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In this section we discuss the challenges in catalyst designare in the area of heterogeneous catalysis, environmental catalysis,

for Fischer-Tropsch synthesis.

1.1. Brief Historical Perspective

Fischer—Tropsch synthesis, C1 chemistry, energy materials, porphyrins
and fine chemicals, plasma, and nanomaterials.

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 C@ 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 prdcess,
which gave, under high pressure {00 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 FisekliBtopsch
(abbreviated further in the text as FT) synthesis was made ;
in 1923. It was found that more and more heavy hydrocar- Pascal Fongarland obtained his Ph.D. degree in 2003 at the University
bons could be producédvhen the Synthol process was of Lyon 1. His studies were carried out at the Laboratoire de Génie des
conducted at lower pressure bar). Heavy hydrocarbons ~ Procédes Catalytiques (Villeurbanne, France) and addressed hydrodes-
were the main products of carbon monoxide hydrogenation Uffurization kinetics. During that period he spent 16 months at

Fe/ZnO and Co/GOs contacts. In 1926, Hans Fischer the Chemical Reaction Engineering Laboratory (Saint-Louis, MO), where
on 3 L C L EYeES he was involved in research on circulating fluidized bed reactors.
and Franz Tropsch published their first repdrbout After receiving his Ph.D. degree he was recruited as a postdoctoral
hydrocarbon synthesis. fellow in the Unité de Catalyse et Chimie du Solide (CNRS, Lille,

After 1927 under the supervision of Roelen, the problems France) and performed kinetic investigations of Fischer—Tropsch syn-
of chemical engineering had been tackled. A series of fixed thesis in slurry stirred tank reactor. In 2005 he was appointed as an

- . Assistant Professor of Chemical Engineering of the Ecole Centrale de
bed and circulating bed reactors was developed. These '€aCljje. His research interests are related to experimental studies and

tors had already a presentiment of the later industrial pro- modeling of multiphase reactors and kinetics of complex catalytic reactions
cesses. In 1934, the FT process was licensed by Ruhrchemiguch as Fischer-Tropsch synthesis and hydrotreatment of petroleum

and reached industrial maturity in 2 years. In April 1936, feedstocks.
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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 lower; strong negative effect of water
the rate of carbon monoxide conversion on the rate of carbon monoxide conversion
maximal chain growth probability 0.94 0.95
water gas shift reaction not very significant; more noticeable significant
CO+H,O0—CO;+ H; at high conversions
maximal sulfur content <0.1 ppm <0.2 ppm
flexibility (temperature and less flexible; significant influence flexible; methane selectivity is
pressure) of temperature and pressure relatively low even at 613 K
"on hydrocarbon selectivity
H,/CO ratio ~2 0.5-25
attrition resistance good not very resistant
the first large-scale FT plant operated in Braunkohle-Benzin. nCO+ (2n+ 1) H,—~ CHypy o + NH0

In 1938, Germany had a capacity of 660 000 tons of primary

products per year. After World War 1l, ARGE (Arbeitsge- Ruthenium followed by iron, nickel, and cobalt are the
meinschaft Ruhrchemie und Lurgi) developed a large-scale most active metals for the hydrogenation of carbon monox-
process with a fixed bed FT reactor. At the same period, ide. Vannicé et al. showed that the molecular average weight
Kellog proposed a technology based on circulating catalyst of hydrocarbons produced by FT synthesis decreased in the
bed. Both the ARGE and Kellog processes were realized by following sequence: Re Fe > Co > Rh > Ni > Ir > Pt
Sasol in South Africa. The Sasol One plant was built in > Pd. Thus, only ruthenium, iron, cobalt, and nickel have
Sasolburg in 1955. In 1969, the Natref crude oil refinery catalytic characteristics which allow considering them for
was commissioned. In 1980 and 1982, Sasol Two and Sasolcommercial production. Nickel catalysts under practical
Three, respectively, began production in Secuhdiéajor conditions produce too much methane. Ruthenium is too
accomplishments of Sasol in the design of catalysts, reactors€xpensive; moreover, its worldwide reserves are insufficient

and processes for FT synthesis have been summarized in 40r large-scale industry. .
recently published monogragh. Cobalt and iron are the metals which were proposed by

hFischer 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

In the 1980s, expensive investments in the FT researc
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 are more expensive, but they are more resistant to deactiva-

utilization of stranded gas, diversification of sources of fossil tion. Although the activity at low conversion of two metals

fuels, and environmental concerns. Synthetic liquid fuels is comparable. the productivity at hiaher conversion is more
generally have a very low content of sulfur and aromatic P ' p Y g

compounds compared to gasoline or diesel from crude oil. significant with cobalt catalysts. Water generated by FT

FT synthesis has been considered as a part of gas to quuid synthe5|s slows the reaction rate on iron to a greater extent

. . Ihan on cobalt catalysts. At relatively low temperatures
(GTL) technology, which converts natural and associated . : i
gases to more valuable middle distillates and lubricants. (473-523 K), chain growth probabilities of about 0.94 have

been reported'® for cobalt-based catalysts and about 0.95

The abundant reserves of natural gas in many parts of thefor jron catalysts. The watergas shift reaction is more
world have made it attractive to commission new plants sjgnificant on iron than on cobalt catalysts

based on FT technology. In 1993, the Shell Bintulu 12 500

barrels per day (bpd) plant came into operation. In June CO+ H,0—CO,+H,

2006, the Sasol Oryx 34 000 bpd plant was inaugurated.

SasolChevron is currently building its Escarvos GTL plant ., caraiysts usually produce more olefins. Both iron and
in Nigeria. Shell and Exxon signed the agreement on building ¢t catalysts are very sensitive to sulfur, which could
140 000 and 150 000 bpd GTL-FT plants in Qatar. Thus, yeqgily contaminate them. For iron-based catalysts, the
after several decades of research and development, Flgyngas should not contain more than 0.2 ppm of sulfur. For

technology has finally come to the stage of full-scale industry ¢4, catalysts, the amount of sulfur in the feed should be much
and worldwide commercialization. The history of catalyst |ogs than 0.1 pprfrll Cobalt catalysts supported on oxide

design for FT synthesis has been recently reviewed by q,nnorts are generally more resistant to attrition than iron
Bartholomew” More information on the early history of  cqqrecipitated counterparts; they are more suitable for use
FT synthesis and historical patents is available at www. i sjurry-type reactors. Iron catalysts produce hydrocarbons

fischer-tropsch.org. and oxygenated compounds under different pressures,
) . H,/CO ratios, and temperatures (up to 613 K). Cobalt
1.2. Catalysts for Fischer —Tropsch Synthesis catalysts operate at a very narrow range of temperatures and

. . pressures; an increase in temperature leads to a spectacular
All group VIIl metals have noticeable activity in the jncrease in methane selectivity. Iron catalysts seem to be
hydrogenation of carbon monoxide to hydrocarbons more appropriate for conversion of biomass-derived syngas

to hydrocarbons than cobalt systems because they can operate
nCO + 2nH, — CH,,+ nH,0 at lower H/CO ratios.
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Iron catalyst 18 T
Fluidized bed reactor 3 Al203 A
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H,/CO<<2 - E.F
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and light olefins

Figure 1. High- and low-temperature FT processes.

Cobalt Fractional Dispersion (from total H isotherm)

Figure 2. Cobalt time yield for a variety of cobalt alumina-, silica-,

. . titania-supported catalysts. FT synthesis at 473 K, 2 MB&C @
Currently, there are two FT operating mod&s? high- = 2, 50-60% conversion (reproduced from ref 16, Copyright 2004,

and low-temperature FT processes (Figure 1). In the high- with kind permission from Springer Science and Business Media).

temperature FT (573623 K, HTFT) procesd syngas reacts

in a fluidized bed reactor in the presence of iron-based

catalyst to yield hydrocarbons in the €C15 hydrocarbon

range. This process is primarily used to produce liquid fuels,

although a number of valuable chemicals, eayglefins,

can be extracted from the crude synthetic oil. Oxygenates

in the aqueous stream are separated and purified to produc

alcohols, acetic acid, and ketones including acetone, methyl 7o

ethyl ketone, and methyl isobutyl ketone.

Both iron and cobalt (Fe, Co) catalysts can be used in the 60
low-temperature FT (473513 K, LTFT) process (Figure
1) for synthesis of linear long-chain hydrocarbon waxes and 5091
paraffins. High-quality sulfur-free diesel fuels are produced
in this process. Most of the FT technologies developed in 401
last two decades are based on the LTFT process. These new
LTFT processes have involved syngas with a highQ® %0
ratio, which is generated by vaporeforming, autothermal Methane selectivity
reforming, or partial oxidation using natural gas as a %1

feedstock. 10 W

Because of their stability, higher per pass converSiamgl
high hydrocarbon productivity, cobalt catalysts representthe ¢

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
observeéf in a slurry reactor with cobalt alumina-supported
&atalysts, is shown in Figure 3. The decrease in the number

CO conversion

optimal choice for synthesis of long-chain hydrocarbons in 0 5 10 15 20
the LTFT process. Days

Figure 3. Evolution of carbon monoxide conversion and methane
1.3. Active Sites in Cobalt Catalysts selectivity over Co/AIO; catalyst in slurry reactorT(= 493 K, 2

MPa, inlet H/CO = 2.2, data obtained in our laboratory).

Information about the nature of the active sites is crucial . . L
for the design of cobalt FT catalysts. There is currently a of cobalt active sites (catalyst deactivation) could be one of

consensus in the literature that FT synthesis proceeds orfhe reasons responsible for the evolution of catalyst perfor-

cobalt metal particles. The attribution of catalyst FT activity Mance. In addition to active cobalt metallic phases, a working
to cobalt metal phases has been built on a series of FT catalyst could contain several other cobalt species: cobalt

experimental findings. First, it was found that unsupported Carbide, cobalt oxides, cobalt support mixed compounds, etc.
metallic cobalt and cobalt monocrystals were aéfive FT These species are probably not directly involved in FT
synthesis. Secondly, cobalt metallic phases were alwaysSyNthesis. Cobalt carbide formation seems to be refated
detected in the active FT catalyst before, during, and even@ deactivation process. Oxidized cobalt species@,coO,
after FT synthesis. Thirdly, Iglesa™® et al. showed (Figure etc.) dp not cgtalyze .FT synthes,ls_elther. Oxidation of cobalt
2) that for large cobalt metal particles the reaction rate is Metallic species during the reaction leads to catalyst deac-
proportional to the number of cobalt surface sites. Figure 2 tivatiorf"*%and reduces FT reaction rates. At the same time,
suggests that turnover rates do not depend on cobaltcobalt o>_<|d|zed species could probably affect the rate of
dispersion for series of the catalytic supports. FT synthesis Several side and secondary reactions, such as-wgasrshift,

is therefore a structure-insensitive reactién. olefin isomerization, reinsertion, and hydrogenolysis.

The statement about invariance of FT turnover frequency ;
on cobalt particle sizes is probably valid only for larger cobalt é'gécstgpergy between Catalyst and Catalytic
particles; several exceptions might be expedtatien cobalt
particles are getting smaller or when they coritadfifferent Commercial reactors for FT synthesis involve different
cobalt metal phases. technologies. Circulating bed and fluidized bed reactors are
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used for the high-temperature FT processes (HTFT), which 2.1, Types of Cobalt Catalysts and Methods of
lead to gaseous products, while multitubular fixed bed and Deposition of Active Phase

slurry reactors are dedicated to the low-temperature FT '

processes (LTFT), which manufacture liquid middle distillate 2.1.1. Impregnations

fractions and hydrocarbon wax¥s 22 Cobalt-supported catalysts for FT synthesis are very often
Several important issues have to be taken into consider-prepared by impregnation. Impregnation is a method of cobalt
ation while choosing the reactor for FT synthesis. In addition deposition on porous support in which a dry support is
to intrinsic chemical kinetics, the yield of hydrocarbons in  contacted with a solution containing dissolved cobalt precur-
the commercial reactor is affected by several other phenom-sors#! In this section we discuss impregnation techniques
ena: interphase and intraphase mass transfer, heat transfaghich involve solutions of cobalt salts and cobalt carbonyls.
(FT synthesis is highly exothermic), and hydrodynamics of  2.1.1.1. Impregnation Using Solutions of Cobalt Salts.
the ﬂOWS. The mechanical Stab|l|ty of the CatalySt iS a|SO an |ncipient wetnhess impregnation is the most common method
important issue, eSpECia.”y in fluidized bed anq Slurry bubble to prepare Cobait_supported Cataiysts_ In the incipient im-
column reactors. The highest hydrocarbon yields can only pregnation method a solution of cobalt salt, typically cobalt
be obtained when all phenomena are understood, controlledpitrate, is contacted with a dry porous support. After being
and optimized. The optimal industrial reactor should use the contacted, the solution is aspired by the capillary forces inside
catalyst at its maximum capacities for syngas conversion andthe pores of the support. The incipient wetness occurs when
should attain maximal hydrocarbons selectivities. all pores of the support are filled with the liquid and there is
The process efficiency therefore depends on both theno excess moisture over and above the liquid required to
catalyst and catalytic reactor. This suggests that the FTfill the pores. Although at the first sight the practical
reactor should be adapted to a specific catalyst. The designexecution of incipient wetness impregnation is simple, the
of novel catalysts should take into consideration the con- fundamental phenomena underlying impregnation and drying

straints imposed by the reactor. are extremely complex. Reproducible synthesis of cobalt
catalyst requires careful control of all impregnation param-
1.5. Goals of This Review eters: temperature and time of support drying, rate of

addition of impregnating solution, temperature and time of
Most of the recent reviews about FT synthesis have drying, etc. An experimental set up used in our laboratory
focused on either development of the reactors and processefor incipient wetness impregnation is shown in Figure 4.
for FT synthesi%!1142%35 or kinetic and mechanistic aspects
of this reactiort817.19:3639 \/ery few reviews have specifically
addressed recent developments in the design and characte
ization of cobalt catalysts.

The goal of the present review is to discuss different
approaches to the FT catalyst design elaborated over the lag
1015 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 strategie
for initial evaluation of FT catalyst performance.

Impregnating solution:
cobalt salt

i /| Catalytic support
(T |

e L

.
| Rotation of recipient

Figure 4. Scheme of experimental set up for incipient wetness
. . impregnation. The solution is added dropwise during rotational
2. Synthesis of Cobalt Fischer —Tropsch Catalysts motion of the recipient.

The catalytic performance of T catalysts strongly depends The initial repartition of cobalt on the support depends to

on the methods of catalyst preparation. Preparation of cobalt- :
supported catalysts involves several important steps: choice? larger extent on the type and concentration of hydroxy|

. ! “groups on the surface and pH of impregnating solutfon.
O.f appropriate _catalyst support, choice of 'method of qlep95| At the stage immediately after impregnation, the interaction
tion of the active phase, catalyst promotion, and oxidative

and reductive treatments between the metal precursor and the support is relatively
) : o weak, thereby allowing redistribution of the active phase over
The goal of active phase deposition is to spread cobalt the support body during drying and calcination.
onto porous support and provide the precursors of cobalt The distribution of C& ions on the support after

metal clusters. Properties of the catalysts, number of cobaltjmpregnation is affected by electrostatic interactions. Porous
metal sites, their characteristics, and localization on the gyides such as alumina, silica, and titania have different

support could be controlled by promotion with noble metals points of zero charge (PZ®J.At pH below the PZC, the
and oxides. The effect of promotion on the structure of cobalt g, faces of the corresponding oxides are charged positively;
catalysts has been also recently reviewed by Morales and,; pH higher than the PZC, the surface of the support is
Weckhuyserf? charged negatively. If the impregnating solution has a pH
The catalytic performance of FT catalysts is usually below the point of zero charge, repulsion between the surface
strongly affected by different oxidizing and reducing pre- of the support and C6 atoms results in nonhomogeneous
treatments. The catalytic support could also influence the repartition of cobalt ions. At pH higher than the point of
performance of FT catalysts. zero charge, Co cations are distributed much more homo-
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Table 2. Effect of Cobalt Source on the Activity and Selectivity of Cobalt Alumina-Supported Catalysts

bulk activity, specific activity, selectivity, %
cobaltsource T, K mol/h/kg mol CO/mol Co/min G Coy Cs-11 Cio-18 Cio-23 Coat Cs-23
Coy(CO) 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(NGs), 513 15.8 0.09 10.9 6.5 12.9 19.8 21.9 28.0 54.6
533 29.9 0.21 16.5 111 26.5 23.8 10.6 115 60.9

ap = 2.07 MPa, CO/H= 1, and SV= 2 nL/h per g of catalysts; original data in ref 62.

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 Mintf 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., GAl,CO3(OH).¢4H,0. These amor-
phous hydrotalcite-like structures are then physically ad-
sorbed and loosely bonded to the original alumina surface.
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 titanié®

The concentration, distribution, and nature of hydroxyl
groups of the support also play an important role in the

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 identifigd®® when cobalt carbonyls
were gradually losing CO ligands and form, for example,
C0oy(CO)L or Cos(COhe-nLn species, where L denotes a
surface site. Decomposition of metal carbonyl also oé€urs
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.

genesis of the dispersion of supported metal. The concentra- Both monometallic and bimetallic carbonyls have been
tion of these hydroxyl groups can be controlled by pretreat- used for catalyst preparation. £60) and Ca(CO),, are

ment of the support with organic compounds and tetraeth-

ylorthosilicate. Zhanyj et al. found that pretreatment of silica
with acetic acid, 1-propanol, and 1-butanol prior to impreg-

the most important cobalt carbonyl precursors. A comparative
study of impregnation with GOCQO)s and Cq(CO),» was
performed by NieméR] et al. It was found that GECO)s

nation resulted in higher cobalt dispersion and better activity transformed to C4CO);, on silica support during catalyst

in the FT reaction. It was found that pretreatment by organic drying. Nevertheless, the supported catalysts derived from
solvent modified the surface properties of silica, enhancing these two precursors exhibited distinct characteristics and
simultaneously cobalt dispersion and reducibility. Pretreat- reactivity. Co(CO)s-derived catalyst had a lower extent of
ment?® of alumina with ammonia, ammonium nitrate, acetic reduction but higher cobalt dispersion than that prepared from
acid, and ethanol prior to impregnation also affects the Co,(CO).,. Cobalt carbonyl catalysts exhibiféé more rapid
texture, acidity of the support, and catalytic performance of deactivation during carbon monoxide hydrogenation than a
the final catalysts. The number of acid sites decreased inconventional one prepared from cobalt nitrate.
the ammonia- and ammonium-nitrate-treated aluminas, while  Cobalt catalysts with-34 wt % Co content were prepared
in the acetic-acid-treated alumina, the concentration of acid by Wither$? et al. using zirconiunm-propoxide and dicobalt
sites increased. Higher carbon monoxide conversion ard C5 octacarbonyl. Dry Si@ was impregnated with a hexane
selectivity were observed on less acid ammonia and am-solution of zirconiumn-propoxide and C4CO)s dissolved
monium-nitrate-treated catalysts. Initial pretreatment of in a mixture of hexane and toluene. The bulk activity of the
alumina and titania by TEOS was reported to reduce carbonyl catalysts in the slurry reactor (Table 2) was more
formation of inactive mixed oxide speciés. than twice that of the catalysts prepared using conventional
Slurry (wet) impregnation represents another technique of impregnation with cobalt nitrate, while the specific activity
introduction of cobalt phase to the catalyst supports. Slurry was even more than 3 times higher. Joh§%@t al. also
impregnation entails use of an amount of impregnating liquid found a higher catalytic activity of cobalt catalysts supported
in excess of what can be accommodated by the total poreon alumina prepared from decomposition of tetracobalt
volume of selected porous suppéftiThe support is usually ~ dodecacarbonyl than that of conventional cobalt catalysts,
added to the impregnating solution heated at-3333 K to while their selectivities were very similar. L&eet al.
yield a slurry®® The slurry is stirred continuously during prepared cobalt-containing zeolite catalysts using ion ex-
impregnation. After removal of the excess liquid phase, the change, carbonyl complex impregnation, and water impreg-
catalyst is dried at subatmospheric pressure or in flow of nation. Though exhibiting lower FT reaction rates, the
air. The initial drying at subatmospheric water is essential catalysts prepared using carbonyl impregnation had enhanced
to inhibit diffusion of active component to the outer surface selectivity to higher hydrocarbons.
of catalyst grains. Impregnation with carbonyls could also lead to bimetallic
2.1.1.2. Impregnation with Cobalt Carbonyl Solutions. catalysts. Bimetallic particles were obtaiffedn alumina
Impregnation is one of the simple techniques for immobiliz- using co-adsorption of dicobalt octacarbonyl and diruthenium
ing transition-metal carbonyls on porous oxides. Metal hexacarbonyl tetrachloride complexes from pentane solutions.
carbonyl impregnating methods have been described bySmall Co/Ru superparamagnetic and ferromagnetic nano-

Bailey and Lange?®? A significant amount of the literature
about impregnation with cobalt carbonyls was publisfieéd
in the 1980s. It is generally expected that impregnation with

particles were preparéusing impregnation of MCM-41
silica with a dark red saturated tetrahydrofuran solution of
[NEty][CosRu(CO),]. Bimetallic Co/Rh particles were
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synthesizet % in silica by co-impregnation using mono-
metallic Ce(CO)s, Cay(CO)2, Rhy(CO),, and [Rh(COXCI],
and bimetallic Co/Rh carbonyl8.Mixed Fe/Co catalysts
supported by AlO; and TiG, were prepared by Khomenko
and Duvenhag& Ten percent Co/Ti@ and CoFe/TiQ
catalysts were made by impregnation from a solution of
C0y(COY), [CoFe(CO}),, and dimer GCO)FeCo(CO) in

dry oxygen-free tetrahydrofuran.

2.1.2. Co-Precipitation Method

Khodakov et al.

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 pH82 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 co-precipitation method has been commonly used for the precipitation process. In the deposition process, adsorp-

preparation of iron FT catalysts, while for cobalt-supported

tion of the metal ions onto the support coincides with

catalysts very few papers have been published. The precipi-nucleation and growth of a surface compound. The support
tation method to prepare cobalt-based catalysts has beersurface acts as a nucleating agent.

employed by the research group in Novosibirsk. Khdgsif
et al. prepared cobatalumina catalysts using either co-
precipitation of Cé" and AP ions or C@" ion precipitation
onto freshly prepared MgAl or Zn—Al hydrotalcite’® It

The deposition-precipitation technique has been devel-
oped for preparation of highly loaded and highly dispersed
oxide-supported metal cataly$ts8® In the case of catalysts
supported on Si@structures, the depositierprecipitation

has been shown that, at moderate temperatures, hydrotalcitenethod was studied by Geétis®® and then extensively
decomposition yields cobalt oxide phase supported by aexplored by Burattif?8088 et al. This method allows

highly defective inverted spinel-like structure. €Al-
precipitated catalysts exhibited low reducibility. Promotion
of Co—Al catalysts with M@" or Zr?* increased the extent
of Co reduction up to 100%. A highly dispersed®Qihase
was present in all reduced co-precipitated catalysts.

obtaining catalysts with high metal loading and dispersion.
This method has been previously applied to Ni/SiO
Ni/Hf-zeolite®°° and Ni/SBA-15! catalysts.

The deposition-precipitation method has been also ex-
tended to carbon-supported catalysts. Carbon nanofibers

Zirconia-supported cobalt catalysts were prepared by (CNFs) have been used as templates for manipulating the

Cheri” 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 £
clusters were detected by FTIR and EXAFS at low cobalt
loadings. This is probably indicative of formation of mixed

properties of Ni catalyst particlé3:°* De Jong>° et al.
applied this method for synthesis of Co/CNF catalysts and
was successful in obtaining high cobalt dispersion.

A new depositior-precipitation method has been recently
proposed by LoR7®° This method is based on slow

Co—Zr barely reducible compounds. For catalysts containing decomposition of aqueous cobalt amine carbonate complexes
higher cobalt contents, the FT reaction rates increased withat 333-383 K. The pH is homogeneously decreasing from

the increase in Co/Zr bulk ratio (Figure 5).
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2.1.3. Deposition—Precipitation Method

The deposition-precipitation method is based on precipi-
tation combined with deposition from a liquid meditdiThe

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 35 nm. The cobalt metal surface area
measured by hydrogen chemisorption can attain-BID
m?/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®-193 The sol-gel process also allows mastering
and adjusting the surface area, porosity, and particle size of
prepared catalyst84105108Although 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 sebel procedure was
employed by Okali€°1% et al. The required amount of
Co(NGs),-6H,0 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 HdN-dimethylforma-

method combines all the advantages of the precipitation mide, formamide, and polyethylene glycol (average molec-
method related to control of the size and size distribution of ular weight= 2000), were added to the solution at that stage.

precipitated particles but diminishes the risk of formation
of bulk mixed compounds of support and active phAase.

Distilled water and ethanol were then added to the solution
dropwise at room temperature, resulting in a homogeneous

With this technique a solvated metal precursor is depositedclear sol. The sol was slowly hydrolyzed by heating at a
exclusively onto the surface of a suspended support by slowtemperature higher than 353 K for more than 40 h to form

and homogeneous introduction of a precipitating agent,

a glassy transparent gel. The gel was dried and calcined in
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nitrogen and air flow at 823 K for 15 h and then reduced in  Eggshell catalysts can be produced during drying depend-
hydrogen flow at 773 K for 15 h. After reduction, transmis- ing on the relative strength of adsorption, diffusion, and
sion electron microscopy displayed a uniform distribution convection. During drying, the liquid solution is transported
of Co metal particles of 35 nm diameter. XPS depth profile by capillary flow and diffusiof¢-*2°and the precursor may
analysis of the setgel catalysts indicated that the Co be redistributed by adsorption/desorption phenomé&ha’
concentration was uniform in three dimensions. The-sol Solvent with higher viscosif§* could prevent migration of
gel method proved to be more suitable for uniform prepara- the active phase and lead to a more uniform distribution of
tion of highly loaded catalysts (about 60 wt %) than cobalt atoms inside the catalyst grains. The approach based
impregnation. While CO conversion was low over the-sol  on solutions of chelated metal complexes with high viscosity
gel catalyst without a promoter, addition of a trace amount was further developed in work by de Jong and co-work@rs.
of noble metal drastically improved cobalt reducibility and A desired metal profile can be obtained also by impregnation
catalytic activity. Moggi®” et al. reported a similar selgel of a single component or successive or competitive impreg-
procedure. Cobalt nitrate hexahydrate was dissolved in dry nation of two or more components, called multicomponent
tetrahydrofuran, then tetraethyl orthosilicate and water were impregnation:14.117.123
added, and the homogeneous sol was transferred in a vessel Earlier studies of the distribution of the active phase in
suitable for evaporation of the solvent. The obtained gel wasthe catalyst grains have predominately addressed Pt-based
then dried in vacuum at room temperatéffeln such a catalysts. Maatma#* showed that for platinum deposition
catalyst, most of the cobalt particles were occluded in,SiO from chloroplatinic acid on an alumina support, co-
matrix and cobalt reduction was very difficult. As expected, impregnation can control the distribution of the active phase
a very low catalytic activity was observed in carbon in a pellet. A nonuniform distribution of active component
monoxide hydrogenation. Ernst and Kiennenidhet al. occurs when the support (alumina) acts like a chromato-
studied the FT activity and selectivity of Co/SiPrepared graphic column separating the solution and active phase.
by a pseudo setgel technique in acidic and basic media. It sjnce then, co-impregnation techniques have been widely
was found that the FT reaction rate increased with the ysed to prepare nonuniformly distributed cobalt catalysts.
specific surface area. High hydrocarbon selectivity was peluso et at?> and Galarraga® et al. demonstrated that the
favored in the case of silica-dispersed cobalt catalyst with a preparation conditions of CoZr eggshell Si€atalysts for
pore diameter less than 4 nm. FT synthesis influenced the production of middle distillates,
The sot-gel preparation method could be coupled with particularly the Go-C,o hydrocarbon fraction. On this basis
drying at supercritical conditions. Eyring et’df.reported it was established that an optimum eggshell catalyst should
preparation of three cobalt catalysts supported by aerogelhave 10 wt % Co deposited in the half radius of a 1.81 mm
with cobalt loading varying from 2% to 10%. Transmission diameter particle. This eggshell catalyst displayed encourag-
electron micrographs showed the presence of discrete cobaling CO conversion and selectivity, yielding 65 wt %
metal particles of 5670 nm for 2% and 6% loadings. The hydrocarbons in the diesel range. Mathematic modeling

10% Co catalyst exhibited long needles of cobalt. demonstrated that wet impregnation using low metal con-

centration solutions improved metal dispersion by producing

2.1.5. Eggshell Catalysts a more progressive eggshell profile than incipient wetness
In recent years, many studies have been concerned withMmPregnation’ ,

control of the metal profile in support particl&§;113 A Zhuang?®et al. showed that eggshell qatalysts_wn_hasharp

review of this research area was given by Gavriififigt ~ boundary could be prepared by covering the inside of the

al. The choice of the optimal catalyst profile in the support Pellet with a defined amount af-undecane prior to the
is determined by the required activity, selectivity, and other impregnation procedure. In this technique the aqueous
characteristics of the chemical reaction (kinetics, mass Solution (either the impregnation solution or the leaching
transfer). solution) is prevented from entering the core of the catalyst
Eggshell catalysts are advantageous in the case of fasP€llet since the pore volume in the center of the catalyst pellet
reactions with strong diffusion restrictions because the active'S filléd with the hydrophobic organic solvent. A partial
component is concentrated close to the external pellet surfaceS0Verage of silica pellets with a hydrocarberindecane,
Eggshell catalysts have been proposed to overcome difficul-prOteCt$ that part of the pellet, y|eId|ng an eggshell catalyst.
ties due to diffusion limitations in catalyst pellets in fixed Iglesid® et al. proposed an alternative route to synthesize
bed FT reactors. It was suggestédhat smaller than 0.2 eggshell catalysts t_)y controlling the rate of diffusion of
mm pellets were required to avoid mass-transport restrictions.molten cobalt salt into the support. The eggshell cobalt
Such small catalyst particles would lead to a very significant catalysts were prepared by placing $&pheres into molten
pressure drop in large commercial fixed bed reactors. cobalt nitrate (melting point 373 K). Molten cobalt nitrate
Eggshell catalyst pellets of 2 mm diameter introduce design Was poured uniformly over Sipheres. For melt impregna-
flexibility by decoupling the characteristic diffusion distance tion, the shell thickness was less than 0.2 mm for contact
in catalyst pellets from pressure drop and other reactor times less than 30 s (Figure 6).

constraints. L
There are several methods to prepare eggshell catalysts.2'1'6' Monolithic Catalysts

Most of these methods are based on controlled catalyst One of the largest advantages of monolithic catalysts is a
impregnation and drying. These methods involve several low pressure drop in a large-scale reactor because of thin
parameters: metal concentration in the impregnating solution,catalyst layers with a tunable thickné€$3'1 Thin catalyst
solution viscosity, support condition (dry or wet), impregna- layers also eliminate effects of diffusion limitations. Heat
tion time, and drying procedure. These parameters affect thegenerated by FT reaction can be removed in monolithic
eggshell thickness, metal distribution, metal morphology, and catalysts by recycling liquid through the channels of the
metal crystallite size. monolith and an external heat exchanger. Tailoring the layer
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SOLUTION A

Figure 7. Photo of several monolithic catalyst structures (repro-
duced from ref 136, Copyright 2003, with permission from

8 seo Elsevier).

SOLUTION B

&5

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 catalystsNormal o-olefins
and paraffins are major FT produtts 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 5Qum suffer from diffusion limitations, accompanied

by the expected decrease in the apparent activation en-
ergy_l33,139,140

2 sec 8 s=¢

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

2.1.7.1. Colloidal Method.Colloidal synthesis has been
widely used*! 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.
Figure 6. Optical micrographs of eggshell Co/Si@atalysts . . . S
prepared using (i) controlled immersion in aqueous cobait nitrate 1 uS, research has primarily focused on 'mmOb'“ﬁ?tlon
solution, (i) aqueous cobalt nitrate solution viscosified with Of surfactant-stabilized colloids on catalytic suppéfts!

hydroxyethyl cellulose, and (iii) cobalt nitrate melt. Contact time, The surfactant-stabilized colloids usually tend to agglomerate
1-30 s; melt at 353 K (reproduced from ref 129, Copyright 1995, even under very mild conditions. Thus, during synthesis of
with permission from Elsevier). the colloids the presence of surfactant is essential to disperse

_ _ o _ _ o X . o1 .
thickness allows design of monolithic catalysts with optimal and St?‘b"'ze nanoparticles in th(_e.solvé‘ﬁt'. The colloidal
activity and selectiviti2in FT synthesis. No waxcatalyst metallic systems could be stabilized using different surfac-

separation is necessary in monolithic reactors. tants such as organic thiols, carboxylates, poly(acrylic acid),
Two research groups have been working in the area of Cl€iC acid, phosphonates, and trioctylphospHiie.
monolithic catalysts for FT reaction. Three types of monolith ~ Several methodological approaches have been developed
are generally used: cordierifeAl,O; and steel monoliths ~ to prepare metallic heterogeneous catalysts from colloidal
(i.e., steel sheetd§® 136138 These monolithic catalysts consist Systems: polyol method, ethylene glycol method, modified
of long parallel channels separated by thin waflg§Figure coordination capture method, pseudo-colloidal method, etc.
7). The walls can be either made of cordierite on which a  In the polyol proces$® boiling alcohol is used as both a
high surface area catalyst support can be wash coated or aeductant and a solvent. In a typical synthesis 1,2-dode-
suitable catalyst support such as alumina and silica. Thecanediol is added into hydrated cobalt acetate solution
wash-coating procedure is described in detail by Nijhuis et dissolved in diphenyl ether containing oleic acid and tri-
al.*¥" Different coating thicknesses could be achieved by octylphosphine. Nanoparticles could be isolated by size using
repeating the coating process. Cobalt active phase in monolithselective precipitation. The cobalt particle size is controlled
catalysts is deposited by either aqueous co-impregridtion by changing the relative concentrations of both precursor
or homogeneous depositishprecipitation from an aqueous and stabilizer.
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The ethylene glycol method is based on complexation of be controlled by adjusting the water to surfactant ratio or
colloidal metal particles by carboxylic species produced via concentration of reagents. These small microemulsion drop-
oxidation of ethylene glycol. This method has been described lets can be viewed as nanoreacttf$55The metal particles
by Qiut** et al. for synthesis of cobalt nanoparticles supported produced by this method usually have a spherical shape.
by carbon nanofibers. The typical procedure is presentedModification of the synthesis procedure, however, could
below. To obtain a colloidal suspension of cobalt, the pH of result in rod%%¢ or rings!¢”
the cobalt nitrate solution was adjusted to 13 using 2.5 M Below is a brief description of the typical microemulsion
NaOH in ethylene glycol. The suspension was refluxed at procedure. The method consists of preparing two micro-
453 K for 3 h toensure complete reduction of cobalt. During emulsions (Figure 8): the first microemulsion contains metal
refluxing, ethylene glycol is reducing cobalt species and
oxidized to glycolic and oxalic acids. After cooling to room Microemulsion | Microemulsion Il
temperature, the pH was decreased using HCI solution. A
pH lower than 7 was essential for deposition of cobalt Aqueous Phase

: . Metal Salt
particles on carbon nanofibers. (FeCls, FeCl,

The coordination capture method has been proposed by CuCl etc)
Liut551%6et al. The method involves capture of colloidal metal
particles onto the surface of functionalized silica by ligand
coordinationt>"**¥The coordination capture method, how- ol

- . phase - :

ever, suffers from the need for a series of complicated steps Mix Microemulsions 1 and Ii
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 Collision and
Catalysts. Coalescence of

Droplets
Using a pseudo-colloid method, Wapg'6t et al. prepared 4

cobalt nanoparticles supported by faujasite zeolites. Cobalt
particles with a maximum size distribution of-2 nm, which
are probably located inside the supercages of faujasite zeolite
were obtained using a higher concentration of NaBH
aqueous solution (10 M), while formation of cobalt particles
larger than 20 nm was observed when lower temperatures
of Co?*—faujaiste zeolites pretreatments and lower concen-
trations of NaBH (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 wdfk alumina-supported nano-  salt encapsulated in the droplets, and the second microemul-
sized cobalt catalysts were prepared using the colloid methodsjon represents reducing agent (NaBNH., etc.) located
from a slurry of alumina and cobalt chloride solution using inside the droplets. Then two microemulsions are mixed
reduction with sodium borohydride. The unsupported cobalt together. The metal salt inside the micelles is reducing to
catalyst was almost inactive in FT synthesis. The alumina- metallic particles by the reducing agent; the rate of the
supported cobalt catalysts prepared using reduction with reduction is controlled by the intermicelle exchange téte.
sodium borohydride exhibited relatively high carbon mon-  The example of making cobalt metallic nanoparticles has
oxide .h.ydrogenation rates with a considerable methanepeen given by Chetf® Cobalt fine particles were prepared
selectivity. using a HO/sodium di-2-ethyl hexysolfosuccinate (AOT)/

2.1.7.2. Microemulsion Method A considerable number  isooctane ternary system. The cobalt-containing microemul-
of reports have recently addressed the microemulsion methodsion was prepared by mixing AOT in isooctane with an
for preparation of metal-supported catalysts. The microemul- aqueous solution of cobalt chloride. The reducing micro-
sion method was recently reviewed by Cap&k he method emulsion was obtained by mixing AOT in isooctane with
usually involves microemulsion stabilizer. A stabilizer an aqueous solution of NaBH Both emulsions were
(emulsifier) is a molecule that possesses both polar andtransparent. Then they were mixed; the color of the product
nonpolar moieties. In diluted water (or oil) solution, emulsi- turned from light pink to black in a few seconds. The size
fier dissolves; it is present in the form of monomer. When of the produced cobalt metal particles was lower than 3 nm.
the concentration of emulsifier exceeds the critical micelle  Despite a great deal of promise, very few studies have
concentration, the molecules of emulsifier associate spon-focused on the preparation of cobalt-supported catalysts for
taneously to form aggregatemicelles. Formation of oil-  FT synthesis from microemulsion systems. Most of the
in-water (o/w) or water-in-oil (w/o) reverse micelles could literature has primarily addressed Pd, Rh, Fe, and Ru
be driven by hydrophobic or hydrophilic interactions of the catalysts.
hydrophobic tail or hydrophilic polar group, respectively. 2.1.7.3. Solvated Metal Atom Dispersion MethodThe
Because microemulsions typically have droplet diameters solvated metal atom dispersion (SMAD) method was pro-
much smaller than the wavelength of visible light, they can posed in the 1980s by Klabunde et al. The method employs
be characterized visually by formation of an optically free metal atoms (vapor), which are solvated in an organic
transparent single phase. A particle size in the range-606  solvent at low temperaturé€ The support is impregnated
nm depends on the size of microemulsion droplets and canwith this solution. The deposited metal clusters maintain their

Aqueous Phase
Reducing Agent
(NH.OH, NzH4,
NaBHj,, etc)

Oil phase

Percolation

Precipitate
(Metal or Metal Oxide)
Chemical Reaction Occurs

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 anytemperature. A considerable concentration of cobalt carbonate
reduction for catalytic reactions. The typical catalyst prepara- and bicarbonate species was observed after deposition. A
tion procedure is described in ref 171. The SMAD apparatus higher cobalt content in the catalysts was obtained using
possessed four water-cooled copper electrodes, twé\MD; several subsequent carbonyl depositidecarbonylation
metal vaporization crucibles, and two separate power sup-procedure¥3194(Figure 10).

plies. Cobalt and eventually promoting metal were vaporized
in the flow of toluene. The toluene and solvated metal atoms

= 40
were condensed into a frozen matrix by the wall of the Z
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 £ il H
was stirred and warmed in the presence of a catalytic support. i i
The solvates decomposed and deposed metal atoms on the Bk 3_,;
surface of the support (Figure 9). Deposition decarbonylation cycles
Figure 10. Cobalt loading on MCM-41 as a function of cobalt
carbonyl depositiort decarbonylation cycles (reproduced from ref
"°°'@ Y e T 194, Copyright 2000, with permission from the American Chemical
Society).
@- @ ol Backman and Kraud®1%.1% prepared Co/Si® and
S0, — Tso, Co/Al;,O3 catalysts via chemical vapor deposition of cobalt

. i . . acetylacetonates (Il and Ill). The precursor was evaporated
E'SILXS 9. Deposition of metal atoms on silica support using 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 CglAland
Lo/SiG, samples during calcination and acetylacetonate
decomposition.

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

The conventional chemical vapor deposition (CVD) method content.

is a well-known technique for deposition of metal oxide 2.1.9. Plasma Methods

particles on powdery support¥:1’6CVD involves chemical

reactions of gaseous reactants on or near the vicinity of a Application of plasma techniques for preparation of
heated substrate surface. This deposition method can provideatalysts was initiated in the 1980s, and a few significant
nanostructured and functionally coated materials with unique results have been reported in the literattifé?®Below two
structure. The advantages of CVD are due to the uniform techniques are discussed based on plasma spraying and glow
distribution of cobalt nanoparticles on catalyst support and discharge plasma.

possibly a narrow distribution of cobalt particle size. CVD 2.1.9.1. Plasma SprayingA number of FT synthesis
can be performed either in vacuum or in a flow of carrier studies have been carried out using #8r?°* and bimetallic
gas (Ar, He). After deposition, the precursor is decomposed cobalt-iron?°22%3 catalysts in tube-wall reactors (TWR).
at higher temperatures, yielding metallic or oxide nanopar- Tube-wall reactor surfaces were prepared by B#lei al.

Several monometallic and bimetallic coB&ltcatalysts
supported by Si@and ALO; were prepared using the SMAD
method. OH groups served as anchors for cobalt metal atom
solvated in toluené”® Nucleation of cobalt clusters proceeds
on cobalt oxide species and catalyst promoters. EXAFS
characterizatioti* showed that a major part of cobalt atoms
remains metallic. The catalytic test in a recirculating reactor
showed a high activity of monometallic CoA8ls-supported
catalysts in FT synthesis. The reaction rates were very high
compared with those for cobalt catalysts prepared by
conventional impregnation and carbonyl methods.

ticles. using the plasma spraying of five catalysts, namely, Fe,
Commercially available cobalt CVD precursors include 75Fe/25Co, 50Fe/50Co, 25Fe/75Co, and Co (weight percent
cobalt carbonyl complexég] 184 cobalt acetylacetonat&s, 188 basis). It was interesting to observe that despite the low BET

and cobalt acetaté? Use of these cobalt compounds for surface areas for “plasma-sprayed” catalysts, hydrogen and
CVD could be explained by their low meting point and high carbon monoxide uptakes were found to be relatively high.
vapor pressures. Recently, a novel cobalt(l) hydroxide XRD studies showed that various catalyst phases were stable
precursor was synthesized by CHbiet al. It was used to  up to 623 K; the surface consisted of particles of Fe and Co
deposit high-quality cobalt thin films at 573 K. oxides and cemented particles of CoO-Fe20B. SEM studies
Kurhinen’” and Pakkanéfi-1®?prepared cobalt nanopar- confirmed that these particles were uniformly distributed
ticles on AbO; and SiQ using chemical vapor deposition  throughout the catalyst layer. The crystallite sizes determined
of dicobalt octacarbonyl. Cobalt carbonyl was reacted with from hydrogen chemisorption measurements were fairly close
hydroxyl groups of the support. At the surface the(C®) to those obtained from X-ray line-broadening experiments.
rearranged to C¢CO),,, and the surface was completely Electron probe microanalysis showed that the plasma-sprayed
decarbonylated via subcarbonyl species. The amount ofcatalyst surface possessed a higher concentration of iron
carbonyl adsorbed depended on the support pretreatmenparticles than that of cobalt particles, suggesting that iron
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tends to migrate to the surface at the expense of cobalt.

Catalyst activity wa®° a strong function of the operating
conditions; a maximum of 98.5% CO conversion was
achieved. The selectivity tos@ hydrocarbons was over 40%
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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

of the total hydrocarbons produced in the pressure range ofreducible mixed oxides, enhancement in cobalt dispersion,

0.69-1.03 MPa.
2.1.9.2. Glow Discharge Plasma.n our previous

inhibition of catalyst deactivation, appearance of additional
sites of hydrogen activation, and an increase in the intrinsic

work?94-206 3 number of active catalysts for several catalytic reactivity of surface sites.
processes have been developed using the glow discharge Ease of Cobalt ReductionMany authors have observed
plasma technique. It was report&tthat plasma activation ~ much easier reduction of cobalt oxides to active metal cobalt
of a Ni/o-Al O catalyst was efficient for methane conversion phases in the presence of noble metals. Batley é¥al.
to syngas. That was a typical example of combining plasma observed that reduction of bulk €0, occurred at much
and chemical treatment of the catalyst. First, the radio lower temperature in the presence of 0.5 wt % Pt. Van't Blik
frequency 13.56 MHz) plasma with argon as plasma- et al.2®® showed that co-impregnation of silica with solutions
forming gas has been used for decomposition of NigO  of cobalt nitrate and ruthenium chloride resulted in bimetallic
into black NkOs. In this step, plasma served as a special particles, which could be reduced at much lower temperatures
energy supply. Then, hydrogen plasma at the same frequencyhan the parent Co/SiOTakeuchi et at*®2?1%showed that
has been applied for reduction of catalyst. The catalyst modification with ruthenium of cobalt silica-supported
became green (MD; — NiO) and then changed to black catalysts prepared from cobalt acetate considerably increased
(NiO — Ni) again by hydrogen plasma. The plasma-prepared the extent of cobalt reduction and its activity in the synthesis
catalyst showed a better activity and stability compared to a of C2-oxygenates from syngas. The positive effect of
conventionally prepared sample. The total treatment time is ruthenium on cobalt reducibility was also observed by
less tha 3 h at adischarge tube temperature of 338 K Reinikainef!! et al. Okab&? et al. showed that addition of
(plasma heat treatment for decomposition and then 65 miniridium considerably increased cobalt reducibility. Girar-
for plasma reduction), while conventional preparation of dor?? et al. uncovered that addition of Re and especially
catalyst needs 10 h of calcination at 1173 Kdah h of Ru to cobalt silica-supported catalysts considerably improved
reduction at 873 K. The plasma activating process was cobalt reducibility. The in-situ magnetic method (see section
simple, quick, audiovisual, and easy to control. The activity 3.6), which selectively detected cobalt metal particles, was
and stability of the activated catalyst were higher than those indicative?'2 of a higher concentration of cobalt metal phase
of conventional catalysts. in the promoted catalysts (Figure 11).

Several plasma-enhanced cobalt catalysts have been

developeéf? for FT synthesis. The results of selected
catalytic tests are listed in Table 3. Platinum-promoted
4 4
Table 3. Catalytic Behavior of Plasma-Enhanced Cobalt g
Catalysts in FT Synthesig S ;5
conv. rate (16 sel. (%) C°F S
catalyst sample %  umol/mol Co/s) CH, sel. (%) S ,
= 2
Co015A340 6.37 1.86 732 7839 5
CoPtA340 21.04 6.15 8.08 75.84 s
CoPtA-plasma-PNH 26.30 7.69 9.56 72.67 71 RuAc443
aConditions: P = 1 bar, T = 463 K, GHSV = 1800 mL/g/h,
H,/CO = 2. 04 7 r .
273 373 473 573 673 773 873
Temperature, K
catalyst with 15 wt % cobalt loading showed a CO conver- 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).

sion of 21% at 1 bar and 463 K, and the £stlectivity
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 A significant effect of promotion with noble metals on
rate that was 25% higher than that of non-plasma-treatedthe number of cobalt metal sites was observed on alumina-
sample. The CO conversion level reached 26.3% from 21%, supported catalysts. In fact, significant shifts of cobalt oxide
with a G+ selectivity of 73%, slightly lower than 76 % for  reduction temperature to lower values have been observed
conventional catalyst. The cobalt time yield was Z&8ol/ with Pt and Ru additio#® 215 (Figure 12). It was suggested
mol-Co/s. Glow discharge plasma treatment, therefore, couldthat Pt was situated on the edge of the cluster and that
lead to higher cobalt dispersion and a high density of surfacereduction occurred on Pt first, allowing hydrogen to spill
sites in cobalt FT catalysts. over to cobalt oxide and nucleate cobalt metal sités.
Tsubaki et afl”2*8found that addition of small amount
of Ru to cobalt catalysts remarkably increased the extent of
cobalt reduction, whereas modification with Pt and Pd did
Numerous studies have shown that introduction of a noble not have any effect on cobalt reducibility. Pt and Pd were
metal (Ru, Rh, Pt, and Pd) has a strong impact on thefound to promote mostly cobalt dispersion. The cobalt
structure and dispersion of cobalt species, FT reaction ratescatalysts promoted with noble metals displayed the following
and selectivities. The promoting metal is typically introduced order of FT catalytic activity: CoRw CoPd > CoPt >

2.2. Promotion with Noble Metals
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490K 760K Iglesig® et al. uncovered that promotion with ruthenium
- . ya retarded irreversible deactivation of cobalt catalyBester
3 / I". TS o resistance to deactivationled to higher concentrations of
b /f ' / ! active sites in the working catalysts at FT reaction conditions.
5 - 630K ey Ru-catalyzed hydrogenolysis of carbonaceous residues and
n A | 960K reduction of surface oxygen atoms permitted regeneration
g | (Unpromoted /1 /\ of Co—Ru catalysts in hydrogen at lower temperatures. The
= L ' AN reaction rates increased three times without apparent changes
in cobalt dispersion. The data about the positive effect of
200 400 600 B8O 1000 1200 the noble metal promotion on catalyst deactivation are

T consistent with the observation by Jongsomijit éfalt was
Figure 12. TPR profiles of unpromoted and Pt-promoted 15% zhOV\{p t?_at pc)jron:ot;(ﬁn W{[h druér}enlurrt]_ pre\f/_ente?_ cata_llys(;
Co/Al,0; catalysts (reproduced from ref 214, Copyright 2003, with @€activation due 1o the retarded formation of inactive mixe
permission from Elsevier). Co—Al oxides in the presence of water.
GuczpP® et al. showed that addition of Pd to Co silica-

Co. Pd- and Pt-containing samples also showed higherSupported catalysts resulted in significant modifications in
methane Se|ectivity than Co and CoRuU Samp|es_ the CatalytiC aCt|V|ty Promotion W|th Pd resulted il’l an

The effect of promotion with Re on cobalt reducibility is increase in the relative fraction of alkanes in the products of
usually less significant than with platinum and ruthenium, Carbon monoxide hydrogenation. This effect was attributed
It is known that reduction of G@®, to metallic cobalt to a higher concentration of hydrogen activation sitesn

proceeds via intermediate formation of CoO. It was suggestedt® Presence of promoting Pd. Bafet al. suggested, using

that Re affected only the second reduction step: CoO to & combination of LEED and low-energy ion-scattering
Co219-221 This was attributed to the fact that reduction of SPECtroscopy, that formation of €&t alloys modified the

Re occurred above the temperature of;@pto CoO electronic properties of Pt atoms and the energetics of carbon
reduction. monoxide adsorption. Promotion with noble metals could

Formation of Bimetallic Particles and Alloys. Pt—Co also lead to the increase in site reactivity.
alloy was observed using XRD by Dees et4lat different : ; ;
Pt/Co ratios on silica-supported catalysts. Small amounts of2'3' Promotion with Oxides
cobalt had a significant impact on the selectivity of the = Promotion with oxides has been one of the methods to
hexene hydrogenation reaction. It was suggested that theimprove the activity and hydrocarbon selectivity of FT
metal surface of bimetallic Pt/Co particles was enriched catalysts. Among the oxide promoters, 4rQa,O3;, MnO,
by cobalt. Bimetallic particles in CoPt/N&¥?% and and Ce@ have been most often employed. Addition of oxide
CoRe/Na¥?* zeolite were also identified by Guczi et al. promoters could modify the catalyst texture and porosity,
Bimetallic Co/Ré% and Co/P¥® particles were observed in  reduce formation of hardly reducible cobalt mixed oxides,
alumina-supported catalysts. Co/Pd particles were detectedncrease cobalt dispersion, reducibility, and fraction of
in graphité?” and silica2?® different cobalt metal crystalline phases, enhance mechanical

Promotion with noble metals could also affeetcomposi- and attrition resistance of cobalt FT catalysts, and improve
tion of cobalt precursor. Our recent repo#t? has shown  the chemical stability of the support. The paragraphs below
that promotion using ruthenium nitrosyl nitrate results in a focus on the effects of different oxide promoters on the
lower temperature of decomposition of cobalt acetate and astructure and catalytic performance of supported cobalt FT
higher density of cobalt metal sites in the resulting catalyst. catalysts.

Enhancement in cobalt dispersions another effect due . P :
to introduction of noble metals to cobalt catalysts. One of 2.3.1. Promotion with Zirconia
the reasons responsible for the higher cobalt dispersion could The beneficial effect of promotion with zirconia has been
be related to a higher concentration of cobalt oxide nucleation observed on several oxide supports and even for cobalt
sites during decomposition of cobalt precursors in the catalysts supported by activate car3&hPromotion with
presence of promoting noble metals. A higher concentration zirconia usually results in higher FT reaction rates; an
of Co;04 nucleation sites (at the same cobalt content) would increase in C5% selectivity has been also reported.
result in a larger number of cobalt particles and consequently ~ Silica-Supported Catalysts.It was claimed that zirconium
higher cobalt dispersion in the catalysts. Another reason could enhance the activity and hydrocarbon selectivity of
responsible for the higher cobalt dispersion could be related Co/SiQ, catalysts. Preimpregnated zirconia could constitute
to the lower temperature of reduction of cobalt species in a protecting layer, preventing a chemical reaction between
the presence of noble metals and, consequently, a lowersilica and cobalt and thus formation of hardly reducible cobalt
probability of formation of cobaftsupport mixed oxides silicates?36237
and/or sintering of the reduced cobalt metal particles. Felle3® et al. showed that modification with zirconia
Schanké?® et al. showed that addition of platinum to facilitated reduction of cobalt species. An increase in zirconia
Co/SiG catalyst did not lead to a considerable increase in content resulted in larger and easily reducible cobalt particles.
the extent of reduction. The total amount of chemisorbed The reaction rate also increased with higher zirconia contents,
hydrogen after promotion with 0.4 wt % Pt increased by more which was attributed to a larger concentration of cobalt metal
than 30%, while the extent of cobalt reduction was, sites in the catalysts with a higher extent of reduction. This
respectively, 90% and 92% for monometallic and Pt- observation is consistent with the results of Oukeit al.,
promoted cobalt catalysts. Higher FT reaction rates were who found that addition of Zr@to silica-supported cobalt
attributed not to an easier reduction but to an increase in catalysts slightly increased cobalt reducibility without any
cobalt dispersion due to the presence of platinum. affect on cobalt dispersion. Similar results were obtained in
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recent papers by Moradi? Yin,?4% and Jacob&?! Ali?*! et cubic phase seems to be more predominant on alumina than
al. showed that the catalytic behavior of CoZr/g@atalysts on silica. A recent study by Enaclieet al. showed that
was strongly affected by the preparation method. The mostmostly hexagonal cobalt metal phase can be obtained by
active were catalysts prepared via sequential impregnationdirect reduction of Co/AlO; catalysts, which were prepared
of silica with cobalt and zirconium nitrates. by impregnation with cobalt nitrate. It has been shown that
Modification with zirconia could also modify the fraction the presence of zirconia in cobalt-supported catalysts pro-
of hexagonal and cubic phases, which constitute cobalt metalmotes poorly crystallized hexagonal phase. This phase was
particles in the reduced catalysts. MCM-41 mesoporous silicafound to be more active in FT synthesis than cobalt cubic
was modified by addition of zirconium oxynitrate during phase. Therefore, one possible interpretation of the effect of

hydrothermal synthes?4? Cobalt-iridium catalysts modified
with zirconia have been shown to have higherGind lower

zirconia promotion on FT reaction rate might be assigned
to the higher concentration of more active Co hexagonal

methane selectivities than pure silicaneous counterparts.phase in zirconia-promoted catalysts. Promotion with zirconia

These effects were attributed to a higher fraction of cubic
cobalt metallic phase in the zirconia-promoted catalysts.
Alumina- Supported Catalysts.Jacobs and Davis foufd

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 promot|on with zirconia on
cobalt dispersion and reducibility in alumina-supported
catalysts is illustrated in Figure 13.
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Figure 13. Extent of reduction versus cobalt dispersion in
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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).

RohP4® 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 change

in the intrinsic selectivity.
Jongsomjit** 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, X#ngt al.
found that promotion with zirconium led to a lower content

does not always bring about only beneficial effects. ¥fei
et al. showed that promotion with zirconia could have a
negative effect on catalyst mechanical strength.

2.3.2. Promotion with Lanthanum Oxide

Ledforc®*” 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 LaCo 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
Adach?*® et al.

Modification of cobalt silica-supported catalysts with*t.a
was found*® to increase FT reaction rates measured using
SSITKA. The SSITKA method showed an increase in the
concentration of active sites with an increase in théfLa
content in the samples. The effect was mostly attributed to
higher metal dispersion in the modified catalysts. The
catalysts in that repc?® were prepared by impregnation of
reduced and passivated Co/giCatalysts with an aque-
ous solution of lanthanum nitrate. Hadd&kt 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 La®" moderate®! this effect, especially at low lantha-
num loadings. At higher lanthanum loadings (La/€®.5)

the amount of cobalt hardly reducible phases increased

probably due to formation of CeLa and Coe-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 selectivify? 256 Zhang®’ 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

of cobalt aluminate species. This suggests that added zirconiaand Weckhuysef?* The effect was more pronouncétin

could inhibit CoALO, formation. Large cobalt particles were
detected after zirconia addition.

the catalysts prepared by homogenous deposiiwacipita-
tion than in those prepared by impregnation. STEM-EELS

Reduction of cobalt oxidized species supported by alumina showed® that the oxidized catalysts prepared via impregna-
results in cubic and hexagonal cobalt metal phase. Fortion contained CgD, and MnQ monometallic particles,
catalysts obtained using conventional calcinations, cobaltwhile in the depositiofrprecipitation sample Mn cations
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were incorporated into GO, structure, resulting in the  was studied by Jaco#s et al. Addition of nonreducible
Mn,Co;-xO4 mixed oxide phase. These mixed phases how- oxides of B, La, Zr, and K were found to increase the cobalt
ever could be reduced, which gives rise to cobalt metal phasereduction temperature.
and migration of MnO particles toward the TiOThe Introduction of various concentrations of cerium could also
presence of MnO resulted in lower cobalt reducibiftyIn increase cobalt dispersion and hinder cobalt reducfion.
the reduced catalysts electronic effects due to interaction of Chain growth probabilities were also lower for Ce-containing
cobalt metal particles with MnO and possible involvement catalysts. Vanadium promotion was fodffdo increase CO
of Mn in a chain growth mechanism via CO insertion were conversion and hydrocarbon selectivity on cobalt catalysts
suggested to explain an increase in the FT reaction rate andsupported by activated carbon. Huffri&ret al. using XAFS
higher C5t selectivity. Localization and transformation of studied the effect of modification of potassium on the
these species during the reduction is shown in Figure 14. reducibility of Co/SiQ and Co/AbOs catalysts. It was found
that potassium hindered Co reduction in hydrogen. At the

Co,0, MnO, - e same time, CoK/Si@catalysts can be reduced in synthesis
v \ i |/ | gas in 473 K and remain more stable than unpromoted
M . ’ Co/SiG catalyst. Gadolinium promotion was folii#lto
A T0, ol " increase the number of cobalt active sites in silica-supported
FT catalysts. The presence of gadolinium primarily led to
the enhanced cobalt reducibility. ZhaPiet al. showed that
Coy0, + Coy,Mn, O, Co MnQ Ti;MnO,

promotion of silica-supported cobalt catalysts with1® wt
¥ f % of Al,O3 could enhance cobalt dispersion and the number

.s'/ ¢
Reduction . of active sites. As a result, carbon monoxide conversion
B TiO, — TiO, increased from 45% to 65%.

Figure 14. Localization of cobalt and manganese species in-TiO N .
supported catalysts prepared via incipient aqueous impregnation2-4. Effect of Catalyst Oxidizing and Reducing
(A) and depositior-precipitation (B) before and after reduction ~Pretreatments on Cobalt Dispersion and
(reproduced from ref 259 by permission of the PCCP Owner Reducibility

Societies).

/ /

} 2.4.1. Exothermicity of Cobalt Precursor Decomposition
Bezemet®©261 et al. reported the promoting effects of

manganese oxide on carbon nanofiber-supported (CNF) Cobalt precursor decomposition is an important stage in
cobalt catalysts for FT synthesis. Cobalt was introduced to catalyst preparation. The heat released during decomposition
the activated CNF by incipient wetness impregnation; the Of cobalt precursors could affect the structure of cobalt
catalyst systems were promoted with small amounts of MnO. Species in the final catalysts. The significance of decomposi-
XPS and STEM demonstrated that manganese was closelyion of cobalt precursors and its effect on cobalt dispersion
associated with cobalt in both oxidized and reduced catalysts.and reducibility was discussed by Soled and IgléSia.
Manganese retarded cobalt reduction, and the surface of the Cobalt nitrate and cobalt acetate are the most common
cobalt was more oxidic when MnO was added to the precursors for preparation of FT catalysts. Decomposition
catalysts. The catalytic performance was affected differently of cobalt nitrate and cobalt acetate was compared in refs
in FT catalytic tests at 1 and 20 bar. The TOF increased at270 and 271. Decomposition of cobalt nitrate in air is slightly
low MnO contents. At 1 bar chain growth probability endothermic, whereas decomposition of cobalt acetate was
increased, and simultaneously, the product distribution shifted highly exothermié’®2"!(Figure 15). Decomposition of sup-
toward olefinic products at increasing MnO loadings. In the ported cobalt nitrate occurs at 423 K. Decomposition of
experiments at 20 bar,sC selectivity increased first from  supported cobalt acetate proceeds at slightly higher temper-
74 to 78 wt % at 0.03 wt % MnO before decreasing to 52 atures, the principal heat flow peak being located at 493 K.
wt % for 1.1 wt % MnO sample. For silica-supported catalysts, decomposition of cobalt
Mn-promoted cobalt catalysts were also prepared by nitrate at lower temperatures (37823 K) resulted® in
MartineZ%2 et al. using SBA-15 silica as a catalytic support. higher cobalt dispersion. A much smaller effect of the
It was found that promotion of cobalt with ca. 2 wt % Mn temperature of decomposition of cobalt nitrate on cobalt
significantly enhanced cobalt dispersion but decreased itsdispersion was observed in alumina-supported cobalt cata-
reducibility. The Mn-promoted catalysts were less active than lysts!®2 Highly exothermic decomposition of cobalt acetate
the unpromoted ones. Duvenh&@est al. also showed that led to higher fractions of hardly reducible cobalt silicate.
promotion with Mn led to lower reducibility of bimetallic ~ The concentration of cobalt silicate could be significantly
ColFe catalysts and decreased their catalytic activity. More reduced if the decomposition of cobalt acetate was conducted
information about the effect of promotion with Mn on cobalt- at mild conditions. Addition of promoters significantly
based catalysts is available in a recent review by Morales modifies the mechanism of cobalt acetate decomposition. It

and Weckhuyseff was shown, for exampfé? that nitrogen oxides released
] during decomposition of Ru nitrosyl nitrate reduced the
2.3.4. Other Oxide Promoters temperature of decomposition of cobalt acetate.

Other oxides have been evaluated in the literature as .
potential promoters of cobalt catalysts. Guerrero-Bdiet 24.2. Exposure to Syngas and Catalyst Deactivation
al. found that promotion of cobalt and ruthenium/carbon ~ On most cobalt catalysts the FT reaction rates slowly
catalysts with magnesium, vanadium, and cerium oxides evolve with the time on stream. Possible reasons responsible
enhanced the specific activity and selectivity for alkenes and of the evolution of catalytic activity include the following:
long-chain hydrocarbons. The effect of promoting with restructuring of the surface of the cobalt metal phase under
oxides on the dispersion and reducibility of cobalt species the influence of synga¥; oxidation of the cobalt surface
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5 105 of mixed oxides’®! These mixed oxides are barely reducible;
”“j a they exhibit'® high-temperature peaks in the TPR profiles

T 100 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
1% the course of the FT reaction. van St&éshowed that the
tendency to formation of amorphous cobalt silicate increased
1es with increasing the support surface area, the high pH of the
impregnating solution, and the drying/calcination tempera-
10 . r ’ . . v 80 ture. Ming* et al. showed that silica dissolved in water at

323 373 423 473 623 573 623 673 high pH, yielding cobalt silicate species. Cobalt silicates are

Temperature, K also generated under hydrothermal conditions during catalyst
reduction and FT reaction at higher conversion le¢&#
high calcination temperature of catalysts also results in a
higher fraction of cobalt silicate or cobalt aluminate. Several
reportg®0284 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 postulatetf® Three polyforms of crystalline G8iO,
are known?® in all of them Co atoms are located in a
distorted octahedral environment. Tthdorm has an olivine
. . . . . " 8 blue colo?®” and orthorhombic-type structure. TReandy
weoomoo s e, e forms of cobalt silicaté® represent spinel-like (wadsleyite)
emperature, K . .
and spinel structures. EXAFS characterizatibshowed that

nitrate (a) and acetate (b) on silica, Temperature ramp 1 K/min the local structure of cobalt in silicate-type species in silica-

(reproduced from ref 271, Copyright 2005, with permission from sup_ported cobalt catalys_ts was similar to that in orthorhombic
Elsevier). a silicate. Cobalt orthosilicate was also obseffedy XRD

after calcination of cobalt silica-supported catalyst§ at

and/or small cobalt clusters and formation of mixed oxides; 1000 K.
sintering of cobalt particles and sintering and segregation of Several cobalt aluminate structures are known in the
the noble metal promoter; formation of cobalt carbide literature. These compounds usually havé'Cm*",Al, O,
species; contamination by impurities in syngas (particularly (wherex = 0—2) spinel structure. C6 of Co;04 can be
during industrial operation). gradually replaced® by Al to produce the series of

It is usually very challenging to study the structure of C03-sAlO4 (0 < s < 2) spinels. They includ€?**CoAl,Ox,
cobalt FT catalysts that were exposed to syngas. The surfacé&AlO4, and CegQq, etc. CoALO, has the structure of
of FT working catalysts is covered by liquid and solid hormal spinel in which C8 ions are accommodated in
hydrocarbons and usually is not accessible for most in-situ tetrahedral positions while At ions are in octahedral
characterization techniques. Water is one of the major POsitions?®* Co*" could, however, partially substitute Al
products of FT synthesis. The decrease in the FT reactionions in an octahedral position. Generally speaking, cobalt
rate is usually attributed to catalyst deactivation due to aluminate generated during FT synthesis can contaftf Co
oxidation of small cobalt particles by water. Bulk metallic i0ns in tetrahedral coordination and®Alions in octahedral
cobalt is stable to oxidation by water at the conditions typical coordination.
of FT synthesis. Recently performed thermodynamic calcula- Cobalt aluminate compounds could be prepared by dif-
tiong’2 have shown that cobalt metal particles smaller than ferent methods: reaction between Co and Al oxide powders
4—5 nm could be oxidized by water during the FT reaction. at high temperature (1073 ¥§ resulting in a blackish-blue
The probability of cobalt oxidation varies as a function of compound or to 14731573 K?*4 resulting on a bright blue
catalyst support. While for alumina-supported catalysts the pigment; co-precipitation of a mixed aqueous solution of Co
decrease in FT reaction rates has been observed even afteand Al salts and subsequent calcination to 673 and 1073 K,
addition of very small amounts of wat&;2732"*or silica- producing a very dark blue-green-colored oxide matépfal;
supported catalysts several authors claim some incr&z&e calcination of alumina powder soaked in cobalt nitrate
in FT reaction rate at low water levels. Note however that solution to 1473 K, giving blue cobalt aluminaf.The
at high water levels significant deactivation occurs on all compound can be also prepared by calcination of powdered
cobalt catalystd’® Al,Os coated with a thin film of metallic cobalt at 1273 K,

Catalyst deactivation results in formation of nonreducible Yielding the characteristic bright blue color of cobalt alu-
mixed oxides (cobalt aluminate, cobalt silicéitetc.). These ~ Mminate?%’
oxides are produced due to reaction of CoO with the oxide Arnoldy and Moulijr?°® identified on the basis of TPR
support (AbOs, SiO,). The mixed oxides of cobalt and measurements three different phases of cobalt aluminate in
support are often amorphous. This makes it rather difficult Co/Al,O; catalysts. The first aluminate phase consisted of
to characterize these compounds using conventional char-Co*" ions in crystallites of CgAlO¢ stoichiometry or in well-
acterization techniques such as XRD diffraction. Low cobalt dispersed surface species. The second phase consisted of
content and high surface area of supports favor formation surface Cé" ions. The third phase consisted of either surface
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Figure 15. DSC—-TGA curves of decomposition in air of cobalt
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Co?" ions (with more A¥" ions in their surrounding than in
the second phase) or subsurface?Cimns occurring in
diluted C&*/AI®" spinel structures or in CoAD,. Jong-

Khodakov et al.

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

somiji3t et al. showed using Raman spectroscopy that Co the reaction products in the catalyst pores. Kelvin's equation

aluminate could be not identical to Ca@l, (spinel) but is

suggests that capillary condensation would occur at much

a surface compound deficient in Co. The presence of alower partial pressures in narrow pores of the catalyst than
significant fraction of cobalt aluminate in alumina-supported in wider ones. Therefore, narrow pores are more likely to
catalysts can be uncovered by the color changes. Van debe filled by liquid reaction products than wider ones.
Loosdrecht et a?° observed a blue color in the reduced Capillary condensation in narrow mesopores would lead to
samples containing significant amounts of cobalt aluminate. diffusion limitationg”1°due to more difficult access for the
The intense blue color typical of Thenard’'s blue pigment reacting molecules to the catalyst through the-gagiid
was attributed to calcined Co/D,.3%° interface3%®

Deactivation of cobalt FT catalysts could also be due to  The support modifies the mechanical strength of FT
sintering of cobalt particles. This effect is expected to be catalysts. The catalyst solidity is a crucial issue for slurry
more significant on silica-supported cataly¥tbecause silica  FT reactors. The acidity of the catalyst support leads to olefin
is a weakly interacting support. On alumina- and titania- jsomerization, lower chain growth probability, and higher
supported catalysts the probability of cobalt sintering is much selectivity to lighter hydrocarbor§®
lower. . ) A large number of reports have focused on the effect of

Formation of carbide-type species was observed by sypport. Reuel and Bartholomew studied the catalytic activity

Johnson et &% using AES spectroscopy of submonolayer of cobalt-based catalysts as a function of sugpand found
cobalt deposited on the surface after FT reaction. In-situ XRD it to decline in the following order: Co/Ti©> Co/Al,O;

experiments showed tifatthe decrease in the FT reaction > Co/SiQ, > 100% Co> Co/MgO. Iglesid® et al. found

rate over alumina- and titania-supported cobalt catalysts canthat at pressures greater than 5 bar and at high conversions
be attributed to formation of cobalt carbide (Figure 16). the influence of the support on the selectivity in methane
800 and C5t formation could be insignificant.

500}

Let us discuss in a greater detail the support effects in

CoC cobalt silica- and alumina-based catalysts.

2

= 400r } CTQC 2.5.1. Cobalt Catalysts Supported by Conventional

2 300 ..,.J 5 Alumina and Silica

3 0ol 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
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Figure 16. Diffraction patterns of Co/TiQ catalyst: (1) after
reduction in hydrogen and (2) after 180 h in syngas<503 K,

P = 3 bar, H/CO = 9) (reproduced from ref 432, Copyright 2002,
with permission from Oil & Gas Science and Technole@®evue

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. Effist al. studied
the FT activity and selectivity of Co/Siprepared by the
de I'IFP). sol—gel technique in acid and base media. It was found that

. o oo : the activity in FT synthesis increased with the specific surface
CO%’?‘J carbide itself Its (ljn?ctlge in FT. Formation Off cot?[a:t area, and the selectivity for higher molecular weight hydro-
gar It'e ;/_vas suggebs ed to et % ma:Jolr éré‘g‘son of catalyst,, hons was favored in the case of the catalyst with support
eactivation on carbon-supported catalysts: pore diameter less than 4 nm. SAfet al. showed that the
catalyst supported by silica with an average pore diameter
2.5. Support Role and Influence of Support of 10ynm V\IID;S most gctive and selective fgr hpydrocarbons.
Texture Song and L3 also reported similar results for a series of

Both the structure and performance of cobalt catalysts cobalt catalysts supported on silica with different pore sizes.
depend on the catalytic support. The principal function of CO conversion first increased and then decreased with
the catalyst support is to disperse cobalt and produce stabldncreasing catalyst pore size. The-ESelectivity had a trend
cobalt metal particles in the catalysts after reduction. The similar to CO conversion. The catalysts with a pore size of
porous structure of the support could control the sizes of 6—10 nm displayed higher Fischefropsch activity and
supported cobalt particles. higher C5t selectivity.

FT synthesis is an exothermic reaction. Catalytic supports Alumina-Supported Catalysts. Al,O; has been one of
also dissipate the heat released by the FT reaction and thushe mostly used supports for cobalt FT catalysts. Cobalt oxide
reduce a temperature gradient in fixed bed reactors. Thestrongly interacts with this support, forming relatively small
support could also affect the structure and electronic proper-cobalt crystallites. Chemical reaction of small cobalt particles
ties of small cobalt metal particles. Ishin&suggested that  with the support may result in diffusion of cobalt active phase
electron-donor support could enrich in electron density of into alumina and formation of stoichiometric or nonstoichio-
the cobalt active phase and thus ease cleavage of #@ C metric cobalt aluminate spinet&-31Cobalt reducibility is
bond in adsorbed carbon monoxide. The support could reactone of the most important problems of alumina-supported
with cobalt species forming cobalsupport mixed com-  cobalt FT catalysts. Promotion with noble metals can improve
pounds. cobalt reducibility (see section 2.2.1).
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Several methods have been used to improve the properties 3 30
of alumina support. Some of these methods address pre- O FT rate &
treatment of alumina support before deposition of active - OParticle size
phase. Zharf§ et al. reported that pretreatment of,@} oy
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 technigque focused on coating
alumina with a protecting layer. It has been shéWthat
oxidation of cobalt by water at higher carbon monoxide E|
conversions could lead to formation of cobalt aluminate and >
reaction of cobalt ions with trace amounts of organic acids ° T T T 0
present in the reacting media. Deposition of a thin layer of g 10 2 il 40
silica could protect the catalyst from formation of cobalt Pore Diameter, nm
alumi_nate ar]d _thus from loss of the active component du_ring Figure 17. Relation between pore diameters, sizes of supported
reaction. A similar effect was observeq when COb.aIt a.lum'na' Co;04 particles, and FT reaction rates over cobalt catalysts
supported catalysts were promoted with magnesia. Li®tal. sypported by mesoporous silicas (reproduced from ref 270,
demonstrated that formation of cobalt surface phase, whichCopyright 2004, with permission from Elsevier).
interacted strongly with the alumina support, could be
effectively suppressed by modification with a small amount ibility has been generally found for large cobalt particles
of magnesia (0.8 wt %). The activity of magnesia-modified |ocated in large pore supports. Higher cobalt dispersion was
catalyst in the FT reaction increased due to a lower fraction found in periodic mesoporous silicas than in conventional
of cobalt aluminate and an increase in the overall catalystsilica supports. This effect was more pronounced at high
reducibility. cobalt contents. It appears that the narrow pore size distribu-

The support texture represents another tool to control thetion in mesoporous material prevents cobalt particles from
structure, dispersion, and reducibility of cobalt particles. A sintering?70.343
larger size of support pores generally leads to largeOzo The stability of the mesoporous structure in the presence
crystals. Bechara et & found that alumina porosity could  of water is a crucial issue in the preparation of cobalt
modify the catalytic properties through their effects on the catalysts. SBA-15 materials seem to be much more stable
reducibility of active phase. E¥°et al. reported a significant  relative to MCM-41. SBA-15-based materials generally
effect of alumina porosity on the structure of supported cobalt conserve their structure after aqueous impregnation and
catalysts and their performance in FT synthesis. The aluminathermal and mild hydrothermal pretreatments. Our recent
carrier was calcined at different temperatures to obtain arepor3? has shown that introduction of small amounts of
support with different pore sizes. Larger amounts of mi- cobalt via aqueous incipient wetness impregnation could
cropores were discovered in the catalysts prepared by theresult in significant modification in the MCM-41 structure
support obtained by lower temperature calcinaitSrXRD and loss of hexagonal ordering.
and H TPD suggest sintering cobalt metal particles in
catalyst pores, which results in a lower number of active 2.5.3. Cobalt Catalysts on Carbon Supports
sites.

(Iled

O
Particle size, nm

10

Reaction r
|

A drawback of oxide supports (S¥OAIO3) is their
2.5.2. Cobalt Catalysts on Novel Mesoporous Supports reactivity toward cobalt, which could lead to formation of
mixed oxides (aluminate or silicate). These mixed oxides
Novel mesostructured materials with adjustable porous are not active in FT synthesis; they are reducible only at
networks have shown a great deal of promise for the designhigh temperatures. Carbon-based materials could possibly
of heterogeneous cataly$ts;32° semiconductors, low di-  overcome these difficulties. Carbon supports are less stable,
electric devices, and separation processes. The most commohowever, than inorganic oxides. They can gasify in the
2D hexagonal type involves MCM-43-32%6 and SBA- presence of hydroge?
153277329 Their surface areas are approaching 1000gm A few reports have been published about the utilization
the pore size distributions in periodic mesoporous silicas are of carbon as a support for FT catalysts. Vanfficet al.
very narrow??! The pore sizes from 2 to 30 nm can be prepared cobalt catalyst supported by active carbon using
adjusted at the stage of synthesis of these materials usingobalt carbonyl. The catalyst was making only saturated
different surfactants. hydrocarbons and showed good stability on stream. Rela-
Several papers have addressed application of novel metively moderate FT rates over Co/C catalysts were observed
soporous materials as supports for cobalt FT catalysts. Theby Reuel and Bartholome#? The catalytic performance of
catalysts have been prepared mostly by agueous impreg-cobalt catalysts supported on active carbon could be modified
nation?40-336-3% Several authors have also used ethanol by promotion. Addition of K resulted in much lower FT rates,
impregnatiort®2-33the template ion-exchange meth8tigas- whereas promotion with Ce and Zr increased carbon
phase incorporation (cyclooctadiene)(cyclooctenyl)cobalt monoxide conversiof£® In addition, promotion with Zr also
(Co(GsH12)(CgH13)),2% or Co(CO) impregnation from the  led to higher selectivity to heavier hydrocarbéffs.
hexane solutiod* Use of carbon nanofibers as catalyst supports has been
The support texture in novel mesoporous materials rep- addressed by the group of de Jong. Cobalt catalysts were
resents an efficient tool to control the sizes of supported prepared using fish-borne carbon nanofibers. The combina-
cobalt particle$%-23413%2_ arger cobalt particles and higher tion of the high mechanical strength with the high purity of
FT reaction rates have been found in the catalysts preparedyraphitic carbon, the developed surface area, and the meso-
from large pore silica° (Figure 17). Higher cobalt reduc-  porous structure makes carbon nanofibers very suitable for
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supporting heterogeneous catalysts. Cobalt nanofibers are2.5.4. Bimodal Pore Catalysts

weakly interacting supports; good cobalt reducibility was
usually observedt The catalysts could be reduced by syngas
even during FT reaction. The depositioprecipitation
technique allowed making highly dispersed cobalt partiéles
(Figure 18). Because of a weak interaction between the

L .

23\ -0
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).

carbon nanofibers and cobalt, these catalysts were recentl
proposed 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 68 nm (Figure 19). With smaller

100 -

TOF (102 s™)
>
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Cobalt particle size (nm)
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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).

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 reactior®0.261

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 suppFéft3*® 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.
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Figure 20. Pore size distribution in bimodal catalyst support
(reproduced from ref 351, Copyright 2004, with permission from
Elsevier).

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, 35035Fhjis method was based on introduction
of oxide sols (silica, alumina, or zirconia) into large-pore

Ysilica gel with pore diameters of 50 nm to form the bimodal

pore support&!” After impregnation the support was calcined
n 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

L J ..

4 A
S@D

. J

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).

ol AEY

introduced from silica sols formed 6 nm small pores through
condensation of the surface OH groups of silica sol particles
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and narrowing the large pores of silica gel. The obtained Decomposition of these complexes produces cobalt oxide
bimodal support contained both 6 and 45 nm pores. and cobalt metal particles of variable sizes, typically between
The catalytic performance of the cobalt prepared from the 6 and 40 nm. Incipient wetness and slurry agueous impreg-
bimodal support or monomodal silica support is compared nations are most widely used for preparation of cobalt
in refs 351 and 352. For the catalyst prepared from the catalysts. Impregnation with cobalt carbonyls results in
bimodal support, CO conversion was higher and selectivities several cobalt carbonyl species on the surface of the support.
of CHs and CQ were as low as those of the catalyst prepared Decomposition of the carbonyl species usually results in

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

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-

supports with sols of other oxides, e.g., alumina and zirconia. tion procedure.

To prepare alumina gel, the aluminum nitrate is dissolved  The co-precipitation method could produce cobalt particles
in a 0.3 mol/L polyethylene glycol (PEG, average molecular of gjfferent size. Note, however, that a significant fraction
weight of 200) aqueous solution to prepare the polymer o copalt could react with the support during bulk co-

complex solution. After stirring, the solution was impreg-
nated into original large-pore silica gel by the incipient
wetness methot®353Zirconia sol was used in the prepara-
tion of zirconia-silica bimodal catalyst¥'-*5*The catalysts

showed enhanced catalytic performance in FT synthesis.

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

precipitation yielding nonactive cobalsupport compounds.
Depositior-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 sot-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

The important stages for the preparation of cobalt- porosity and texture of the catalysts in addition to the cobalt
supported FT catalysts are displayed in Figure 22. TheseParticle size.

Preparation of eggshell catalysts involves diffusion-limited
repartition of cobalt precursor in a catalyst grain. The depth

I Conditioning, modification and promotion of catalyst support |

of the cobalt layer in the catalyst grain is an important
0 : I .
- parameter, which affects the selectivity of FT synthesis at
IPreparatlon of cobalt precursors, and eventually promoters | the conditions when the rate of the reaction is limited by
{a intraparticle diffusion. In the preparation of monolithic
| Deposition of cobalt and promoters on catalyst support | catalysts, the active phase is deposited either by aqueous (co)-
Iyl impregnation or homogeneous deposition precipitation on
| S a——— | the surface of monolith. Due to the low surface area,
ecomposition of cobalt precursor preparation of monolithic catalysts usually results in rela-
4 tively large cobalt particles. The challenge is to obtain the
| Oxidative or reducing pretreatments (optional) | monolithic catalyst with high cobalt content and high cobalt
a 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-
stages include conditioning, modification, and promotion of Phine, and products of their decomposition could irreversibly
catalyst support, preparation of cobalt precursors and eventuontaminate the final catalysts and alter their catalytic
ally promoters, followed by deposition of cobalt and promot- Performance. Use of the solvated metal atom dispersion
ers. Decomposition of cobalt precursor is an important stage (SMAD) method for preparation of cobalt-supported catalysts
in catalyst preparation. Several preparation routes requiremains at the present time largely exotic. The chemical
catalyst oxidative and reducing pretreatments and catalystvapor deposition method produces a uniform distribution of
passivation. The catalytic performance of FT catalysts is cobalt precursor on the surface of the support. The maximal
finally adjusted during the reactor start up and on-stream deposited amount of cobalt precursor depends on the
during the FT reaction. The important point is to empha- concentration of hydroxyl groups in the support. Decomposi-
size that a catalyst for FT synthesis is a result of the tion of the preadsorbed cobalt precursors is a crucial
whole preparation procedure and each preparation step doeparameter in the CVD method and usually leads to small
matter in attaining the desired and lasting catalytic perfor- cobalt oxide particles and a significant fraction of cobalt
mance. support mixed oxides. The plasma-based methods allow
Let us compare different preparation routes of cobalt- deposition of cobalt species via the plasma spray method
supported FT catalysts. Impregnation with solutions of cobalt @nd also optimize the conventional preparation procedures.
nitrate results in interaction between cobalt complexes and P€composition of cobalt precursor in the glow discharge
the support surface. In aqueous cobalt nitrate solutions thet€chnique could influence the nucleation and growth of cobalt
pH is relatively low. Cation adsorption could be rather limited ©Xide particles in the catalysts and thus enhance cobalt
at these conditions because of the repulsion betweendispersion.
positively charged cobalt cations and the positively charged Promotion of cobalt-supported FT catalysts with noble
surface of the supports such as alumina, silica, and titania.metals and oxides influences a number of catalyst properties.

I Start up of FT reaction and modification of FT catalyst in syngas |

Figure 22. Principal stages in the preparation of cobalt-supported
FT catalysts.
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The presence of promoters affects different catalyst prepara-complexes are blue colored. The pink color corresponds to
tion stages from deposition of cobalt active phase through the absorption band at 5610 nm in the U\~vis spectra,
reduction and evolution of catalyst structure and catalytic which is attributed to &Tio(F) — “T14(P) transition in
performance during FT synthesis. It could result in new octahedral high-spin Co6 complexes. The intensity of the
active sites related to the promoter. The most common bands attributed to tetrahedral-coordinated cobalt complexes
promotion of cobalt FT catalysts involves noble metals (Pt, is usually at least two orders of magnitude highet®Sthan
Ru, Re, Pd, etc.). The important issue of promotion is its those of octahedral-coordinated cobalt ions. Thus, the blue
cost. Promotion with noble metals could significantly color of the sample does not necessarily mean that the
increase the cost of the catalysts and affect the economiccatalyst contains only tetrahedral Lospecies; some con-
efficiency of the overall FT technology. centrations of cobalt octahedral complexes cannot be ex-
In all preparation methods the catalytic behavior of the cluded. CgO4 can be detectéd2853573%8n the UV—vis
final catalysts strongly depends of catalyst pretreatments. Thespectra by two very broad UWis bands at about 460
oxidative and reductive pretreatments convert cobalt precur-480 and 706760 nm. These bands are assigtig#°to the
sor into active cobalt surface sites for FT synthesis. Though ligand—metal charge transfers?0-Cc** and G~ —Co*,
the pretreatment procedures should be adapted to eactiespectively. In small G, particles these bands could be
catalyst synthesis method, the general recommendation isshifted® to lower wavelengths (blue shift) due to the
to conduct the pretreatments at relatively lower temperatures.quantum size effect of nanocrystals. A different interpretation
Higher calcination and reduction temperatures673 K) of the broad bands at 450 and 700 nm of;Qpwas
could result in formation of cobaitsupport mixed oxides  suggested by Wodet et al. These bands were attribut&d
and sintering cobalt particles. The rapid temperature rampingto the Ay — Tpq and Ay — Ty transitions of octahedral-
could increase the rate of heat release and water partiaicoordinated C¥ ions in CqO,. The presence of cobalt

pressure and thus also affect the number of cobalt activesilicate in the calcined catalysts could be detected by the
sites. presence of bands characteristic of cobalt ions in much

A large number of publications have shown that the distorted envirionment¥?
chemical composition of catalytic supports significantly =~ UV—Vis spectroscopy has been used to study cobalt
influences the extent of metal reduction, morphology, coordination in FT catalysts. It was foud§el that before
adsorption, and the catalytic properties of the active phase,calcination in the catalysts prepared from cobalt nitrate,
especially in well-dispersed catalytic systems. Alumina- cobalt kept predominately octahedral coordination. The local
supported catalysts generally exhibit higher cobalt dispersioncoordination of cobalt in silica-supported samples prepared
but lower cobalt reducibility than silica-supported ones. The by ion exchange changed from octahedral to tetrahedral after
probability of formation of mixed cobalt oxides also depends grinding, while in the samples prepared using impregnation
on the type of support. The support also plays an important with cobalt nitrate, no change in cobalt coordination was
role in the mechanical stability of cobalt catalysts and observed. CgD, was the major phase present in cobalt
influences dissipation of heat in fixed bed reactors. The catalysts prepared from cobalt nitrate, while tetrahedrat Co
texture of the support represents an important tool to control Species were dominant in the cobalt acetate derived samples.
cobalt dispersion. Narrow pore supports generally lead to Our recent repott! is consistent with this observation.
small cobalt metal particles, while larger cobalt particles UV —vis spectra of impregnating cobalt nitrate and cobalt
could be more easily obtained in large-pore supports. acetate solutions and dried and calcined CojSi@alysts
Bimodal supports have shown promising results for prepara- are shown in Figure 23a and b. In the solution of both cobalt
tion of cobalt catalysts. In these supports high cobalt salts Cé" ions have octahedral coordination. After deposition
dispersion could be obtained via anchoring cobalt particles on the silica surface via incipient wetness impregnatiord Co
within small pores, while diffusion of reagents and product also keeps mainly octahedral coordination. After calcination,

could proceed very rapidly in larger pores. in the nitrate-derived samples cobalt was detected by
UV —vis spectroscopy as @04, whereas in acetate samples
3. Comparative Analysis of Characterization most of the cobalt is situated in the form of amorphous cobalt

Techniques of Cobalt-Supported Fischer ——Tropsch silicate. Efficient control of heat release during the decom-
Catalysts position of cobalt acetate could potentially increase the

concentration of the GO, phase’*
Catalyst characterization provides important information
about the structure of cobalt FT catalysts and their precursors.3-1.2. FTIR Spectroscopy

Catalyst characterization allows identification of the active  F7|R spectroscopy yields three sets of important charac-
sites for FT reaction and reveals possible routes for optimiza- terization data: about the structure of supported cobalt
tion of catalyst structure. A wide range of physical and qxides, about surface sites, and about the nature of the
chemical techniques has been used. In many cases, catalysgaction intermediates. Let us discuss them separately.
structure cquld be _mvestlgat_ed d_urlng different pretreatments  ~p .- arization of Supported Cobalt Oxides.C0;0;

and catalytic reaction under in- situ and operando conditions. in the calcined silica-supported catalysts was deté@tesing

The paragraphs below address ‘f"dvances' challenges anQTIR spectroscopy by the band at 660 and a broad feature
uncertainties of catalyst characterization. at 570-600 cm® corresponding* 37 to metat-oxygen
. stretching vibrations from cobalt tetrahedral and octahedral
3.1. Optical Spectroscopy sites (Figure 24). Though it can be difficult to differentiate
Vi between the spectrum of pure £ and that of CeO, with
3.1.1 UV-Visible Spectroscopy CoO impurities, the vibration bands at 450 and 323 tm
Cobalt cation complexes are usually colored. Octahedral which appear after treatment of &, at elevated temper-
Co?* complexes have a pink color, while tetrahedraPCo  atures, are probably relatééito CoO.
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470 730 nm most common molecular probe to study the nature of surface
a . y 4 sites in cobalt catalysts. The structure of carbon monoxide
complexes on the surface of cobalt-containing catalysts has
g been addressed in a large number of publications.
g V3 Several complexes of carbon monoxide with surface sites
2 were detected® 363378375 carbon monoxide species linearly
3 510 nm adsorbed on cobalt metal sites; bridged CO species on metal
3 ] sites; carbon monoxide adsorbed orfCand CG* ions on
Ig Lewis acid sites; formate, carboxylate, and carbonate species
< localized on the catalytic supports’’®Modification of cobalt
2 catalysts with different promoters could result in the appear-
ance of additional FTIR bands, which are associated with
' . ' 1 CO complexes with these promoters. The position of the
350 450 550 650 750 FTIR maxima depends on the nature of the cobalt species
Wavelength, nm and support. Table 4 presents a brief summary of the spectral
Table 4. Assignment of FTIR Bands of Carbon Monoxide
b Adsorbed on Co-Supported Catalysts (adapted from refs 73 and
372)
s 9 wavenumber,
- species cmt
c
i—’ 8 unidentate carbonate vC—0O 1040-1080
E e~ ] 1,CO0 13206-1390
‘E{, 510 nm 1200 1466-1530
= 7 carboxylate vsCO0 1390
g 1200 1586-1590
x 5 formate Xelele) 1360-1400
1200 1606-1625
bicarbonate 1230
5 1430
; : ; ) 1650
%0 0 ij;’,ength, nm o0 7o carbonyl, single Co site  Ce-CO 2050-2070
. - . (“nontilted” or on Co™)
Figure 23. UV-—visible spectra of cobalt precursors and silica CcP—Co 1996-2030
catalysts prepared using impregnation with cobalt nitrate (a) and Ct—CO 2156-2160
cobalt acetate (b): impregnating cobalt nitrate solution (1), silica Al¥—CO, CG+*—CO 2180-2200
after impregnation with cobalt nitrate and drying (2), samples pridged carbonyl CoCO-Co 1800-1950
calcined in air at 373 (3) and 673 K (4), impregnating cobalt acetate 3- and 4-fold hollow 1800
solution (5), silica after impregnation with cobalt acetate and drying positions
(6), and samples calcined at 443 (7), 493 (8), and 673 K (9)
(reproduced from ref 271, Copyright 2005, with permission from . ) i
Elsevier). properties of carbon monoxide complexes in cobalt catalysts.
Typical spectra of CO chemisorbed on several cobalt
1.4 catalysts are shown in Figure 25. CO complexes with"Co
12} 5
1.0} 0.15 -
% osl 0,10__ ()
£ o6} ® 005
< 0.4 B g .
02} S -0.0s[
\/\/\ < I (b)
0.0 . L -010L
500 600 700 800 I
Wavenumber, cm-! -015L (a)
Figure 24. FTIR spectra of CgD, supported by silica (reproduced -0.204
from ref 363, Copyright 1997, with permission from Elsevier). 095t | | | | |

. - . . 1400 1600 1800 2000 2200 2400
Cos0, was also identifietf® by FTIR in precipitated

Co—2Zr0O, catalysts. Amorphous ZrOdid not show any Wavenumber (em'!)
remarkable adsorption. For E@rO, catalysts, bands at 660 Figure 25. FTIR spectra of carbon monoxide adsorbed on 17 wt
and 574 cm?! appeared when the Co content exceeded 20 % Co/ALO;s (a), 12 wt % Co/TiQ (b), and 23.4 wt % Co/SigXc)
mol % and intensified with the further increase in Co content. &%?:éﬁgtigx (fc?;?nele;%ir;tz %"; O_A’Sg(r’rﬁgg)(gép%%%acreeddﬂg?n
The appearance of @0, FTIR banqls Wa_s indicative of the ref 284, Copyright 1999, with pefmission from Oil & Gas Science
presence of rather bulky @0, particles in the catalysts. and Technology-Revue de I'FP).

Characterization of Cobalt Surface Sites by Adsorption
of Carbon Monoxide. FTIR spectroscopy coupled with  cations and Lewis acid sites usually yield FTIR bands at
adsorption of molecular probes is a powerful technique for 2170-2220 cm®. The bands of CO complexes with €o
investigation of the catalyst surface. Carbon monoxide is the ions are situated at 215@170 cnt'. The CO frequency in



1714 Chemical Reviews, 2007, Vol. 107, No. 5 Khodakov et al.

these complexes is very closeitgo in the gaseous phase; of the metallic cobalt. The presence of hydrogen on the
at the same time, these complexes have a significantly highersurface of the metal particle could increase the availability

stability than the physisorbed CO species. of d electrons for back bonding from the metal to the
The bonding mechanisfi between CO and metallic adsorbed CO. This would decrease the energy 6fOC
cobalt involves electron transfer from the C@)®rbital into bonding and thus result in a lower CO frequency. Ji&hg

the empty bands of the metab (donation) and electron €t al. reported a higher intensity of the CO band at 2015
transfer from the occupied bands of the metal into the cm™* after CO adsorption on Co- and CoMn-precipitated
CO(27*) orbitals (z back-donation). Adsorption usually catalysts in the presence o ldt pressures up to 1.5 MPa.
proceeds via the C atom. The complexes of CO with metal The authors suggest that the influence of éh carbon
particles produce FTIR bands at 1990100 cn1l. Khassir? monoxide adsorption on cobalt catalysts could explain these
et al. tentatively attributed the FTIR bands at 192040 phenomena. Different chemisorbed oxygenated species were
cm 1 to linear Co-CO complexes, while the FTIR bands at  uncovered on cobattmanganese catalysts during &hd CO
2050-2070 cntt were assigned to the “tilted” CO molecules coadsorption at a wide range of temperatures.
with a Co-C—0 angle much smaller than 180The FTIR FredrikseR8*38et al. studied hydrogenation of CO over
bands at 20502070 cnt! could be also attributed to CO  supported cobalt alumina and silica catalysts using in-situ
molecules adsorbed on Copartially charged cobalt metal ~ FTIR spectroscopy and gravimetric analysis at B bar,T
atoms378 In this case, the positive charging of cobalt metal = 473-723 K, and H/CO = 2—-3. On both silica- and
particles could be related to their interaction with hydroxyl alumina-supported catalysts FTIR absorption bands corre-
groups, Lewis acid sites, or Co cations on the catalyst surface sponding to linearly adsorbed CO on metallic cobalt were
In the CO complexes with metal particles the position of ©observed. Bridged CO complexes were detected on alumina-
FTIR band varies as a function of carbon monoxide coverage SUPported catalysts. Conducting the FT reaction leads to the
due to the well-known effect of long-range dipelgipole appearance of absorption bands corresponding to both
interaction between CO molecul#§the vco bands shiftto ~ adsorbed hydrocarbons (3058700 cmi®) and oxygen-
lower frequencies at low CO coveragi¢— 0). The FTIR  containing species (186200 cm™).
bands at 19501800 cn1! are usually attributed to the
bridged carbon monoxide complexes, which involve adsorp- 3.1.3. Raman Spectroscopy
tion on several cobalt atoms. Carbon monoxide adsorption Similarly to FTIR, Raman spectroscopy allows identifica-
on the supports, especially on basic oxides,@3) ZrO,), tion of different cobalt oxidized species in cobalt catalysts.
yields different formate, carboxylate, and carbonate spe- Most conventional catalytic supports 8, Si0,, MgO)
cies?’® These species exhibit FTIR bands in the 160600 are weak scatters and do not produce any distinct Raman
cm ! spectral region. bands. This facilitates selective identification of supported
The carbon monoxide complexes with different surface cobalt oxides using Raman spectroscopy.;@odis-
sites differ in their stability. Therefore, a stepwise decrease Plays®**'%in the Raman spectra a set of bands at 684, 615,
in carbon monoxide pressure and increase in temperature 013, 477, and 194 cm. Due to its high sensitivity, the
catalyst evacuation could allow separation of different ad- Raman technique could also detect the presence of cobalt

sorbed CO species and selective observation of the mostMixed oxides (cobalt aluminate, cobalt silicate). Cobalt
stable ones. aluminate (CoAdO,, spinel) exhibits® intense signals at 198,

Carbon monoxide chemisorption of cobalt catalysts pro- 480, 519, 6:'1-9’ and 690 crhand two weak bands at 412
vides valuable tools to follow the genesis of cobalt metal @nd 753 cm* (Figure 26).

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.
Co,0, (spinel)

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 €oand C&* ions CoO
o

and very intense bands of CO chemisorbed on metal particles & K
indicateé®® a high extent of cobalt reduction. It was also €
suggestet® that the intensity ratio of the bands attributed
to the linear (19962100 cn1?) and bridged carbon mon-
oxide complexesuco 1800-1950 cnm?) 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 FT900 800 700 600 500 400 300 200 100 O -100 -

CoAlLO, (spinel)

T T T T T T T T T ¥ T

reaction. Carbon monoxide has very intense FTIR bands; Raman Shift (cm™)
the presence of hydrocarbon intermediates could be also
identified by the stretching €H bands at 28003100 cnt™. Figure 26. Raman spectra of cobalt reference compounds (repro-

. . . duced from ref 231, Copyright 2004, with permission from
Earlier experiments have shoth**that coadsorption of  gisevier). pyng P

carbon monoxide and hydrogen on supported cobalt catalysts

results in a red shift of the CO stretching band compared to  The structure of cobalt catalysts during different pretreat-
a hydrogen-free system. The lower CO frequency was ments can be also followed by Raman spectroscopy. Led-
attributed to electronic modification of surface sites and ford?*” et al. studied the effect of promotion with La on the
weakening of CO bonds due to a higher electron dative effectintensity of CaO, Raman bands. It was found that the
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intensity of C@O, lines was independent of La content up angle. In this expression either the full-width half-maximum
to a La/Al ratio of 0.026. For higher La contents, the intensity (FWHM) or the “integral width” (area under diffraction peak
of the Ca0O, Raman lines decreased with an increase in La divided by peak maximum) can be us&dor definition of
content. In the oxidized mixed SHTiO, cobalt catalysts, = peak breadth. The value of the Bragg consta®d) \yill

the Ca@0, phase was identifié® by Raman spectroscopy depend®on the definition of3. The uncertainty in measuring

in addition to anatase Tiphase. Madikizela and Coville the sizes of cobalt crystallites using the Scherrer equation is
found®” that promotion of Co/TiQ@catalysts with Znled to  often due to the fact that in the catalytic community some
broadening of C¢D, Raman lines without affecting their  authors evaluate the crystallite sizes using FWHM whereas
intensity. Jongsomfit® et al. showed that in oxidized Co others calculate the crystallite the size using the integral
and CoRu/AJO; catalysts cobalt was primarily present in - width. A multimodal distribution of crystallite sizes and
the form of C@O,. After reduction, the Raman bands of indistinct decomposition of the XRD signal arising from
Cos0; totally disappeared. This suggests transformation of Co;O, and catalyst support could also undermine the
supported CgD, to metallic cobalt. Passivation of the accuracy of particle size measurements.

reduced catalysts resulted in new broad Raman bands at 400 \hijle XRD peak broadening with a conventional diffrac-
and 750 cm*. The authors attributed them to oxidized cobalt tometer is noticeable with crystallite sizes smaller than-100

species “strongly interacting with alumina” different from 200 nm, evaluation of crystallite particle size provides

the reference cobalt aluminate. relatively accurate data in the range ofZ6 nm. For very
) ) small and very large crystallites, the accuracy in measuring
3.2. Diffraction Methods crystallite sizes is significantly lower. The XRD technique

X-ray diffraction (XRD) is a method of long-order is not very sensitive to the presence of very sn_1a|| crystallites
characterization of solids and heterogeneous catalysts. Cobalff cobalt oxides £2—3 nm); the peaks are getting too broad
sites involved in FT synthesis are usually situated on the {0 be identified and measured.
surface of relatively large crystalline cobalt metal particles It is important to note that broadening XRD lines could
(>6 nm). Thus, the XRD method can be helpful for be related to not only a finite size of crystallite but also the
identification and characterization of the FT active phases presence of strained and imperfect crystals. In this case the
and their precursors. In-situ characterization of cobalt- particle size calculated using the Scherrer equation without
supported catalysts using XRD leads to precious information any corrections would be much smaller than the real sizes
about cobalt dispersion and reducibility during different of cobalt oxide particles. Note that size broadening is
catalytic pretreatments and under FT reaction conditions. Inindependent of the order of reflection, while strain broaden-
addition, the XRD method could detect phase transitions anding is order dependent. The Warrefiverbacli®®and Hal-
phase modifications of the supports, which exhibit distinct Williamsor#** approaches allow separation of broadening due
XRD patterns such as alumina, titania, and novel mesoporousto the finite size of crystallites and strain. The details of these
materials (SBA-15, M41S, etc.). The following sections approaches are available in previous publicat®h8? XRD
address different aspects of application of XRD for both ex- has been used to evaluate the crystallite sizes in most of
situ characterization of cobalt phases and catalyst supportgoublications about FT catalysts; we did not find, however, a
in the oxidized cobalt catalysts and in-situ characterization significant number of reports which focus on the detailed

of cobalt phases during reduction and the FT reaction. analysis of XRD line broadening due to size and strain
effects.
3.2.1, Ex-Situ Characterization of Cobalt Phases and In several publications cobalt dispersion was estimated not

Catalytic Supports from the sizes of metal particles but from the sizes of@o
Oxidized cobalt catalysts supported by porous oxides crystallites measured by the Scherrer equation. According
typically contain CgO4, CoO, intermediate cobalt oxides to the relative molar volumes of metallic cobalt and;Cg
(Co304-y), mixed cobalt-support oxide phases (cobalt alu- the diameter ) of a given CgO, particle could be
minate and silicate), and possibly nondecomposed cobaltconverte@®3% to the size of metallic cobalt:d(Cd’)=
precursors. Among all these compoundsz@oand CoO 0.75dC0304). This method generally provides a reasonable
crystallites always exhibit well-defined XRD patterns. In estimation of cobalt dispersion. Some limitations of this
some cases, XRD patterns attributed to mixed cetsalpport approach, however, should be taken into consideration. First,
oxides and cobalt precurséfscould be observed, but often  this approximation suggests that large and small particles of
the mixed oxides are amorphous and do not produce anycobalt oxide have the same reducibility. Previous re-
distinct XRD lines. Some XRD lines could also be attributed portg%8:3633%3%haye shown that smaller particles of cobalt
to the catalytic supports. oxide are much more difficult to reduce than larger ones.
XRD is commonly used for identification of cobalt crystal- This could lead to underestimation of the sizes of cobalt
line phases and evaluation of the crystallite sizes using themetal particles using the method based on the average size
Scherrer equation. Let us briefly discuss the particle size of cobalt oxide particles. Secondly, the approximation
analysis from XRD data. Broadening of the XRD lines is assumes that decreasing the particle diameter during catalyst
caused by structural imperfections of the sample. It has beenreduction proceeds according the molar volume. Ca¥ther
shown that the angular breagifof a diffraction line is given et al. showed that the decrease in the volume of silica-

by supported cobalt oxide particles after reduction could vary
between 30% and 50%.

f= CA In addition to characterization of different cobalt species,

L cos6 XRD also provides information about long ordering in the

catalytic supports. Different forms of titania and alumina,
whereC is a constantd is the X-ray wavelengthl. is the zeolites, and novel mesoporous materials (SBA-15, MCM-
volume-averaged size of the crystallites, #hid the Bragg 41) exhibit intense XRD patterns. XRD could be used to
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follow transformation of these phases and formation of mixed co
oxides (cobalt silicate, cobalt aluminate). XRD, for example, 3000
showed®that in impregnated cobalt catalysts supported by
TiO,—SIiO;, all titania was present in the form of anatase. -
No phase transformation from anatase to rutile occurred ?2000 i Co0
during catalyst preparation. Formation of cobalt silicate was 2
detected in the XRD patterns of the used Co/Z8ID,
catalysts by Che®® 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 [ 1
showr¥#®? that SBA-15 silica is much more stable than MCM- 0 - ) - N .
41. Wang® et al. showed that addition of 20% cobalt via a0 60 __ 80 __ 100 _ 120
aqueous impregnation did not affect the intensities of small 20

angle XRD peaks typical of SBA-15 structure, while the _. . . .
: ; Figure 27. In-situ XRD patterns of Co/Si@catalyst measured in
d(100) spacing decreased slightly from 9.9 to 9.3 nm. Our hydrogen at room temperature (1) and 473 (2), 573 (3), 623 (4),

recent reporf8>3*are also consistent with those results. It ang 723 (5) K (reproduced from ref 363, Copyright 1997, with
was found that the hexagonal SBA-15 structure did not permission from Elsevier). The patterns are offset for clarity.

collapse at cobalt loadings up to 30 wt %.

Panprand®® et al. found that the intensity of the MCM-  direct reduction of nondecomposed cobalt nitrate resulted
41 (100) XRD peak decreased after reduction and droppedin a higher fraction of cobalt hexagonal phase. More cobalt
considerably after conducting the FT reaction for 24 h. These hexagonal phase has been obtained after reduction of
observations were attributed to partial collapse of the MCM- zirconia-supported catalysts. The catalysts containing hex-
41 structure in the presence of water vapor generated duringagonal cobalt phase were fo#Ado be more active in FT
reduction and the FT reaction. Concepeéf§ et al. studied  synthesis than those containing cubic cobalt metal phase.
Co catalysts supported on ITQ-2, ITQ-6 zeolite-derived  The FT reaction could also have a significant impact of
mesoporous materials, and MCM-41. The ordered mesopo-the fraction of different cobalt phases. Coll&yet al.
rous structure of the MCM-41 support was found to be identified, using in-situ XRD, formation of the new bcc
preserved after Co loading using ethanol impregnation, ascobalt phase on Co/AD; and Co/MnO catalysts during FT
indicated by the presence of the small angle XRD peaks. synthesis using syngas with a low/80 ratio. Ducreu®
Partial collapse of the cubic MCM-48 structure was observed et al. observed formation of crystalline cobalt carbide (§oC
by Li%® et al. after modification with cobalt via aqueous on alumina- and titania-supported catalysts, whereas on
impregnation. The intensity of the XRD patterns attributed silica-supported catalysts no visible phase transformation
to mesoporous structure also decre&Seafter conducting occurred. Formation of cobalt carbide in the catalysts does
FT synthesis on cobalt catalysts supported by zirconium- not result in new active sites but leads to catalyst deactivation.
containing mesoporous silicates. It was showrf%* however, that reduction of supported cobalt

In addition to characterization of cobalt and support phases, carbide during catalyst regeneration selectively yielded cobalt
XRD also yields information about the build up of heavier hexagonal phase, which had a higher activity in FT synthesis
hydrocarbons on the catalyst surface during the FT reaction.than the cobalt cubic (fcc) metal phase. Thus, formation of
The presence of wax was observed by Becléarand cobalt carbide could be considered as a technique to prepare
Ohtsuk&@®” in the XRD patterns of cobalt catalysts after cobalt catalysts which contain high fractions of cobalt
conducting the FT reaction test. hexagonal metal phase.
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3.2.2. In-Situ XRD Catalyst Characterization 3.3. X-ray Photoelectron Spectroscopy

Most of the XRD characterization studies have been XPS has been primarily used for identification of different
carried out using either oxidized or passivated cobalt phases of cobalt (G&s, CoO, metallic cobalt, and mixed
catalysts. Note, however, that ex-situ data about the disper-oxides) and evaluation of cobalt particle sizes after different
sion of cobalt metallic phases and cobalt reducibility might catalyst pretreatments. XPS spectra of promoting elements
be not very accurate because of easy reoxidation of cobalt(Mn,254261 zn 405 P06 Ry 211 Pd 497 Cu 08409 La?47) could
species in the presence of air. Only in-situ XRD data could also provide valuable information about the cobaitomoter
probably yield reliable data about the structure of cobalt interaction and chemical composition of the surface.
active phases present in the reduced and working catalysts. Conventionally, XPS operates at ultrahigh vacuum (UHV)

In-situ XRD data showe®4%1that reduction of C¢D, pressures (lower than 1®mbar) since the emitted photo-
under hydrogen proceeds via intermediate formation of CoO electrons are strongly scattered in gaseous phase. In these
(Figure 27). Even heating supported particles of@on measurements the surface of cobalt catalysts can be cleaned

nitrogen resul®2in Co;0, decomposition and CoO forma- from oxide films, contaminants, and reaction products (in
tion in silica-supported catalysts. In the reduced catalysts in-the catalysts after catalytic t8¥) by argon and helium
situ XRD allows identification of cobalt cubic and hexagonal sputtering*'1412 Argon sputtering also allows the structure
phases. Srinivaséit et al. identified both fcc and hcp  of the catalyst subsurface layer to be uncovered and the
crystalline phases of cobalt on silica after reduction, while a structural changes in the catalysts after different pretreatments
considerable concentration of hexagonal close-packed planeso be revealed.

were faulty. Enaché et al. showed that reduction of It has been shown, however, that the structure of the
crystallized CgO, particles supported on zirconia and surface layer can be modified under vacuum and thus might
alumina led to predominately cubic cobalt metal phase, while be not relevant to the surface of real working catalysts. To



Development of Novel Cobalt Fischer—Tropsch Catalysts Chemical Reviews, 2007, Vol. 107, No. 5 1717

overcome these limitations, high-pressure XPS chambersstudy the inhibiting effect of promotion with zircorifdand
were designed in the late 19788Note, however, that even  magnesié® on formation of unreactive cobalt aluminate
in the high-pressure XPS set up the pressure in the measurephase in alumina-supported FT catalysts. XPS was also used
ment chamber should not exceed several Mifat!® by the group of Davi&%424to identify the presence of cobalt

Thus, XPS is not well suited for in-situ and operando aluminate phase in FT catalysts. Unfortunately, it is very
experiments. The catalyst pretreatment, however, can bedifficult to distinguish from XPS data between CoO, cobalt
carried out at “semi-in-situ” conditions, i.e., the sample can precursor (cobalt nitrate, etc.), and mixed cobalt oxides
be reduced or exposed to different gases in the pretreatmentaluminate and silicate).
chamber of the XPS spectrometer before being transferred XPS also provides valuable information about cobalt metal
to the measurement chamber under vacuum or inert atmo-phases. Cobalt metal phase in cobalt-supported catalysts is
sphere without any exposure to air. Most currently this identified in the XPS spectra by Co 2p binding energies (Co
approach has been used to follow the reduction of cobalt 2p;, = 778 eV) and spirrorbital splitting (15.0 eV}6:425
species. XPS allows evaluation of the extent of cobalt The fraction of different reduced and oxidized cobalt phases
reduction after treatment in hydrogen in the pretreatment present in the catalysts can be calculated from decomposition
chamber of the XPS spectromet&270271This technique  of XPS spectra using the spectra of reference compounds.
was also used by Hilmen to study the effect of water on the For decomposition of XPS spectra, the spectral background
oxidation of alumina-supported cobalt particlésXPS can is typically subtracted using the Shirley mod&Then the
be also used for measuring cobalt catalysts, which weremodel XPS spectra of reference compounds are used in
reduced and exposed to syngas. decomposition of the XPS spectra of cobalt cataly$t&'3

In the XPS spectra of cobalt FT catalysts Co 2p XPS lines XPS data also allow evaluation of cobalt particle sizes
are usually the most intense; they are most commonly usedusing the KerkhofMoulijn and Kuipers models. The
for catalyst characterization (Figure 28). Co 3p XPS spectra Kerkhof—Moulijn model?” assumes a uniform distribution
of Co particles in catalyst grains, a low content of promoter,
and a high specific surface areal00 n¥/g) of the support.
The Kuipers modéf®+2%s 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

sat,
a
M the results of other characterization techniques. Several
b
C

Co 2py,

Co 2py,

sat.

Intensity (a.u.)

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

— ——t — of Coz04 particles evaluated from XRD were much larger
810 805 800 795 790 785 780 775 770 than those calculated from XPS using the Kerkhigoulijn
Binding energy (eV) method??° The validity of the Kerkhof-Moulijn model rests

Figure 28. Co 2p XPS spectra of oxidized Cosl; catalysts with on the assumption of a uniform distribution of the supported
different cobalt contents (a) 9, (b) 16, and (c) 25 wt % (reproduced phase between the bulk and outer surface of catalyst grains.
from ref 397, Copyright 1999, with permission from the American Previous work®® however, showed that impregnation of
Chemical Society). At higher cobalt contents, the spectra are similar sjlicas followed by calcination could lead to enrichment of
to _Cc_>3,04; at I?wer c_oba_lt contents, the satellite structure charac- C0;0; particles on the exterior of SiOgrains. A higher
teristic of C&" species is observed. concentration of CgD, near the outer surface of catalyst
grains would result in a higher intensity of the Co 2p XPS
signal and, therefore, to underestimating@Q.pparticle sizes
using the KerkhofMoulijn model.

are much less intengé? 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. } ;
Cao30, is usually identified by the Co 2p XPS peak at about EQAéSr)ay Absorption Spectroscopy (XANES and
780 eV, the spir-orbital splitting is 15.1 eV. Only very weak
shake-up satellites are present in the Co 2p XPS spectra of X-ray absorption spectroscopy (XAS) is a powerful
Cao;04, Which are centered at approximately 789.5 and 804.5 method of local order characterization in catalytic systems.
eV, about 10 eV from the main bantf8.The C&" species XAS has been extensively used for identification of the type
(CoO, cobalt silicate, cobalt aluminate, etc.) exhibit XPS of neighboring atoms, measuring interatomic distances, and
peaks at 797 and 804 eN'#20-422the spit-orbital splitting evaluation of coordination number and structural and thermal
is 15.7 eV422 The main Co2p, peak of C8" species shifts  disorder. The rapid expansion of XAS is due to the growing
to higher binding energies (78282.4 eV) relative to the  availability of synchrotron radiatiof$! XAS incorporates the
spectrum of CgD,4. The XPS method was used by Xiongto XANES and EXAFS techniques. EXAFS carries information
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on the short-range order around a target at&#fe3This is 6 e T T y—
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- n
tron-based XANES and EXAFS are well suit&e*® for
determining local structures of amorphous and polycrystalline
materials*®® Since the pioneering work of ToHj#/ 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. Bazif# et al. demonstrated the feasibility of
extracting information about the structure of Co silica-
supported catalyst from cobalf; land cobalt L, 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 R(A)

of this approach for in-situ experiments. Figure 29. Simulated FT moduli of cobalt fcc, hep, andnetallic
Several difficulties in evaluating the phase composition phases (reproduced from ref 436, Copyright 2004, with permission
of cobalt FT catalysts from XANES and EXAFS should be from Elsevier).

take_n mFo _con3|derat|on. ) _ . intensity, and no obvious peak is observed in the fourth
First, it is known that the relative fraction of different o rgination shell. In the fcc cobalt phase the fourth peak is
cobalt phases present in the catalyst can be measured fromaiher intense due to the multiple scattering. Provided that
decomposition of near-edge X-ray absorption (XANES) e cobalt metal phase is well crystallized, identification of
using X-ray absorption data of the relevant reference e fec and hep cobalt phases could be done using the fourth

compounds. Note, however, that very often the structure of ¢, dination shell. In real disordered catalytic systems the
amorphous cobalt silicate or cobalt aluminate is uncertain. accuracy in evaluation of the fraction of different cobalt

This limits the information which can be obtained using the | atallic phases from EXAFS using the third and fourth
XANES spectra of reference crystalline cobalt aluminate and .y orgination shells is relatively low. The EXAFS Fourier
silicate. Secondly, it is known that EXAFS is very sensitive {ansform modulus of the-cobalt phase is much different
to the presence of heavy atoms in the cobalt coordination .o m that of hcp or fce cobal® The magnitude of all peaks
sphere, Whil_e the contribution arising from lighter atoms O, is much lower, and the positions for the second and higher
C, Al, and Si) could be calculated less accurately. This could ¢qqrdination shells are different. This suggests that EXAFS
lead to not very reliable EXAFS CeO and Co-C coordi- .44 distinguish the-cobalt phase from hcp and fcc cobalt.
nation numbers in partially reduced or carburized catalysts. yag yields very essential information about cobalt species
Thirdly, EXAFS has some difficulties in identification of during Cata|yst preparation, pretreatments, and the FT reac-
cobalt metallic phases. Three cobalt crystallographic phasesjon. Very often the information could be obtained in éifu
have been described in the literature: cubic fcc cobalt, cobaltwhen the catalyst is inaccessible to most spectroscopic or
in hexagonal packing (hcp), and recently discovered epsilonsurface analysis techniques. XAS has been used for char-
cobalt?® The fcc structure is favored above 723 K, while  acterization of the structure of cobalt catalysts through their
the hcp phase is more stable at lower temperatures. Thepreparation. First, valuable information was obtained about
epsilon cobalt is a cubic metastable phase which could becobalt phases in the cobalt precursors deposited on the
obtained via decomposition of dicobalt octacarbonyl in the support. Our recent wotk showed that after deposition from
presence of trioctylphosphane oxit#.The fcc and hcp  cobalt nitrate and cobalt acetate cobalt ions had mostly
phases of cobalt are close-packed structures which differ onlyoctahedral coordination, similar to that in the precursors.
in the stacking sequence of atomic planes in the 111 Decomposition of cobalt precursor (cobalt salt or cobalt
direction. The epsilon phase is considerably less dense tharcarbonyl) leads to several cobalt species:@pCoO, and
either cubic or hexagonal cobalt. In the epsilon cobalt phasemixed oxide (silicate or aluminate) or metallic cobalt. XAS
there are two types of atoms which differ in their local spectroscopy provided quantitative information about the
coordinatior?® Unlike ideal close-packed structures (fcc or concentration of each cobalt compound present in the
hcp), e-cobalt has three nearest neighbors for type 1 atoms catalyst4!
and two nearest neighbors for type 2 atoms. XAS undoubtedly showed that reduction of £ to
Unfortunately, from XANES and EXAFS it is rather metallic species proceeded via intermediate formation of
difficult to distinguish between the most common cobalt hcp CoO'8 (Figure 30). The XANES spectra and EXAFS Fourier
and fcc phases. Indeed, the-66o coordination number and  moduli obtained after reduction of Co/SISBA-15) cata-
interatomic distances are the same in the first and secondysts in hydrogen at 473 K were identical to those of the
coordination shells in both cubic and hexagonal phases.reference CoO. Reduction at higher temperatures led to
Simulatiort3® using the FEFF package yielded (Figure 29) metallic cobalt.
exactly the same Fourier transform patterns for the first and XAS seems to be very helpful in evaluating the extent of
second coordination shells of fcc and hcp phases of metalliccobalt reduction. The XANES spectra could be decomposed
cobalt. The third peak in the hcp structure has a lower using a linear combination of XANES spectra of reference

FT magnitude
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NaY??4 zeolites. Holmeft® et al. also showed using Re L
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 graphite
and silica??® The presence of bimetallic cobalplatinum
particles was also identified from EXAFS in CoPt@.2%6
Bimetallic Co—Ru and Ce-Re particles were not however
detected in CoRu/NaY zeolit¥

Previous reporté*262have shown that addition of Mn to
cobalt catalysts results in lower cobalt reducibility. In the
oxidized cobalt catalysts supported by tit&Pi@nd carbon
nanofiberg which were prepared via depositieprecipita-
tion technigue, EXAFS and scanning transmission electron

Norm. Absorption

7.69 7.7 7.73 7.75 777 7.79 7.81 microscopy-electron energy loss spectroscopy (STEM
Photon Energy, keV EELS) have shown the presence of mixed-MZo oxides.
0s Treatment of these catalysts under hydrogen results in partial

reduction of cobalt, while manganese atoms remain mostly
in the oxidized state.

04l ceomeoo, | ] Goom e Several attempts were made to investigate, using X-ray
w a_bsorption spectroscopy, th_e structure of cobalt species in

situ under FT reaction conditions. ErHf8tet al. showed that
the reduced cobalt on silica-supported catalysts kept its

/\/\,\/\/\—\_\_\Tﬁ@f/\w metallic state in CO/kimixtures. Huffma®®’ et al. showed
that addition of water to syngas #€0O = 3), which

/\/\N\K/\/\ 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
\/\/\‘,\/\/\ T=473 K structure of cobalt species in FT catalysts has been exten-
P sively studied by the group of Davis. XAS analysis was

1 2 3 5 6 7 8 performed with the samples withdrawn from the liquid phase

. ) i of the laboratory slurry reactor. In the reactor and after their
Figure 30. XANES spectra (a) and moduli of Fourier transform . :
of EXAFS (b) for the cobalt catalysts supported by SBA-15 withdrawal the catalyst samples_wer_e suspended in FT wax.
mesoporous silica reduced in hydrogen at different temperatures. e authors suggest that coating in wax prevents cobalt
The X-ray absorption spectra were measured in situ at correspondingcatalysts from oxidation. Analysis of the XANES derivatives
temperatures (reproduced from ref 341, Copyright 2001, with was indicative of partial oxidation of cobalt metal particles
permission from the American Chemical Society). during FT synthesi$® The increase in the intensity of the
Fourier transform patterns of metallic cobalt during the FT

metallic cobalt, CoO, and mixed €&i and Ce-Al com- ) . . X .
pounds. Due to the relatively large cobalt oxide and cobalt reaction also suggests sintering of cobalt metallic particles

45 i i
metallic particles in FT catalysts, the X-ray absorption edge in CoPYALO; catalysts'* Cobalt sintering was probably the

should not be much affected by the cluster size. Provided Main cause of deactivation of CoiAl); catalysts promoted

i i 446
the structure of all phases in the cobalt catalysts has beenWlth rheniumt

established and the references are available, the phase Jacob$*#7and Sait’ showed that the extent of cobalt
composition of the partially reduced catalyst could be Oxidation depended on the partial pressure of water in the
estimated from XANES data. As for oxidized catalysts, the reactor. At relatively low water concentrations,(BICO =
principal problem in such evaluation is related to the lack 1.2; H:O/H, = 0.6) no changes were detected in the XANES
of information about the structure of mixed oxides and cobalt SPectra of cobalt alumina-supported catalysts promoted with
metallic phases (cobalt silicate, cobalt aluminate, fcc, hcp, Platinum. At higher water levels, a significant fraction of
or e-cobalt). cobalt aluminate may be produced. This resulted in the abrupt
XAS provides valuable information about the reduction drop in the FT reaction rate. The in-situ XAS experiméfits
and structure of bimetallic cobalt catalysts. The X-ray With model cobalt silica-supported catalysts showed partial
absorption data could be measured at adsorption edges oPXxidation of cobalt particles in the presence of a low pressure
both cobalt and promoting metals. These experiments couldof water P10 = 0.04 bar) at 373 K. It was found that
possibly identify formation of monometallic and bimetallic ~©xidation with water depended on the sizes of cobalt particles
cobalt particle$4? Theoretical calculations using molecular and their possible encapsulation in silica matrix.
dynamicg*® showed a significant effect of Pd in cobalt EXAFS also could be used for measuring sizes of small
clusters on both EXAFS of cobalt and palladium. The most metallic clusters. Note that it can be very rarely done
important information about the presence of bimetallic accurately with cobalt-supported FT catalysts. The-Co
particles could be collected at the absorption edge of the coordination humber obtained from EXAFS is sensitive to
promoter. Note, however, that the concentration of the particle size for very small particles{2 nm). FT catalysts
promoting metal (Pt, Pd, etc.) should be high enough to characteristically involve larger cobalt metal particles
collect a measurable EXAFS signal. Guczi et al. showed that (6—30 nm). For larger particles, the accuracy in measuring
EXAFS at the Pt |y absorption edge could identify the sizes from EXAFS is much smaller due to an insignificant
presence of bimetallic particles in CoPt/N&¥?%%and CoRe/  dependence of metal coordination number on particle*$ize.

Co-Co in metal Co b
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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 Chloride
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 Bartfieet al. Oxalate
between cobalt particle sizes evaluated from the-Co
coordination number and microscopic and magnetic data.® Acetate
This discrepancy was attributed to the presence of larger _____/\__/
cobalt agglomerates attached to each other by a small fraction
of their surface. /\
Nitrate
3.5. Temperature-Programmed Reduction o e o o - o - 00

Temperature, K

[Ho)/dT, a. u

Among the thermoanalytical methods, temperature-
programmed reduction is most commonly used for character-Figure 31. TPR profiles of 10 wt % Co silica-supported catalysts
izing heterogeneous catalyd8. The temperature-pro- prepared using aqueous impregnation with different cobalt salts (5%

. . - ~1~H2/Ar, ramping rate 0.4 K/s).
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 50%
of hydrogen in argon. The chemical composition of the gas

mg(:]ﬁ:)eregt ghe areca actfé " cl)rr]Tlg[t e?ng " O‘: tlr?]taéz %or:::rgﬁool;ljzlt)ér al*%2 assigned several low-temperature peaks to reduction
Interaction ofyh drogen with the catalysts leads E[)0 reduction of amorphous surface cobalt oxide and hydroxide species
ydrog y (CoQHy, a = 1.7, b = 0) different from well-known

O e Lorsimeaicn St 210 cystaline Coo). idum-emperatre peaks at 673
1 wed Irom nydrog ption p : 9IVES  “are attributed to the emergence of cobalt metallic phases
fingerprints” information about the catalyst redox properties.

The TPR was proposed in its current version by Robeftson CoO— Co
et al. in 1975.

Application of TPR techniques to differer;t catalytic \yhjle peaks at temperatures higher than 873 K are usually
systems has been examined in several reviéws? Careful  yo|ateq to reduction of barely reducible mixed cobalt oxides
selection of the experimental conditions is essential to NSUre(cohalt silicate, cobalt aluminate).
sufficient detector sensitivity and avoid mass- and heat- * |t ha5 peen shown that cobalt reducibility is affected by
tr_ansfer.I|m|tat|ons..The reactor is usually operating in @ iye nature of the support. It is generally fotdid®3that cobalt
differential mode with constant gas velocity and pressure species are much more difficult to reduce in alumina than

along the catalyst bed. in silica, titania, and zirconia su i i
. . , , pports. Below is the brief

TPR also has several shortcomings. The TPR profiles do qyie\ of TPR data obtained for silica, alumina, and other
not provide direct information about the modification of supported FT catalysts.
catalyst structure; hydrogen consumption could be attributed  gjjica-Supported Cobalt CatalystsA detailed TPR study
to different reduction processes. Use of diluted hydrogen in o copalt silica-supported catalysts has been performed by
TPR experiments makes direct extrapolation of the TPR data 4, steeff?et al. First, reduction of supported cobalt nitrate,
about the extent of reduction to the catalysts reduced in pure.qpait acetate. cobalt chloride. and cobalt sulfate was
hydrogen questionable. A higher partial pressure of hydrogengyamined. It was found that TPR profiles of cobalt catalysts
could lead to higher extents of catalyst reduction. DuUring giarting from chloride or sulfate were essentially the same
TPR measurements thg catalyst is exposed to high temperys for the unsupported metal salt, showing negligible
atures (9731273 K). High-temperature treatments during jnteraction between the support and salt. In the case of nitrate
TPR measurements could alter the structure of the original 5, 5cetate precursor, however, a number of peaks were
catalyst samples. observed in the TPR spectra indicating formation of different

The method has been largely applied for investigation 9f cobalt species during preparation. The silica source, impreg-
cobalt-supported catalysts_. It has be_en shown that reduction, ation solvent, and temperature of drying and calcination
of unsupported cobalt oxide (€0,) is a two-stage pro-  paq 4 significant impact on TPR profiles. van Stéeat al.
ces$%6457which could be ascribed to successive reduction found that low-temperature calcination (47323 K) of

of Cos04 to CoO and then to C824**The TPR profiles jjica_supported cobalt catalysts resulted in a higher intensity
obtained for cobalt silica-supported catalysts prepared via . low-temperature hydrogen consumption peaks in TPR

impregnation using different cobalt sdftsare shown in qfiles This suggests that extended drying and low-tem-
Figure 31. Several TPR peaks have been detected usuallyperatyre calcination of cobalt catalysts reduce the concentra-
Though it is usually difficult to attribute these peaks ion of barely reducible cobalt silicate. The effect of cal-
unambiguously, the low-temperature peaks at-3§83 K ination temperature on the reducibility of cobalt silica-
are commonly assigned to either partial reduction of@@o g pported catalysts was also a subject of our recent réport.

The data obtained using TPR in combination with in-situ

Co,0,—~ CoO magnetic measurements are consistent with the results of van

Steen about the beneficial effect of low-temperature calcina-

or reduction or decomposition in hydrogen of residual cobalt tion on the fraction of reducible cobalt species.

precursors (cobalt nitrate, chloride, acetate, etc.). The low-
temperature TPR peaks could be also attribiftad reduc-

tion of surface carbonate species usually present in strongly
basic oxides (L#Ds, ZrO,, etc.). Enach@ and Van Berge et
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The TPR method has also been used for characterizationweaker for rutile titania than for the anatase ph4%é’The

of cobalt catalysts supported on mesoporous silicas (MCM-

presence of water vapor during reduction could result in

41, MCM-48, SBA-15). Several TPR peaks were usually formation of hardly reducible cobalt titandf.

observed3® MartineZ*° et al. reported TPR profiles for a

Zirconia is a well-known promoter of cobalt-supported FT

series of mesoporous materials (Figure 32). TPR profile of catalysts. However, very few studies have focused on the

Co/MCM-41
3
o
®
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Figure 32. TPR profiles for a series of mesoporous materials
(reproduced from ref 399, Copyright 2004, with permission from
Elsevier).

Co/MCM-41 showed a first reduction peak with a maximum
at about 543 K, most likely related to reduction of larger

Co30, particles located on the external surface. This sample

also exhibited a second broad reduction at higher tempera-
g P k_oxidized and reduced cobalt species. It is known that both

tures with maximum hydrogen consumption above 900
which is typical of reduction of cobalt silicaté$
Alumina-Supported Cobalt Catalysts. Arnoldy and

Moulijn?°® 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/AlO; catalysts have been observed in
more recent publications. Enache et al. uncovéfefdur

reduction peaks at 497, 623, 973, and 1243 K in TPR profiles

of 10 wt % Co-A1,0; catalyst. The first peak resulted from
reduction of Cg0, to CoO. The second one was attributed

to CoO reduction into metallic cobalt. The two other peaks,

TPR behavior of zirconia-supported cobalt catalysts. For a
series of cobalt catalysts supported on zirconia, Cher-
navskif®® 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
proceedetf* 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 39%73 K. These peaks were
attributed to the gradual reduction of £ 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 (373573 K) with maxima situated at 403
and 483 K. This suggests a wide range of;Qpparticle
sizes. The high-temperature TPR peak (1038 K) observed
during reduction of cobalt catalysts supported on amorphous
zirconia is attributed to reduction of cobalt zirconéte.
Panpranot et &f’* 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

Co;04 and CoO are antiferromagnetic at lower temperatures.
At the Neel temperature (30 K for GO4;*7? 288 K for
Co0*"®) they undergo an antiferromagnetiparamagnetic
transition. Thus, at ambient and higher temperatures both
Co;04 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 &* 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

at higher temperatures (973 and 1243 K), were ascribed tocharacterization techniques.

cobalt aluminate species. The TPR curves reported 4§
show similar reduction behavior of Co/A);. The peak at
533-673 K was attributed to reduction of bulk gy (Co*"
— Co?" — C0”), and the high-temperature peak (6719023

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(})&
Titania- and Zirconia-Supported Catalysts. Strong
metal-support interaction (SMSI) is a specificity of titania-

supported metal catalysts. SMSI is usually observed when

Cobalt metallic particles could be of three different
sorts#’® superparamagnetic and single- and multidomain
ferromagnetic. Small superparamagnetic cobalt particles
behave as an ensemble of paramagnetic atoms which have
a significant magnetic momentutff 47 These particles do
not have any residual magnetization (no remittance). The
upper limit of superparamagnetic particles can be determined
from the relatioA”

KV = 25K T (1)

the reduction is performed at temperatures higher than 573
K.465 At these conditions, heating in hydrogen may reduce whereK is the cobalt anisotropy constakg,is Boltzmann’s

TiO, to (TiOy) suboxide®® Thus, in addition to reduction
of cobalt oxidized species, reduction of Li€an contribute

constant,V is the volume of the cobalt particles, afdis
the temperature of the measurements. The calculation shows

to the TPR peaks. This could explain the high extent of that at ambient temperatures the maximal size of cobalt
reduction calculated for these systems using TPR data. Itsuperparamagnetic particles is about 7 nm. Cobalt metal
has been found that the metaupport interactions are particles larger than 7 nm constitute a single ferromagnetic
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domain. The maximal size of a single-domain ferromagnetic
particle for metallic cobalt is about 20 nt#.Larger cobalt a
particles have multidomain ferromagnetic structure. The

ferromagnetic structure disappears when the sample has
attained the Curie temperature. The Curie temperature for3
bulk metallic cobalt is 1388 K&t :

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 patrticular 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 b
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 3
of cobalt metallic particles in La(Co,Fe)@erovskites after
reduction was uncovered by in-situ magnetic measure- .
ments?82483The decrease in magnetization during catalyst
reduction at higher temperatures could be related to the§
physical effect of temperature on ferromagnetic structure or =
indicate formatioff* 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 Figure 33. Field dependences measured for CoResS#) and
method usually operates with #Ar mixtures, while FT CoRe/SiQ catalyst promoted with sucrose (b) (reproduced from
catalysts for catalytic tests are commonly reduced in pure J.-S. Giradon, E. Quinet, A. Griboval-Constant, P.-A. Chernavskii,
hydrogen. Our recent repéithas shown that use of diluted L. Gengembre, and A.'Y. Khodakod, Catal. 2007, http://dx.doi.
hydrogen in TPR experiments could lead to significantly ?rg/10.201§/j.cat.2007.03.002, Copyright 2007, with permission

h . 2 from Elsevier).
lower extents of reduction than those normally attained in

pure hydrogen. was confirmed by Gruytet® and Elbashif® Therefore,
Determination of sizes of superparamagnetic and ferro- oxidation at mild conditions reduces the apparent size of
magnetic particles is based on the relation between thecobalt metal particles. If the average size of cobalt particles
magnetization and intensity of the magnetic field (field s larger than 20 nm, the decrease in the apparent size of
dependence curve). The field dependence can be charactefcobalt metal particles would result in an increase in coercive
ized by three important parameters;, saturation magne-  force. If the average size of cobalt particles is smaller than
tization; o, residual magnetization; artd., coercive force 20 nm, oxidation would lead to a decrease in coercive force.
(Figure 33a). Different types of cobalt metal particles exhibit ~ The choice of method for particle size analysis is strongly
different behavior in magnetic field. The small superpara- affected by the nature of the cobalt metal particles. When
magnetic particlé$5 478 (size < 7 nm at room temperature)  the catalyst contains only superparamagnetic cobalt particles,
do not produce a hysteresis in the field dependence curvemagnetization is expressed by the Langevin function
(see Figure 33b). For these particles the field dependence
curve represents a sigmoid with zero residual magnetization MJVH k, T
and zero coercive force. Particles larger than 7 nm could J=JJcth kT ~ M.VH
have single-domain and multidomain ferromagnetic structure. s
The coercive force increases with the size of single-domain
cobalt particle and reach©%47948% 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 si%e.
The method based on the absolute value of coercive force
was employed by Rana etl.to evaluate the sizes of cobalt
metal particles encapsulated in carbon nanotubes. A mor
accurate method of measurements of cobalt metal particle
sizes has been proposed by Chernavékit. has been shown
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whereJs is the saturation magnetization (at infinite magnetic
field), Ms is the magnetic momentunV is the particle
volume, H is the magnetic field intensityl is the temper-
ature, andk, 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
eparticles are present in the catalyst, the fraction of super-
paramagnetic particleg) can be determined from the simple
relation proposed by Martin and Dalnfgh?9?

that at relatively low temperatures oxidation of cobalt metal 23
particles follows the CabreraMott mechanisnt® In this y=1-— 3)
mechanism the oxidation proceeds via formation of thin Js

oxide layers of the surface of metal particles. Formation of
CoO/Co bilayers during partial oxidation of metallic cobalt whereJsis the saturation magnetization afds the residual
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magnetization. Note that when multidomain ferromagnetic of them. In combination with electron microscopy it provides
cobalt particles are present in the catalysts, eq 3 does notspace-resolved information about the chemical composition
yield accurate information about the fraction of superpara- and atoms coordination in the catalysts.

magnetic particles. The limitations of electron microscopic methods have been
The magnetic method has been very valuable for charac-summarized by Lynch2 Microscopy is a local technique

terizing different cobalt FT catalysts. The in-situ magnetic which does not provide global vision of the sample. The
method was uséé’ to follow the genesis of cobalt metal accuracy of TEM data depends on the number of images
catalysts in silica-supported FT catalysts. It was shown that taken. The statistics problem can be crucial with nonuniform
promotion with noble metal resultédin a decrease in the  samples. Measuring cobalt particle size is based on recon-
temperature of appearance of cobalt metallic species. Cher-stitution of particle size distributions (histograms). Particle
navskit®® et al. evaluated the fraction of superparamagnetic size measurements from electron microscopy could be
and ferromagnetic particles in bimodal silicas from magnetic performed accurately only for relatively dilute samples.
measurements. The magnetic method indicated the presencgormation of particle agglomerates in the catalysts with high
of cobalt small superparamagnetic particles in the silica- cobalt contents makes it difficult to evaluate the sizes of
supported catalysts prepared using impregnation with cobaltprimary cobalt particles. The technique is not selective for a
acetate. Larger ferromagnetic cobalt particles were found in given atom or phase. In many cases mapping using energy
the silica-supported catalysts prepared with cobalt nitrate. dispersive spectrometry might be required to discern the
Addition of sucrose during catalyst impregnation resulted active phase from the support. The electron beam is
in a significant decrease in the cobalt particle sfzeThe potentially destructive; it could modify the catalyst structure
relevant field dependence curves are displayed in Figure 33.and size of nanoparticles. All measurements in transmission
Cobalt catalysts prepared without sucrose showed a fieldand scanning electron microscopies have to be carried out
dependence curve with a hysteresis characteristic of ferro-in UHV, while it has been largely accepted that the presence
magnetic particles (Figure 33a). Addition of sucrose leads of reacting molecules could affect the catalyst structure. In
to superparamagnetic particles which do not exhibit any addition, it is also difficult to evaluate the extent of cobalt

hysteresis loop. reduction from TEM data. Cobalt metal and cobalt oxide
. ) particles look rather similar in the microscopic images.
3.7. Analytical Electron Microscopy Electron microscopy has been used to study the structure

Transmission electron (TEM), scanning electron (SEM), of both cobalt a_ctive phase and.catallytic supports of FT
scanning transmission electron (STEM), and scanning tun-catalysts. The size of cobalt parfucles in the supported FT
neling electron (STM) microscopies provide detailed infor- Catalysts has been measured using TEM in a large number
mation about the composition and electronic structure of Of publications#%.320:3863%.56%0% Cobalt particles of spherical,

heterogeneous catalysts with real-space resolution down tohexagonal, oval, or irregular shapes have been detected. In
the atomic levef®® Conventional transmission electron Most cases useful information about cobalt dispersion was

catalysts; it operates in UHV and at room temperature. Other characterization techniques.
Recent development of high-voltage electron microscopes The electron microscopic measurements have been gener-
(>200 kV) allowg®* resolution of atomic structure. The ally performed with oxidized catalysts. In the oxidized
accelerating voltage of 200 kV considerably reddethe catalysts the cobalt particles detected by microscopy are
beam damage of the sensitive specimens by the ionizationmostly particles of CgD.. The absence of GO, crystallites
process. For the new TEM microscopes the point resolution detectable by TEM usually suggests that most of the cobalt
is not limited by the wavelength of the electrons but by the is present in the form of cobalt mixed oxides (silicate,
optics, electronics stability, and mechanical vibrations of the aluminate). For example, in our recent reprho CaO4
apparatus. Improvements in electron optics have allowed aparticles were detected by TEM in the silica-supported
resolution of 0.18 nm to be reached. In SEM and STEM catalysts prepared using high-temperature decomposition of
microscopes the resolution is limited by the size of the cobalt acetate, while in the catalysts prepared via cobalt
electron probes. For a long time SEM has been consideredacetate decomposition at low temperatures, a considerable
to have only very modest resolution. With the development concentration of CgD, crystallites was observed. This
of novel instrumentation, the resolution of SEM has been indicates a low concentration of gy phase in the catalysts
also considerably improved. In the past decade probe sizegprepared via high-temperature treatment. A combination of
of 0.5 nmat 30 kV and 2.5 nm at 1 kV have been repofied. characterization techniques uncovered that cobalt silicate was
Conventional electron micrographs have been obtained inthe major phase in the sample prepared via high-temperature
UHV (10-5—10"7 mbar). Currently, the new environmental ~cobalt acetate decomposition.
high-resolution electron microscof3y*°¢(EHREM) allows Several authors did their measurements on reduced and
measuring high-resolution images under oxidizing and passivated catalysts. Stors&teet al. showed, however, that
reducing atmospheres and in the presence of condensabl@assivated cobalt catalysts in the presence of air could be
vapors at pressures of several mbar. The STM technique isreadily oxidized to cobalt oxide. This would definitely affect
also very promising. Recent studi&s®0? showed the  the accuracy of particle size measurements using electron
feasibility of in-situ STM imaging real metal-supported microscopy. As with XPS, which is also an UHV-based
catalysts at high pressures and temperatures. technique, the best approach would be to reduce the catalyst
Interaction of the electron beam with the sample results in situ in the pretreatment chamber and then transfer it to
in several phenomena: emission of photons and Auger,the microscope vacuum chamber. This type of set up was
secondary, and back-scattered electrons. Several techniquesised by Castnét et al. for evaluation of the sizes of cobalt
which involve these phenomena, have been developedoxide particles in the oxidized catalysts and cobalt metal
recently. Electron energy loss spectroscopy (EELS) is one particles in the reduced catalysts.
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In addition to measuring supported cobalt particles, titania-supported catalysts, catalyst reduction and passivation
microscopy has also been used to study the structure ofdid not lead to redispersion of manganese on the support.
catalyst supports. lwas&k? et al. prepared supports for FT  The presence of Mn retarded cobalt reduction, while close
catalysts using mesoporous silicates by hydrothermal treat-association of Co and Mn existed in the reduced cobalt
ment of Si-, Mg-, and/or Al-containing hydroxide precipi- catalysts.
tates. TEM showed that SMg—Al and Si—Mg hydroxides Information about the surface structure of cobalt catalysts
were composed of homogeneous disk-shaped particles ofcan be obtained using STM. This technique offers excellent
about 5 nm in diameter. During the hydrothermal treatment opportunities since it is not limited by UHV conditions. STM
the particles became about 8 nm in diameter. Microscopy has been used by Wils#i$1et al. to study restructuring of
has been particularly helpfiif for determination of the  the Co (0001) surface. A terrace-type Co (0001) surface with
structure of cobalt catalysts supported by SBA-15 meso- atomic steps of 0:21 nm was observed following annealing
porous silica. The images show the presence of both a highly(Figure 35). Afte 1 h of FT reaction (H/ICO=2,P =4
ordered hexagonal arrangement of the channels and cobalt
oxide particles. Corigaion®*° et al. measured cobalt particle
sizes in ordered mesoporous silicas (MCM-41, ITQ-2) and
amorphous Si@ The distribution of cobalt particle sizes was L8000
much narrower in the mesoporous silicas than in the -
amorphous counterparts.

Encapsulation of cobalt particles in silica matrix was
observed by Saf§! 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 o
cobalt active phase in manganese-promoted catalysts usin(
STEM-EELS. The STEM-EELS method provided detailed
information about localization of cobalt, manganese, and sup-
port (TiO, or carbon nanofibers) in the oxidized, reduced,
and passivated catalysts. STEM-EELS images of calcined
titania-supported catalysts prepared via depositfmecipita-
tion suggegb*25°51qFigure 34A and B) association of cobalt

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 current; = 2 nA, sample bia® = 0.05 V).

(b) STM image of the Co(0001) surface afieh exposure to high-
pressure CO hydrogenation conditioms=€ 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).

bar, T = 523 K) small islands of cobalt atoms occupying
Figure 34. STEM-EELS images of CoMn after calcination (A, the three-fold hollow sites of the underlying close-packed
B), reduction at 623 K, and passivation at 423 K (C, D): Ti(green), cobalt terrace were detected. Surface restructuring could
Co (red), and Mn (blue) (reproduced from ref 259, Copyright 2005, result from exposure of the catalyst to carbon monoxide,
by permission of the PCCP Owner Societies). water, high pressure, and high temperature.

and manganese atoms and possible formation of mixed . .
Co/Mn oxide. In the reduced and passivated catalysts, 3.8. Chemisorption Methods
redispersion of Mn@species on titania support was observed  Chemisorption provides important information about co-
and Mn species were no longer mixed with Co (Figure 34C balt FT catalysts. While many characterization techniques
and D). yield data about the structure of different cobalt species, only
In the oxidized catalysts supported by carbon nanofibres chemisorption measurements give direct information about
Bezemet®©26let al. using STEM-EEELS also showed close the number of active sites. This method is directly related
association of cobalt and manganese atoms. In contrast tdo activation of molecules in the FT catalytic proc&$sThe
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information about the number of cobalt surface sites is
essential for description of the catalytic performance. Four a0r
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 10
area. If chemisorption is reversible, only static adsorption
techniques provide relevant information about the number

1st isotherm

301

201

H, UPTAKE (umole/g)

11.4 umole/g
irreversible

of cobalt surface sites. 4.6 umole/g reversible

(3) Chemisorption could be an activated or a nonactivated . .
process. If chemisorption is activated, the kinetics of chemi- 0 10 20 30 40 50
sorption can be slow; the amount of chemisorbed molecules PRESSURE (cm Hg)

is more significant when the chemisorption is conducted at _. _ ) _ _ _
Figure 36. Reversible and irreversibletadsorption on impreg-

higher temperatqres. . nated 3 wt % Co/Si@at room temperature (reproduced from ref
4) Restructgnng cgtalyst_ surface. Adsorption of mo!e— 514, Copyright 1984, with permission from Elsevier).
cules strongly interacting with cobalt atoms could modify

metal dispersion, shape, and morphology of metal nanopar-sorption also suggests that TPD methods cannot provide

ticles. accurate information about the number of cobalt metal
The following sections address chemisorption of hydrogen, surface sites. The TPD peaks of hydrogen could also arise

carbon monoxide, and hydrocarbons on cobalt catalysts. from desorption of hydrogen species spilled over support or

. . reoxidation of small cobalt metal particles by hydroxyl
3.8.1. Hydrogen Chemisorption groups of the support

Hydrogen chemisorption is a widely used method for
characterization of the surface of metal-supported particles.Co +2T—-OH— CoO+ T-O—-T +

Molecular hydrogen adsorBédissociatively on the surface H,, where T is a support atom (¥ Al, Si, Ti, etc.)
of transition metals, including cobalt, at temperatures higher
than 8G-90 K. Several more reliable approaches have been suggested to

Reuel and BartholomeW#515 systematically studied hy- ~measure cobalt dispersion in FT catalysts using hydrogen
drogen chemisorption on supported cobalt catalysts. It waschemisorption. These approaches are summarized as follows.
found that chemisorption of hydrogen at elevated tempera- Measurement of total Hiptake at static conditions at temper-
tures was greater than at room temperature. This sug-atures of maximum hydrogen chemisorption. This technique
gest§l6517 that hydrogen chemisorption is an activated has been used by Bezeni€},Jongsomji£®! Niemelg®*t
process. The stoichiometry of total hydrogen chemisorption Reinikainers'! Belambé&°and others. Measurement of total
was one hydrogen atom per cobalt surface site. Figure 36hydrogen uptake during cooling in,Hrom the reduction
shows typical adsorption isotherms obtained on cobalt- temperature to 298 K. This approach was adopted by Ernst
supported catalysts at room temperature. Hydrogen chemi-and Kienneman#®> Measuring the amount of irreversibly
sorption on Co/AJOs, Co/SiQ, and Co/C catalysts was to  chemisorbed hydrogen at 19200 K using the improved
some extent reversible at room and higher temperatures. Thélow method. Bartholome®* et al. showed that hydrogen
extent of reversibility and activation of hydrogen adsorption chemisorption at 196200 K was mostly irreversible.
increased with decreasing metal loading and increasing the ) . .
extent of interaction betwe%n metal and s%pb@mur recentg 3.8.2. Carbon Monoxide Chemisorption
reporb®is consistent with the results of Bartholomew and ~ Carbon monoxide chemisorption plays a key role in FT
Reuel. We found that hydrogen chemisorption on cobalt synthesis. It is known that the metals that do not dissociate
silica- and alumina-supported catalysts was partially irrevers- CO are inactive in FT synthesis. It was fodHeP!® that
ible at temperatures below 373 K. At the conditions of FT carbon monoxide chemisorption on cobalt catalysts was
synthesis T > 423 K), hydrogen chemisorption was es- inactivated and less reversible than that of hydrogen. Carbon
sentially reversible. monoxide adsorption on cobalt catalysts is more reversible

The reversibility of hydrogen adsorption suggests that flow (T < 423 K). Carbon monoxide adsorption is almost
and pulse hydrogen adsorption methods are not well suitedirreversible at FT reaction conditions because of the irrevers-
to measure cobalt dispersion. Extrapolation of hydrogen ibility of carbon monoxide dissociation. If the catalysts before
chemisorption isotherms to zero pressure does not providecarbon monoxide adsorption were exposed to hydrogen,
reliable information about the number of cobalt active sites carbon monoxide can substitbitthydrogen atoms at cobalt
either because it takes into consideration only irreversibly metal sites. This leads to carbon monoxide assisted hydrogen
chemisorbed hydrogen. The reversibility of hydrogen chemi- desorption. The stoichiometry of carbon monoxide adsorption
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varies from 0.4 to 2.3 as a function of cobalt dispersion, ethene has been extensively studied on transition metals,

support, and catalyst preparation. while studies of chemisorption of propene and higher
Three important issues about carbon monoxide adsorptionhydrocarbons have been mostly limited to monocrystals and

on cobalt catalysts should be taken into consideration. First, Pt catalysts. Propene hydrogenation as a model reaction of

it has been established that in contrast to hydrogen chemi-secondary olefin readsorption and hydrogenation has been

sorption, carbon monoxide can adsorb on different types of proposed by AaserGd and Schank&® The lower activity

catalyst surface sites: metallic sites, unsaturated ion§§JCo  of the catalysts in propene hydrogenation favors propene

Lewis acid sites, hydroxyl groups of the support, etc. Second, readsorption and leads to a higher8electivity in the FT

it is known that carbon monoxide can dissociate and reaction.

disproportionate on cobalt metal sites at elevated tempera- Our recent repott® has shown that adsorption of propene

tures according to the Boudouard reaction on FT catalysts results in its autohydrogenation, source of
propane, and CHspecies adsorbed on the catalyst surface.
2CO—CO,+C Analysis of the propene chemisorption data and results of

other characterization techniques suggést&’that 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).

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 1]
monoxide chemisorption and consequently the results of -,
evaluation of cobalt surface metal sites. Since carbont ']
monoxide can react on cobalt catalysts, detection of desorb-z , |
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 5
the adsorption measurements with simultaneous detection ofg
the adsorbed species by FTIR spectroscopy. Both gaseous |
and adsorbed carbon monoxide species exhibit distinct and
intense FTIR bands. More information about identification 0
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 carbo e
monoxide chemisorption on cobalt metal s)i([es istoa Iargern?"g' SSITKA for Characterization of Cobalt
extent irreversible, both dynamic and static adsorption Catalysts
methods can be used to measure the metal surface area. The steady-state isotopic transient kinetic analysis

Holmer?%522523 et al. suggested that carbon monoxide (SSITKA) method3:53involves the transient response of
chemisorption at 373 K was a more realistic measure of jsotopic labels at the reactor outlet following an abrupt
cobalt surface metal sites than volumetricdiemisorption. change (switch) in the isotopic composition of one of the
Carbon monoxide adsorption in a pulse mode was used byreactants. The reactant concentrations, product concentra-
Niemel&°! and Spadard*to calculate the number of cobalt  tions, and gas flow rates remain unchanged during and after
metal sites in ceria-promoted Co/Si@atalysts. TPD of  the jsotopic switch; only the isotope composition is changing.
carbon monoxide chemisorbed at room temperature was useqk js generally considered that the steady state of the catalyst
to calculate the number of metal sites in the catalysts  and reactor is not perturbed by the changes in the isotope
supported by Na forms of different zeolites, in MCM-41-  composition of the reactant. An overview of the SSITKA
supported catalyst¥ and in silica- and alumina-supported  method was given by Shannon and GoodffDetails of
catalysts modified by Zr and L&° Kiennemaf**®?et al.  the SSITKA mathematical analysis are available in refs 536
proposed the rate of carbon monoxide disproportionation for gnd 537.
evalugtion of the number of cobalt metgl sites. In a typical  gg|ITKA yields a set of parameters such as kinetic
experiment the catalysts were reduced in hydrogen and thengnstants, abundance and mean-surface residence time of the
cooled to 503 or 623 K. Pulses of carbon monoxide were 5q4sorhed surface intermediates, surface coverage, site het-
admitted to the catalyst until stabilization of the amount of erogeneity, activity distribution, and concentration of ad-
formed CQ. Carbon monoxide conversion was found 10 gorhed reaction intermediates. SSITKA has been used for
correlate with the cobalt metal surface area. studying FT synthesis over cobalt catalysts since the early
. . 1980s. SSITKA has providé®# 540 valuable information
3.8.3. Propene Chemisorption about the FT reaction mechanism and chain growth on
Readsorption of olefins is commonly hypothesized as one cobalt-supported catalysts. Though SSITKA is a kinetic
of the principal stages of FT synthesis on cobalt catalysts; it method, it is also convenient for evaluating the number of
influences both the selectivity of the reaction and the yield active sites in heterogeneous catalysts. Two types of quan-
of higher hydrocarbons. Chemisorption of methane and titative catalyst characterization information can be ob-

alt time yie
o
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Chemisorbed propene, 10‘mollgm

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 44
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 0.84
increase in the concentration of the active sites in cobalt
catalysts or/and an increase in the intrinsic activity of a given 4

active site. The SSITKA method decouples these two effects. =
These effects are usually very difficult to separate in =
conventional characterization and kinetic experiments. 0.4+
A brief summary about calculating the number of active
surface intermediates and kinetic constants from SSITKA 5|

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 %19 . "

the switch in isotope composition. This yields the amount 0 10 20 0 40
of ¥2C or 13C atoms present in the active surface species. Time [s)

The intrinsic kinetic constants characteristic of a given
C.atalytic site COL.IId be Ca.lcu'ated from the mean rgsidenceK and 1.85 bar for Co/AlD; catalyst promoted with rhenium
time of surface Intermedlates. MOST‘ SSITKA pub_llcat|0n$ (reproduced from ref 541, Copyright 2005, with permission from
suggest that the reaction proceeds in a CSTR or in a seriegsevier).
of CSTR reactors. Assuming that the reaction has first-order
kinetics, the reaction rateR{ can be represented by the of cobalt active sites, which could irreversibly chemisorb
following equation carbon monoxide molecules at a given temperature.

The second set of SSITKA experiments addresses carbon
R=kN monoxide hydrogenation. For simplicity of data analysis and
) S o in order to avoid catalyst deactivation most of SSITKA
catalytic site andN is the number of the sites. ~ favoring methanation, i.e., at high#€O ratio and low total

It has been shown that integration of the normalized pressure. The effect of promotion with La, Zr, and noble

transient curve yields the overall mean residence time of all metals on the number of surface active intermediates and

o
¥ “90000000000000 .91

Figure 38. Transients of a CO/inert switch3CO — 12CO) at 373

adsorbed surface intermediates site intrinsic activity has been investigated. Hadd%et al.
. studied the effect of promotion of Co/Si@atalysts with
T, = j; FP(t) dt La’" ions. It was found that LH ions did not affect the

intrinsic site activity but led to a higher number of surface

The first-order kinetics suggests that the rate constant is theltérmediates. Rothaeni#l et al. conducted carbon mon-

reciprocal of the mean surface residence time of the active ©Xide hydrogenation (CO = 10, diluted in He) on
intefmediate Co/AlL,0O; and CoRe/AlO; catalysts in the presence of water.

Lower reaction rates were observed when the catalyst was

k=71 exposed to water vapor before or during the CO hydrogena-

p tion reaction. The normalized methane transient responses
2CO/H, — 13CO/H, weré*? the same on CoRe/AD;

Thus, in this approximation the intrinsic kinetic constant can catalyst before and after water treatment (Figure 39). The
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 1 oso before water treatment
catalytic reaction involves a complex mechanism and " aas after water treatment
especially reversible reaction pathways. 08 [4
Two types of SSITKA experiments have been carried out N
to characterize cobalt catalysts: CO chemisorption and CO 06 [-i,
hydrogenation studies. F(t) Y
The carbon monoxide chemisorption experiments allowed 04 | ‘%,
measuring the number of sites of reversible carbon monoxide §
adsorption. In the chemisorption experiments the transient w2} *
switch is carried out betwe€ACO/inert gas and*CO/inert
gas or betwee”A’CO/H, and 3CO/H, at low temperatures 0 b -
(Figure 38). At these conditions no carbon monoxide hydrog- 1 . —
enation occurs. The lag in transient responses of carbon mon- 0 50 100 150 200 250 300
oxide relative to that of an inert gas is related to the kinetic s
effect 0]; carbon monox'lde adsorption af‘d dQSOI’ptIOﬂ. Figure 39. Normalized methane transient respon¥&0/H, —
Frosetft' et al. showed using SSITKA thatHdid not influ- 13CO/H, at 473 K before and after water treatment of CoRgDAl

ence carbon monoxide chemisorption on cobalt catalysts atcatalyst (reproduced from ref 542, Copyright 1997, with permission
lower temperatures. The limitations of SSITKA for measur- from Elsevier).

ing carbon monoxide chemisorption are due to the fact that
only reversible carbon monoxide chemisorption is measured.SSITKA experiments show that this deactivation is due to
This technique does not take into consideration the presencdoss of active sites without affecting the specific site activity
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by water treatment. Essentially the same site intrinsic activity atoms on the oxide supports. Suvahitet al. studied the
was detected using SSITKA by Réfl et al. on zirconia- interaction of cobalt carbonyls with SjQurface sites. The
and platinum-promoted Co/AD; catalysts. The increase in  silica surface was represented with clusters of silica. These
the CO hydrogenation rate over the promoted catalysts wasclusters were cut from the bulk crystal structure. The
attributed to different coverages with active intermediates. interaction of these silica clusters with Co(GOand
The results are consistent with the more recent data by Co(CO} species was optimized using the 6-31G* basis set.
Jongsomijit** et al. They found that in the catalysts promoted The strongest adsorption was found for negatively charged
with zirconia the surface abundance of intermediates wasCo(CO)} and Co(CO) species bonded to the silica surface
almost twice as high as in the unpromoted Ce@Al via Si—O—Co bonds. DFT calculations of deposition of Co,
catalysts. Promotion with Zr did not alter, however, the Rh, and Ir atoms on the alumin&Al,O3 (0001) surface
intrinsic activity of cobalt sites. Panprad®tet al. character-  uncovere® a strong interaction of metal atoms with oxygen
ized Ru-promoted Co/MCM-41 catalysts using SSITKA. sites. The DFT method showed that a three-fold oxygen site
Higher methanation rates were observed on catalysts supwas*® the most stable adsorption site for Co atoms at low
ported by narrow and wide pore MCM-41 than on those metal contents. A significant displacement of the alumina
prepared using conventional amorphous silica. In agreementoutermost layer was detected upon deposition of metal atoms.
with the SSITKA results, higher CO hydrogenation rates Similar cobalt preferential adsorption sites were also found
were attributed to a higher concentration of active sites, while by the same authd¥¥ on SiQ. An increase in the cobalt
the intrinsic activity of the sites remained unchanged after content resulted® in metal clustering and formation of
catalyst promotion. A higher concentration of active surface layered structures with strong metahetal bonds and weak
intermediates was also obser¥&bn CoRu/MCM-41 at a  interaction between cobalt and silica. Active sites located
wide range of hydrogen pressures without affecting the on a flat and stepped Co(0001) surface were modeled by
intrinsic site activity. four layers of cobalt atoms by Gotf§et al.
. . . Deactivation of cobalt catalysts under FT reaction condi-

3.10. Modeling Active Sites tions is often attributed to oxid)z;tion of small cobalt particles.

Modeling cobalt FT catalysts represents a formidable and Thus, theoretical modeling of the interaction between cobalt
unique opportunity to study the nature and reactivity of active clusters, oxygen atoms, and water is of significant interest
sites at molecular and atomic levels. It has been largely for predicting the performance of FT catalysts. Mikhailov
shown that the properties of nanoparticles dramatically differ et al. studie#f° the interaction of Ceclusters withy-Al,Os
from bulk metal. Because of nanosizes and interaction with surface using DFT with exchange and correlation potentials.
catalyst support, the supported metal nanoparticles may haveCobalt cluster interaction with a partially dehydroxylated
an unusual morphology and electronic, magnetic, chemical, alumina surface resulted in a thermodynamically favored
and catalytic properties. Experimental studies of supported proton transfer from alumina to the surface of metal particles.
metal nanoparticles represent an extremely difficult task. The modeling identified positive charging cobalt metal
Quantum chemical calculations yield important and some- clusters (0.3-0.57 g/e) and partially oxidized electronic states
times crucial information about active sites in metal- of cobalt.
supported catalysts, which cannot be obtained by experi- The thermodynamic approach was employed by van
mental techniques. Modern density functional theory (DFT) Steed” et al. to evaluate the stability of cobalt metallic
calculations have been most often used. The modeling givesnanocrystals in the presence of water and hydrogen. It is
information about the elementary steps of FT synthesis onknown that small cobalt metal nanoparticles could be less
cobalt catalysts, such as adsorption, desorption, bond cleavstable than bulk metal due to the significant contribution of
age, surface reactions, and hydrocarbon chain growth. Thethe surface energy. The surface energy of cobalt metal
FT reaction network is very complex and involves several nanoparticles was estimated from the number of “broken”
kinetic constants. Provided that the structure of the active Co—Co bonds on the particle surface. The thermodynamic
sites has been established, the kinetic constants of differentcajculations showed that with increasing crystallite diameter
elementary steps can be calculated ab initio. The calculatedthe stability of Co fcc crystallites also increased (Figure 40).

kinetic constants can be then employed for predicting the Assuming a spherical morphology of the nanoparticles, under
reaction rates and hydrocarbon selectivities.

The principal difficulty in modeling active sites of FT 10
catalysts is the uncertain structure of the catalyst surface.
The catalytic supports are usually amorphous; a large number.. g |
of different surface species and phases can coexist simulta2

neously. The second difficulty is due to computing. DFT 6
methods are still computationally demandgespecially Collli> )
for catalytic systems involving a lot of atoms of transition 4t ‘

H2o!PH2: bariba

metals. Despite considerable progress in computing methods

obtaining reasonable accuracy requires a high volume of& 2 } B-Co (fech
numerical calculations. Cobalt particles involved in FT -

synthesis typically contain several thousands of cobalt atoms. 0 = i L

The structure of these clusters cannot be calculated accurately 2 3 4 5 6 7 8

at the present time using DFT. This is the reason why the deo, NM

catalyst surface is often modeled with clusters and fragmentsFigulre 40. Stability region of spherical Co (fcc) and & crystals
which only scarcely represent the structure of a real FT in H,O/H, atmosphere at 493 K as a function of the diameter of a
catalyst. _spherical metal Co-crystallite (dotted linds 15%) (reproduced

Several papers have addressed the processes of preparatiafbm ref 272, Copyright 2005, with permission from the American
of cobalt catalysts, interaction, and adhesion of cobalt metal Chemical Society).
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realistic FT synthesis conditionpLo/puz < 1.5) metal cobalt ~ and Goodwin. Below is the brief presentation of these tests.
crystallites smaller than-45 nm were expected to be unstable The CSTR attrition test consists of conducting FT synthesis
and could be readily reoxidized to CoO. at realistic FT reaction conditions in a CSTR reactor and
Quantum chemical modeling could give valuable informa- measuring the particle size distribution curves before and
tion about the structure of intermediate species and elemen-after the test. Uniaxial compaction is a method in which a
tary steps of FT synthesis. The report by KlifKeet al. sample confined in a cylindrical die is compressed uniaxially
focused on the structure of hydrogen adsorption complexesunder a load. The ultrasonic method involves exposing a
on the Co(0001) surface. The binding energy of all possible powder to a calibrated ultrasonic field and following the
high-symmetry adsorption sites was calculated to determinechanges via patrticle size analysis. Ultrasonic fragmentation
the most energetically favorable site. Similarly to Ni mono- of agglomerates is caused by interaction of cavitation bubbles
crystals, the most stable configuration for hydrogen atoms with adjacent agglomerated particles. Ultrasonic fragmenta-
on the Co(0001) surface at all surface coverages wastion coupled with particle size distribution measurements was

adsorption on three-fold hollow sites. found in a recent report by Pharh®® et al. to be more
sensitive to differences in catalyst strength than the conven-
3.11. Evaluation of Attrition Resistance tional approach involving uniaxial compaction.

o ) The conventional ASTM-D-5757-95 attrition test is
_Catalyst attrition is a commo_nly encquntered_problem_ln applicabl&5-558 to spherically or irregularly shaped particles
fluidized bed reactors and particularly in the fluid catalytic ¢ range in size between 10 and 180 and have skeletal
cracking (FCC) unit§®* Attrition could be a major problem  yenities between 2.4 and 3.0 gfciuring a typical test a
in commercialization of FT catalysts for slurry bubble yenresentative dry sample of the granular material (approx.
columr;s.dTge tercrln t_attrltlfon tdEI:S(:trlb@ét_alll pheDnome(;\at_of +50 g) is subjected to attrition by means of three high-velocity
catalyst partidles could occur al all stages of catalyst orsyon i, The fine powder generated by altition is
yst p . . ' Stag YSt continuously removed from the attrition zone by elutriation
preparation and catalytic reaction. Attrition leads to genera- i 4 fine collection assembly. The fluidized bed test (Figure

tion of fine powders and loss of valuable catalysts. Attrition 41) and jet cup test are also ba®8adn the ASTM design.
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. gas distributor plate <&
Abrasion generates a lot of very fine material from the 174
surface of catalyst grains, while the grains themselves keep )
their shape but get slightly smaller. Abrasion is particularly | S | thimble fitter
undesirable in FT slurry reactors.

Fragmentation destroys particles and produces a numbel
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 Y r
combination of abrasion and fragmentation processes. At-
trition resistance of solid particles depends on several orifice |
parameters which can be related to both particle and proces: vy .
parameters: particle structure, size, size distribution, mor- *%2" oA
phology, pretreatment and preparation, gas and solid velocity, i B
solid residence time, temperature, pressure, wall hardness  0.1in| .
and chemical reaction. e micknses rthes din.

Thus, evaluation of attrition resistance is an important issue Y
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 air inlet - gas distributor plate
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 They involve, however, a single high-velocity air jet and a
bubble column reactor. The laboratory attrition scale tests smaller catalyst amount 42 g) than the conventional
should imply the high intensity and the same mechanism of ASTM-D-5757-95 test. To prevent the particles from sticking
catalyst attrition as large commercial reactors. The evaluationto the tube as a result of static electricity, humidified air can
should involve comparison of newly developed FT catalysts be used in the fluidized bed and jet cup tests as a gas medium.
with the known attrition resistance of a commercially In the collision tesf® the catalyst particles are accelerated
acceptable catalyst. Several laboratory-scale methods havend carried by air jet. Then they drop onto a flat surface.
been proposed for evaluation of attrition resistance of FT The particles are collected by the thimble. The collection
catalysts: CSTR test, ultrasonic fragmentation, uniaxial assembly is removed after the test and analyzed for changes
compaction, ASTM-D-5757-95 method, fluidized bed test, in the particle size distribution.
jet cup, and collision test. It has been show?® that the particle break-down mech-

A few tests to evaluate the attrition resistance of FT anisms were different in different attrition tests. In the CSTR
catalysts have been proposed by the research group of Oukadiest catalyst particles were subjected to fragmentation more

tin clamp

1.3in
16 in

orifice |

e
213 In

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



1730 Chemical Reviews, 2007, Vol. 107, No. 5 Khodakov et al.

than abrasion. Fragmentation was also the dominant mech-of catalytic supports and can reveal the presence of solid
anism of attrition in the collision test. For the fluidized bed, hydrocarbons in the catalysts after exposure to syngas. At
jet cup, and ultrasonic tests the large remaining catalystthe same time, the structure of cobalt amorphous phases has
particles were obviously smoother on the surface and morenot been satisfactorily characterized using XRD data.

spherical compared to the fresh ones, which suggsts Both reduced and oxidized cobalt phases in cobalt FT
significant contribution of abrasion. Though all attrition tests catalysts could be identified using XPS data. Decomposition
produce particle size distribution curves similar to those of the XPS spectrum provides information about the extent
obtained after the attrition tests in CSTR, the collision test of cobalt reduction. In the catalysts with low cobalt contents,
better represents the mechanism of catalyst attrition in thethe size of the cobalt metal and cobalt oxide crystallites could
CSTR reactor during FT synthesis. be evaluated using this technique. Note, however, that the
The attrition resistance of typical cobalt FT catalysts has sensitivity of XPS is a function of the electron mean path in
been studied by Wef et al. using the ultrasonic method. the solids and all the information about the catalyst structure
The catalysts were prepared via aqueous impregnation,is only relevant to the surface and subsurface layers. All XPS
aqueous kneading, and impregnation with a solution of measurements have to be carried out in vacuum or under
acetone and ethanol. As expected,@ywas more resistant  very low pressure; this limits application of XPS for in-situ
to abrasion and produced less fine particles, while;8i@®  and operando experiments. The method is not very sensitive

less attrition resistant to cobalt local coordination; it is very difficult to distinguish
i i , Cc?" species in CoO and €oions in cobalt-support mixed
Al,0;> TiOy(rutile) > Si0, oxides (aluminate, silicate, etc.). The accuracy in evaluating

) - ) the extent of reduction is a function of the quality of XPS
Rutile had a much better attrition resistance than anatasespectrum decomposition. The model (Kerkhddoulijn,

Cobalt addition improved the attrition stability of &;and  Kuipers, or others) strongly affects the results of the particle
SiO, without any significant effect for Ti@(both rutile and size measurements using XPS.

anatase). The attrition resistance of cobalt-supported catalysts X-ray absorption spectroscopy is sensitive to the bulk

decreased in the sequence composition of the sample. The method detects both cobalt
. . . crystalline and amorphous phases. Most X-ray absorption
Co/Al,05 > ColSIO, > ColTiO,(rutile) > _ measurements can be carried out in situ. The possibility of
Co/TiO,(anatase)  in-situ and operando information represents one of the

principal advantages of this technique. The extent of cobalt

Catalyst attrition resistance could be also affected, however,reduction can be estimated at different stages of catalyst

to a much lesser extent by promoters (Zr,Rua). preparation and reaction. In addition, this method can iden-
o tify the presence of cobalt bimetallic particles if the
3.12. Summary Characterization of Cobalt concentration of the metallic promoter is above the detection
Fischer —Tropsch Catalysts limit.
Characterization of Cobalt Fischer—Tropsch Catalysts. Analysis of the phase composition in XANES is based

A number of methods can be used for characterization of O réference compounds. The uncertain structure of cebalt
cobalt-supported catalysts at different preparation stages angUPPOrt mixed oxides makes this analysis rather tricky.
during the FT reaction. Table 5 summarizes the capabilities, =XAFS analysis is not very sensitive to the presence of light
challenges, and difficulties of these techniques. atoms_around the central cobalt atoms. The EXAFS Fourier
Optical spectroscopy provides information about the Moduli are nearly the same for cobalt hpc and fcc phases;
structure of cobalt precursors and oxidized cobalt species.tN€se phases cannot be clearly distinguished in cobalt FT
All optical spectroscopy measurements can be performed incatalysts. EXAFS does not provide reliable information about
situ provided the spectrometer has been equipped with theth® Sizes of cobalt metal particles larger thar2Inm, which
appropriate cells and attachments. Y¥s spectroscopy &€ typically involved in FT synthesis.
yields data about the coordination of cobalt atoms in cobalt ~ The redox fingerprints of cobalt FT catalysts could be mea-
salts, cobalt oxides, and cobalt support mixed compounds.sured using TPR. This method is very useful to confirm the
Cobalt oxides exhibit intense FTIR and Raman bands andreproducibility of catalyst synthesis. It evaluates the fraction
thus could be detected in the cobalt catalysts. Unfortunately, of €asily and hardly reducible cobalt species. The attribution
no information about cobalt metal species can be obtainedof TPR peaks is rather intricate; it should be based on the
directly from optical spectroscopy. Nevertheless, FTIR results of other characterization techniques. All TPR experi-
combined with carbon monoxide adsorption could identify ments have to be carried out in diluted hydrogen, while cobalt
various cobalt surface sites which interact with CO adsorbing FT catalysts are usually reduced in pure hydrogen prior to
molecules. The attribution of FTIR bands of chemisorbed the FT reaction. The reduction in diluted hydrogen could
carbon monoxide is shown in Table 4. lead to a lower extent of cobalt reduction than that normally
X-ray diffraction methods are suitable for qualitative and attained after pretreatment in pure hydrogen. Conducting
quantitative identification of different cobalt oxides and metal TPR analysis at high temperatures could alter the catalyst
crystalline phases. Broadening of XRD peaks is due to the structure.
finite size of nanocrystals and crystal faults. The size of the  The high sensitivity of the magnetic method to ferromag-
cobalt crystallites and the presence of faults and strains couldnetic and superparamagnetic phases allows detection of
be evaluated from the width of the XRD patterns using the cobalt metal particles at different stages of catalyst reduction
Scherrer equation and WarreAverbach and Hat-Will- and FT reaction. Valuable in-situ information could be
iamson methods. XRD could also measure the extent of obtained about the extent of cobalt reduction and in some
reduction of crystalline oxides to cobalt metallic phases. XRD cases about the sizes of cobalt metal particles. The method
provides useful information about the structure and stability provides little information about cobalt particle sizes when
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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  conventional U\-visible spectroscopy does not
and oxidized cobalt catalysts provide information about cobalt metal species
FTIR identification of supported cobalt oxides only cobalt oxidized species could be directly
characterization of cobalt suface sites using observed by FTIR; detection of cobalt metal surface
adsorption of molecular probes 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  very little information about structure of
and reduced crystaline phases amorphous compounds; poorly crystallized
measuring extent of cobalt reduction and polycrystalline cobalt particles

measuring sizes of cobalt crystallites

characterization of the structure of catalyst
supports (AdOs, TiO,, SBA-15, MCM-41, etc.)

detection of hydrocarbon built up in the catalysts

X-ray photoelectron identification of cobalt oxidized and information only about subsurface layer
spectroscopy reduced phases
measuring cobalt particle size (catalysts with UHV-based technique; unfeasibility of
low cobalt contents) 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 identification of cobalt oxidized and reduced difficulty to find appropriate references for amorphous
spectroscopy crystalline and amorphous phases 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-12 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 low extent of cobalt reduction in TPR experiments
cobalt phases because of use of diluted hydrogen
magnetic methods evaluation of cobalt reducibility and fraction unfeasibility of cobalt particle size
of cobalt metal phase measurements in the presence of cobalt
measuring cobalt metal particle size multidomain ferromagnetic particles
analytic electron microscopy measuring size and morphology of absence of global vision of the sample;
and related techniques cobalt particles statistics dilemma
characterization of support structure difficulties in evaluation of primary cobalt particle
qualitative evaluation of the fraction sizes in the presence of particle agglomerates
of cobalt oxide phases and 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 difficulties in distinguishing between cobalt
cobalt and promoter 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 characterization of fragmentation and uncertain representation in laboratory tests of

resistance abrasion of cobalt catalysts attrition behavior of FT catalysts in slurry

bubble column reactors

larger multidomain ferromagnetic cobalt particles are present qualitatively measure the relative fraction of cobalt oxide
in the catalyst. and cobak-support mixed oxides. The absence of distinct
Analytical electron microscopy allows obtaining space- cobalt oxide particles suggests that amorphous cebalt
resolved information about cobalt catalysts at the atomic support mixed compounds constitute the dominant phase.
level. The size, shape, and morphology of cobalt particles Electron microscopy combined with electron energy loss
and catalyst support could be evaluated. The method couldspectroscopy (EELS) provides information about the mech-
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anism of catalyst promotion. The STEM-EELS mapping chemical modeling could evaluate the kinetic constants of
detects localization of cobalt and promoting elements in the many elementary steps. Difficulties in modeling cobalt active
catalysts at different preparation stages. sites are due to the uncertain structure of actives sites and

Note, however, that electron microscopy does not provide the high volume of numerical calculations.
a global vision on the sample. This issue is particularly  Attrition represents a challenge for utilization of cobalt
significant with nonuniform samples. Evaluation of the cobalt FT catalysts in slurry reactors. Several laboratory-scale
particle size is difficult in samples with high cobalt loadings attrition tests have been proposed in the literature. While
when large cobalt agglomerates are present. The method isvaluable information has been obtained, resemblance of
not selective to a given metal atom or phase. This complicatesattrition phenomena in the laboratory-scale test and in a larger
detection of cobalt particles in promoted cobalt catalyst slurry bubble column reactor has not been always confirmed.
containing several electron-dense phases. Currently theThe choice of the test for measuring catalyst attrition
method has been mostly used for ex-situ measurementsprobably requires preliminary comparison of the mechanism
mostly oxidized or passivated cobalt catalysts were studied. of catalyst attrition and catalyst hydrodynamics at laboratory
It is known, however, that exposure of the catalyst to oxygen conditions and in a slurry bubble column reactor.
during passivation could affect the extent of reduction and

cobalt particle size. Analytical microscopy does not distin- 4 Strategies in the Initial Evaluation of the

guish cobalt oxidized and reduced phases and does no ; i _
provide information about the extent of cobalt reduction. The tggg;ﬂ?sperformance of Cobalt Fischer Tropsch

electron beam is potentially destructive and could affect the
catalyst structure. While development of scanning tunneling : : .
electron and environmental high-resolution electron mi- gelrfcgr%tghycsg Design and Evaluation of Catalytic
croscopies seems to be very promising, most electron

microscopy methods involve UHV. The vacuum-based  Ejaporation of a new heterogeneous catalyst usually
methods are not suited for in-situ and operando experiments.inyolves several important sté%56!(Figure 42). After the
Chemisorption methods evaluate the number of cobalt new catalyst has been synthesized, its catalytic performance
surface sites in FT catalysts; information about cobalt active has to be tested and compared with that of conventional and
sites is essential for understanding and predicting the catalyticcommercial catalysts. This stage of catalyst development is
performance. Note that the choice of static or dynamic called catalyst screening. As the catalytic performance is
chemisorption method strongly depends on the prerequisitebeing evaluated, the catalyst has to be characterized by a
information about the chemisorption. If chemisorption is to number of different techniques. Catalyst synthesis, activa-
a larger extent reversible, static chemisorption measurementgions, pretreatments, evaluation of catalytic performance, and
are more suited than dynamic ones to measure the numbecharacterization are the primary steps in the catalyst design.
of cobalt metal sites. If chemisorption is activated, the In-situ and operando studies yield in-depth information about
measurements should be carried out at elevated temperatureshe state of the catalyst during its activation or catalytic
The effect of chemisorption on restructuring the catalyst reaction. Comparison of characterization data and results of
surface should be also taken into consideration. The uncertaincatalyst testing is a very important task; it allows the nature
stoichiometry of chemisorption is one of the most serious of the active sites to be identified and catalyst synthetic routes
problems in measuring the number of cobalt metal sites. Noteto be optimized. Thus, the primary stages of catalyst design
that molecules involved in chemisorption, e.g., carbon generate catalytic systems whose structure, composition,
monoxide, can adsorb on several different sites (cobalt metalactive sites, and catalytic performance have been qualitatively
sites, acid Lewis and Bronsted sites, etc.). This suggests thatlefined by characterization and screening.
the number of cobalt metal sites is not necessarily equal to  Kinetic investigation is often the next step in catalyst
the number of chemisorbed molecules. Other characterizationgesign. In contrast to the screening, which allows principally
techniques such as FTIR of chemisorbed carbon monoxidequalitative ranking of different catalysts, the kinetic studies
could provide supplementary information about chemisorp- provide not qualitative but quantitative relations between the
tion. intrinsic chemical rates and composition of the fluid around
SSITKA proposes a methodology to evaluate separately the catalyst. Different from catalyst screening, in the kinetic
the number of active intermediates and intrinsic site activity. studies the intrinsic reaction rates, instead of conversions and
This method has been used to study the number of carbonselectivities, are measured or computed. Ideal reactors with
monoxide adsorption sites and kinetics of carbon monoxide well-defined hydrodynamics are preferred (plug flow or
hydrogenation at conditions favoring methanation. Note that perfectly mixed). These reactors allow easier computation
in carbon monoxide chemisorption experiments SSITKA of kinetic rates and concentrations of reacting molecules. The
generates information only about the sites of reversible best reactor dedicated to kinetic studies is certainly a perfectly
carbon monoxide adsorption without taking into consider- mixed reactor, which could involve either internal (CSTR)
ation the sites of irreversible carbon monoxide chemisorption. or external recycling (fixed bed reactor with external
Common analysis of SSITKA data involves a model based recycling). Usually, several kinetic models are considered;
on the CSTR reactor and first kinetic order. It is known, their discrimination is based on fitting with the experimental
however, that FT synthesis has a very complex mechanismdata. Detection of various reaction intermediates by in-situ
and kinetics; use of simplified kinetic approaches could and operando characterization techniques is usually helpful
possibly alter the results of SSITKA analysis. in choosing the most appropriate kinetic model. The kinetic
Most of the methods of modeling active sites involve the Stage of catalyst design ends up with the quantitative kinetic
DFT approach. Modeling provides important and unique model of catalytic reaction on a given catalyst.
information about the structure of cobalt active sites and their  The intrinsic kinetic model of the catalytic reaction will
interaction with adsorbing and reacting molecules. Quantum eventually lead to the next step of catalyst design, which
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Figure 42. Schematic presentation of principal stages in the design of a new heterogeneous catalyst.

involves modeling and evaluation of the performance of pilot tory reactor, remains the most active and selective in other
catalytic reactors. More comprehensive models will account reactors. This is not always the case with FT catalysts.
for nonideality of the flows and reactors, complex hydro- Oukac?®® et al. measured the activity of several patented
dynamics, coupling between mass/heat transfer, and chemicatobalt catalysts (Figure 43) in both fixed bed and slurry
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 § os
evaluations are also different. The following sections address § 05 H FBRat220C

e . . T 04 [ SBCRat220C
principally the early evaluation of catalytic performance of € |
cobalt FT catalysts (catalyst screening), which is usually 3 o2 |
performed right after catalyst synthesis and activation. Large- 3 0.1 |
scale development of FT catalysts, kinetics, mass and hear< °
transfer, and hydrodynamic phenomena have been addresse
in previous publications and review314.17:19.2630

ity (9-C

4.2. Challenges: Choice of Reactor and Catalyst

. . *SBCR Temp. for A-2=225 C
Operating Conditions _ _ . :
Figure 43. Comparison of FT activity of different cobalt catalysts

Conventional FT catalyst screening consists of comparing in fixed bed and slurry bubble column reactors (reproduced from
the catalytic performance at the same experimental conditions'ef 236, Copyright 1999, with permission from Elsevier). The fixed
(temperature, pressure, space velocity, amount of catalys eléj and slurry relactors operate at atmospheric pressure and at 3.2
or active phase). The measured output values of catalyst a, respectively.
screening are typically overall activity (syngas conversion), bubble column reactors (SCBR). It was found that the most
selectivities (methane, light and heavy hydrocarbons, carbonactive catalyst in the slurry bubble column reactor operating
dioxide), stability, and catalyst behavior during the start-up/ at 3.2 MPa was the less active one in the fixed bed reactor
activation steps. at atmospheric pressure. The experiments of Oukaci suggest

The choice of operating conditions and reactor representsthat catalyst screening should be performed at the same
the major challenge of FT catalyst screening. The reactor conditions and in the same reactor. The results of Oé¥aci
for screening FT catalysts should involve a small amount of et al. would have been even more rigorous if the experiments
catalyst; it should have relatively low syngas consumption. in fixed bed and SCBR reactors were performed at the same
At the same time, operating conditions for the laboratory total pressure. Often FT synthesis is an interplay of chemical
FT test (temperature, pressure, inlet syngas composition,kinetics, interphase, and mass- and heat-transfer phenomena.
syngas conversion) should be as close as possible to th&even in the same reactor use of different reactor startup
operating conditions of a large catalytic unit, while the time procedures could significantly affect the performance of FT
of the experiment should be possibly reduced relative to the catalysts. Note that catalyst screening never provides absolute
tests in larger reactors. The principal concern of catalyst ranking of catalytic performance but allows classification of
screening is that the results obtained in the laboratory FT catalysts on the categories (active catalysts, less active
reactor should be transferable to other FT reactors. In othercatalysts, inactive catalysts).
words, it is desirable that the catalyst, which exhibits the A fixed bed reactor is often selected for FT catalyst
highest activity and selectivity in FT reaction in the labora- screening because it represents the easiest and cheapest
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technical solution to perform catalytic evaluation. Other affect the number of active sites in cobalt catalysts. Water
reactors are sometimes also used such as slurry continuougproduced by syngas conversion is often reported to be
stirred tank reactor (CSTR) for specific objectives (design responsible for the initial deactivation which is probably due
of attrition resistant catalyst, etc.). Relative to the fixed bed to a partial reoxidization of the metallic cobalt particles. Total
reactor, the slurry reactor has a few advantages relevant tasyngas pressure may influence the concentration of liquid
catalyst screening: better control of the temperature, espe-and gaseous water in contact with cobalt particles and, thus,
cially at high syngas conversions; possibility to extract the the rate of deactivation. Due to the lower concentration of
catalyst from the reactor without perturbing the reaction; reagents and water, restructuring the surface of cobalt
better control of reactor hydrodynamics; suitability of slurry catalysts is generally less significant at atmospheric pressures
reactor for intrinsic kinetic measurements. than at 2-3 MPa.

However, despite these advantages, a fixed bed reactor is Thus, total syngas pressure is an important catalyst
often preferred. The slurry reactor is more expensive (cost screening parameter. The results of FT catalyst screening at
of the technology, high amount of loaded catalyst). Gas atmospheric and higher pressures could yield different results.
liquid—solid mass transfer may be rate limiting. The local These differences could be interpreted in terms of different
concentration of the catalyst can be nonuniform inside the concentrations of reagents in gaseous and liquid phases,
slurry. Catalyst in the slurry reactor can undergo attrition. different mass- and heat-transfer conditions, catalyst restruc-
Catalyst activation (calcination and reduction) in a slurry turing, and deactivation.
reactor cannot always be performed in situ and requires
additional pretreatments (reduction ex-situ, passivation, etc.).4.4. Screening Fischer —Tropsch Catalysts in
The time to attain steady-state conditions is usually more Fixed Bed Reactor

significant in slurry than fixed bed reactors. . .
9 y The fixed bed reactor represents a reasonable compromise

4.3. Atmospheric or High-Pressure Test? for preliminary screening of FT catalysts. A wide range of
experimental conditions (temperature, pressure, space veloc-
Industrial FT units with cobalt catalysts operate at 493 ity, syngas conversion) can be obtained at both differential
513 K, a total pressure of-23 MPa, and an inlet ICO = and integral modes. To conduct preliminary screening of FT
1.7-2.2 ratio. Laboratory screening FT catalysts under a total catalysts, several additional conditions, however, should be
syngas pressure ofB MPa increases the risks for experi- fulfilled: simple, controlled, and reproducible hydrodynam-
mentalists; it requires sophisticated safety systems andics, and the fixed bed reactor should exhibit plug flow
adequate experimental procedures. Let us consider thebehavior for gaseous and liquid phases; the reactor should
influence of the total syngas pressure on both FT kinetics operate at the kinetic regime without any significant mass-
and the structure of FT catalysts. and heat-transfer effects; the isothermal mode is preferred
(1) Influence of total pressure on FT kinetics and heat instead of the adiabatic one in order to have good reproduc-
and mass transfer. An increase in total pressure would ibility.
generally result in condensation of hydrocarbons, which are  While the fixed bed reactor could provide valuable
normally in the gaseous state at atmospheric pressure. Highegualitative information about the catalytic performance of
pressures and higher carbon monoxide conversions wouldFT catalysts, it is not very well suited for intrinsic kinetic
probably leaé® to saturation of catalyst pores by liquid studies. The fixed bed reactor exhibits considerable gradients
reaction products. The presence of liquid products on the of concentration of liquid and gaseous components along
catalyst surface and in catalyst pores would affect heat andthe catalyst bed. The nonuniformity of the catalyst bed also
mass transfer and chemical kinetics. Fewer problems with implies that different portions of the catalyst work at different
heat transfer can be expected for high-pressure tests due teonditions and may evolve differently during the reaction.
more rapid heat transfer in liquids than in the gaseous phase;The sections below address the choice of operating conditions
while mass transfer could be slower in the presence of liquid for screening cobalt FT catalysts in the fixed bed reactor.
phase. Chemical kinetic rates are functions of the local )
concentration of reacting molecules. This suggests that FT4-4.1. Plug Flow Hydrodynamics

kinetics could be also affected when the catalyst is filled  pyring catalyst screening the hydrodynamics of the reactor
with liquid wax. A different composition of the liquid phase  should be relatively simple and most importantly reproduc-

in catalyst pores at atmospheric and high syngas pressuregyle. The plug flow hydrodynamics requires that the slices

could affect the rate of elementary steps and carbon mon-of the fluids inside the reactor are not mixing and are

oxide and hydrogen concentrations. For example, Breffud  «pyshing” each other along catalyst bed. Several criteria can
etal. f(_)und that the compu_ted Henry coefficient (defme_d as pe applied to check the plug flow regime provided that a

the ratio between the partial pressure and the molar liquid Reynolds number based on particle diameter is larger than
fraction) for H, was around 43 MPa and for CO around 35 19 (turbulent flow). These criteria are relevant to the size of

MPa, leading to a ratio of solubility between, ind CO of e catalyst particles and diameter of the reactor. To obtain
about 1.23 (computed at 493 K and 2 MPa). In this example, p|ug flow regime, the following simplified relation between

if the molar ratio of H/CO in the gaseous phase is 2, the catalyst bed lengthLg) and mean catalyst particle diameter
resulting molar ratio in the liquid phase would be only 1.6. (g should be fulfilled

(2) Influence of total pressure on catalytic surface

restructuring at the atomic level. The surface of FT L
catalysts could significantly evolve under the influence of P50
syngas and FT reaction products. Previous STM re- dp

ports$2511.563.56¢evealed significant restructuring of the cobalt
Co (0001) surface in the presence of €O = 2 mixture at To avoid the wall effect on catalyst performance, the
0.4 MPa and 523 K (see Figure 35). The restructuring could diameter of the reactordg) should considerably larger
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than the catalyst particle size 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
q 10 suggest that generally no internal mass-transfer limitations
P occur with a size between 50 and 2@®n. For most

. . . laboratory fixed bed reactors this is an acceptable catalyst
If a thermometric well is placed in the center of the reactor, particle size.

the reactor diameter should be correspondingly corrected.” Note that intraparticle diffusion influences hydrocarbon
_More rigorous verification of the plug flow regime in @  ggjectivity to a greater extent than carbon monoxide conver-
fixed bed reactor requires evaluation of the residence time gioy The intraparticle diffusion affects differently intrapar-
distribution (RTD). RTD studies involve measuring the icle concentrations of carbon monoxide and hydrogen. This
transient response at the reactor outlet. The_ RTD is ysually|eadS to different HICO ratios at the outer surface and in
obtained by introduction of a pulse tracer or introduction of e pylk of catalyst particles. Intraparticle diffusion limita-

a step change in the concentration at the reactor inlet. If theigng generally lead to a higher#€0 internal ratio and
reactor does not deform the trace transient curve, the reactoggnsequently a higher probability of methanation. In addition,
operates in plug flow regime. RTD may also be used for \yater produced by FT synthesis for the highest pellet size
reactor diagnostics: the presence of back mixing and deady ;5 gifficulties in being removed from the center to the

zones will result in broadening the trace transient, while the oyternal surface of the catalyst. It can enhance the rate of
appearance of very early peaks will indicate the presence ofiha \water gas shift (WGS) reaction

shut cuts. The method of RTD measurements has been
largely described in the literatupé? 568 CO+ H.O = CO. + H

When a significant amount of liquid is synthesized, a 2 2002
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.

Iglesid’ et al. experimentally studied the effect of pellet size
on the syngas consumption rate and selectivity in an
isothermal fixed bed reactor (6@5 % CO conversion, 474
K, 2 MPa total pressure, inlet#CO = 2.08) with Co/SiQ
catalysts. For the range of catalyst diameter from 4830to
1.5 mm, CH selectivity varied as a function of pellet size
4.4.2. Intraparticle Mass-Transfer Limitations: Maximal with the maximal methane selectivity obtained for a 1.5 mm
Catalyst Particle Size diameter of catalyst pellets. Productionablefins is also

. drastically affected. The ratio of 1-hexene/hexane decreased
. If the_reaptor h.as plug flow hydrogiynamm; and operates o 1 25 t0 0.06 with increasing of pellet size. While that
in the kinetic regime, no concentration gradients should be gy perimental study clearly revealed that the internal mass
present inside the catalyst particle. If intraparticle mass- yangfer affected the selectivity, the syngas consumption rate
transfer limitations occur, this suggests that transport of the \; 2« not altered much at these conditions. Several kinetic
reactants/products in the catalyst particle is not sufficiently ¢ dies showed that the FT reaction had an apparent negative
fast relative to their consumption by the chemical reaction. yinetic order relative to CE*57°The decrease in the overall
Internal mass-transfer limitations result in lower syngas ¢qncentration of reagents inside the catalyst particles is often
conversions and could also affect hydrocarbon selectivities. accompanied by an increase in thg®D ratio. This seems
Screening a series of FT catalysts in a fixed bed reactor with 5 pa the reason why the apparent rate of CO consumption

the intraparticle mass-transfer limitations will lead to severe could be relatively constant even when severe internal mass-

mistakes in evaluating catalyst performance. transfer limitations occur; depletion of CO intraparticle
The kinetic network of the FT reaction is rather complex, gncentration leads to a higher reaction rate. Thus, FT

and prediction of intragranular transport is rather difficult. yqr6carhon selectivity is much more sensitive to intrapar-
This uncertainty is due to a complex dependence of massijcie mass-transfer limitations than the overall CO conversion.
transport inside the porous solid particles on the geometry,  compytation of the Thiele modulus (based on the intrinsic

porosity, tortuosity of the catalyst, and diffusivities of the ' a4e) or the Weisz modulus (based on the apparent rate) also
reagents and reaction products. Itis known that gas and liquid g be helpful in order to detect intraparticle mass-transfer
diffusivities are a function of the temperature, pressure, and |imitations. Sie and Krishn& using the data of PJ4f et

composition of the reacting medium. al., computed the internal efficiency (calculation of the active

Convent.ional_experimental verif_ication of the influence part of the catalyst). The ThieteWheeler plot (Figure 44)
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 fluidolid external mass-transfer
limitations. Note, however, that variation of catalyst particle
size can induce an additional pressure drop and modify 01 T W T L1

reactor hydrodynamics (see criteria above). In addition, an 0.1 Thisle modulus, ¢ w0
apparent activation energy lower than that usually expectedrigure 44. Catalyst effectiveness as a function of the Thiele
for a chemical reaction could also indicate the possibility of modulusu for various cobalt and iron catalysts/80 = 2, P =

intraparticle mass-transfer limitations with an internal con- 2.1 MPa,T = 473-513 K (reproduced from ref 28, Copyright 1999,
centration gradient. with permission from Elsevier).

e

T TrraTil

particle diamater = {1.38 - 2.6 mm
pora diameter = 10 - 85 nm
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correlates data obtained with different catalysts under dif- the size of the catalyst) while keeping unvaried all the other

ferent operating conditions. Catalyst effectiveness starts toparameters. The system of heating should be homogenous
drop significantly when the Thiele modulus becomes in the axial direction, and the presence of a guard bed for

greater than 1. It was estimated that for usual FT conditions syngas preheating is recommended. The diameter of the
the internal mass transfer could interfere with the chemical heater in the case of a band heater (metallic or ceramic)

reaction above a mean diameter of 508. Wang et ab’* should be as close as possible to the outside wall of the
with a complete kinetic model simulated the concentration reactor to prevent the heat-transfer problem in the gap

profiles inside a catalyst pellet filled by liquid wax and found between the reactor and heater.

that a mass-transfer limitation could occur if catalyst particles

were larger than 15m. 4.5. High-Throughput Experimentation

4.4.3. External Mass-Transfer Limitations Combinatorial techniques developed in biology have
inspired high-throughput experimentation (HTE) for evaluat-

Transport of each species in the interface around the g the performance of heterogeneous catalysts. In these
catalyst particle or between gaseous and liquid phases may,yperiments several heterogeneous catalysts can be evaluated
also limit the activity and selectivity of FT catalysts. The simultaneously instead of testing catalysts one byhg5
presence of external mass-transfer limitations in a fixed bed 1o principle is to multiply the reactors and reduce the
reactor can be detected using a simple experimental test. Thg,poratory space. Small reactors called “microreactors” are
test consists of simultaneous variation of the mass of the yfien used. The advantages of HTE are as follows: shorter
catalyst and inlet syngas flow rate while keeping the space gyperiment times because several catalytic tests can be
velocity and other experimental conditions (temperature, nerformed in parallel in a single experimental setup; economy
pressure, and inlet#CO molar ratio) constant. The reaction  f |aporatory space because of reactor miniaturization;
rate and especially selectivities should remain constant until gmailer amounts of catalyst for catalyst tests and economy
the superior limit where extragranular mass-transfer limita- ¢ catalyst samples.
tions can be observed. , _ The drawbacks of HTE are also summarized: High cost

In order to keep the plug flow regime of the reactor during ot the HTE setup; high probability of technical problems
this test dilution of the catalyst in an inert material may be pwecause of miniaturization (plugging of the tubes, loading/
required. To avoid possible segregation of the catalyst andyemoying the catalyst, etc.); possible low reproducibility
inert material in the reactor, the diluting inert material should pecause of the small amount of samples, especially if the
have a density close to that of the catalyst. Note, however, catalyst sample is nonuniform; the method is not well suited

that dilution may lead to bypassifi§and can decrease the \\hen analysis of reaction products is rather complex and
apparent activity of the catalyst. Previous reports suggest that; e consuming®L

catals)gg 593"u“0n should not exceed—80 catalyst vol- While several parallel systems have been proposed for
umes.= many applications in catalysis, very few HTE attempts have

As with intraparticle diffusion limitations, the presence e made for screening FT catalysts. Ouy&ngroposed
of external mass-transfer limitations could be also detecteda microreactor system which involves 16 parallel reactors.

via measuring the apparent activation energy. An extemal ajiough the authors claimed that this system was very
mass-transfer control regime could lead to the appare”tpromising, only hydrogenation of carbon monoxide to

energy activation of just a few kJ mdl methane was studied. Moulfit et al. proposed a more
realistic system with six fixed bed reactors placed in parallel.
4.44. Heat Transfer and Hot Spots This system was used to carry out FT catalyst screening and
Since FT synthesis is highly exothermic, heat transfer can study the effect of bed dilution on the catalytic performance
be problematic even in a laboratory fixed bed reactor, of the fixed bed reactor. The same research group also
especially operating at gasolid mode. In gassolid mode proposed an identical system for screening the catalytic
the heat removal capacity can be low because of low heatperformance of FT monolith catalyst. The work of
conductivity of the gaseous phase. This would lead to axial Moulijn and co-workers represents a rare demonstration of
and radial temperature gradients in the reactor. The presencédTE approach efficiency for screening the catalytic perfor-
of temperature gradients in the catalyst bed could be detectednance of FT catalysts under high pressure.
via direct temperature measurements. HTE is probably well suited for screening catalyst
The heat release is proportional to the FT reaction rate. performance when the catalytic reaction could be carried out
At high conversion levels, different parts of the fixed bed under atmospheric pressure and analysis of products can be
reactor could be affected differently by heat-transfer prob- performed on-line. FT synthesis produces a wide range of
lems. Thus, high heat release could occur in the catalystproducts (hydrocarbons, €100, paraffins, olefins, oxy-
layers where most of carbon monoxide and hydrogen aregenates, etc.). The steady-state conditions of the FT reactor
converted, while heat production in other parts of the fixed could be usually attained after several hours and days of
bed reactor could be significantly lower. In addition to a operation. FT tests are usually conducted under elevated
nonhomogeneous temperature distribution in the reactor,pressures and require additional experimental set-up such as
intraparticle temperature gradients also can be present; acondensers in order to separate liquid, solid, and gas-
catalyst particle may have different temperatures on the outereous products. Analysis of liquid hydrocarbons and especially
surface and inside the pores. The variation of catalyst wax is rather complex and cannot always be performed
temperature both in the catalyst bed and inside the catalyston-line. It can be suggested, therefore, that HTE would
particle could affect the results of FT catalyst screening.  probably be less efficient for evaluating the performance of
The temperature gradient in the catalyst bed can be reduced-T catalysts than for many other catalytic reactions, espe-
or eliminated using dilution of catalyst with a smaller inert cially at the conditions favoring waxes and higher hydro-
solid (maximal ratio of size between 5 and 10 depending on carbons.



Development of Novel Cobalt Fischer—Tropsch Catalysts Chemical Reviews, 2007, Vol. 107, No. 5 1737

5. Summary and Outlook um. In fixed bed tubular reactot$;®which involve catalyst

) . particles of -3 mm, diffusion of reagents, intermediates,
Catalyst synthesis, catalysts characterization, and evalu-y4 final products could be relatively slow and affect the

ation of catalytic performance are the primary and probably g1 yeaction rate and selectivity. The methods of eggshell
most important stages in the design of cobalt FT catalysts cata)yst synthesis seem to provide a solution, which could
(Figure 42). Different catalyst synthesis routes, promotion optimize the efficiency of cobalt catalysts in fixed bed
with noble metals and metal oxides, catalyst pretreatments, qa5ctors.

and support effects provide efficient tools to control the 1,4 goal of catalyst preparation is also to avoid loss of
structure and chemical, physical, and mechanical properties.qpait atoms in the support matrix during catalyst prepara-

of cobalt catalysts. The bulk and surface structure of cobalt- o, *hretreatments, and FT reaction. Cobalt oxide could react
supported catalysts could be identified by a wide range of | i most oxide supports yielding cobasupport mixed

characterlzatllon techniques. The most relevant mformaﬂon compounds. These compounds are not reducible at moderate
about the active phases could be extracted from in-situ and o ction temperatures and do not produce any active sites
operando measurements because the catalyst structure andl, r1 synthesis. Production of undesired mixed compounds

catalytic performance can evolve during different pretreat- ., |4 he minimized by adjusting the parameters of catalyst
ments and FT reaction. A fixed bed reactor with plug flow synthesis and pretreatments.

hydrodynamics which operates in the kinetic regime and in It has been lar

. ~ gely shown that the performance of FT
the isothermal mode atlzl‘CO = 2 and 2-3 MPa of total catalysts evolves with time on stream. Several days and
pressure probably proy|des the most suitable methOdOIOgyweeks may be required to attain the steady-state conditions
for preliminary evaluation of the performance of cobalt FT even in a laboratory-scale reactor. Significant modifications

catalysts. - . of catalyst structure could occur during the FT reactor start
Several specific requirements for cobalt FT catalysts can 5 anq on-stream during FT synthesis. These modifications
be formulated. To attain a high and stable yield of long- ¢4 pe related to different phenomena: exothermicity of
chain hydrocarbons, FT catalysts should have an optimalyhe reaction, temperature control, impurities in the feed, and
density of cobalt metal active sites. The active component yresence of water, carbon dioxide, heavier hydrocarbons, and
(cobalt) should be used very efficiently; loss of cobalt in 0anic compounds in the reaction products. Catalyst attrition
the support matrix should be avoided. The catalyst should 5,56 coyid be one of the reasons responsible for the drop in
exhibit high stability during FT synthesis. The cost of the ;.4 vtic performance in a slurry reactor. This suggests that
catalyst should be moderate to allow possible industrial ¢opait active sites generated in cobalt-supported catalysts
utilization. o o should be stable during FT synthesis. Understanding and
Thus, the first objective of any catalyst preparation is 10 ¢onirolling the phenomena that occur in the catalyst during
generate the optimal number of active sites. It has beengt reaction represent a significant challenge. Catalyst
largely accepted that FT synthesis proceeds on cobalt metalyqgifications under the influence of the FT reaction medium

particles. Thus, the goal of FT catalyst preparation is 10 seem to be currently the most obscure area in the design of
generate a significant concentration of stable cobalt metal g catalysts.

surface sites. The number of cobalt metal sites depends on 1 gynihesis is an industrial process. Because of the
the size of cobalt particles and their reducibility. An optimal - g|atively low space velocities, a significant amount of
equilibrium between cobalt dispersion and reducibility can a¢a1yst'is required for a slurry bubble column and fixed bed
be obtained using different catalytic supports, methods of ., iiybular reactor. This involves the requirement to the
cobalt deposition, pretreatments, and promotion with noble .51yt cost. Promotion with even small amounts of noble

metals and metal oxides. metals and sophisticated methods of cobalt preparation could

There is generally a consensus in the literature that the gpectacularly increase the cost of cobalt FT catalysts and
FT reaction is structure insensitive at least for cobalt particles 5arq)| technology.

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 6. Acknowledgments
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