studies showed that the FT reaction had an apparent negative
kinetic order relative to CO.569,570The decrease in the overall
concentration of reagents inside the catalyst particles is often
accompanied by an increase in the H2/CO ratio. This seems
to be the reason why the apparent rate of CO consumption
could be relatively constant even when severe internal mass-
transfer limitations occur; depletion of CO intraparticle
concentration leads to a higher reaction rate. Thus, FT
hydrocarbon selectivity is much more sensitive to intrapar-
ticle mass-transfer limitations than the overall CO conversion.

Computation of the Thiele modulus (based on the intrinsic
rate) or the Weisz modulus (based on the apparent rate) also
could be helpful in order to detect intraparticle mass-transfer
limitations. Sie and Krishna,28 using the data of Post115 et
al., computed the internal efficiency (calculation of the active
part of the catalyst). The Thiele-Wheeler plot (Figure 44)

dR

dp
> 10

CO + H2O ) CO2 + H2

Figure 44. Catalyst effectivenessη as a function of the Thiele
modulusµ for various cobalt and iron catalysts. H2/CO ) 2, P )
2.1 MPa,T ) 473-513 K (reproduced from ref 28, Copyright 1999,
with permission from Elsevier).

Development of Novel Cobalt Fischer−Tropsch Catalysts Chemical Reviews, 2007, Vol. 107, No. 5 1735



correlates data obtained with different catalysts under dif-
ferent operating conditions. Catalyst effectiveness starts to
drop significantly when the Thiele modulusæ becomes
greater than 1. It was estimated that for usual FT conditions
the internal mass transfer could interfere with the chemical
reaction above a mean diameter of 500µm. Wang et al.571

with a complete kinetic model simulated the concentration
profiles inside a catalyst pellet filled by liquid wax and found
that a mass-transfer limitation could occur if catalyst particles
were larger than 150µm.

4.4.3. External Mass-Transfer Limitations

Transport of each species in the interface around the
catalyst particle or between gaseous and liquid phases may
also limit the activity and selectivity of FT catalysts. The
presence of external mass-transfer limitations in a fixed bed
reactor can be detected using a simple experimental test. The
test consists of simultaneous variation of the mass of the
catalyst and inlet syngas flow rate while keeping the space
velocity and other experimental conditions (temperature,
pressure, and inlet H2/CO molar ratio) constant. The reaction
rate and especially selectivities should remain constant until
the superior limit where extragranular mass-transfer limita-
tions can be observed.

In order to keep the plug flow regime of the reactor during
this test dilution of the catalyst in an inert material may be
required. To avoid possible segregation of the catalyst and
inert material in the reactor, the diluting inert material should
have a density close to that of the catalyst. Note, however,
that dilution may lead to bypassing572 and can decrease the
apparent activity of the catalyst. Previous reports suggest that
catalyst dilution should not exceed 5-10 catalyst vol-
umes.561,573

As with intraparticle diffusion limitations, the presence
of external mass-transfer limitations could be also detected
via measuring the apparent activation energy. An external
mass-transfer control regime could lead to the apparent
energy activation of just a few kJ mol-1.

4.4.4. Heat Transfer and Hot Spots

Since FT synthesis is highly exothermic, heat transfer can
be problematic even in a laboratory fixed bed reactor,
especially operating at gas-solid mode. In gas-solid mode
the heat removal capacity can be low because of low heat
conductivity of the gaseous phase. This would lead to axial
and radial temperature gradients in the reactor. The presence
of temperature gradients in the catalyst bed could be detected
via direct temperature measurements.

The heat release is proportional to the FT reaction rate.
At high conversion levels, different parts of the fixed bed
reactor could be affected differently by heat-transfer prob-
lems. Thus, high heat release could occur in the catalyst
layers where most of carbon monoxide and hydrogen are
converted, while heat production in other parts of the fixed
bed reactor could be significantly lower. In addition to a
nonhomogeneous temperature distribution in the reactor,
intraparticle temperature gradients also can be present; a
catalyst particle may have different temperatures on the outer
surface and inside the pores. The variation of catalyst
temperature both in the catalyst bed and inside the catalyst
particle could affect the results of FT catalyst screening.

The temperature gradient in the catalyst bed can be reduced
or eliminated using dilution of catalyst with a smaller inert
solid (maximal ratio of size between 5 and 10 depending on

the size of the catalyst) while keeping unvaried all the other
parameters. The system of heating should be homogenous
in the axial direction, and the presence of a guard bed for
syngas preheating is recommended. The diameter of the
heater in the case of a band heater (metallic or ceramic)
should be as close as possible to the outside wall of the
reactor to prevent the heat-transfer problem in the gap
between the reactor and heater.

4.5. High-Throughput Experimentation
Combinatorial techniques developed in biology have

inspired high-throughput experimentation (HTE) for evaluat-
ing the performance of heterogeneous catalysts. In these
experiments several heterogeneous catalysts can be evaluated
simultaneously instead of testing catalysts one by one.574,575

The principle is to multiply the reactors and reduce the
laboratory space. Small reactors called “microreactors” are
often used. The advantages of HTE are as follows: shorter
experiment times because several catalytic tests can be
performed in parallel in a single experimental setup; economy
of laboratory space because of reactor miniaturization;
smaller amounts of catalyst for catalyst tests and economy
of catalyst samples.

The drawbacks of HTE are also summarized: High cost
of the HTE setup; high probability of technical problems
because of miniaturization (plugging of the tubes, loading/
removing the catalyst, etc.); possible low reproducibility
because of the small amount of samples, especially if the
catalyst sample is nonuniform; the method is not well suited
when analysis of reaction products is rather complex and
time consuming.561

While several parallel systems have been proposed for
many applications in catalysis, very few HTE attempts have
been made for screening FT catalysts. Ouyang576 proposed
a microreactor system which involves 16 parallel reactors.
Although the authors claimed that this system was very
promising, only hydrogenation of carbon monoxide to
methane was studied. Moulijn561 et al. proposed a more
realistic system with six fixed bed reactors placed in parallel.
This system was used to carry out FT catalyst screening and
study the effect of bed dilution on the catalytic performance
of the fixed bed reactor. The same research group also
proposed an identical system for screening the catalytic
performance of FT monolith catalysts.134 The work of
Moulijn and co-workers represents a rare demonstration of
HTE approach efficiency for screening the catalytic perfor-
mance of FT catalysts under high pressure.

HTE is probably well suited for screening catalyst
performance when the catalytic reaction could be carried out
under atmospheric pressure and analysis of products can be
performed on-line. FT synthesis produces a wide range of
products (hydrocarbons, C1-C100, paraffins, olefins, oxy-
genates, etc.). The steady-state conditions of the FT reactor
could be usually attained after several hours and days of
operation. FT tests are usually conducted under elevated
pressures and require additional experimental set-up such as
condensers in order to separate liquid, solid, and gas-
eous products. Analysis of liquid hydrocarbons and especially
wax is rather complex and cannot always be performed
on-line. It can be suggested, therefore, that HTE would
probably be less efficient for evaluating the performance of
FT catalysts than for many other catalytic reactions, espe-
cially at the conditions favoring waxes and higher hydro-
carbons.
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5. Summary and Outlook
Catalyst synthesis, catalysts characterization, and evalu-

ation of catalytic performance are the primary and probably
most important stages in the design of cobalt FT catalysts
(Figure 42). Different catalyst synthesis routes, promotion
with noble metals and metal oxides, catalyst pretreatments,
and support effects provide efficient tools to control the
structure and chemical, physical, and mechanical properties
of cobalt catalysts. The bulk and surface structure of cobalt-
supported catalysts could be identified by a wide range of
characterization techniques. The most relevant information
about the active phases could be extracted from in-situ and
operando measurements because the catalyst structure and
catalytic performance can evolve during different pretreat-
ments and FT reaction. A fixed bed reactor with plug flow
hydrodynamics which operates in the kinetic regime and in
the isothermal mode at H2/CO ) 2 and 2-3 MPa of total
pressure probably provides the most suitable methodology
for preliminary evaluation of the performance of cobalt FT
catalysts.

Several specific requirements for cobalt FT catalysts can
be formulated. To attain a high and stable yield of long-
chain hydrocarbons, FT catalysts should have an optimal
density of cobalt metal active sites. The active component
(cobalt) should be used very efficiently; loss of cobalt in
the support matrix should be avoided. The catalyst should
exhibit high stability during FT synthesis. The cost of the
catalyst should be moderate to allow possible industrial
utilization.

Thus, the first objective of any catalyst preparation is to
generate the optimal number of active sites. It has been
largely accepted that FT synthesis proceeds on cobalt metal
particles. Thus, the goal of FT catalyst preparation is to
generate a significant concentration of stable cobalt metal
surface sites. The number of cobalt metal sites depends on
the size of cobalt particles and their reducibility. An optimal
equilibrium between cobalt dispersion and reducibility can
be obtained using different catalytic supports, methods of
cobalt deposition, pretreatments, and promotion with noble
metals and metal oxides.

There is generally a consensus in the literature that the
FT reaction is structure insensitive at least for cobalt particles
larger than 6 nm. Though several methods of deposition of
the active phase could generate very small cobalt particles
(<4-6 nm), the catalysts containing these very small
particles do not normally exhibit adequate catalytic perfor-
mance. First, it has been shown that very small cobalt
particles are not stable at the conditions of FT synthesis;
they could be reoxidized, sinter, carburize, and react with
the support, which leads to formation cobalt-support mixed
oxides. Second, when particles are very small, their elec-
tronic, magnetic, optical, and adsorption properties could be
dramatically altered577-579 because of the quantum size effect.
The quantum size effect on the structure of metal and oxide
particles is usually observed when the particle is getting
smaller580 than 10 nm. Therefore, the intrinsic catalytic
activity of cobalt sites located in smaller cobalt particles
could be different from that in larger ones, even provided
no deactivation occurs.

In addition to the overall number, repartition of cobalt
surface sites in a catalyst grain could be essential in attaining
a high yield of hydrocarbons. No intraparticle diffusion
limitations have been usually reported for slurry phase
catalytic reactors operating with catalyst grains of about 50

µm. In fixed bed tubular reactors,17,19which involve catalyst
particles of 1-3 mm, diffusion of reagents, intermediates,
and final products could be relatively slow and affect the
FT reaction rate and selectivity. The methods of eggshell
catalyst synthesis seem to provide a solution, which could
optimize the efficiency of cobalt catalysts in fixed bed
reactors.

The goal of catalyst preparation is also to avoid loss of
cobalt atoms in the support matrix during catalyst prepara-
tion, pretreatments, and FT reaction. Cobalt oxide could react
with most oxide supports yielding cobalt-support mixed
compounds. These compounds are not reducible at moderate
reduction temperatures and do not produce any active sites
for FT synthesis. Production of undesired mixed compounds
could be minimized by adjusting the parameters of catalyst
synthesis and pretreatments.

It has been largely shown that the performance of FT
catalysts evolves with time on stream. Several days and
weeks may be required to attain the steady-state conditions
even in a laboratory-scale reactor. Significant modifications
of catalyst structure could occur during the FT reactor start
up and on-stream during FT synthesis. These modifications
could be related to different phenomena: exothermicity of
the reaction, temperature control, impurities in the feed, and
presence of water, carbon dioxide, heavier hydrocarbons, and
organic compounds in the reaction products. Catalyst attrition
also could be one of the reasons responsible for the drop in
catalytic performance in a slurry reactor. This suggests that
cobalt active sites generated in cobalt-supported catalysts
should be stable during FT synthesis. Understanding and
controlling the phenomena that occur in the catalyst during
FT reaction represent a significant challenge. Catalyst
modifications under the influence of the FT reaction medium
seem to be currently the most obscure area in the design of
FT catalysts.

FT synthesis is an industrial process. Because of the
relatively low space velocities, a significant amount of
catalyst is required for a slurry bubble column and fixed bed
multitubular reactor. This involves the requirement to the
catalyst cost. Promotion with even small amounts of noble
metals and sophisticated methods of cobalt preparation could
spectacularly increase the cost of cobalt FT catalysts and
overall technology.
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(399) Concepcio´n, P.; López, C.; Martı´nez, A.; Puntes, V. F.J. Catal.2004,

228, 321.
(400) Bechara, R.; Balloy, D.; Vanhove, D.Appl. Catal. A2001, 207, 343.
(401) Saib, A. M.; Borgna, A.; van de Loosdrecht, J.; van Berge, P. J.;

Geus, J. W.; Niemantsverdriet, J. W.J. Catal.2006, 239, 326.
(402) Srinivasan, R.; De Angelis, R. J.; Reucroft, P. J.; Dhere, A. G.;

Bentley, J.J. Catal. 1989, 116, 144.
(403) Colley, S. E.; Copperthwaite, R. G.Catal. Today1989, 9, 203.
(404) Ducreux, O. Ph.D. thesis, Univeriste´ Paris VI, 1999.
(405) Madikizela-Mnqanqeni, N. N.; Coville, N. J.J. Mol. Catal. A2005,

225, 137.
(406) Borgna, A.; Anderson, B. G.; Saib, A. M.; Bluhm, H.; Ha¨vecker,

M.; Knop-Gericke, A.; Kuiper, A. E. T.; Tamminga, Y.; Niemants-
verdriet, J. W. H.J. Phys. Chem. B2004, 108, 17905.

(407) Carlsson, A. F.; Naschitzki, M.; Ba¨umer, M.; Freund, H.-J.J. Phys.
Chem. B2003, 107, 778.

(408) Gopinath, C. S.; Mathew, T.; Shiju, N. R.; Sreekumar; K.; Rao, B.
S. J. Catal.2002, 210, 405.

(409) Fierro, G.; Lo Jacono, M.; Inversi, M.; Dragone, R.; Porta, P.Top.
Catal. 2000, 10, 39.

(410) Tihay, F.; Pourroy, G.; Richard-Plouet, M.; Roger, A. C.; Kienne-
mann, A.Appl. Catal. A2001, 206, 29.

(411) Ye, D.-X.; Pimanpang, S.; Jezewski, C.; Tang, F.; Senkevich, J. J.;
Wang, G.-C.; Lu, T.-M.Thin Solid Films2005, 485, 95.

(412) Hagelin-Weaver, H. A. E.; Hoflund, G. B.; Minahan, D. M.; Salaita,
G. N. Appl. Surf. Sci.2004, 235 (4), 420.

(413) Joyner, R. W.; Roberts, M. W.Chem. Phys. Lett.1979, 60, 459.
(414) Ruppender, H.-J.; Grunze, M.; Kong, C. W.; Wilmers, M.Surf.

Interface Anal.1990, 15, 245.
(415) Kaichev, V. V.; Prosvirin, I. P.; Bukhtiyarov, V. L.; Unterhalt, H.;

Rupprechter, G.; Freund, H.-J.J. Phys. Chem. B2003, 107, 3522.
(416) Teschner, D.; Pestryakov, A.; Kleimenov, E.; Ha¨vecker, M.; Bluhm,

H.; Sauer, H.; Knop-Gericke, A.; Schlo¨gl, R. J. Catal. 2005, 230,
195.

(417) Teschner, D.; Pestryakov, A.; Kleimenov, E.; Ha¨vecker, M.; Bluhm,
H.; Sauer, H.; Knop-Gericke, A.; Schlo¨gl, R. J. Catal. 2005, 230,
186.

(418) Bluhm, H.; Ha¨vecker, M.; Knop-Gericke, A.; Kleimenov, E.; Schlo¨gl,
R.; Teschner, D.; Bukhtiyarov, V. I.; Ogletree, D. F.; Salmeron, M.
J. Phys. Chem. B2004, 108, 14340.

(419) Mekki, A.; Holland, D.; Ziq, Kh.; McConville, C. F.J. Non-Cryst.
Solids1997, 220, 267.

(420) Chaung, T. J.; Brundle, C. R.; Rice, D. W.Surf. Sci.1976, 59, 413.
(421) Haber, J.; Stoch, J.; Ungier, L.J. Electron Spectrosc. Relat. Phenom.

1976, 9, 459.
(422) Ho, S. W.; Horialla, M.; Hercules, D. M.J. Phys. Chem. 1990, 94,

6396.
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