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Chapter 1 — Introduction 15

carried out on the iron catalyst. It shows very high activity to Fischer Tropsch synthesis,
second only to ruthenium [Vannice, 1975], but requires higher operating pressures (~15 bar).
The formation of carbides, nitrides, oxides and carbonitrides takes place easily on the iron
catalyst, however these compounds all show Fischer-Tropsch activity [Anderson, 1984].
Metallic iron is formed during the hydrogen reduction phase, but exposure to synthesis gas
results in rapid metal carbide formation [Dry, 1981; Amelse et al., 1978; Raupp and Delgass,
1979; Jung and Thomson, 1992]. During synthesis, specifically at high conversions, the
reaction mixture becomes more oxidising and magnetite is also formed [Dry, 1981,
Anderson, 1956; Satterfield et al., 1986]. This easy movement between metal phases proves
somewhat detrimental in that Fe has a stronger tendency to form elemental carbon than Co or

Ni, leading to catalyst deactivation as carbonaceous deposits block the active sites.
1.3.1.2 Ruthenium

Ruthenium has been shown to have the highest specific activity for FT synthesis of all the
Group VIII metals [Vannice, 1975], and may be active at temperatures as low as 373K. High
molecular weight species can be produced at lower temperatures than those required for Fe
and Co, while remaining carbide free under Fischer-Tropsch conditions. The three major

products formed on the ruthenium catalyst are n-paraffins, a-olefins and S-olefins.
1.3.1.3 Cobalt

Cobalt catalysts have a number of significant advantages over iron based catalysts. Cobalt
catalysts appear to provide the best compromise between performance and cost for the
Fischer-Tropsch synthesis. Operating pressures for cobalt are milder (~5-15 atm) than for
iron (~15 atm). The formation of carbides on cobalt is thermodynamically unfavourable,
consequently there is a lower tendency for the build-up of carbonaceous material which
deactivates the catalyst. Cobalt catalysts produce mainly straight chain (linear) hydrocarbons
[Goodwin, 1991], with minimal alcohol formation and low water-gas shift activity

[Newsome, 1980; Goodwin, 1991].
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1.3.2 Metal and Oxide Promoters

The addition of an inactive species that serves to enhance selectivity/activity or stability of a
metal-supported catalyst has long been used in the preparation of Fischer-Tropsch Synthesis
catalysts. Alkali carbonates and alumina have been used to double promote iron catalysts,
while alkalis such as ThO, have been used to promote supported cobalt catalysts. The

promoter can show several significant effects in the case of Fischer-Tropsch synthesis:

1. They enhance the dissociation of CO on the surface of the catalyst which results in a shift
in selectivity to higher hydrocarbons;

2. They increase the overall rate of synthesis;

3. They favour the formation of unsaturated products;

4. They determine the extent to which other reactions take place in conjunction with the

hydrocarbon synthesis.

The fourth point largely refers to the formation of alcohols, as the C-O bond strength is

weakened by the presence of a promoter such as vanadium, and hydrogenated to the alcohol.

Many studies have been carried out on catalyst promotion. Kogelbauer et al. [1996] promoted
an alumina supported cobalt catalyst with ruthenium. They noted that the presence of
ruthenium increased the reducibility of the catalyst and showed increased CO hydrogenation
activity. This increased activity paralleled the increased number of exposed metal atoms on
the surface following ruthenium addition as observed using H, chemisorption. Hilmen et al.
[1996] noted that promotion of alumina supported cobalt catalysts with rhenium also resulted
in higher reducibilities of cobalt. Increased catalyst activities were also observed following
zirconia promotion of silica supported cobalt catalysts [Ali et al., 1995], and La promotion of
alumina supported cobalt catalysts [Vada et al., 1995]. In both cases it was observed that

there was an optimum promotion amount.
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1.3.3 Choice of Support

The choice of support is of great importance in the design of a suitable supported metal
catalyst. Parameters such as basicity, dispersion effect, surface area, thermal and chemical
stability, mechanical strength, electronic modifications and strong metal-support interaction

have a significant effect on the preparation and functioning of the catalyst [Foger, 1985].
Support materials can be classified into

1. Inert supports; like SiO, supplying high surface area for dispersion of the active
component.

2. Catalytically active supports; like aluminas, silica-aluminas and zeolites currently the
dominant support in industrial catalytic applications.

3. Supports influencing the active component as a result of strong metal support interactions,
as in the case of TiO; and V,0:s.

4. Structural supports such as the monoliths used in motor vehicle exhaust gas purification.

The most popular supports for Fischer-Tropsch catalysts are inorganic oxides such as silica,

alumina, titania, magnesia and zirconia.

1.4 Catalyst Preparation

The goal of catalyst preparation is to make a catalyst with a highly dispersed metal phase to
achieve a large surface area of active component. It is desirable to synthesise catalysts with

high volumetric productivity. This can be achieved for supported cobalt catalysts by:

1. The synthesis of small metal crystallites at high local surface densities on the support
surface, and

2. Using supports that increase the rate per surface cobalt atom (turnover rate). [Iglesia,

1997]

The ultimate performance of the prepared catalyst, as determined by its activity and
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selectivity, is strongly dependent upon the interaction of numerous chemical processes taking
place during its preparation. The preparation phase can be subdivided into 3 distinct
categories, namely (a) the chemical synthesis (b) calcining and (c) activation. These steps
become particularly important for Fischer-Tropsch synthesis where bulk phase changes in

catalyst composition may lead to different activities and product distributions.

1.4.1 Catalyst Synthesis

Fischer Tropsch catalysts are usually synthesised via precipitation, impregnation, ion
exchange or vapour phase deposition techniques. Commercial iron and cobalt catalyst have
largely been prepared using precipitation techniques, while vapour phase deposition
techniques are promising in that high metal dispersions are achievable without deactivation

through strong metal support interactions.

Impregnation involves the deposition of a metal precursor on a support. The support acts as a
mere physical surface, consequently the interaction between the metal and support is weak,
and requires a calcination step to provide a stronger chemical interaction. For this reason the
preparation procedure does not include a washing step so as not to eliminate the weakly

bound metal salt [Che, 1993].

1.4.1.1 Interfacial Coordination Chemistry

Whenever a cation (specifically a transition metal ion- TMI) is placed in solution, anionic or
neutral groups called ligands immediately surround the cation, and the chemistry associated
with the way these ligands and the cation interact is called coordination chemistry. The
chemistry involves an understanding of the properties of TMI complexes including the nature
of the different chemical bonds that they can form and the optical and magnetic
transformations associated with their interaction with other compounds. The preparation of
supported catalysts through the deposition of transition metal complexes on metal oxides is
an example of coordination chemistry at a liquid solid interface. In aqueous solution, TMIs
are complexed by water and/or other ligands present. As an example of this, Smith and

Jacobson [1956] noted the ability of silica to adsorb Co’" complexed with ammonia and
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ethylenediamine. Burwell et al. [1965] gave evidence to suggest that this adsorption occurred
through substitution of the anionic ligand by a surface SiO™ group. Thus the preparation of the
catalyst is strongly affected by the choice of metal precursor compound, the solution used for
impregnation which determines the nature of the ligands surrounding the cation, the nature of

the support surface, and the pH at which impregnation is done.

1.4.1.1.1 Influence of Precursor Compound

The choice of precursor compound has a strong effect on the performance of the finished
catalyst. For the case of cobalt deposition, the anion of the cobalt salt used leads to vartances
in the strength with which the cobalt cation attaches to the support surface. This can be
attributed to the effect that the anion has on the pH of the impregnation solution, where a
lower pH results in a smaller interaction between cation and support. The purity of both the
precursor compound and support is of great importance to the final catalyst performance as
well. The presence of impurities such as chloride and sulphate ions, even in trace amounts

has been shown to decrease catalyst performance.

1.4.1.1.2 Influence of Support Type

When inorganic oxides are contacted with water, a liquid solid interface arises yielding a
perturbation in the first two layers of water surrounding the oxide. These layers are strongly
immobilised resulting in a drastic decrease in the dielectric constant of water as the associated
dipoles in the first water layer align themselves on the oxide surface [Antoniu, 1964]. The
surface of inorganic oxides offers various sites with which the metal precursor can interact
including oxygen atoms and hydroxyl groups. The oxide surface is able to enter the outer
sphere of solvation of transition metal complexes (TMIs) through it’s OH groups in the same
way that the solvent can [Che, 1993], as illustrated in model I of Figure 1.4. Thus the oxide

surface can act as a solid solvent shown in Figure 1.4 model II.

Oxygen atoms, different types of hydroxyl groups, and exposed metal atoms all affect the
charge localisation on the support surface as each of these species has different chemical
properties. Oxygen atoms behave as Lewis bases, metal cations as Lewis acids, while

hydroxyl groups can be classified as acidic, neutral or basic depending upon there attachment
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on the surface. Single bonded hydroxyl groups have a basic character, while bridged
hydroxyl groups are more acidic. These functional groups have two major roles in supported
metal catalysis. Firstly, they act as anchoring sites for the metal precursor during
impregnation, and secondly, they supply active sites in multifunctional catalysis [Foger,

1985].

BULK INTERFACE SOLUTION OR GAS

Figure 1.4. Representation of the outer sphere of solvation and coordination sphere of
transition metal ions at various positions relative to the oxide-fluid interface. The left hand
side represents the solid oxide. The shaded part on the right hand side represents the solution
while the lower white part on the same side represents the gas. [Che, 1993]
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In the case of Fischer Tropsch synthesis, their role as an anchorage point for the precursor
greatly influences the final physical characteristics and performance of the catalyst. Parks et
al. [1985] have studied one specific example of this anchorage. They investigated surface
precipitation phenomena in the Co(II)/Al,O; sorption system using Co(NO3),.6H,O as
precursor. When high concentrations of cations are sorbed onto oxide surfaces there is no
observed limit on sorption due to occupation of vacant sites. In these under-saturated
conditions, they showed that the presence of a sorbent material induces precipitation under
certain pH and concentration levels, and that this precipitation results in a phase similar to
Co(OH),, consisting of ternary or double hydroxides of Co and Al. This phase was seen to be
hydrous and disordered with high concentrations of Co vacancies. These findings are
significant for several reasons. The first is that formation of a disordered precipitate of the
cation may happen easily, leading to non-uniform metal dispersions across the oxide surface.
Furthermore, during activation treatments, there is a strong possibility that large quantities of
cobalt will end up in forms other than the active phase. Consequently it is important to
understand factors that induce surface precipitation. These factors include the concentration
of metal ions in solution, the preparation temperature and the pH at which preparation takes

place.

1.4.1.1.3 Influence of pH on surface charge in solution

When an oxide is brought into contact with an aqueous solution, for example in the case of an

impregnation step, the surface hydroxyl groups enter into the following equilibria:

M-OH + H" & [M-OH;]", or M-OH + H,0 < [M-OH,]" + OH .. (1)
M-OH + OH & M-0° + H,0 . (2)

Equation one results from involvement of basic oxides, while equation two results from
acidic oxides. This equilibration is a surface polarisation associated with the dissociation of
surface hydroxyl species and the readsorption of hydroxo complexes that are formed via the
partial dissolution of the oxide particle [Parks and DeBruyn, 1962]. The extent to which the
surface charging takes place is dependent upon the pH of the solution with which the surface
is in contact, as a result of the involvement of both H" and OH" ions. At a specific pH, the net

surface charge is zero. This is called the point of zero charge (PZC) or the isoelectric point
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(IEP). Above the PZC, the surface of an oxide bears a net negative charge (6-O") and will
attract and adsorb cations, while below the PZC, anionic species will adsorb onto the
positively charged (8-OH,") surface. The primary role of the pH in terms of what happens at
the solid surface is to act as a surface charge selection switch [Che and Bonnevoit, 1988].
Consequently the PZC can be used to predict molecular structures of surface metal oxide

species on oxide supports [Brunelle, 1978; Deo and Wachs, 1991].

The PZC becomes important when selecting the type of metal precursor and the pH at which
impregnation is carried out due to metal support interactions that result from charge

differences between the support surface and the metal precursor.

1.4.1.1.4 Metal Support Interactions

The term “strong metal support interactions” (SMSI) was introduced by Tauster et al. [1977]
to explain the lower values for H, and CO chemisorption obtained on titania-supported
platinum group metals that were reduced above 700K. A metal support interaction can be
defined as a direct influence of the support on the chemisorption and catalytic properties of
the metal phase either by stabilising unusual metal particle structures, by changing the
electronic properties due to electron transfer processes between the metal particles and the
support, or chemical bonding between the metal and support [Foger, 1985]. Consequently,
support materials can be grouped according to their surface charge in solution within the pH

range of 1-14 as [Foger 1985]:

1. Cation adsorbers (support surface showing a net negative charge in solution) for example
silica, silica-aluminas and zeolites.

2. Anion adsorbers (surface showing a net positive charge in solution) for example magnesia.

3. Amphoteric supports (adsorb anions in acid, and cations in alkaline solutions) for example

alumina, titania and zirconia.

The surface polarisation of the support oxide results in a net positive or negative charge that
results in equilibria for anion and cation adsorption represented by the following equations

[Foger 1985]:
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SSOH + C" & S-0C" + H' (1)
S-OH + A" + H,0 < S-OH,’A” + OH’ .(2)

The strength of the interaction between metal and support is principally controlled by:

1. the type of support and nature of the surface (number of functional groups) and,
2. the impregnation solution; where pH, type and concentration of metal compound, and the

presence of competing ions play an important role.

From the above equilibrium equations it is clear that cation uptake decreases with increasing
acid strength as the presence of H' ions in solution drives the equilibrium in equation (1) to
the left. Cation exchange affinity is a function of charge and cation radius, 1.€. MY > M,
while anion exchange affinity increases with the polarisability of the anions and the anionic

charge, e.g. I > Br > CI, and SO4* > CI [Foger, 1985].

SMSI during impregnation result in a metal precursor concentration gradient from the pore
mouth through to the centre of the support yielding an egg shell distribution. In order to

minimise this gradient, care must be taken to:

1. Ensure that enough precursor is present to saturate every adsorption site;

2. And allow long contact times between the support and impregnating solution.

These factors are significant and an understanding of their influence is useful in selecting

optimal impregnation solution conditions.

1.4.1.1.5 Influence of Impregnation Solution

The impregnation solution comprises molecules that can complex with the cation altering the
bonds that form between cation and the support surface. In aqueous solution, transition metal
ions are complexed by water and other ligands, forming an inner or coordination sphere
surrounding the metal ion, with the ligands arranging themselves in an octahedral
configuration around the cation. Ligands differ in the strength of the crystal field that they

exert when complexed with the cation. As the field strength increases, the transition metal ion
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becomes increasingly protected limiting the attachment options at the surface of the support.
This is the case for transition metal ions complexed with ethylenediamine. In this case, the
oxide surface acts as a monodentate ligand at the fluid-solid interface leading to trans-
octahedral complexes. This contrasts to the water ammonia system as a solution. A
substitution of water for ammonia in the nickel hexaamine complex results in a weakened
coordination sphere. This weakening allows the oxide surface to act as a bidentate ligand
forming a neutral cis-octahedral complex at the oxide surface [Burwell et al., 1965]. Thus in
terms of ligand strength the order can be illustrated as follows:

H,O < NHj < ethylenediamine

1.4.2 Catalyst Activation

Drying, calcination and reduction activate the catalyst. Each of these processes results in
changes in the physical structure of the catalyst. In the case of supported metal catalysts, this
change pertains particularly to the phase of the supported metal, it’s dispersion, and the

strength of interaction with the support.
1.4.2.1 Drying

Drying of the catalyst removes the solvent used in the precursor deposition. Because the
solvent is usually water, this treatment often takes place between 80 and 220°C. During
liquid-phase impregnation, the catalytically active species is transported to the interior of the
support through capillary forces and diffusional effects. An equilibrium between the adsorbed
phase and the solute phase results as determined by the adsorption isotherm. Most
preparations aim at achieving a catalyst that has the active metal phase distributed uniformly
throughout the support. This distribution, although affected during the reduction step, is
largely determined by the concentration profile throﬁgh the support during impregnation and
drying. The strength of interaction between the metal and support strongly affects the spatial
arrangement of the metal on the support following the drying phase. The stronger the
interaction between precursor and support, the less likely it is that redistribution will take

place during the drying phase.
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Consequently, the presence of SMSI will result in a catalyst that shows a high dispersion of
the metal phase. Dispersion is defined as the fraction of the exposed active metal atoms
relative to the total number of metal atoms. From this definition it is clear that as the
dispersion increases, the size groupings of active metal species on the surface will decrease
so as to leave a greater fraction exposed. The reverse is also true. Weak interaction between
metal and support leads to a uniform distribution initially, however the drying phase results in
redistribution, as well as the formation of larger metal groupings on the surface. During
drying, evaporation of the solvent takes place at the pore mouths while solution flows from
the interior of the particles towards them. This has the effect of concentrating impregnation

solution at the pore mouths giving an egg-shell distribution.

The transport of precursor to the outer shell of the support particle can be inhibited by

1. using very high heating rates [Fenelov et al., 1979]; or
2. increasing the solution viscosity which inhibits redistribution [Kotter and Riekert, 1979].

Both of these conditions increase the rate at which water is removed relative to the rate of

liquid capillary flow.

1.4.2.2 Calcination

Calcination is a medium to high temperature treatment that is often performed in an oxidising

atmosphere. The aim of calcination is three-fold [Foger, 1985]:

1. Calcination decomposes the precursor compound forming an oxide species. This takes
place with Co(NOs),, where the nitrate decomposes to Co;04 releasing NO; gas;

2. Calcination results in a dehydroxylation reaction between the precursor oxide and the
support that leads to chemical bonding that is absent during impregnation;

3. Calcination leads to sintering of the metal oxide, at the expense of metal dispersion on the

support.

Two parameters play an important role during calcination. These are the final temperature at

which the catalyst is calcined, as well as the rate at which that temperature is reached [Iglesia,
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1997]. Higher temperature treatments often lead to extremely strong bonds between the metal
oxide and the support. This effect has been noted for both cobalt and nickel on alumina
[Arnouldy and Moulijn, 1985]. The mobility of the cobalt ions increases as the calcination
temperature increases causing them to migrate into the lattice framework of the support.
When this occurs, excessively high reduction temperatures are needed to yield the active
metallic phase. This is not to say that any form of interaction between metal oxide and
support is undesirable. On the contrary, interaction keeps the metal oxide well dispersed on
the support. Consequently, the calcination step should be avoided if it results in the formation
of large metal oxide clusters. Iglesia [1997] showed that cobalt dispersion on silica almost

doubled on elimination of the calcination step.

The rate at which the temperature is increased to its final value has a significant effect on the
final dispersion of the catalyst. This effect was well illustrated by Iglesia [1997]. His work
showed that lowering the heating rate could increase the cobalt dispersion on a silica support
significantly.

Where the cobalt nitrate precursor is used, the exothermicity of decomposition leads to

increased local temperatures on the support surface resulting in larger Co agglomerates.

1.4.2.3 Reduction

Reduction is the final stage of catalyst activation. The metal oxide undergoes a
transformation to the metallic state, leaving metal atoms and small metal clusters on the
support surface. This reduction frequently takes place in hydrogen, although strong reducing
agents such as CO are also employed. The transformation of the metal precursor (Metal

nitrate in this case) is illustrated in the following equations:

M(NOs), - MO + NO; .....(1) Decomposition of precursor
MO + H, - M + H,O .....(2) Reduction of metal

The possibility of reduction of the metal oxide is bound by thermodynamic constraints. The
possibility arises if the change in Gibbs Free Energy (AG) becomes negative. The standard

free energy for the reduction of oxides can be evaluated from equation (3)
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AG = AG® + RT lrl[Pl-uo /PHZ] ....... (3)

From equation (3) it is clear that reduction becomes favourable for large negative values of
AG?®, or where the partial pressure of water is small. For the case of cobalt on silica, water has
been shown to induce the formation of cobalt silicates where the thermodynamics do not
favour reduction. These cobalt silicates are highly undesirable, as reduction temperatures
between 800 and 1000°C are needed to achieve activation. These temperatures are not

practical or feasible.

A possible solution to the effect of water partial pressure is to increase the flow of hydrogen
over the catalyst while using slow temperature ramping protocols. The increased hydrogen
flow results in a flushing of water vapour, and increases the hydrogen partial pressure. A
slower temperature ramp reduces the rate at which reduction takes place, and in so doing,
decreases the amount of water vapour present. Iglesia [1997] investigated both of the above
effects for the reduction step. He noted that dispersion increased as H, flow increased, and

the temperature ramping rate was slowed.

1.5 Catalyst Characterisation

Catalyst characterisation plays an integral role in catalyst design as it provides an evaluation
of the physico-chemical properties of the catalyst on both a quantitative and qualitative level.
These properties (mechanical strength, distribution of the metal phase, surface area, metal-
support interaction etc.) influence the activity, selectivity and lifetime of the catalyst, as well
as heat and mass transfer, which determine active site accessibility. The characterisation
serves to link the catalyst performance under reaction with the structural and electronic

properties of the catalyst, allowing changes in performance and properties to be correlated.

Many techniques are available for this purpose including X-ray methods (X-ray
diffractometry (XRD), and Extended X-ray Absorption Fine Structure Spectroscopy
(EXAFS)), electron microscopy (TEM or SEM), electron spectroscopy (XPS) and infrared
spectroscopy (IR). The major limitation associated with these methods is that they are not

applicable to catalysts under working conditions. Other techniques of importance to
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supported metal catalyst characterisation are temperature programmed reduction and

hydrogen chemisorption.

1.5.1 Temperature Programmed Reduction

Temperature programmed reduction (TPR) is one of a class of temperature programmed
techniques including temperature programmed oxidation (TPO), desorption (TPD) and
sulphidisation (TPS).

The basic format of all of these involves the monitoring of a chemical reaction while the
temperature is increased linearly with time. In the case of TPR, a reducing gas (usually H») is
passed over a fixed amount of solid catalyst. The temperature is ramped between two fixed
temperatures at a linear rate. The progress of reaction is monitored using a thermal
conductivity detector that picks up changes in hydrogen concentration in the exit due to

consumption over the catalyst.

The reactor containing the catalyst is situated in a furnace that has a temperature
programmable controller. The reactor effluent passes through a molsieve that traps the water,

followed by a TCD to detect hydrogen consumption.

Other methods for monitoring the progress of reduction include measuring the change in
pressure/concentration of the product gas, and observing the change in catalyst mass during
reduction. Temperature programmed reduction is particularly useful for the characterisation
of metal oxide catalysts. The results obtained are both quantitative and qualitative in nature.
The amount of hydrogen consumed during reduction gives information on the fraction of
metal oxide reduced, while the temperature and shape of the peaks give a qualitative
assessment on the ease of reduction and knowledge of the particular metal or metal oxide

species present.



Chapter 1 — Introduction 29

1.5.1.1 Application of TPR to metal oxides

In TPR oxidic species are reduced according to the following general reduction pathway:

MO + H, —> M + H,O ...(1)

The thermodynamics of the reaction (1) as measured by the change in Gibbs Free Energy is :

AG = AG® + RTIn[Puo/Pu2] ...(2)

During reduction, the constantly increasing temperatures as well as the gas flow rates over
the catalyst keep the partial pressure of water low. Under these conditions, reduction of the

metal oxide remains thermodynamically feasible.

1.5.2 Hydrogen Chemisorption

Chemisorption is the technique used to calculate the number of exposed metal atoms on the
surface, and to obtain metal surface areas and average metal particle sizes. Other techniques
such as TEM (Transition electron microscopy) and XRD-line broadening are also used to

calculate metal particle sizes and metal surface areas.

During chemisorption, a selected gas (usually H,) is adsorbed onto the supported metal such
that under specified conditions such that a chemisorbed monolayer of gas is formed on the
metal without a significant contribution from the support. The monolayer coverage is
measured either by volumetric, gravimetric, chromatographic techniques or titration [Foger,
1985]. If the surface contribution is negligible, then the adsorbed gas is chemisorbed to the
exposed metal atoms, allowing calculation of the metal surface area, the average particle size

and the number of surface atoms exposed.
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1.5.3 Zeta Potential Measurement

When particles are suspended in a liquid solution, they are observed to migrate in one
direction when an electronic field is applied. As the particle-liquid system is as a whole
electronically neutral, the existence of an electrical double layer is proposed to explain this
movement. The velocity of the particle can be measured microscopically using lasers applied
to dilute solutions in an analyser called a zetasizer. The effective surface charge of suspended
particles is measured by applying a constant electrical current across the suspension. This
current induces a movement of the particles into or out of a cell called electrophoresis and is
brought about by a timed exposure to the electrical potential. Weighing the cell allows
establishment of the excess or deficiency of particles in the cell. From this weight

measurement the zeta potential is calculated. [Webb and Orr, 1997]

1.6 Catalyst Deactivation

Catalyst deactivation refers to a decline in the activity of a catalyst as a result of factors such
as pore blockage and active site coverage that arise from the deposition of carbonaceous
material (coke formation). Most catalysts undergo some degree of deactivation during
reaction. The rate at which this happens is of extreme importance in industry, and can be the
defining feature that makes or breaks the economic feasibility of a proposed venture. Other
forms of catalyst deactivation that take place during Fischer Tropsch synthesis include [Royo
et al., 1996]:

e catalyst sintering, a process where the metal crystallites on the catalyst surface
agglomerate resulting in a decrease in active metal surface area,

o the conversion of the active metal phase to inert oxides, and

e the chemical poisoning of the surface resulting from the presence of poisons such as

sulphur in the feed.
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differences in preparation procedures.

Table 2.1 Physical characteristics of the three supports used.

Support Surface Area Pore Volume Pore Diameter Supplier

(m*/g) (em’/g) A)

Si0O; 300 1.15 153 Aldrich

ZnO 3 0.007 93 Saarchem

MnO 12 0.034 113 Aldrich

Table 2.2 Composition and nomenclature of catalysts
Catalyst Name Precursor Solvent Final pH Ageing Time Support
Co/Si0; Co(NOs3), Water 5.8 2 days S10,
Co/Zn0O Co(NO3); Water 5.9 2 days Zn0
Co/MnO Co(NO;3), Water 6.2 2 days MnO
Co(A)/SiO, Co(CH;COy), Water 6.5 2 days Si10,
Co(A)/ZnO Co(CH;COs), Water 6.7 2 days ZnO
Co(A)/MnO Co(CH;CO,), Water 7.1 2 days MnO
Co/1/810, Co(NOs), Water 1.0 2 days Si10,
Co(A)/4/Si0;, Co(CH;COy); Water 4.0 2 days Si0;
Co/4/MnO Co(NOs), Water 4.0 2 days MnO
Co(MED)/SiO; Co(NOs), MED added 8.1 0 days Si0,
Co(MED)/ZnO Co(NO3), MED added 83 0 days Zn0O
Co(MED)/MnO Co(NO;3), MED added 9.5 0 days MnO
Co/0/Si10; Co(NOs), Water 4.9 0 days S10,




Chapter 2 — Experimental 38

2.2 Catalyst Characterisation

The various techniques outlined in the following section all play an important role in
examining the physical properties that largely determine the success or failure of that catalyst.
Characterisation provides valuable information about the structural, electronic and chemical
properties of the active catalyst component, knowledge that provides the wherewithal to
explain catalyst performance in detail. Characterisation techniques used in this work were
zeta potential measurements, temperature programmed reduction (TPR), temperature
programmed oxidation (TPO), transition electron microscopy (TEM), hydrogen

chemisorption, and atomic absorption spectroscopy (AAS).

2.2.1 Zeta Potential Measurements

A Zetasizer was used to obtain zeta potential measurements of the three supports studied,
namely SiO,, ZnO and MnO. Zeta potential is a measure of the net charge on the surface of a
substance (inorganic oxides in this case) when the substance is placed in solution. The
equilibrium that develops between the positive and negative ions on the surface and in
solution determines whether the surface charge has a net negative or positive value. Changes
in the pH of the solution affect the equilibrium and alter the net surface charge. The surface
charge is important in understanding the interaction that takes place between the support and

the Co”" ions that are loaded during impregnation.
Consequently plots of zeta potential versus pH were prepared for each support as follows:

e A small mass of support (~0.1 gram) was finely ground so that it would exist as a
suspension in a solution.

e The support was placed in 50 ml of 0.05 M solution of KCI and shaken. KC1 was chosen
as both K and C1” ions would behave as spectator ions and not avoid the surface-solution

equilibrium.
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e The pH of the solution was adjusted in the acid range using HCI, and in the alkaline range
using KOH in order to add H" ions and OH respectively, while introducing only spectator
ions as the conjugate ions.

e For each pH adjustment, an injection was done in the zetasizer. The zetasizer was set to
take three measurements per injection and give an average zeta reading and error at that
specific pH.

e Zetaresults were stored on computer for further analysis.

2.2.2 Temperature Programmed Reduction

Temperature programmed reduction (TPR) was used to evaluate the reduction behaviours of
the catalysts synthesised during this work. The theory behind TPR is discussed in section

1.5.1, this section will serve to outline the equipment used and the procedure followed.

2.2.2.1 TPR Equipment

Figure 2.2 is a schematic of the TPR equipment. The TPR rig consisted of a quartz cell
housed in a furnace capable of achieving temperatures in excess of 1000°C. The quartz cell
contained a thermowell which held a thermocouple in close proximity to the catalyst bed in

order to maintain accurate control of the temperature.

A mixture of 5% H; in N, was used as the reducing gas, while N, gas was used as a reference
gas. The flow of each of these gases was controlled using Brooks 9650 Series mass flow
controllers. Bubble meters were used to calibrate the mass flow controller settings. A thermal
conductivity detector was used to monitor the extent of consumption of hydrogen over the
catalyst by logging changes in thermal conductivity of the reducing gas relative to the
nitrogen reference stream of constant thermal conductivity. A 3 A molecular sieve was
situated downstream of the catalyst in order to trap water vapour formed during metal oxide

reduction.
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Figure 2.2.  Diagram of the temperature programmed reduction apparatus

2.2.2.2 TPR Procedure

A mass of catalyst (typically 0.15 gram) was loaded into the quartz cell, resting upon a
porous quartz frit. The quartz cell was secured inside the furnace through attachment at either
end to stainless steel tubing. The reference and sample gas flows were adjusted to
60(NTP)ml/min using the mass flow controllers, the bubble columns and a stopwatch. A

temperature programme for the run was chosen by logging the heating rate and final
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temperature on a computer software program. The temperature program for the is shown in

Figure 2.3.
CALCINATION REDUCTION
N; gas flow over catalyst 5% H; in N, gas Final T = 1000°C,
flow over Cata]yst hold for 20 minutes
Ramp @ 10°C/min
1 hr @ 400°C

Ramp @ 5°C/min \ Temperature T

/ Cool to 100°C and hold ﬂ‘__

Figure 2.3. Temperature programme used for TPR runs for characterisation of the catalyst
precursor.

Initially the catalyst underwent pretreatment in a nitrogen stream. The temperature was
ramped at 1°C/min from room temperature to 400°C to decompose the nitrate or acetate still
present after drying. The system was allowed to cool down to 100°C and the TCD was
switched on and left to stabilise for at least 2 hours. The baseline TCD reading for nitrogen
was logged to computer, then the hydrogen gas was switched to pass over the catalyst and the
hydrogen baseline reading was logged to computer. The temperature was raised linearly at
10°C/min from 100°C to 1000°C and maintained at 1000°C for 20 minutes to ensure
complete reduction of the cobalt to metal form. The data was logged to microcomputer and
stored for further analysis. The H; in N; gas was calibrated using CuO. The calibration can be
found in Appendix 1. The program used for the TPR runs performed to determine the degree
of reduction of the catalysts was as follows. A mass of catalyst at 400°C for 16 hours was

placed in the TPR cell. The temperature was ramped at 5°c/min to 100°C. The baseline
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nitrogen TCD reading and 5% H, in N, TCD readings were measured after which the

temperature was ramped at 10°C/min from 100°C to 1000°C in the 5% H; in N, mixture.

2.2.3 X-Ray Diffractometry

Physical characterisation of the catalyst was done using x-ray diffractometry. The catalyst
particle is an ordered structure consisting repeated planes of the same kind of atom. When x-
rays are reflected from these planes, a diffraction pattern is generated and recorded. Analysis
of these results allows for the assessment of the degree of crystallinity of the catalyst
material, as well as information enabling determination of the positions of individual atoms in
the particle structure.

A Phillips X-ray diffractometer was used to obtain x-ray diffraction spectra using Cu-Ko

radiation. The diffractometer operated under the following settings:

e voltage 40kV

e current 25mA

e 20range 20-70°

e 20 step size 0.1°

e step duration 1 second

2.2.4 Transmission Electron Microscopy

Transmission electron microscope pictures were taken using a JEOL JEM-200CX
microscope. Prior to photography, the catalyst samples were prepared according to the
following procedure. Catalyst samples were reduced at 400°C for 16 hours in 5% H, in N,.
Each sample was crushed using a mortar and pestle in order to obtain smaller aggregates. The
finer catalyst particles were dispersed in methanol and placed on carbon coated copper grids.
The samples were left to stand in order to dry. Samples were viewed at 200kV in the electron

microscope.
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2.2.5 Hydrogen Chemisorption

Hydrogen chemisorption was used to measure the metal surface area of cobalt on the
different supports. Measurements were done using a Micrometrics ASAP 2000C apparatus.
Hydrogen has been shown to yield monolayer coverage under certain conditions for

supported cobalt catalysts [Reuel and Bartholomew, 1984].

The catalyst was first reduced on the TPR rig using a gas mixture of 5% H, in N,. The
reduction was carried out by ramping the temperature at 1°C/min from room temperature to
400°C. The temperature was held at 400°C for 16 hours. It has been shown that the smaller
the ramp temperature, the smaller is the cobalt cluster size on the surface, hence the slow

ramp should yield higher dispersions [Iglesia, 1997].

Following reduction, approximately 0.5g of catalyst was placed in the chemisorption
apparatus and re-reduced in situ at 400°C in a H, gas stream. The sample was then evacuated
for 1 hour to remove any residual hydrogen or water that was present during activation. The
sample was then cooled to 100°C under vacuum and the hydrogen adsorption isotherms were
measured between 100 and 450 mmHG. The reversibility of the hydrogen adsorption was
measured by evacuating the sample at 100°C for 15 minutes and remeasuring the adsorption
1sotherm. The reversibility of hydrogen adsorption is defined as the amount of hydrogen not
removed by evacuation relative to the total hydrogen adsorbed on the catalyst, and is

calculated from the following expression :
Reversibility = Vi / Vg x 100%

where Vi represents the amount of hydrogen not able to be removed during 15 minutes of
evacuation, and Vi, represents the total hydrogen uptake of the catalyst. A sample
calculation illustrating the procedure for determination of metal surface area, dispersion,

average crystallite diameter and reversibility of adsorption can b# seen in Appendix II.
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2.3 Fischer Tropsch Synthesis

The following section discusses the experimental apparatus and procedures used to evaluate

the catalysts’ performance under Fischer Tropsch conditions.

2.3.1 Experimental Apparatus

The experimental system used for determining Fischer Tropsch catalyst performance is
shown in Figure 2.6. A glass reactor with an ID of 16mm was used. The reactor was a fixed
bed type using a frit to position the catalyst in the furnace. A thermowell ran vertically
through the length of the reactor. The thermowell housed a thermocouple for accurate
measurement of the temperature within the catalyst bed. The thermocouple could be moved
vertically allowing measurement of the temperature profile of the bed. The axial temperature
profile can be seen in Figure 2.4. The furnace created an isothermal region 3 cm long in
which the catalyst was placed. The glass reactor was housed in stainless steel casing with two
entrance lines and one exit line. The two entrance lines were separated using a rubber seal.
This system allowed one entrance line to flow over the catalyst, while the other line ran as a
bypass line down the outside of the reactor. Argon flowed in the one entrance line and served
to pressurise the reactor to reaction pressure, while the syngas (H,/CO = 2) flowed in the
second entrance line. A schematic of the reactor configuration used for Fischer-Tropsch

synthesis can be seen in Figure 2.5.
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A four-way valve was used to switch between bypass and reaction, hence controlling which
gas flow over the catalyst. The gas flow rates of hydrogen and carbon monoxide were
controlled using Brooks Series 9650 mass flow controllers. The argon was controlled from
the gas bottle with a pressure regulator to give the necessary reaction pressure. A wax trap

was situated at the exit line of the reactor to trap the higher molecular weight hydrocarbons.

The wax trap consisted of a quarter inch stainless steel tube housed within an aluminium
block. The temperature of the wax trap was controlled with heating tape and a thermocouple
located within the aluminium block. The downstream line was heated to prevent product
condensation in the lines, and carried the product stream to a ampoule breaker system for
product sampling. A needle valve was situated on the line in order to control the pressure in

the reactor and maintain it at 5 bar.

Toluene in N, @
A i
- D%

Mi
4 - way Valve 1xer Ampoule Sampler
Ar Filter W
_— J—‘

—

& Air opearated valve @___ _____ _%

Mixer

Xo X

Furnace

Cold Trap

Control valve

FIC Mass Flow Controller { ]

Wax Trap

H,0 Adsorber

PI Analogue Pressure Guage

T K-type Thermocouple % Needle Valve

Figure 2.6.  Schematic of experimental apparatus for Fischer-Tropsch synthesis reaction
work.
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A cold trap was used to trap the remaining heavier hydrocarbons and water produced, the exit

line of which was vented to the atmosphere.

2.3.2 Experimental Procedure

The reduced catalyst was transferred to the glass reactor and placed in the furnace. Due to
weight loss associated with reduction, a mass of approximately 1.4 grams of catalyst was
reduced in order to obtain 1 gram of reduced catalyst. No care was taken to transfer the
catalyst from reduction to the reactor in a reducing environment. The reduction and reaction
conditions can be seen in Table 2.3. Van Steen et al. [1997] showed that surface oxidation
was completely reversed after 4 hours with zirconia-containing Co/SiO, catalysts. Due to the
fact that the CO/H; environment of syngas is strongly reducing, it was assumed that a few
hours in this environment at reaction conditions would achieve any reversal of surface
oxidation that may take place during transfer. In most cases, the catalyst was re-reduced for 4

hours at 200°C in 60 mI(NTP)/min of hydrogen.

Table 2.3. Re-reduction and reaction conditions for Fischer-Tropsch synthesis.
Meatalyst (&) 1.0
Reduction
Tre-reduction (°C) 200 Fhydrogen (Ml (NTP)/min) 60
tre-reduction (hr) 4
Reaction Conditions
Fhiydrogen (Ml (NTP)/min) 10 Treaction (°C) 200
Fco (ml (NTP)/min) 5 Twaxtrap (°C) 180
Froluene in N2 (mI(NTP)/min) 10 Thxittines (°C) 220

On completion of the re-reduction, the four-way valve was switched to allow argon to flow
over the catalyst. The wax trap was heated to 180°C and the product lines were heated to

220°C during reduction in order to clean the lines of residual hydrocarbons from previous
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runs. The reactor was pressurised to 5 bar with the argon. The H;, CO and N, flows were
switched on and adjusted to the desired flow rates. The same flow rates were used for all
runs. They were 10 (NTP)ml/min H,, 5 (NTP)ml/min CO and 10 (NTP)ml/min N,. The flow
rate of the exit line was controlled using the needle valve and a bubble metre connected to the
cold trap. The exit flow line was set between 30 and 40 (NTP)ml/min, in order to maintain a

low percentage of argon and avoid excessive product dilution.

2.3.3 Product Analysis

Product analysis was carried out in two gas chromatographs. Conversion measurements were
obtained through permanent gas analysis on a Varian 3300 Series GC using a thermal
conductivity detector (TCD) and a 80/100 Carbosieve II column. The organic product
spectrum was analysed in a Varian 3400 gas chromatograph (GC) with a flame ionisation
detector (FID) detector and cryogenics installed. The cryogenic system installed on the FID
GC made use of CO; enabling GC oven temperatures of —70°C. The product separation was
achieved using a 38 metre OV-1 type column with 0.25 pm film thickness and 0.25 mm ID.
Several runs do not contain information on methane, C, and C; selectivities as the column in
the FID GC broke with the net effect of reducing the column length from 50 m to 38 m

upsetting lower hydrocarbon separation.

Prior to reaction, the composition of the bypass stream was analysed by injecting samples
with a Hamilton 0.5 ml syringe into the injector port of the TCD GC. When the bypass flows
were stable, the four way valve was switched to the reaction position. A Hamilton 5 ml
syringe was used for direct injection into the FID GC while ampoule samples were taken for

later analysis.

A mixture of 0.1% toluene in N, was used as a standard gas for both the TCD and FID
analysis, and was fed to the product line after the needle valve. As nitrogen was constant
throughout the reaction, and toluene is not a Fischer Tropsch product, this mixture was

suitable as a standard.

Conversion and yield calculations are outlined in Appendix III.
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3. Results

The three supports used in this study were SiO;, ZnO and MnO. Much work has been done
investigating the performance of cobalt catalysts using SiO; as a support [Kuipers et al.,
1996; Kogelbauer et al., 1995; Coulter and Sault, 1995]. Consequently SiO; is a good base to
work from in order to compare the performance of ZnO and MnO as supports for Fischer
Tropsch catalysts. The performance of the catalyst has been shown to depend significantly
upon the nature of the support used [Bartholomew and Reuel, 1991] as well as upon factors
such as the choice of precursor compound, the pH of impregnation and the impregnation
solvent employed [Sewell, 1996]. The pH of impregnation affects the interaction between
Co*" ions and the support as determined by the zeta potential of the support. These factors
affect the extent of reducibility of the active metal on the support which is vital in
determining the catalyst activity. It is expected that the strength of interaction is the defining

criterion for cobalt reducibility on the catalyst surface.

3.1 Catalyst Characterisation

The surface charge as a function of pH was obtained using a zetasizer. The point of zero
charge (PZC) as defined in section 1.4.1.1.3 occurred at a different pH for each of the three
supports. The catalyst reducibility of cobalt nitrate and acetate on SiO,, ZnO and MnO under
differing preparation conditions was evaluated using TPR, while metal surface area
measurements were determined using hydrogen chemisorption. Base TPR runs were carried
out on the supports and the bulk cobalt oxide in order to evaluate the reducibility of the

support and metal separately, allowing more accurate interpretation of TPR data.

3.1.1 Zeta Potential Measurements

The charge equilibrium between the surface of an inorganic oxide and the solution in which it

is placed is determined by the different functional groups (such as OH") that exist on the
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support surface, as well as the ratio of OH to H" ions in solution. The equilibrium can be

illustrated as follows:

M-OH + H' < [M-OH,]", or M-OH + H,0 < [M-OH,]" + OH
M-OH + OH < M-0© + H,0

Surface charging takes place to differing extents depending upon the acidity/alkalinity of the
solution. An increase in pH will increase the H' concentration of the solution, shifting the
charge equilibrium of the surface such that more H" are adsorbed. The net effect of this is that -
a decreased pH yields a more positively charged support surface. For each support there is a
specific concentration of H' ions in solution that results in a net surface charge of zero. This
point is called the point of zero charge (PZC). Figure 3.1 illustrates the change in zeta
potential with pH for Si0O,, ZnO and MnO showing the pH at which the PZC occurs for each

support.
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Figure 3.1.  Zeta Potential vs. pH for SiO;, ZnO and MnO.
(0.1g Support in 50ml 0.1 M KCI Solution)

The zeta potential of silica as a function of pH follows a similar trend to that observed by Che

and Bonneviot [1988]. At a pH below 2.5, the zeta potential is positive and decreases rapidly
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with increasing pH. In this pH range the surface of the silica is on average positively charged.
Between a pH of 2.5 and 5, the zeta potential is approximately zero, although there exists a
slight surplus of negative charge on the surface. At any pH larger than 5 the surface becomes

rapidly more negatively charged.

The point of zero charge (PZC) for MnO is at a pH of approximately 4. At pH values lower
than 4, the MnO surface is positively charged. For pH values larger than 4, the MnO surface
bears a net negative charge. The zeta potential varies steadily with pH, unlike the ZnO curve

which changes dramatically over a small pH range.

ZnO has a PZC at a significantly higher pH than either SiO, or MnO. The PZC for ZnO is at
a pH of approximately 7.8. At a pH lower than 7.8, the ZnO surface experiences a net

positive charge, while at pH values higher than 7.8 the ZnO surface has a net negative charge.

As the pH is lowered, the solubility of each support increases. The ZnO support dissolves
completely at a pH of between 5 and 6. The MnO and SiO; supports are more resilient,
however partial dissolution in strong acidic media does take place with MnO, and to a far

lesser extent with SiO.

3.1.2 Equilibration of Impregnation pH

It is well known that when an inorganic oxide is placed in a solution of containing H' and
OH’ 1o0ns, an equilibrium reaction begins in order to balance charge between the surface and
the solution. This equilibration process may vary in speed depending upon the nature of the
support and the concentration of ions in solution. Due to the porous nature of many supports,
this equilibration may take days and even months. Consequently, when cobalt was loaded
onto Si0;, ZnO and MnO, the initial pH of solution, as determined by the strong acidic nature
of Co(NOs),.6H,0 and the weak acidic nature of Co(CH;COO);.4H,0, was seen to change as
a consequence of this equilibration. Table 3.1 shows the initial pH and the final pH after two

days of equilibration.
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Table 3.1.  Impregnation pH equilibration for cobalt nitrate and cobalt acetate on SiO,,

Zn0O and MnO.
Precursor Support Initial pH Final pH
Cobalt Nitrate Si0O, 4.9 5.8
Zno 4.9 | 5.9
MnO 4.8 6.2
Cobalt Acetate Si0, 6.5 6.5
ZnO 6.9 6.7
MnO 7.0 7.1

Using cobalt nitrate, the initial pH of the solution is more strongly acidic than the acetate
precursor solution. This can be ascribed to the ionic dissociation of Co(NOs),.6H,0 as

described by the following equations;

Co(NO3),.6H,0 & Co(H0)6* + 2NO,* (D)
Co(H,0)¢>" < Co(H,0)s0H" + H* (2)
H o+ NO; <  HNO; .03

Equation (1) refers to the dissociation of the cobalt nitrate in solution into Co®" ions and NO5"
ions. The octahedral hydrated Co®* ions dissociate further as shown in equation (2) in the
aqueous solution resulting in the formation of H" ions that account for the increase in acidity
associated with cobalt nitrate dissolution. Equation (3) illustrates the equilibrium between
hydronium ions and nitrate ions. The presence of HNO3 in water results in almost complete
dissociation of the nitric acid. Consequently the equilibrium position of equation (3) lies far
to the lefi, resulting in a high concentration of H' ions and a lower pH. The opposite effect is
noted with acetate ions. The equilibrium of equation (3) when involving acetate ions lies far
to the right as acetic acid remains almost completely undissociated in aqueous solution. Thus

the pH of the cobalt acetate solution shows slight acidity but remains close to neutral.

The increase in pH of the cobalt nitrate solution results from the charge equilibration between

support surface and impregnation solution.
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3.1.3 X-Ray Diffractometry

The X-ray diffraction patterns for the three supports are illustrated in Figure 3.2. The plots

show the peak intensity as the diffraction angle is varied. The intensity generated at different
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Figure 3.2.  XRD patterns for (A) SiO;, (B) ZnO and (C) MnO.
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angles is a measure the degree of crystallinity of the bulk material. The degree of crystallinity
can be observed from XRD patterns from the intensity of peaks associated with the relevant
material, as well as the extent of peak broadening. The wider the peaks, and the lower the
intensity, the more amorphous the material is. From Figure 3.2 (A) it is clear that the bulk
structure of the SiO, support is amorphous. In other words the support does not exist as a
highly structured framework. However the intensity of the characteristic peaks of the ZnO
support ZRD pattern indicate a very high degree of crystallinity (Figure 3.2(B)). The XRD
pattern of the MnO support (Figure 3.2 (C)) shows a higher degree of crystallinity than the
SiO; support, but is less crystalline than the ZnO support.

These findings have implications with respect to the way in which cobalt interacts during
impregnation, drying and activation. The less structured framework of the amorphous SiO;
support will show more surface defects than both MnO and ZnO. As these defects serve as
anchors for cobalt during impregnation, the SiO; will show a higher degree of metal support
interaction than the other two supports. The ZnO support will show very little metal support

interaction due to a surface poor in functional groups.

3.1.4 Temperature Programmed Reduction

The same procedure was used for all TPR runs. The catalyst was calcined in nitrogen gas for
1 hour at 400°C prior to reduction. The reduction was carried out using 60 mI(NTP)/min of
5% H, in N gas. The temperature was ramped from 100°C to 1000°C at 10°C/min and held
at 1000°C for 20 minutes to ensure complete reduction of the metal. The only alteration to
this program occurred during runs involving the ZnO support. For these runs, a maximum
temperature of 650°C was used to avoid interaction between the ZnO and the quartz cell,
where the ZnO had previously been seen to diffuse into the quartz leading to disintegration of
the quartz cell. Calibration of the TPR apparatus was performed using CuO. The calculation

and spectrum can be found in Appendix I.

Reduction of the bulk metal oxide Co30s is illustrated in Figure 3.3. The bulk oxide C0304
was reduced under the same conditions as the prepared catalysts in order to compare the

reducibility of cobalt on the studied supports. The reduction of the bulk cobalt oxide takes
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place as two reduction steps. The first step corresponds to the reduction of C0304 to CoO, and
the second step results from the reduction of CoO to zerovalent cobalt metal. These steps are
not clearly evident in Figure 3.3 as a result of high hydrogen consumption and possible
oxidation of the C0304 to Co,03, although the main reduction section comprises a shoulder

and a main peak. The stoichiometries of these two steps are illustrated below:

Co;0, + H, - 3CoO + H,0 H,/Co = 0.33
CoO + H, —> Co + H,0O H,/Co 1

The experimental hydrogen to cobalt ratio obtained for the total hydrogen to cobalt molar
ratio was 1.58. This value was higher than the expected ratio of 1.33, possibly a result of

further oxidation of the sample to Co,0; prior to use. Reduction of the cobalt oxide sample

was complete by 490°C.
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Figure 3.3.  Temperature programmed reduction profile of Co30;,.
(mass cat ~ 0.05g, heating rate = 10°C/min, Reducing gas = 60ml(NTP)/min 5% H, in N,)

Temperature programmed reduction runs were done on the base MnO support, as well as on
MnO that was placed in a nitric acid solution and dried. Figure 3.4 illustrates the TPR profiles
obtained. The TPR profile for unaltered MnO showed a very small reduction peak at 400°C,
probably a result of small impurities or slight surface oxidation of the MnO support to Mn; O3
or MnO;. The profiles with HNO; added were prepared in the same way as the catalySts.
MnO was placed in 50ml deionised solution and HNO; was added, followed by drying in a
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rotavap dryer under vacuum. This was to investigate the high hydrogen to cobalt molar ratios
that were attained during TPR for the MnO supported catalysts (see chapter 3.2.1.1 and
chapter 3.2.4.1). It was thought that the presence of the nitrate precursor and nitric acid may
have resulted in oxidation of the MnO support. This was thought to account for the high
ratios observed. This is indeed the case. HNO; was placed in solution over the MnO support
and dried. One TPR run was carried out on the dried MnO, while a second TPR was
performed following calcination of the dried MnO. The calcination step was performed to see
if the presence of nitric acid oxidised the support, or whether oxidation took place during the

nitrate decomposition.
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Figure 3.4. TPR profiles for MnO in bought form, with HNO; added, and with HNO;
added and calcined.
{(mass cat ~ 0.15g, heating rate = 10°C/min, Reducing gas = 60ml(NTP)/min 5% H, in N,)

The TPR spectra for both cases illustrate significant enhancement of support reducibility
relative to the unaltered MnO TPR run. This indicates that MnO can alter oxidation states
quite easily. No precursor decomposition was seen for the uncalcined MnO spectrum
indicating that the HNO; resulted in oxidation while in solution. Table 3.2 shows the
hydrogen to manganese molar ratios associated with the spectra in Figure 3.4. The hydrogen
to MnO molar ratios were almost unaffected by calcination, indicating that oxidation of the
support was complete during the solution and drying phases. The slightly high hydrogen to

manganese ratio for the calcined catalyst indicates that calcination may oxidise a fraction of
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the MnO. Oxidation of the support was not observed with SiO; and ZnO. This can be

ascribed to the reluctance of these materials to oxidise.

Table 3.2. TPR hydrogen consumption data for MnO with and without nitric acid

addition.
Hz/Mnirou
Catalyst (mol/mol)
HNO; on MnO (calcined) 0.325
HNO; on MnO 0.319
MnO ~0

3.2 Influence of Catalyst Preparation Procedure

During this investigation, the preparation procedure was varied in order to evaluate the effect
of support type, precursor compound impregnation pH, impregnation solvent, and
impregnation contact time. The effects were characterised using TPR, hydrogen
chemisorption, and TEM, as well as an evaluation of these changes under reaction conditions

in terms of catalyst activity and selectivity.

3.2.1 Base Case for SiO,, ZnO and MnO

A base case catalyst was prepared for each support in order to create a basis with which to
evaluate changes in catalyst precursor, impregnation pH, impregnation solution and

impregnation contact time. The basis chosen was as follows:

The cobalt source was hydrous cobalt nitrate (Co(NO;);.6H,0). A mass of cobalt nitrate
weighed out and dissolved in 50 ml deionised water in order to attain 9 wt% cobalt on the
reduced catalyst. This solution was poured onto 5 g of each support. The mixture was shaken

for several minutes and left for two days to stand. The pH was taken at the initial
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impregnation, and once again just prior to drying 2 days later. Table 3.1 shows the changes in
pH for the 3 supports. The supernatant was removed using a rotavap drier as described in
chapter 2.1. This procedure yielded 3 cobalt-supported catalysts formed on different supports
under the same conditions. The physico-chemical characteristics of the SiO;, ZnO and MnO
supported cobalt catalysts were evaluated using TPR, hydrogen chem_isorption and TEM. The
catalytic activity and selectivity of each catalyst was obtained under Fischer-Tropsch reaction

conditions.

3.2.1.1 Temperature Programmed Reduction

The TPR spectra of the base case SiO,, ZnO and MnO supported cobalt catalyst precursor
prior to reduction can be seen in Figure 3.5. During the preliminary calcination step, the
nitrate precursor decomposes releasing NO, gas. Nitrate decomposition takes place at
approximately 240°C for SiO, supported cobalt catalysts [Sewell, 1996]. For this reason no
decomposition peak is evident in the spectra. The slower heating rate of 5°C/min and the high
gas flow rate over the bed both served to decrease the rate of decomposition and the partial
pressure of NO, gas at the support surface. NO, gas can act as an oxidising agent for Co®",
and consequently plays a role in determining the final state of supported cobalt. Control of
the NO, concentration at the support surface may enhance metal dispersion on the support
surface [Iglesia, 1997]. When the cobalt nitrate precursor is decomposed, the exothermicity
of decomposition leads to increased local temperatures on the support surface resulting in
larger Co agglomerates. Higher linear gas velocities result in efficient heat removal,

minimising hotspots on the surface.

Table 3.3 gives the hydrogen to cobalt molar ratios for the total spectrum as well as below
400°C. Complete reduction of Co3;O4 would result in a hydrogen to cobalt molar ratio of 1.33,
while complete reduction of divalent cobalt (CoO) would result in a hydrogen to cobalt molar
ratio of 1. Ratios obtained between 1 and 1.33 result from cobalt supported in a combination
of Co304 and CoO forms on the support surface. The hydrogen to cobalt molar ratios

obtained during TPR increase in the order Co/ZnO < Co/S10, < Co/MnO.
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Table 3.3.  TPR hydrogen consumption data for the base case catalysts Co/SiO,, Co/ZnO

and Co/MnO
HZ/COTota] HZ/CO<400°C
Catalyst (mol/mol) (mol/mol)
Co/S10, 1.346 0.457
Co/Zn0O 1.041 0.607
Co/MnO 3361 1.968

Figure 3.5 illustrates that the hydrogen consumption as a function of temperature varies
significantly for the three supports. This observation is evidence of the differences in
interaction that take place between the cobalt and the support as well as the influence of the
support reducibility. In the previous section it was shown that bulk cobalt oxide (Co304)
underwent two distinct reduction phases during the oxide transition to the zerovalent state as
defined in chapter 3.1.4. The reduction behaviour of the supported cobalt showed significant

variation from the bulk cobalt oxide reduction.
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Figure 3.5. ' TPR spectra for base case catalysts Co/SiO,, Co/ZnO and Co/MnQ. Cobalt
nitrate loaded SiO,, ZnO and MnO.
(mass cat ~ 0.15g, heating rate = 10°C/min, Reducing gas = 60ml(STP)/min 5% H, in N,)
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In the case of Co/Si0O,, four regions were noted during reduction of the catalyst up to 1000°C.
The first two temperature regions of reduction, with the peak maxima at 270°C and 410°C
respectively result from the reduction of Co304 species to zerovalent metal [Sewell, 1996].
The third and fourth regions are characterised by broad flat reduction peaks. The reduction of
bulk cobalt oxide was seen to be complete by 490 °C, consequently the appearance of
reducible species at higher temperatures may indicate a resistancé to reduction imposed
through interaction between cobalt and the SiO; support. The third region may be associated
with the formation of hydrosilicates, while the fourth peak, ranging from 750°C to 930°C, is
probably caused by the reduction of cobalt silicates [Ming and Baker, 1995].

The Co/ZnO catalyst showed two distinct reduction steps, with peak maxima at 280°C and
410°C. These two stages of reduction are due to the reduction of supported Co3;04. The peak
maxima are at temperatures lower than observed for the bulk Co3;04 seen in Figure 3.3. This
indicates that interaction between the ZnO surface and the supported cobalt is minimal or that
the interaction may aid reduction of the supported cobalt. Even though the spectrum only
shows reduction up to 650°C, previous TPR runs with ZnO have shown that cobalt reduction

is complete by this temperature as illustrated in Appendix L.

The Co/MnO spectrum seems to combine features from the Co/SiO; and Co/ZnO spectra.
Like the Co/ZnO catalyst, there are two distinct peaks with maxima at 260°C and 400°C, as
well as a broad shoulder above 450°C arising from interaction between cobalt and manganese
oxide. The initial two peaks seem to result from the two-step reduction of Co304 to metal
cobalt, however this is unlikely in lieu of the high hydrogen to cobalt ratio observed for the
two reduction region. Two explanations are possible for these two reduction steps. The first is
that the two peaks may be superimposed on a broad flat reduction peak resulting from
support reduction. This would explain the apparently high hydrogen to cobalt molar ratios
observed. The second explanation is that the first peak may result from divalent cobalt
reduction followed by a second peak attributed to support reduction. Figure 3.4 shows the
reduction profile of MnO treated in HNO;. The peak maximum of the MnO reduction peak
occurred at a temperature of 500°C. As Figure 3.5 does not contain the same peak, it is clear
that the presence of cobalt has altered the support reducibility. The cobalt may enhance the

dissociation of hydrogen on the catalyst surface. In this way, support reduction would take
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place at a lower temperature through promotion of hydrogen dissociation that can migrate to

the oxidised MnQ sites.

The broad higher temperature peak may result from interaction between cobalt and support.
The hydrogen consumption peaks were significantly larger for Co/MnO than for Co/SiO, or
Co/ZnO. This increase in hydrogen consumption resulted from reduction of the MnO support
material that had been oxidised during the impregnation or calcination stage. This support
reduction seems to take place at the same time as the reduction of the cobalt oxide, as there is
no specific peak that can be attributed to the support reduction alone. This observation may
intimate that the cobalt combines easily with the MnO support integrating into the MnO
framework during either the impregnation, drying or calcination phase. It is most likely that
this incorporation results during the decomposition of the nitrate precursor. The high
exothermicity of this decomposition may enhance the cobalt mobility as well as loosening the
MnO structure for cobalt incorporation. As the hydrogen consumption was so high, it may be
that the entire surface of the MnO alters oxidation state, leading to variations in interaction

between cobalt and support.

The TPR results obtained for the three supports can be explained in terms of zeta potential at

the impregnation pH of each support.

The Co/S10; catalyst showed the largest temperature range of reduction during TPR. The zeta
potential measured for SiO; in Figure 3.1 shows that there is a pH range (pH ~ 2-5) where the
zeta potential is approximately zero. At pH’s greater than 5, the zeta potential becomes
strongly negative. This indicates that the net charge on the surface of the SiO; has moved
from neutral to strongly negative. At this stage the ratio of positive to negative surface
species has decreased. The more abundant negative charge on the surface results in a strong
electronic attraction of the Co®* jons in solution. The electronic attraction initiates bonding of
the cobalt ions at the SiO, surface enhancing the probability of the formation of cobalt
silicates which may appear as high temperature peaks (>550°C) during TPR. Table 3.3 shows
that the overall hydrogen to cobalt ratio during TPR for Co/Si0; was 1.346, indicating that on

silica Co®* and Co®" are in equivalent ratios, as present in the Co30,4 form. Cobalt was loaded
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in Co®* form, consequently oxidation of the cobalt took place during calcination Below
400°C, 34% of the total hydrogen consumption had already taken place.

The Co/ZnO base catalyst had a final impregnation pH of 5.9. At this pH, Figure 3.1 shows
that the ZnO surface still has a net positively charged surface. The implications of this are
that the Co®* ion sees an electronic repulsion from the ZnO surface resulting in weak
interaction between the cobalt and the support. ZnO readily dissolves in strong acidic
mediums, even in pH’s as high as 5-6. Consequently the strong acidity of the nitrate
precursor is thought to partially dissolve the ZnO support at the initial impregnation pH of
4.9. As equilibration takes place over two days, the pH rises from 4.9 to 5.9 (Table 3.1). As
the pH rises, the ZnO may precipitate out of solution covering cobalt that had already
attached to the ZnO and will remain built into the support structure. For this reason the
hydrogen to cobalt molar ratio for the Co/ZnO TPR is 1.041 (Table 3.3) as opposed to the
expected value of 1.33 for complete reduction of Co;30,.

An alternate explanation for this discrepancy may be that cobalt was lost during loading and
drying where some of the support was not recoverable due to attachment to the boiling flask.
This could lead to irregularities in cobalt concentration on the recoverable catalyst and give
an inaccurate cobalt loading. Below 400°C, 58% of the hydrogen consumption had already
taken place indicating a higher ease of reducibility than the SiO, supported cobalt. The
absence of high temperature reduction regions illustrates that zinc oxide does not show a
propensity to form stable spinel type structures (A2°"B**0,) as observed with the SiO,
support. Zinc oxide cannot form spinel structures unless cobalt was in trivalent form, as zinc
will not shift to the trivalent form. A possible reason for this could be the fact that the zinc
oxide had a significantly more structured crystal framework than the largely amorphous SiO,.
The less ordered nature of SiO, results in a surface that is significantly more defective. It is
these defects that provide numerous functional groups that are possible attachment sites for
cobalt. The ZnO surface is less defective providing fewer attachment points. The net result is
that zinc oxide repels any interaction with the cobalt that might upset the regimented
structure. Thus when cobalt is loaded, the calcination step will result in complete oxidation of
divalent cobalt to Co304. This is confirmed by the presence of two peaks during reduction in
Figure 3.5, as well as the absence of any reduction associated with cobalt support species.
Consequently it is surprising to observe a hydrogen to cobalt molar ratio suggesting the

presence of all cobalt in divalent form.
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For the Co/MnO catalyst, the initial impregnation pH measured was 4.8. The pH increased to
a value of 6.2 over two days of equilibration (Table 3.1). The zeta potential measurements
indicated a point of zero charge at a pH of 4 for the MnO support. Above a pH of 4, the MnO
surface carried a net negative charge (Figure 3.1). Thus the impregnation of cobalt onto MnO
took place with MnO showing a net negative charge to the Co’” ions in the impregnation
solution. This does not imply that no positively charged groups exist, but that the ratio of
negative to positive charge groups has increased. The result is an electronic attraction
between the positively charged cobalt ions and the surface, creating a metal support
interaction that decreases the ease of reducibility of the cobalt oxide on the MnO surface
during TPR. This is indeed the case. Figure 3.5 illustrates a broad reduction peak between
450°C and 750°C indicating this interaction. For the MnO catalyst, the hydrogen to cobalt
molar ratio is considerably higher than the theoretical value of 1.33 expected for Co3O4. The
high hydrogen to cobalt molar ratio of 3.361 observed can be attributable to the ease with
which the MnO support can shift between different oxidation states. This shift is probably
induced during either impregnation or calcination as a result of the strong oxidising
capabilities of NOy gas released during the nitrate precursor decomposition. This oxidation
would then be reversed during the temperature programmed reduction run, as the support
shifts back to MnO, which represents the lowest oxidation state of Mn. This could account
for the hydrogen to cobalt ratio well above the expected ratio of 1.33 associated with Co304

reduction. Below 400°C, 59% of the total hydrogen consumption had taken place.
3.2.1.1.1 Extent of Supported Cobalt Reduction

Figure 3.6 illustrates two TPR spectra for each base case catalyst. The first spectrum entitled
‘calcined’ corresponds to the pretreatment of the catalyst precursor which was applied. This
pretreatment consisted of a calcination step of 1 hour in N, at 400°C to decompose the
precursor.

The second spectrum entitled ‘reduced’ illustrates the TPR profile following activation of the
catalyst by reduction in a 5% H; in N, gas mixture. The reduction pretreatment was the same
applied to the catalyst as an activation procedure prior to loading into the reactor for Fischer-
Tropsch synthesis. By comparison of the two spectra, information on the extent of

reducibility of cobalt supported on SiO; (A), ZnO (B) and MnO (C) was obtained.
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The extent of reducibility is defined as the fraction of the total cobalt present on the surface
that is in the active zerovalent form, and was calculated using the ‘reduced’ spectrum for each
catalyst. The assumption was made that all cobalt reduced above 400°C in the ‘reduced’
spectrum would be in divalent form. This assumption is very reasonable as Co304 reduction
to CoO was seen to take place below 400°C for all catalysts where Co3;O4 was present. The
hydrogen to cobalt ratio associated with divalent cobalt reduction is 1. Consequently the
extent of reduction was obtained by calculating the hydrogen to cobalt molar ratio above
400°C and subtracting this value from 1. The calculated extent of reductions for Co/SiO,,
Co/Zn0 and Co/MnO can be seen in Table 3.4.

Table3.4.  TPR hydrogen consumption data for evaluation of the extent of reduction of
supported cobalt for Co/SiO;, Co/ZnO and Co/MnO.

Support Pretreatment H,:Co H,:Co Extent of
Total <400°C Reduction (%)
Si0, Calcination 1.346 0.457 %03
Reduction 0.607 0.410
Zn0O Calcination 1.040 0.607
Reduction 0.398 0.312 oL
MnO Calcination 3.361 1.968
Reduction 1.130 0.417 87

Reduction at 400°C for 16 hours significantly altered the reduction profile of the SiO;
supported catalyst as compared to the calcined catalyst. The reduced sample underwent two
reduction steps. The first step had a maximum at 230°C and resulted from surface reoxidation
of zerovalent cobalt. The second reduction peak had a maximum at 730°C and was associated
with cobalt silicate reduction. Consequently the cobalt present as cobalt silicate was not in the
active form resulting in less than complete use of the supported cobalt. As a result, a
significant fraction of the cobalt is unavailable for Fischer-Tropsch synthesis. The extent of
reduction for the Co/S10, catalyst was calculated to be 80.3%. |

The ZnO supported cobalt catalyst showed a single peak in the ‘reduced” TPR spectrum with
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a maximum at 240°C. This peak was attributed to the reduction of cobalt oxide formed
through surface reoxidation of zerovalent cobalt exposed to the atmosphere. As this peak
accounted for most of the hydrogen consumed, it is safe to assume that almost complete
reduction of cobalt to the zerovalent form has occurred. This indicates an extent of reduction
close to 100% and confirms the expectation that the cobalt and ZnO support did not interact.

The actual extent of reduction calculated for Co/ZnO was 91.4%.

The MnO supported cobalt catalyst shows considerable differences between the ‘calcined’
and ‘reduced’ samples. A broad high temperature peak is present following both calcination
and reduction, however reduction in the 5% H; in N, mixture shifted the reduction region to a
higher temperature . This peak derives from two factors. The first factor is the interaction
between cobalt and support that is too strong to be reduced by 400°C, while the second
contributing factor is the reduction of the support material itself.. The cobalt reduced at this
temperature is lost in terms of catalyst activity in that this cobalt will not be present in the
active zerovalent form. A low temperature peak during the ‘reduced’ run corresponds to
reduction of surface oxidised cobalt species during exposure to the atmosphere. The extent of
reduction obtained for Co/MnO was 28.7%. This value seems to contradict the total hydrogen
to cobalt molar ratio of the calcined catalyst, however the bulk of the hydrogen consumption
during that TPR run was a resulted from the reduction of the MnO support as explained in

chapter 3.1.4.
3.2.1.2 Hydrogen Chemisorption

Table 3.5 shows the results obtained for the hydrogen chemisorption measurements taken on
the Si0,, ZnO and MnO catalysts prepared with the nitrate precursor.

The measured metal surface area decreased from 3.18 to 0.79 to 0.35 mz/g as the support
changed from SiO; to ZnO to MnO. This metal surface area is a function of both the extent of
reduction of the cobalt on the surface as well as the degree of dispersion of the cobalt on the
surface. A dispersion of 6.66% was obtained for Co/S10,, while a dispersion of 1.44% and
2.06% were obtained for Co/ZnO and Co/MnO respectively. The higher cobalt dispersion
associated with Co/S10; coincides with the formation of smaller cobalt crystallite sizes on the

surface, resulting in a greater degree of cobalt metal exposure.
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Table 3.5. Surface area, dispersion, particle diameter and hydrogen adsorption
reversibility obtained for Co/SiO,, Co/ZnO and Co/MnO.

Catalyst Surface Area Dispersion Crystallite Size  Reversibility
(m’/g) (%) (nm) (%)
Co/SiO, 3.18 6.66 14.5 65.8
Co/ZnO 0.79 1.44 66.6 39.1
Co/MnO 0.35 2.06 46.6 47.6

The hydrogen adsorption reversibility is a measure of the opportunity of readsorption of
hydrogen on the cobalt following desorption and diffusion through the support pore structure.
A high hydrogen adsorption reversibility indicates a high degree of readsorption. The
reversibility increased in the order Co/ZnO < Co/MnO < Co/Si0O,. This finding reveals that
the silica support shows the greatest dispersion of active sites through the support structure,
while ZnO had less opportunity for readsorption due to a low dispersion and a low support
surface area. Bartholomew and Reuel [1985] equated the degree of reversibility with the
strength of metal support interaction. A higher reversibility was seen to be indicative of a
stronger metal support interaction. The reason for this is that a high metal support interaction
increases the dispersion of the cobalt through the support structure. In this way,-desorbed
species are more likely to come across cobalt sites during diffusion out of the catalyst
particle. The hydrogen chemisorption and TPR results confirm this theory. TPR showed ZnO
to give the minimal interaction with the cobalt [see Figure 3.6(B)] resulting in almost
complete reducibility of the cobalt to zerovalent form below 400°C. However interaction was
clearly visible with the MnO and SiO, supports, as evident from the high temperature
reduction peaks in both spectra [Figure 3.6 (A) and (C)]. Even though the extent of reduction
was significantly higher over Co/ZnO than both Co/SiO, and Co/MnO, the surface area was
much lower for Co/ZnO than Co/SiO,. The reason for this arises from cobalt particle
agglomeration. Agglomeration refers to the formation of large groupings of cobalt metal. The
effect arises as a result of the ease of mobility of cobalt on the ZnO support surface because
of the minimal interaction between cobalt and support. Agglomeration thus reduces the
exposed surface area in spite of the high extent of reduction. In fact, van’t Blik et al., [1986]

and Coenen, [1989] postulated that the presence of cobalt silicate species served as anchors






Chapter 3 — Results 69

The Co/ZnO catalyst shows two distinct phases present in Figure 3.7 (B). The first phase
consists of large rectangular ZnO crystals, while the second phase comprises the reduced
cobalt as illustrated by the black phase. The large amount of reduced cobalt present results
from the high extent of reducibility of cobalt obtained over the ZnO support. The ZnO
support had a very low surface area of 3.1 m?*/g. Consequently the cobalt dispersion would
have been lowered with most of the cobalt resting on the support surface. As interaction
between cobalt and the ZnO support was minimal, cobalt may have become detached from

the support surface resulting in the small black spots scattered around in Figure 3.7 (B).

The TEM photograph of Co/MnO is illustrated in Figure 3.7 (C). The photograph did not
show clear distinction between reduced cobalt and support phases. This could be a result of
their physical similarities such as electron density as they are situated near each other on the
periodic table. The photograph illustrates that MnO shows a higher degree of crystallinity
than SiO,. Crystals of MnO are evident as square crystals. The darker spots may be the
reduced cobalt. The amount of cobalt seems to be higher on MnO than on SiO; because more
black spots are visible. These additional black areas may not be due to the presence of cobalt,
but may in fact be a result of a different oxidation state of manganese oxide. It was shown in
chapter 3.1.4 that presence of the nitrate resulted in oxidation of the MnO support. This
manganese oxide phase may still be present following reduction at 400°C. An alternate
explanation for the additional black areas may be is a result of the low surface area of the
MnO support, which results in more cobalt per volume of MnO, however the low extent of

reduction associated with the Co/MnO catalyst makes this unlikely.

3.2.1.4 Fischer Tropsch Synthesis

The base case catalysts were tested under Fischer Tropsch conditions in order to obtain

activity and selectivity data necessary for performance characterisation.

The activity was measured in terms of the hydrocarbon yields obtained from the gas
chromatograph analysis of the organic products, as conversion measurements were unreliable
due to the low conversions obtained. The organic yield was calculated according to the

procedure laid out in Appendix III. Table 3.6 shows that the activity, in terms of yield,
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decreased from 5.67% to 1.39% to 0.18% zis the support changed from SiO; to ZnO to MnO.
This trend in activities paralleled the drop in metal surface area measured using hydrogen
chemisorption, where the surface area of exposed cobalt metal atoms on SiO; was four times
that on ZnO and ten times that on MnO. The dispersion of the cobalt on the surface
determines the fraction of the active cobalt exposed for reactiqn. Co/Si0; showed a
significantly higher dispersion than Co/ZnO and Co/MnO. Table 3.6 also shows the rate per
square metre of exposed cobalt on the surface. The Co/SiO; catalyst gave the highest rate of
4.12x107 mmol/rnzc(,/min, followed by Co/ZnO with a rate of 3.82x107 mmol/mzco/min and
Co/MnO with a rate of 1.13x107 mmol/mzc(,/min‘ These rates corresponded to dispersions of
6.66%, 1.44% and 2.06% for Co/Si0O,;, Co/ZnO and Co/MnO respectively. Iglesia [1997]
stated that the turnover rate was not a function of cobalt dispersion. This seems to be true for

S10; and MnO, however the Co/ZnO deviates significantly from this behaviour.

Table 3.6. Characteristic data obtained in the Fischer-Tropsch Synthesis for Co/SiO,,

Co/Zn0 and Co/MnO respectively.
(Trua = 200°C, P = 5 bar, (Hy/CO)jner = 2, WHSV = 0.34 gco/gear.hr)

Catalyst Co/S10, Co/Zn0O Co/MnO
Reaction Time 14 hr 50 26 hr 00 22 hr 30
Yield of volatile organics (%) 5.67 1.39 0.18
Sci+c2 (carbon%) 14.97 20.65 27.52
Oca-Cll 0.78 0.83 0.76
ryc .10° (mmol/m?cy/min) 4.12 3.82 1.13

Cs Composition (%)

3-methyl-1-butene 0.60 0.29 0.80
2-methyl-butane 0.84 0.52 1.87
1-pentene 56.31 72.21 50.60
2-methyl-1-butene 0.00 0.00 0.00
n-pentane 28.26 22.13 30.09
trans-2-pentene 8.23 2.27 9.76
cis-2-pentene 5.61 1.79 6.21

2-methyl-2-butene 0.15 0.79 0.67
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The selectivity to the Cy.; fraction, on a carbon % basis, increased from 14.97% to 20.65% to
27.52% as the support changed from SiO; to ZnO to MnO. This trend is probability
associated with the availability of surrounding exposed cobalt metal sites that can enhance
the probability of CH, incorporation to form a growing chain. The presence of fewer active
sites results in heightened termination as methane. This characteristic is observed here as the
methane yield decreases from SiO; to ZnO to MnO.

Table 3.6 also gives information on the distribution of products within the Cs fraction. The
three major products formed on all three catalysts were a-olefins which are the primary
products of the Fischer-Tropsch synthesis, and n-paraffins and 3-olefins with small yields of
branched olefins and paraffins, all of which are secondary products. The Co/ZnO catalyst
gave the highest a-olefin content of 72.21% as compared to 56.31% for Co/S10; and 50.60%
for Co/MnQO. As the formation of a-olefins is the primary reaction of the Fischer-Tropsch
synthesis, the Co/ZnO catalyst suppresses the secondary hydrogenation reaction that would
result in the n-paraffin, as well as the secondary isomerisation of the growing chain that leads
to termination as a {3-olefin. The Co/MnO catalyst showed the highest B-olefin selectivity of
16% of the organic yield as compared to 14% for Co/Si0O; and 4% for the Co/ZnO catalyst.
Secondary hydrogenation to the n-paraffin was greatest over the Co/MnQ catalyst yielding an
n-pentane selectivity of 30% compared to 28% for Co/SiO; and only 22% for Co/ZnO.
consequently the different supports result in major changes in the product selectivity as well
as catalyst activity. The activity was explainable in terms of exposed metal surface area as
determined by the extent of reduction of the cobalt on each support. However, because the
product spectrum is significantly altered, the physical characteristics of the support must play

arole in the Fischer-Tropsch synthesis.

The chain growth probabilities for the three catalysts are given in Table 3.6. These values
were calculated form the slope of the Anderson-Schulz-Flory distribution plots. The ASF
plots are illustrated in Figure 3.8 for Co/SiO,, Co/ZnO and Co/MnO. The probability, o, was
calculated over the C4 to C;; range, as the ASF plots generally deviated from straight line
behaviour for higher carbon numbers. An increase in slope occurs at carbon number 15 for
Co/S10, and at carbon number 12 for Co/ZnO. These increases were attributed to bleeding of
products from the wax trap. All the ASF plots give good straight line behaviour between C,4
and C;;. The C, point in all three ASF plots is an exaggerated value, as the C; and C,

fractions were combined due to difficulties with separation using the gas chromatograph.
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However the contribution of the C, fraction was minimal in relative terms for all runs
performed. The C; fraction of the Co/MnO ASF plot was lower than the C4 point. This was

unexpected behaviour that was attributed to an error in the gas chromatograph settings.

The Co/ZnO catalyst gave the highest chain growth probability of 0.83. The chain growth
probability for Co/SiO; and Co/MnO were found to be 0.78 and 0.76 respectively. The
slightly higher chain growth probability observed over Co/ZnO may be attributable to the
larger cobalt crystallites observed on the ZnO support from hydrogen chemisorption. The
formation of these large cobalt crystallites stems from the weak interaction between cobalt
and the ZnO support, and leads to the agglomeration of cobalt on the surface of the support.
This agglomeration accounts for extensive reduction in the exposed metal surface area,
however it may provide a benefit in that large clusters result in the continual presence of
reactant in the vicinity of the growing chain. This could enhance growth by having adsorbed

species continually available for incorporation into the growing chain.
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Figure 3.8.  Anderson-Schulz-Flory distributions for the base case catalysts Co/SiO,
Co/Zn0 and Co/MnO. Cobalt nitrate loaded on SiO,, ZnO and MnO.
(Meq ~ 1g, T=200°C, P =5 bar, H, : CO=2: 1, WHSV = 0.34gc0/gcs-hr )
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Figure 3.9 gives the rate of formation of the total organic products. The rate was calculated
according to the procedure illustrated in Appendix III. The rates are measured per gram of
catalyst, consequently they are comparable. The rate of formation is a measure of the activity
of the catalyst. Thus the rate parallels the yield measurements from Table 3.6 for the three
supported catalysts and decreasing from Co/SiO; to Co/ZnO to Co/MnO. Figure 3.9
illustrates the rate of formation as a function of carbon number. As the carbon number
increases for each catalyst, the rate of formation decreases. The Fischer-Tropsch reaction
follows a chain growth mechanism. A fraction of the growing alkyl chain at each carbon
number terminates, decreasing the rate at which products with higher carbon numbers form.
The surface area of exposed cobalt on the surface determines the availability of active sites
on the support surface. Consequently, as the exposed cobalt surface area was highest on the
Si0; support, it follows that the rate of formation of organic product should be significantly

higher as well.

2500
3 —e—Ca/SiO2
D 2000 |
£ —m—Co/Zn0
=
_\6 1500 . —a— C0o/MnO
£
& 1000 ]
[e]
A
o 500 |
c
S
L_O
0| : |
0 2 4 6 8 12 14 16

10
Carbon Number (Ng)

Figure 3.9.  Total organic formation rates for the base case catalysts Co/SiO;, Co/ZnO and

Co/MnO. Cobalt nitrate loaded on Si0,, ZnO and MnO.
(Meg ~ 1g, T=200°C, P = 5 bar, H, : CO =2 : 1, WHSV = 0.34g¢0/gea.br)

The olefinicity of the linear organic product is shown in Figure 3.10 for each of the base
catalysts. In Table 3.6 the Cs product breakdown was given for each catalyst. The Co/ZnO
catalyst gave a linear olefin selectivity of 76%, compared to 70% for Co/SiO; and 67% for
Co/MnO. Figure 3.10 indicates that the higher linear olefinicity of the Co/ZnO catalyst
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continues over the analysed carbon number range. The Co/SiO, shows slightly higher
olefinicity than the Co/MnQO catalyst at lower carbon numbers, however the trend is reversed
as the carbon number increases, with the changeover taking place at Cg. The olefinicity of
Co/Si0, and Co/MnO drop off fairly quickly dropping below 60% by C;. This is not the case
with Co/ZnO which maintains a linear olefinicity of greater than 60% up to Co.
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Figure 3.10. Olefin fraction of the linear organic product for the base case catalysts

Co/Si0;, Co/ZnO and Co/MnO. Cobalt nitrate loaded on Si0,, ZnO and MnO.
(M ~ 1g, T=200°C, P = 5 bar, Hy : CO =2 : 1, WHSV = 0.34gco/geschr)

The «-olefin fraction of the linear olefins is illustrated in Figure 3.11 for Co/Si0O,, Co/ZnO
and Co/MnO. The most noticeable feature is the high a-olefinicity of the linear product
formed over the Co/ZnO catalyst. Up to Cs, the a-olefin fraction accounts for over 90% of
the linear olefin fraction over Co/ZnO. After Cs the a-olefin fraction decreases more sharply,
but remains significantly higher than the o-olefin fractions formed over Co/SiO, and
Co/MnO. For Co/SiO; and Co/MnQO, the a-olefin fraction of the linear olefin product are
similar. As was the case in Figure 3.10, the Co/SiO; catalyst showed higher on—olleﬁn

selectivity relative to the Co/MnO catalyst up to the C; fraction, however this trend was
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reversed as the carbon number increased above C;. The high a-olefinicity observed over the
Co/ZnO catalyst may be associated with the hydrogen adsorption reversibility measured
during hydrogen chemisorption. A high adsorption reversibility indicates that the possibility
of readsorption on the catalyst surface may be high due to high dispersion of the active phase
and the resulting presence of numerous attachment sites on the surface. On the ZnO support,
cobalt agglomeration is high and the support surface area is low. These two factors cause the
primary o-olefin product to diffuse away from the catalyst surface with less chance of
readsorption compared to Co/SiO; and Co/MnO. In conjunction with this, hydrogen may be
less competitive for active sites lowering the tendency for termination of the growing chain as
a hydrogenated paraffin. Thus the lower dispersion not only affects the activity but alters the

selectivity by limiting both the secondary isomerisation and hydrogenation of the primary -

olefin.
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Figure 3.11. Alpha olefin fraction of the linear olefin product for the base case catalysts

Co/Si0,, Co/Zn0O and Co/MnQ. Cobalt nitrate loaded on Si0,, ZnO and MnO.
(Mg~ g, T =200°C, P =5 bar, H, : CO =2 : 1, WHSV = 0.34g0/geq.hr)
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3.2.2 Effect of the Type of Cobalt Precursor

The metal precursor plays a major role in determining the physical and performance
characteristics of the catalyst. In terms of physical changes, the greatest change taking place
is the strength with which the cobalt is bound to the support surface. The strength of this
attachment affects the reducibility of the catalyst and ultimately alters the activity of the
catalyst. Si0;, ZnO and MnO supported cobalt catalysts were prepared using both a nitrate
and acetate precursor. The reducibility of cobalt was evaluated using TPR, while the
performance of the catalyst, in terms of activity and selectivity, was evaluated under Fischer
Tropsch reaction conditions. Hydrogen chemisorption gave information on exposed cobalt
surface area, cobalt crystallite size and dispersion, and the reversibility of the hydrogen

adsorption.
3.2.2.1 Temperature Programmed Reduction

The TPR spectra obtained for cobalt nitrate and cobalt acetate loaded onto SiO,, ZnO and
MnO are shown in Figure 3.12 (A), (B) and (C) respectively. The choice of precursor
significantly alters the TPR reduction profile for all three supports used. The temperature at
which reduction takes place is a measure of the ease of metal reducibility. The effect of the
precursor change from nitrate to acetate is to lower the ease with which the cobalt reduces to

metal form.

For the Si0, support, the spectrum changed dramatically as the precursor was changed from
nitrate to acetate. The TPR run for the Co(A)/SiO; catalyst was characterised by a dominant
reduction peak from 650°C to 860°C as seen in Figure 3.12 (A). This peak accounted for
77% of the hydrogen consumed during the run. The remaining 23% of hydrogen was
consumed in the peak with a maximum at 400°C. This reduction behaviour represents a
major alteration from that observed for the nitrate precursor. In the case of the nitrate
precursor, a fraction of 33% of the total hydrogen reduction took place before 400°C
compared with a fraction of 11% for the acetate precursor. The precursor transforms the
strength of interaction between the cobalt and the SiO; support. The change from nitrate to

acetate precursor greatly enhances the interaction between cobalt and support.
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This effect is explainable in terms of zeta potential. The zeta potential is a measure of the net
charge of the support surface when suspended in solution. This charge is either a net positive
or negative value, the specific polarity being dependent upon the pH of the solution and the
nature of the support surface. For the case of SiO,, the point of zero charge occurs over a pH
range of approximately 2-5. As the pH increases above 5, the surface of the SiO, becomes
progressively more negative in charge, making the surface susceptible to strong interaction
with the positively charged cobalt ions. The nitrate precursor in 50ml deionised solution
results in the SiO; experiencing an impregnation solution with an initial pH of 4.9. However,
when the acetate precursor is used, the initial pH of the impregnation solution is 6.5. This
higher pH promotes stronger interaction between the surface and cobalt via electronic
attraction. The result is an increased formation of cobalt silicate species for the acetate
precursor relative to the nitrate.

Table 3.7 shows that the overall hydrogen to cobalt molar ratio observed for the Co(A)/SiO;,
catalyst was 1.021. This value was lower than the 1.346 for Co/Si0; where the nitrate
precursor was used. The reason for this is that cobalt is predominantly present as divalent
cobalt, resulting in a hydrogen to cobalt molar ratio for complete reduction of approximately

1.

Table 3.7. Effect of the choice of precursor on hydrogen consumption during TPR.
Cobalt nitrate and cobalt acetate impregnated onto SiO,, ZnO and MnO.

Support Precursor H,:Corotal H;:Cocsgooc
Si0; Nitrate 1.346 0.457
Acetate 1.021 0.109
Zn0O Nitrate 1.040 0.607
Acetate 0.888 0.178
MnO Nitrate 3.361 1.968

Acetate 1.075 0.206
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Figure 3.12. Effect of the choice of precursor on cobalt reducibility. TPR spectra for cobalt
nitrate and cobalt acetate supported on (A) SiO;, (B) ZnO and (C) MnO.
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With the ZnO support, the TPR spectrum was significantly different for the acetate prepared
catalyst (Co(A)/Zn0O) as illustrated in Figure 3.12 (B). The TPR spectrum for the acetate
catalyst was characterised by a single broad reduction peak with a maximum at
approximately 460°C. The peak begins at 280°C as a small flat shoulder. The nitrate
spectrum consisted of two distinct reduction peaks attributable to the two-stage reduction of
Co304 to zerovalent cobalt as described in chapter 3.1.4. The single peak reduction of the
acetate catalyst indicates that cobalt is probably supported on the ZnO support in divalent
cobalt oxide (CoO) form.

The Co(A)/ZnO catalyst was impregnated at an initial pH of 6.5, and remained at 6.5 for two
days. In terms of zeta potential, the ZnO surface would still experience a net positive surface
charge inhibiting interaction with the cobalt. However the higher pH experienced with the
acetate precursor than with the nitrate precursor, would lower the extent of dissolution of
ZnO consequently no cobalt would migrate into the ZnO structure.

The decomposition of the acetate precursor during calcination does not provide a strong
enough oxidising environment to oxidise divalent cobalt to the trivalent form. Thus no Co;04
is present on the support surface resulting in the absence of a second peak during hydrogen
consumption. The shape of the divalent cobalt reduction peaks for the acetate and nitrate
peaks have similar shapes, however the acetate peak takes place at a higher temperature. The
reason for this shift arises from slightly increased interaction between cobalt and the ZnO
support, or possibly that the reduction of Co3;0, initiates the reduction of divalent cobalt at a
lower temperature. This temperature shift resulted in a hydrogen to cobalt molar ratio of
0.151 below 400°C for the acetate catalyst from Table 3.7. The overall hydrogen to cobalt
molar ratio was calculated to be 0.888, lower than that experienced using the nitrate

precursor. The ratio is also lower than the expected value for complete CoO reduction.

The TPR spectra for the nitrate and acetate precursors on MnO are illustrated in Figure
3.12(C). The TPR spectrum for the Co(A)/MnO catalyst was characterised low and high
temperature reduction shoulder between 350°C and 385°C and 600°C and 800°C
respectively, as well as a single reduction peak with a maximum at 405°C. The peak is
associated with the reduction of divalent cobalt oxide (CoO). Minimal support reduction was
noted using the acetate precursor indicating that the oxidising capability of the decomposing

acetate 1s too weak to provide a significant shift in oxidation state of the MnO support that
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was seen with the nitrate decomposition. The high temperature shoulder results from strong
interaction due to the higher pH associated with the acetate precursor during impregnation.
The pH of the impregnation solution was 7.0 as opposed to 4.8 during nitrate impregnation.
This higher pH results in a MnO surface with a large net negative surface charge according to
the zeta potential measurements of Figure 3.1. The hydrogen to cobalt molar ratio for the
total acetate spectrum is given in Table 3.7 as 1.075, significantly lower than observed with
the nitrate catalyst. The reduction of CoO results in a ratio of 1, while the remaining

hydrogen is consumed during slight MnO support reduction.

The use or the acetate precursor induced cobalt to be supported in CoO form on all three
supports used. This could be because the nitrate decomposition results in a stronger oxidising
environment than the acetate decomposition. The oxidising environment associated with
acetate decomposition is insufficient to induce the oxidation of Co*" ions present in solution
to the supported Co304 form where cobalt is a mixture of divalent and trivalent oxidation
states. Consequently the hydrogen to cobalt molar ratios for complete reduction are

significantly lower over the acetate catalysts than over the nitrate catalysts.

3.2.2.1.1 Extent of Supported Cobalt Reduction

Figure 3.13 illustrates two TPR spectra for each catalyst formed via cobalt acetate
impregnation on SiO; (A), ZnO (B) and MnO (C). The first spectrum entitles ‘calcined’
corresponds to the standard pretreatment applied, while the second spectrum arose from the
temperature programmed reduction of a mass of catalyst reduced at 400°C. By comparison of
the two spectra, information on the extent of reducibility of cobalt acetate supported on SiO,
(A), ZnO (B) and MnO (C) was obtained. The calculated extent of reductions for
Co(A)/S10;, Co(A)/ZnO and Co(A)/MnO can be seen in Table 3.8.



Chapter 3 — Results 81

Table 3.8.  TPR hydrogen consumption data for evaluation of the extent of reduction of
supported cobalt for Co(A)/SiO,, Co(A)/ZnO and Co(A)/MnO.

H;:Co H;:Co Extent of
Catalyst Pretreatment _
Total <400°C Reduction (%)
_ Calcination 1.021 0.109
Co(A)/S10, 26.8
Reduction 0.798 0.066
Calcination 0.888 0.178
Co(A)/ZnO 99.2
Reduction 0.270 0.262
Calcination 1.075 0.206
Co(A)/MnO 63.0
Reduction 0.781 0.411

Reduction at 400°C for 16 hours altered the reduction profile of the SiO, supported cobalt
acetate impregnated catalyst as compared to the calcined catalyst. The reduced sample
underwent a single reduction step at high temperature (peak maximum at 800°C). This step
was associated with the reduction of cobalt present as cobalt silicate. Minimal low
temperature reduction was noted indicating that surface reoxidation of zerovalent cobalt was
insignificant. The cobalt present as cobalt silicate was not in the active form resulting in less
than complete use of the supported cobalt. The extent of reduction for the Co/SiO; catalyst
was calculated to be 26.8%.

The ZnO supported cobalt catalyst showed a single peak in the ‘reduced” TPR spectrum with
a maximum at 310°C. This peak was attributed to the reduction of cobalt oxide formed
surface reoxidation of zerovalent cobalt exposed to the atmosphere. As this peak accounted
for almost the entire amount of hydrogen consumed, it is safe to assume that almost complete
reduction of cobalt to the zerovalent form has occurred. This indicates an extent of reduction

close to 100%. The actual extent of reduction calculated for Co(A)/ZnO was 99.2%.
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Figure 3.13. Evaluation of the extent of reduction of supported cobalt acetate after
reduction at 400°C for 16 hours. TPR spectra for (A) Co(A)/SiO,;, (B)
Co(A)/Zn0O and (C) Co(A)/MnO.
(Mg, ~ 0.15g, heating rate = 10°C/min, reducing gas = 60(NTP)ml/min 5% H; in N,,)
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For Co(A)MnO, the extent of reduction was calculated to be 63.0%. Figure 3.13 (C) shows
the TPR spectra for the calcined and reduced catalysts. The calcined catalyst consisted of a
broad band of reduction with a maximum consumption taking place at 410°C, with a low and
high temperature shoulder on the main consumption peak. The reduced Co(A)/MnO catalyst
had two regions of reduction. The first region with a maximum at 280°C showed evidence of
surface reoxidation of exposed zerovalent cobalt. The second region was a broad flat
reduction profile occurring above 450°C. The hydrogen consumption associated with this
peak gave information on the fraction of cobalt present in inactive form following activation
of the catalyst by reduction at 400°C. This information allowed calculation of the extent of

reduction of the cobalt on the MnO support.

The extent of reduction was seen to decrease significantly over the SiO, supported catalyst as
the cobalt precursor was changed from nitrate to acetate, decreasing from 80.3% to 26.8%.
This major drop in reducibility stemmed from the increased strength of interaction arising
during impregnation as a result of the higher impregnation pH associated with the acetate

precursor.

For the ZnO supported catalyst, the opposite was true. The extent of reduction increased from
91.4% to 99.2%. It is thought that the strong acidity of the cobalt nitrate precursor during
impregnation dissolves the ZnO support, lowering the surface area of the support and
consequently decreasing the exposure of the reduced cobalt metal atoms on the surface. The

acetate precursor does not have this effect as the pH during impregnation was sufficiently

high.

The extent of reduction of the MnO supported catalyst increased from 28.7% to 63.0% when
the precursor changed from cobalt nitrate to cobalt acetate. The nitrate decomposition was
seen to oxidise the MnO support, but this oxidation wasn’t noticed with the acetate precursor.
The dramatic increase in the extent of reducibility was attributed to the decrease in oxidation
of the support. The large degree of oxidation of MnO with the nitrate precursor may result in
incorporation of cobalt into the MnO structure as the support takes up oxygen. This oxygen
take up is not evident with the acetate precursor, resulting in less migration into the support
structure and the consequent decrease in the hydrogen to cobalt molar ratio above 400°C for

the Co(A)/MnO catalyst as compared to the Co/MnO catalyst.
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3.2.2.2 Hydrogen Chemisorption

The influence of the precursor type on the surface area, dispersion, metal crystallite size and
adsorption reversibility was measured using hydrogen chemisorption. The results are shown
in Table 3.9. The use of the acetate precursor resulted in a lower exposed cobalt surface area
over both the Si0; and ZnO supports. However Co(A)/MnO showed a significantly higher
metal surface area than Co/MnO. The metal surface area is a function of both the extent of
cobalt reduction and the dispersion of the cobalt on the surface. Thus the low surface area of
the Co(A)/SiO; catalyst stems predominantly from the decrease in the extent of cobalt

reduction from 80.3% to 26.8% as the precursor changed from the nitrate to the acetate.

Although the extent of reduction increased slightly from 91.4% for Co/ZnO to 99.2% for
Co(A)/Zn0, the agglomeration of this zerovalent cobalt into large cobalt crystallites caused a
drop in the exposed cobalt surface area. The hydrogen adsorption reversibility improved
dramatically from 39.1% for Co/ZnO to 67.1% for Co(A)/ZnO. Higher adsorption
reversibility is a result of increased metal support interaction. This is confirmed by the TPR

findings where the acetate precursor resulted in an increased interaction between cobalt and

support.
Table 3.9. Surface area, dispersion, particle diameter and hydrogen adsorption
reversibility for Co(A)/S10,, Co(A)/Zn0O and Co(A)/MnO.
Catalyst Surface Area Dispersion Crystallite Size ~ Reversibility
(m’/g) (%) (nm) (%)

Co(A)/Si0, 0.12 0.73 132.4 nd. "
Co(A)/Zn0O 0.31 0.53 181.8 67.1
Co(A)/MnO 0.90 2.40 40.1 55.8

Whd.  not determined

The extent of reduction increased from 28.7% to 63.0% as the precursor changed from nitrate

to acetate. This coincided with an improvement in exposed metal surface area from 0.35 m?’/g
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for Co/MnO to 0.90 mz/g for Co(A)/MnO, while the cobalt dispersion increased from 2.06%
to 2.40%. The adsorption reversibility also improved from 47.6% to 55.8% suggesting
stronger interaction between the cobalt and the MnO support which in turn increases the
cobalt dispersion and the chance for readsorption. This was indeed the case, as TPR showed

that cobalt reduction took place at higher temperatures over the acetate prepared catalyst.

3.2.2.3 Transmission Electron Microscopy

Figure 3.14 shows the TEM photographs of Co(A)/SiOz, Co(A)/ZnO and Co(A)MnO. The
Co(A)/SiO; photograph contains no black spots indicating clusters of reduced cobalt. This is

in agreement with chemisorption data which showed minimal cobalt metal surface area.

The Co(A)/ZnO catalyst displays the same behaviour observed with Co/ZnQO. Two phases are
visible in Figure 3.14. The large crystallites are ZnO crystals, while black spots indicate the
presence of cobalt in reduced form. Small amounts of the cobalt crystals are attached to the
ZnO support, but the vast majority exist on their own. The small spots scattered around are
probably cobalt oxide, as reoxidation of the reduced cobalt occurred on exposure to the
atmosphere. The clear distinction between cobalt and the ZnO support results from the lack
of interaction between them. The agglomeration that results may be so severe that cobalt is
more comfortable separate from the ZnO support, especially following oxidation through
exposure to the atmosphere. For this reason, the exposed metal surface area measured via
hydrogen chemisorption measurements is low in spite of the high extent of reduction

calculated through TPR.

The Co(A)/MnO catalyst showed similarities to the Co/MnO catalyst. The MnO support is
evident as clear square crystals, while reduced cobalt shows itself as black spots. The
Co(A)YMnO photograph contained less black than the Co/MnO, possibly a result of the
absence of the nitrate and the lack of support oxidation as a result of this. The cobalt
crystallite size is lower over Co(A)/MnQ than over Co/MnO, dropping from approximately
60nm to 30nm. This contradicts chemisorption measurements. It is more likely that the
acetate would cause a decrease in cobalt crystallite size according to the stronger interaction

between cobalt and support observed over all three supports with the acetate precursor.
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3.2.2.4.1 SiO; as a Support

The change of precursor during impregnation had a major effect on performance of the SiO,
supported catalyst under Fischer-Tropsch synthesis conditions. The results can be seen in
Table 3.10. The yield of total organic product dropped from 5.67% to 0.24% when the metal
precursor changed from nitrate to acetate. The Co/S10; catalyst was more than 20 times as
active as the Co(A)/SiO; catalyst. The turnover rate of carbon monoxide per square metre of
exposed cobalt was 4.12x107 mmol/m2c°/min and 4.52x107 mmon2C0/min for Co/SiO, and
Co(A)/Si0O; respectively. Thus the activity per square metre of exposed cobalt increased
slightly with the change in precursor. This result is in agreement with the TPR findings,
where the Co(A)/SiO, catalyst showed minimal reduction below 400°C, resulting in a very
small fraction of cobalt on the surface in the active zerovalent form. Hydrogen chemisorption
data for Co(A)/SiO; indicated negligible exposed cobalt surface area providing further

confirmation.

Table 3.10.  Effect of the choice of precursor on the activity and selectivity of cobalt

supported on Si0,.
(Mg ~ 1g, T=200°C, P=5bar, H,: CO=2: 1, WHSV = 0.34gc¢/gca-hr)

Catalyst Co/SiO, Co(A)/Si10,
Reaction Time 14 hr 50 13 hr 31
Yield of volatile organics (%) 5.67 0.24
Sci+c2 (carbon%) 14.97 63.98
Ac4-Cll 0.78 0.75
ruc .10° (mmol/m*c,/min) 4.12 4.52

Cs Composition (%)

3-methyl-1-butene 0.60 0.28
2-methyl-butane 0.84 0.40
1-pentene 56.31 36.19
2-methyl-1-butene 0.00 0.00
n-pentane 28.26 32.34
trans-2-pentene 8.23 16.88
cis-2-pentene 5.61 10.91

2-methyl-2-butene 0.15 3.00
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The selectivity to the C;+, fraction on a carbon percent basis was dramatically increased for
Co(A)/SiO; compared to the Co/SiO; catalyst, rising from 14.97% to 63.98%, representing an
increase of more than 400%. As the cobalt surface area decreases, the clusters become
smaller and more widespread on the support surface. As the availability of adsorption sites
becomes less, the growing chain becomes starved of reactant adsorbed in a close proximity.
Furthermore, the low activity inhibits the formation of a liquid organic layer around the
catalyst that would enhance readsorption. The result is that termination as methane increases,

as this is the thermodynamically favoured product.

The Cs compositions for the Co/SiO, and Co(A)/SiO, catalysts show considerable
differences. The most notable feature of the Co(A)/SiO, catalyst is the large extent of
secondary reactions taking place illustrated by the high selectivity to both B-olefin isomers
which accounted for nearly 28% of the total Cs fraction. This was approximately double the
fraction produced over the nitrate impregnated SiO, catalyst. Part of the reason for this may
be the slightly higher activity per square metre of exposed cobalt observed, as increased
secondary activity generally results from a higher turnover rate. The a-olefin, the primary
product of the Fischer-Tropsch synthesis, accounted for 36.19% of the Cs fraction for
Co(A)/S10; as compared to 56.31% for the Co/SiO, catalyst, coinciding with the increase in
the B-olefin selectivity from 13.84% to 27.79% as the precursor changed from nitrate to
acetate. The linear alkane fractions were similar at 28.26% and 32.34% for the Co/SiO, and

Co(A)/S10; catalysts respectively, indicating similar hydrogenation activities.

The chain growth probabilities were calculated from the slope of the Anderson-Schulz-Flory
(ASF) distribution illustrated in Figure 3.15 for both catalysts. The slopes were almost
parallel, yielding chain growth probabilities, o, of 0.78 and 0.75 for Co/Si0O, and Co(A)/SiO,
catalysts respectively. Thus the change of precursor seemed to result in only a slight increase
in the termination rate of the growing chain. The low yield for Co(A)/SiO, prevented
accurate analysis of the organic product past the Co fraction resulting in a shorter ASF

distribution.
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Figure 3.15. Effect of the choice of precursor on the Anderson-Schulz-Flory distribution

with SiO; as support. Cobalt nitrate and cobalt acetate on SiO, support.
(Mgt ~ 1g, T =200°C, P =5 bar, H, : CO =2 : 1, WHSV = 0.34gc0/gea.hr)

Figure 3.16 shows the rate of formation of the total organic product for the Co/SiO, and
Co(A)/SiO; catalysts.. The rate was calculated according to the procedure presented in
Appendix III. The rates are given on a per gram of catalyst basis, allowing direct comparison.
The rate of formation is a measure of the activity of the catalyst, thus the rate parallels the
yield measurements from Table 3.10. Figure 3.16 illustrates the rate of formation as a
function of carbon number. As the carbon number increases for each catalyst, the rate of
formation decreases. The polymerisation behaviour of the Fischer-Tropsch reaction results in
long hydrocarbon chains via a growing alkyl chain on the catalyst. At each carbon number a
fraction of the growing chain terminates in one of several ways, decreasing the rate at which
products with higher carbon numbers form. The rate at which this termination takes place is

given by the change in rate between carbon numbers.
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Figure 3.16. Effect of the choice of precursor on the total organic formation rate with SiO,
as support. Cobalt nitrate and cobalt acetate on SiO; support.
(mey ~ 1g, T=200°C, P =5bar, H, : CO=2: 1, WHSV = 0.34g0/gca-hir)

The olefinicity of the linear organic product is shown in Figure 3.17 for the Co/SiO, and
Co(A)/S10; catalysts. The selectivity to linear olefins of the two catalysts were similar for the
full range of carbon numbers, indicating similar growth probabilities as the profiles in Figure
3.17 were approximately parallel. In Table 3.10 the Cs product breakdown was given for each
catalyst. The linear olefin fractions were 70.15% and 63.98% for the Co/SiO; and
Co(A)/S10; catalysts respectively. The linear olefin fraction was consistently higher for
Co/Si0;. The olefin fraction for the Co(A)/S10, catalyst could only be analysed up to the Co
fraction as the yield was too small to register as a peak in the gas chromatograph trace past

this carbon number.
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Figure 3.17. Effect of the choice of precursor on the olefin fraction of the linear organic
product with SiO, as support. Cobalt nitrate and cobalt acetate on SiO,

support.
(mey ~ 1g, T=200°C, P =5 bar, H, : CO=2: 1, WHSV = 0.34g¢0/gc.r.hr)

The a-olefin fraction of the linear olefins is illustrated in Figure 3.18 for Co/SiO, and
Co(A)/S10,. The noticeable feature is the low oa-olefinicity of the linear olefin product
formed over the Co(A)/Si0, catalyst relative to the Co/SiO, catalyst. The difference in the a-
olefin fractions was greatest for the C¢ fraction at 31%, but remained above 23% for higher
carbon numbers. The difference in the overall linear olefin fraction of the linear organic
product for the two catalysts was only 5.4% for the same carbon number. This indicates that
the Co(A)/SiO; catalyst increases the rate of the secondary reaction resulting in termination
as a B-olefin. A possible reason for the high selectivity to secondary olefins could be due to
the size of the cobalt metal particles. The hydrogen chemisorption for the Co(A)/SiO; catalyst
gave a very low cobalt metal surface area measurement resulting from low cobalt reducibility
at 400°C. Because of the high surface area of the SiO, support, the exposed cobalt metal
atoms would occur in very small groupings on the support surface. The smaller the cobalt
metal clusters become, the larger is the presence or influence of the support in determining
the product spectrum. In other words, if the support preferentially adsorbs some reactive

species relative to others, and the cobalt clusters become small enough such that the support
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becomes influential in providing growth or termination species, then the selectivity of the
catalyst could be significantly altered. The low a-olefinicity of the Co(A)/SiO; catalyst may
stem from the ability of the support to induce the double bond shift associated with B-olefin

formation, as well as enhancing termination as the -olefin.
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Figure 3.18. Effect of the choice of precursor on the a-olefin fraction of the linear olefins

with SiO, as support. Cobalt nitrate and cobalt acetate on SiO, support.
(mgg ~ 1g, T=200°C, P =5bar, H, : CO=2:1, WHSV = 0.34gc0/gca.hir)

3.2.2.4.2 ZnO as a Support

The change of precursor during impregnation altered both the activity and selectivity of the
ZnO supported catalyst under Fischer-Tropsch synthesis conditions. The results obtained are
presented in Table 3.11. The Co(A)/ZnO catalyst, prepared with the acetate precursor, gave
an organic product yield of 2.45% as opposed to 1.39% for the Co/ZnO catalyst prepared
with the nitrate precursor. This result was unexpected as, even though the TPR spectra for the
two catalysts revealed that the nitrate prepared catalyst had a lower extent of cobalt reduction,
the exposed surface area of the acetate prepared Co(A)/ZnO catalyst was lower as measured

by chemisorption. The turnover rate per square metre of exposed cobalt increased from
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3.82x10”° mmol/m’cy/min to 15.14x10” mmol/m’c/min with the change in precursor. The
rate of formation of product per square metre of exposed cobalt over Co(A)/ZnO was almost
4 times that of Co/ZnO. It is possible that cobalt rearranges itself on the surface when
exposed to the Fischer-Tropsch environment leading to a exposed surface area different to

that measured during chemisorption.

Table 3.11.  Effect of the choice of precursor on the activity and selectivity of cobalt

supported on ZnO.
(mey ~ 1g, T=200°C,P=S5bar, H,: CO=2:1, WHSV = 0.34g0/gcq-hr)

Catalyst Co/ZnO . Co(A)/ZnO
Reaction Time 26 hr 00 15 hr 55
Yield of volatile organics (%) 1.39 2.45
Sc1+cz (carbon%) 20.65 22.33
OcaCll 0.81 0.79
ric .10° (mmol/m’co/min) 3.82 15.14

Cs Composition (%)

3-methyl-1-butene 0.29 0.79
2-methyl-butane 0.52 1.05
1-pentene 72.21 56.81
2-methyl-1-butene 0.00 0.00
n-pentane 22.13 28.17
trans-2-pentene 2.27 7.58
cis-2-pentene 1.79 5.44
2-methyl-2-butene 0.79 0.15

The selectivity to the Ci4, fraction on a carbon percent basis were similar, with the selectivity
for the Co(A)/ZnO catalyst not significantly higher at 22.33% as compared to 20.65% for the
Co/ZnO catalyst. Paraffin formation was higher over Co(A)/ZnO making up 28.17% of the
total organic Cs product compared to 22.13% over Co/ZnO. B-linear olefins increased from
4.06% to 13.02% of the total organic product as the precursor changed from nitrate to acetate
as expected on the basis of the higher activity of Co(A)/ZnO. Branched products made up
1.99% of the Cs fraction over the Co(A)/ZnO catalyst, compared to 1.60% over the Co/ZnO
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catalyst, once again indicating the enhanced formation of secondary reaction products over
the acetate catalyst.

The chain growth probabilities for Co(A)/ZnO and Co/ZnO were calculated from the slope of
the Anderson-Schulz-Flory distributions illustrated in Figure 3.19. The chain growth
probabilities were similar for the two catalysts, giving o values of 0.81 and 0.79 for Co/ZnO
and Co(A)/ZnO respectively. As was the case with the SiO, support, the change in precursor
from nitrate to acetate seemed to increase the termination rate of the growing chain slightly.
From C; to Cy, the ASF distributions matched each other closely, however above Cqy their
behaviour deviated significantly, with the a value increasing for the Co/ZnO catalyst and
decreasing for the Co(A)/ZnO catalyst. Other workers [Kuipers et al., 1995; Huff and
Satterfield, 1984] have noted similar deviations from the expected straight line ASF
behaviour. Wax trap bleeding may cause the increase in chain growth probability over
Co/Zn0O, while the drop in growth probability over the Co(A)/ZnO may result from the
presence of different types of active sites as postulated by Satterfield and Huff [1984].
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Figure 3.19. Effect of the choice of precursor on the Anderson-Schulz-Flory distribution

with ZnO as support. Cobalt nitrate and cobalt acetate on ZnO support.
(Mey ~ 1g, T = 200°C, P = 5 bar, H, : CO =2 : 1, WHSV = 0.34gc0/geahir)

Figure 3.20 shows the rate of formation of the total organic product for the Co/ZnO and

Co(A)/ZnO catalysts as a function of carbon number. The rate was calculated according to
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the procedure outlined in Appendix III. The rates are given on a per gram of catalyst basis,
allowing direct comparison. The rate of formation is a measure of the activity of the catalyst.
As the carbon number increases for each catalyst, the rate of formation decreases. This is a
result of the polymerisation nature of the Fischer-Tropsch reaction, and the resulting
termination of a fraction of each growing alkyl chain. The nature of the final product at
termination is strongly dependent upon the molecular environment on the catalyst surface
surrounding the growth point. This termination decreases the rate at which products with
higher carbon numbers form. The rate at which this termination takes place is evident from
the slope of the formation rate plots. The formation rate of Co(A)/ZnO is larger than that
obtained for Co/ZnO, paralleling the yield measurements in Table 3.11.
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Figure 3.20. Effect of the choice of precursor on the total organic formation rate with ZnO
as support. Cobalt nitrate and cobalt acetate on ZnO support.
(Mg ~ 1g, T=200°C, P = 5 bar, H, : CO =2 : 1, WHSV = 0.34gc0/geq.hr)

The olefinicities of the linear organic product for the Co/ZnO and Co(A)/ZnO catalysts are
shown in Figure 3.21. This linear olefin fraction is a combination of the fractions of the linear
- and B-olefins. The overall olefinicities of the linear organic product for the two catalysts
were similar in the Cy4 fraction, but varied significantly from the Cs fraction onwards. The
Co/ZnO catalyst had a higher linear olefin growth probability than the Co(A)/ZnO catalyst.
The use of the acetate precursor enhanced the rate of secondary reactions, increasing both the

n-paraffin and the B-olefin fraction of the Cs fraction. This heightened secondary product
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selectivity associated with the acetate prepared catalyst was also seen on the S10, supported
cobalt acetate catalyst. The secondary reactions took place at the expense of the alpha olefin
fraction which decreased from 72.21% of the total organic product in the Cs fraction to
56.81% in the wake of increased hydrogenation and double bond shift activity. This is logical

as increased secondary activity often coincides with increased activity.
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Figure 3.21. Effect of the choice of precursor on the olefin fraction of the linear organic
product with ZnO as support. Cobalt nitrate and cobalt acetate on ZnO

support.
(Mg ~ 1g, T=200°C, P =5bar, H, : CO=2: 1, WHSV = 0.34g0/gca.h1)

Figure 3.22 shows the behaviour of the a-olefin fraction of the linear olefins with increasing
carbon number. The a-olefin was the major linear olefin formed over Co/ZnO, comprising
95% of the linear olefin product and 77% of the total organic product in the Cs fraction. Over
the Co(A)/ZnO catalyst, the a-olefin fraction dropped to 81% of the linear olefin product and
57% of the total organic product in the Cs fraction. The acetate precursor resulted in a
significant drop in the a-olefin selectivity of the catalyst as the selectivity to secondary
reaction products rose. This drop may can be explained in terms of the strength with which
reactant is adsorbed. The hydrogen adsorption reversibility gives an indication of the strength
of the hydrogen adsorption during hydrogen chemisorption experiments. Increased
reversibility indicates a higher strength of adsorption. The reversibility was seen to increase

from 39.1% for Co/ZnO to 67.1% for Co(A)/ZnO. Consequently the acetate precursor
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resulted in a greater distribution of cobalt enhancing readsorption forming more secondary

product due to improved chance of primary product readsorption.
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Figure 3.22. Effect of the choice of precursor on the a-olefin fraction of the linear olefins

with ZnO as support. Cobalt nitrate and cobalt acetate on ZnO support.
(Meae ~ 1g, T = 200°C, P = 5 bar, H, : CO =2 : 1, WHSV = 0.34g0/geahr)

3.2.2.4.3 MnO as a Support

The change of precursor during impregnation had an unexpected effect on the activity and
selectivity of the MnQ supported cobalt catalyst under Fischer-Tropsch synthesis conditions.
The results can be seen in Table 3.12. The Co(A)/MnO catalyst, prepared with the acetate
precursor, gave an organic product yield of 0.28% as opposed to 0.18% for the Co/MnO
catalyst prepared with the nitrate precursor. These activities were unexpectedly low. The TPR
spectra for the two catalysts suggested that both catalysts would have a significant fraction of
exposed metal atoms reaction due to the high reducibility of cobalt in both precursor cases.
However MnO support studies indicated that this reducibility was largely a result of support
reduction. In terms of zeta potential, both the Co/MnO and the Co(A)/MnO catalysts were
prepared under pH conditions that resulted in a net negative charge on the MnO surface. The
interaction between positive cobalt ions and the negative support surface may have resulted

in strongly attached oxide species that were reducible at temperatures greater than 400°C.
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Hydrogen chemisorption measurements however showed that the exposed surface area
increased from 0.35 m%/g to 0.90 m?/g as the precursor was changed from nitrate to acetate.
However the rate per square metre of exposed cobalt decreased from 1.13x107
mmol/mzc()/min to 0.68x10 mmol/mzc()/min following an increase in cobalt dispersion from
2.06% to 2.40%. The increased surface area was partly responsible for the higher activity
noted over Co(A)/MnO, as the activity increased by a factor of 1.5 as the surface area almost
tripled. It was also noted that the extent of reduction increased from 28.7% to 63.0%
following the precursor change.

The selectivity to the C,+, fraction on a carbon percent basis was 19.09% for the Co(A)/MnO
catalyst, lower than the 27.52% obtained over the Co/MnO catalyst. This is expected, as the
acetate prepared catalyst had the higher activity. Branched products made up 4.39% of the Cs
fraction over the Co(A)/MnO catalyst, compared to 3.34% over the Co/MnO catalyst,
confirming the predisposition of the acetate prepared catalyst to secondary product formation

as seen over the ZnO and SiO, supported catalysts.

Table 3.12.  Effect of the choice of precursor on the activity and selectivity of cobalt

supported on MnO.
(Mea ~ 1g, T=200°C, P = 5 bar, H, : CO =2 : 1, WHSV = 0.34g¢0/geac.hr)

Catalyst Co/MnO Co(A)/MnO
Reaction Time 22 hr 30 22 hr 25
Yield of volatile organics (%) 0.18 0.28
SC1+C2 (carbon%) 27.52 19.09
aca-cll 0.76 0.70

rrc .10° (mmol/m?cy/min) 1.13 0.68

Cs Composition (%)

3-methyl-1-butene 0.80 0.83
2-methyl-butane 1.87 3.06
1-pentene 50.60 42.81
2-methyl-1-butene 0.00 0.00
n-pentane 30.09 35.45
trans-2-pentene 9.76 10.71
cis-2-pentene 6.21 6.64

2-methyl-2-butene 0.67 0.50
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The chain growth probabilities were calculated from the slope of the Anderson-Schulz-Flory
(ASF) distribution illustrated in Figure 3.23 for both catalysts. The chain growth
probabilities, o, were 0.76 and 0.70 for Co/MnO and Co(A)/MnO catalysts respectively. The
acetate precursor resulted in a higher chain termination probability. The ASF distributions

showed linear behaviour over the whole carbon number range analysed.
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Figure 3.23. Effect of the choice of precursor on the Anderson-Schulz-Flory distribution

with MnO as support. Cobalt nitrate and cobalt acetate on MnO support.
(mgy ~ 1g, T=200°C, P =5 bar, H, : CO=2:1, WHSV = 0.34gc0/gca.hr)

Figure 3.24 shows the rate of formation of the total organic product for the Co/MnO and
Co(A)MnO catalysts as a function of carbon number. The rate was calculated according to
the procedure outlined in Appendix III. The rates are given on a per gram of catalyst basis,
allowing direct comparison. As the carbon number increases for each catalyst, the rate of
formation is seen to decrease according to the probability of the growing alkyl chain adding
another carbon containing group. The formation rate of Co(A)/MnO is significantly larger

than that obtained for Co/MnO at low carbon numbers, but their behaviour overlaps at higher

carbon numbers.
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Figure 3.24. Effect of the choice of precursor on the total organic formation rate with MnO

as support. Cobalt nitrate and cobalt acetate on MnO support.
(Mg ~ 1g, T=200°C, P =5 bar, H, : CO=2: 1, WHSV = 0.34g0/geu.hir)

The olefinicity of the linear organic product is shown in Figure 3.25 for the Co/MnO and
Co(A)/MnO catalysts. In Table 3.12 the Cs product breakdown was given for each catalyst.
The linear olefin fractions were 66.57% and 60.16% for the Co/MnO and Co(A)/MnO
catalysts respectively. The selectivity to linear olefins was approximately 6% lower for the
acetate prepared catalyst relative to the nitrate catalyst. This difference was maintained over
the whole range of carbon numbers analysed. Once again the higher activity lead to an

increase in the extent of secondary reaction.
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Figure 3.25. Effect of the choice of precursor on the olefin fraction of linear organic
product with MnO as support. Cobalt nitrate and cobalt acetate on MnO

support.
(Mg ~ 1g, T=200°C, P =5bar, H; : CO=2:1, WHSV = 0.34gc0/gc,.hr)

Figure 3.26 shows the behaviour of the ct-olefin fraction of the linear olefins with increasing
carbon number for Co/MnO and Co(A)/MnO. The a-olefin selectivity comprised 50.60% of
the overall Cs product for Co/MnO as compared to 42.81% for the Co(A)/MnO catalyst. The
a-olefin fraction of the linear olefin product was 76% and 71% for Co/MnO and Co(A)/MnO

respectively. Thus the acetate precursor resulted in a drop in the a-olefin selectivity of the
catalyst and increased the selectivity to secondary reaction products. The increase in
secondary reactions was a result of the stronger interaction between the cobalt and the
support. This increased interaction was observed through the hydrogen adsorption
reversibility during hydrogen chemisorption. The reversibility increases with increasing
interaction and is a measure of increasing probability of readsorption. Consequently
readsorption of the terminated primary olefins will increase leading to further secondary
reaction. This same effect could be responsible for the increase in the hydrogenated fraction
of the Cs, as a fraction of the hydrogenated paraffin derives through secondary hydrogenafion

of a readsorbed o-olefin.
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Figure 3.26. Effect of the choice of precursor on the a-olefin fraction of the linear olefins

with MnO as support. Cobalt nitrate and cobalt acetate on MnO support.
(Mea ~ 1, T =200°C, P =5 bar, H, : CO=2: 1, WHSV = 0.3dgc/ges.hr)

3.2.3 Effect of the Type of Impregnation Solution

When the cobalt precursor is placed in solution, dissociation will take place and the cobalt
ions present will become partially or totally solvated. The strength of this solvation and the
extent to which it takes place determine the nature of the interaction between the cobalt ions
and the associated anions in the solution. This interaction in turn will affect the attraction and
the resulting strength of attachment to the support material used. Thus changes in
impregnation solution are expected to affect the cobalt support interaction, resulting in
alterations to cobalt reducibility, metal dispersion on the support surface, consequently

influencing the activity and selectivity of the catalyst.

The effect of impregnation solution was investigated by comparing the effect of water and the
effect of monoethylenediamine in aqueous solution on the prepared catalyst. Cobalt nitrate
was chosen as the cobalt source for both impregnation solutions as the nitrate precursor was

seen to yield significantly more active catalysts than the acetate precursor, as illustrated in
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section 3.2.1.4. Monoethylenediamine will be abbreviated as MED for the remaining

sections.

3.2.3.1 Temperature Programmed Reduction

The influence of the impregnation solvent on the reducibility of cobalt supported on SiO,
(A), ZnO (B) and MnO (C) can be seen in Figure 3.27. The TPR spectra for catalysts
prepared with MED added to the impregnation solution are distinctly different from those
prepared without MED addition. This was true for all three supports.

The TPR spectrum of the SiO, prepared MED catalyst (Co(MED)/S10,) consisted of a single
broad peak ranging from 430°C to 650°C with a maximum at 590°C. The spectrum was flat
from the starting temperature of 100°C to the beginning of the single peak. This temperature
range is usually characterised by the reduction peaks of Co3;04 and CoO indicating that the
presence of MED has prevented the formation of trivalent cobalt oxide on the support
surface. MED addition also eliminated cobalt silicate species that are frequently present

following cobalt impregnation on SiO,.

The reason for the absence of both the trivalent cobalt oxide and the cobalt silicates can be
attributed to the strong chelating effect of MED. The MED ligands can complex with the
cobalt ions, replacing the water ligands that initially surrounded them. This complexation
induces a strong field that restricts access of support surface functional groups that might
otherwise interact strongly with the cobalt ion. The hydrogen to cobalt molar ratio was 1.508,
higher than for the water solvent catalyst. This was expected as it was thought that the MED
complex would also reduce leading to a ratio greater than 1.33. No reduction was seen to take
place below 400°C, indicating strong complexation between cobalt and MED, as well as
interaction between cobalt and the support. This strong interaction may arise from the
chelating effect of the silica surface, which acts as a driving force for the formation of a

stable cis-octahedral complex [Che, 1993]
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Figure 3.27. Effect of the addition of MED to the impregnation solution on supported
cobalt reducibility. TPR spectra for cobalt nitrate supported on SiO; (A), ZnO

(B) and MnO (C).

(Mg ~ 0.15g, heating rate = 10°C/min, reducing gas = 60(NTP)ml/min 5% H, in N,,)
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The ZnO supported catalyst prepared with MED in solution gave a TPR spectrum with a
single peak with maximum hydrogen consumption at 430°C. However, unlike the SiO,
support, two shoulders were evident on the peak. These were a low temperature shoulder
between 350°C and 400°C, and a larger shoulder at 580°C. The presence of these shoulders
suggests that the cobalt is present in more than one form on the ZnO surface, or that
irregularities on the ZnO surface result in varying strengths of interaction. The overall peak
could be a combination of cobalt in both oxide and MED complexed form. The hydrogen to
cobalt molar ratio for the ZnO supported catalyst was 2.361 for the total reduction spectrum,
and 0.199 for reduction up to 400°C as shown in Table 3.13. The high ratio for the overall
reduction is attributed to the reduction of both the cobalt oxide and the MED complex. The
low ratio for reduction below 400°C may result from interaction between both the cobalt and
the MED with the support, as the oxide support surface can also act as a monodentate ligand

at the fluid-solid interface [Burwell et al., 1965].

Table 3.13.  Effect of the addition of MED to the impregnation solution on hydrogen
consumption during TPR for cobalt nitrate impregnated onto SiO,, ZnO and

MnO.
Support Solvent Type H,:Corotal H;:Cocagooc

Si0, Water 1.346 0.457
MED 1.508 0.0

ZnO Water 1.040 0.607
MED 2.361 0.199

MnO Water 3.361 1.968
MED 1.742 0.320

The effect of MED in the impregnation solution on the MnO support was similar to that seen
for both the SiO; and ZnO supported cobalt catalysts. The notable feature once again was the
single reduction peak with a maximum at a temperature of 440°C. For all three supports, the
initial reduction began at a higher temperature, yielding a single broad peak. As for ZnQ, the
MnO catalyst reduction peak had a low and high temperature shoulder attributable to effects

described above. It is possible that the shoulders may be associated with reduction of the
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MnO support, as oxidation of the support is still likely due to the decomposition of the nitrate
precursor. The hydrogen to cobalt molar ratio for the overall spectrum was 1.742, higher than
the ratio of 1 associated with complete CoO reduction. Once again the MED complex may
undergo reduction. The hydrogen to cobalt molar ratio for reduction below 400°C was 0.320
from Table 3.13. This low value stems from metal support interaction as discussed for the

Co(MED)/ZnO catalyst.
3.2.3.1.1 Extent of Supported Cobalt Reduction

Figure 3.28 illustrates two TPR spectra for the catalyst formed through cobalt nitrate
impregnation on SiO; (A), ZnO (B) and MnO (C) following the addition of MED to the
impregnation solution. The first spectrum entitles ‘calcined’ corresponds to a pretreatment
consisting of a calcination step of 1 hour in N, at 400°C to decompose the precursor. The
second spectrum entitled ‘reduced’ illustrates the TPR profile following activation of the
catalyst by reduction in a 5% H, in N gas mixture. The reduction pretreatment was the same
applied to the catalyst as an activation procedure prior to loading into the reactor for Fischer-
Tropsch synthesis. By comparison of the two spectra, information on the extent of

reducibility of cobalt acetate supported on SiO; (A), ZnO (B) and MnO (C) was obtained.

The extent of reduction calculations for the MED prepared catalysts were based on the
assumption that, following reduction at 400°C for 16 hours, the unreduced cobalt was present
on the catalyst as divalent cobalt. This assumption seems reasonable in light of the fact that
MED is a strong field ligand that would prevent oxidation of the loaded divalent cobalt to the
trivalent form.

Reduction at 400°C for 16 hours caused differences in the reduction profile of the
Co(MED)/SiO; catalyst relative to the calcined catalyst as illustrated in Figure 3.28 (A). The
‘reduced’ sample showed three regions of reduction as opposed to the single reduction step
over the ‘calcined’ catalyst. The low temperature region with maximum hydrogen
consumption at 250°C is due to the reduction of reoxidised zerovalent cobalt following
exposure to the atmosphere. The majority of hydrogen consumption took place in a broad
peak with a maximum at 550°C. This reduction region corresponded to the single reduction
peak present during the TPR spectrum of the ‘calcined’ catalyst, and was attributed to Co®"
strongly chelated by both the MED and the SiO; support.
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Figure 3.28. Evaluation of the extent of reduction of supported cobalt nitrate after reduction
at 400°C for 16 hours for (A) Co(MED)/SiO,, (B) Co(MED)/ZnO and (C)

Co(MED)/MnO.
(mg, ~ 0.15g, heating rate = 10°C/min, reducing gas = 60(NTP)ml/min 5% H, in N;,)
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The remaining reduction region was due to a small fraction of cobalt migrating into the bulk
SiO, phase and transforming to cobalt silicates. The formation of this specie decreases the

actjvity of the catalyst by lowering the extent of reduction of cobalt below 400°C.

Table 3.14 shows the extents of reduction for Co(MED)/SiO,;, Co(MED)/ZnO and
Co(MED)/MnQ, as well as the hydrogen to cobalt molar ratios obtained for each TPR
spectrum. The extent of reduction calculated for the Co(MED)/SiO; catalyst was calculated
to be 15.0%, as compared to 80.3% for the base case Co/Si0; catalyst. Consequently the
presence of MED in the impregnation solution significantly lowered the extent of reduction

of the cobalt loaded in nitrate form on SiO,.

Table 3.14. TPR hydrogen consumption data for evaluation of the extent of reduction of
supported cobalt for Co(MED)/S10,, Co(MED)/ZnQ and Co(MED)/MnO.

H,:Co H,:Co Extent of
Catalyst Pretreatment
Total <400°C Reduction (%)
_ Calcination 1.508 0
Co(MED)/Si10, ) 15.0
Reduction 1.017 0.167
Calcination 2.361 0.199
Co(MED)/ZnO ) 72.4
Reduction 0.774 0.498
Calcination 1.742 0.320
Co(MED)/MnO 46.7
Reduction 1.169 0.636

The ‘reduced’ Co(MED)/ZnO catalyst yielded a TPR spectrum illustrated in Figure 3.28 (B).
The spectrum was characterised by a small reduction region between 180°C and 230°C
associated with reduction of surface oxidised cobalt following exposure to the atmosphere.
The most significant reduction region took place between 290°C and 450°C. This
consumption was attributed to species that reverted to a stable Co*" structure in association
with the support following surface reoxidation. This would account for the large temperature
range of the reduction region, and the fact that reduction took place both above and below
400°C. The extent of reduction calculated for the Co(MED)/ZnQO catalyst was 72.4%, lower
than 91.4% obtained over the base case Co/ZnO catalyst. As was the case with SiO,, the
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presence of MED has lowered the extent of reduction of the supported cobalt. The decrease
results from the strong field ligand effect of MED on Co®* ions that lowered the ease of
reducibility of the Co*".

For Co(MED)/MnO, the extent of reduction was calculated to be 46.7% and is shown in
Table 3.14. The extent of reduction increased from 28.7% to 46.7% with the addition of
MED to the impregnation solution. Figure 3.28 (C) shows the TPR spectra for the ‘calcined’
and ‘reduced’ catalysts. The ‘calcined’ catalyst consisted of a single broad band of reduction
with a maximum consumption taking place at 430°C, with a high temperature shoulder on the
main consumption peak. The ‘reduced’ Co(MED)/MnO catalyst had two regions of
reduction. The first region showed evidence of surface reoxidation of exposed zerovalent
cobalt to Co304 as the reduction profile comprised two regions of reduction, a main section
and a low temperature shoulder. Reoxidation to the Co3;O4 form may occur as a result of the
ease with which MnO can alter oxidation states. In this way, the support may be able to aid
oxidation by supplying lattice oxygen while undergoing a change in oxidation state itself. The
second region was a broad flat reduction profile occurring above 500°C. The hydrogen
consumption associated with this peak gave information on the fraction of cobalt present in
inactive form following activation of the catalyst by reduction at 400°C. This region may
result from cobalt still bound to MED in the Co”" form. This information allowed calculation
of the extent of reduction of the cobalt on the MnO support. The increased extent of reduction
obtained using MED was attributed to the strength with which the MED chelates with the
Co*" ions. In so doing, cobalt is restricted from interacting with the MnO support and support
oxidation decreases as well. As MnO was seen to shift oxidation states easily, it is favourable
to prevent this oxidation as the oxidised support may be able to supply lattice oxygen that

results in oxidation of the supported cobalt which may enhance cobalt support interaction.
3.2.3.2 Hydrogen Chemisorption

Table 3.15 contains the results obtained from the hydrogen chemisorption measurements
performed on the Co(MED)/Si0O;, Co(MED)/ZnO and Co(MED)/MnO cobalt nitrate loaded
catalysts. The Co(MED)/MnO catalyst gave the highest surface area of 0.86 m?%/g compared
to 0.44 m*/g and 0.17 m%g for the ZnO and SiO, supported catalysts. Consequently the
addition of MED to the impregnation solution caused large changes in the quantity of

exposed metal on the support surface for all three support types.
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The surface area of exposed metal atoms decreased from 3.18 m?/g for Co/SiO; to 0.17 m%/g
for Co(MED)/Si0;. The volume of adsorbed hydrogen dropped significantly from 0.865 cm’
to 0.047 cm’. This decrease is caused by the lower extent of reduction obtained with the
addition of MED and the lower degree of dispersion of the cobalt on the support surface. The
extent of reduction dropped from 80.3% to 15.0% while the dispersion decreased from 6.66%
to 1.93% on addition of MED using SiO,. The cobalt crystallite size increased from 14.5 nm
to 49.9 nm. The reversibility of hydrogen adsorption decreased from 65.8% to 28.9%
indicating that MED addition has decreased the concentration of strong hydrogen adsorption
sites. Bartholomew and Reuel [1985] attributed an increased reversibility to a greater degree
of interaction between metal and support. The strong chelating effect of the MED shields the
cobalt ions during impregnation resulting in decreased interaction between cobalt and SiOs.

This accounts for the lower reversibility.

With the ZnO support, the metal surface area also decreased with MED addition from 0.79
m*/g for the base catalyst to 0.44 mz/g. This coincided with a lowering in the extent of
reducibility from 91.4% to 72.4%. The dispersion decreased and the crystallite size increased
upon MED addition. The reversibility increased significantly from 39.1% to 62.0%. This
result confirms TPR findings. The Co/ZnO base catalyst showed minimal interaction between
cobalt and support, however the addition of MED significantly increased the temperature at

which cobalt reduction took place on the ZnO surface.

Table 3.15.  Surface area, dispersion, particle diameter and hydrogen adsorption
reversibility for Co(MED)/S10,, Co(MED)/ZnO and Co(MED)/MnO.

Catalyst Surface Area Dispersion Crystallite Size ~ Reversibility
(m/g) (%) (nm) (%)
Co(MED)/SiO, 0.17 1.93 49.9 28.9
Co(MED)/ZnO 0.44 0.98 95.2 62.0
Co(MED)/MnO 0.86 3.07 31.3 57.6

The Co(MED)/MnO catalyst had an exposed cobalt metal surface area of 0.86 m?/ g. This was
more than double that observed over Co/MnO. The reason for this behaviour is that the MED
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The Co(MED)/ZnO photograph is shown in Figure 3.29 (B). The notable feature is that a
significantly larger fraction of the cobalt is supported on the ZnO support, in contrast with
both Co/ZnO and Co(A).ZnO, where cobalt oxide particles existed independent of the
support material. Consequently the MED has brought about an association between cobalt
and the support material. This is beneficial as dispersion of the cobalt will be improved and

the cobalt crystallites will be smaller.

The presence of MED in the impregnation solution resulted in the Co(MED)/MnQO catalyst
illustrated in Figure.3.29 (C). The photograph was inconclusive as to the nature of the cobalt
crystallites or their association with the MnO support. However black spots are evident,
possibly indicating the presence of the cobalt, as no support oxidation was noted during

nitrate decomposition during TPR for this catalyst.

3.2.3.4 Fischer-Tropsch Synthesis

The effect of MED on the preparation of the catalysts was tested under Fischer-Tropsch
conditions in order to obtain activity and selectivity data necessary for performance
characterisation. The activity was measured in terms of the hydrocarbon yields obtained from
the gas chromatograph analysis of the organic products. The organic yield was calculated

according to the procedure laid out in Appendix III.
3.2.3.4.1 SiO; as a Support

Addition of MED to the impregnation solution resulted in a major change in both the activity
and selectivity of the SiO, supported catalyst as illustrated in Table 3.16. The MED prepared
catalyst, Co(MED)/SiO;, was significantly less active than the water prepared catalyst,
Co/Si0,. The yield of organic product for the Co(MED)/SiO; catalyst was 1.20% as opposed
to 5.67% for the Co/SiO; catalyst. This represented a drop in activity of nearly 500%. This
lower yield is attributable to a decrease in exposed cobalt metal surface area from 3.18 m®/g
for Co/Si0; to 0.17 m*g for Co(MED)/SiO, measured by hydrogen chemisorption. It is
interesting to note that the rate of consumption of carbon monoxide per square metre of

exposed cobalt increased dramatically from 4.12x10” mmol/m’co/min to 15.33x10
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mmol/m®ce/min. Thus, although the surface area dropped by a factor of 19, the turnover rate

at each site tripled as a result of MED addition.

The drop in the yield of volatile organic products coincided with an increase in the Ci.;
fraction from 14.97% for the Co/S10; catalyst to 32.84% for the MED prepared catalyst. The
linear alkane fraction of Co(MED)/Si0; was 31.66%, slightly higher than the 28.26% formed
over the Co/S10; catalyst.

Table 3.16.  Effect of the addition of MED to the impregnation solution on the activity and
selectivity of cobalt nitrate on SiO,.
(mgy ~ 1g, T=200°C, P =5 bar, H, : CO=2: 1, WHSV = 0.34g¢0/gca.hir)

Catalyst Co/Si0, Co(MED)/S10,
Reaction Time 14 hr 50 18 hr 53
Yield of volatile organics (%) 5.67 1.20
Sci+c2 (carbon%) 14.97 32.84
Qca-Cll 0.78 0.77

ruc .10° (mmol/m’co/min) 4.12 15.33

Cs Composition (%)

3-methyl-1-butene 0.60 0.19
2-methyl-butane 0.84 1.36
1-pentene 56.31 20.79
2-methyl-1-butene 0.00 0.00
n-pentane 28.26 31.66
trans-2-pentene 8.23 30.91
cis-2-pentene 5.61 14.12

2-methyl-2-butene 0.15 0.79
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The chain growth probability, o, was calculated for each catalyst from the slope of the
Anderson-Schulz-Flory distribution illustrated in Figure 3.30. The chain growth probability
was 0.78 for Co/Si0,, and 0.77 for Co(MED)/SiO,. Thus the change in the nature of the
impregnation solution had no effect on the chain growth probability for the SiO, supported

cobalt catalyst.
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Figure 3.30. Effect of the type of impregnation solution on the Anderson-Schulz-Flory

distribution for cobalt nitrate on SiO;.
(M ~ g, T =200°C, P =5 bar, H, : CO =2 : 1, WHSV = 0.34gco/gear hir)

The rate of formation of the total organic product is shown in Figure 3.31. As the rate of
formation is a measure of the speed with which each carbon number product forms, the plots
parallel the yield measurements for each catalyst. Consequently the rate of formation of the
Co/S10, water prepared catalyst was considerably higher than the formation rate plot of the

Co(MED)/S810;, catalyst.
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Figure 3.31. Effect of the type of impregnation solution on the total organic formation rate
for cobalt nitrate on SiO,.
(Mg ~ 1g, T=200°C, P=5bar, H; : CO=2: 1, WHSV = 0.34g0/gca.hr)

Figure 3.32 illustrates the linear olefin fraction of the total linear organic product at each
carbon number. The linear olefin fraction of the two catalysts showed comparable values over
the whole carbon number range. As the carbon number increased, the fraction of linear
olefins in the linear organic product dropped from an initial fraction of between 60 and 80%,
to a fraction of less than 20% in the C;, fraction for both catalysts. This decrease results from
increased hydrogenation activity on larger growing chains causing termination as alkanes.
The addition of MED had an small effect on the linear olefin content of the C4 and Cs
fraction, which were slightly lower than for Co/Si0;. From the Cg fraction onwards, the trend
was reversed with the Co(MED)/S10; catalyst producing a higher fraction of linear olefins.
The catalysts showed comparable values for the Cq fraction and higher, with linear olefin

fractions varying by less than 5%.
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Figure 3.32. Effect of the type of impregnation solution on the olefin fraction of the linear

organic product for cobalt nitrate on SiOs.
(Mg ~ 1g, T =200°C, P =5 bar, H, : CO =2 : 1, WHSV = 0.34gc0/gea.hr)

The a-olefin fraction of the total linear olefin fraction is shown in Figure 3.33. The addition
of MED to the impregnation solution dramatically altered the a-olefin distribution of the
silica supported catalyst. In the Cs carbon number, the a-olefin fraction of the total linear
olefin was 80.27%. This fraction dropped to 31.59% due to the effect of the MED during
impregnation. The formation of a-olefins is the primary reaction during Fischer-Tropsch
synthesis, consequently the Co(MED)/SiO, catalyst greatly enhances the formation of
secondary reaction products. It is likely that the higher rate of carbon monoxide consumption
per square metre of exposed cobalt observed over Co(MED)/SiO; is responsible for the
higher secondary reaction activity, as higher secondary reaction activity generally coincides
with higher overall activity. The a-olefin content of both catalysts was seen to decrease as the
carbon number increased, indicating that the longer hydrocarbon chains are more susceptible

to termination as hydrogenated products.

The higher secondary reaction activity over Co(MED)/Si0, may also be a result of the low
surface area of active cobalt species increasing the influence of the SiO, support. As the

cobalt surface area becomes smaller, active cobalt crystallites become smaller such that the
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surface effect is more and more noticeable. This same effect was evident for the Co(A)/SiO,
catalyst. It is thought that the SiO, surface promotes the double bond shift activity of the

catalyst resulting in a higher proportion of secondary olefins in the product spectrum.
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Figure 3.33. Effect of the type of impregnation solution on the a-olefin fraction of the

linear olefins for cobalt nitrate on Si05.
(Mg~ 1g, T=200°C, P = 5 bar, H, : CO=2: 1, WHSV = 0.34g¢0/gexe. )

3.2.3.4.2 ZnO as a Support

The presence of MED in the impregnation solution significantly altered the performance of
the ZnO supported cobalt catalysts under Fischer-Tropsch reaction conditions. The results
can be seen in Table 3.17. The yield of total organic products formed over Co(MED)/ZnO
was 0.93%, lower than the yield of 1.39% formed over the Co/ZnO catalyst. This findings
correlates with the decrease in exposed cobalt surface area which dropped from 0.79m*/g to
0.44 m%g following MED addition as well as a drop in cobalt dispersion from 1.44% to
0.98%. However the turnover rate per square metre of exposed cobalt on the surface
increased from 3.82x10”° mmol/m’c,/min to 4.57x10” mmol/m’c,/min. Consequently, even
though the overall yield decreased, the activity per cobalt area increased. This increased

activity per cobalt area may result in the higher secondary activity observed. Thus the
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addition of MED to the impregnation solution lowered the observed activity of the ZnO
supported catalyst, although not to a large extent.

Table 3.17.  Effect of the addition of MED to the impregnation solution on the activity and

selectivity of cobalt nitrate on ZnO.
(Meat ~ 1g, T =200°C, P = 5 bar, H, : CO =2 : 1, WHSV = 0.34g0/gca.hr)

Catalyst Co/Zn0O Co(MED)/ZnO
Reaction Time 26 hr 00 14 hr 50
Yield of volatile organics (%) 1.39 0.93
Sc1+c2 (carbon%) 20.65 27.07
O.ca-Cll 0.83 0.72
ric .10 (mmol/m’co/min) 3.82 4.57
Cs Composition (%)

3-methyl-1-butene 0.29 0.53
2-methyl-butane 0.52 1.89
1-pentene 72.21 50.18
2-methyl-1-butene 0.00 0.00
n-pentane 22.13 32.06
trans-2-pentene 2.27 9.27
cis-2-pentene 1.79 6.06
2-methyl-2-butene 0.15 0.79

The Ci4; selectivity is given in Table 3.17. The Co(MED)/ZnO catalyst gave a selectivity to
Ci+2 of 27.07%, almost 7% higher than that produced by the Co/ZnO catalyst. This higher
selectivity to the low molecular weight fraction is an unfavourable effect of MED addition.
The addition of MED also enhanced the formation of secondary products on the ZnO
supported cobalt catalyst. The linear alkane content of the Cs fraction increased from 22.13%
to 32.06% on addition of MED to the impregnation solution. This increased secondary
hydrogenation coincided with an increase in the amount of branched product in the Cs
fraction from 0.96% to 3.21%, as well as increased alkene isomerisation as illustrated by the
enhanced formation of secondary linear olefins from Table 3.17. Consequently the overall
trend of MED addition to the ZnO catalyst was a decrease in activity accompanied by a

propensity for secondary product formation.
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Figure 3.34 shows the Anderson-Schulz-Flory distribution for both the Co/ZnO and
Co(MED)/ZnO catalysts. From the slope of the straight line between the C, and C,; fractions,
the chain growth probability , a, could be calculated. The values for o are given in Table
3.17. The chain growth probabilities were 0.83 and 0.72 for Co/ZnO and Co(MED)/ZnO
respectively. Thus the presence of MED in the impregnation solution changed the chain
growth probability of the ZnO supported catalyst significantly. The drop in growth
probability coincided with a lower exposed metal surface area. At high carbon numbers, both
ASF plots deviate from straight line behaviour. This deviation is due to the lower temperature
of the wax trap resulting in capture and subsequent bleeding of a fraction of the higher

molecular weight product.
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Figure 3.34. Effect of the type of impregnation solution on the Anderson-Schulz-Flory

distribution for cobalt nitrate on ZnO.
(Mey ~ 1g, T=200°C, P =5 bar, H, : CO =2 : 1, WHSV = 0.34gc/gea.hr)

The rate of formation of total organic product at each successive carbon number is given by
Figure 3.35. It can be seen that the rate of formation of each successive carbon number is
lower than the previous one, due to the termination of a fraction of the growing chain in each
carbon number. The rates of formation of the total organic product are very similar,
coinciding with the comparative yield measurements obtained for each catalyst. The rate of

formation of methane is higher over the Co(MED)/ZnO catalyst. The formation rate is
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directly linked to the number of active sites available on the catalyst surface and the turnover
rate per site. On this basis it is clear that either more active sites are present on the
Co(MED)/ZnO catalyst than on the Co/ZnO, or the turnover rate on these sites is higher. As

the exposed cobalt surface area on Co(MED)/ZnO was lower, the turnover rate per site must

have been higher.
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Figure 3.35. Effect of the type of impregnation solution on the total organic formation rate

for cobalt nitrate on ZnO.
(mg, ~ 1g, T=200°C, P =5 bar, H, : CO=2: 1, WHSV = 0.34g¢¢/gca..hir)

The olefinicity of the linear organic product is shown in Figure 3.36 for the Co/ZnO and
Co(MED)/ZnO catalysts. The total linear olefin fraction was made up from the «-olefin
content and the B-olefin content of the Cs fraction. The selectivity to linear olefins of the two
catalysts differed by approximately 12% for the full range of carbon numbers, except for the
Cy1 and Cy, fractions where the linear olefinicities were the same. In Table 3.17 the Cs
product breakdown was given for each catalyst. The linear olefin fractions were 76.27% and
65.51% of the total organic product of the Cs fraction for the Co/ZnO and Co(MED)/ZnO

catalysts respectively.
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Figure 3.36. Effect of the type of impregnation solution on the olefin fraction of the linear

organic product for cobalt nitrate on ZnO.
(Mea ~ 1g, T=200°C, P =5 bar, H,: CO=2: 1, WHSV = 0.34g0/gey.hr)

Table 3.17 shows the breakdown of the total linear olefin content of the Cs fraction for
Co/Zn0O and Co(MED/ZnO respectively. The total linear olefin content is split up between
the a-olefin and the B-olefin content. The B-olefin fraction is made up of the cis and trans 2-
pentene products. The a-olefin fraction of the linear olefins is illustrated in Figure 3.37 for
Co/Zn0O and Co(MED)/Zn0O. The a-olefin fraction of the total organic product was 50.18%
for the Co(MED)/ZnO catalyst, and 72.21% for the Co/ZnO catalyst. This meant that the o-
olefin made up 76.60% and 94.68% of the linear olefin product over Co(MED)/ZnO and
Co/ZnO respectively. The a-olefinicity of the linear olefin product formed over the Co/ZnO
catalyst is consequently far higher than for the Co(MED)/ZnO catalyst for the complete
carbon number range. The largest difference in the o-olefin fraction of the total linear olefin
product occurs in the Cy fraction where the difference is approximately 47%. The difference
in the overall linear olefin fraction of the linear organic product for the two catalysts was only
12% for the same carbon number range. This indicates that the presence of MED in the
impregnation solution alters the catalyst’s behaviour resulting in an increased rate of
secondary reaction resulting in product richer in branched and secondary olefin products and
a lower yield of primary a-olefins. This result follows from the higher turnover rate per

exposed cobalt surface area. The B-linear olefin content of the Cs fraction increased from
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4.06% for Co/ZnO to 15.33% for the Co(MED)/ZnO catalyst, an increase of nearly 4 times.
The increase in secondary activity may also be a result of the higher hydrogen adsorption
reversibility of the MED prepared éatalyst. This result has significance in that the possibility
of readsorption of terminated chains increases with increased reversibility. This adsorption

strength may have increased the hydrogenation and secondary double bond shift activity of

the catalyst.
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Figure 3.37. Effect of the type of impregnation solution on the «-olefin fraction of the

linear olefins for cobalt nitrate on ZnO.
(mgy ~ 1g, T=200°C, P =5 bar, H; : CO=2: 1, WHSV = 0.34gc0/g...hr)

3.2.3.4.3 MnO as a Support

The presence of MED in the impregnation solution significantly altered the performance of
the MnO supported cobalt catalyst under Fischer-Tropsch reaction conditions. The yield of
total organic products formed over Co(MED)/MnO was 1.23%, more than six times higher
than the yield of 0.18% formed over the Co/MnO catalyst. Thus the addition of MED to the
impregnation solution radically increased the activity of the MnO supported. The increased
activity resulted from a larger exposed metal surface area observed through hydrogen
chemisorption over Co(MED)/MnO than over Co/MnO. This increased activity was a result
of the strong ligand presence of MED during impregnation and drying. The MED shielded
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the cobalt during nitrate decomposition lowering the oxidising effect of the MnO support on
the reduced cobalt. The C,+; selectivity is given in Table 3.18. The Co(MED)/ZnQO catalyst
gave a selectivity to C4+2 of 25.13%, about 2% lower than that produced by the Co/ZnO
catalyst. The addition of MED enhanced the formation of the a-olefin fraction from 50.60%
of the total organic yield to 66.33%. This increase coincided with an increase in the rate of
carbon monoxide consumption per exposed cobalt surface area from 1.13x107
mmol/m’cy/min to 3.05x107 mmol/m’ce/min. This is surprising, as higher activity generally
results in greater secondary reaction activity. The presence of MED decreased both the
hydrogenation activity, as represented by the n-paraffin fraction, as well the secondary
isomerisation of the a-olefin, as represented by the linear B-olefin fraction. The alkane
content of the Cs fraction decreased from 30.09% to 24.52% of the total organic product on
addition of MED to the impregnation solution. The branched product content was unaffected
by the presence of MED with Co/MnO containing 2.82% branched products and
Co(MED)/MnO containing 2.99% branched products.

Table 3.18.  Effect of the addition of MED to the impregnation solution on the activity and

selectivity of cobalt nitrate on MnO.
(Mg ~ 1g, T=200°C, P=5bar, H;: CO=2:1, WHSV = 0.34gc0/g.,.hr)

Catalyst Co/MnO Co(MED)/MnO
Reaction Time 22 hr 30 23 hr 46
Yield of volatile organics (%) 0.18 1.23
Sci+cz2 (carbon%) 27.52 25.13
Olca-C1t 0.76 0.71

ric .10% (mmoVl/m*co/min) 1.13 3.05

Cs Composition (%)

3-methyl-1-butene 0.80 1.48
2-methyl-butane 1.87 1.38
1-pentene 50.60 66.33
2-methyl-1-butene 0.00 0.00
n-pentane 30.09 24.52
trans-2-pentene 9.76 3.73
cis-2-pentene 6.21 2.43

2-methyl-2-butene 0.15 0.13
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Figure 3.38 shows the Anderson-Schulz-Flory distribution for both the Co/MnO and
Co(MED)YMnO catalysts. From the slope of the straight line between the C4 and C;; for
Co/MnO and C4 and Cy fractions for Co(MED)/MnO, the chain growth probability , a, could
be calculated. The values for o are given in Table 3.18. The chain growth probabilities were
0.76 and 0.71 for Co/MnO and Co(MED)/MnO respectively. Thus the presence of MED in
the impregnation solution decreased the chain growth probability of the MnO supported
catalyst significantly. The ASF plot for the Co(MED)/MnO catalyst includes a hump ranging
from Cjo to Cy4. This behaviour was attributed to the bleeding of product from the wax trap.
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Figure 3.38. Effect of the type of impregnation solution on the Anderson-Schulz-Flory
distribution for cobalt nitrate on MnO.
(meq ~ 1g, T=200°C, P =5bar, H,: CO=2:1, WHSV = 0.34gc0/gc..hr)

The rate of formation of total organic product at each successive carbon number is given by
Figure 3.39. It can be seen that the rate of formation of each successive carbon number is
lower than the previous one, due to the termination of a fraction of the growing chain in each
carbon number. The rates of formation of the total organic product are very different,
coinciding with the comparative yield measurements obtained for each catalyst. The rate of
formation of product was significantly higher over the Co(MED)/MnO catalyst than the
Co/MnO catalyst paralleling the exposed metal surface area measurements obtained from

hydrogen chemisorption experiments.
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Figure 3.39. Effect of the type of impregnation solution on the total organic formation rate

for cobalt nitrate on MnO.
(M ~ 1g, T =200°C, P =5 bar, H, : CO =2 : 1, WHSV = 0.34gc0/geq.hr)

The olefinicity of the linear organic product is shown in Figure 3.40 for the Co/MnO and
Co(MED)/MnO catalysts. The total linear olefin fraction was made up from the o-olefin
content and the B-olefin content of the Cs fraction. The selectivity of linear olefins in the total
linear product for the two catalysts differed by varying degrees over the range of carbon
numbers. The olefinicity of the Co(MED)/MnQ catalyst was continually higher than that of
the Co/MnO catalyst. At low carbon numbers (C4 and Cs) and high carbon numbers (C;; and
C\2), the difference in olefinicity of the linear product was within 6% for the two catalysts.
However in the middle carbon number range, the olefinicities of the two catalysts showed a
sizeable difference. The greatest difference of 18% occurred in the Cg fraction. In Table 3.18
the Cs product breakdown was given for each catalyst. The linear olefin fractions were

66.57% and 72.49% for the Co/MnO and Co(MED)/MnO catalysts respectively.
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Figure 3.40. Effect of the type of impregnation solution on the olefin fraction of the linear

organic product for cobalt nitrate on MnO.
(Migy ~ 1g, T=200°C, P=5bar, H, : CO=2: 1, WHSV = 0.34gco/gca.hr)

Table 3.18 shows the breakdown of the total linear olefin content of the Cs fraction for
Co/MnO and Co(MED/MnO respectively. The total linear olefin content is split up between
the a-olefin content and the B-olefin content. The $-olefin fraction is made up of the cis and
trans 2-pentene products. The a-olefin fraction of the linear olefins is illustrated in Figure
3.41 for Co/MnO and Co(MED)/MnO. The a-olefin fraction of the total organic product was
66.33% for the Co(MED)/MnO catalyst, and 50.60% for the Co/MnO catalyst. This meant
that the o-olefin made up 91.49% and 76.01% of the linear olefin product over
CoMED)/MnO and Co/MnO respectively. The a-olefinicity of the linear olefin product
formed over the Co(MED)/MnO catalyst is consequently far higher than for the Co/MnO
catalyst for the complete carbon number range. The largest difference in the a-olefin fraction
of the total linear olefin product occurs in the Cy fraction where the difference is
approximately 41%. The difference in the overall linear olefin fraction of the linear organic
product for the two catalysts was only 17% for the same carbon number. This indicates that
the presence of MED in the impregnation solution alters the catalyst’s behaviour resultiﬁg n

a decreased rate of secondary reaction forming a product richer in a-olefins while
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suppressing secondary isomerisation and hydrogenation reactions. The B-linear olefin content

of the Cs fraction decreased from 15.97% for Co/MnO to 6.16% for the Co(MED)/MnO

catalyst.
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Figure 3.41. Effect of the type of impregnation solution on the o-olefin fraction of the
linear olefins for cobalt nitrate on MnO.
(meat ~ 18, T=200°C,P=5bar, H, : CO=2: 1, WHSV = 0.34gc0/gcar.hr)

3.2.4 Effect of the pH of Impregnation Solution

The pH of the impregnation solution is known to influence the net surface charge of
inorganic oxides. By altering the pH of the solution, the surface charge can be adjusted to a
net positive, neutral or negative value. It is important to stress that a positive net surface
charge results from a surplus of positive charge, and not an absence of negative charge.
Figure 3.1 shows a plot of surface charge measured in millivolts as a function of pH. As the
charge on the support surface changes, the electronic interaction with the positively charged
cobalt 1ons in the impregnation solution changes. The more positive the surface charge, the
stronger is the repulsion expected between surface and metal, and the more negative the
surface the greater the attraction will be. At low pH’s when the solution is strongly acidic, the

surface charge is positive. At a certain point or pH range for each support, the surface
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experiences a net surface charge of zero. This is called the point of zero charge, or isoelectric

point. At pH’s above this point the surface bears a net negative charge.

In order to obtain a catalyst that is easily reducible, it is necessary to inhibit attraction
between the support and the cobalt ions. On the contrary however, the stronger the metal
support interaction, the lower the cobalt agglomeration will be yielding a more dispersed
active metal which is also highly favourable. Thus a trade-off exists. Improved reducibility
can be achieved by lowering the pH to promote an electronic repulsion between support and
the cobalt ions. Thus the effect of the pH of the impregnation solution was investigated by
adding the appropriate acid so as not in introduce extra ionic species. The pH of the cobalt
nitrate impregnation solution was adjusted with concentrated nitric acid, while the pH of the

cobalt acetate impregnation solution was altered with glacial acetic acid.

3.2.4.1 Temperature Programmed Reduction

The reduction behaviour of the catalysts was determined using a 5% H; in N, gas stream as a
reducing agent. The influence of the pH of the impregnation solution on the TPR spectra of
the catalysts was investigated. The solution pH for cobalt nitrate prepared catalysts was
adjusted using nitric acid, while the pH of the cobalt acetate prepared catalysts was adjusted
using glacial acetic acid. The TPR spectra for cobalt nitrate on SiO, and MnO following pH
adjustment are shown in Figure 3.42, and the TPR spectrum following acetic acid addition to
the Si0, supported cobalt acetate catalyst can be seen in Figure 3.43. No ZnO supported
catalyst was prepared at a lower pH for either metal precursor due to the fact that even small
amounts of acid were seen to dissolve the ZnO support making preparation unfeasible. No
MnO catalyst was prepared using cobalt acetate as the presence of glacial acetic acid was

seen to change the nature of the MnO support material.

The pH of the SiO, supported cobalt nitrate catalyst was adjusted to a pH of 1 using nitric
acid. Figure 3.42 (A) shows the effect of acid addition on the TPR spectrum of cobalt nitrate
on Si0;. The addition of nitric acid to the impregnation solution had a small effect on the
TPR spectrum of cobalt nitrate on SiO;. The spectrum for Co/1/Si0; had a similar proﬁlé as
the spectrum for Co/Si0,, with four bands of reduction between 100°C and 1000°C. The first
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peak between 200°C and 300°C is attributed to the reduction of Co3;04 to CoO. The second
broad band is a result of CoO reduction to zerovalent cobalt. The two high temperature
reduction regions are due to the reduction of hydrosilicate and cobalt silicate species
respectively. The addition of nitric acid flattened the second peak associated with CoO
reduction. Another effect associated with the acid addition was the enhancement of the cobalt
silicate peak with a peak maximum at 860°C. Thus the addition of acid increased the
formation of cobalt silicates slightly at the expense of supported C03.O4. In terms of the
surface charge, acid addition should induce a net positive charge on the surface, lessening the
interaction between the support surface and the positively charged cobalt ions in the
impregnation solution, however the opposite was observed. A possible reason for this is that
the SiO, support may become slightly soluble in the acidic solution. In the strong acidic
medium, the surface becomes less well defined allowing incorporation of cobalt ions deep
into the SiO, support structure. This incorporation would account for the increased cobalt
silicate formation. Table 3.19 shows the hydrogen to cobalt molar ratios obtained during the
TPR runs. The total ratio was far higher for Co/SiO; at 1.346 than for the nitric acid catalyst
Co/1/810,, which gave a total ratio of 1.280. The smaller ratio indicates that more cobalt is

supported as divalent cobalt at the lower pH of impregnation.

The influence of nitric acid addition on the MnO supported cobalt nitrate prepared catalyst
can be seen in Figure 3.42 (B). The lower pH is expected to increase the ease of reducibility
of the cobalt on the support by decreasing the interaction between support and cobalt ions
during impregnation. This decreased interaction is expected due to the net positive charge of
the support at lower pH’s resulting in repulsion between surface and Co®" ions. The
Co(4)/MnQ catalyst was impregnated at a pH of 4 following nitric acid addition to the
impregnation solution. The TPR spectra for Co/MnO and Co/4/MnQO showed reduction
profiles. The reduction spectrum for Co/MnO consisted of two large peaks between 150°C
and 450°C, as well as a broad shoulder from 450°C to 820°C. Table 3.19 showed that the
total hydrogen to cobalt molar ratio increased from 3.361 to 3.684. This increase was not
isolated to one peak, but was seen to occur at every reduction step. Consequently the
hydrogen to cobalt molar ratio below 400°C increased from 1.968 to 2.226. The hydrogen
consumption during this reduction was too high to have resulted from cobalt reduction alone,
but was due in part to the reduction of the oxidised support material. The two peaks were

attributed to either the two step reduction pathway of Co3;0, to metallic cobalt, or to the
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reduction of divalent cobalt as well as reduction of the MnO support. The only way the two
peaks could result from Co304 reduction would be if this reduction was superimposed over
reduction of the oxidised MnO support. It is more likely that the first peak results from the
reduction of cobalt oxide, with the second peak attributable to the reduction of the MnO
support. The broad shoulder resulted from the interaction between cobalt and support, as well

as the reduction of the oxidised MnO support material.
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Figure 3.42. Effect of the pH of the impregnation solution on supported cobalt nitrate

reducibility for (A) Co/1/S10; and (B) Co/4/MnO.
(mgy ~ 0.15g, heating rate = 10°C/min, reducing gas = 60(NTP)ml/min 5% H, in N,,)
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The second peak shows a high temperature shoulder. The numerous stages of reduction
observed may result from oxidation of MnO to several oxidation states during preparation
and calcination. During preparation, the nitric acid is known to oxidise the support resulting
in a reduction peak as illustrated in Figure 3.4. As no nitric acid was added to the Co/MnO
catalyst and enhanced hydrogen consumption was observed, the. decomposition of the
precursor must oxidise the MnO support as well. These two factors may oxidise the MnO to
different extents, resulting in at least two higher oxidation states of MnO, possibly Mn;0;
and MnO;. As a result the TPR spectrum for Co/4/MnO shows hydrogen consumption

associated with this oxidation as the manganese shifts back to its oxidation state.

Table 3.19. Effect of the addition of acid to the impregnation solution on hydrogen
consumption during TPR for Co/1/810,, Co/4/MnO and Co(A)/4/S10,.

Support Precursor pH H;:Corotal H;:Co<anoec
Si0O, Nitrate 5.8 1.346 0.457
Nitrate 1 1.280 0.435
Si0, Acetate 6.5 1.021 0.109
Acetate 4 1.141 0.232
MnO Nitrate 6.2 3.361 1.968
Nitrate 4 3.684 2.226

The effect of acetic acid addition to the impregnation solution was investigated on the SiO;
supported cobalt acetate catalyst, Co(A)/S10,. Glacial acetic acid was added adjusting the pH
to 4. The aim of the acid addition was to reduce the strong electronic interaction between the
negatively charge support and the Co®" ions in solution. Figure 3.1 indicated that the net
surface charge on the SiO, support was approximately zero at a pH of 4 as opposed to
strongly negative at a pH of 6.5. Figure 3.43 shows the effect of acetic acid addition to the
impregnation solution on the reducibility of cobalt acetate supported on SiO,. The TPR
spectrum for Co(A)/SiO, was characterised by the presence of a low temperature peak with a
maximum at 400°C, and a high temperature cobalt silicate peak with a maximum at a

temperature of 790°C. The addition of acid resulted in the spectrum for Co(A)/4/S10,.
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Figure 3.43. Effect of the pH of the impregnation solution on supported cobalt acetate
reducibility for Co(A)/4/S10,.
(Mg ~ 0.15g, heating rate = 10°C/min, reducing gas = 60(NTP)ml/min 5% H, in N,,)

3.2.4.1.1 Extent of Supported Cobalt Reduction

Figure 3.44 illustrates two TPR spectra for the catalyst formed through acid addition to the
impregnation solution. Figure 3.44 (A) and (B) correspond to acid addition for cobalt nitrate
and cobalt acetate impregnation on SiO; respectively, while (C) refers to nitric acid addition
during cobalt acetate impregnation on MnQO. The first spectrum entitles ‘calcined’
corresponds to the pretreatment consisting of a calcination step of 1 hour in N, at 400°C to
decompose the precursor. The second spectrum entitled ‘reduced’ illustrates the TPR profile
following activation of the catalyst by reduction in a 5% H, in N, gas mixture. The reduction
pretreatment was the same applied to the catalyst as an activation procedure prior to loading
into the reactor for Fischer-Tropsch synthesis. By comparison of the two spectra, information
on the extent of reducibility of cobalt supported on SiO, (A), ZnO (B) and MnO (C) was
obtained after lowering the pH of impregnation solution. The presence of acetic acid caused
the low temperature peak to shift to a lower temperature with a maximum at 370°C. The
formation of reducible species between 450°C and 600°C resulted from the addition of acetic
acid. The increased ease of reducibility experienced for the Co(A)/4/SiO, catalyst was
expected due to the decreased interaction between the SiO, surface and cobalt ions as a result

of a net neutral charge on the support surface.
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Figure 3.44. Evaluation of the extent of reduction of supported cobalt after reduction at
400°C for 16 hours for (A) Co/1/510;, (B) Co(A)/4/S10, and (C) Co/4/MnO.
(mey ~ 0.15g, heating rate = 10°C/min, reducing gas = 60(NTP)ml/min 5% H, in N,,)
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The acid addition was accompanied by an increased total hydrogen to cobalt molar ratio as
seen in Table 3.20. The total ratio increased from 1.021 for Co(A)/SiO; to 1.141 for
Co(A)/4/Si0,, while the ratio for reduction below 400°C increased from 0.109 for
Co(A)/Si0, to 0.232 for Co(A)/4/Si0,. Consequently the presence of acetic acid lowered the
pH of the impregnation solution resulting in a small decrease in interaction between support
and cobalt. The net result was an increased formation of Co304 on the support, as the overall
hydrogen to cobalt molar ratio increased. Reduction at 400°C had a marked effect upon the
TPR spectrum obtained for all three catalysts. The hydrogen consumption for the reduced
Co/1/810; catalyst resulted predominantly from surface reoxidation of the exposed cobalt
metal atoms on the support. The remaining consumption took place in a broad high
temperature peak (>600°C). The cobalt responsible for this reduction region was present on
the SiO; support as cobalt silicate, a specie whose formation dramatically inhibits the extent
of reduction obtained for cobalt supported on SiO,. The calculated extent of reduction for the

Co/1/Si0; catalyst was 58.8%.

Table 3.20. TPR hydrogen consumption data for evaluation of the extent of reduction of

supported cobalt for Co/1/S10,, Co(A)/4/S10; and Co/4/MnO.
(mass cat ~ 0.15g, heating rate = 10°C/min, Reducing gas = 60ml(STP)/min 5% H, in N,)

H,:Co H,:Co Extent of
Catalyst Pretreatment
Total <400°C Reduction (%)
_ Calcination 1.280 0.435
Co/1/8i0, ) 58.8
Reduction 1.001 0.588
_ Calcination 1.141 0.232
Co(A)/4/810, ) 1.6
Reduction 1.129 0.018
Calcination 3.684 2.226
Co/4/MnO 21.1
Reduction 1.696 0.789

Figure 3.44 (B) indicates that reduction of the Co(A)/4/Si0O; for 16 hours at 400°C has
resulted in the elimination of all cobalt species reducible below 400°C. The reduced TPR run
contained a single high temperature peak characteristic of extensive cobalt silicate formation.

Consequently very little of the cobalt was present on the surface as zerovalent metal, yielding
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an extent of reducibility of 1.6%.

Reduction of Co/4/MnO at 400°C resulted in a TPR spectrum with a double humped low
temperature peak complete by 400°C, as well as a broad hydrogen consumption band present
in the calcined TPR spectrum as well from 430°C to 800°C. The high temperature region was
attributed to the reduction of cobalt interacting with the MnO support, as well as reduction of
the support. The low temperature reduction results from surface reoxidation of cobalt. The

extent of reduction was calculated to be 21.1%.

3.2.4.2 Hydrogen Chemisorption

Table 3.21 shows the results obtained from the hydrogen chemisorption measurements
performed on the Co/1/Si0,, Co(A)4/SiO; and Co/4/MnO catalysts prepared by nitric or
acetic acid addition.. The Co/1/SiO; catalyst had a exposed metal surface area of 2.50 m%/g
compared to 3.18 m?/g obtained for the base case Co/SiO; catalyst. Thus the addition of acid
decreased the metal surface area of the catalyst. The addition of acid lowered the extent of
reduction of supported cobalt from 80.3% for Co/SiO; to 58.8% for Co/1/Si0,. The
combination of surface area and extent of reduction resulted in a slightly higher dispersion
and smaller cobalt crystallite sizes following preparation in nitric acid. The reversibility

dropped from 65.8% to 56.1% with nitric acid addition to the impregnation solution.

No meaningful results were obtained for the Co(A)/4/Si0, catalyst prepared by acetic acid

addition during cobalt acetate impregnation on SiO,.

Nitric acid addition during cobalt nitrate impregnation on MnO yielded the Co/4/MnO
catalyst. The acid addition improved the extent of reduction of the supported cobalt, leading
to an improved metal surface area. The lower acid addition also increased the cobalt
dispersion from 2.06% to 5.60%, while decreasing the cobalt crystallite size from 46.6 nm to
17.2 nm.
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Table 3.21. Surface area, dispersion, particle diameter and hydrogen adsorption
reversibility for Co/1/Si0;, Co(A)/4/Si0, and Co/4/MnO.

Catalyst Surface Area Dispersion Crystallite Size ~ Reversibility
(m’/g) (%) (nm) (%)
Co/1/Si0; 2.50 7.15 35 56.1
Co(A)/4/S810, - - - -
Co/4/MnQO 0.70 5.60 17.2 47.3

3.2.4.3 Transmission Electron Microscopy

The pH of the solution did not have any noticeable effect on the physical properties of the
three catalysts prepared. For this reason, these photographs have been placed in Appendix IV

for perusal.

3.2.4.4 Fischer Tropsch Synthesis

The effect of the change in pH through acid addition during preparation of the catalysts was
tested under Fischer Tropsch conditions in order to obtain activity and selectivity data
necessary for performance characterisation. The synthesis was carried out at a temperature of
200°C and a pressure of 5 bar. The activity was measured in terms of the hydrocarbon yields

obtained from the gas chromatograph analysis of the organic products.
3.2.4.4.1 SiO; as a Support
The effect of the pH of the impregnation solution was studied by lowering the impregnation

pH of the cobalt nitrate and cobalt acetate prepared SiO, catalysts with nitric acid and acetic

acid respectively.
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3.2.4.4.1.1 The Effect of Nitric Acid Addition

The change of pH during impregnation had a minor effect on the performance of the SiO,
supported catalyst under Fischer-Tropsch synthesis conditions. The yield of total organic
product dropped from 5.67% to 5.41% when the pH of the final impregnation solution was
changed from 5.8 to 1. Table 3.22 also shows the rate per square metre of exposed cobalt on
the surface. The Co/1/SiO, catalyst gave a higher rate of 4.65x10~ mmol/m%c,/min compared
to a rate of 4.12x10 mmol/m?c,/min over Co/SiO,. These rates corresponded to dispersions
of 7.15% and 6.66%. Iglesia [1997] stated that the turnover rate was not a function of cobalt
dispersion. This seems to hold true on SiO; following nitric acid addition as the dispersion
increased in proportion to the increase in rate per exposed cobalt area. In terms of yield, the
Co/SiO; catalyst was only slightly more active than the Co/1/S10; catalyst. This result
corresponds to the amount of exposed cobalt on each catalyst as well as the hydrogen

adsorption reversibility.

Table 3.22.  Effect of the pH of impregnation solution on the activity and selectivity of
cobalt nitrate on SiOs.
(mg ~ lg, T=200°C, P=5bar,H,: CO=2: 1, WHSV = 0.34gc0/gca.hr)

Catalyst Co/S10, Co/1/810;
Reaction Time 14 hr 50 16 hr 34
Yield of volatile organics (%) 5.67 5.41
Sci+c2 (carbon%) 14.97 18.87
0LCa-Cl1 0.78 0.78
rhc .10° (mmol/m?co/min) 4.12 4.65

Cs Composition (%)

3-methyl-1-butene 0.60 0.42
2-methyl-butane 0.84 0.66
1-pentene 56.31 60.45
2-methyl-1-butene 0.00 0.07
n-pentane 28.26 28.87
trans-2-pentene 8.23 5.26
cis-2-pentene 5.61 4.09

2-methyl-2-butene 0.15 0.18
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The selectivity to the Ci+, fraction on a carbon percent basis was higher for Co/1/SiO;
compared to the Co/SiO; catalyst, rising from 14.97% to 18.87%.

The Cs compositions for the Co/SiO; and Co/1/SiO; catalysts show small differences. The
branched fraction were similar at 1.59% for Co/SiO, and 1.24% for Co/1/810,. The most
notable feature of the Co/1/SiO; catalyst is the marginally higher fraction of the primary
reaction product, the a-olefin, formed. For the acid prepared catalyst, the a-olefin comprised
60.45% of the Cs fraction as opposed to 56.31% for the Co/SiO, catalyst. The lower a-olefin
percent over Co/SiO, resulted from increased secondary reaction to linear B-olefins and

branched paraffins and olefins. The n-paraffin content of both catalysts were the same.

The chain growth probabilities were calculated from the slope of the Anderson-Schulz-Flory
(ASF) distribution illustrated in Figure 3.45 for both catalysts. The slopes were parallel,
yielding chain growth probabilities, o, of 0.78 for both Co/SiO, and Co/1/S10, respectively.
Thus the change in pH seemed to have no effect on the termination rate of the growing chain.
Deviation in the ASF plots occurred for products larger than the C,; fraction. The growth
probability of the Co/1/S10; catalyst dropped off dramatically from the C,, fraction onwards.
The chain growth probability for Co/SiO, rose slightly above one at C;s due to wax trap
bleeding.
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Figure 3.45. Effect of the pH of impregnation solution on the Anderson-Schulz-Flory
distribution for cobalt nitrate on SiO,.
(Mg ~ 1g, T=200°C, P =5bar, H, : CO=2:1, WHSV = 0.34gc0/gca.hr)
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Figure 3.46 shows the rate of formation of the total organic product for the Co/SiO, and
Co/1/Si0; catalysts. The rate was calculated according to the procedure presented in
Appendix III. The rates are given on a per gram of catalyst basis, allowing direct comparison.
The rate of formation is a measure of the activity of the catalyst, thus the rate parallels the
yield measurements from Table 3.22. Figure 3.46 shows that as the carbon number increases
for each catalyst, the rate of formation decreases. The polymerisation behaviour of the
Fischer-Tropsch reaction results in long hydrocarbon chains via a growing alkyl chain on the
catalyst. Consequently as the carbon number increases the rate of formation of each
successively higher carbon number fraction decreases as illustrated. The only difference in
the rate of formation between the catalysts was seen in the C; and C, fraction which were

grouped as C;, where the Co/S10; catalyst showed a higher formation rate.
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Figure 3.46. Effect of the pH of impregnation on the total organic formation rate for cobalt
nitrate on SiO,.
(Mg ~ 1g, T =200°C, P =5 bar, Hy : CO=2: 1, WHSV = 0.34gc0/geo.hr)

The olefinicity of the linear organic product is shown in Figure 3.47 for the Co/SiO, and
Co/1/810; catalysts. The total linear olefin fraction was made up from the o-olefin content
and the B-olefin content of the Cs fraction. The selectivity to linear olefins of the two
catalysts were similar for the full range of carbon numbers, indicating similar growth
probabilities as the profiles in Figure 3.47 were approximately parallel. In Table 3.22 the Cs

product breakdown was given for each catalyst. The linear olefin fractions were 70.15% and
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69.80% for the Co/SiO, and Co/1/Si0; catalysts respectively. The linear olefin fraction was
consistently higher for Co/SiO; up to the Cy fraction, above which, the linear olefin fraction

of the Co/1/Si0, catalyst was higher but only marginally so.
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Figure 3.47. Effect of the pH of impregnation solution on the olefin fraction of the linear

organic product for cobalt nitrate on SiOs.
(Mgy ~ 1g, T=200°C, P = 5 bar, H, : CO =2 : 1, WHSV = 0.34gc0/geahr)

Table 3.22 shows the breakdown of the total linear olefin content of the Cs fraction for
Co/Si0; and Co/1/Si0O, respectively. The total linear olefin content is split up between the a-
olefin content and the B-olefin content. The B-olefin fraction is made up of the cis and trans
2-pentene products. The a-olefin fraction of the linear olefins is illustrated in Figure 3.48 for
Co/S10; and Co/1/Si0;. The a-olefin fraction of the total organic product was 60.45% for the
Co/1/S10; catalyst, and 56.31% for the Co/SiO; catalyst. This meant that the a-olefin made
up 86.60% and 80.27% of the linear olefin product over Co/1/Si0, and Co/SiO, respectively.
The a-olefinicity of the linear olefin product formed over the Co/1/SiO; catalyst is higher
than the Co/SiO; catalyst for the complete carbon number range. The largest difference
occurs from the C; to Cy fractions where the difference is approximately 16%. The difference
in the overall linear olefin fraction of the linear organic product for the two catalysts was only

4% for the same carbon number range. This indicates that the acid addition during
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impregnation alters the catalyst surface resulting in a decreased rate of secondary reaction
resulting in less branched product and less secondary linear olefins. The B-olefin content of

the Cs fraction dropped from 13.84% for Co/SiO; to 9.35% for the Co/1/S10; catalyst.
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Figure 3.48. Effect of the pH of impregnation solution on the a-olefin fraction of the linear

olefins for cobalt nitrate on SiO,.
(M ~ 1g, T=200°C, P =5 bar, H, : CO=2: 1, WHSV = 0.34gc0/g.a.hr)

3.2.4.4.1.2 The Effect of Acetic Acid Addition

Glacial acetic acid was used to lower the pH of the impregnation solution for the preparation
of cobalt acetate on S10,. As acetic acid is a weak acid, the lowest achievable pH was 4. The

catalyst prepared in the presence of acetic acid was named Co(A)/4/Si0,.

The change of pH during impregnation had a major effect on the performance of the SiO,
supported catalyst under Fischer-Tropsch synthesis conditions. Table 3.23 gives information
on the yield, C.; selectivity, the chain growth probability and the product breakdown of the
Cs fraction for the Co(A)/SiO, and Co(A)/4/Si0; catalysts. The yield of total organic product
increased from 0.24% to 0.46% when the pH of the final impregnation solution was changed

from 6.5 to 4. Thus the Co(A)/4/Si0, catalyst was more than twice as active as the
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Co(A)/SiO, catalyst. This result is in agreement with the TPR findings, where the
Co(A)/4/Si0; catalyst had a higher hydrogen to cobalt molar ratios for reduction below
400°C than the Co(A)/SiO,, resulting in a larger fraction of cobalt on the surface in the active
zerovalent form. As no chemisorption data was obtained for Co(A)/4/S10,, no comparisons

between metal surface area, dispersion or rate per exposed cobalt area could be made.

Table 3.23.  Effect of the pH of impregnation solution on the activity and selectivity of

cobalt acetate on Si10,.
(Dgae ~ 1g, T =200°C, P = 5 bar, H; : CO =2 : 1, WHSV = 0.34gc0/gca.hr)

Catalyst Co(A)/S10, Co(A)/4/810,
Reaction Time 13 hr 31 23 hr 40
Yield of volatile organics (%) 0.24 0.46
Sci+c2 (carbon%) 63.98 35.70
aca-C11 0.75 0.84

ric .10° (mmol/m’co/min) 4.52 -

Cs Composition (%)

3-methyl-1-butene 0.28 0.26
2-methyl-butane 0.40 0.45
1-pentene 36.19 41.27
2-methyl-1-butene 0.00 0.00
n-pentane 32.34 32.36
trans-2-pentene 16.88 14.87
cis-2-pentene 10.91 9.28
2-methyl-2-butene 3.00 1.51

The Ci4; selectivity on a carbon percent basis dropped dramatically from 63.98% to 35.70%
as a result of the lower impregnation pH. The Cs compositions for the Co(A)/SiO, and
Co(A)/4/810; catalysts show small differences. The branched fraction were decreased upon
acid addition from 3.68% for Co(A)/SiO; to 2.22% for Co(A)/4/SiO,. The Cs o-olefin
content of Co(A)/4/SiO, was marginally higher at 41.27% as opposed to 36.19% for the
Co(A)/S10, catalyst. The higher o-olefin percent over Co(A)/4/SiO; coincided with a

decrease in secondary reactions to linear $-olefins and branched paraffins and olefins. The n-



Chapter 3 — Results 143

paraffin content of both catalysts were the same, indicating comparative hydrogenation

activities.

The chain growth probabilities were calculated from the slope of the Anderson-Schulz-Flory
(ASF) distribution illustrated in Figure 3.49 for both catalysts. The product spectrum of the
Co(A)/4/S10, catalyst gave a product with a higher largest carbon number. The Co(A)/Si0,
catalyst showed such poor activity that the product spectrum could only be analysed up to the
Co fraction. The slopes of the ASF plots differed considerably yielding chain growth
probabilities, o, of 0.75 and 0.84 for Co(A)/SiO; and Co(A)/4/S10; respectively. Thus the
change in pH seemed to have a dramatic effect on the termination rate of the growing chain.
This was probably more a result of the poor activity of the Co(A)/Si0, catalyst than a

defining characteristic of acid addition.
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Figure 3.49. Effect of the pH of impregnation solution on the Anderson-Schulz-Flory

distribution for cobalt acetate on Si0;.
(Meat ~ 1g, T =200°C, P =5 bar, H, : CO =2 : 1, WHSV = 0.34gc/geahr)

Figure 3.50 shows the rate of formation of the total organic product for the Co/SiO; and
Co/1/8i0; catalysts.. The rate was calculated according to the procedure presented in
Appendix III. The rates are given on a per gram of catalyst basis, allowing direct comparison.

The rate of formation is a measure of the activity of the catalyst, thus the rate parallels the
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yield measurements from Table 3.23. Figure 3.50 illustrates the rate of formation as a
function of carbon number. The diagram is deceiving as the formation rate of Co(A)/4/S10; is
almost double that of Co(A)/Si0,, however as organic yields are so small over both catalysts,

little definition is visible in Figure 3.50.
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Figure 3.50. Effect of the pH of impregnation solution on the total organic formation rate
for cobalt acetate on Si0;.
(Mg ~ 1g, T=200°C, P =5 bar, H, : CO =2 : 1, WHSV = 0.34g0/gce.hr)

The olefinicity of the linear organic product is shown in Figure 3.51 for the Co(A)/SiO; and
Co(A)/4/S10; catalysts. The total linear olefin fraction was made up from the a-olefin content
and the B-olefin content of the Cs fraction. The selectivity to linear olefins of the two
catalysts differed by about 5% with the acid catalyst showing higher olefinicity except in the
Cs and Cs fractions where they were equal. In Table 3.23 the Cs product breakdown was
given for each catalyst. In the Cs fraction, the linear olefin fractions comprised 65.42% and
63.98% of the total organic product for the Co(A)/SiO, and Co(A)/4/Si0O, catalysts

respectively.
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Figure 3.51. Effect of the pH of impregnation solution on the olefin fraction of the linear
organic product for cobalt acetate on SiO,.
(Mey ~ 1g, T=200°C,P =5 bar, H, : CO=2: 1, WHSV = 0.34gc0/g.q.h1r)

Table 3.23 shows the breakdown of the total linear olefin content of the Cs fraction for
Co(A)/Si10; and Co(A)/4/Si0, respectively. The total linear olefin is made up from the -
olefin content and the B-olefin content of the Cs fraction. The B-olefin fraction is made up of
the cis and trans 2-pentene products. The a-olefin fraction of the linear olefins is illustrated in
Figure 3.52 for Co(A)/SiO; and Co(A)/4/SiO,. The a-olefin fraction of the total organic
product was 41.27% for the Co(A)/4/Si0; catalyst, and 36.19% for the Co(A)/SiO; catalyst.
These percentages translated into 63.08% and 56.56% of the linear olefin product
respectively. The a-olefinicity of the linear olefin product formed over the Co(A)/4/Si0O,
catalyst was higher than for the Co(A)/SiO; catalyst for the complete carbon number range.
However the overall linear olefin content was higher for the Co(A)/Si10; catalyst than for the
Co(A)/4/S10; catalyst. This indicates that the acid addition during impregnation alters the
catalyst surface resulting in a decreased rate of secondary reaction. This results in the
formation of less branched products and less secondary linear olefins over the acid prepared
catalyst. To illustrate this, the B-olefin content of the C¢ fraction dropped from 39.44% for
Co(A)/S10; to 33.03% for the Co(A)/4/SiO, catalyst. Lower secondary reaction activity

coincided with increased activity. It is possible that the SiO, surface promotes secondary
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activity, and as the cobalt crystallites become more substantial, the support plays less of a

role.
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Figure 3.52. Effect of the pH of impregnation on the a-olefin fraction of the linear olefins

for cobalt acetate on SiO,.
(Mg~ 1g, T=200°C,P =5bar, H,: CO=2:1, WHSV = 0.34gc0/gca.hir)

3.2.4.4.2 MnO as a Support

The change of pH during impregnation had a minor effect on the selectivity of the MnO
supported catalyst under Fischer-Tropsch synthesis conditions, but had a marked effect upon
the catalyst activity. The catalyst prepared in nitric acid was called Co/4/MnQO as the final pH
of the impregnation solution was 4. Table 3.24 shows the FT reaction results for Co/4/MnO
and Co/MnO. The yield of total organic product increased from 0.18% to 0.46% when the pH
of the final impregnation solution was lowered from 7.1 to 4. Thus the Co/4/MnO catalyst
was 2.5 times more active than the Co/MnO catalyst. This result is in agreement with the
hydrogen chemisorption findings, where the exposed cobalt metal surface area was seen to
double from 0.35 m%/g for Co/MnO to 0.70 m%/g for Co/4/MnO. The dispersion also

increased from 2.06% to 5.60%. These two factors together combine to give a larger fraction
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of cobalt on the surface in the active zerovalent form. Although the overall yield increased
with acid addition, the rate of carbon monoxide consumption per square metre of exposed
cobalt was similar at 1.13x10” mmol/m°c,/min and 1.44x107 mmol/m"'c(,/min for Co/MnO
and Co/4/MnO respectively. This indicates that the acid has enhanced the amount of exposed
cobalt without significantly altering the activity per site, as observed following nitric addition
during cobalt nitrate impregnation on SiOs.

The C,+; selectivity on a carbon percent basis was increased for Co/4/MnO compared to the

Co/MnO catalyst, rising from 27.52% to 33.53%.

Table 3.24.  Effect of the pH of impregnation solution on the activity and selectivity of

cobalt nitrate on MnO.
(Mg~ 1g, T=200°C, P =5 bar, H,: CO=2:1, WHSV = 0.34gc0/g,.hr)

Catalyst Co/MnO Co/4/MnQO
Reaction Time 22 hr 30 22 hr 25
Yield of volatile organics (%) 0.18 0.46
Sc1+c2 (carbon%) 27.52 33.53
AcaCll 0.76 0.76
THC 10° (mmol/mz(;o/min) 1.13 1.44
Cs Composition (%)

3-methyl-1-butene 0.80 0.72
2-methyl-butane 1.87 2.36
1-pentene 50.60 52.90
2-methyl-1-butene 0.00 0.00
n-pentane 30.09 32.18
trans-2-pentene 9.76 7.23
cis-2-pentene 6.21 4.33
2-methyl-2-butene 0.67 0.29

The Cs compositions for the Co/MnO and Co/4/MnO catalysts show small differences. The
branched fraction were similar at 3.34% for Co/MnO and 3.37% for Co/4/MnQ. The
Co/4/MnQ catalyst showed increased hydrogenation activity, resulting in a n-paraffin fraction
of 32.18%, an increase from the 30.09% of the Co/MnQ catalyst. This increased

hydrogenation activity was accompanied by slightly increased «-olefin formation and
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decreased secondary isomerization of the growing chain to cis and trans 2-pentene. For the
acid prepared catalyst, the o-olefin comprised 52.90% of the Cs fraction as opposed to
50.60% for the Co/MnO catalyst. This difference is negligible.

The chain growth probabilities were calculated from the slope of the Anderson-Schulz-Flory
(ASF) distribution illustrated in Figure 3.53 for both the Co/MnO and Co/4/MnO catalysts.
The slopes were parallel, yielding chain growth probabilities, a, of 0.76 for both Co/MnO
and Co/4/MnO catalysts respectively. Thus the change in pH seemed to have no effect on the
termination rate of the growing chain. This was observed over SiO, as well. The C; fraction
for the Co/MnO catalyst was unexpectedly low, a result of an error in gas chromatograph

sensitivity.
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Figure 3.53. Effect of the pH of impregnation solution on the Anderson-Schulz-Flory

distribution for cobalt nitrate on MnO.
(Mg~ 1g, T=200°C,P=35bar, H, : CO=2: 1, WHSV = 0.34g¢0/gca.hr)

Figure 3.54 shows the rate of formation of the total organic product for the Co/MnO and
Co/4/MnO catalysts. The rate was calculated according to the procedure presented in
Appendix III. The rates are given on a per gram of catalyst basis, allowing direct comparison.
The rate of formation is a measure of the activity of the catalyst, thus the rate parallels the

yield measurements from Table 3.24. Figure 3.54 indicates that the lower pH resulted in an
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increased formation rate, particularly for the C+, fraction. This result parallels the exposed
metal surface area measurement from hydrogen chemisorption, with increased activity

deriving from a greater number of exposed active sites.
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Figure 3.54. Effect of the pH of impregnation solution on the total organic formation rate

for cobalt nitrate on MnO.
(Meat ~ 1g, T =200°C, P =5 bar, Hy: CO =2 : 1, WHSV = 0.34gc0/geshr)

The olefinicity of the linear organic product is shown in Figure 3.55 for the Co/MnO and
Co/4/MnO catalysts. The linear olefin product comprised the a— and f—olefin fractions. The
selectivity to linear olefins for the two catalysts were similar for the full range of carbon
numbers, except for the Cg fraction, where the linear olefin content was higher. In Table 3.24
the Cs product breakdown was given for each catalyst. The linear olefin fractions made up
66.57% and 64.46% of the total organic product in the Cs fraction for the Co/MnO and
Co0/4/MnO catalysts respectively.
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Figure 3.55. Effect of the pH of impregnation solution on the olefin fraction of the linear

organic product for cobalt nitrate on MnO.
(e ~ 1g, T=200°C, P =5 bar, Hy : CO =2 : 1, WHSV = 0.34gco/geqehr)

Table 3.24 shows the breakdown of the total linear olefin content of the Cs fraction for
Co/MnO and Co/4/MnO respectively. The total linear olefin content is split up between the
a-olefin content and the B-olefin content. The B-olefin fraction is made up of the cis and trans
2-pentene products. The a-olefin fraction of the linear olefins is illustrated in Figure 3.56 for
Co/MnO and Co/4/MnO. The a-olefin fraction of the total organic product was 52.90% for
the Co/4/MnO catalyst, and 50.60% for the Co/MnO catalyst. The a-olefin fraction made up
82.07% and 76.01% of the linear olefin product formed over the Co/4/MnQO and Co/MnO
catalysts respectively. The a-olefinicity of the linear olefin product formed over the
Co/4/MnO catalyst was higher than that of the Co/MnO catalyst for the complete carbon
number range, except for the C;; fraction where a switch occurred. The fact that the a-olefin
content was higher for the acid treated catalyst while the linear olefin content of the catalyst
remained the same for the two catalysts indicates that the addition of acid to the impregnation

solution slightly suppressed the secondary isomerization of a-olefins to f-olefins.
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decreased from 2 to 0 days. At the same time the overall hydrogen to cobalt molar ratio
decreased from 1.346 to 1.124. This change indicates that a greater proportion of cobalt is
present on Co/0/Si0, in divalent form compared to the trivalent form predominant on the

Co/S10; catalyst.

Table 3.25.  Effect of the impregnation solution contact time on hydrogen consumption
during TPR for cobalt nitrate impregnated onto SiOs.

Support Precursor pH H,:Cototi H>:Co<ooec
SiO, Nitrate 5.8 1.346 0.457
Nitrate 4.8 1.124 0.298

3.2.5.1.1 Extent of Supported Cobalt Reduction

Figure 3.26 illustrates two TPR spectra for the catalyst formed through impregnation of
cobalt nitrate on SiO, without any equilibration time. The first spectrum entitles ‘calcined’
corresponds to a pretreatment consisting of a calcination step of 1 hour in N, at 400°C to
decompose the precursor. The second spectrum entitled ‘reduced’ illustrates the TPR profile
following activation of the catalyst by reduction in a 5% H; in N, gas mixture. The reduction
pretreatment was the same applied to the catalyst as an activation procedure prior to loading
into the reactor for Fischer-Tropsch synthesis. By comparison of the two spectra, information

on the extent of reducibility of Co/0/S10; was obtained.
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Figure 3.58. Evaluation of the extent of reduction of Co/0/S10, after reduction at 400°C for

16 hours.
(mg, ~ 0.15g, heating rate = 10°C/min, reducing gas = 60(NTP)ml/min 5% H, in N,,)

Table 3.26 shows hydrogen consumption data associated with the TPR runs illustrated in
Figure 3.58. The ‘reduced’ TPR spectrum consisted of a major low temperature peak
(maximum at 220°C) and a broad high temperature region of reduction between 600°C and
900°C. The low temperature peak arose from surface reoxidation of zerovalent cobalt
exposed to the atmosphere, while the high temperature reduction region was attributed to the
presence of cobalt silicates that resulted in the loss of active phase (zerovalent) cobalt. The
extent of reduction calculated for Co/0/SiO, was 62.7%, lower than the 80.3% obtained with
Co/S10,.

Table 3.26. TPR hydrogen consumption data for evaluation of the extent of reduction of

supported cobalt for Co/0/SiO,.
(mass cat ~ 0.15g, heating rate = 10°C/min, Reducing gas = 60ml(STP)/min 5% H, in N,)

H,:Co H,:Co Extent of
Catalyst Pretreatment )
Total <400°C Reduction (%)
Calcination 1.124 0.298
Co/0/S10, 62.7

Reduction 1.035 0.662
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3.2.5.2 Hydrogen Chemisorption

Table 3.27 gives the hydrogen chemisorption measurements for the Co/0/SiO, catalyst
prepared through cobalt nitrate impregnation onto SiO,, followed by immediate drying. As
minimal contact time was allowed between support and cobalt ions, no charge equilibration
of the impregnation solution took place. This lead to slight alterations in the nature of the
cobalt interaction with the SiO, as observed through TPR. These alterations were also seen
by means of hydrogen chemisorption. The smaller impregnation solution contact time
lowered the surface area of exposed cobalt metal on the support surface from 3.18 m%g to
2.91m?g. This decrease in metal surface area coincided with a slight decrease in the extent of
reducibility calculated using TPR from 80.3% to 62.7%. The reversibility increased from
65.8% to 70.2% indicating marginally higher interaction between support and cobalt. The
cobalt particle size was higher and the cobalt dispersion was lower for the smaller contact

time. The cobalt dispersion improved from 6.66% to 7.79%.

Table 3.27. Surface area, dispersion, particle diameter and hydrogen adsorption
reversibility for Co/0/SiO;.

Catalyst Surface Area Dispersion Crystallite Size  Reversibility
(m*/g) (%) (nm) (%)
Co/0/S10, 291 7.79 12.4 70.2

3.2.5.3 Transmission Electron Microscopy

No noticeable change in the TEM photograph was noticed, and consequently the TEM
photograph for Co(0)/SiO, can be viewed in Appendix IV.

3.2.5.4 Fischer Tropsch Synthesis

The influence of the length of contact time between impregnation solution and support was

tested under Fischer Tropsch conditions in order to obtain activity and selectivity data. The
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activity was measured in terms of the hydrocarbon yields obtained from the gas
chromatograph analysis of the organic products, as conversion measurements were
unreliable. The organic yield was calculated according to the procedure laid out in Appendix
1.

Table 3.28 shows the effect that the length of contact time had on the performance of the
SiO, catalyst. The yield of organic product dropped was 4.65% for small contact time
(Co/0/S10,), and 5.67% for a contact time of 2 days (CO/SiO;). The shorter contact time has
lowered the activity of the catalyst. This result is in agreement with the TPR results. The
Co/0/Si0; catalyst gave a lower hydrogen to cobalt molar ratio below 400°C than the
Co/Si0, catalyst, as well as an increased formation of cobalt silicates that confines cobalt to
an inactive form. This indicated that less cobalt was in the zerovalent form for the Co/0/SiO,

catalyst than for the Co/SiO; catalyst, resulting in lower activity.

Table 3.28.  Effect of the contact time between support and impregnation solution on the

activity and selectivity of cobalt nitrate on SiOs.
(Meae ~ 1g, T =200°C, P =5 bar, H, : CO=2: 1, WHSV = 0.34g¢0/geachr)

Catalyst Co/Si0O, Co/0/S10,
Reaction Time 14 hr 50 19 hr 52
Yield of volatile organics (%) 5.67 4.65
Sc1+c2 (carbon%) 14.97 15.28
Qlca-Cit 0.78 0.86
ric .10° (mmoV/m?cy/min) 4.12 3.38

Cs Composition (%)

3-methyl-1-butene 0.60 0.50
2-methyl-butane 0.84 1.01
1-pentene 56.31 56.00
2-methyl-1-butene 0.00 0.00
n-pentane 28.26 29.01
trans-2-pentene 8.23 8.07
cis-2-pentene 5.61 5.33

2-methyl-2-butene 0.15 0.07
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Hydrogen chemisorption and TPR data showed that the metal surface area and extent of
reduction were higher for Co/SiO; than for Co/0/S10,. This increased exposure of zerovalent
cobalt resulted in the higher activity of the Co/Si0; catalyst. The activity per exposed cobalt
surface area decreased from 4.12x107 mmol/mzco/min to 3.38x107° mmol/m2c°/mi11 with the

shorter contact time even though the dispersion improved.

The selectivity to the C;4, fraction on a carbon percent basis was higher for Co/0/SiO,

compared to the Co/SiO; catalyst, rising from 14.97% to 15.28%. This increase is marginal.

The Cs compositions for the Co/SiO, and Co/0/SiO, catalysts are almost identical. The
branched fraction were similar at 1.59% for Co/SiO, and 1.58% for Co/1/Si0O,. The n-
paraffin, a-olefin and B-olefin contents of both catalysts were also very similar with

Co/0/S10; giving a slightly more hydrogenated product.

The chain growth probabilities were calculated from the slope of the Anderson-Schulz-Flory
(ASF) distribution illustrated in Figure 3.59 for both catalysts. The chain growth
probabilities, o, were 0.78 and 0.86 for the Co/SiO, and Co/0/SiO, catalysts respectively.
Thus the change in impregnation solution contact time had a marked effect on the growth
probability of the growing chain with the shorter contact time resulting in an increase in the
growth probability. It is interesting that the increased growth probability did not coincide
with a change in product spectrum. It is logical to think that increased secondary reaction
would involve readsorption of a terminated chain prolonging the growth period and
increasing the o value. However this is not the case. One possible cause could be that catalyst
from a previous run had ended up in the wax trap. The temperature and liquid wax
environment would further the reaction of product formed over the catalyst bed increasing the

apparent growth probability.

A distinct change in the growth probability can be seen from C;; onwards for the Co/0/SiO,
catalyst. Huff and Satterfield [1984] noted a similar shift in growth probability, explaining it
in terms of the superimposition of two separate growth probabilities. They explained this in
terms of two types of sites available for CO hydrogenation on the SiO, surface, yielding

differing growth rates. This distinction in sites is unlikely though. An alternate explanation
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could be that the presence of a liquid film around the catalyst may inhibit diffusion of higher

molecular weight hydrocarbons, or that C,; or higher fractions are trapped in the wax trap.
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Figure 3.59. Effect of the contact time between impregnation solution and support on the

Anderson-Schulz-Flory distribution for cobalt nitrate on SiO,.
(Meac ~ 1g, T=200°C, P =5 bar, H, : CO =2 : 1, WHSV = 0.34g¢0/geqhr)

Figure 3.60 shows the rate of formation of the total organic product for the Co/SiO; and
Co/0/Si0; catalysts. The rate was calculated according to the procedure presented in
Appendix III. The rates are given on a per gram of catalyst basis, allowing direct comparison.
The rate of formation is a measure of the activity of the catalyst, thus the rate parallels the
yield measurements from Table 3.28. Figure 3.60 illustrates the rate of formation as a
function of carbon number. As the carbon number increases for each catalyst, the rate of
formation decreases. The rate of formation was higher over the Co/SiO; catalyst relative to

the Co/0/S10; catalyst coinciding with chemisorption measurements.
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Figure 3.60. Effect of the contact time between impregnation solution and support on the

total organic formation rate for cobalt nitrate on SiO;.
(Mg ~ 1g, T=200°C, P =5 bar, H: CO=2: 1, WHSV = 0.34gco/gca.hr1)

The olefinicity of the linear organic product is shown in Figure 3.61 for the Co/SiO, and
Co/0/S10; catalysts. The selectivity to linear olefins of the two catalysts were almost exactly
the same for the full range of carbon numbers, indicating similar growth probabilities as the
profiles in Figure 3.61 were approximately parallel. In Table 3.28 the Cs product breakdown
was given for each catalyst. The linear olefin fractions of the total organic product were
70.15% and 69.40% for the Co/SiO, and Co/0/SiO; catalysts respectively. Consequently the

length of contact time had no effect on the linear olefinicity of the organic product.
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Figure 3.61. Effect of the contact time between impregnation solution and support on the

olefin fraction of the linear organic product for cobalt nitrate on SiOs.
(mey ~ 1g, T =200°C, P =5 bar, Hy : CO=2: 1, WHSV = 0.34gc0/g,.hr)

Table 3.28 shows the breakdown of the total linear olefin content of the Cs fraction for
Co/Si0; and Co/1/S10, respectively. The total linear olefin content is split up between the a.-
olefin content and the B-olefin content. The B-olefin fraction is made up of the cis and trans
2-pentene products. The a-olefin fraction of the linear olefins is illustrated in Figure 3.62 for
Co/Si10; and Co/0/Si0,. The a-olefin fraction of the total organic product was 56.00% for the
Co/1/810; catalyst, and 56.31% for the Co/SiO, catalyst. This meant that the a-olefin
fraction of the linear olefin product over Co/0/SiO; and Co/SiO, were the same. Thus the
product spectrum remains unaltered as a result of a shorter contact time. This indicates that
the catalyst surfaces are identical in structure, and only differ in the availability of active sites

that affects the activity.
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Figure 3.62. Effect of the contact time between impregnation solution and support on the

o-olefin fraction of the linear olefins for cobalt nitrate on Si0;.
(Mea ~ 1g, T=200°C, P =5 bar, H, : CO=2: 1, WHSV = 0.34gc0/gea hr)

3.3 Time on Stream Behaviour

The time on stream behaviour of the Co/SiO,;, Co(A)/ZnO and Co(MED)/MnO were
evaluated by analysing the product at a short and long time on stream. The three catalysts

chosen included all three supports, each having different preparation conditions.

3.3.1 SiO, as a Support

The conversion was measured for the Co/SiO, catalyst using a Varian TCD gas
chromatograph. The exact values obtained in Figure 3.63 are not to be taken as absolute as
variations and irregularities were noted with the TCD gas chromatograph. However Figure
3.63 does illustrate the trends observed during Fischer-Tropsch synthesis over Co/SiO,. Of
most significance is the initial uptake of reactant at the beginning of the reaction. Reactant

uptake lasted approximately 55 minutes after which the catalyst reached a pseudo steady
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state. This steady state refers only to the activity, as the selectivity was still changing
dramatically. The activity of the catalyst dropped from a hydrocarbon yield of 7.37% at 51
minutes to 5.67% at 14hr50. This deactivation resulted from a combination of factors. The
first cause could be that the full product range was not completely established at 51 minutes.
Accordingly the fraction of higher molecular weight hydrocarbons at 51 minutes was smaller,
resulting in less product being trapped in the wax trap due to the lower boiling point of the
organic fraction. Thus at the 51 minutes, the yield measurement is probably a truer reflection
of the activity of the catalyst than at 14hr50 when more product would be trapped. The
second cause may be true deactivation resulting from the build up of heavier molecular
weight hydrocarbons in the pore structure. This would lead to diffusional constraints as well
as decreasing the accessibility of reactant to the active sites. A small amount of deactivation
may result from the presence of water reoxidizing active sites, however this is unlikely due to

the strong reducing capability of both hydrogen and carbon monoxide.

Figure 3.63 gives both the hydrogen and carbon monoxide conversions. The Fischer-Tropsch
mechanism requires that hydrogen consumption is either equal or greater than carbon
monoxide consumption. During the initial reactant uptake, carbon monoxide uptake may be
higher as the catalyst surface is already predominantly covered with hydrogen following the

activation in hydrogen prior to reaction.
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Figure 3.63. Time on stream activity for Co/Si0,. Cobalt nitrate supported on S10,.
(tgy ~ 1g, T = 200°C, P =5 bar, H, : CO =2 : 1, WHSV = 0.34g0/gea.hr)
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Figure 3.64 shows the variation in chain growth with time on stream. The chain growth
probability was largely unaffected, except at higher molecular weight hydrocarbons where
the chain growth probability was not maintained at small times on stream. Increased reaction
time allows an equilibrium to be formed for the product diffusion from the catalyst surface
through the liquid film surrounding the catalyst into the gaseous phase to be carried out in the
product line. The saturation of the catalyst with hydrocarbon is at this stage not fully realised.
As a result the rate of readsorption of product has not been fully established yielding a drop
in the ASF plot at high carbon numbers. After 51 minutes on stream, the product termination
probability was stable up to the C;; fraction indicating that this equilibrium was still

developing for higher molecular weight hydrocarbons.
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Figure 3.64. Time on stream behaviour of the Anderson-Schulz-Flory distribution for

Co/Si0,.
(Meat ~ 1g, T =200°C, P = 5 bar, H, : CO =2 : 1, WHSV = 0.34g0/geq.hr)

The time on stream behaviour of the olefin fraction of the total organic product is illustrated
in Figure 3.65. The olefin fraction consists of both the linear and branched olefin product.
The overall olefin selectivity was lower over the complete carbon number range for the
shorter time on stream. Figure 3.66 illustrates the ratio of the a-olefin to the n-paraffin at
each carbon number for the two times on stream. The longer time on stream of 14hr50

yielded a product richer in o-olefin relative to the hydrogenated product. The difference



Chapter 3 — Results 164

between the a-olefin and the n-paraffin arises in the termination step. The a-olefin forms
through hydrogen abstraction, while the n-paraffin results from the addition of hydrogen.
Figure 3.65 shows that at 51 minutes on stream, the hydrogenation reaction is more dominant
than after 14hr 50 resulting in the lower olefinicity of the organic product. Thus initially
hydrogen is more readily accessible than at later stages. This finding is explainable in terms
of the reduction prior to reaction. The catalyst was reduced at 400°C in a hydrogen

atmosphere. Hydrogen chemisorption indicated that the reversibility of hydrogen adsorption

was high over Co/SiO,.
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Figure 3.65. Time on stream behaviour of the total olefin fraction of the organic product for

Co/S10;. Olefin fraction includes linear and branched olefins.
(Mg ~ lg, T=200°C, P=5bar, H, : CO=2: 1, WHSV = 0.34gc0/g,.hr)

This would suggest that hydrogen remains on the active sites during transfer to the reactor, as
well as during the initial phase of reaction. Carbon monoxide and hydrogen compete for
active sites. If the active sites are predominantly covered with hydrogen at the start, then it
seems logical that carbon monoxide will begin to replace hydrogen due to the fact that CO
adsorbs more strongly on cobait. With time on stream the catalyst begins to favour the a-
olefin primary product due to the enhanced presence of CO on the active sites. The high
activity of the Co/Si0; catalyst results in this replacement taking place at a rapid rate. As this
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takes place, the catalyst becomes saturated with liquid product. This increases the diffusion
restrictions lowering the ease with which reactant reaches and product leaves the active sites.
The high activity allows this condition to take place quickly, and consequently will bring
about fast equilibration of reactant and product concentrations. For this reason, the product

spectrums and chain growth probabilities at 51 minutes and 14hr50 are quite similar already.
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Figure 3.66. Time on stream behaviour of the a-olefin to n-paraffin ratio of the organic

product formed over Co/SiO,.
(Mg ~ 1g, T =200°C, P =5 bar, H, : CO=2: 1, WHSV = 0.34go/gs.r)

3.3.2 ZnO as a Support

The carbon monoxide and hydrogen conversions were measured for the Co(A)/ZnO catalyst
and are illustrated in Figure 3.67. The most noticeable feature is the initial uptake of reactant
at the beginning of the reaction. Reactant uptake lasted approximately 1 hour after which the
catalyst reached a pseudo steady state. The activity of the catalyst dropped from a
hydrocarbon yield of 2.60% at 2hr31 to 2.45% at 15hr55. As was observed over Co/SiO,,
activity dropped with time on stream. After two and a half hours the yields were almost the
same. The deactivation observed resulted from a combination of factors as described for the

Co/Si10; catalyst. Figure 3.67 gives both the hydrogen and carbon monoxide conversions.
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The Fischer-Tropsch mechanism requires that hydrogen consumption is either equal or
greater than carbon monoxide consumption. During the initial reactant uptake, carbon
monoxide uptake was observed to be higher at certain stages as the catalyst surface is already

predominantly covered with hydrogen following the activation in hydrogen prior to reaction.
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Figure 3.67. Time on stream activity for Co(A)/ZnO.
(Mg ~ 1g, T=200°C, P =5 bar, H, : CO =2 : 1, WHSV = 0.34gc0/gcarhr)

The chain growth probability can be seen in the Anderson-Schulz-Flory plots in Figure 3.68.
After 2hr31 of reaction, the ASF plots are almost an exact match. This indicates that the
diffusion pathway of product away from the catalyst surface has fully established itself for
the hydrocarbon range up to at least C;s. In other words, the liquid organic film around the
catalyst particles is formed, and product and reactant diffusion rates have stabilised, and
settled at steady state values. As the concentration of products leaving is still changing with
time on stream due to alterations observed in the product selectivity, however these
differences would not upset the density of the surrounding mixture as the changes taking
place are specific to each carbon number, due to variations in the final termination product

with time on stream.
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Figure 3.68. Time on stream behaviour of the Anderson-Schulz-Flory distribution for

Co(A)/ZnO.
(Mg ~ 1g, T=200°C,P=15bar, H, : CO=2:1, WHSV =0.34gc0/gca-hr)

Figure 3.69 illustrates the behaviour of the total olefin fraction of the organic product with
time on stream. For the shorter time on stream of 2hr31, the total olefin fraction is
significantly lower than after reaction for 15hr55. Consequently the catalyst produces a more
hydrogenated product during the earlier stages of reaction. The secondary olefinicity as well
as the a-olefin selectivity increase with time on stream causing a lowering in hydrogenation

activity with longer times on stream.
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Figure 3.69. Time on stream behaviour of the total olefin fraction of the organic product for

Co(A)/ZnO. Olefin fraction includes linear and branched olefins.
(mey ~ 1g, T=200°C, P =5 bar, H, : CO=2: 1, WHSV = 0.34gco/g.a.hr)

Figure 3.70 shows the behaviour of the ratio of a-olefin to n-paraffin with variation in time
on stream. At 2hr31, the low time on stream, the ratio of a-olefin to n-paraffin is significantly
lower than at 15hrS5. This behaviour is attributed the still strong presence of hydrogen
adsorbed on the catalyst surface. As the catalyst activity is lower than that observed over
Co/Si0,, the transition from a predominantly hydrogen covered surface following reduction
to a carbon monoxide dominated surface will take place more slowly. During the first few
hours of reaction, the reactant exchange, as well as the reduction of oxidised cobalt surface

species may enhance the hydrogenation activity.
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Figure 3.70. Time on stream behaviour of the a-olefin to n-paraffin ratio of the organic

product formed over Co(A)/ZnO.
(Mg ~ 1g, T=200°C, P =5 bar, H, : CO=2: 1, WHSV = 0.34gc0/gca.hir)

3.3.3 MnO as a Support

The carbon monoxide and hydrogen conversions observed over the Co(MED)/MnO catalyst
can be seen in Figure 3.71. Once again the most noticeable feature is the initial uptake of
reactant at the beginning of the reaction. Reactant uptake lasted approximately 1 hour after
which the catalyst reached a pseudo steady state. The yield of organic product increased from
1.05% after 21 minutes to 1.23% after 23hr46. According to Figure 3.71, after 21 minutes
reactant is being taken up through adsorption onto available surface sites. Consequently a
fraction of the active sites will not be completely covered, hence the catalyst is still not

making full use of the exposed active area.
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Figure 3.71. Time on stream activity for Co(MED)/MnO. Cobalt nitrate supported on MnO

with MED added to the impregnation solution.
(Mex ~ 1g, T=200°C, P =5 bar, Hy: CO=2: 1, WHSV = 0.34g0/gex.hr)

The ASF plots at the different times on stream are illustrated in Figure 3.72. The chain
growth behaviour is only meaningful up to the Cy fraction. For higher molecular weight
hydrocarbons, a hump can be observed that is possibly associated with wax trap bleeding.
The fact that both ASF plots show this hump is indicative of bleeding. It is interesting to note
that the hump is more pronounced after 23hr46 on stream. The reason for this is that higher
molecular weight hydrocarbons are being formed as well as seeping from the wax trap as
opposed to the reaction behaviour after 21 minutes where no high molecular fraction has been

formed.

The absence of the heavier organic product after 21 minutes is understandable as the product
spectrum is still developing, as the FT reaction follows polymerisation behaviour. The higher
chain growth probability for the C; to Co fraction results from the lower extent of
readsorption during the early reaction stage prior to the formation of a liquid film around the
catalyst particles. The liquid film decreases the rate of diffusion of product away from the
catalyst enhancing readsorption and further chain growth. No liquid film limits readsorpﬁon
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resulting in a larger formation of lower molecular weight products and consequently

increases the chain growth probability over this range.
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Figure 3.72. Time on stream behaviour of the Anderson-Schulz-Flory distribution for.

Co(MED)/MnO.
(e ~ 1g, T = 200°C, P = § bar, H; : CO =2 : 1, WHSV = 0.34g0/gen.hr)

The time on stream behaviour of the total olefin fraction of the organic product observed over
Co(MED)/MnO is illustrated in Figure 3.73. At the shorter time on stream, less olefin is
formed. The reason for this was attributed to the strong presence of hydrogen on the surface

during the initial reaction stage. This promotes the termination of a hydrogenated product

instead of the expected a-olefin.
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Figure 3.73. Time on stream behaviour of the primary product fraction of the total organic
product for CoOMED)/MnO. Primary product consists of the «-olefin and the

n-paraffin.
(Meae ~ 1g, T =200°C, P = 5 bar, H, : CO =2 : 1, WHSV = 0.34g0/geac.hr)

Figure 3.74 shows that the a-olefin to n-paraffin ratio at 21 minutes is significantly lower
than at 23hr46. This confirms the heightened hydrogenation activity discussed earlier. With
time on stream, hydrogen becomes replaced by carbon monoxide through competitive
adsorption. As this happens, the hydrogenation activity decreases and the a-olefin selectivity
improves. It is interesting to note that all three support types showed the same trends with

respect to product variations with time on stream.
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Figure 3.74. Time on stream behaviour of the a-olefin to n-paraffin ratio of the organic

product formed over Co(MED)/MnO.
(Mexe ~ 1g, T=200°C, P =5 bar, H; : CO =2 : 1, WHSV = 0.34g0/gesc hr)
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Appendix [

Appendix I

TPR calibration and Sample Calculation

The hydrogen concentration of the H; in N, gas mixture was calculated using a known mass

of CuO, according to the following reaction stoichiometry:
CuO + H; - Cu + H,0

The CuO was placed in a quartz reactor described previously, and secured in the furnace. The
thermal conductivity of 60ml/min N, and 60 ml/min H; in N, were measured consecutively
relative to a reference nitrogen gas stream flowing at 60 ml/min. The difference in the TCD
measurement between the N, and the H, in N, gas streams yielded the thermal conductivity
of the hydrogen present in the H; in N, gas mixture. During the TPR run, the thermal
conductivity of the exit stream is recorded. As hydrogen was consumed during copper

reduction, the thermal conductivity of the exit gas changed reflecting the hydrogen

consumption.
1.2
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The hydrogen consumed in terms of the logged thermal conductivity acquired data was

calculated using the trapezoidal rule given by the following expression:

H, consumption = X, (Sp+1 + Sn) X (th+1 +tn) x 0.5
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where s is the value logged for a given TCD reading and t is the time elapsed in minutes. The
above expression was converted into mmols of hydrogen consumed on the assumption that
the hydrogen concentration was 5%. On this basis, 1.020 mmols of hydrogen were consumed.
However, the mass of CuO used was 0.107g, giving 1.340 mmols of Cu. As the stoichiometry
of complete CuO reduction requires a 1:1 ratio of hydrogen to copper, the first guess of 5%
for the hydrogen concentration was seen to be inaccurate. The correct-hydro gen concentration

was calculated from the following expression:
H, concentration = 1.340 x 5% = 6.6 vol% H, in N,.

All TPR runs used a similar procedure to obtain the hydrogen consumption, however for all

other runs a hydrogen concentration of 6.6% was used.
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Appendix II

Hydrogen Chemisorption Sample Calculation

Hydrogen chemisorption was used to measure the number of exposed cobalt atoms of the
reduced catalyst. As the cobalt content of the catalyst was known, the metallic dispersion and
the average particle diameter could be calculated. Chemisorption was carried out twice at
100°C. The first chemisorption measurement was followed by a 15 minute evacuation period
during which time weakly adsorbed hydrogen desorbed. After this the hydrogen uptake of the
catalyst was remeasured. From these two chemisorption measurements, the amount of

strongly bound hydrogen was calculated.

The hydrogen chemisorption data obtained for the Co/SiO;, catalyst will be used below to

show the calculation procedure.

The total hydrogen uptake was 0.865 cm3/gcat, while the amount of hydrogen not removed
through evacuation was 0.570 cm3/gcat. According to Bartholomew et al. [1980], hydrogen
desorption is dissociative on cobalt. Accordingly the total number of exposed cobalt atoms

can be obtained from the following calculation:

Neowart = (0.865 cm’Ha/geat )/ (22414 cm’Ha/mol Hy) . (2 mol Co/mol Hy) . Nay
4.648 x 10" atoms Co/geat

where Na, is Avogadro’s number. Using a site density for fcc cobalt of 14.6 atoms/nm?
[Bartholomew et al., 1980], the metallic surface area can be calculated using the following

relationship:

(4.648 x 10" atoms)/(14.6 atoms/nm?) . 10™'® m*/nm?>

3. 1 8 mz/gcat

Surface Area

I

The reversibility of hydrogen adsorption was is calculated as a percentage of the total

hydrogen uptake that is strongly adsorbed, according to the following calculation:
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(0.570 cm’/gea) / (0.865 cm’/gear) . 100%
65.8%

i

Reversibility of adsorption

The metallic dispersion is defined as the number of exposed cobalt atoms relative to the total
number of cobalt atoms present in the catalyst sample. As the extent of reduction was less
than 100% for all catalyst prepared in this study, the dispersion calculations were based on
the amount of reduced cobalt and not on the total amount of cobalt in the sample. The number
of reduced atoms in the sample were obtained from extent of reduction calculations obtained

from TPR work. The dispersion obtained for Co/SiO, was calculated as follows:

(4.648 x 10'° exposed Co atoms) / (6.976 x 10*° reduced Co atoms) . 100%
= 6.66 %

it

Dispersion

The average crystallite size (or average diameter) of the cobalt particles was calculated
assuming spherical clusters. The volume of reduced cobalt present was obtained as follows

using a density of 8.9 g/em’ [Perry and Green, 1984]:

(6.976 x 10%° atoms / Nay) . (58.9 g/mol / 8.9 g/cm’) . 10° m*/ cm®
7.665 x 10° m’

Volume

It

From the volume to surface area relationship, the average crystallite size was calculated as

follows:

6. (6.533 x 10 m*/gea)) / (3.183 m*/geay) . 10° nm / m
14.45 nm

Average particle diameter

Il
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Appendix III

Sample calculation of conversion, yield and selectivity of the

Fischer-Tropsch Synthesis reaction

The syngas feed of CO and H, were flowed over the catalyst in a 1 : 2 ratio. Downstream of
the reactor a stream of 0.121% of toluene in nitrogen was flowed as an inert internal standard
for both the conversion and organic yield calculations. The conversion of carbon monoxide
and hydrogen was calculated using a TCD gas chromatograph following calibration. The
calibration was done by injecting known percentages of a H;, CO and N, gas mixture and
noting the TCD response of for each gas. The relative response factor for CO and H, were
obtained by dividing the response factor of the gas by the response factor of the nitrogen

mixture.

Using the relative response factors, the areas obtained upon integration of the TCD signal
following injection of gas from the product stream could be converted to molar ratios. As the
molar fraction of the bypass was measured in the same way prior to the start of reaction,
comparison of the bypass and reaction streams allowed calculation of the carbon monoxide
and hydrogen conversions as illustrated in the following table for the Co/Si0, catalyst after

1.5 hours of reaction:

Component  Standard Bypass Flow  Product Stream  Conversion
Area(a.u.) Rel. Response  Molar ratio Molar ratio (%)
H, 375268 11.890 1.026 10.928 10.43
N; 31561 1 1 1 ‘
CO 31915 1.011 0.539 0.498 8.51

The yield of total organic product and the selectivity of the product were determined using an
FID gas chromatograph. The fraction of each organic product could be evaluated because the
molar fraction of toluene in the product stream was known. As the relative response factors.

for all products formed were the same, easy evaluation of the relative amounts of each
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product was possible. The yield of organic product was obtained from the following

eXpressions:
Yield = [(Areauc / Arearor).(De o1 / Nin2)] / [Dco / nnz] . 100%

where Areayc: Area of hydrocarbon product in the FID GC trace
Areat Area of toluene in the FID GC trace
Negol - molar flow of carbon in standard toluene in N gas mixture
Ny ¢ Molar flow of N; in standard toluene in N, gas mixture
nco - Molar flow of carbon monoxide in syngas feed stream
N2 : Molar flow of standard N, gas mixture.

The yield calculated for Co/SiO; was as follows:

Yield [(3.559).(0.008576)] / [0.537] . 100%

5.67%

Selectivity calculations were performed on a molar basis from the gas chromatograph traces.
The area of each peak was on a carbon basis. To obtain the number of moles, the peak was
divided by the carbon number associated with that particular product to obtain an area per

molecule measurement. From this the selectivity of that particular specie could be obtained as

“follows:
Selectivity = [AI‘C&LNC / Nc] / [Arearotawc / Nc] . 100%
where N¢ : Carbon number
Areaj ne : Area of specie 1 in the carbon number fraction N¢
AreaTtoml Ne : Area of total organic product of carbon number N¢

The rate of formation of organic product in each carbon number was calculated as follows:

Formation Rate = [(Areaucne / Ne) . Frol] - [Arearo / Ne]
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where Nc
AreapcNe
Fra

Ar €aTol

Carbon number
Area of total hydrocarbons of carbon number N¢
Molar flow of toluene

Area of toluene
































