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ABSTRACT

Hydrogenation of CO over silica and alumina supported cobalt catalysts has been investigated
by the use of different experimental techniques; temperature programmed reduction, in siu

infrared spectroscopy, gravimetry and measnrements of activity and selectivity.

Temperamre Progra.n;med Reduction (TPR) was used to characterize uncaleined silica and
alumina supported cobalt catalysts with different metal loading, 0.82% and 4.7% Co/SiO,
together with 1% and 4.6% Cofy-Al,0,.

In addition to reduction peaks atiributed to the reductive decomposition of cobalt nitrate (the
metal precursor), TPR-profiles of all the caralysts except 19% Cofy-ALO; featured peaks which
have been assigned to the reduction of cobalt oxide, Co,0,. The lack of the coball oxide
reduction peak for 1% Cof-Al,O, has been interpreted as being a result of cobalt located in
interstices of the alumina lattice, forming a cobalt aluminate spinel phase.

Peaks appearing at higher reduction temperatures have been ascribed to the presence of cobalt
ions, Co™/Co*, exhibiting varying degree of interaction with the support.

The total extent of reduction of the catalysts increased with increasing cobalt loading. A
higher degree of reduction for the silica supported catalysts compared to the alumina l
supported cobalt catalysts was found.

CO hydrogenation on silica supported cobalt catalysts studied by in situ infrared spectroscopy
revealed absorption bands characteristic of linearly adsorbed CO on metallic cobalt. The
constant frequency (2068 = 4 cm™) of this band at different reaction conditions (H./CO=2,
P,=2.5, 6 or 11 bar, T=473K) has been discussed in terms of a high local coverage of
adsorbed CO, akin to the formation of islands of carbon monoxide.

A decrease in the linear CO band intensity accompanied by a dowscale shift in frequency with
increasing CO hydrogenation temperature, indicated a decrease in the coverage of adsorbed
CO. The reduced coverage of CO at higher reaction temperatures is partly due to the
deposition of carbon or carbonaccous species.

Absorption bands observed in the spectral region 2000-1800 cm™ can be associated with silica
overtone bands (lattice vibrations) and not bridgebonded CO.




-ii-
At the reaction conditions of 2.5-11 bar, H,/CO=2 and 473-573K, the heat of adsorption of
CO on 4.7% Co/SiO, has been estimated to 40 + 30 kl/mole.

CO hydrogenation over 1% Co/y-Al,O, did not reveal absorption, bands atiributable to
molecularly adsorbed CQ. UV-VIS diffuse reflectance and TPR-measurements indicated that
cobalt was located in the alumina lattice, occupying tetrahedral lattice sites, hence being

inaccessible for adsorption of CO.

Infrared spectra of 4.6% Cofy-ALO; during CO hydrogenation (H,/CO=2, 6 bar, 473K)
showed the presence of linearly adsorbed CO at 2062 cm™ in addition to a pair of bands
located at 1996 and 1952 cm’. The two bands have tentatively been attributed to
bridgebonded CO, and are suggested to be associated with the mixed cobalt oxide phase. The
intensity of the doublet decreased with time of reaction (at 473K) and upon an increase in ke
CO hydrogenation temperature. '

Absorption bands appearing in the frequency regions 3050-2700 and 1800-1200 cm™ during
CO hydrogenation over the silica and alumina supported cobalt catalysts have been assigned
to hydrocarbon structures and various compounds such as surface formates and carbonates.
The variation of the band intensities with time during CO hydrogenation and subsequent
treatment with He and/or hydrogen indicated that these structures could be regarded as
spectator species‘, and not reaction intermediates in the Fischer-Tropsch synthesis. '

Adsorption on the support was suggcéted by the Jack of any influence of the growth of these *
bands on the linear CO band position and intensity, in addition to the absence of any

reasonable reactivity in hydrogen at reaction conditions.

CO hydrogenation activity measurements were found to result in a negligible activity for 1%
Cofy-AL,0, at reaction conditions (523K, H,/CO=2, 6 bar). ‘

The activity of 4.7% Co/SiO, decreased with time of reaction. In contrast, the 4.6% Co/y-
ALO, catalyst showed a low initial activity, but the activity increased with time during

exposure to synthesis gas.
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The distribution of the hydrocarben products followed reasonably well the chain

polymerization model of Anderson, Schulz and Flory, with characteristic deviations at C,
(positive) and at C, (negative).

Microbalance investigations of 4.7% Co/SiO, during CO hydrogenation revealed decreasing
amounts of deposited material with increasing reaction temperature (473-573K). The
development of the weight curves with temperature has been discussed in terms of
accumulation of hiydrocarbons on the catalyst.

For 4.6% Coly-ALO;, increasing CO hydrogenation temperature was found to result in
increasing amounts of deposited species. Also, a significant weight increase conld be observed
over alumina alone when CO hydrogenation was carried out at 523K (H,/CO=2, 6 bar).
The observed weight changes over alumina alone and the alumina supported cobalt catalyst
are predominantly due to the formation of stable formate and carbonate species, as indicated
from the in situ infrared investigations.

The weight increase observed when CO hydrogenation was carried ont at 723K (H,/CO=2,
6 bar) over 4.7% Co/SiO, and 4.6% Cofy-Al,0, has been interpreted as due to the formation
of inactive carbon, probably graphite.
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LIST OF SYMBOLS AND ABBREVIATIONS

A absorbance of infrared peak (measured as peak height)

Ac cross sectional area of IR wafer (cro?)

Ao molar integrated infrared intensity (cm/mole)

AES ~ Auger Electron Spectroscopy

o chain growth probability

ASF Anderson Schulz Flory polymcﬁzaﬁon kinetics

B heating rate (K/min.)

BET measureroent of surface area by the method of Brunauer, Emraet and
Tefler

B rotational constant

bee body centered cubic

Bu;, structural unit intensity of CHy-groups (dm*cem®mole)

Ceo concentration of CO (mole/cm’)

cm™ wavenumber (frequency)

dispersion (%)

i) optical pathlength

-AHc, heat of adsorption for CO (kJ/mole)

d, particle diameter (nm)

DRS " Diffuse Reflectance Spectroscopy

DRIFIS '  Diffuse Reflectance Infrared Fourier Transform Spectroscopy
EELS Electron Energy Loss Spectroscopy '
g, extinction coefficient at y cm™

g discrete energy level i

EPR Electron Paramagnetic Resonance

ESCA Electron Spectroscopy for Chemical Analysis

fee face centered cubic

FD Flame Ionization Detector

F-T Fischer-Tropsch

FTIR Fourier Transform InfraRed spectroscopy

& number of states with energy &;
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Gas Cromatograph
Gas Hourly Space Velocity [Nmi(CO+H,)/g catalyst-h]
Planck constant (6.6262-10 J-s)
HydroDeSulfurization
High Resolution Electron Energy Loss Spectroscopy
moment of inertia of 2 molecule
InfraRed spectroscopy '
Ion Scattering Spectroscopy
force constant ’
Boltzman constant (1.381:102 J/K)
equilibfiuin constant for CO adsorption
rate constant for chain propagation
rate constant for chain termination
infrared beam path length or sample thickness (cim)
Low Electron Energy Diffraction
Mercury Cadmium Telluride
dipole moment
number of molecules with energy €;

Nuclear Magnetic Resonance spectroscopy

- mass of catalyst (mg)

reduced mass

number of carbon atoms in the hydrocarbon product
number of atoms in a molecule
molar uptake of CO (mol/g)
avsolute pressure (bar)

normal coordinate

gas constant (8.314 J/mol-K)
equilibrivm bond length

rate of chain propagation

rate of chain termination
density (cm¥/g)

integrated infrared absorbance of CO peak (cm™)



SIMS

TCD
TOS

~vii-
Secondary Ion Mass Spectroscopy
coverage of CO
temperature (K)
Thermal Conductivity Detector
Time On Stream (min.)
Temperature Programmed Desorption
Temperature Programmed Reduction
Températurc Programmed Surface Reaction
potential energy of a system
UtltraViolet-VISible spectroscopy
Weight fraction of hydrocarbon product containing n carbon atoms
Angstrgm, 1 A = 10%m
X-ray Photoelectron Speciroscopy
X-Ray Diffraction
X-Ray Powder Diffraction
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1. INTRODUCTION

L.1. ' THE FISCHER-TROPSCH PROCESS; HISTORY, PAST AND FUTURE
. PROSPECTS

At the early beginning of the century, Sabatier et al. /1/ reported the production of methane
from mixtures of hydrogen and carbon monoxide using nickel and cobalt catalysts. BASF /2/
showed that a mixture of hydrocarbons and oxygenated compounds could be formed from H,
and CO over cobalt catalysts using high pressures. The process was further developed by
Fischer and coworkers, and in 1923 the synthesis of mainly ¢xygenated products (primary
alcohols) and liquid hydracarbons over alkalized iron or cobalt catalysts was reported /3/.
Ni, Co and Fe were investigated as potential catalysts, but Ni and Fe were discarded with
time. Ni because of its high tendency to produce methane and loss of nickel as nickel
carbonyl, while rapid deactivation of the iron catalyst at low pressure excluded further use
of iron as a suitable catalyst. Thus, the early Fischer-Tropsch production plants commissioned
in 1936 used ‘cobalt catalysts with the composition Co:ThO,:MgO:Kieselguhr 100:5:8:200 (in
relative mass units) in fixed bed reactors with low pressure.
The reasons for the rapidly growing and considerable interest in the process was mainly the
need for self-sufficiency in transportation fuels and the oil-to-coal price ratio of up to 10:1.
Development of the iron catalysts continued, and the work of Pichler /4/ revealed that the
lifetime of the iron catalysts could bs improved by increasing the reaction pressure from
atmospheric to about 15 bar. -Stll, cobalt was not replaced in the plants during the Second
World War. By 1944, some nine plants were in operation ‘n Germany with capacities of up
to 700.000 tons per year.
Initially after the war research activity was continued, both in Germany and in the USA, but
with the discovery of huge ii fields in the Middle East, the production of chemicals and fuels
from coal became economically unattractive. The greater availability of crude oil eroded the
cost advantage of coal. Also factors like the multistep namre and the relative thermal
inefficiency of the process contributed to a decreasing interest in the synthesis.
Only in South Africa was the coal-to-oil price maintained due to the lack of local oil fields,
. the abundant reserves of coal and the unique political situation, In 1955, the worlds first large

commercial F-T operated plant, SASOL I, commenced production based on a precipitated iron
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catalyst in fixed bed and moving bed reactors. The fixed bed reactors produce mainly waxes
and heavy liquids olefins and paraffins. SASOL 1. with ten times the capacity of SASOL I,
and SASOL I became operational in 1980 and 1982, respectively. All SASOL Fischer-
Tropsch catalysts are iron based. The SASOL II plant produces mainly gaseous olefins and
light oils in Synthol recirculated fluidized bed reactors operating around 335°C and 22 bar.

The mterrupuon in the supplies of crude oil as a result of the Mlddlc East crisis during the
1970’s led to a renewed interest in the Fischer-Tropsch process. Dunn° the years to follow,
the research effort was mainly focused on maximizing the selectivity to hydrocarbons in the
gasoline range (Cs-C,,) or to light olefins (C,-C,) /5/.
,The use of zeolites represents a possible mean of improving the production of gasoline range

hydrocarbons. This can possibly be accomplished by using /6/:

1) a typical Fischer-Tropsch catalyst supported on or physically mixed with a zeolite
2) a two step process consisting of a Fischer-Tropsch step followed by an upgrading step

involving an oxide or zeolitic catalyst. .

In cither case, the role of the zeolite (or oxide) is to crack or hydrocrack heavy parafins to
Lighter hydrocarbons and convert a-olefins to gasoline range branched and aromatic
hydrocarbons /6/. ‘

In the second generadon Fischer-Tropsch processes now emerging, the interest has focused
on maximizing the yield of heavy liquids and wax /7/. These products can then be
hydrocracked to middie distllates under relatively mild conditions. This approach takes
advantage of the nature of the Fischer-Tropsch polymerization kinetics. The final products
obtained after hydrocracking exhibit excellent diesel properties, characterized by high cetane
number, low sulphur coment, free of aromatics and better low~temperature properties than
todays diesel fuel.

The Fischer-Tropsch synthesis over normal catalysts inevitably produce a broad range of
. hydrocarbons, the carbon number diswibution determined by Anderson-Schulz-Flory

polymerization kinetic. The selectivity can be shifted considerably to the desired product
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spectrum by the appropriate choice of catalyst and/or process conditions, but only within the
constraints of the mechanism. Considerable research efforts have been and still are carried out
in catalyst development, reactor design and process optimalization in order to overcome the
roechanism and improve the selectivity to intermediate products, but with limited success.
Further knowlegde and understanding of the relationship between the catalyst structure and
activity and sejecdvity is a highly desirable objective.’

1.2. THE SPUNG RESEARCH PROGRAMME

The Norwegian Ministries of Oil and Energy (OED) and Industry initiated in 1987 a 6 years
State-financed Research and Development programme for the Utilization of Natural Gas,
SPUNG. The activity has concentrated on thres main areas, Chemical Conversion, Gas in
Energy Systems, and Storage, Transportation and Distribution,

The background and the reason for the SPUNG programme are the fact that the dominating
share of the proven petroleum reserves on the Norwegian Continental Shelf is natural gas.
Norway possesses some 50% of the known Western European reserves of natural gas. These
reserves are about twice as large as those of oil. It is expected that the gas resources will last
some 100 years with the present rate of production, while known reserves of oil will be
exhausted in about 45 years.- Probably more than 50% of the undiscovered petrolemm reserves
is natural gas. Presently, 100% of the natural gas produced in Norway is exported to Europe.
It is therefore an important challenge to develop technology aimed at increasing the utilization
of natural gas as a source for f.ex. the production of liquid energy carriers. This has also been
one of the major goals of the SPUNG programme; to support initiatives towards developing
alternative processes for optimal use of the large quantities of natural gas through cooperation
between research environments and the industry, both locally and abroad.

Chemical Conversion of natural gas into liquid products constitutes the largest main
programme within SPUNG. The programme airas at developing technology for production of
fuels and petrochemicals, which may provide an alternative o process routes using other raw
materials in the production of the same petrochemicals. Also, rescarch of fundamental

character in order to provide basic competence and knowledge of the different chemical and
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technological aspects have been an integrated part of the Chemical Conversion programme.
1.3. SCOPE OF THE CURRENT INVESTIGATION

The Fischer-Tropsch process represents a possible route for the conversion of natural gas to
transportation fuels and chemicals. In the case where methane is the starting pbim for the
production of synthesis gas. cobalt as a catalyst is of importance due to its low water-gas-shift
‘nctivity.

Cobalt was chosen due to its interesting properties as a CO hydrogenation catalyst, for reasons
mentioned in this section and Chapter 2.1. In addition, cobalt is also one of the classical
catalysts in the Fischer-Tropsch synthesis /3/.

It was decided at an early stage of this work to use ¥-Al,O, and SiO, as support materials.
Silica and alumina are of interest because of their industrial applications, i.e. Shell's SMDS
process utilitizes a bimetallic Co-Z#/Si0, catalyst, Gulf Co-Ru!Al;03 and Statoil’s GMD
process applies a Co-Re/ALO, catalyst /8/. '
Also, the inherent properties of the support materials differ. Interaction between cobalt oxide
and especially the alumina support is well established in the literature. The extent of
interaction depends on the applied support, metal loading, preparation and pretreatment /9,10/.
For silica, on the other hand, metal-support interactions are believed to be of a less severe

character.

The present study aims to investigate the influence of metal loading and support in the CO,
hydrogenation reaction. '
In this context, the following subjects can be considered:

- elucidation of the effect of the support on the reduction properties of cobalt, i.e. metal-
support interactions, extent of reduction and phase composition.

- whether calcinatibn is a necessary prerequisité for the formation of compounds by
interaction between cobait and the alumina support (cobalt alurinates).

- effect of reaction temperarure, pressure and H, /CO ratio on the type, distribution and

behaviour of adsorbed CO species during CO hydrogenation at reaction conditions.
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- cxploraﬁoﬁ of the influence of carbon or carbonaceous deposits at different reaction
conditions.‘ ’

- effect of metal loading on CO hydrogenation activity and selectivity, assessed in terms
of the nature of the CO species.

- detection of reaction intermediates in the Fischer-Tropsch synthesis

The experimental approach chosen to address some of these questions is concemed with four

techniques:

1. Fouﬁcr Transform Infrared Spectroscopy (FTIR)
2. Temperature Programmed Reduction (TPR)

3. Meésnrcmcms of activity and selectvity

4 High pressure/high temperature gravimetric studies

Particular attention is paid in the current work to infrared investigations of the supported
cobalt catalysts. This is due to the fact that few in sim IR studies curried out at high
temperature and pressure have been published. The majority of the previous investigations
have been concerned with the adsorption of carbon monoxide at low pressure and
temperature. '

Thus, a2 major goal of this work was to probe CO adsorption and hydrocarbon formation as
a function of tme, temperature, H,/CO ratio and total reaction pressure. Using FTIR
spectroscopy, the ﬂature and behaviour of adsorbed species on the catalyst surface during CO
hydrogenation at realistic reaction conditions were studied.

Parts of the results obtained in the IR investigations and related work on Ru and iron have
been reported in Ber. Bunsenges. Phys. Chem. 97, 308 (1993), Catal. Today 9, 69 (1991), and
as posters at the following conferences and meetings:

- 4" Nordic Symposium of Catalysis in Trondheim, Octoker 3-4, 1991

- "In #im-]nvesﬁgaﬁons of Physico-Chemical Processes at Interfaces”, Lahnstein,
Gemany, October 5-6, 1992

- SPUNG Seminar, Trondheim, 1993




2. LITERATURF REVIEW
21. COBALT; CHEMICAL PROPERTIES AND CATALYTIC USES

Cobalt, a group VIII A transition element is located between iron and nickel in the periodic
system, thus having several characteristics and properties in common with its neighbouring
metals. The transition metal elements are disﬁnguisﬂed from other metals not by their physical
properties, but by their electronic structure. Their valence electrons are located in more than
one shell, as illustrated in Table 2.1-1, which lists some of the fearures of the three metals
in terms of the d and s orbital occupancy, the atomic radii and the metal erystal structure /11/.

Table 2.1-1: Basic data on iron, cobalt and nickel /11/.

Metal Lattice type® Radius®/4 Electronic
structure ]

Fe b.cc 1.24 3d%4s? T

Co fe.c. 1.25 3d'4s*

Ni fe.c. 1.24 3dP4s?

¢ fec.; face centered cubic, b.c.c.; body centered cubic.
b ; the metallic interatomic distance is twice this valve.

The oxidation state of Co is'+2 or +3, as deduced from the electronic configuration of the d
shells, &’ and &, respectively. The lattice structure of bulk metal cobalt is of the closed-
packed face-centered cubic (f.c.c.) type, exhibiting (111), (100) and (110) lew index faces.
The arrangement of the surface atoms on such planes are shown in Fig. 2.1-1.

Cobalt is widely utilized as catalyst in both homogeneous and heterogeneous reactions.

In homogeneous catalysis, unmodified cobalt carbonyl complexes [CoH{CO),] is the active
catalytic species in the Ruhrchemie/BASF process for hydroformylation of propene to n-
butanal (and i-butanal), n- and i-butanol. The SHELL hydroformylation process employs
tertiary phosphine modified cobalt catalysts in order to shift the selectivity towards alcohols
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Fig. 2.1-1:  Schematic view of surface atoms on (109), (111}
‘ and (110) planes of a f.c.c. metal lattice /11/.

and minimize aldehyde production /12/.

Liquid phase homolytic oxidation (autoxidation) of p-xylene to terephthalic acid (used in the
production of synthetic fibres) .by bromine promoted cobalt salts in acetic acid is another
example of the applicability of cabalt.

In heterogeneous catalysis, supported cobalt catalysts find widespread use in a nuraber of
important reactions. The physical and chemical propertics of cobalt catalysts active in
hydrotreating /13-15/, selective hydrogenation /16-18/, hydrodesulfurization (HDS) /13,19,20/,
oxidation /21,22/ and Fischer-Tropsch synthesis /23-28/ have besn extensively studied.

The catalyst used in the above processes is frequently 2 multi-component system, consisting
of eobalt and an éddiﬁonal metal dispersed on the oxidic support. Depending on the type of
raetals present on the surface, either cobalt or the second metal may act as a promoter, for
example by enhanciag the overall activity or by shifting the selectivity towards more desirable
products. The complexity arising because of the presence of the two metals and the possible
interplay or influence they may exert on cach other, the mature and by which reaction
mechanisms this may proceed, is far from completely understood.

An example of such a system is the bimetallic catalyst Co0-Mo0O,/Al,0, utilized in the
removal of sulphur from petroleum feedstocks, hydrodesulfurization (HDS). The catafyst of
choice (Co0-MoOy/ALO,) for this reaction has an order of magnitude higher activity
compared to the CoO/ALO; or MoO,/AL,0, catalysts /19,20/. Different models have been
proposed to account for the enhanced activity upon addition of cobalt, the synergism model
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/1294, the pseudointercalation model 730,31/, and others /13/. The role of cobalt may be that
of a promoter, increasing the activity of the molybdenum phase or, on the other hand,
molybdenum may be considered a promoter in terms of dispersing the cobalt component on
the catalyst surface /32/. Thus, the naturé of the interacticn between cobalt and molybdenum

stll remains uncertzin,

In the Fischer-Tropsch synthesis, Fe, Ru, Co and Ni are in principle applicabie, cach showing
different characteristic properties. Ni has a high selectivity to methane. Iron has a high
specific Fischer-Tropsch and water-gas shift activity. Its ability to convert synthesis gas with
low H,/CO ratios to hydrocarbons makes iron suitable for indirect liquification of cgal.

Cobalt appears as the most promising alternative in replacing the iron catalysts due to higher
yields of oil and waxes and lower yields of olefins and oxygenated compunds compared to
iron catalysts at typical reaction conditions. The low water-gas shift activity and Co,
selectivity of cobalt means that operation near the stoicl;iometry of the Fischer-Tropsch
reaction is necessary. The price of the metal catalysts increase in the order Fe > Co >Ni.In
order to compete with iron as a Fischer-Tropsch catalyst, the amount of cobalt must be low
and the average lifetime in the reactor must be much longer than that of iron. Further
extensive studies of cobalt as a potential replacement for the iron-based catalysts presenty

applied in commarcial operation is needed.
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22. THE NATURE AND ROLE OF CARBON IN CO HYDROGENATION
OVER SUPPORTED COBALT CATALYSTS

There is a general consensus that the dissociation of carbon monoxide and the surface carbon
thus formed plays an important role in the hydrogenation of CO over wansition metal catalysts
/33-36/. The dual role of carbon is that of being an reaction intermediate in the formation of
products or being 2 precursor to the deposition of coke and graphite. The nature of the surface
carbon is crucial in the determination of the subsequent reactivity.

On metal surfaces, two modifications of carbon which do not contain hydrogen have been
identified, carbidic and graphitic carbon. Elemental or carbidic carbon {&x-carbon), is the xesnlt
of carbon monoxide dissociation where this occurs. It consists of carbon atoras coordinated
to the metal surface but not invelved in carbon-carbon bonding /37/. Amorphous or graphitic
carbon can be formed by polymerization of slem=ntal carbon. The structure of the graphitic
carbon consists of one or several sheets of carbon with the carbon atoms in a sp? coordination
/38/. Migration of c&bon atoms into the lattice of the metal results in the formation of metal
carbides. It has been Suggeswd that cobalt forms two types of carbides, Co,C and Co,C /39/, .
and that bulk cobalt carbide can decompose to graphitic carbon above 700K /40/.

The reactivity of the
o 0 carbon containing spacies
1
3+ 00 towards hydrogen, as
o TahMe  surfocemetal  {()
08 —=— " amde e Uk el deduced for example from
{1y ‘ s
co Ve surfoce metol (s bulk metal TPSR analys:s, decreases
e BL=E2" cdre ~  corbige
\% from elemental carbon to
P cuat:pn;ﬁws {121 nactve rblg‘umlcl .
& % ea graphitic carbon, which
CH .
YLos appears cssentiall
CHylo) ﬂﬁ: paraffes ’ PP . ¥
| %omm U0l =H | o | UREERCLIVE under
hydrogenation conditions.
Fig. 22-1: Transformation and gasification of carbon-

With carbidic carbon as a
starting point, Fig. 2.2-1
illustrates the pxincipal pathways for the formation of carbon-containing species /41, CO is
assumed to adsorb dissociatively (1), although possibly preceded by a moleculasly adsorbed
intermediate. Oxygen can be removed in the form of H,0 (2) or CO, (3) by hydrogen and

containing species on a metal surface /41/,
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carbon monoxide, respectively. Surface oxygen may also participate in the formation of metal
oxides (4 and 4°). Surface carbon atoms (C.") can interact with the metal to form surface and
bulk carbides (5 and 5°), while they are also susceptible to hydrogenation (6), resulting in
methylene and methyl stroctures, the latter a necessary prerequisite for initation of chain
polymerization. Methane can be produced via pathway (7), that is, by hydrogenation of
methyl species not participating in the polymerization. It could also be formed from partially
hydrogenated carbonaceous deposits (13). The surface carbonaceous deposits may under
certain reaction conditions interconvert to a less active or total inactive (graphitc) form (12).

Nakamura et al. /42/ demonstrated the existence of three types of carbonaceous specics on a
6% Co/ALQ, surface; CH and/or CH,, carbidic and graphitic carbon.

Carbidic carbon was predominantly deposited at low temperature (503K), while graphitic
carbon was the major component when the CO disproportionation reaction was carried out
at 703K. The amount of CH, formed during pulsing with H, depended on the deposition
temperatre (503 or 703K). The activation energy for the CH, formation remained nearly
constant, while the reactivity of the deposited species towards hydrogen decreased (upon
heating of carbon deposited at 503K to 703K). This was found to correlate with the
hydrogenation of carbidic carbon, the amount of which depended on the deposition
teraperature. Depositing carbon at 503K followed by heatng to 703K resulted in
decomposition of carbidic carbon to graphitic carbon, but 2 limited amount of carbidic carbon
remained on the surface. A reversible conversion between graphitic and carbidic carbon was
suggested 1o occur by thermodynamical equilibration at high temperature ((703K). Graphitic
carbon was found to be inactive towards H, between 353K and 703K.

In agreement with the findings of Nakarﬁura et al. /42/, the TPSR results from the study by
Lee et al. /43,25/ revealed two forms of carbon, atomic carbon (o-carbon) and polymeric
carbon (Cy) with TPSR peaks at about 463K and 703K, respectively. With increasing CO
disproportionation temperature (523-673K), an increase in the total amount of deposited
carbon was observed on the surface of 10% Cofy-AL,Q,. The fraction of the active carbon
form (CJC+C;) decreased while the amount of carbon unreactive towards hydrogen [{C-
(C+Cy))/C)] increased with temperature. This was explained by configurational
transformations of the a-carbon into polymeric carbon, crystalline graphitic carbon and bulk
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metal carbide. AES (Auger Electron Spectra) confirmed the presence of carbon with different
morphologies prevailing at different CO disproportionation temperatures, see Fig. 2.2-2,
At the Jowest temperature investigated, 523K, C,

! e apoc| predominated, while at 673K, graphitic carbon which hardly
d asoc reacted with hydrogen was predominant. The type of carhon
¢ asogc|  present at the intermediate temperatures, 573 and 623K, was
b 2spc| suggested to be of the polymeric and/or graphitic form. The

3 FRES|  AES specira did not indicats the formation of cobalt bulk

carbide at the intermediate temperatures.
, The CO hydrogenarion activity (mol/g cobalt-s) depended on
asggos ENEns:. W the deposition temperature; decreasing activity with increasing
Fig. 22.2: AESspecira (cmperature was observed. The decline in activity was
gogl?(;;; believed to be caused by blockage of active sites duc to
. accumulation of less active polymeric and/or graphitic carbon

species. The decrease in catalytic -activity was more
pronounced for the catalysts with lower cobalt loadings, suggesting that carbon formation is
favoured on small cobalt metal particles. The observed increase in the olefin fraction with
increasing carbon deposition temperature was explained by reduced capabilities of the carbon
covered catalyst to hydrogenate primary olefins to the corresponding paraffins.

In a Jater investigation, Nakamura et al. /44/ studied carbon deposition on polycrystalline Co-
foils using XPS. The deposition of carbon on the cobalt surface was achieved either by
dissociation of adsorbed CO or by the Boudouard reaction (2CQOy, = C,) + CO,y)).

Adsorption of CO at 77K followed by heating to 473K dui'ing which XPS spectra were
recorded simultaneously identified threc temperature regions of interest. Between 123 and
300K, desorption of carbon monoxide took place as indicated by the decrease in the COy,
XPS peak at 285.3 V. In the second region, 300-373K, new XPS peaks at 283.1 eV (C 1s)
and 530.2 eV (O 1s) was believed to correspond to adsorbed carbon (carbidic carbon) and
oxygen as a consequence of CO dissociation. The XPS spectra of the cobalt surface obtained
between 373 and 473K revealed no peaks attributable to adsorbed CO at 285.3 eV (C 1s) and
531.8 ¢V (O 1s). In this temperature range, the XPS peak due to carbidic carbon (283.1 eV)
remained relatively constant, indicating the abserce of any carbon penemrating into the bulk
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of cobalt. The fixed amount of carbidic carbon, 8,, formed as a result of the dissociation: of

CO, was reported to 0.4. The sample was then cooled to 77K and CO introduced followed

by heating to 473K. CO adsorption took place on the carbon covered surface at 77K, but CO

desorbed upon heating,

When the Boudouard reaction was conducted at 500 and 700K, two forms of carbon were
identified based on their characteristic XPS binding energies, carbidic carbon (283.1 V) and

graphitic carbon (284.8 eV). The amount of the surface carbon deposited at 700K was

approximately equal to that deposited in the temperature range 373-473K during CO
dissociation. Deposition at 500K resulted in a 6, value for carbidic carbon of 1. The thermal
decomposition of carbidic carbon to graphitic carbon in the absence of hydrogen is believed
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Fig. 2.2.3: Interconversion of carbidic

carbon to graphitic carbor on Co-

foils.

(A) after carbon deposition at 500K

{B) heating

at 700K

(C) after 20 min.
(D) after 40-60 min. /44/.

to occur above 700K. The transformation is
illustrated in Fig. 2.2-3. Carbidic and graphitic
carbon were deposited on the cobalt surface in a
1:0.2 ratio at 500K followed by heating to 700K.
As can be seen, a limited part of the carbidic.
carbon (0=0.4) remains stable at 700K and is not
converied to graphitic carhon.

It can be inferred from the above results that CO
dissociation can not occur on a surface eovered
with carbidic carbon, while the disproportionation
of CO still proceeds on a surface conti.z.ining o-
carbon. This may imply that the dissociation of
CO require certain sites or planes, In the
literature, CO-"dissociation have been reported to
be provided by ensembles consisting of atoms
located on different crystal planes. Examples of
such planes are Co(1012), Co(1120), Co(001) and
Co(1010) /39.45-47/. The formation of carbidic
carbon are believed to take place on Co(l012)
and Co(1120) crystal planes.
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Carbon-containing dcpésits were observed in a thermogravimetric study of silica supported
iron-cobalt catalysts during CO hydrogenation /41/. For the bimetallic catalysts, an initial
rapid weight increase was caused by the formation of bulk metal carbides. The higher the iron
content of the catalysts, the quicker the weight increase. The further increase in the masses
of the bimetallic catalysts was regarded to be due to the build up of carbonaceous deposits.
The 15% Co/Si0, catalyst, however, lacked the rapid weight increase in the initial stage of
| the CO hydrogenation reaction, see
Fig. 2.2-4. This led the author to
104 propose that bulk cobalt carbide

was formed after an induction

i period, during which the formation
33‘0_ of stable carbide nuclsus was
\g assumed. XRD analysis of the

tme onstream . b

0. ) 3 £ o = cobalt catalyst after 50 hours of CO

Fig. 22-4:  'Weight changes of 15% Co/SiO, hydrogenation reaction indicated the
during CO hydrogenation at 548K,
H,:CO=1.1:1 and 1 bar /41/.

presence of Co,C or possibly a
carbide of smaller carbon-to-cobalt
ratio. The carbonaccons depesits affected both the catalytic activity and hydrocarbon
distribution. The initial rapid decrease in the conversion of CO to hydrocarbons was belicved
to be due to small amounts of carbonaceous deposits remaining on the surface of the metal
or its carbide, thus blocking sites active in the hydrogenation reaction.

The influence of the ddposimd carbonaceous species on the distribution of the hydracarhons
can be summarized by the following points:

1. A continuous increase in the methane fraction of the hydrocarbons with time
during CO hydrogenation.

2 The fraction of the C, hydrocarbons increased while those of C, and C,
decreased, regardless of the catalyst compositon.

3. An initial rapid increase in the content of alkenes due to inhibition of reaction
pathway (10) in addition w decreased hydrogenation of the hydrocarbon
precursors (8).
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In the smdy by Barcicki et al. /48/, 15% CofSiO, was exposed to a puls of CO in the
temperature range 298-623K followed by subsequent H, pulses at reaction temperature.
Carbon deposited by Boudouard’s reaction was not observed below 373K. The fraction of
carbon deposited by the disproportionation reaction increased between 373 and 573K. Above
573K mainly all the carbon hydrogenated was found fo originate from the Boudouard
reaction, since no oxygen atoins were detected in the deposited layer. From the reaction with
hydrogen, two modifications of carbon was assumed to be present, one easily hydrogenated
\probably carbidic carbon), the other inactive towards hydrogen at 573K. At.473K, 96.1% of
the deposited amount of carbon could be removed by S hydrogen pulses. Increasing the
hydrogenation temperature resulted in decreasing degree of gasification. At approximately the
same temperature (473K) the transformation of the reactive surface carbon into graphite-like
structures occured. The relatively low temperature of carbon interconversion was explained
by the low content of oxygen atoms in the deposited layer, which could diluts the surface

layer of carbon and block surface area

The surface properties of a fresh and carbon deposited 5% CoA-AlLO; catalyst was compared
using TPD and FTIR-spectroscopy /49/. Carbon was deposited at 523K by the Boudouard
reaction. The CO TPD spectza of a fresh catalyst reduced at 798K for different periods of .
time (7-24 h.) showed peaks at 353K (a-band), 403K (f-band), 453K (y-band) and 603K (&
band). Their intensity varied with ime of reduction. After carburization of the surface for 2
hours, the intensity. of the 8-band was higher than on the fresh catalyst and slightly shifted
to lower temperature. The B-band was absent in the TPD spectra of the carbon covered
surface, while the o- and Y-bands were only slightly affected by carbon deposition. The
assignment of the different peaks was as follows:

a-band: either due to CO species adsorbed on cobalt alurinate or on the cobalt

carbide surface (Co-C-CO).

B-band: CO desorbed from a unreduced, oxygen contaminated Co-surface
(cobalt oxide).

¥-band: CO desorbed from a reduced Co-surface.

o-band: deposited carbon reacting with oxygen supplied from CO or CO,,

cobalt oxide or the Al,O, support.
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2.3. . TEMPERATURE PROGRAMMED REDUCTION (TPR)

' 2.3.1. Introduction

The catalysts used throughout this study are uncalcined silica and alumina supported cobalt
catalysts. Thus, the following literature review is mainly focused on ealier studies describing
the characterization of similar catalysts, either using TPR or XPS alone, or a combination of
the two techniques. Despite the fact that the chemical nature of cobalt species on the catalyst
surface has not been investigated by XPS in the present study, studies applying this technique
are still inclﬁdcd in this review, since TPR and XPS are techniques that complement one
another. Results from investigations using additional characterization techniques, like XRD
and SIMS, will be refered to when applicable.

2.3.2. Reductive decomposition of Co(NO,),-6H,0

The majority of the cobalt-TPR investigations have been performed on catalysts ealcined prior
to TPR analysis. Investigations concerning TPR stuﬁies of uncalcined (impregnated and dried)
catalysts are scarce. Only a limited number of studies report the use of relatively mild
pretreatment conditions before TPR analysis /50-52/. In dus respect, it is of interest to
establish the position of the peak(s) resulting from the reductive decomposition of nitrate ions
in the applied metal precursor, Co(NQ,},-6H,0.

The TPR profile of unsupported cobalt nitrate has been reported to consist of two peaks -
located at 503K and 592K (B=24K/min.) /50/. Exothermic reductive decomposition of cobzlt
nitrate was belicved to be responsible for the S03K peak, while the 592K peak was due to
reduction of cobalt oxide formed during decomposition. TPR spectra of 10% Co supported
on silica and alumina pretreated at 293K were similar to that of unsupported cobalt nitrats
below ~600K. Increasing pretreatment temperature resulted in the disappearance of the peak
assigned to nitrate reduction. A calcination temperature around 650K was found Recessary to
completely remove the peak near 500K. ascribed to hydrogen assisted decomposition of Co-
nitrate /52/. Hoff et al. /10/ stated that a calcination temperature of about 673K was required
to decompose virtually all of the cobalt nitrate. Rosynzk et al. /51/ assigned a peak at 553K




-16-
(B=20K/min.} to the reductive decomposition of the nitrate ion in unsupported cobalt nitrate.

The position of this peak shifted 30K to lower temperatures when cobalt nitrate was supported
on silica.

2.3.3. The extreme sitsations, Co,0, and CoAl,O,

Usually, but not necessarily, the applied metal precursor is cobalt nitrate hexahydrate,
Co(NO,),-SH,O. During calcination following impregnation of the actal support,
decomposition of cobalt nitrate takes place and an oxide phase is formed, briefly discussed
in the previous section {(Chapter 2.3.2). The nature of the support can have considerable
influence on these processes. Generally, the metal oxide and support can interact in three
possible ways: (a) the support acts as a dispersing agent (weak interactions), {b) solid solution
formaton and (c)‘lhc formation of surface compounds (strong interactions).
Investigations /50,53-55/ indicate that cobalt oxide
{3 supported on alumina was incompletely reduced to the
/ \ -netallic state due to strong interactions between the metal

and the support. Explanations which have been proposed to

CoAlz0,
account for this are; the formation of cobalt aluminate

spinel, cobalt ions positioned primarily at tetrahedral or
octahedral lattice sites of Al,O, (depending on the.

Hy Consumption(Ribilrdry wal)

700 0§00 8O | ——=

T calcination temperature and metal logding) or a modification
Fig. 23.31: TPR profiles of of the electronic properties of the cobalt oxide /56/. On
unsupported Co,0, and alumina supported cobalt catalysts, at least two cobalt
g;ﬁl;?;ﬁ:lomnﬁn., 10% phases are reporied, a crystalline phase as Co,0, and a

dispersed phase as a stoichiometric and non-stoichiometric
cobalt aluminate /53,54/, probably with a spinel-type structure.
The TPR spectrum of unsupported Co,0, has frequently been found to consis: of a single,
asymmeuic peak located between 525K and 770K /50-52,56-60/, while others 154,61-651,
report a main high-temperature peak accompanied by a partial resolved low-temperature peak.
The position of the peaks (singlet or doublct) depends on the applied experimental conditions.
The temperature at which the single Co,0, peak appears was almost identical to the
temperature where the CoO reduction peak was observed /52,65/. The observation of only one
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peak may be explained as a result of overlap between the two stages of reduction as an
consequence of different TPR reaction conditions (gas flow rate of H/inert gas-mixmure,

H.finert gas ratio, the heating rate or the catatyst sample mass) /507,

However, whether one single or two resolved peaks are observed, there exists a general
agreement that the reduction of Co O, takes place in two stages via CoO. Hence, the

reduction scheme can be written:

Co,0, + H, - 3Co0 + H,0 2.1
3Co0 + 3H, — 3Co + 3H,0 22
Co,0, + 41,0 — 3Co + 4 H,0 2.3

The asymmeujr and broadness of the observed single peak was believed to encompass the two
step reduction process for Co,0, /50,56/. XRD-data obtained before and after the first stage
indicated the presence of Co,0, and CoO /61/.

The crystalline Co,0, phase has been found rather easy to reduce, either in the bulk form or
formed dunng the calcination step and consequently deposited on the catalyst sutface,
subjected to weak interactions with the support.

The opposite extreme siwation; strong interactions between the cobalt and especially the
alumina swpport results in the fermation of compounds generally described as cobale
aluminates, CoALO,. The CoAl,O,-spinel has been found difficult to reduce. Studics have
revealed that temperatures higher than 1120K are required to reduce the surface aluminate
150,52.56,58/. As mentioned earlier, interaction between dispersed metal ions and the y-ALO,
lartice providé the basis for .thc formation of the cobalt aluminate species. The crystal
structure of v-ALO, is that of an (imperfect) spinel with a deficit of cations, with AP* filling
2/3 of the tetrahedral sites in addition to the octahedral spinel cation positions. Two octahedral
sites exist for each tetrahedral in v-ALQ, /53/. Co™ may diffuse into the alumina during
calcination where they can occupy octahedral and/or tetrahedral sites, forming a spinel type
stucture, believed to be quite resistent to reduction by hydrogen.

In addition to the cobalt phases described in the previous section (Chapter 2.3.3), the

existence of intermediate phases of cobalt, their nature and distribution together with their
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reduction behaviour have been given increased attention in the recent literature,
The influence of the cobalt loading, support and pretreatment conditions on these properties

will be reviewed in the following section.
2.34. The effect of the cobalt loading
Several anthors have examined the effect of the metal loading on the extent of interaction

between the cobalt oxide and alumina, either by TPR /56/ or by employing ESCA, ISS,
DRIFTS, XRD or SIMS as additional characterization techniques /53,54,57/.

Wang et al. /56/ studied the reduction behaviour of
——___K alumina supported cobalt catalysts containing 1.5-30
'z /\/& wt-% Co. For cobalt catalysts with low metal loading
: S (L5 wt-% Co) a peak above 1173K was ascribed to
H —/\/\— the formation of amorphous surface cobalt aluminate.
'zz Catalysts with a cobalt content of 6% or higher
§ M showed the development of peaks centered around
ol o 773K. Both the low- and high-temperature peaks
T W0 W, shified to lower temperatures as the cobalt loading
T increased, Fig. 2.3.4-1. The peak areas for the peak

Fig. 234-1: TPR profiles of s . .
Coly-ALO, with above 1173K decreased with increasing metal
different metal loading, while the opposite was the case for the low-
loading. £=10 temperature peaks. It was suggested that the presence

K/min., 10% H,/Ar i

156/, . of reducible Co (easy-to-reduce) species enhanced

the reduction of more sn'ongl)" interacting cobalt
species by facilitating nucleation of the cobalt oxide species. The low-temperature peaks were
positioned at higher teraperatures than the bulk Co,0, reduction peak,.which was explained
by interactions between the cobalt oxide and cobalt aluminate requiring higher temperature
for the reduction of cobalt oxide, or smaller particle size of supported Co,0, compared to
bulk C0,0,, making the reduction of them more difficult. Another proposed explanation was
the existence of a phase different from Co,O,, possibly a Co™ phase.
An amorphous, distorted overlayer Co,0, phase consisting of Co” and Co™ deposited over
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the cobalt aluminate spincl structure was reported by Tung et al, /57/ in their EPR and DRS
study of alumina supported catalysts containing up to 3% cobalt TPR peaks at 620K and
875K were assigned to the reduction of Co™ and Co™ species, respectively, in the overlayer
phase. Diffuse reflectance spectra (in the UV-VIS region) confirmed the assignment; the
triplet (at 550, 580 and 620 nm) characteristic of cobalt aluminate was replaced by two
separate peaks (at 400 and 700 nm) as the cobalt loading was increased from 0.3% to 1 and
3%. A further increase pf the cobalt content (to 8% and 16%) resulted in XRD peaks
corresponding to Co,0, crystallites, which was suggested to be deposited on the distorted,
amorphous overlayer. Additional feamres at 510K and 550K in the TPR profile of the catalyst
containing 16% Co was ascribed to the reduction of bulk Co,0,.

Chin et al. /53/ characterized alurnina supported Co catalysts with a metal concentration
varying between 1% and 30%, employing ESCA, SIMS and ISS. For a given calcination
temperature increasing metal loading resulted in decreasing -XPS binding energies. Catalysts
with low cobalt content (1% and 2%) had binding energies close to that of CoALQ,, whilé
the catalyst with high loading (30%) exhibited a binding energy equal to the onc obtained for
C0,0,. A linear correlation existed between the XPS peak area intznsity ratio (Co 2p,,/Al 2p)
and the metal content up to ~10%, where a breakpoint was observed. Higher metal loadings
yielded an cnhancernent of the intensity ratios, A similar sitvation with a breakpoint occurring
at ~12% Co was observed when Co/Al ISS peak intensity ratios were plotted as a function
of mezal content, The indicated alterations in the surface composition was believed 10 be due

1o segregation of a Co,0, phase (for Co

concentrations 2 10%) on top of a surface

| (&) calcined =t 400 *°C /‘

< b / saturated with Co-species (< 10% Co), that is, a
2 . —
$ aof . — surface where all y-ALO, lattice positions are
: ok } ® ot 600 °C occupied. Reduction studies of Co/Al,O, showed
I . a linear increase in the reducibility of the
R S R T

catalysts with increasing metal content. but a
Co Conient (mt%)

Fig. 23.4-2: Relationship between change in the slope of the curve occured at about

%-reduction and metal  12% cobalt, as shown in Fig. 2.3.4-2. This was
loading of Co/A},O .
redncegd at 673Kzfojr 4n, found to be consistent with surface segregation of

153/, Co,0,. For catalysts with higher (than 12%) Co-
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content, the formation of larger Co,O, crystallites led to a more moderate increase in the
reducibility of the catalysts compared to those containing less than 12%. It was suggested that
this could be. due to the effect of the dispersion; the dispersion decreases with increasing
metal loading, and a decrease in dispersion results in Iower reducibility.
In their study of Co-catalysts with low metal loadings (1.1%-4.3%), Chung et al. /54/ verified
the existence of two cobalt states, a reducible phase associated with bulk Co,0, and a non-
reducible state related to cobalt ioes predominantly in tetrahedral lattice sites of the -alumina
support.
Diffuse reflectance spectra (DRS) of 1% Co/Al,0, (batch-prepared; all Co added at once)
showed an intense triplet (at 620, 580 and 545 nm) due to Co?* located in tetrahedral lattice
positions, while 3% Co/Al,Q; (batch) predominantly exhibited a broad band around 500 nm,
assigned to octahedral Co®*. Cobalt catalysts prepared by stepwise impregnation with 1 wt-%
Co showed no reduction behaviour, while the reducibility of the batchwise catalysts (all cobalt
added at once) increased with increasing amount of metal. XRD patterns of the batchwise
catalysts (> 2% Co) indicated the existence of Co,0,, while no X-ray pattern indicative of
Co,0,-phase was observed for Co-step catalysts containing up to 3.5 wt-% Co. These results
may suggest a higher degree of dispersion of the cobalt ions into the ¥-Al,0, lattice for Co-
step catalysts compared to the batchwise prepared catalysts.

TER profiles (B=2.5K/min., 5% H,/Ar) of CoO/y-ALO, catalysts with metal loadings of 5-20
wt-% using cobalt nitrate as meial precursor /59/ exhibited reduction peaks attributable to
cobalt species as discussed by Arnoldy et al. /52/ (see Table 2.3.6-1). Usixig a similar notation
as the one introduced by Amoldy et al. /52/, the reduction peaks are characterized by the
reduction temperatures 400-450K (Co-I'), 503-353K (Co-I), 633-643K (Co-TIA), 693K (Co-
1IB), 753-773 (Co-IIT), 853-873K {Co-IV) and 923K (Co-V).

The peaks observed at 400-450K (Co-I') and above 920K (Co-V) were ascribed to smal!
particles of non-crystalline (amorphous) cobalt oxide akin to Co,0, (Co-I) and Co®*-species
in subsurface and/or bulk phases. respectively. The Co-phase denoted Co-V detected higher
than 923K probably corresponds to the Co-IVC and Co-IVD phases observed at 1150-1230K
by Amoldy et al. /52/. The Co-IIA and Co-IIB phases were belicved to originate from surface
Co™ and a Co*-AI** mixed oxide bulk phase, respectively. Surface Co® was reduced in the
temperature range 753-773K (Co-III). The authors /59/ further defined the Co-IV phass as
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(sub)surface Co™-specics. 3 wt-% CoO/y-Al,0, contained predominantly Co-IIA and Co-IV
species, with a distinct peak for Co-IIA at 5 wt-% CoQ. Co-IIB appeared at 5 wt-% CoD

while small amounts of Co-I’ were observed with a cobalt loading of 20 wt-%.

2.3;5. The effect of the support

The reducibility of cobalt (nominal loading 5-wt%) Supportcd on Si0,, 7-Al,0, and TiO, was
investigated by Castner et al. /58/. The TPR (B=4.5K/min., 2% H,/Ar) and the Co 2p XPS
spectra of Co/Si0, were found to be similar to those of unsupported Co,0, with a TPR peak
maximum near 623K. The major cobalt phase on Si0O, was large (30A), bulklike Co,0,
particles which were completely reduced to metallic cobalt below 723K, see Fig. 2.3.5-1.

The TPR-spectrum of the Cofy-ALQ, catalyst

Co,0, featured three peaks (773K, 948K and 1173K)
‘ cwy\ with no evidence of Co,O, The high-
: temperature peak was associated with cobalt

Co/Si0,

aluminate, while the two remaining peaks were

tentatively ascribed to an intermediate cobalt

- \Como, phase (between Co,0, and CoAl,0,) with a
reducibility between that of cobalt oxide and

/\’w‘y cobalt aluminate, but of similar crystal

structure. On the calcined TiO, supported Co-
ComkeL,0, catalysts, reduction of Co,0, occured at 648K,
while the peak located at 753K represented the

20 %0 0 S0 60 70 8w weo e Feduction of Co™ to Co®. XPS-analysis showed
Temperature, *C " decreasing amounts of Co on TiO, (reduced at

Fig. 23.5-1: gﬁm ;‘; ((:;?,’0" 753K in H,) and 7-ALO, (reduced at 973K in
i 3

supported on Si0,, TiO,  H,), which could be due to sintering of cobalt ~

and ALO, /58/.

particles, diffusion into the support lattice or -
decoration of Co with Ti oxide species.

Interactions between Co,0, and AL O, were stronger tinan tim of Co,0,-810,, as deduced from
TPR spectra (=10K/min., 8% H/Ar) in the study of Paryjczak et al. /64/. The reduction of
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10% Co0,0,/Si0, resulted in a2 maxirnum at 693K and was completed at 873K, while the 10%
C0,0,/AL,0; was incompletely reduced at 923K. 1% Co,0,/Si0, exhibited a maximum at ca.
643K (Co,0, — C00), but was not fully reduced even at 873K.
Cobalt supported on kieselguhr (impure silica with low surface area) promoted with ThO,
have been studied by Viswanathan et al. /61/, using H, and CO adsorption, XPS and TPR
techniques. Catalysts with and without promoter addition had different percentage reduction,
75% and 39%, respectively. This was proposed to be due to the formation of a support
adlayer encapsulating the cobalt oxide particles. ThO, probably restricted the migration of
Si0; in the presence of water, hence a higher degree of reduction was achieved. XPS spectra
showed surface segregation of thoria, which was believed to prevent the encapsulation of the
cobalt oxide with kieselguhr. The results from H, and CO adsorption experiments gave 2
further indication of the assumed support-cobalt interacton. The H/Co and COICo ratios
decreased with decreasing cobalt loading, indicating possible interaction between the cobalt

metal and support in addition to cobalt-unreduced cobalt oxide (elecironic) interaction.
2.3.6. The effect of different pretreatment conditions

A detailed characterization of cobalt species present in CoO/ALQ, systems was conducted by
Amoldy et al. /52/. The majority of their study concemed the investigation of 9.15% Cofy-
AL, calcined at different temperatures (575K-1290K), but the effect of different heating
rates during TPR analysis and flow rates during calcination was also examined. Reduction of
the Co-species was found to take place mainly in four temperature regions, around 600K (3),
750K (), 900K () and 1150K (IV). Range I was subdivided into ITA andlllB, while
reduction range IV could be separated into 4 distinguishable phases, IVA, TVB, IVC and IVD.
The appearance and disappearance of these phases was strongly related to the calcination
temperature, as shown in Fig. 2.3.6-1 The assignment of the various regions to different Co
phases was also based upon XRD data as well as DRS in the UV-VIS range. Interpretations
of the TPR peaks are summarized in Table 2.5.6-1. The 70K npward shift of the Co,0, peak
with increasing temperature was explained by a change in morphology; higher temperatures
lead to less formation of metallic nuclei’s facilitating the reduction of Co,0,, hence a shift
to higher reduction temperature. The effect of the calcination temperature was explained by
solid state diffusion of Co® and cobalt species in different oxidation states (Co**/Co™).
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Table 2.3.6-1: The assignment of observed TPR-peaks to different Co-phases
according to Arnoldy et al. /52/.
TPR conditions: f=10K/min., 67% H./Ar

REGION { TPR-PEAKS (K) CALCINATION COBALT-PHASE
TEMPERATURE (K)
560, shifis 70K 10
higher temperxature
I with increasing up to 900 Reduction of Co,0,
calcination . crystallites
tempecrature .
(575 - 875
A ‘ below 825 Reduction of dispersed
surface Co™- species
~750 . Ie LB i
Mixed Co**-Al™ oxidic
B below 1000 crystallites, tentative
formula Al,*(Co.*)0*
or Co,Al0,
m 875 below ca. 950 Reduction of surface
Co™
Reduction of surface
wa 1100 - 1230 675 - 925 Co*-ions with 2 high
number of Al-O ligands
: Reduction of (sub)surface
IVB 1035 - 1175 Co™-ious in a not well-
defined Co®-Al** spinel
(Co™ in a diluted form)
Reduction of Co** in a
wc ‘ 1230 ) 1175 spinel of composition
Co,Alpron0n 0<x <l
x=0.18
IVvD 1150 1290 _Swichiometic CoALC,

Region It Reduction of well-defined Co,0, crystallités. No more than 25% of the cobalt
existed as Co,0,. Higher calcination temperatre (>875K) resulled in the
disappearance of the reduction peak assigned to this phase, suggesting that

Co*™ migrate into the upper layer of the alumina support.
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Region IA:  Reduction of surface Co™ ions. Co™ can te
P L - formed from the conversion of phase IH
o m o m species into phase I (and phase IV) with
v m w w " increasing . calcination temperatre {775-
925K).
. ;
-

e = = b Region IIB: . At calcination temperatires in the range
i - = - 875-925K, surface Co** and Co™ in Co,0,
E! - s may become mobile. Diffusion of Co* into
3 - s the ¥-AlL,O, lattice and counter diffusion of
> %":N'J : AI* results in the formation of the mixed
TarEmr T oxide Co*-AP*. Co* has a higher

Fig. 23.6-1: Various Co-

octahedral site preferency energy than AP

phases on 9.1% (105 k¥/mole versus 62 kJ/mole), thus Co>
Eﬁ%::?)}as a is expected to occupy octahedral and AP
calcination terahedsal lattice positions. The Co*-Al*
;glznl.pemture exchange was suggested to occur via solid-

state diffusion.

Region OI:

Region IV:

Observed for catalysts calcined below ca, 950K, and assigned to stirface Co®".
The presence of this phase was not detected using high calcination flow rats.
High flowrate would have low effect on the oxidation of Co* to Co*, hence
phase TIT and IV predominate. Low flowrate would result in oxidation of Co™
and the presence of phase I and I,

The amount of this phase increases with increasing calcination tsmperature,
reflecting the diffusion of Co® into the alumina lattice. Simifarly, the reduction
temperature  increases with increasing calcination temperaturs, implying
increasing lamice stabilization of Co* with advancing solid state diffusion.
Around 1G00K, reduction of Co® to Co™ and solid state diffusion of Co®
results in the disappeaiancc of phase 1, II and IIT and the formation of species
reduced in region IV. Calcination at 1290K gives stoichiometric CoAlLO,.
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Different surface u:chniques (XPS, XRPD and XRD) in addition to TPR were vsed to
characterize the rcdu;:tion properties of alumina /59/ and silica /51/ supporied catalysts
prepared from various metal precursors. Cobalt nitrate (N) and acetate (A) /597 in addition
to cobalt chloride (C) /51/ were used as starting materials,

XPS, XRD and TPR analysis showed that poorly dispersed Co®-species (Co-l, I', [IA and
IIB) prevailed on CodlAl,O,(N). in contrast to on Co0/Al,O,(A), where considerable amounts
of Co-IIB, IV and Co-V were predominant /59/, The TPR-areas for the latter catalyst are
smaller and the Co2p/Al2p XPS intensity ratio are higher than those of CoUT/ALO,(N)
suggesting that cobalt species in CoO/Al,O,(A) was highly dispersed, despite interactions with
the alumina resulting in (sub)surface Co*-species and/or bulk phases.

The Co2p/Al2p ratios for uncalcined CoO/Al,O,(A) was slightly higher than those of
Co0/ALO4(N), indicating a slightly higher dispersion of cobalt in the former catalyst An
oxidation state of 2+ for cobalt was suggested for both of the uncalcined catalysts. After
calcination, the Co2p/Al2p rado for CoO/Al,O,(A) was ronghly the samc as before
calcination, while a significant decrease was observed for CoO/ALOL(N) (> 2 wt;% CoO)..
which could not be explained by cobalt migration into y-AL,O;. Oxidation of Co® 10 Co™ by
nitrate anions during calcination may promote the agglomeration of cobalt species, resulting
in poorly dispersed CoO/ALO;. Co*, on the other hand, would be more mobile and diffuse
into the alumina support

Uncalcined and cakined (at 773K) 6% Co/SiO, catalysis
prepared from cobalt acetats, nitrate and chloride were
examined by TPR (B=20K/min., 5% H,/N,), XPS and XRPD
techniques /51/. The reduction of uncalcined Co/SiO,(N) was
founél 10 occur in subsequent steps giving peaks at 573K,
703K and 1053K, as shown in Fig. 2.3.6-2. Species
responsible for these three peaks was proposed to be various

o T T surface CoO,-SiO, compounds. Co/SiO,(C) exhibited a single
Fig. 2 361-;;‘;:{ p;'oﬁls peak (at 793K), which was nearly the same temperature as the
of a) Co(NO,),/Si0, one obtained from reduction of unsupported CoCl,.6H,0
:))ci‘(jg;ﬁgb),/sio, /51/. (808K). For Co/SiOyA), peaks were observed in the
temperature range 573-773K, but the major peak occured at

Rals o) Hy Consurphon [wixisary wxty)
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933K. The TPR and XRPD-paterns of the caicined Co/SiO4(C) reserabled closely those of
unsupported Co,0,, while the calcined Co/SiO,(A) showed the absence of XRFD pattemns
characteristic of C0,0,. TPR-profiles of calcined Co/SiQ,(N) showed two peaks at 603K 2nd
983K in addition to a broad peak between 523K and 873K, possibly due to reduction of
Co,0,. XRPD-measurements on this catalyst indicated the existence of small caide pariicles
(average size of 20 nm.). All the calcined catalysts had higher extents of reduction than their

uncalcined counterparts, especially the nitrate derived catalysts showed marked improvements.

Cobalt catalysts (calcined at 673K for 5 h.) containing between 2 and 20 wi-% CoO prepared
from different cobalt precursors (nitrate, acetate) and an ion-exchange method were
characterized using TEM, DRS, XPS, XRD and TPR /60/. TEM micrographs and XRD
patterns verified the existence of crystalline Co,O, with a particle size of 5-8 nm (in
aggregates of 80-100 nm) on the 2% CoQ/SiO,(N) catalyst. As the cobalt loading increased,
TEM micrographs revealed the presence of clusters of large cobalt oxide particles, 25 nm in
size, probably formed by agglomeriation of smaller oxide particles. For the '2-10%

Co0/Si0,(A) catalysts, no significant surface

segregation or agglomeration of cobalt was

cbserved, while small amounts of cobalt oxide
particles of S nm (in aggregates of 20-25 nm)
were detected for the 20% CoO/SiO,(A)
catalyst These findings indicate a better
dispersion of cobalt oxide on the Co/SiO,(A)
catalyst than on the nitrate based catalysts.

The TPR profiles (B=2.5 K/min., 5% H,/Ar) of
the two catalysts reflectsd the already stated

Hz Consumption —a

differences. Reduction peaks were observed at
538K (Co-D), 563K (Co-TI), 593K (Co-II),

. - —_— 1 : 673K (Co-IV) and 800-860K (Co-V) for
00 S0 &0 M 0 9w
Reduttion Terperature/K Co0O/SiO,(N), see Fig. 2.3.6-3, while the
Fig. 2.3.6-3: TPR spectra of CoQ/SiO,(A) catalyst exhibited weak peaks
Co0/Si0,(N).

© 2) 2 wt-% b) 5 wt-% ¢) 10 Wt-% and due 10 Co-I (540K) and Co-IV. With a heating
d) 20 wt-% CoO /60/. rate (B) of 10 K/min. and 64% H/Ar, 10%
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Co0O/Si0,(A) and CoQ/SiO,(I) showed reduction peaks ar 1030K (Co-VT) in addition to a
high-temperature peak at 1081K (Co-VII) for the laner catalyst.

The Co-1 and Co-Il TPR peaks were assigned to Co,0, phases with different particle size. 7
and 25 nm, respectively. Mixed oxides, §i* ,Co™,,Co™,0, with spinel structures was
believed to be responsible for the peak at 593K (Co-HI). Co-IV was atibuted to Co™ species
in octahedral symmetries interacting with the silica surface. 4 similar assignment was given
for the Co-V species, viz. an interacting surface Co™ species localized in octahedral interstices
or surface silicate. The TPR peak at 1030K, observed for acetate derived catalysts and
catalysts prepared by an ion-exchange technique, was also due to surface Co™ species, bt
Co* in distorted tetrahedral symmetry positions. The TPR peak Co-VII was assigned to ion-

exchanged Co™ species.
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24. FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY

2.4.1. Inuoduction

Due to extensive research conceming different aspects df the catalytic hydrogenation of
carbon monoxide over supported Group VII metals, a rather voluminous collection of
literature has emerged. especially during the last two or three decades.

The scope of this literature review will. out of necessity, be limited to the adsorption of
carbon monoxide or H, and CO on silica and alumina supported cobalt catalysts, However,
relevant results from other catalyst systems will, where applicable, be included to some extent
in order to point out differences or similarities in interprztations and/or elucidations of the
cxpcrimcnta] findings. Scveral additional surface analytical techniques (DRIFTS, LEED,
EELS, HREEL) have been used to characierize the adsorption of CO on supported catalysts,
and selected examples from the literature will be cited to illust.mtc important principles.

One should bear in mind, when reading the fcllowing sections, that oxides are rather jonic
in character making them good infrared absorbers of their own. In the mid-infrared range
(4000-500 cm™) silica becomes progressively opague below 1300 cm, while alumina has
litle transparency below 1100 cm™. Regarding CO adsorption, this means that the metal-
carbon strewching frequencies (=500 cm™) and the metal-carbon monoxide angle bending

frequencies (~600 cm™) are not accessible.
24.2. Carbon monoxide as a molecular probe

Carbon monnxide bas anracted considerable interest 2s a molecular probe for infrared
investigations largely due 1o the availability of information derived from spectroscopic studics
of metal ca:boriy! complexes. Infrared specroscopy combined with reaction studies-under
either dynamic or static conditions-involving CO or for example CO and H,. has proven
particularly useful, since COis a reécmnt and has a relatively high sticking coefficient (0.5-1)
exhibiting a high infrared absorptivity, which makes it easy detecting rather small quantities.

The adsorption of carbon monoxide on transition metals results in the formation of adspecies
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having strucmres closely related to thosz of the metal catbonyl compounds. Conssquently,
analogies are t0 be drawn between the type of bonding of the carbon monoxide that is
belicved to exist in metal carbonyl complexes and in the adsorbed state.
Blyholder et al. /66,67/ have

proposed a molecular orbital

/ @-@ . view of (O chemisorbed on

Q metals. This generally accepted
meodel fer adsorption of CO on
@CD@ a zero valent metal involves two

mechanisms which will tand to

Mata)

- | enhance each other in a synergic

Fig. 24.2.1: Schematic view of possible electronic
interactions upon adsorption of CO on manner  (Fig.  2.4.2-1). The
a metal surface /68/, mechanisms can be visualized

as electon transfer from the 5o
orbital of the carbon atom into the vacant metal d orbitals coupled with the backdonating of
clectrons from a partly filled metal 4 orbital into the empty 28" antibonding orbital of CO.
Since the 5o is virally non-bonding and the 2x strongly antibonding, the increased electron
density in the antibonding orbital upon chemisorption increases the metal-carbon bond
strength and decreases the C-O bond strength. Hence, the CO stretching frequency is observed
to shift to a lower frequency in comparison with the central frequency for gaseons CO at
2143 cm’. | '

The presence of clectron-donating or electron-withdrawing endties, such as for example H,
or O,, respectively, will each in their own way influence the electronic density of the metal '
particle, cither by inducing ‘a shift to higher frequency (reduced backbonding, O,) or lower
frequency (increased backbonding, H,). Also, the vibrational f‘rcqucncy of CO is believed to
reflect the nature of the different sites 10 which CO can be bonded, which is affected by

particle size, nature of the support, sample preparation and pretreatment conditions.

Thus, it scemns reasonable to assume that carbon monoxide will be a sensitive probe molecule
showing characteristic frequency shifts depending on the elecnonic and geometric conditions
goveming its coordination :0 the metal surface.
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2.4.3. Assignment of vibrational bands for CO on supported cobalt catalysts

Numerous studies devoted to the adsorpﬁo;l of carbon monoxide on alumina and silica
supported cobalt catalysts have appeared in the literature during the last three decades.
Most of these investigations are listed in Table 2.4.3-1. From this table, some generalizations
can be made. The majority of the studies reveal that CO vibrations occur in three main
frequency regions: 2180-2140 cm™ (COQ, 2070-2000 cm™ (CQ,) and between 2000 and 1800
cm (CO,).

Infrared band(s) for CO in the 2070-2000 cm® spectral range.

IR-bands belonging to COg-species appear in the spectral range where the CO swreiching
vibrations of linear M-C=0O groups of meta! carbonyls absorb, and have been ascribed to
comparzble adsorbed structures. This spccids is commonly designated linear CO, a terminal
CO or "on twp” CO, see Fig. 2.4.3-1. '

The vibratdonal frequency of linearly adsorbed CO shifts to lower
(o) .
‘_l-" wavenumber upon evacuation, either at room temperature /49,69,70-72/
( Co)—(go- (Co) or with increasing evacuation temperature /50,70,73/.
- The-observed shift in the CO frequency has been explained 1o be due
Fig. 2.4.3:1: CO
adsorbedina o static factors (nonuniformity of the adsorption sites) and dynamic
linear mode. factors (vibrational and dipole-dipole interaction between CO

molecules) /50,731,

The effect of varying the CO pressure on the spectra resulted in a’shift to higher
wavenumbers with increasing pressure of CO for the absorption bands in the 2060-2020 cm™
frequency range /69/. This was explained in terms of the number of CO ligands attached to
single cobalt atoms [M(COjn, n=x,y,z and z>y>x21]. The same interpretation was given /74/
for the 2070 cm™ band found at higher coverage, which was attributed to two, three or four
ligands chemisorbed at single sites. Similar trends of increasing frequency with increasing
coverage of adsorbed CO were observed by Sato et al. /70/, where an indirect effect via the
metal electrons was suggested 10 be the most important coverage-dependent factos.
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Table 2.4.3-1: Vibraticnal wavenumbers/em™* for different modes of adsorbed CO

on silica and alumina supported Co-catalysts.

REFER- CATALYSTS REACTION co, co, co,
ENCE ‘ CONDITIONS | [Co™.CO™} | [Co®-COl | [(Co%):COl
49 5% Co/y-ALO® | RTW, Pee=0.35- 2164 2054,2023
10 Torr
300K.453-493K : 2075-2070
5073 | 10% Co-ALO® | Pg=50 Torr 2160 (2050) 1980,1880
Peo, =760 Tom
55 5% Coly-ALO® | RT 2176 2056-2030
12% Cofp-AlLO:® | Peoel0® Tomr 2045-2028
69 5% ColSioP RT-600K 2181 2062-2055
‘ Po=10-50 Torr 2037-2032
335% Co/SiO® | 300-573K 2180
70 . Pe=0-3 Torr
1.5% Co/SioP H,/CO=1 2180 2040-2000
7 2% Co/Si0M" RT, Peo=40 Torr 2050 .
74 5% Co/SiQ,! RT 2180,2130 | 2100-2090 { 2040-1800
Peo>0.5 Torr 2073-2060 | 2000-1700
77 10% Co/SiO,% RT-518K 2101,2072 | 20502018 1865(7)
3% COMe
78 5% Co(N)/SIO® | 293K, Pp,=760 2057 1848
5% Co(AcYSiOf | Torr, H/CO=2 2177
85 13:1.5% Cohy- 300K 2160 2060 1990,1950
ALOSY Peo=10 Torr
86 5%,10%,20% RT, Pos=10 Torr 2075-2050 1930
Co/Sio® P,z=100 Torr 2030-2020
7 ColALO™ | 78K,195K,293K '
Po=107% - 2140 2070 1950,1820
13 Tomxr
109 1.66% Co/ALO® | 298.673K 2180
Po=17.25 Torr
112 Polycrystalline RT 1990 1800
cobalt @ Pro=20 Torr
1H3 5% Co/ALO,® 300K 2180 (2080) 1990
114 | Ccosio™ RT 2179

* Wavenumbers given before evacuation

@ Room Temperature

A Cobalt precursor : Co(NO,)..6H.0

9 Cobalt pracursor : Co{CH,CO0),4H,0 * Cobalt precursor : Co,{(CO),

© Oxidized in O, at 670K
@ Cobalt loading not given

© Reduction of Co,0, in H, at 573K for 48 hr.

! Bands also reporied at 2160 and 2091 cm™
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Generally, a numaber of explanations have been given for the frequency dependence of the CO
absorption band upon the coverage, such as dipole-dipole interactions, indirect interaction via
the metal or changes in the bonding o the metal, as illustrated in Fig. 243-2,
' All these kinds of interactions may, in principle,

contribute to the observed frequency shift with

increasing coverage of carbon monoxide.

Blyholder et al. /66,67/ suggestad that as the

number of adsorbed CO molecules increased, the

competition for the surface metal d electrons

wonld increase, leading to lesser extent (or
Fig. 2.4.3-2: Different types of

interactions : suppression) of backbonding from 4 into the 2x°-

a).interaction with the substrate orbitals. On the other hand, dynamic dipole
!’) d:rec.t molecule-molecule interactions of adsorbed CO molecules was
interaction ‘ .

) molecule-molecule interaction thought to constitute the main component of the

mediated via the substrate . . - . .
d) interaction with thermally excited CO-CO interaction, resulting in an increase in Y.,

low frequency modes /75/. with 8, /76/.

Several avthors have reported that adsorbed CO in a linear mode constitute a structure
exhibiting several distinguishable peak maxima /49,50,55,69,73,77/, while others /70,77,78/
report only a single band structure. Sato et al. /70/ argued that their single band for lincarly
adsorbed CO was a result of the low CO pressure, since Heal et al. /69/ applied higher
pressure (10<Pco/Torr<S0) in their investigations. It has been suggested that the low frequency
shoulder of the doublet (~2050 cm™) is related to adsorbed CO molecules 6n metallic cobalt
having a slight positive charge /73/, that is, centres showing less marked electron donor
properties (Co™) /50/. The position of the absorption band was fc;und o be almost
independent of the surface coverage of CO. '

Upon adsorption of carbon monoxide on kieselguhr and ThO,:kieselguhr supported Co-
catalysts, an absorption band located at 1987 ca™ was assigned to a Iinear type CO surface
species /79/.
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Infrared bands for CQ in the 2000-1800 cm™ spectral range.

The vibrational bands belonging to adsorbed CO designated as CO, are in the literature
preferentially ascribed to CO attached to two metal sites analogous to the binding which occur
in the metallic carbonyls, as shown in Fig, 2.4.3-3.

However, the assignment of CO,-structures 1o
5’6“6“" bridgebonded carbon monoxide has been a subject
u&r-cco\ ‘. ,C/ C‘ y co fo'r a longstanding controversy /11/. -
O=C- “Coe-CGO Eischens and co-workers /80,81,82/ made their
= % well known distinction between linear and
O CcO
bridged-bonded CO based on the small literature

Fig. 2.4.3.3: Structure of Co,(CO), . i
complex indicating then available of infrared spectra of metal

linear- and carbonyls. ) :
bridgebonded CO /78/. While not denying the existence of bridged
groups, Blyholder et al, /66,83/ preferred to ascribe these low-frequency absorption bands to
adsorbed CO in a lincar form in which the x-bonding to the metal was unusually strong, due
to less competition for the dr electrons from other ligands. Such a situation would occur, for
example, at a corner or edge of the metal crystallites, since these sites would allow a greater
backbonding by the dr-pn” mechanism. However, in a later paper, Blyholder /84/ concluded
that the strongest CO adsorption and the weakest CO bond-order (hence the lowest Yo
frequency) could possibly be associated with multi-bridged species. Of the two possibilities,
most workers seem to favour the bridge-bonded complex, although experimental data
excluding one mechanism on the expense of the other is not available /88/.

A conclusive assignment of the bands below 2000 cm™ to bridge-bonded CO must be
supported by the observation of the metal-carbon stretching vibrations in the lower frequency
range (<1000 cm™).

Absorption bands attributable to multi-coordinated carbon monoxide has been reported in a
number of papers /50,73,74,78,85-87/. Frequently, they extend over a broader frequency range
and show weaker intensity compared to bands caused by linearly adsorbed carbop monoxide.
The bands arc almost unaffected by evacuation at (clevated) temperatures; suggesting that CO
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was coordinated to the strongest adsorption sites of metallic cobalt /73/. The bands ascribed
to bridge-bonded CO in the study by Femeira et al. /74/ was related to the coverage of
adsorbed CO in the sense that they appeared first at very low coverage. Increasing the CO
pressure (>0.5 Torr) resulted in decreasing intensity of the bands, suggesting that lincar
(terminal) CO structures displaced the bridge mode adsorbed CO.

Adsorption of carbon monoxide at increasing coverage over Pd/SiO, was found by Eischens
et al. /80/ to result in the development of absorption bands below 2000 cm™. At higher
coverages, a band appeared at 2060 cm, increasing with increasing doses of CO. Desorption
was found to occur in the reverse order of the band appearance. An explanation which
accounted for the observed changes as a function of 6., was suggested to be surface
heterogeneity /80,88, i.c. the presence of sites with different energies causing the d_iffercm
adsorption bands. It was suggested that CO adsorbed in a bridge-bonded mode at low
coverage, and in a linear mode (2060 cra™’) when all the double metal sites were occupied.
LEED studies /89,90/ of CO adsorption on the Ni(100) and Pd(110) faces demonstrated the
existence of different modes of carbon monoxide adsorption. Ni(100) exposed to CO at room
terperature gave initially a structure (2x2) consistent with one CO molecule for every two
surface metal atoms /89/, while analogous structures were observed on Pd(110) faces /90/.

Considering the study of Blyholder /66/, the above observed spectral changes could also be
explained in terms of different degrees of back-bonding. Metal atoms at edge or corner sites
was proposed 10 have more d electrons to coordinate with carbon monoxide (due to fewer CO
neighbours), leading to a stronger metal-carbon bond and a weaker, polarized carbon-oxygen
bond, which in turn results in absorption at lower frequencies. Adsorption occuring on planar
sites would lead to more CO molecule.s competing for dn-electrons, reduced back-bonding
and a shift 1o higher frequencies.

Infrared bands for CO in the 2200-2130 cm™ spectral range.

The CO¢ structures causing the high frequency bands appearing in the spectral range 2200-

2130 cm™ have been given various assignments, as discussed by Little 791,92/,
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Gardner et al. /93/ correlated the vibrational frequency of carbon monoxide with the number

of valence electrons in the adsorbate; a hyperbolic relationship was assumed. The partly

jonized CO* would have nine valence electrons and a frequency of 2184 cm'’.

Sato et al. /70/ ascribed their high wavenumber band to CO™ coordinated in a linear mode
to cationic sites. They argued that this assignment was justified by the close correlation of the
band frequency with that of CO* (2184 cm™).

Heal et al. /69/ found a single, sharp absorption band located at 2181 cm, which was
attriboted to weakly held chemisorbed CO, may be with some physisortbed CO. The
adsorption of these CO species was believed to take place on an oxidized surface, in
accordance with the data of Voroshilov et al. /94/.

A distinct absorption band, observed at 2140 em’, was believed to be characteristic of

reversibly chemisorbed CO in a linear form /87/.

Ferreira et al. /74/ assigned the high frequency bands positioned at 2130 cm® and 2180 cm™
to CO ligands arttached to lattice cobalt ion and oxygen ion sites, respectively, on a partally
oxidized cobalt metal sample.

Absomption bands located above the frequency for CO,, (2143 cm™) were proposed 0
originate from CO species physically adsorbed on the unreduced Co-surface 749,55/,

Increasing the CO pressure has been reported to result in an increased intensity of the band,
unaccompanied by a shift in frequency /49,69,70/. This, in addition to the position of the
bands and the generally easy removal of the bands upon evacuation at rather low
temperatures, indicate weak adsorption of the CO. species. The adsorption can then be
envisaged o occur only via 8-donation of the lone pair electrons of the carbon atom. The
contribution via n-back-donation is small or ncgligible, possibly because of the low d-electron

density available on these surface sites /70/.

The presence of these bands in the specua may indicate that it is difficult to reduce the cobalt
catalysts completely /49,50,55,73,78,85/. Aliernatively, it has been suggested that adsorbed
carbon monoxide is partly dissociated leading to reoxidation of the surface /11/. Nevertheless,
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the bands are often well-defined and easy to discern.

The incomplete reduction of Co catalysts, especially those of low metal loading supported on
Al,0,, may be explained by strong ‘intcractions between the dispersed cobalt oxide particies
and the alumina support. Incorporation of Co™ to some extent within the bulk structure of Y-
Al,0, upon impregnation or calcination results in the formation of a structure similar to that
of the spinel Co(ALO,). ' .

Adsorption of CO on spinel-type Co z2luminates at 16w temperatures (170K) has been reported
to give a main absorption band at 2170 cm™, a shoulder at 2140 cm™ and a very weak band
near 2210 cm™ /95/, The 2140 cm™ band, corresponding to CO on Co** and the 2170 cm™ due
to CO on octahedrally coordinated AI** ions, exhibited the same behaviour upon evacuation
at elevated temperatures, The weak band at 2210 em™ may be assigned to CO on tetrahedral
AP,

The existence of the different phases of cobalt was discussed in Chapter 2.3.

2.4.4. Infrared bands for CO on Co,0,

In addition to the previous reported investigations dealing with alumina and silica supported
Co catalysts, IR-spectroscopy has also been used-although to a limited extent-in identifying
the nature of adsorbed CO on cobalt oxide, Co,0,.

Adsorption of CO (at 298K) on Co,0, degassed at 823K resulted in a weak band at 2070 cm*
in addition to several bands below 1700 cm™ (associated with monodentate and bidentate
carbonate species) /96/. The 2070 cm™ band was ascribed o weakly adsorbed CO withount any
further mentioning of the type of coordination.

When cobalt oxide exposed 1o CO was heated between 313 and 423K, no absorption bands
in the 2500-2000 cm™ range were observed /97/. However, after heating at 493K in 500 Torr
CO, a band appeared at 2185 cm™, ascribed to a terminal carbonyl group, possibly Co-CO".

Busca et al. /98/ investigated the adsorption of CO on Co,0, after two different pretreatments
of cobalt oxide; evacuation at 790K or exposure to hydrogen at 523K.
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Adsorption of carbon monoxide at room temperature following vacuum treatment at high
temperature (790K) resulted in absorption bands located at 2180, 2120, 2070 and ~2000 cm™.
Prolonged exposure 10 CO resulted in the progressive disappearance of these bands
accompanied by the appearance of bands at 2060, 1980 and 1950 cm™.

The different absorption bands were interpreted as follows. The 2180 cm™ band was assigned
to CO on unsamrated Co* ions. The 2120 cm™ band was suggested to be due 1o CO
coordinated to Co™, while the 2070 cm™ band could be due to CO 6n Co™ having a different
coordination or to CO on Co*. The bands at 2060, 1980 and 1950 cm™ were assigned to
different stretching modes of CO in complexes such as Co(CO),™, where n was 0 or i.

After reduction at 523K, CO adsorption gave rise to a band at 2140 cm™? (CO on Co®™), a
complex band in the 2080-2020 cm™ range and several maxima in the spectral region 2000-
1750 cm™. The band previously observed at 2180 cm™ was absent. The absorption bands
appearing between 2000 and 1750 cm™ could be ascribed to p,- and , bridging carbonyls in .
complexes such as Co,{CO),, or Co,(CO);, and Co,(CO),,, respectively. Bands in the range
2080 w0 2020 cm™ were supgested to be due to lincar carbonyl specics in the above

complexes.

2.4.5. Assignment of vibrational bands for CO on evaporated cobalt films

Infrared spectra of carbon monoxide adsorbed on evaporated films of cobalt have been studied
by a number of avthors /99-103/, and a summary of the resulis from these investigations are
given in Table 2.4.5-1.

There exists a general similarity between the infrared spectra of supported and evaporated
cobalt, and the scheme of interpretation used earlier (Chapter 2.4.3) will also be applicable
to evaporated cobalt films.

Examination of Table 2.4.5-] indicates the appearance of absorption bands due to linearly and
bridgebonded CO in the frequency range 2040-1900 cm™ and below 1900 cm™, respectively.
but the lincar CO-groups do tend to have a lower strerching frequency than those observed
for supported cobalt catalysts. A suggested explanation has been that cvaporation of films
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in the presence of gascous CO may lead to contamination from carbon monoxide /11/, since
occlusion -and disproportionation of CO on hot metal filaments are possible under such

conditions /104/.

Comparing Table 2.4.3-1 and Table 2.4.5-1 reveals, however, a significant difference in the
infrared spectra of evaporated and supported cobalt, the latter giving rise to high frequency
absorption bands above 2100 cm™. The difference in the spectral features between the
evaporated metal films and supported metal particles can be due to a combination of several
effects; the degree of reduction of the metal particles, different metal pardcle size and
different degree of crystallinity, and epitaxial or electronic effects, in which the supporting
substrate affects the formation of crystallites or specific planes on crystallite surfaces /11/.

Table 2.4.5-1: Vibrational wavenumbers/cm” for different modes of CO on
: evaporated films of cobalt.
REFERENCE SUBSTRATE OR REACTION co, Co,
SUPPORT CONDITIONS (Co*-C0) H(Co%),-CO]
99 NaCI? RT® 1980 1880
Peo=0.1 Torr
100 CaF," 170K, RT 1950 (170K)
Peo=10 Torr 1970 RT)
101 . NaC® ' 113K, 308K 2040 (113K)
Pro= 1975 (308K)
102 -5 2032 1856
2016
103 NaCK® RT 1960 A) @ 1815 A) ™
P.o=700 Torr
m Evaporated on NaCl windows in the presence of CO
= No temperature range given, assumed room temperaluse
ot Evaporaied on CaF; windows under vacuum conditions

@ Evaporated on NaCl windows under UHV conditions

& Evaporaled in the preseace of CO

© Evaporated in the preseace of A) 0.1 Tomr CO or B) 0.1 Torr H,

@ No infrared bands due to chemisorbed €O were detected on cobalt films evaporated in 0.1 Torr H, after
addition of olefins followed by admission of 700 Torr CO.
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2.4.6. The effect of metal loading on the infrared spectra of supported cobalt
catalysts

Some investigations have reported the influence of different cobalt content on the infrarsd

bands appearing in the region normally expected for molecularly adsorbed carbon monoxide.

The absence. of the high frequency band (2176
o 2B cm) in the spectra of the 12% Co/ALO,
catalyst, see Fig. 2.4.6-1, was believed to be

due to a more complete reduction of the high

12wt%% Co/ALOs

raetal loading catalyst /55/. A lower activation
energy for reduction for the 12% Co/ALO,
catalyst than for 5% Co/Al,O, was reported,
indicating that the extent of reduction

Swt% Co/ALDs

Intensity {Arbiteary Unit)

increases with increasing metal loading.

L___;.—.__—a—_..——l——_l—-—
20 2':,0 200 1500 1aoo i In the study conducted by Sato et al. 770/,
svemumber (o ™)

Fig. 24.6-1: CO adsorption on 5% and both CO. and CO, structures were reported

12% Co/Al,0,. for cobalt (7.5 wt-%) supported on silica. The
Reduction conditions: ]
823K for 17 hr /55/. IR spectra of the low loading catalyst, 3.35%

Co/Si0, in the CO region featured only the high frequency band due to CO; species. XPS
studies showed the presence of Co® and metallic cobalt on the catalyst with the highest cobalt
loading, but mainly Co™ for the 3.35% Co/SiO, catalyst. It was suggested that the cobalt ions
could be coordinated to the silica surface in two different ways, strongly or more loosely
bound. Co* coordinated more weakly was believed to be present in higher amounts and casier
to reduce, and it was pfoposcd that this form of Co® was absent in the case of the 3.35%
Co/Si0,.

Kuznetsov et al. /105/ reported minor changes in the positions of the absorption bands in the
2075-1900 cm™ region upon introduction of CO over 5% and 10% Co/SiO, (prepared by
using cobalt nitrate as ;lhc metal precursor). A downscale shift in frequency of the most

intense peak was observed with increasing cobalt loading (5% C0/8i0,:2050-2075 e, 10%
Co/8i0,:2035 cm™).
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2.4.7. The effect of hydrogen on adsorbed CO

The effect of introducing an additional gas on the spectrum of CO has been shown to result
in a shift in either frequency direction for the CO stretching bands, depending on the
particular metal and the added gas /88/. Amongst others (NO,0,), H, has frequently been
uscd. The reaction between H, and CO giving rise to several propesed reaction intermediates
is of considerable intesest from the point of view of the Fischer-Tropsch synthesis. Therefore,
the following brief section surveys only investigations utilizing hydrogen as coadsorbate.

The effect of hydrogen on adsorbed CO is

believed to result in a displacement of the
CO strerching frequency to  lower
wavenumbers /66,91/. It is likely that the
presence of hydrogen, acting as an clectron

trsnsmistion

donor, may increase the availability of d-

clectrons for backbonding from the metal to
the adsorbed CO via n-bonding. This would

2200 200 7000 1900 indicate a strengthening of the metal-carbon
wavensmber/cm©t
S TRATI e % bond and a subsequent weakening of the
, 24.7-12 ect en on

& adgurp(l’ionyo:;g.s wt-% carbon-oxygen bond in CO, hence a
Co/Si0, 770/ downscale shift in frequency. -
(a) CO alone ) .

(b) H/CO=1 Fig. 2.47-1 illustrates the effect of

hydrogen on the adsorption of CO /70/.

Heal et al. /69/, however, reported lower intensity and a high frequency shoulder on their
2022 cm” band after H, addition. They argued that the high frequency shoulder indicated
chemisorption of several ligands on the same metal site, suggesting the formation of
HYM(Cb)x, Y=1. In such a complex, hydrogen would compete for the available d-clectron
density, the M-C bond would be weakened, the C-O bond would be stronger, hence a shift
to higher CO frequencies would occur, The magritude of the shift would depend on the
ability of hydrogen to accept d-clectrons (forming a M-H species) and the relative proportions
of the d-electron density distributed between the M-H and M-C bonds within the proposed
complex /69/.
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Eischens et al. /80/ stated that adding a gas to chemisorbed CO influences the elecuronic
nature of the metal rather than leading to structural changes of the adsorbed CO.

Coadsorption of carbon monoxide and hydrogen over supported cobalt catalysts has been
reported to result in a shift to lower wavenumbers for the CO stretching band compared to
a hydrogen free system /50,70,73,78/. The reduction in frequency was thought to be caused
by an clectronic modification of the surface metallic sites, probably by reagents or products
formed during the hydrocarbon synthesis /50,73/, while others /70/ interpreted the observed
shift in terms of a weakening of the C-O bond due to an increased clectron density availabie

for backbonding, in line with the previous explanation.

The question is, whether the observed displacement in frequency is
H OH consistent with the formation of a hydroxycarbene (see Fig. 2.4.7-2) or

\ .7
("3 "enolic” species /8(Y. Justification for the "enolic" complex has been based
M on coadsorption experiments involving H, and CO resulting in surface

I¥e. 24,7-2:  specics in which 1:1 stoichicmetry of each adsorbate was reported /106,107,
Structure of
hydroxy-

carbene. and chemisorbed CO indicative of the formation of a Fischer-Tropsch type

On the other hand, no interaction was observed /50,70,73/ between hydrogen
intermediate like the above mentioned complex.

Generally, one would expeét that the formation of a complex of an "enolic” structure should
be accompanied by the disappearance of the CO stretching absorption band together with the
formation of a hydroxyl band /80/. The possibility exists that the OH-groups may be hidden
under the OH-stretches belonging t the support (Al-OH or Si-OH). However, the C-H stretch
of an carbon-containing species should cause a distinct, high frequency band. In addition.
under the conditions where the 1:1 H/CO complex has been observed. the CO band is still
intact

With this in mind, the infrared results indicate that if oxygenated building blocks like
hydroxycarbene exist. they probably ¢xhibit a rather trarsient character and/or that appreciable

quantities of this complex is not formed under the specific reaction conditions.
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2.4.8. Infrared bands of adsorbed species in the frequency region 3050-2700
and 1800-1200 cm™!

in addirion to the frequency range nommally expected for the adsorption of different modes
of carbon monoxide (2200-1800 cm™), other spectral regions also investigated includes the
3050-2700 cm™ and 1800-1200 cm™ spectral range.

Bands observed between 3050 and 2700 cm’’.

Infrared absorption bands appearing in the 3050-2700 cm™ mﬁgc have generally been ascribed
to C-H stretching vibrations in CH,- and CH,-éroups.

Few swmdies have reported the presence of bands in this frequency range during CO
hydrogenation over alumina and silica supported cobalt catalysis.

Arakawa et al. /78/ ascribed bands located at 2927 cm™ and 2856 cm™ to asymmetric and
symrmnetric stretches of CH,-groups, respectively.

Heal et al. /69/ reported methane (Q-branch at 3017.5 cm™) as the main product detected in
the temperature range 468 to 488K during heating of 5% Co/AlL,O; in an amosphere of
hydrogen and carbon monoxide.

In the study by Ansorge et al. /108/, absorption bands due to the fonmatien of hydrocarbons
were reported in the -following positions: 2970 and 2930 cm” (asymmetric CH, and CH,-
stretch) and 2890 and 2860 cm™ (symmetric CH, and CH,-stretch).

Bands observed between 1800-1200 cm™.

Bands observed in this frequency regibn can be ascribed to C-H deformations, symmetric or
asymmetric (correlating with the asymmetric and symmetric C-H stretching bands in
CH./CH,-groups). O-C-O or C=0 in oxygen-containing species like surface fommates or
carbonates /91/.

Savel’eva et al. /109/ reported several bands in the frequency range 1690-1230 cm™ and
assigned them to a number of carbonato-carboxylate complexes formed upon the interaction
between CO and the support (Al,0,). The bands disappeared upon vacuum treatment at 573K.
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Arakawa et al. /78/ observed a absorption band at ca, 1460 cm”' (depending on the reaction
conditions) which was related to the CH,-groups observed in the 3050-2700 cm’? range.

The formation of carbonate groups (1525 cm™ and 1345 cm™) and formate groups (1580 cm!
and 1385 cm™”) were detected during CO treatment of a 5% Co/Al,Q, catalyst at high
temperature /86/.

CO adsotption and/or coadsorption of CO and H; cver ZrO, has been found to result in the
appearance of absorption bands attributable to bidentate carbonate (1550 cm™ and 1330 cm™)
and formate groups (2877 em™, 1'i58 em™ and 1365 cm™) /110/.

Adsorption of formic acid on 5% Co/Si0, at 303K revealed the presence of physically
adsorbed HCOOH (on the silica support) giving absorption bands located at 2960 cm™, 1725
cm™ and 1410 cm™ as well as formate jon (adsorbed on the cobalt metal) showing
characteristic absorption at 2945, 1580 and 1380 cm™ /111/. Increasing the temperature lead
to a rapid decrease in the 1725 cm™ band intensity, while the 1580 cm™ band was essentially
mnaffected by the desorption temperature.
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2.5, CO HYDROGENATION ACTIVITY AND SELECTIVITY

25.1. Introduction

This brief literature review is confined to studies reporting the effect of cobalt loading and
support on the CO hydrogenation activity and sclectivity. The influence of dispersion and
extent of reduction is not treated in any specific detail in the following chapter. Several
papers and seview articles gives a thorough discussion of these and other topics, for example
Bartholomew /6/, Iglesia et al. /115/, Che et al. /116/, Moon et al. /117/ and Johnson et al.
118/

2.5.2. Effect of metal loading and support on CO hydrogenation activity and
selectivity

Several studies provide evidence that the suppon can affect the activity and selectivity
properties of Co for CO hydrogenation. ‘

Castner et al. /58/ investigated the influence of different support materials on CO
hydrogenation activity for a 5% Co-catalyst. They found that the activity (based on total
catalyst weight) decreased in the order Cofsilica > Coftitania > Co/zlumina > Co/K-alumina.
Variations in activity was explained by the amount, type and reducibility of the cobalt species
present on each catalyst. For example, Co/SiO, had the highest concentration of reduced
surface cobalt (prcsn‘xmably due to the easy reducable Co,0,-phase), while cobalt-aluminate
species on the Co/Al,O, caulyst, showing evidence of being hard 10 reduce {from TPR
measurements), probably caused the low activity of this catalyst Thus, a relationship seemed
to exist between the reduction properties of the cobalt species on the different supponts and .
the CO hydrogenation activity.

These findings were in accordance with the conclusions from the work of Reuel et al. /119/,
in the sensc that the alumina supported Co-catalyst was reported 10 be less active than
Co/Si0,, viz. decreasing specific activity in the order Co/titania > Co/silica > Cofalumina for
cobalt loadings of 3 wi-%. The initial activity varied three orders of magnitude between the
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different Co-supported catalysts. Increasing the Co-loading of the alumina supported catalysts
from 3 to 15 wi-% resulted in a 20-fold increase in the specific activity. In fact, a linear
increase in specific activity with decreasing dispersion was observed. This was suggested to
be due to changes in surface structures with decreasing particle size, or electronic
modifications because of the intimate contact between the small metal particles and the
support.

The hydrocarbon selectivity could also be comrclated with dispersion and the extent of
reduction. Higher dispcfsions and lower extents of reduction resulted in the observation of
lower molecular weight hydrocarbon products. This could be related to the presence of stable
surface oxides, e.g. cobalt aluminate, catalyzing the water-gas-shift reaction thereby increasing
the ratio of H/CO at the surface.

Vannice /120/ reported the order of specific activity of supported Co-catalysts to Co/silica >
Co/alumina > Co/titania for cobalt Ioadings between 1.5 and 4 wt-%. The observed higher
activity for Co/SiO, compared to Co/Al,0; was suggested to be due to a more compléte
reduction of the dispersed Co on Si0,.

Fu et al. /121/ also observed variations in activity and selectivity of Co/ALQO; with metal
loading, reduction temperature and catalyst preparation. Increasing the cobalt loading from
3 to 25% (decline in dispersion from 15 to 6.7%) resnlted in increasing specific activity or
wmover number, that is, increasing activity with decreasing dispersion in accordance with the
observations of Reuel et al. /119/. The vasiziion in specific activity was suggested to be due
to variations in the distribution of low and high coordination sites (depending on the metal
particle size), and by changes in the nature of adsorbed CO species. Linear and bridge bonded
CO was suggested to dominate on the poorly dispersed catalysts, while subcarbonyls (more
than one CO molecule adsorbed per metal surface atom) were prevalent on well-dispersed
cobalt. The low activity of the well-dispersed cobalt catalysts was explained in terms of the

different modes of adsorbed CO, since subcarbonyls was considered to adsorb on sites of low
activiry.

The above results may suggest that CO hydrogenation is a structure sensitive reaction. Such

a conclusion however, must be considered in view of the recent studies of CO hydrogenation
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over well-dispersed iron on alumina 7122/ and on overlayers of Co on W(100) and W(110)
/123/. Keeping the extent of reduction constant, the specific activity was independent of the
dispersion, suggesting that the reaction is structure insensitive. A similar relationship has been
observed in investigations of single crystal Ni /124/ and Ru /125/.

In the Temperature Programmed Surface Reaction (TPSR) study by Lee et al. /77,126/, two
different reaction pathways for CO adsorption and hydrogenation was proposed:

1) Dissociation of carbon monoxide on the metal followed by hydrogenation of the
atomic (o-) carbon (Reaction A)
and .

2) Spillover of hydrogen and carbon monoxide to the support were 2 CH,O complex was
formed, followed by diffusion of the complex to metal crystallites, where it
decomposed (Reaction B). ' ‘

Reaction A was associated with large, 3D Co metal crystallites, pathway B with sites of both
large and small crystallites. The authors stated that the observed variations in activity could
be explained by the distribution of A and B states (reactions), which was related to the metal
loading and reduction temperature. Mechanism A dominates on catalysts with high cobalt
content and extent of reduction, while the influence of Reaction B increases with increasing

metal loading.

Varying the metal content appears to be one of the major factors influencing the selectivity.
Longer hydrocarbon chains and less formation of CO, are characteristic when the metal
loading is increased. The Cs, hydrocarbon fraction increases, the selectivity 1o Cyand C,
decreases and the olefin/paraffin ratio decreases with increasing cobalt content /121,127/.

Fu et al. /121/ observed a shift in the product distribution for Co/alumina catalysts towards
heavier hydrocarbons as the metal loading was increased; @ increased from 0.7 10 0.9 as the
wt-% Co increased from 3% to 15%. The increase in the hydrocarbon chain length with
decreasing dispersion over cobalt alumina catalysts with varying cobalt loading was suggested
to be due to changes in the strength of adsorption of carbon containing intermediates with
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loading and dispersion. This can be interpreted in terms of different CO adsorption
stoichiometry, as discussed previously. It was assumed that the metal-carbon bond strengths
for adsorbed hydrocarbons would show similar behaviour, thus leading to higher residence

times and lower termination rates with increasing metal loading, which would give longer
hydrocarbon chains.

Keeping the meral lpading constant {10 wt-% Cofy-Al,O,) and varying the reduction time and
temperature resulted in decreasing dispersion with decreasing extents of reduction when the
catalysts were reduced at 598 or 648K (for different periods of time) /128/. It was suggested
that the presence of unreduced cobalt oxide modified the electronic properties of the reduced
cobalt metal, causing suppression of hydrogen adsorption. This would mean that the
dispersion based on chemisorption of hydrogen will be underestimated at low extents of
reduction. H, suppression was also believed to be the reason for the enhanced production of
olefins on the partially reduced Co-catalysts.
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3 PRINCIPLES

3.1. THE FISCHER-TROPSCH SYNTHESIS

The catalyzed hydrogenation of carbon monoxide constitutes an important class of reactions
over Group VIII metals. Among these catalytic processes, e.g. methanation, alcohol synthesis
and Fischer-Tropsch synthesis, the industrial interest has focused on oxygenate production,
while extensive research related to the Fischer-Tropsch process has been carried out since its
discovery by Sabatier et al. /1/.

* The products obtained from the reaction between hydrogen and carbon monoxide depends on
the type of catalyst applied, as illustrated in Fig. 3.1-1.

3. CH,0H Route 3: Cuo/Zn0O/ALLO,
T
H/CO ~» 1. Hydrocarbons Route 1: Fe, Ru or Co catalysts
d
2. Higher alcohols (C,,0H)
accompanied by other oxygenates Route 2: Nitridized Fe, or alkalized Fe or Co,

promoted Rh-catalysts

Fig. 3.1-1: Process routes to liquid energy carriers from synthesis pas /129/.

The stoichiometry describing the conversion .of synthesis gas to typical methanation and
Fischer-Tropsch products can be represented by the following equations /130/;

nCO + 2nH, - CH,, + nH,0 n=23....) 3.1
mCO + 2m + DH, - C,H,,,, + mH,0 (m=1,23,..) 32
pCO +2pH, - C,,;H, CHOH + (-DH,0  (p=1,23,...) 33
2C0 - C + CO, ' 34

CO + H,0 - CO, +H, 35
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Typical products from the Fischer-Tropsch reaction are predominantly linear alkanes and
alkenes. Alcohols, if produced, are mostly primary n-alcohols. The Boudouard reaction (3.4)
results in the deposition of carbon, and is favoured by decreasing H./CO ratios. The secondary
water-gas-shift reaction (3.5) produces hydrogen, and is useful when the HJ/CO ratio of the
feed differs from that required by the stoichiometry of the desired products /130/,

The Fischer-Tropsch synthesis over traditional catalysts like Fc, Co and Ru, results in a range
of products, from CH, to long chained hydrocarbon v;raxes. It is generally agreed that the
formation of the hydrocarbons is govemned by a stepwise growth mechanism, involving one
carben entity at a time being added to the growing chain:

2 1 X 2 +X 9 X ......‘ n
kgl lql lql |:gl 3.6
Pq P2 P Pn

CO + H, — Y, is the initialization step, and Y, the growing chain (surface intermediate). X
is the monomer and P, is the product containing n carbon atoms. k, and k, arc the rame

constants for chain propagation and termination, respectively.

The probability of chain growth, . can be defined as foltows :

o =_P 3.7

where r,= chain propagation rate

1= chain termination rate

If it is assumed that ¢ is independent of chain length, and that chain growth accurs only in
one direction, the distribution of the hydrocarbon products can be described by the chain
polymerization kinetics model of Anderson-Schulz-Flory (ASF) /28/. The ASF polymerization
equation is written as /6/:
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2’: = (1-a)*-a! 3.8
n .

where n = number of carbon atoms in the product
W, = weight fraction of product containing n carbon atoms
o = chain growth probability

« is obtained by a least-squares linear regression of the logarithmic form of equation (3.8);

wn
n

In(—2) = In(1-0t)*+(n~1)-Inc 3.9

If the product distribution among the carbon numbers follows the polymerization equation,
one would expect a linear relation between In(W /n) and n, with slope In c.

The theoretical product distributions can be calculated as a function of the chain growth
probability. Fig. 3.1-2 shows the results obtained for hydrocarbon fractions in the range C;-
C,5 /131/. The figure indicates that high yields are only possible for the extreme ends of the
hydrocarbon product spectrum, CH, and waxes. With the exceptions of C, and/or C,, the
theoretical results in Fig. 3.1-2 agrees well with the experimentally determined product spectra
/26/. Deviations from equation 3.9 can be explained by /26/:

* secondary reactions on the support

* further chain growth after readsorption of desorbed products
* incorporation of C,-C, into growing chains

#* additional production of methane by different pathways

* change in @ with chain length

The selectivity limitations arise from the polymerization kinetics governing the chain growth
and can not be circumvented unless other factors are brought into play, for example bj the
use of shape selective zeolite containing catalysts, unsteady state operation or interception of
intermediates /6/.
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suimry

Fig. 3.1-2:  Selectivity to hydrocarbon fractions as a
function of chain growth probability, o /131,

Since the discovery of the process there has been an ongoing controversy over the perceived
mechanism of the reaction on the catalyst surface. Discussions concerning the mechanism of
the Fischer-Tropsch reaction has focused on mainly three reaction pathways:

- surface carbide mechanism [dissociative adsorption of carbon monoxide])
- hydroxycarbene mechanism [hydrogenation of associated adsorbed CO to M=C(OH)H)
= carbonyl mechanism [insertion of CO in growing chains)

The different pathways propose the formation of different intermediate complexes and their
nature and extent of participation in the chain growth leading to the observed product
distributions. The carbide mechanism, originally proposed by Fischer et al, /132,133/, has
gained credii)ility through extensive research the last two decades, and is now generally

considered to be a plausible explanation for describing the interaction between hydrogen and
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carbon monoxide with the catalytic surface and subsequent synthesis of hydrocarbons. Ample
evidence has shown that this is the prevalent mode of CO activation at higher temperatures

over Fe, Co and Ni. The various steps may be visualized as follows:

CO dissociation:

co ..C O M rep}csents a catalytic site

| |- ‘on the metal surface © 310
M+M->M+M

Hydrogenation:

C H cH,.

I | 3.11
M+2M -» M+ 2M ' . .

O H

|1 3.12
M+2M = H,0+3M . :

Chain growth:

R

|
R . CH,

| | ,
CH,CH, CH, . V 3.13

P I
M+M->M+M

Terminarion:

'R
| RCH=CH, 3.14
CH, -
|
CH, .
| RCH,CH, ' 3.15
) M
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Carbon monoxide is dissociatively adsorbed, and the carbon atoms are hydrogenated to CHy

species. Adsorbed oxygen is removed by CO (as CO,) or by hydrogen (as H,O). Methane is
formed via hydrogenation of surface methyl groups:

CH, H

| . 3.16
M+M->CH,+2M

while propagation proceeds by insertion of CH,-groups into a metal-alkyl bond. Termination
of the chain growth may occor by B-H abstraction resulting in a-olefines or by hydrogenation
yielding paraffines.

One of the key objections to the carbide mechanism is its failure to account for the formation
of large amounts of oxygenated products,. e.g. alcohols. While the two mechanisms,
hydroxycarbene and carbonyl, explains the formation of oxygenates, it has been proposed that
methanation occurs via the carbide route and chain growth by CO insertion. Attempts have
been made to present a gencral mechanism which includes the features of alkane, alcohol,
acid and aldehyde formation /26/. According to the scheme in Fig. 3.1-3, this mechanism is
essentially a combination of the carbide and CO insertion mechanism. Chemisorption of CO
results in a complex with C and O associated with either one another or with the metal site.
Dissociation gives atomic C and O. Carbon atoms can be hydrogenated to CH, or bulk carbon
(graphite) can be formed by agglomeration. Alternatively, the C-O complex can be
hydrogenated to 2 CH,O complex (A), which in tum foms either CH,OH or CH, or water
by hydrogenation. Chain growth occurs by insertion of the C-O complex followed by
hydrogenation. Termination resulting in the desired organic products can occur by desorption
or hydrogenation of the surface complex (B). The combined mechanism also provides an
explanation for the often observed high CH, selectivity compared to the other carbon number
cuts. CH, can be formed via hydrogenation of C atoms or via hydrogenation of the HCOH
complex (A) and of the resultant methanol,

The reaction kinetics of CO hydrogenation on supported cobalt catalysts have been reported
in a number of papers /27,119-121,134-137/. The hydrogen reaction order is typically about
0.5 to 1.0, while that of CO is either negative or near zero. Therefore, the rate of reaction is
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CHyOH & =M n—c.—?—n CHy 20
R e
7Y jm j

CHe + Hy0 CH, —.:—" CH

S :4 ~ CHy
Initation aond Cy-Compounds hI'l

°CHz CHy CH

CHy + c-o—-%—-o . H-—?—-O Be u—C + o
Vol ‘
Chain growth
R R R R

| | |
CH + cn,——n—tl:—cn,L H—clz—cu,ﬂ’?—— H—C—CH

M M M —0 CH; +H,0
Branching ) :4 I
R
l‘u, RCH,CH, CHO
RCH,CHemeCH, ? ‘l:a, —_ RCH,CH, OH
% tl:--? \?‘ RCH,; CH,CO0H
RCHyCHaCHy  + ? r!« M )
Termination M e
R R
%H =, tl:H —~ o RCH,CO0H
!
M N
; !

€O, -Insertion

Fig.3.1-3: A general reaction mechanism scheme incorporating the features
of both the CQ insertion and the carbide mechanism /26/.
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generally proportional to the concenwation of hydrogen in the gas phase. By considering the
clementary reaction stzpﬁ. rate expression of the Langmuir-Hinschelwood type can be
obtained. Derivation of the rate expression based on the surface carbide mechanism éssumin;:

hydrogenation of surface carbon to be the rate-determining step gives:

Kl . pcolf: . P}l:m

(1 - K‘.L. pu'lrz - I(_\' Pcoln)'-'

o = 3.17

Derivations of rale expressions based on the carbonyl and hydroxycarbene mechanisms have

been given elsewhere /138/.

A brief summary of kinetic parameters for CO hydrogenation on supporied Co catalysts is
given in Table 3.1-1.

Table 3.1-1: Fischer-Tropsch reaction Kinetics of cobalt catalysts.

Ty = Ave T '(l"cc,)x'(l"ﬂl)’r

CATALYSTS x4 ¥ Eac,® (klimol) | REFERENCES
2% CofALO, -0.48 1.22 12 27
3-15% Co/ALC, " 9610 146
3% Co/Si0, — 67 119
10% Co/SiO, - 69
4% Co/Si0, - 95.4 120°
3-25% Co/ALO, - 87 to 130 121
14% Co-1% -0.33 0.55 134
La,0/Al,0,

6.2% Co/ALO, | -15t005 | -0.510 L0 135
3% Co/ALO, -0.43 1.24 100 136
3% Co/ALO, -0.20 110 105 137
10% Co/ALO, -0.90 0.83 100

A = reaction order, Pgy B = reaction order, Py,

C = activation enexrgy for CO conversion
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3.2, TEMPERATURE PROGRAMMED REDUCTION (TPR)

The reduction of a metal oxide (MO) by hydrogen 1o form the metal (M) and water vapour
may be described by the general equation /139/;

MO, + Hyg = M, + H,O, 3.18

Oxides, which reduction are associated with a negative standard frec energy change, and CoO
is one of them, are thermodynamically feasible. The TPR profiles are obtained by passing a
mixwre of hydrogen and inert gas over the metal oxide while increasing the temperature at
a linear programmed rate. Since the gas flow is kept constant, the changes in hydrogen
concentration is proportional to the rate of reduction. The peak maxima occuring at a certain
temperature corresponds o a maxima in the rate of reduction. The positions of the peaks
appearing in the TPR spectrum are determined by the chemical nature and the environment
of the reducible species /140, i.e. the strength of the bonding between metal and the support,
berween the metal and metal oxide and the particle siic of the metal precursor. The peak arca
reflects the amount of hydrogen consumed, thus making it possible to estimate quantitatively

the extent of reduction by using 2 suitable calibration compound, sucn as CuO or Ag,0.

Several experimental parameters will affect the spectra, the most important being the heating
rate and the gas flow rate. Increasing the heating rate induce in general sharper peaks and also
a shift to higher temperatures but lower resolution is obtained /139,140/. A lowering of the
heating rate results in spectra with higher resolution. lﬁss intense and broad peaks,

A decreasing flow rate has the same effect on the shape of the reduction peaks as increasing
heating rate. The opposite, an increase in the ﬂowrat.c results in a lowering of the degree of
conversion, thus increasing the concentration of the reactant Hence, the peak maxima are
expected to be shifted to lower temperatures.

The effect of increasing the mass of the catalyst is reduced resolution, which may lead to 1o
difficulties in separating two reduction processes. The temperatures at which the composite
reduction oceurs can then be higher than those of the separate processes /139/.
Furthermore, in too large catalyst beds remperature gradients may exist, in addition to
significant hydrogen concentration gradients, resulting in non-homogeneous reduction.
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In summary, care must be exercised when direct comparison of the reduction peaks are

performed on the results obtained in different laboratories due to the above mentioned effects.
3.3. INFRARED SPECTROSCOPY
3.3.1. Theory

The interaction between the dipolar motions of molecules or groups of atoms within
molecules and the electric component of the elecromagnetic field is the basis for rotational,
vibrational and electronic spectroscopy. Electronic spectra are observed in the ultraviolet/
visible region due to transitions between electronic levels, while resonances associated with
molecular vibrational frequencies occur in the 4000-200 cm™ porticn of the infrared spectrum.

The expression for the vibrational frequency of a molecule can be derived using the classical
approach based on Hooke's law ﬁ-kx) in combination with Newton’s second law of motion
(f=ma). In the case of a diatomic molecule (A-B), the equation of harmonic motion is given
by

p_(%:;)=-k-x 3.19

where k=force constant of the bond, ,, is the reduced mass m,-mg/m,+my and x=r-r,, the
displacement of the atoms from the equilibrium separation r, to a distance r, see Fig, 3.3.1-1.
J will be a function of the potential energy, and integration of the right hand side of equation
3.19 gives the change in the potental energy of the system:

U=0.5kx? 3.20

Assuming small values for x, the solution of equation 3.19 is:
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Fig. 3.3.1-1:  Potential-energy function for a real diatomic molecule with a dissociation energy
and equilibrium bond length r,(b). The dashed (a) is the potential energy function
for the harmonic escillator that approximates the potential at small displacements
from r,. The lines parallel to the abscissa axis represents allowed energy levels
141,

X =Asin(2ryD) 3.21
where
11k 3.22
R TA

A small displacement of one of the masses relative to the other will result in simple harmonic
vibrations, and ¥, is the frequency at which the system vibrates and denoted the equilibrum
frequency. If the frequency v of the incoming light comresponds to 7., a coupling with the
dipole moment of the diatomic molecule (A-B) occurs, cauSing vibration of the molecule
/141/. If the diatomic molecule is of the type A-A (symmetric), no coupling occurs, hence the

molecule will not absorb infrared radiation.

For more complex molecules than the diatomic, equations can in principle be derived which

cxpresses the potcntial and kinetic energy in terms of the displacement x of the atoms,
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Solving under the constraint that the total energy is constant, the number of solutions (or
vibrational degrees of freedom) will be 3N-6 for a polyatomic malecule and 3N-5 for a linear
molecule, N being the number of atoms. That is, N atoms require 3N Cartesian coordinates
to describe their motion. Three coordinates are associated with translational degrees of
freedom (movements of the entire molecule through space while the positions of the atoms
relative to cach other remain fixed) : three more coordinates (two for a linsar molecule)
associated with the rotational degrees of freedom (the intsratomic distances remains constant
but the entire molecule rotates with respect 1o three mutally perpendicular axes that passes
through its center ..f mass). All other movements of the atoms in a molecule are known as
vibrations and are determined by the condition that the average position and orientation of the

molecule remain fixed while the relative positions of the atoms change.

The classical model approach provides considerable information on the existence of
vibrational frequencies of atoms within molecules, but, on the other hand, it does not explain

the existence of rotational frequencies, unless electronic motion occurs at the same frequencies
1141/,

Quantum-mechanical considerations involving the solution of the Schridinger equation
assuming the harmonic oscillator energy potential function results in allowed, equally spaced
energy levels defined by:

e=(n+0.5)hy . 323

where h is Planck’s constant. When the quantum number (n) is zero, that is, the oscillator is
in the ground state, the system still retains 2hvy of encrgy. This is known as the zero point
energy, and is of importance in thenmodynamic and kinetic studies /142.. One of its
consequences is that the dissociation energy (D,) of isotopic species will be different, since
D=D,-0.5hy and *y will be different because of the different masses, cfr. Eq. 3.22.

From the quantum-mechanical approach the probability of inducing transitions between
different energy levels can be predicied. The selection rule An=x1 is valid for the harmonic
oscillator, which means that n must change by =1 for the transition to be active in the

infrared. Usuvally, these transitions occur between the ground state (n=0) and the First excited
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level (n=1). This is due to the fact that the number of molecules not in the ground state is
negligibly small at room temperature, i.e. hy is generally large compared to0 kT /143/. Such
a conclusion is based on the use of the energy of a molecule vibration in addition to the

Maxwell-Boltzmann distribution expression:

N.jgi = c—(r.,-c,wr 3.24
N/g,

which defines the ratio of the relative population of molecules at the discrete energy levels
€ and g, g; and g, are the numbers of allowed quantized levels with these energies. N‘ and
Ny is the number of molecules with energies € and €. If the population of the, states is

referred to that of the lbwcst energy, denoted £=0, equation 3.24 becomes:

N/g;
Nz

T CJAT ~(8e KT ' 3.25

se =¢

where Ag=¢;-&,. Thus, if Ag; is large compared with KT, the ratio (N/g,/(N,/g,) will be very
small. Vibrationa! transitions from the ground state to the first state is usually observed in the |

4000 - 200 cm™ spectral range.

An important selection rule for infrared activity is that a molecule will only absorb radiation
if the change in the vibrational energy transitions is associated with a change in the dipole
momnent of the molecule. In terms of adsorption of probe molecules on dispersed metal
surfaces, the "metal surface selection rule” states that only molecular vibrztions giving rise

to a change in the dipole moment perpendicular to the metal surface are infrared active /143/.,

The rotation of a molecule creates a centrifugal force that couples with the vibration resulting
in spectral absorption due to the combined rotation-vibration. This is often observed in high
resolution spectra as fine detailed structures around the fundamental absorption bands. The
frequency conditions of such a combination rotation-vibration can be derived from the basis
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of the Bom-Oppenheimer approximation and the Schridinger equation solved for anharmonic
oscillators, and have been found to be /141/:

= il 3.26
Teg "t 8n2k
Y=y, +2Bm and B=_P_ 3.27
8

where [ = the moment of inertia of the molecule.
B = the rotational constant

m = molecular quantum number that can have values *1, =2, =3 etc.

The value of 7y, defines the position of the center of the fundamental vibration-rotation band
while the second term, 2Bm, determines the rotational fine structure. When m is positive,
lines are observed on the high-frequency side of v, when m is negative lines are observed
on the low-frequency side of v,. These series of lines are known as the P and R branch,
respectively, and their absorption maxima are-in the case of gas phase CO-located at
approximately 2181 cm™ and 2112 cm™.

Group frequencies:

As the number of atoms in a molecule increases, the physical interpretation of all the
vibrational movements becomes a difficult and complicated task. However, the concept of
group frequencies implies that it is not necessary to identify every single observable vibratior
in a complex molecule in order to unambigously determine the molecular structure.

Group frequencies are frequencies characteristic of a group of atoms relatively unaffected by

the constitution or structure of the rest of the molecule. Characteristic frequencies occur when
1144,145/:

1) the masses of end atoms are small compared to the rest of the molecule
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2) there is a considerable difference in either the force constants of two atoms of like

mass or in the masses of the internal atoms.

It can be said that chemisorbed CO exhibit two group frequencies, one due t0 CO bonded to
a single metal atom, the second as a result of the Eonding to two or more metal atoms. Upon
adsorption of CO on a catalyst surface, the rotational fine structures of the bands disappear
since the rotational freedom 1is lost or at least severly restricted. Forthermore, duc to the
bonding mechanisms, a weakening of the CO bond would be expected. The decrease in the
force constant results in a lowering of the carbon monoxide frequency in comparison with
gaseous CO (at about 2143 cm™). In addision, the CO frequency is changed when the surface
coverage changes, when other molecules a.te. coadsorbed and when the éize of the meial
particle varies, etc,

Other examples of important group frequencies are the asymmetric and symmetric stretch qf
CH,-and CH;-groups, ?nd the OH strerching vibration, ‘

Band intensity:

The intensity of an infrared band is proportional to the square of the derivative of the dipole
moment with respect to a distance along the normal coordinate, and is quantitatively given
by /91/:

- N (Buy ~ 328
3C% 30 |

where N=isa cons:aht
C = the velocity of light
j = the dipole moment
Q = normal coordinate associated with the particular vibrational mode.

.For the sn-etching vibration of a diatomic molecule, Q is proportional 10 r-r,, where r, is the
internuclear equilibrivm distance and r the distance of displacement during the stretching
vibration. '

The intensity can be used as a quantitative ineasure of the coverage of adsorbed molecules,
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or qualitatively either as a measure of either the interaction between the adsorbate and the
surface or between adsorbed molecules /143/.

Experimentally, the integrated intensity can be estimated from the expression /91/:
A=L ﬁn(_lﬂ)dy 2 3.29
c-l I c-l .

where A = integrated absorption intensity (cm/mol)
¢ = concentration of the absorbing species (mol/em®)
1 = pathiength through the sample (cm)
a = fin (I/1) dy = area under the absorption band (cm™)

The integrated absorption intensity represents the integral of the extinction coefficient, Ep.

for a given frequency, over the frequency range v, to v, of the infrared band caused by a
particular species /146/

T2
A= Jr e dy 3.30
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3.3.2. Optical principles

The theory and principles behind Fourier Transform infrared spectroscopy measurements have
been described thoroughly in several excellent books and review articles /147-150/, Thiis, the
primary purpose with this chapter is to give a brief introduction to the topic, outlining the
most important and fundamental aspects necessary to achieve a basic understanding of the

means by which continous polychromatic radiation is resolved into its spectral elements.

The interferometer constitutes by far the most important and central part of any commercial
FTIR instrument. Although there ore subtle, but significant differences in the construction of
the present available interferometers, the principle theory behind all scanning interferometers
are basically similar, and can be related back to the early work by Michelson /151,152/. who
in 1891 laid the foundation for and designed the first interferometer. Fig. 3.3.2-1 and 3.3.2-2
show the optical layout of the Michelson and the Genzel interferometer, respectively, the
latter placed in the FTIR instrument used in the present smdy. '

The incident, polychromatic radiation is split into two components by the beamsplitter, partly
reflecting and partly transmitting the beam of radiation to the fixed and movable mirrors,
respectively. The scanning mirror is either raoved ata constant velocity or step scanned, that
is, held at equally spaced points for fixed short periods of time and rapidly stepped between
these points. Due to the difference in the optical pathlength, & (introduced by the movable
mirror) between the beams reflected from the fixed and movable mirror, the beams interfere
either constructively or destructively after recombination at the beamsplitter. The intensity of
the radiation is then detected as a function of the difference in the optical path length between
the two components, thus yiclding the interferogram, see Fig. 3.3.2-3:

(s)
Fig. 3.3.2-3: Interferogram using a polychromatic infrared source /153/.

I(8)
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Fig. 3.3.2-1: Schematic drawing of a Michelson interferometer 193],

Fig. 3.3.2-2: Optical design of the Genzel interferometer /149/.
A: Beamsplitter (KBr)
B: Movable mirror (double sided)
C: Spherical collimating mirror
D: He-Ne laser
E: Reference interferometer
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The real difference between the Michclson and the Genzel interferometers is the size of the
beam at the beamsplitter. In the Genzel interferometer the beamspliner is located at the focal
plane, that is, the beam is focused at the beamsplitter. The transmitted and reflected beams
are then collimatec vy two spherical mirmors so that the two beams travel collinearly into a
double-sided mirror. Hence, twice the optical path difference of the Michelson interferometer
is generated in the Genzel interferometer for the same physical mirror wavel distance. In other
words, the same resolution is obtained by only half of the mirror distance. Furthermore, the
modulation frequency is twice of what it would be using a standard Michelson interferometer
for a given mirror velocity.

If the scanning mirror is moved at a constant velocity, the signal intensity recognized by the -
detector will vary sinusoidally with time betwaen zero (destructive interference) and
maximum (constructive interference).

The quantity measurcd at the detector is the intensity (o) of the combined IR beams as a
function of the moving mirror displacement ©, the interferogram. The interferogram can

mathematically be represented by the integral (using a continuum source)
Io) = fB(?) cos2n¥e - dy 331
0

which is one-half t_)f a cosine Fouricr transform pair, the other being the parameter B(y),
which gives the intensity of the radiation at a frequency ¥ cm™ /149/:

B() = f I(G) cos2nyo * do 332

These equations define the relationship between the interferogram and the frequency spectzum.

-
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(&) (5)
Fig. 3.3.2-4: Interferogram and resulting spectrum /153/.

1(8)
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The advantages of a Fourier Transform infrared spectrometer are best realized by comparison
with dispersive grating instruments. In these spectrometers, the recombined beams following
passage through sample and reference enters the monochromator through slits, and is
dispersed into its spectral elements by a grating /148/. Parts of the intensity is lost due to the
use of prisms and gratings: This is to a greater extent avoided in a FTIR instrument (although
depending on the size of the chosen aperture, which may cause loss of intensity if selected
small) where filtering or dispersion of the beam is not required, thus eliminating the energy
wasting slits. This can be examplified by considering a graung spectrometer, operating
between 4000 and 1000 cm™® at a resolution of 4 cm™. The energy reaching the detector will
be (4/3000) 0.13%, or the energy proportion lost is 99.87%. Increasing the resolution worsens
the situation. The greater throughput (the product of the solid angle and area of the beam
from the sounrce) of the interferometric instruments is known as Jacguinot's advaniage. The
cffect stems from the use of circular apertures in FTIR instruments which have larger surface
areas than the lincar slits of the dispersive spectrometers. The spectral signal to noise ratio
also benefits from the increased signal reaching the detector.

The principle and fundamental advantage of interferometry, also called Fellgett's advantage,
is due to the fact that data from all of the wavenumbers (spectral resolution elements) are

detected simultaneously during a complete scan, The advantage can be expressed in two ways:

1., With equal signal to noise satio, spectra will theoretically be recorded X times faster
with a Fourier Transform infrared spectrometer than with a dispersive 'instrument,
where X is given by 1u/AY, Y is the frequency domain of interest and Ay the -
resolution.

2. With equal measurernent time, the theoretical signal to noise ratio in the spectra
recorded with a FTIR spectrometer will be improved by a factor of X*° compared with
the corresponding measured vsing conventicaal IR spectrometers.

The underlying assumption for the quantitative assessment of the Fellgett’s advantage is that
the optical conditions are identical, that is the source, throughput and detectors should be
comparable. In practice, the real benefit of Feligett’s advantage has been found to be smaller
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than theoretically predicted, the X dependency has been suggested to be (X/8)* instcad of
X05 /154/. , ' R
Furthermore, the accuracy in the determination of the position of the moving mirmrar is
coupicd to the accuracy of each wavenumber. By the use of an auxiliary laser. usually He-Ne
lasers, ihe position of the scanner can be determined to better than 0.005 pm. This, in return,
results in near absolute frequency accuracy, better than-0.01 cm®™ over the range 48G9 - 400

cm'', This advantage of the Fourier Transform technique is known as Connes advaniage.
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4. EXPERIMENTAL AND PROCEDURES

4.1. PREPARATION OF CATALYSTS
The supported Co-catalysts used in the present smdy are listed in Table 4.1-1. The cobalt
content of the catalysts were determined by the use of atomic absorption spectroscopy

(Appendix Al).

Table 4.1-1: List of the investigated cobalt catalysts

Co-CONTENT SUPPORT BET AREA OF SUPPORT
(weight-%) , (m/g)
0.82 Si0, (Ventron) 400
4.7 SiO, (Ventron) 400
1 ¥-ALO, 100
(Alon C, Degussa)
4.6 +ALO, 186
{Akzo Chemie)

Apart from th ¥-ALO, from Akzo Chemie, the supports were used as received. The Akzo
Chemie alumina support was received as pellets, which were crushed and sieved to fractions
less than 400 mesh size. Before impregnation, the supports were dried in air at 400K for 12-
24 hours.

The metal precursor was in all cases Co(NO,),-6H,0, distilled water was used as solvent. The
appropriate amount of support was impregnated with an aqueous solution of the cobalt salt.
The amount of the aqueous solution depended on the wettability of the support. The ratio
cobalt-nitrate solution/support was approximately 2.1 ml/g and (.85 ml/g for the silica and
alumia supported catalysts, respectively. The resulting suspension was dried overnight in air
at 373-393K. Following drying, the catalysts were crushed and sieved to fractions less than
400 mesh. None of the catalysts were subjected to further pretreatment, i.e. calcination. This
was mainly due to the fact that previous investigations showed it difficult to achieve pressed

disks with acceptable swength and transparency after calcination at elevated temperatures /138/.
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4.2. TEMPERATURE PROGRAMMED REDUCTION (TPR)

4.2.1. Apparatus '

The reduction behaviour of the silica and alumina supported Co catalysts was studied by the
continuous flow technique using an in-house built apparatus /155/. A schematic drawing of
the TPR apparatus is shown in Fig. 4.2.1-1. '

The Hz/Ar carrier gas is purified by passing it through a Alltech oxytrap and a 5A molsieve
in order to remove trace amounts of water and' oxygen. The gas stream is then split in two,
one path leading to the reference side of the TC detector in the Shimadzu GC-8A gas
chromatograph, while the other directs the carrier gas stream through the reactor before
reaching the dciector. Hydrogen in the effluent stream was analysed on the TCD after the
removal of water by a cold trap at dry ice’-acctone’ temperature.

The reactor is made of quanz, consisting of a inner and outer tube, where the inlet gas is
preheated by the gas leaving the reactor in the outer quartz tube, Thé cat}alyst is placed on a
sinter at th bottom of the inner quartz tube. The actual catalyst emperature was monitored
by a thermoccuple inserted on top of the inner quanz tube, extending down into the sample
bed. The reacter was heated by a Kanthal type fumace, regulated by a programmable
Ezrotherm 818P temperature controller connected to a thermoelement located outside of the

sample holder.
4.2.2. Procedure

Approximately 200 mg of the impregnatéd and dried catalyst (particle size < 400 mesh) was
wransferred to the reactor, which in tarn was connected to the TPR nppamtﬁs by feed gas tubes
and thermoelements. After pressure testing the reactor, ample time was allowed for the system
to stabilize, thus achieving a non-fluctuating and stable baseline. The applied reducing gas
was 7% H, in Ar at a flow rate of 30 Nml/min. The temperature was ramped at a linear rate
of 10K/min. from room temperature to a setpoint of 1223K, which generally resulted in an
actual bed temperature 25-35K lower than the set pdint value. Subsequently, the sample was
held at 1223K (set point value) for various periods of time, usvally between 10 and 40

minutes.
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Hydrogen consumption dqring the TPR analysis manifested itself as peaks appearing in the
spectrum. In order to obtain a quantitative estimate of the hydrogen consumption, TPR
profiles of Ag,0 was recorded under identical conditions. 100% reduction of the calibration
sample Ag,0 is assumed to occur. *

v

4.3. FOURIER TRANSFORM INFRARED (FTIR) SPECTROSCOPY

4.3.1. Preparation of pressed disks for IR measurements

Self-supporting wafers, 13 mm. in diameter and weighing 10-25 mg. were prepared by
pressing the finely ground, uncalcined catalysts (particle size less than 400 mesh) i}\ an
evacuable KBr die and a hydraulic press.

Several methods of loading the catalyst powder into the KBr die were tried ith various
degrees of success. A further description of the different methods are given in detail in
Appendix A2. In short, the generally applied method depended on the type of suppurt, silica
or alumina. When the silica supported catalysts were used, the camlyst was distributed
randomly on the surface of the optical pellet and the die was knocked two or three times
against the table to achieve an even distribution of the catalyst poﬁrdcr. In the case of the
" alumina supported catalysts, the dic plunger was placed on top of the catalyst located in the .
center of the optical pellet and rotated an appropriav.c'numbér of timés to distribute the
" catalyst powder over the complete pellet surface. The dic was then assembled and transferred
10 the hydraulic press. Generally, it was found that the alumina—supportcd catal&sts required
higher pressure (2000-3000 kg/cm®) and longer pressing times (5-12 minutes) than silica
supported catalysts (60-100 kg/cm?, ~E0 sec.). This was also the case for pure silica and
alumina. Descriptions of the various combinations of pressure and pressing times investigated
are given elsewhere (Appendix A2). The pressing conditions cited above resulted in wafers
with acceptable mechanical strength and teansparency. Typically, silica supported Co-catalysts
transmitied 4-19% of the incident radiation compared with 4-11% in the case of alumina
supported catalysts. The puré silica support gave the highest throughput, 20-70%, while the
figures for pure alnmina were approximately in the same range as those for the alumina-

supported catalysts.
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This illustrates the most serious problem encountered in examination of supported catalysts
by the transmission method, namely the severe loss of energy because of scattering and
absorption by the metal oxide support material. For all catalysts, the signal to noise ratio was
lower at the extreme wavenumbers compared to the regions of main interest, probably as a
result of the MCT-detector’s responsc chasacteristics and the encrgy profile of the applied
source. The silica support was opaque to infrared ragiation below 1300 cm™, while alumina

in this respect was somewhat better, as it began to lose transparency at about 1100 cm,
4.3.2. High-pressure infrared cells

The design of ihe two infrared cells used in these experiments was similar to that of Hicks
et al. /156/ and to the one used in a previous FTIR investigation of iron Fischer-Tropsch
caté.lysts /138/. However, certain minor modifications were wnplemented in relation to the

original design. Fig. 4.3.2-1 shows a picture of one of the applied infrared cells.

The entire cell was made of stainless steel, as was the pellet holders. Sealing between the
CaF,-windows (6.1-6.16 mm. thickness, 25 mm. diameter, Specac, Englan., anc. the cell
flanges was ensured by the use of Statotherm graphite profile rings (21 mm. 0.d., 17 mm .i.d.,
2 mm. thickness, Burgmann, Germany) with a reported maximum temperature of 823K,
Polycrystalline CaF, instead of single crystal CaF, was used due to greater thermal shock
resistance. The combination of pblycrysmllinc CaF,-windows and graphite seals resulied in
low leakage and enabled the cells to be operated at relatively high temperaturé and pressure.
Slow heating and cooling rates (2K/min.) were applied to avoid cracking of the windows,
Nichrome wires (Elcktrothermal) were used as heating elements. The wires were wound
around the exterior of the cells and covered with heat insunlating glass tape (Vidawape C, 50
mm.). Eurotherm 815P temperature controllers (one for each ccll) and a thermocouple (type
K) placed in close proximity with the catalyst wafer were used to regulate the temperature
in the infrared reactors. In addition, a second thermocouple (type K) was used to manitor the
temperature between the nichrome heating wires and the cell itself.



74.

“Ite2 paieaguy aanyeradusa-y3yy azassoad-y3nyg ayy yo axnpyy 1-zgp ‘fy




-75-
4.3.3. Gas flow system

Fig. 4.3.3-1 shows a schematic diagram of the gas handling system associated with the high-
pressure high-temperature infrared reactors.

The flow system consisted of four identically built feed gas lines. The separate feed lines are
connected 1o a 5-way ball valve, whose position determines the desired type of reactant gas.
Further specifications conceming type, purity and composition of the applied gases are given
in Appendix A3.

4.3.4. Dau acquisition

Infrared spectral data were recorded using a Bruker IFS 113v FTIR spectrameter. The
instrument was equipped with a Genzel interferometer, KBr beamsplitter, Globar lamp and
a liquid nitrogen cooled mercury-cadmium-telluride (MCT) detector. The section containing
the optics and the sample compartments was maintained under vacuum. Transmission infrared
spectra were obtained using the Bruker ATS software package, which provided several
options for processing of the recorded infrared spectra, such as baseline correction, peak
picking and subtraction of spectra. In the present work, a subtraction factor of 1 was nsed
when subtracting the reference absorbance spectra from the sample absorbance spectra.

The majority of the infrared spectra presented in this work were obtained by coadding 32 o
100 interferograms to improve the signal-to-noise ratio. All spectra were obtained wsing a
resolution of 4 cm™. Higher resolution was not requirsd since the narrowest band observed
was 8 cm™'. None of the spectra are smoothed or enhanced in any other way unless otherwise

noted. The speciral parameters appliéd during data collection and data processing are given
in Appendix A4.

4.3.5.  FTIR-procedure

The pellet holders with pressed discs of either the supported catalyst or the pure support were
placed in their respective cells, which in turn were assembled and Ieak tested with N,. After
wrapping the cells in heating wires and insulating tapes, the cells were mounted on separate
plates, to which elecirical wiring and stainless steel tubes for the feed gas supply werz
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connected. The cell containing a pressed disc of the pure support was placed downstream
from the cell containing the supported catalyst disc. Vertical and horizontal alignments of the
cells with respect to the focus of the infrared beam were then done in order to achieve
optimal energy throughput, .

Hydrogen was introduced and the temperature was raised at a rate of 2K/min. to the reduction
temperature, 673K. The heating programme included holding for 30 mnin. at 373K (removal
of water) and 523K (decbmposition of nitrate). The catalysts were reduced in hydrogen in situ
(673K, Pp,=2.5-11 bar, 1100 Nml Hymin.) for 16-20 hours. The pretreatment pracedure for
.the pure support was oimilar to that of the supported catalysts,

Following reduction, the catalysts were either cooled in H, to the desired reaction temperature
for CO hydrogenation experiments, or to room temperature in He for CO adsorption
experiments. When CO hydrogenation was studied, the experiments were carried ont at the
following reaction conditions: Pr,=2.5-11 bar, T=473-573K and a H./CO ratio of 2 or 3. CO
adsorption experiments were performed by introducing He:CO (9:1, Pr,=2.5-6 bar} at room
temperature followed by He flushing.

Spectra of the catalysts in H, or He after reduction, but before inwoduction of reactant gases
at the actual reaction temperature, were used as reference spectra.

At an early stage of the experimental work, back diffusion of oil from the vacuum pump
connected to the optics bench deposited on the mirrors located before and after the sample
compartments. After installation of a filter (zeolite type) and a liquid nitrogen trap, the
problem was considerably reduced and almost non-cxisting. Nevertheless, actions were taken
_before and after an experiment was conducted in order to ensure negligible influence of oil
on the mirrors. The mirrors were cleaned, and single bc.am spectra were recorded with an
open beam path and with the infrared reactors mounted in the sample compartments, before
startup of an experiment. Following the reduction procedure, another single beam spectrum
was recorded after the temperature was stabilized on the desired reaction temperature and
after addirional cleaning of the mirrors. After the experiment was completed, yet another
single beam spectrum was obtained and compared with the spectrum recorded at the
beginning of the cxpcﬁhcnt.
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44. CATALYTIC ACTIVITY MEASUREMENTS

44.1. Apparatus and analytical equipment

The activity and selectivity measurements were performed in two apparatus; the one described
in this section and the microbalance/microreactor apparatus described in Chapter 4.5.

A schematic drawing of the kinetic apparatus is sho.wn in Fig. 4.4.1-1, The reactant gases,
hydrogen and premixed CO/N, (7.5% N,) were purified by a Alltech oxytrap and a Linde 5A
molecular sicve for water and iron-carbonyl removal. The flowrate of these gases was
regulated with Hitech F100/200 mass flow controllers.

The high pressure, fixed bed microreactor was made of stainless steel, 45 cm long with an
inner diameter of 1,12 cm. The calyst was placed on a stainless steel frit located 11 cm
from the bottom of the reactor. Heating of the reactor was provided by a Kauthal type
fumnace. The temperature was measured at two points: a thermocouple was extended
downward into the catalyst bed, while the second tﬁennocouple was located 0.5-1 cm below
the catalyst bed. The latter thermoelement was vsed for regulation of the reaction temperature
in connection with 2 programmable West 2050 temperature controller. The difference in
temperature between the two measurement points did not exceed 3K.

Feed and product analysis were carried out using an online HP5890 gas chromatograph (GC)
equipped with a2 HP 3393A integrator. N= (internal standard), CO, CO, and CH, were
separated by a Carbosieve-SII 1/8" 110/120 (Supcico) c.olumn connected to a thermal
" conductivity detector (TCD). The hydrocarbons were separated by a Megabore 30 m GSQ
(J&W Scientific) column connected to a flame ionization detector (FID). The carrier gas was
He, purified by Chrompack oxygen and moistute filters. In order to avoid condensation of
liquid products, all wbes and valves in the section downstream of the reactor involving FID
analysis was heated 10 423-473K.

Calculations of the degree of conversion of CO and the selectivity of CO, and CH, were
based on the vse of nitrogen as intemal standard, Hydrogen and water were not analyzed
quantitatively. The total CO conversion was always lower than 5% and usually between 1 and
2%. Low conversion of CO is required to ensure differential bed conditions with minimal
effect of mass and heat transfer. Too low conversion of CO, on the other hand, lead to
difficulties in obtuining an accurate carbon balance.
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4.4.2, Procedure

0.7 g of the catalyst, particle size 52-200 mesh, was placed between Ftwo layers of glass wool
in the reactor. After leak testing by pressurizing with He, the temperature was raised 2K/min.
to 673K in flowing hydrogen at a total pressure of 6 bar. The catalyst was reduced at this
temperarure for 16 hours, Following reduction, the temperature was adjusted 1o the desired
seaction temperature, and hydrogen was then replaced by synthesis gas. He was iniﬁa.lly
introduced together with s;l'nthesis gas in order to reduce the possibility of ran-away due to
the exothermic natufc of the reaction. The flow of inert gas was gradually removed during
a time period of 7-25 min. after introduction of H/CO. CO hydrogenation was carried out at
6 bar total pressure (HZ/C0=2_) and 523K. The only experimental parameter varied from one
experiment to another was spac;a velocity, which was in the range 6900-23700 Ncm®/g
catalyst-h. X

Feed and product TC analysis were taken at regular intervals; normally every 30 min. with
the first analysis after 0.5-1 hour of reaction. The analysis system did not permit analysis with
both detectors simultaneously. Therefore, TC product samples for analysis were first taken
before obtaining a FID product analysis. Additional TC product samples were then taken
followed by the sccond FID analysis. Analysis of the feed composition (by TCD) was
obtained at the end of each experiment. Appendix AS shows examples of TCD and FID

chromatograms obtained during an experiment in the above described apparatus.
4.5. GRAVIMETRIC STUDIES
45.1. Gas hz.mdl.'mg system and analytical equipment

The gravimetric investigations were performed in the apparatus illustrated in Fig,-4.5.1-1
/138/. The basic feawres of the experimental setup consists of a gas handling system, the
reactor and the analysis system. The reac_tor, shown in Fig. 4.5.1-2, is an integraizd
microbalance/ microreactor made of stainless steel with an outer diameter (0.D.) of 0.5 inche:s
R connected to the 3/8 inches O.D. tubing of the microbalance via two flanges bolted together
and sealed with a gold ring. The microbalance is a Sartorius model 4436 with 0.1 pg

sensitivity. If desirable, the system could be converted to a pure microreactor by
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1. MICROBALANCE
2. ELECTRIC CONNECTIONS
Reactor . 3. COOLING WATER
outlet | 4. REMOVABLE PLUG FOR

VISUAL INSPECTION
5. QUARTZ FIBER
6. GOLD RING
7. FURNACE
8. CATALYST BASKET
9. THERMOCOUPLE

Fig. 45.1-2: Combined high-pressure microbalance/microreactor for gravimetric
experiments /138/.
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disconnecting the reactor from the microbalance, changing the top flange of the reactor and
installing a stainless steel frit as support for the catalysts, Heating of the reactor was provided
by an electrical furnace. The temperature was regulated by an Eurotherm temperature
programmer/controller witﬁ a thermocouple located in close proximity of the catalyst basket.
Analysis of gas saraples from the feed and product streams were carried out by the use of a
PYE Unicam 204 GC equipped with a thermal conductivity- and flame jonization detectors.
CO, N,, CH, and CO, were analyzed on an Allﬁcch CTR-I packed column, while the
hydrocarbon fractions were separated on a Supeles SP2100+0.1% Carbowax packed column.

4.5.2. Procedure

The stainless steel basket containing approximately 0.7 g catalyst (18-26 mesh) was hooked
onto the quartz fiber connacted to the microbalance. Fresh catalysts were used for each of the
experiments in order to avoid the influence of historical effects. After leak testing the system
with helium, the temperature was raised to 673K in flowing He and the catalyst was dried
overnight at this temperature. The microbalance head was always purged with He in order to
prevent condensation of reaction products and to maintain & constant gas density around the
taring counter weight. If the weight curve after drying overnight tended to flucmate, the
temperature was increased to 723K for 3-5 hours in order to achieve a more stable weight
corve. Next, the temperature was lowered 1o 473K, hydrogen was introduced and the.
temperamre was increased 2K/min. to the reduction temperature, 673K. The cataiysts were
reduced in flowing hydrogen (P,=6 bar, 200 NmU/min.) for 16-20 hours.

After reduction, the catalyst was cooled in hydrogen 1o the desired reaction temperature and
the feed was switched to synthesis gas. The gravimetric swudies were cairied out in the
temperature range 473-723K. at a rotal pressure of 6 bar with a H, to CO ratio of 2. The
space velocity of the synthesis gas was in most cases kept constant within an experiment. This
was mainly due to the fact that the flow of gas past the catalyst basket will exert a drag force,
thus influencing on the weight curve. CO hydrogenation was usually continued for 3-5 hours
with regular sampling and GC analysis of the product and feed streams. The analogue signal
from the microbalance was transformed 10 a Toshiba T1000 portable computer running a
BASIC data acqﬁisition programme /158/. The sampling frequency was preset to every 15

second. Synthesis gas was either replaced by helium and then hydrogen or directly by
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hydrogen at reaction conditions in order to study the reactivity of the deposited material. After

3-4 hours of exposure to hydrogen, the temperature was increased at a rawe of 5K/min. to 673

or 723K for a further investigation of the nature and reactivity of the deposited material,
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5. RESULTS AND DISCUSSION

5.1. TEMPERATURE PROGRAMMED REDUCTION OF SILICA AND
ALUMINA SUPPORTED COBALT CATALYSTS

5.1.1. TPR-investigations of 0.82% Co/SiO, and 4.7% Co/SiO,

The TPR-profiles of uncalcined Co/SiO, catalysts with different metal Joadings are shown in
Fig. 5.1.1-1, in which the TPR-spectrum of pure Si0Q, is also included. While no reduction
peaks were observed in the temperature range from room temperature to 1223K for silica
alone, low temperature peaks at 510K and 535K in addition to a broad high temperature peak
around 1104K could be seen in the spectrum of 0.82% CofSiO,. Furthermore, a weakly
resolved peak appears near G48K.

TPR-analysis of the 4.7% Co/SiO, catalyst revealed a significantly more complex reduction
behaviour. Peaks were observed at 517, 554, 1050 and 1160K, with the 517K peak being
clearly the most intense. A broad peak extending over the iemperature range 590-873K is also
discernible, showing evidence of having two relatively poorly resolved maxima at 687 and
757K. The high temperature tailing and the lack of any retumn to the baseline of this peak
indicate difficulties in achieving complete reduction of the responsible cobalt species. The
reduction process is not completed until a temperature of almost 1223K is attained.

The estimated total degree of reduction based on the hydrogen consumption of the peaks in
the TPR-spectrz of the silica suppored catalysts is given in Table 5.1.1-1. Hydrogen
consumption required for the reductive decomposition of the metal precursor is not included
in the table. The overall extent of reduction increases with increasing cobalt content, in
accordance with the findings of Bartholomew et al. /6,121/.

According to the literature, the distinct psaks at 510K and 517K correspond to the reductive
decomposition of residual cobalt nitrate without the reduction of cobalt /50-52,157/. The
increase in peak area (hydrogen consumption) with increasing cobalt loading is consistent

with such an assignment. The much less intense peaks centered around 564K and 535K are
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517
564 ' ‘ 1160
4,7% Co/SiQL//IOSL,/—L
510
A3 648 082% Co/SiO, . - hos
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Si0,
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Temperature / K

Fig. 5.1.1-1: TPR-profiles of S$i0;, 0.82% Co/SiO, and 4.7% Co/SiO,.
Heating rate: 10 K/min.
Temperature interval: Sio, 293-1223K

0.82% ColSi0,  292-1223K
4.7% ColSiO, 293-1223K
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Table 5.1.1-1: Estimatad degree of reducti~n of 0.82% Co/SiO, and 4.7% Co/SiO,.

Extent of reduction (%)

Caalyst 535K S64K 687K 757K 1050K 1104K 1160K  Toral

0.82%  12.9° 45.6 58.5
Co/Si0, 4

4.7% 153 92 144 248 274 911
CofSiO,

Hydrogen consumpiion, expressed as degree of reduction, assuming all Co as Co,0,.
Peak area measured by cut and weigh.

[X]
b

probably due to reduction of crystalline cobalt oxide formed during the course of
decomposition of the metal precursor, cobalt nitrate. The cobalt oxide reduced in this step is
suggested to be Co,0,. Based on the present results, there is, however, an uncertainty in the
determination of the type of the cobalt oxide formed during the decomposition step, that is,
whether it is Co,0, or CoO. Evidence for the formation of both types has been presented in
the literature /51,52,58/. Generally, however, on catalysts with relatively high cobalt content,
the major oxidic phase is believed to be Co,0; /52,53,58,59/. This is also supported by the
UV-VIS diffuse reflectance measurements in éecn'on 5.2.4.1, which showed absorption bands
attributable to Co,0,. '

Two explanations can be offered to elucidate the appearance of the reduction peaks at higher
temperatures. One may suggest that the peaks at 535K and 564K represent the reduction of
Co,Q, to cobalt metal (Co°), and that the peaks in the temperature range 590K to-1160K are
due to reduction of more resistant Co species, possibly formed upon interaction between
cobalt and the support. Alternatively, the peaks at 535K and 564K can be due to the reduction
of Co™ 10 Co™, while the later steps represent reduction of Co** ta the zero-valent state. or
pethaps to Co™ combining with the silica support

TPR-spectra featuring one single peak for the reduction of unsupported Co,0, have been
reported /50-52,56-60,157/. The assignment of the 535/564K peaks to reduction of Co,0; to
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cobalr metal can be suggested, based on the correlation of these peak positions with those
reported for Co,0,. The location of the reducuon peaks in thc present study is somewhar at
the lower end of the temperatre range often reported for Co,0, reduction. 590-673K
/51,52,58/, but this is probably a consequence of the different pretreatment and TPR ‘
conditions employed. Following this Iine of arzumentation, it would seem that cobalt species
on the SiO, is present as relatively large, bulk-like particles, reduced to the zero-valent state

below approximately 600K,

Whether one single or two peaks appear in the TPR-spectrum of Co,0, it is believed that the
reduction of Co,0, occurs in two stages, Co,0, — Co0 — Co (see section 2.3.3). Thus, the
535/564K peaks can alternatively be interpreted as due to the reduction of Co™ to Co®. The
peaks appearing in the temperature range 550-773K (0.82% Co/SiO;) and 590-873K (4.7%
Co/8i0,) can then be proposed to be caused by the consecutive reduction of CoO to cobalt
metal. The observation of a two stage reduction (Co™~» Co*— Co%) can possibly be a
consequence of support interactions. making the cobalt oxide harder to reduce. The reduction
of Co,0; on silica supported Co catalysts (calcined at 573K for 5 hoursj have been reported
to occur in two separate steps at 589K and 633K (B=24 K/min.), in contrast to the TPR-
profile of the unsupported (bulk) Co,0, /50/. Roe et al. /159/ observed a two stage Co,0,
reduction with peaks at approximately 623 and 690K (§=12 K/min.). Paryjczak et al. /64/
reported TPR-spectra of unsupported Co,0,. 1% and 10% Co,0, supported on silica. The
presence of the support decreased the reducibility of the cobalt oxide and a shift of 30-50K
to higher temperatures was observed. It was also suggested that the peak occuring at 643K
(1% Co040./Si0,) could be ascribed to the reduction step Co,0,~> CoO 764/,

It is not believed, however, that the reduction peaks located at 535/564K and in the
temperature range 550-773K (0.82% Co/Si0,) and 590-873K (4.7% Co/Si0,) correspond to
such a snccessive reduction process of cobalt. This is mainly due to the relatively large peak
scparation and that the hydrogen consumption of these two peaks is not in accordance with
the stoichiometry of the reaction (the area of the peak(s) in the 550-773K and 590-§73K
region should be three times larger than those at 535/564K). '
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Support interactions may be responsible for the reduction peaks appearing at higher
temperamres (> 550/5901(). Based on the view that the reduction of Co,0, can be represented
by the peak at 564K (and 535K), an explanation can be proposed which leads to the
assignment of different high temperature peaks to different Co phases. It must be gxpecred
that Co®* and Co™ species are present on the surface. This is supported b); the results of
Rosynek et al. /51/, where XPS investigations of a reduced and uncalcined 6% Co/SiO,
catalyst showed the presence of Co®. The XPS spectra of the uncalcined and reduced 6%
Co/8i0, catalyst were indistinguishable from spectra of the uncaicined catalyst obtained
before hydrogen treatment (at 673K for 16 hours). Okamoto et,al. /60/ stated that the
dominant Co phase on impregnated and dried catalysts was Co*, as deduced from the Co
2p,; peak at 782 eV accompanicd by a shake up satellite (3d-4s) at 787 eV /51,59/. The
possibility of an interaction of divalent and/or trivalent Co species with the silica support must
be considered, which may explain the appearance of multiple reduction peaks in the high
temperature range. The most likely candidates being a result of such interactions are proposed .
to be (sub)surface compounds, possibly mixed oxides of the type Co-Si-O and/or cobalt
silicates.

By regarding the broad peak in the temperamure range 590K to 873K on 4.7% CofSiO, as
consisting of two individually peaks appearing at 687K and 757K, the reduction peaks at
648/687K can tentatively be assigned to Co* species, either existing as well dispersed
(sub)surface particles or occupying octahedral sites in the mixed oxide Si*,;Co*|,Co™,0,.
A mixed oxide consisting of Co™, that is, where Co®* has been replaced by Si**, could be
represented by the formula Co,SiO; /60/.

Co™ species, but in' differen: surroundings can be suggested to be responsible for both the
757K peak and the high temperature peaks located above 1000K. Surface Co* cations and/or
Co* in a mixed oxide like xCoO(-ySi0,), may possibly be responsible for the former
reduction peak, while the latter is suggested to arise from surface cobalt silicate, i.e. Co,Si0,
or CoSi0,. Whether the two peaks (1950 and 1160K) indicates Co® in different lattice
positions, i.e. tetrahedral or octahedral coordination, is not clear, Whether there is a splitting
" of the 1104K peak into two individual peaks (1050K and 1160K) at the higher metal loading,
or an absence of thc 1050K peak and a shift to lower temperatures (1104K) for the high
temperature peak (1‘ 160K) occuring o the 0.82% Co/SiO, catalyst, is harder to judge. One
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could tentatively speculate if the peak at 1104K (0.82% Co/SiQ,) represents reduction of Co*
coordinated in tetrahedral positions in the surface cobalt silicate.

The high temperature peak(s) must be related to strong interactions between cobalt and the

silica support due to their positions, which implies hard-to-reduce species.

The underlying assumption for the formation of the spinel structure is the solid state diffusion
of Co-ions into the silica lantice. One can argue that at the applied temperatures the rate of
such a reaction would be low. The solid state reaction between CoO and SiO, requires a
reaction temperature of about 1173K /160/. However, it can be questioned whether the
calcination step is a necessary prerequisite for the silicate (and for that matter, aluminate)
formation. 1t is possible that this might occur during the reduction or even at carlier stages,
for example during the impregnating step. Ree et al. 7159/ showed that reduction (at 673K
for 2 hr.) of impregnated and calcined 8.08% Co/SiO, followed by TPR-analysis revealed the
presence of Co,8i0,, as a result of metal support interactions: On the other hand, Puskas et
al. /161/ found no evidence for cobalt silicate formation in high metal loading c‘atalysts
prepared by the incipient wetness technique. The formation of cobalt silicates is often reported
in studics where catalysts have been prepared by the pH-controlled precipitation technique
(pH 8.0-2.4). Rosynek et al. /51/ stated that the appearance of reduction peaks (at 673, 703
and 1053K) was due to the formation of surface CoQy and silicate compounds formed during k
and afier the nitratz decomposition step.

In the case of alumina supported catalysts, direct TPR—analysié of imprégnated and dried
catalysts revealed the presence of cobalt aluminate, CoAlQ, /65/.

An altemative explanation for the observation of high reduction temperature peaks can
possibly be related to water, i.e. formed during reduction of the cobalt oxide. Migration of
8i0, particles in a reducing atrmosphere in the presence of water vapour may occur, resulting
in an encapsulation of parts of the cobalt oxide and thus increasing its resistance towards
reduction. Viswanathan et al. /61/ have indeed proposed such an explanation to account for
the decrease in the extent of reduction of their kieselguhr supported Co catalysts, Lund et al.
1162/ reported silica migration in the presence of water above 523K for several silica

containing materials.
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A second possible effect of water (vapour) may be that H,0 inhibits the reduction process,
as suggested by Casmer et al. /163/. It was proposed that peaks observed at high teraperature
were not aecessarily due to the reduction of cobalt silicate, but could rather be related to the

presence of small catalyst potes causing accumulation of water, being difficult to remove.

With increasing metal loading, the peaks assigned to the reduction of Co,0, are shifted
towards higher temperature, and the relative proportions of the peaks increase. Also, one
should expect increasing dispersion with decreasing metal loading. Thus, the increase in the
Co,0, peak emperature can be due to different particle sizes of Co,0, on the 0.82% and
4.7% Co/Si0, catalysts. Okamoto et al. /60/ reported a linear increase in the reduction
temperature with increasing particle size, suggesting a limited diffusion rate of OXygen anions
through the oxide particles during reduction, On the other hand, small particles are more
susceptible to particle-support interactions, increasing their resistance towards reduction.
Judging from the TPR-profiles in Fig. 5.1.1-1, the latter effect scems to be of minor
importance.

5.1.2. TPR-investigations of 1% Co/y-ALO, and 4.6% Co/y-Al,0,

TPR-profiles of ths alumina supported catalysts with different cobalt loading indicate that the
reducticr: pattern of these catalysts are similar, though cerain shifts in the positions of the
individual peaks were found, as seen in Fig. 5.1.2-L ’
TPR-analysis of the support ¥-Al,0, showed only a single reduction peak located at 1149K.
With 1% Cofy-A1,Q,, hydrogen consumption peaks were observed at 504 and 567K in
addifion to a high temperature peak locau:d-at 1127K. The two peaks appearing at low
temperature (504 and 567K) exhibited comparable intensitics.

The TPR-spectrum of the 4.6% Cofy-ALO, catalyst revealed the existence of several peaks
with varying intensitiés at 571, 573-643, 984 and 1173K. The intensity of the peaks above
1100K apparently increased with increasing metal loading.

The position and peak area of the major peak at 571K suggests that it is due to the
decomposition of cobalt nitrate, as previously discussed ahd re'ported 150-52/. The observed

increase in peak area (hydrogen consumption) with increasing cobalt content is in accordance
with such an assignment.
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Fig. 5.1.2-1: . TPR-profiles of Y-ALO;, 1% Co/y-AlL,G; and 4.6% Cofy-ALO;.
Heating rate: 10 K/min.
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4.6% Col-ALO,  298-1203K
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By analogy with the earlier assignments, the weak high temperature shoulder on the nitrate
peak in the sange 573K to 643K on the 4.6% Co/y-Al,0; catalyst can be attributed to the
reduction of cobalt oxide. Co,0,. No such shonlder was discernible on the nitrate peak at
S67K in the case of the 1% Coly-AlLO, catalyst, indicating the absence of any resolved
reduction peak for cobalt oxide. Thiy may seem reasonable if it is assumed that all available
cobalt at an early stage of preparation, viz. during impregnation, has penetrated into the
alumira lattice, and as a consequence, relatively high temperatures are necessary to achieve
reduction of these species.

One may also speculate if the absence of any Co,0, reduction peak is due to the fact that
the decomposition and reduction stages perhaps occur almost simultaneously, and that these
processes are enveloped in the 567K peak.

A weak, broad peak around 673-723K appears in the TPR-spectrum of 4.6% Co/y-ALO,. This
peak is tentatively assigned 1o the reduction of either surface Co™ or Co* in a mixed oxide
overlayer phase lire Co*-AI* /52,57,59/. The inherent weakness of the peak may indicate that
the majority of the Co™ is rednced in the temperature range 573-643K. Furthermore, it can
be specunlated whether the oxidation of Co™ to Co™ in the presence of nitrate anions occurs
only to a limited extent, since the hydrogen consumption (expressed as the degree of
reduction) is higher at higher temperatures (see Table 5.1.2-1).

For this catalyst, appreciablc hydrogen consemption could also be registered around 984K,
Similar peaks in this temperanure range were not detected during analysis of 1% Co/y-ALO,
or the blank ¥-ALO,. Reduction peaks appearing in the vicinity of these temperatures have
often been assigned to surface overlayer Co® species /52,58/, exhibiting high stability towards
hydrogen reduction.

Strong interaction between the cobalt oxide and the alumina support has usually been
described to result in the formation of a surface cobalt aluminate spinel phase.

Okamoto et al. /59/ assigned reduction peaks above 920K to subsurface and/or bulk Co™ in
an AlL,O, matrix.

Table 5.1.2-1 shows the calculated degree of reduction of the alumina supported catalysts with
different metal loading. Hydrogen consumed in the reductive decomposition of cobalt nitrate
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Table 5.1.2-1: Estimated degree of reduction of 1% Co/y-Al0; and 4.6%
CO/ Y‘A]:O;-

Extent of reduction (%)

Catalyst 573-643K 984K 1127K 173K Total
1.0% 17.2 : 172
COIY"A!QO3 . ‘
4.6% 10.8 6.7 246 42.1
CoA-ALO,

% Key as for Table 5.1.1-1.

is not included in the table. ,

Comparison of Table 5.1.1-1 and Table 5.1.2-1 suggest that the total extent of reduction
increases with increasing metal loading, regardless of the applied support. The silica supported
cobalt catalysts exhibit a higher total degree of reduction than their alumina supported
counterparts. '

The lewer degree of reduction of the alumina supported cobalt catalysts may be attibuted to
interactions between the cobalt oxide and the alumina support. Co™ can be incorporated in
the defective alumina spinel structure, occupying tetrahedral and/or octahedral interstices.
Generally, Co™ in tetrahedral positions have been found more difficult to reduce than ihc
octahedric Co™ 750,53/, Itis therefbre believed that the high temperatuze peaks (1127K:1%
Cofr-ALO; and 1173K:4.6% Co/y-ALO;) can be represented by the reduction of Co*
surrounded by several Al-O ligand.'s, forming a surface cobalt aluminate spinel structure, with
chemical and spectroscopic properties closely resembling those of bulk cabalt aluminate /53/.
The TPR-spectra show that the surface Co™ spinel phase is difficult to reduce, reflecting the
stability of Co™ in tetrahedral positions in the alumina lattice.

At low metal concentrations, cobalt jons would be located in tetrahedral lattice sites on the
support, with XPS binding energies close to that of CoALOQ, /53/. When all tetrahedral sites
are filled, unoccupied octahedrally coordinatéd sites are progessively populated, as a result
of the increased Co content. Eventually, one would expect the segregation of a bulk-like
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cobalt oxide phase /53/ and a higher percentage of reducible cobalt with higher metal
loadings, in accordance with the present results,. Within the confines of the limited
experimental data it is not possible to determine if there is a finits and eventually upper
limited amount of Co species dispersed into the alumina lattice. The present results suggest
that at least 1% Co is coordinated with the y-Al,0; maumix. It has bsen proposed that metal
loadings less than 2% favours the formation of surface spinel structuses /53,56,141,164/, Van’t
Blik et al. /65/ found that 1,55% Co was converted to CoAlQ, upon reduction of an
impregnated and dried 4.44% Co/¥-Al,O, catalyst.

The TPR-spectrum of the support material, ¥-Al,O,, consists of a single peak at 1149K. Peaks
in a similar temperature range were also observed on both the 1% Co/y-Al,O, and 4.6%
Cofy-AlL O, catalysts, as previously mentioned. The presence of the peak in the support
spectrum implies that these peaks can not be solely due to cobalt-alumina interactions.

At this temperature level, phase transitions between different types of alumina occur, viz. -
ALO, is converted to §-AlL,0, around 1173-1273K. Further heating to > 1373K results in the
transformation to &-ALO, 7165/, Both of these alumina compounds could in principle be
responsible for the observed high temperature peak, but the conversion of 7-AlLO, to §-AL,0,
seemas most tikely, based on the temperature of the phase ransition. Hydrogen consumption
is registered in the temperature range where the alumina phase transition is believed to occur.
Whether this ¢can be related to the reduction of AI** to aluminium (A1%), is presently not
known, &AL, contains lower amounts of hydroxyl groups /165/, and the high temperarure
peaks may possibly be related to the hydrogen assisted removal of hydroxyl groups as water
in connection with the phase transition.

Armnoldy et al. /52/ atiributed a peak near 1120K 1o the reduction of impurities in their
AL, ie. iron, sulfite and sulfate.

The TPR-specttum of 1% Cofy-AlL,O, showed the appearance of two distinct peaks at 504K
and 567K, while no hydrogen consumption was registered in the temperature range 600-
1000K, supporting the previous suggestion that the available metal jons are stabilized by
chemical interactions with the ¥-ALO, lattice. In accordance with the previous interpretations,
the 567K peak is atmibuted to the hydrogen assisted decomposition of the metal precursor,
cobalt nitrate. The low temperature shoulders on the peaks (571 and 567K) designated to
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decomposition of cobalt nitrate appeared at similar temperatures in the TPR-spectra of the 1%
and 4.6% Co/y-AL,0, catalyst.
The assignment of these low temperature shoulders is an intriguing guestion, to which no
satisfactory answer can be offered. The 504K peak was not resolved in the TPR-profile of the
1% Coly-AlLO; when a different heating rate (2K/min.) was used; 2 relatively broad peak
could be nbserved with maximum rate of reduction at 517K. A TPR run (B=2K/min.) with
the 4.6% Cofy-Al,0, catalyst showed no indications of a low temperature shoulder. These
peaks were not observed with silica alone ‘or with 4.7% Co/Si0,.
TPR-spectrum (ﬁ:iOKlmin.) recorded with an empty reactor showed nc reduction peaks -
between room ternperature and 1223K.
Its absence in the spectrum of the support material 'y-'Alzog means that it must be related to
the metal precursor. Its location a:glics against any reduction of the cobalt oxides.
Unsupported cobalt nitrate has been reported to be reduced in two steps, with peaks occuring
at 503 and 592K (B=24K/min.) /50/, and at 553 and 643K (B=20K/min.) /51/. The first of
these peaks is usually atributed to the reductive decomposition of cobalt nitrate, the second
to reduction of cobalt oxide formed during the previous step.
The bands are observed only with the alumina supported cobalt catalysts, and one may
speculate if they can be related to the reductive decomposition of the metal precursor, by
which he nature of the support affects the progress of the reduction/decomposition process.
In this context, reduction of NOy-groups in the cobalt nitrate can be suggested, but the
xjeactidn {cobalt nitrate to cobalt nitrite):

Co(NO,), + 2H, —Co(NO,), + 2H,0 : 5.1

can only be régarded as speculative. In the study of Lapidus et al. /507, the strong exothermic
nature of the cobalt nitrate reduction was believed to lead to an overheating of 4.6% Cofy-
ALO;, which could cause interactions between cobalt oxide and the support.

Another explanation for the low temperature peaks on the alumina suppored cobalt catalysts
could be dehydration, i.e. Joss of water or crystal water from the cobalt nitrate. Water, either
physically held on the alumina or chemical bound to the hydrated nitrate will be driven off
at increasing temperatures, but an explanation which accounts for hydrogen consumption

during these p.ocesses can not be given.



-97-
5.2. FOURIER TRANSFORM INFRARED (FTIR) INVESTIGATIONS

5.2.1. Introduction

The catalysts used in the FTIR spectroscopic investigations were 0.82% Co/SiO, and 4.7%
Co/Si0Q, as well as 1% Cofy-Al,0, and 4.6% Co/y-AlL,0,.

The pretreatment of the catalysts and the experimental procediures have been described in
Chapter 4.3.

With a few exceptions, the experiments were conducted using two similarly designed infrared
cells. The cell containing a pressed disk of the pure support was placed downstream from the
cell containing the supported cobalt catalyst disk. During the course of an experiment, spectra
were recorded of both the catalyst sample and the support disk. In this way, contributions due
o gas phase compounds and the support could be subtracted.

As previcusly mentioned. single beam spectra of the freshly reduced catalysts in H; (or He)
at the actual reaction temperature before introduction of synthesis gas (or 10% CO in He),
were used as reference spectra. .

Infrared spsctra obtained under reaction conditions covered the 4000-500 cm™ (MID-IR)
range. Within this frequency dorain, thees regions are of particular interest; 3050-2700 cm,
210{-1800 cm™ and 1800-1200 cm™. Spectra of adsorbed species in these frequency regions
will be presented - unless otherwise stated - in two different ways:

I Spccfra of molecularly adsorbed CO, when observed, are presented as difference
spectra. Post run, manual subtraction of the spectra of thie support disk (denoted
reference absorbance spectra) from the spectra of the catalyst disk (sa.fnplc absorbance
spectra) recorded under reaction conditions yielded the difference spectra.
Conscquently, infrared absorptions due to for example gas phase bO {the R and P
branch) and, in principle, support effects, could be minimized or eliminated.

2. Spectra of adsorbed species in the C-H stretching region and the region below 1700
cm’, the frequency range generally attributable to C-H bending vibrations or O-C-O
or C=0 vibrations in susface species like formates or carbonatss, are presented as
standard absorbance spectra, A=-ln (I/,), where I, and I are the intensity of the
incident and wansmitted infrared beam, respectively.
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Being aware of the innerent risk in quantitatively comparing the intensitites of the infrared
bands from different samples, this is nevertheless done in order to at least extract useful
information about possible trends in the experimental data. Thus, absolute values of the band
intensities from different samples at different reaction conditions are usually not compared
or used, except in the estimation of the heat of adsorption of carbon monoxide on 4.7%
Co/Si0,, and in the calculations of the amount of adsorbed CO and CH/CH, on the same
catalyst. In those figures where the intensity appears along the y-axis, the absorbances are
related 1o & common basis. The band intensiﬁcs are corrected, taking into account the weight
of the catalyst pellet and the cobalt content. In some cases, for example in the subtraction of
reference absorbance spectra from the sample absorbance spectra, the effect of imperfect
matching of the sample and the blank lead to anifacts which may be misinterpreted.

5.2.2. A brief study of SiO,

The majority of the experiments in the present infrared study-have beeh carried out using
silica supported Co-catalyss. However, silica itself is known to have numerous absorption
features in the mid-infrared region, thus making the interpn;.tmion of spectra recorded under
reaction conditions not so straight forward as may be anticipated.

Infrared absorption spectra of silica obtained at different temperatures under pretreatment
conditions are shown in Fig. 5.2.2-1. The spectra were obtained by referencing silica spectra
at various temperatures to a silica spectrum taken at 373K. A number of temperature
dependent features can be scen, especially in the high-and low frequency end of the spectra.
The broad, inverted band extending over the 3800-3300 cm™ range is attributed to O-H
stretching vibrations mainly due to strongly hydrogen-bonded hydroxyl‘groﬁps (peak maxima
near 3500 cm™) and o free. unpertubed by hydrogen bonding (isolated, non-interacting)
hydroxyl groups (silanol-groups; SiOH, strong inverted band around 3734 cm). The lines
appearing in the broad band centered around 3500 cm can be ascribed to surface hydroxyl -
groups exhibiting different degree and strength of hydrogen bonding between adjacent groups.
The inversion of these bands arises from different concentrations of hydroxyl groups on the
surface at different temperatures. Increasing the temperawre resulted in some depletion of the
hydrogen bonded surface hydroxyl groups, while the silanol groups, in which hydrogen
bonding to other surface hydroxy! do not occur, were rather unaffected by temperatures up
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t0 673K. The weaker the hydrogen bonding interaction, the higher is the remperature required
for dehydroxylation of these, species /166/. .

The bands located at 1979/1940 cm™, 1813 cm™ and 1580 cm™ are due to silica lamice
vibrations (overtone bands). The intensity of these bands increased with increasing
temperature, yielding a temperature-dependent absorption spectrum. The ab‘sorption resulting
from silica overtone bands as well as the fundamental transverse and longitudinal vibrations
of the SiO,-lattice (below 1500 cm™) must, to the greatest possible extent, be eliminated. This
is especially important for the overtone bands, due to the fact that the weak absorption band
ascribed to bridge-bonded CO may be superimposed on the relatively strong silica lattice

vibration bands. Another point to be ‘

considered is the effect of the sample
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Fig. 52.2.2: Relationship between the drying  heights) of the silica overtone bands

temperature and the intensity of ;. ploted as a function of
the silica overtone bands. - ‘

temperature, a linear correlation is
obtained, sce Fig. 5.2.2-2. Whether this process is reversible or not, is harder to judge. The
intensities of the silica overtone bands at 523K (Fig. 5;2.2-1, spectrum D) indicate that this
may be the case.

523, Hydrogcnation of CO over silica suppoiied cobalt catalysts with
different metal loading

523.1 CO spectral region for 0.82% Co/SiO,

Infrared spectra of CO adsorbed on 0.82% Co/SiO, during CO hydrogenation and after
various times of flushing with He at'473K are shown in Fig. 5.2.3.1-1. This experiment was
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Fig. 523.1-1: Infrared absorption bands ohserved in the CO spectral region

during CO hydrogenation over 0.82% Co/SiO;.

A:  After 11.5 min. in synthesis gas

B: After 13.5 min. in synthesis gas

C:  After 26 min, in synthesis gas

D: After 3 min. in He (following CO hydrogenation)
E: After 22 min. in He (following CO hydrogenation)
F: After 38 min, in He (following CO hydrogenation)
G:  After 55 min. in He (following CO hydrogenation)

CO hydregenation conditions:. .
T = 473K, Pr = 6 bar, H/CO = 2, 100 NmV/min.
{"'single cell” experiment)
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performed as a "single cell” experiment without a reference cell containing blank Si0,, hence
subtraction of the CO gas phass absorption bands was not atternpted.
In the presence of gas phase CO, a poorly resolved shoulder could be observed around 2070
cm™, becoming more distinct with time in synthesis gas. This low frequency shouider on the
gas phase CO doublet becomes the dominent band after elution of synthesis gés with He,
The position of the major CO band shifted to lower frequencies and the intensity decreased
with time in flowing He. A weakly defined band around 1860 cm™ appears after prolongcd
exposure of the catalyst to He. The nature and origin of this band will be discussed later in
this chapter.

5232, CO spectral region for 4.7% CofSiQ, :
H,/CO = 2, Py, = 6 bar, T = 473-573K

i

Typlca.l infrared spectra of adsorbed species in the region normally expected for molecularly
adsorbed CO obtained during CO hydrogenation over 4,7% Co/8i0, at 473, 523 and 573K
are shown in Fig. 5.2.3.2-1. The spectra at all three temperatures consists of a relatively
broad, asymmct:ic band which does not return to the baseline at low frequencies in the

spectral region of cument

interest. The intensity of the

1 ' ‘ principle absorption band at a
0.5 He/co ' H ‘ fixed temperature and pressure
0.8+ : ' grows with time in synthesis

Q::::*T . | gas untl reaching a nearly
Zp5- ' constant value after
2 ‘

20.4 approximately 15-30 min. This

0.3 ' 3 : is illustrated in Fig. 5.2.3.2-2,
021 . showing the development of the
O.1%

0 intensity of the dominating CO

o 3 &0 90 0 T:‘\zl.o nc‘?&n ) 180 210 240 270 absorption band. During this
time period the ifrequency of the
Fig. 5.2.32-2: The intensity of adsorbed CO (2072 ) .
em) during CO hydrogenation (T=473K, Py, <6 bar, 0and remains essentially
H./CO=2) and Hy-treatment on 4.7% Co/SiO,. . unaltered. Assuming that the
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Infrared spectra of adsorbed CO on 4.7% Co/SiO, during CO
hydrogenation and subsequent flushing with He at reaction
conditions.

A:  After 120 min, in synthesis gas at 473K
B:  After 120 min. in synthesis gas at 523K
C:  After 60 min. in He at 523K (following CO hydrogenation)
D: After 130 min. in synthesis gas at 573K

CO hydrogenation conditions:
Py = 6 bar, HYCO = 2, 100 NmV/min
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intensity of the band is proportional to the coverage of CO, the constant value then
corresponds to saturation coverage of CO. The assumption of a linear relationship between
the intensity and coverage of CO is valid as long as the band frequency is invariant with
changes in coverage. The saturation coverage is reached at each temperature when the rate

of adsorption becomes equal to the rate of desorption.

Both the position and the intensity of the absorption bands were found to depend on the
temperature. As the reaction temperature was increased, Fig. 5.2.3.2-1 shows that the peak
maximum was shifted to lower frequencies and the intensity of the principal CO band
decreased.

Passage of He over, the catalyst at reaction temperature resulted in a decline in intensity and
a concurrent downscale shift in its position, see Fig. 5.2.3.2-1 spectrum C.

It seems reasonable to assume that the bands located at 2072 cm™ (473K), 2058 cm™ (523K)
and 2045 em™ (573K) can be astributed to linearly adsorbed carbon monoxide on metallic
cobalt, since no similar bands are observed over pure silica. This conclusion is based upon
previous investigations of CO adsorption on supported cobalt catalysts /49,50,55,69,70.73,74,
85,86/.

Also, the low frequency shoulder on the gas phase CO bands observed in the spectra of ths
0.82% Co/SiO, catalyst (Fig. 5.2.3.1-1) is assigned to CO adsorbed in a linear mode.

No bands in the 2200-2100 cm range were observed in the spectra of either catalysts, except
in some spectra, where the “negative” absorption appearing around 2i40_cm“ was due to
imperfect cancelling of the gas phase CO bands. Infrared bands appearing in this region have
generally been assigned to CO linearly adsorbed on cationic cobalt /49,55,70,73/, which would
imply incomplete (partial) reduction of the snpported catalyst.

523.3. CO spectral region for 4.7% Co/SiO,:
HJ/CO = 2, Py, =11 bar, T = 473-573K

Increasing the total pressure to 11 bar, but applying otherwise similar reaction conditions as

outlined in Fig. 5.2.3.2-1, resulted in the same temperature dependent behaviour of the
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Fig. 523.3-1:
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Infrared spectra of adsorbed CO on 4.7% Co/SiO, during CO
hydrogenation followed by flushing with He and then H,, or
directly by H,.

A:
B:
C:
D:
E:

After 120 min. in synthesis gas at 473K

After 120 min. in synthesis gas at 523K (50 Nwml/min.}
After 60 min. in He at 523K (following CO hydrogenation)
After 120 min. in synthesis gas it 573K (30 Nml/min.)
After 60 min. in He at 573K (following CO hydrogenation)

CO hydrogenation conditions:
Pz, = 11 bar, B/CO = 2, 100 Nml/min. unless otherwise stated.
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absorption band corresponding to linearly adsorbed CO, as shown in Fig, 5.2.3.3-1. The
frequency of the linear CO band shifted from 2066 cm™ at 473K to 2043 cm™ at 573K.
The effect of flushing with inert gas (He) on the spectra of adsorbed CO was similar to that
observed in Fig, 5.2.3.2-1, viz. decreasing intensity éﬁd a downscale shift in frequency with 4

time in He.

However, the overall band absorbances are higher at 11 bar at all the investigated
temperatures compared to the CO band intcnsitics‘ obtained with a total pressure of 6 bar. This
is illustrated more clearly by looking at the spectra presented in Fig. 5.2.3.3-2, which are
obtained at the same temperature (473K) but at different reaction pressures. The frequency
of the band designated as molecularly adsorbed CO in the linear form is regarded to be
constant within analytical significance (which is = 4 cm?, the applied resolution) with
increasing total pressﬁre. This indicates that the bandfrequency is apparently independent of
the partial pressure of CO, while thle opposite is the case for the intensity of the CO
ahsozption band.

The dependence of the CO band intensity on the partial pressure of CO in the gas phase can
be explained by an increasing coverage of CO, govemed by the adsorption-desorption
equilibrium. It is generally believed that increasing coverage (f.ex. by an increase in pressure)
induces a upward shift (biue shift) in the frequency of the linear CO band /11,66,91/. The
upward shift in frequency has been attributed to the reduced extent of back-donating from
metal d-orbitals into the 21" antibonding orbital of CO, as a result of competition for metal
d-glectrons with increasing coverage of carbon monoxide. A weakening of the M-C bond and
a stengthening of the C-O borid is explained to give an increasc in the CO stretching
frequency. These kinds of effects are usually termed "chemical” effects (transfer of electrons
through the metal).

Secondly, dipole-dipole coupling interactions between adsorbed CO molecules are expected
1o increase with increasing coverage of CO.

The observed, apparent absence of any frequency shift to higher wavenumbers with increasing
COC coverage on the 4.7% Co/SiO, catalyst can be discussed in terms of the two effects
described above. '

Upon adsorption of carbon monoxide, adjacent CO molecules may repel each other, leading
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Fig. 5233-2: Effect of total reaction pressure on linearly adsorbed CO on 4.7%
Co/Si0, during CO hydrogenation.

A:  After 120 min, in synthesis gas at 2.5 bar total pressure
B:  After 120 min. in synthesis gas at 6 bar total pressure
C:  Alter 120 min. in synthesis gas at 11 bar total pressure

CO hydrogenation conditions:
T = 473K, HyCO = 2, 100 NmV/min.
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to & maximization of the distances between them, or attract each other, which would minimize
the intermolecular distance resulting in the formation of groups of CO, or clusters of adsorbed
CO molecules, that is, CO island formation. In both cases, the 'coui)ling‘ forces will be
essentially the same, while there will be differences in the physical forces. In the former case,
the "repulsive” model, an increase in the coverage of CO would result in a change in the CO
stretching frequency. It would be expecied that the fréqucncy progressively increases from
that of the singleton frequency to a value determined. by the magnitude of the coupling
interactions /43/.

The second case, the formation of islands of CO is of interest in view of the results shown
earlier in this section. In a strongly coupled system, the absorption band arises from islands
or domains of adsorbate vibrating in phase, and the CO moleenles can not be individually
considered to contribute to the band /167/. A very rapid change in the frequency with
coverage to a value representing saturation coverage would be expected. Under such
conditions, and given the spectral sensitivity, the absorption frequency for a single CO
molecule unpertubed by nearest CO neighbour may be difficult to observe, hence it would
seem that the detected frequency remains constant with coverage /11/. Crossley et al. /168/
suggested that a lack of any frequency shift upon an increase in coverage could imply CO
island formation. The molecular environment experienced by a CO molecule in a large island
of CO molecules (interior molecule) will niot be severely influenced by changes in the
coverage and the frequency can therefore be regarded as constant.

CO molecules located on the edges of the islan& may give rise to additional bands in the
infrared spectrum. Since edge and comer CO molecules have fewer neighbours compared to
an interior molecule, the dipole field they expericnée is different. This will be even more
pronounced when the ratio of edge molecules to interior molecules is low, as it will be with
increasing dimensions of the CO island. The additional infrared mode due to edge effects will,
when the molecules in the island are of the same type, give rise to a low frequency
band/shoulder on the main absorption band which represents CQ island molecules vibrating
in-phase /169/. Thus, CO molecules at the edge of the islands may account for the asymmetric
shape of the principal CO band observed in the 2100-1900 cm™ region.

Even though the dispersion of the 4.7% Co/SiO, catalyst is not known, it is likely to assume
that a value of 7% provides a reasonable estimate. Then, applying the relationship between
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dispersion and particle size given by Boudart et al. /1707, D=0.9/d,, a particle diamezer of 13
nm would correspond to an 782 CO molecule island. This will of course be the maximum
number of CO molecules which can be adsorbed on an Co particle of the given size. This
number does not represent the actual size of the island, since adsorption stoichiometry, heat
of adsorption etc. is not included in the calculations.
Thus, a possible explanation for the lack of any significant shift in frequency with increasing
coverage could mean that the adsorption proceeds by CO island formation, indicative of a
coverage independent CO molecular environment.
On the other hand, the constant frequency with increasing coverage of CO could point to the
fact that interadsorbate vibrational coupling is absent, or at least very weak. The consequence
is that the observed CO frequency at reaction conditions then possibly can be regarded as that
belonging to an isolated CO molecule. Since the linear CO band develops at a constant Y,
this would imply that the CO molecules are far apart {spatially isolated) from each other,
where each contribute as independent singletons to the infrared abserption band.

Changes in the electronic environment of the molecules ("chemical effects") must also be
taken into account when considering the relatively high and constant peak frequency. The two
mechanisms operating are, as earlier mentioned, donation of lone pair electrons of the carbon
atom into vacant metal d-orbitals (55-bonding) and back-donating, electrons from filled metal
d-orbitals into vacant antibonding CO orbitals (2n-bonding). It is zenerally believed that the
positive (upward) shift arising from the 58/metal bonding is overcome by the stronger
negative metal/2 contribution. In the deduction of the molecular orbital model, Blyholder
166/ assumed constant 6-bonds when considering CO adsorption. However, it is possible that
contributions from the 50/metal component must be included when trying to explain the lack
of any frequency shift with increasing coverage. Hollins et al. /171/ suggested that there could
be a change in the balance of the 50/2x bonding components in such a way that no
competition for d-electrons develop as the coverage of CO increases. It was reported that the
approximately invariant CO frequency on Cu upon an increase in the coverage of CO was due
to a cancelling of the dipole-dipole interactions by a chemical shift in the opposite direction.
This may secm reasonable for Group IB metals like Cu, which is characterized by negative
work function changes and the metal/CO 2" back-donation is strongly reduced. Increasing

80 would resnlt in reduced donation from the 5¢ orbital, hence a negative shift in frequency
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would be expected /172/. The direction of the chemical shift will depend on the applied
transition metal. For example, from CO adsorption on Pd(100), 2 upscale shift in frequency
was reported /173/. Thus, one can envisage a shift to higher as well as lower frequencies, or
- none at all, depending on the extent of electron donation and/or back-donation.
The constant ﬁequ;ncy with increasing coverage can then possibly be related to a coverage
dependent, bonding induced shift (chemical) acting in the opposite direction of the dipole-
dipole interactions, as proposed by Crossley et al. /168/. A similar explanation was given by
Hardeveld et al. /174/ to account for the constant frequency of N, on nickel.
In the present case, this would imply an increased occupancy of the d- orbital, contrary to
the predictions from the molecular orbital madel, which suggests a reduction in the degree
of electron back-donation resulting from increased competition for metal d-electrons with
increasing CO coverage.
However, the presence of electron-donating adspecies may change the situation. One could
then envision a case where the "loss" of electrons/charge (reduction in back-bonding due to
increased competition) is compehsated for by donation of electrons from coadsorbed species,
thus maintaining the relative orbital electron density, despite an increase in the coverage of
CQ. It is not unlikely that hydrogen or awomic carbor (from the dissociation of carbon
monoxide) may act as electron donor ligands. The influence of the donation of electrons from
fex. hydrogen can be extended to not only include "compensating” donation, but alse
donation of elecurons through the metal, which probably would have the effect of reducing
the CO frequency to lower wavenumbers. Thus, it can be speculated if the magnitude of the
downscale shift is of such an order that it could counteract the dipole-dipole coupling shift
towards higher frequencies. Thus, it is possible that the presence of coadsorbates influence
the electron density in the proximity of the metal and enhances the back-donation of electrons
into the 27" antibonding orbital of CO. The two interacting effects, dipole-dipole coupling
interactions through space, and the elecnbn-donating tarough the metal, could then on Co be
proposed to be of approximately the same magnitude. The slight variations in the observed
CO frequency with the different reaction conditions can then be attibuted to the imperfect
cancelling, either regarding the 5¥2x constellation and/or that of the dipole-dipole/chemical
interaction.
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5234, CO spectral region for 4.7% Co/Si0,:
H,/CO = 3, Py, = 6 bar, T = 473-573K

Since the band antensity was found to be influenced by the partial pressure of CO, it was of
interest to investigate a possible relationship between the CO band intensity and/or frequency
and the BJCO ratio. T-2ctra recorded with a H/CO ratio of 3 at the reaction temperatures
473, 523 and 573K are shown in Fig. 5.2.3.4-1. Prominent absorption bands assigned to
linearly adsorbed CO were obscrved with peak maxima located at 2068 cm™ (473K), 2058
em! (523K) and 2045 cm™ (573K). The frequency of the linear CO band shifted downscale
with increasing temperature. The frequency shift at each temperature was of approximately
the same order of magnitude as with H/CO=2. The intensitics decreased with increasing
reaction temperature; the absorbance at 573K declined to approximately 44% of that at 473K.
Furthermore, introduction of He at reaction temperature following CO hydrogenation resulted
>in a broadening and red shift in frequency with time in He,

From & comparison of the spectra in Fig. 5.2.3.2-1 and Fig. 5.2.3.4-1, it is seen that there are
no significant differences in the peak positions of the linear CO band with increasing H,/CO
ratio. Concemning the intensities, these were higher at 473K and 2 H,/CO ratio of 2 than at
the samue temperature but with H,/CO=3. However, at reaction temperatures of 523 and 573K,
the intensiiies of the CO band were almost identical. It should further be noted that the flow
of synthesis gas was varied during the experiments conducted at 523K and 573K, as described i
in the figure text (Fig. 5.2.3.4-1).

At leas: two possible effects of adsorbad hydrogen on the spectra of adsorbed CO can be
envisaged:

1. Electronic effect, where hydrogen may act as an electron donor increasing the electron
density on the metal and conscquently additional donation of electrons into the 2r"-
antibonding CO orbital may take place. This lead to a stronger metal-carbon bond
strength and a weakened C-O bonding, hence a downscale shift (red shift) in the
vibrational frequency of CO is often observed.
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Fig. 52.3.4-1: " .Infrared bands due to linearly adsorbed CO observed during CO

hydrogenation and subsequent flushing with He at . reaction
conditions over 4.7% Co/Si0,.

A:
B:
C:
D:
E:

After 120 min. in synthesis gas at 473K

After 90 min. in synthesis gas at 523K (50 Nml/min.)
After 60 min. in He at 523K (following CO hydrogenation)
After 120 min. in synthesis gas at 573K (200 Nml/min.)
After 60 min. in He at 573K (following CO hydrogenation)

CO hydrogenation conditions:
P1.= 6 bar, H,/CO = 3, 100 Nml/min. unless otherwise stated
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2. Dilution effect, a geometrical effect which can be explained by a reduction of the CO
dipole-dipole interactions in coadsorbed layers. Hydrogen is in this case believed to
fruction as a spacer, decoupling the adsorbate interaction resulting in a downscale

shift in frequency.

If one acknowledges the structural geometric behaviour of CO, viz. the formation of CO

islands, it would be of interest to investigate the adsorption of CO in the absence of hydrogen.

Fig. 5.2.3.4-2 shows the infrared spectra of adsorbed CO obtained over 4.7% Co/SiO, upon
exposure to 2 premixed blend of He and CO at 473K and a total pressure of 6 bar. The linear
CO band at these reaction conditions was located at 2072 cm™. Subsequent treatment with He
resulted in decreasing band intensities accompanied by a downscale shift in frequency with
time. After prolonged exposure to He at reaction temperature (90 min.), the temperature was
raised to 598K in flowing He. The resulting spectra at selected temperaiures are shown in Fig,
5.2.3.4-3.

The frequency of the band assigned to linearly adsorbed CO is the same both in the presence
and absence of hydrogen, see fiex. Fig. 5.2.3.2-1, 5.2.3.3-2 and Fig. 5.2.3.42. This may
suggest that the adscrption of hydrogen does not influence CO adsorption, ic. that
coadsorption of hydrogen and carbon monoxide with different ratios apparently does not
affect the formation of islands of CO. Since the frequencies can be considered to be constant,
it can be suggested that the mutual distance between adsorbed CO molecules are unchanged.
If coadsorbates influenced the formation of CO islands, a change in the frequency of the
linear CO band should have been observed. Within the confines of the limited available data,
it can be suggested that only small amounts of hydrogen is adsorbed on cobalt. The heat of
adsorption of CO and hydrogen has been reported to 197 and 101 k¥/mole, respectively /237/.
These values imply a low coverage of hydrogen. Thus, it may appear as the adsorption of
hydrogen is inhibited in the presence of carbon monoxide, and it does seem that the presence
of hydrogen has little or no influence on the strenght of thé C-O bond in surface Co-CO.

If significant H, adsorption does occur, there is little interaction with, or displacement of,

adsorbed carbon monoxide. The retention of the 2072 cm™ band shows that a major part of
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Fig. 5.2.3.4-2: Infrared spectra of adsorbed CO on 4.7% Co/SiO,.
' Spectrum recorded after 140 min. in He:CO

CO adsorption conditions: _
Py.= 6 bar, T = 473K, He:CO = 9:1, 100 Nml/min.
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ADSORBANCE
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The effect of temperature on the absorption bands in the spectral
region 2150-1500 cm™ of 4.7% Co/SIO; and SiO,.

4.7% ColSiO,: B, Dl F' H’ J
§i0, : A,GEG,I

Spectra were recorded in He at the following temperatures after
exposure of the pressed disks to He:CO (9:1) for 140 min.:

A, B: 488K
C, D: 508K
E, F: 523K
G, H: 563K
LJ: 573K

Heating rate: 2K/min.
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the Co surface retains linearly adsorbed CO in a molecular environment which is essentially
unaffected by the presence of adsorbed hydrogen. Upon an increase in the temperature, the
linear CO band in H/CO decreased in intensity and shifted 1o lower wavenumbers. If the
catalyst had been heated in CO alone, and a similar behaviour was to be observed, thesp
observations taken together could indicate a passive role of hydrogen.

Of further notice is that the above observations exclude the possibility of spatially isolated
CO molecules, since in this case onc or perhaps both of the possibilities above would be
expected. Furthermore, the adsorption of CO has been found to be strongér and faster than
that of hydrogen /175,176/. The fact that high surface coverages of CO exists under reaction
conditions .is in agreement with the partial pressure depéndencies, which are near zero or

negative for CO and approximately unity for hydrogen (see page 55).

The spectra in section 5.2.3.1-5.2.34 indivate that flushing with He following CO
hydrogenation at reaction conditions results in a common behaviour of the linear CO band:
a downward shift in frequency of the linearly CO band accompanied by a weakening and
broadening of the band as a function of He purge time, as illustrated in Fig. 5.2.3.4-4. The
width of the principal CO peak is of such a magnitude that it could possibly incorporatc
several different CO bonding energies, suggesting that the removal of CO molecules occurs \
mare randomly than upon adsorption. It is believed that the general behaviour of the CO band
in He can be cxplained by a mciuclion in the dipole-dipole coupling interactions, as a result
of a decrease in the coverage of CO. The observed shift in frequency is of such a size that
this expianation can be considered reasonable.

The downscale shift in frequency can also reasonably well be rationalized in wexms of the
chemical effect. Decreasing surface coverage of CO would result in an increase in metal d-
electrons available for backbonding (diminishing competition). This strengthens the Co-C
bond and weakens the C-O bond for carbon monoxide chemisorbed on the catalyst surface.

The net effect would be a decrease in the vibrational frequency of carbon monoxide.

It has been shown in Fig. 5.2.3.2-2 that the intensity of the principal CO peak. remains
approximately constznt during prolonged exposure to synthesis gas. Such a behaviour was
found 1o be typical at each of the investigaled reaction conditions. Since dipole-dipole

interactions between adsorbed CO molecules also are accommondated during CO



-117-

s o
b
-
e

[ - o

o]

3]

a

E @

o

Q

2
10 nin.
20 ain.
30 nin.
75 min.

2386 2208 2188 2088 1008 1898 1780
VAVENUMBER CM-1

Fig, §2.3.4-4; Effect of Ae-flushing at reaction comditions on the intensity and
frequency of linearly adsorbed CO on 4,7% Co/Si0, .

Spectra were taken after various times in He after 1.5 hr. of
exposure to synthesis gas (T=523K, Py =6 bar, H4C0=3).
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hydrogénation, the possible influence of carbon or carbonaccous deposits with increasing
reaction temperature on the vibrational coupling states becomes i.mpo.rtam.' If deposition of
such materials are regarded as probaﬁla, their likely effect on the dipole-dipole vibrational
coupling would rhight be to reduce (uncouple) the CO dipolc-dipble inmractibns, which would
result in a decreasing intensity of the major CO band with time in H/CO. In addition, the
linear CO band frequency would be affected, Why the intensity of the CO band remains
unaltered is not completely known in-detail. However, it could be suggested that if the
dipole-dipole coupling has a sufficient long range through space character (extending "over”
a site covered by carbon/carbonaceous materials), then one could possibly expect a behaviour
similar to that observed. V

A careful. examination of the spectra in Fig. 5.2.3.1-1 to 5.2.3.44 reveals the occasional
presence of weak featres in the 1950-1800 cm™ region during CO hydrogenation and |
subsequent flushing with He. Bands in this spectral range have genem].ly.bccn awibuted to
bridgebonded CO /50,73,74,78,85-87/. However, a number of observations disagree with such
an assignment for the bands observed in this region in the present study. It will be shown that
these bands are not due to bridgebonded (multicoordinated) CO, but that they could rather be
associated with changes in one of the Si-O overtone bands of the silica support during
reaction. Support for this assuraption can be expressed as follows:
It has already been shown that the infrared spectra of SiO, alone consists of at least two peaks
_in the 2000-1800 cm’ frequency range, of which the 1813 cm™ band is by far the most
intense. The corresponding band for the silica supported Co-catalysts is' located near 1870-
1860 cm™. Fig. 5.2.3.4-5 shows the single beam spectra of a 4.7% Co/SiO, catalyst and pure
SiO, immediately before introduction of synthesis gas. Absorption bands due to silica
overtone are evident in the spectra at 1997 and 1871 cm™. The presence of these bands is due
to imperfect cancellixig upon dividing the sample spectra on the reference spectra.
During CO hydrogenation as well as in He or H,, infrared bands in similar positions can be
observed in the absorbance spectra of both the sample and reference. Subtracting the reference
absorbance spectra from the sample absorbance spectra yielded in most cases a flat baseline,
as can be seen in the difference spectra presented in Fig, 5.2.3;2-1, spectrum A. Occasionally,
however, weak absorpﬁén bands were observed in the difference spectra but their peak

positions differed from one spectrum to another. The location of these peaks was found to
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Fig. 5.2.3.4-5: Single beam spectra of 4.7% Ca/Si0, and Si0, alone.

A,B: Single beam spectra of 4.7% Co/SiO,
C,D: Single beam spectra of Si0,

Spectra were recorded at 473K and 11 bar total pressure in flowing
H,.

Pretreatment conditions:

Reduction for 16 hours at 673K in flowing hydrogen followed by
cooling (in H,) to 473K.

Bottom spectrum in figure insert: 100% line of 4.7% Co/SiO,
Upper spectrum in figure insert: 160% line of Si0,
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depend on the quality of the reference spectra recorded during the course of an experiment.
Especially at high total reaction pressures, two ill-defined spikes for CO, conld be detected
instzad of the usual, distinct doublet. Typical for these spectra were irregular, high
absorbances, often accompanied by a shift in the frequency of the bands in the region below
2000 cm. Wig. 5.2.3.4-6 illustrates some of the above effects and their influence on the
difference spectra. ' ‘

Using these reference absorbance spectra in the subtracting process resulted in weak peaks
appearing at different locations in the 2000-1800 cm™ region, where the peak positions of the
bands in this frequency range is ditectly dependent on the quality of the recorded reference
absorbance spectrurn. However, if a reference absorbance spectrum exhibiting the earlier
described irregularities was substimted with a spectrum containing none of the above features,
no absorption bands were detected in the spectral range of current interest.

The appearance of these peaks in the spectra at random times in synthesis gas is shown in
Fig. 5.2.3.4-7. I these peaks were duc to new adsorbed spccicé, it should be possible to
recognize therm as new bands appearing atr least in the single beam spectra.with a
characteristic frequency. Scmﬁniziné the single beam spectra revealed that this was not the
case. Fig. 5.2.3.4-8 shows that it is not possible to recognize new bands, which would imply
the formation of bridgebonded carbon monoxide. It is believed that changes in the Si-O
vibrations of the support may explain the appearance/disappearance of this band. Furthermore,
these peaks were often present already in the 100% line, that is, the spectrum obtained by
ratioing two single beam spectra of the catalysts, obtained either in H, or He, before the
introduction of reactant gases, see Fig. 5.2.3.4-5.

If these bands belong to bridgebonded CO, one should also expect that the growth should
match the development of the band for linear CO during CO hydrogenation. The intensity of
these bands increased with temperature when the catalyst was heated to S98K in flowing He
following CO adsorption at 473K (He:C0=9:1), as can be seen from Fig. 5.2.3.4-3. Such a
behaviour is analogous to the situation described in Fig. 5.2.2-1 for the temperature
dependence of the silica overtone bands. Plots of the changes in absorbance with temperature
are shown in Fig. 5.2.3.4-9 and 5.2.3.4-10, illustrating in a convincing manner the increase
in the intensity of these bands with increasing temperature.,

Even if the frequency occasionally coincides with that of bridgebonded CO, the shape,
intensity and half height width of the peaks in the present study differ from peaks in the
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Effect of the quality of the reference ahsorbance spectra on the CO
difference spectra.

A)  Sample (4.7% CofSi0,) absorbance and reference (Si0,)
absorbance spectra after 100 min. in synthesis gas.

Fipure insert: Difference spectrum in the spectral
region 2100-1500 cm™.

B) Sample @4.7% Co/Si0,) absorbance and reference’ (Si0,)
absorbance spectra after 110 min. in synthesis gas.

Figure insert: Difference spectrum in the spectral
region 2100-1500 cm™.

CO hydrogenation conditions:
Py, = 11 bar, H/CO =2, T = 473K
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Fig. 5.2.3.4-7; Appearance of bands in the CO spectral region of 4.7% Co/SiO, at
different times in synthesis gas.

A:  After 30 min. in synthesis gas
B: After 40 min. in synthesis gas
C: After 60 min. in synthesis gas
D:  After 70 min. in synthesis gas

CO hydrogenation conditions:
Py, = 6 bar, T = 573K, H/CO =2, 100 NmV/min,
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Single beam specira of 4.7% Co/SiC, obtained at different times

'during CO hydrogenation.”

A: After 30 min. in synthesis gas

B:  After 40 min. in synthesis gas

C:  After 60 min. in synthesis gas

D:  After 70 min. in synthesis gas

E: Reference specirum 4.7% Co/SiO, ohtained in hydrogen at

573K

Figure insert: Single beam spectrum of Si0, alore at 573K

CO hydrogenation conditions:
Py, = 6 bar, T = 573K, H/CO = 2, 100 NmV/min,
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“ig. 5.2.3.4-9:

Development of the intensities of the silica overtone bands with
temperature for 4.7% Co/Si0,.

Fig. 5.2.3.4-3 constitutes the basis for the estimations of the
intensity (as peak heights)
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Fig. 5.2.3.4-10: Development of the intensities of the silica overtone bands with

temperature for SiO..

Fig. 5.2.34-3 constitutes the basis for the estimations of the
intensity (as peak heights)
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literature assigned to bridged carbon monoxide. Based on the previous argumentation, bands
observed in the 2000-1800 cm” range for silica supported Co-catalysts in this study are
believed not to rapresent bridgebondéd CO, but belong to silica overtone vibrations. Thus, one
may conclude that tinearly adsorbed CO appears to be the dominant specieé present on the
catalyst surface. The lack of any distinct bands attributable to bridgebonded CO can either be
due to a poor dispersion of the 4.7% CofSiO, catalyst, or that its concentration is below the

detection limits under the present circumstances.

The reason for the sporadib. poor quality of the reference absorbance spectra could possibly
be explained by the pracedure applied during collection of the sample and reference spectra.
which took advantage of the mirror switching capabilities of the FTIR-instrument. Spectra’
were in most cases recorded at 5-10 minutes intervals. During this hold time, the lR-bkeam
was always directed through the sample chamber containing the cell with the caralyst disk.
After sampling these interferograms, the mitrors were switched over, directing the IR-beam
through the reference cell, in which a disk of the pure support was placed. Spectra were taken
immediately after the mirror switch Without allowing ample time for stabilization of the beam.
After the reference spectra had been collected, the mirrors were once again switched back to

the sample chamber,

The observation of spikes for gas phase CO instead of the usual distinct doublet can possibly
be related to the design of the infrared reactors and the experimental setup. The reacting gases,
flowed over the pressed disks while the IR beam passed perpendicular through the wafers.
Thus, stagnant films of carbon monoxide created by local low-velocity flows parallel to the
catalyst surface may be the reason for the periodically detected gaseous CO band spikes.
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5.2.3.5. Estimation of the heat of adsorption of CO on 4.7%
Co/Si0,

By considering the intensities of the adsorption band due to linearly adsorbed CO, one would
expect that piotting the absorbances as a function of the CO partial pressure wonld resuit in
data points falling along swraight lines, independent of the partial pressure of hydrogen. Using
the Langmuir isotherm approach, i.c. ‘

< Keo' P
@ T+K,P

co

5.2

where 8.5=A,/A_, 8., is the coverage of linearly adsorbed CO under reaction conditions, A,
the aciual absorbance zt the applied reaction conditions. A, is the absorbance (at infinite CO
pressure corresponding to) complete monolayer coverage of carbon monoxide, P, the partial
pressure of CO and K, the effective equilibrinm constant for CO adsorption. Modifying the
above equation by multiplying both sides with /A K., and rearranging leads to the
expressions:

A, A :

o * T‘ Koo Pep = Ko P 3.3
Poo _p Lyt 5.4
A, © A Ko AL

Plorting P./A, as a function of the partial pressure of CO would then be expected 10 give a
straight line. The slope of the line corresponds to VA, while the intercept with the y-axis
represents the value of 1/(A_-Kco). Typical results are shown in Fig. 5.2.3.5-1 for the infrared
data coiiccied at 473, 523 and 573K over 4.7% Co/Si0, (H,/CO=2). The absorbance values
are corxecied for the differences in disk weights, allowing direct comparison between the

catalyst samples. It is seen from the figure that, at least in the case of the reaction carried out




-130-

124
J — 573K
10~
o
<
\8 8-
o T o 523K
g
S 473K
2
B 4-
a
< .
»
2.
/
0 T ) T T d — T T 1
(0} 1 2 3 4 5
CO partial pressure, bar
Fig. 5.2.3.5.1: CO adsorption data plotted according to equation 5.4 for 4.7%
Co/Si0,, :

at 473K, the adsorption of carbon monoxide fairly well follows the Langmuir isotherm. The
adscrption constant Keo can now be estimated using the following procedure. From the slope
of each line in Fig. 5.2.3.5-1, I/A_ is determined. The equilibrium constant K, can then be
calculaizd applying A_ and intercepts from Fig. 5.2.3.5-1. Graphical solution of the van’t
Hoff equation results in a straight line with a slope comesponding to -AF/R. From Fig.
5.2.3.5-2, a heat of adsorption of about 40 = 30 k¥/mole can be.estimated. The valve obtained
in this way is relatively small with respect to CO adsorption on cobalt single crystals, where
values up to 126 ki/mole has been suggested /120/. The estimated heat of adsorption agrees
rather well with that reported in the kinetic study of Huff et al. /177/, 25 kY/mole. Vannice
7120/ assumed that the value for the heat of adsorption of CO on Co was between those of
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Fig, 52.3.5-2: Estimation of the heat of adsorption of CO on 4.7% Co/SiO,.

¥e and Ni, and assigned a AH, value of 126 kJ/mole for CO on cobalt single crystals.
Kanaradage et al. /178/ reported the heat of adsorption of CO on Co-films to 75-84 kl/mole
at 303K, while on Cofy-Al,O,, a value of 70 kl/mole was found (524-573K) /179/.

The assumptions invoked when deriving the Langmuir-Hinschelwood expression is i)
immobile z2dsorption, ii) each site accommodates one molecule, iii) same adsorption energy
on all sites, ie. energetically uniform, and iiii) the adsorption energy is unaffected by
adsorption on neighbouring sites. It could be surmised if point iii) and iiii) correspond 10 a
constant heat of adsorption. Somorjai /180/ reported a decrease in AH with increasing
coverage (>8=0.5). The heat of adsorption per molecule at near monolayer coverage is about

one-third of that at jow coverage, 46-54 ki/mole versus 105-134 kl/mole, due to repulsive
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CO-CO interactions between adsorbed CO molecules.

Genenally, the present obtained value of the heat of adsorption of CO appears to be somewhat
low compared to those reported in the literatre. It could be suggested that the differences
relates to the inherent difficulties in reliable measurements of the heat of adsorption. Factors
like temperawre, coverage and surface heterogeneity must be taken into consideration.
Changes in the bonding or coverage of CO with increasing temperature, or the presence of
defect sites, steps and kinks, which adsorb CO with higher heats of adsorption, may influence
the determination of AH,,.

Appendix A6 oudines the procedure and gives examples of the applied calculation method.

5.2.3.6. Estimations of the amount of adsorbed CO on 4.7%
C0o/Si0, at reaction conditions

The relation penerally used to relate the surface concentration of carbon monoxide to infrared
peak ateas s the Beer-Lambert equation, given by equation 5.5. Applying this equation makes
it possible to estimate the amount of adsorbed CO on the catalyst surface during CO

hydrogenation at different reaction conditions in the present study:

s
1 I Sco 5.5
A, = 1 =Y = — -
© T, J‘ B = e

where

Ago = molar integrated infrared intensity (cm/mol)

8o = flog,, (1/1)dy = area under the absorption band ascribed to linearly adsorbed CO (cm)
Cgo = concentration of CO (molicm?)

L = sample thickness or path length (cm)

The tern L-Cy is not a convenient notation to use when it comes to the study of gases
adsorbing nn a catalyst surface. However, the number of moles of surface species in the wafer

can be expressed as:
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where n., = molar uptake of CO (mol/g)
m = weight of the pressed catalyst disk (g)
A = cross-sectional area of the pressed wafer (cm®)

Solving for L-C., and substituting the result into equation 3.5 gives:

Sco"Ac
m-A.,

5.7

cO

The parameter A for a species [ (for example CO) is represented by the integral of the
extinction coefficient, € for a given frequency over the frequency range v, to v, of the
infrared band for the species i:

1
A= fe,ov 5.8
]

Equation 5.8 may be regarded as avcragir;g the extinction coefficient over the i (CO)
absorbance peak. The area under the linear CO absorption band was determined following the
procedure given by Rasband et al. /181/, further described in Appendix A7. This method was
used to provide the upper and lower integration limits, which was subsequently applied in the
determination of the integrated absorbance area of the linear CO peak. Thug, the problem is
reduced to obtaining values for Acg, the integrated absorption intensity. Duncan 7182/ used
PC-NMR and IR measurements to estimate the molar integrated infrared intensity, which was
reported 10 26-10° cr/mol for linearly adsorbed CO. Using this value, and assuming that Agq
is independent of the coverage of CO and of the temperature, the amounts of adsorbed carbon
monoxide as indicated by infrared spectroscopy can be estimated. Selected results for the
silica supported Co catalysts are presented in Table 5.2.3.6-1.
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Table 5.2.3.6-1: Estimates of the amount of adsorbed CO on 4.7% Co/Si0, during

CO hydrogenation (H/CO=2).

Temperature (K) Py, (bar) Amount of adsorbed CO
( umole/g catalyst)
473 25 41
473 63
523 6 43
573 30

Further details of these calculations are, as already mentioned, provided in Appendix A7.

The amount of adsorbed CO decreases with increasing temperature. Possiblé reasons for this

is discussed later in this chapter.

At a fixed temperawure (473K), the lower amount of linearly adsorbed carbon monoxide can

be ascribed 10 the lower panial pressure of CO.

As already mentioned, the dispersion of the 4,7% Co/SiO, catalyst is not known. However,

in section 5.2.3.3, a dispersion of 7% was assumed and applied in the calculations of the

approximate number of CO molecules in islands of carbon monoxide.
’I’ilc amount of adsorbed CO as determined from the infrared measurements (Table 5.2.3.6-1)
can be used to estimate a dispersion for the 4.7% Co/SiO, catalyst, assuming an adsorption

stoichiometry of 1:1 (linear mode of CO bonding). Applying an average value of 45 pmole
CO/g caulyst, the CO:Co ratic on 4.7% CofSiO, can be estimated to 0.056, that is, a

dispersion of approximately 6%.



