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Synopsis 

In the current study, the successful development of a novel in-situ X-ray diffraction cell is described. 

This cell allows the direct observation of crystallite changes to be made under reaction conditions and 

in real time. The cell permits operation up to 500°C and 25 bar to be realised, with more severe 

conditions being achievable upon changing the reactor component. The design is such that it can be 

mounted to any commercial, laboratory-scale X-ray diffractometer or synchrotron facility. 

 

Commissioning of the cell was conducted by performing cobalt-catalysed Fischer-Tropsch synthesis 

(FTS), focusing on the catalyst changes during the experiments. Two catalysts were studied, 

synthesised by a reverse micelle technique, which resulted in model catalysts of narrow crystallite size 

distributions. The first had a volume-weighted Co3O4 crystallite size of 10.3±1.9 nm and the second, 

6.1±1.4 nm (Transmission Electron Microscopy). The catalysts were supported on γ-alumina and 

reduced via temperature-programmed reduction in the in-situ XRD cell. The changes through which 

the catalysts went during the reduction process were monitored and identified in real time. 

 

Upon reduction, the metallic cobalt in both catalysts was found to be essentially the face-centred 

cubic phase only, and the average cobalt crystallite sizes were calculated to be 18.9 nm and 4.1 nm 

(Rietveld refinement, XRD). FTS was performed after reduction. The synthesis gas (syngas) mixture 

of 60% hydrogen, 30% carbon monoxide and 10% argon was fed to the cell with its partial pressure 

maintained at 1 bar throughout the experiments. The in-situ cell facilitates the co-feeding of water at 

various partial pressures by a specially-designed saturator system. Water was co-fed with the syngas 

at partial pressures between 0-3 bar, simulating syngas conversion conditions up to 91%, as water is 

the predominant FTS product. 

 

In accordance with thermodynamics, the cobalt in the catalyst with the larger cobalt crystallites (18.9 

nm) remained metallic throughout the FTS experiments at all studied water partial pressures. The 

cobalt in the catalyst with the smaller crystallites (4.1 nm) was found to be partially oxidised at a 

water partial pressure of 0.5 bar (63% simulated conversion) and to be completely oxidised to CoO at 

a water partial pressure of 1 bar (77% simulated conversion), in accordance with thermodynamics. 

These observations mark the first time that oxidation has been observed directly and in real time. 

 

Activity and selectivity analyses were performed using online and offline Gas Chromatography. 

Higher water partial pressures were found to have a positive effect with both catalysts (until oxidation 

occurred with the smaller crystallites), with catalytic activity and chain-growth probability increasing. 

Methane selectivity decreased and C5+ selectivity increased. The olefin fraction for product fractions 

with carbon numbers 2-7 increased, and secondary olefin formation by isomerisation decreased. 
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Branching was also found to decrease with increasing water partial pressure, considered to be a co-

result of suppressed isomerisation of primary olefins. 
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Glossary 

AAS   atomic absorption spectroscopy 

Adatom   an atom that is adsorbed onto a crystal surface 

Al 2O3   alumina 

Ar   argon 

B   boron 

BET   Brunauer Emmett Teller 

CH4   methane 

CHx   CH2 or CH3 

Cl   chlorine 

CNT   carbon nanotubes 

Co   cobalt 

CoAl2O4  cobalt aluminate 

Co(NO3)2  cobalt nitrate 

CO   carbon monoxide 

CO2   carbon dioxide 

Co3O4   cobalt oxide 

Cu   copper 

CTL   coal-to-liquids 

EDX   energy-dispersive X-ray [spectroscopy] 

EXAFS   extended X-ray absorption fine structure 

FID-MS  flame ionisation detector (with mass spectrometer) 

FTIR   Fourier-transformed infrared [spectroscopy] 

FTS   Fischer-Tropsch synthesis 

GC   gas chromatograph / chromatography / chromatogram 

GTL   gas-to-liquids 

H2O   water 

HAADF  high-angle annular dark field 

HCl   hydrochloric acid 

HClO4   perchloric acid 

HF   hydrofluoric acid 

HNO3   nitric acid 

HRTEM  high-resolution transmission electron microscopy 

HTFT   high temperature Fischer-Tropsch 

ITQ   Instituto de Tecnología Química 

LTFT   low temperature Fischer-Tropsch 

MFC   mass-flow controller 

N2   nitrogen 
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Na   sodium 

NEXAFS  near-edge X-ray absorption fine structure 

NTP   normal temperature and pressure, i.e. 1 atm and 293 K 

O2   oxygen 

PONKCS  partially or no known crystal structures 

PRV   pressure-relief valve 

Pt   platinum 

PTFE   Polytetrafluoroethylene 

RPM   revolutions per minute 

RSA   Republic of South Africa 

Ru   ruthenium 

SiO2   silica 

SSITKA  steady-state isotopic transient kinetic analysis 

STM   scanning tunnelling microscopy 

TCD   thermal conductivity detector 

TEM   transmission electron microscopy 

TiO2   titania 

TOF turnover frequency; defined as the number of CO molecules converted per 

number of surface cobalt atoms per unit of time 

TPD   temperature-programmed desorption 

TPR   temperature-programmed reduction 

XANES  X-ray absorption near-edge spectroscopy 

XPS   X-ray photoelectron spectroscopy 

XRD   X-ray diffraction 

Y2O3   yttrium oxide 

ZrO2   zirconia 
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Nomenclature 

α chain-growth probability (when on its own); alpha (when followed by a 

hyphen) 

α-olefin   straight-chain olefin with double between the first two carbon atoms 

β-olefin straight-chain olefin with double between two internal carbon atoms (not the 

first two carbon atoms) 

bar(a)   absolute pressure in units of bar 

bar(g)   gauge pressure (1.0 bar below absolute pressure) in units of bar 

bi   fraction of branched compounds in a product fraction with carbon number i 

C %   carbon percentage 

C5+   hydrocarbons with carbon number of 5 and higher 

Ci   hydrocarbon product fraction with carbon number i 

cm3   cubic centimetre / millilitre 

d   diameter (usually crystallite size) 

fcc   face-centred cubic 

g   gram 

γ   gamma 

hcp   hexagonal closed-packed 

Kαaverage   average between Kα1 and Kα2 wavelengths 

Kαi radiation emitted when an electron drops down to a K-orbital from a higher-

energy orbital; i indicates the orbital previously occupied by the electron 

kV kilovolts 

L   metal loading 

M   molar mass 

mA   milliamps 

mcat   catalyst mass 

µg   microgram 

min   minute 

mol %   molar percentage 

ml   millilitres 

µV   microvolt 

n   number of atoms or crystallites (context-dependent) 

NA   Avogadro’s number (6.022141.1023 mol-1) 

nc   carbon number 

n� �   molar flow-rate of component i 

oα,i   linear, α-olefin fraction in the portion of linear olefins in product fraction i 

oβ,i linear, β-olefin fraction (i.e. linear olefins with internal double bonds) in the 

portion of linear olefins in product fraction i 
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oi   linear olefin fraction in linear product fraction with carbon number i 

ppm   parts per million 

ri   formation rate of product i 

Si   selectivity of component i 

θ   theta 

V   volume, unless otherwise stated 

wt   weight 

wt %   mass percentage 

Y i   yield of component i 

X   conversion 

Xsim.   simulated conversion 

xi   mole fraction of component i 
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1 Introduction 

1.1 Fischer-Tropsch Synthesis 
In recent decades more attention has been given to synthetic fuel production from natural gas and coal 

via Fischer-Tropsch synthesis (FTS) as it has shown increasing economic feasibility (Dry, 2002). 

More recently, interest has also been given to the production of fuels from biomass via FTS, as a more 

sustainable method by which fuels can be produced and used without changes being made to current 

processes (Damartzis and Zabaniotou, 2011; Demirbas, 2011; Boerrigter & van der Drift, 2004). 

While synthetic fuels have not always been cost-effective as crude oil prices fluctuated, their 

increased production has been motivated by problems related to the utilisation of stranded natural gas 

and environmental considerations (Khodakov, 2009), the general increase in crude oil prices, and 

increased understanding and improvement of Fischer-Tropsch technology, especially with regard to 

catalysis research (Dry, 2002). 

 

Gasified coal (or biomass) or reformed natural gas is converted to the gaseous feedstock to the FTS 

process. This feedstock of synthesis gas (syngas) consists of carbon monoxide and hydrogen and is 

converted to a large variety of hydrocarbon compounds with different functionalities (Iglesia, 1997). 

In addition to fuel constituents and precursors, these compounds include products of higher economic 

values (Steynberg, 2004). As product demands have increased and crude oil-associated natural gas 

sources are being more efficiently utilized (Dry, 2002), more resources and attention have been given 

to the FTS process in both research and industry (Bezemer et al., 2006). 

 

Iron, cobalt, nickel and ruthenium are active catalysts for the hydrogenation of carbon monoxide 

under FTS conditions (Dry, 2004). Due to ruthenium’s high cost and insufficient availability, and 

nickel’s high selectivity to methane under FTS conditions, these metals are not used on a commercial 

scale (Dry, 2002). Iron catalysts are used in both the high temperature (HT) and low temperature (LT) 

FT processes, with the carbide form being the active phase in FTS (Schulz, 1999). Under HTFT 

conditions (330-350°C), iron catalysts have a greater selectivity towards oxygenates and branched 

hydrocarbons (Iglesia, 1997). Under LTFT conditions (200-240°C), they have a greater selectivity 

towards middle distillate products and waxes (Khodakov, 2009). In both cases, the water-gas shift 

reaction also occurs, increasing the H2/CO ratio (Dry, 2004). Cobalt catalysts are not used under 

HTFT conditions as excess methane is produced (Dry, 2002). Under LTFT conditions, cobalt 

catalysts catalyse the formation of long-chain paraffins, constituents and precursors of diesel fuel, and 

also have a low activity for the competing water-gas shift reaction (Dry, 2002; Yates & Satterfield, 

1991). 
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1.2 Cobalt Catalysts for Fischer-Tropsch Synthesis 
Alumina-supported cobalt catalysts have been noted as industrially-relevant FTS catalysts (van de 

Loosdrecht et al., 2007) and thus a more thorough understanding of their activity would be 

industrially and economically advantageous. In recent years, metallic cobalt has generally been 

between one and three orders of magnitude more expensive than scrap, reusable iron (Dry, 2002), and 

it is therefore necessary to increase the number of active sites available for a given mass of cobalt. It 

is also important that the lifetime of the catalyst is maximised to increase the economic feasibility of 

cobalt-based FTS. Overall activity has been found to increase with decreasing crystallite size, down to 

a size of about 9 nm (Iglesia, 1997). This is because, while the turnover frequency, or the number of 

carbon monoxide molecules converted per number of surface cobalt atoms per unit time, remains 

constant, the number of surface cobalt atoms available increases with decreasing crystallite size. 

Therefore, in order to maximise the amount of cobalt present, smaller crystallites must be employed. 

However, for crystallite sizes smaller than about 6-8 nm, turnover frequency has been found to 

decrease rapidly with decreasing crystallite size (Fischer, 2011; Bezemer et al., 2006). Theories exists 

as to why this may be the case, one of which is the ensemble theory (Ponec & van Barneveld, 1979). 

Ponec & van Barneveld noted that, for the complex, polymerisation-type, surface reaction of FTS to 

occur, there must exist a minimum number of adjacent, active catalytic sites of the appropriate 

geometries. The aforementioned deactivation effect with decreasing crystallite size is purely a size 

effect and does not take into account other important factors such as atmosphere. 

 

The loss of activity of cobalt catalysts has also been found to occur via extrinsic factors. It has been 

established that cobalt catalysts are deactivated during FTS via various mechanisms that include 

carbon deposition, the sintering of smaller crystallites into larger ones, support migration, surface 

reconstruction, the formation of inactive cobalt-support compounds and oxidation (Saib et al., 2010; 

van de Loosdrecht et al., 2007; Bartholomew, 2001). There are also different views concerning the 

effect of water, the main FT product, on cobalt activity under FTS conditions. Elevated water 

concentrations (present at higher FT conversion conditions as water is the main FT product) has 

different effects on cobalt catalysts, depending on the support. In the cases of alumina, silica and 

titania supports, water addition has resulted in either enhanced activity or deactivation (Lögdberg et 

al., 2011; Storsæter et al., 2005; Bertole et al., 2002; Krishnamoorthy et al., 2002; van Berge et al., 

2000). 

 

It has been postulated that water is responsible for deactivating cobalt catalysts by oxidation (van de 

Loosdrecht et al., 2007; van Berge et al., 2000; Hilmen et al., 1999; Rothaemel et al., 1997) or by 

enhancing other deactivation mechanisms such as sintering (Bezemer et al., 2010; Bartholomew, 

2001), especially in the case of smaller crystallites, because of their higher surface energy (van Steen 

et al., 2005). Thermodynamic calculations (van Steen et al., 2005) indicate that smaller cobalt-based 

crystallites under FTS conditions, at higher water concentrations, are thermodynamically more stable 

in the oxidised form. Various research groups (Fischer, 2011; Bezemer et al., 2010; van de 

Loosdrecht et al., 2007; Storsæter et al., 2005) have studied cobalt catalysts under FTS conditions 

with respect to crystallite size and water effects. Using ex-situ and in-situ techniques, these research 

groups found that cobalt may be oxidised under FTS conditions with crystallite size and water 
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concentration dependencies that correlate with thermodynamics. However, until this time, the 

oxidation of cobalt crystallites under FTS conditions has not been directly observed. 

 

1.3 Research Techniques 
A number of in-situ and ex-situ methods have been employed in order to understand the performance 

and stability of cobalt catalysts under FTS conditions, especially for crystallite sizes smaller than 8 

nm, and at elevated water concentrations, as results obtained by various groups have been 

contradictory (van de Loosdrecht et al., 2007; Bezemer et al., 2006). 

 

A useful and non-invasive characterisation technique for studying crystalline solids is X-ray 

diffraction (XRD), or powder X-ray diffraction. This provides the identities and certain physical 

characteristics of a powder mixture of crystalline compounds. Ex-situ characterisation identifies the 

compounds while they are not undergoing chemical modification. This can be done by XRD or a 

number of other methods, such as Transmission Electron Microscopy (TEM). TEM yields a good 

representation of crystallites and the means to calculate their size distributions at the nano-scale by 

high-definition micrographic imagery. Due to the limitations of ex-situ techniques, in that direct 

analysis of catalyst changes cannot be performed under reaction conditions, important information 

remains concealed. Moreover, it is difficult to preserve spent catalyst samples for ex-situ analysis, as 

they can be easily oxidised upon exposure to air (Mansker et al., 1999), thereby inducing further 

changes to the catalyst. In fact, in some instances, the degree of oxidation of a spent catalyst sample 

has to be used to determine the extent of success of a passivation technique between extraction and 

ex-situ analysis (Shroff & Datye, 1996). 

 

In-situ characterisation techniques can facilitate the direct observation of catalysts under reaction 

conditions, during which they may be rapidly transformed. XRD instruments are capable of studying 

crystalline solids in gaseous environments at elevated pressures and temperatures, such as those found 

during FTS, provided a suitable reaction cell is employed. The information generated can be used to 

determine the effects of the reaction conditions on phases present, when they change and the extent of 

sintering, using Rietveld refinement for size analysis. For example, an appropriate in-situ XRD 

reaction cell can elucidate, under FTS conditions, precisely at which crystallite sizes and water 

concentrations the oxidation of cobalt catalysts can be expected to occur. 

 

1.4 Project Overview 
The aim of the current study was to develop and commission a suitable in-situ XRD reaction cell that 

can be used for the characterisation of Fischer-Tropsch and other heterogeneous catalysts under 

reaction conditions. The effects of water on a γ-alumina-supported cobalt catalyst under LTFT 

synthesis conditions were investigated, especially with regard to oxidation and sintering. Water at 

partial pressures between 0-3 bar, representing extents of conversion up to 91%, was co-fed with the 

syngas. At these elevated water concentrations, the catalyst composition changes were studied using 
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the in-situ XRD reaction cell. Two catalysts with initial, average Co3O4 crystallite sizes of 6.7 nm and 

11.1 nm (XRD), respectively, were studied in order to examine possible crystallite size effects with 

regard to oxidation by water during FTS. Using the in-situ XRD reaction cell, information regarding 

sintering, oxidation and composition was revealed. 

 

1.5 Report Outline 
A literature review has been conducted concerning the relevant information about supported, cobalt 

catalysts under FTS conditions, along with their deactivation mechanisms, crystallite size effects and 

water effects. The materials used and methods employed have been recorded so that the work 

performed can be reproduced. The results of the catalyst characterisation, including ex-situ TEM and 

XRD, in-situ XRD spectra and analysis, and online and offline gas chromatography results (for 

catalyst activity and product selectivity) are presented. The results include the design and 

development of the in-situ XRD reaction cell. In a subsequent section, discussion has been made 

regarding the results obtained, comparing the two catalyst crystallite sizes and what has been found by 

other research groups. Conclusions have been drawn based on the results obtained and the 

understanding thereof, and recommendations have been made for improvements to the cell and further 

experiments that can be performed. 
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2 Literature Review 

The following review of the literature has been compiled in order to understand the context of the 

current study, including what is presently known about cobalt-based Fischer-Tropsch synthesis (FTS) 

and in-situ X-ray diffraction (XRD). The commissioning reaction, the cobalt-catalysed FTS, is briefly 

described. An outline of the preparation methods of and supports used for cobalt catalysts is then 

given. A number of deactivation mechanisms of cobalt catalysts under FTS conditions are discussed, 

including coking, sintering and the effects of water presence. Cobalt crystallite size effects and water 

concentration effects are discussed, especially with regard to their influence on catalyst activity and 

product selectivity. These two sections are given more attention due to their importance in this study. 

Understanding the changes of cobalt catalysts under FTS conditions can be achieved via ex-situ and 

in-situ techniques, and this comparison is made in the last section. Recent developments regarding in-

situ techniques are then highlighted, especially in the context of XRD. 

 

2.1 The Low-Temperature Fischer-Tropsch Synthesis 
Cobalt catalysts for FTS are used only in the Low-Temperature Fischer-Tropsch (LTFT) process as 

excess methane is produced at higher temperatures (Dry, 2002). Under LTFT conditions, lighter 

hydrocarbon products consist mainly of linear olefins, while heavier hydrocarbons are mainly 

paraffinic (Iglesia, 1997). The product spectrum obtained consists of longer, paraffinic hydrocarbons 

than what is produced with iron-catalysed LTFTS  (Dry, 2002). Their high selectivity towards long-

chain paraffins makes cobalt catalysts useful in the production of diesel fuel and precursors to diesel 

fuel (Prieto et al., 2009). 

 

Chain-growth pathways for FTS via insertion have been proposed (figure 2.1), where CH2 

“monomers” are involved in chain growth for the formation of olefins and paraffins. The CH2 species 

is not a true monomer as it is formed only “in situ”, but it is understood to partake in chain growth 

(“α” in figure 2.1) in a polymerisation-type reaction. Adsorbed species can desorb (“d” in figure 2.1) 

from the catalyst surface as α-olefins, bond with other monomers to continue chain growth, or be 

hydrogenated to paraffins, and then desorb (Dry, 2002). This is illustrated in figure 2.1, without 

assuming any particular reaction kinetics. 
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Figure 2.1: Stepwise chain-growth and product desorption pathways in FTS (Dry, 2002). 

 

Desorbed α-olefins can subsequently adsorb onto the catalyst surface and grow longer, be 

hydrogenated, undergo isomerisation by double-bond shift, or remain in the gas/liquid product phase 

as primary FT products (Schulz & Claeys, 1999). 

 

The product spectrum, based on carbon number distribution, obtained from cobalt-catalysed FTS can 

be varied by operating temperature, promoter type and amount, reactor type (Dry, 2004), reactor 

residence time, and, particularly, the partial pressures of H2 and CO (Schulz, 2003), inter alia. LTFTS 

is aimed at maximum wax production and the hydrocarbons produced are predominantly linear. 

Cobalt produces a more saturated product than does iron, as it has a greater hydrogenation activity, 

while both catalysts produce no aromatics at these conditions (Dry, 2004). Dry (2004) indicated that 

product selectivity was effectively a function of chain-growth probability, which can increase with 

carbon number (Schulz, 2003; Iglesia, 1997). The increase in chain-growth probability has been 

attributed to desorption inhibition in addition to carbon number-dependent olefin re-incorporation 

(Schulz & Claeys, 1999; Iglesia, 1997; Schulz et al., 1997). Branching probability has been found to 

decrease with time for cobalt and nickel until a constant value is obtained. Branching is inhibited by 

spatial constraints while chain-growth space requirements are less demanding (Schulz, 2003). 

 

The product spectrum depends on many factors, with the catalyst’s properties arguably being the most 

important. Catalyst preparation is therefore essential, especially in studying model catalysts and their 

effects on FTS. 
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2.2 Preparation Methods of Cobalt Catalysts for FTS 
A number of different preparation techniques have been implemented to produce cobalt catalysts. 

These include deposition-precipitation (Bezemer et al., 2006), co-precipitation (Schulz & Claeys, 

1999), electrostatic adsorption of cobalt complexes, reverse micelle techniques (Fischer et al., 2011; 

Prieto et al., 2009), mixed sol-gel procedures (Okabe et al., 2004) and incipient wetness impregnation 

(Panpranot et al., 2002). 

 

The preparation method, which can affect the resultant cobalt structure, and the support used can 

influence the cobalt activity and selectivity under FTS conditions (Reuel & Bartholomew, 1984). 

Khodakov (2009) noted that metallic cobalt is predominantly present in the face-centred cubic (fcc) 

phase on titania, alumina and silica supports that have been reduced at temperatures above 450°C. 

From thermodynamic analysis, van Steen et al. (2005) found that the fcc phase is more stable than is 

the hexagonal closed-packed (hcp) phase for cobalt crystallites below 100 nm in size, the typical 

range of sizes for cobalt crystallites in FTS catalysts. Kitakami et al. (1997) reported that the fcc 

phase is the most stable cobalt phase for crystallite sizes below 20 nm, above which the hcp phase is 

more stable in increasing proportions until a crystallite size of 40 nm. Crystallites larger than 40 nm 

consist predominantly of the hcp phase (Kitakami et al., 1997). The type of phase and the crystallite 

size influence the number of surface atoms present in addition to the reactivity of the sites, since 

different sites are suspected to catalyse different reactions under FTS conditions (Schulz et al., 2002; 

Schulz, 1999). 

 

The catalyst calcination and reduction pre-treatments can have significant effects on catalyst 

performance (Khodakov et al., 2007). Incomplete reduction during catalyst preparation results in 

cobalt oxide crystallites being present, especially with smaller precursor crystallites. These are 

inactive towards FT products as it is thought that FTS takes place on only metallic cobalt (Bezemer et 

al., 2006). Maximum productivity is thus not achieved, resulting in economic inefficiencies in the 

case of industrial operation. Therefore, careful attention must be given to every step of the preparation 

process, especially for fine-tuning catalyst properties in the case of the production of model catalysts, 

the study of which results in increased understanding, which is then transferrable to industrial 

application. 

 

2.3 Support Materials 
Studying cobalt catalysts with different supports requires appropriate research techniques and analysis 

for understanding their different effects. Coupled with the preparation method, the chosen support 

influences whether a catalyst is a model catalyst that can be used for accurate research with direct 

industrial relevance. 

 

Industrially-employed supports in FTS include alumina, silica and titania. It has been found that 

supports with high surface areas tend to result in high cobalt dispersions (Zhang et al., 2002), 

depending on the preparation method. Maintaining high dispersions, or preventing sintering, 



Univ
ers

ity
 of

 C
ap

e T
ow

n

8 
 

respectively, are the main roles of supports. Supports also influence the diffusion of reactants and 

products and chemical and mechanical strength (Jean-Marie et al., 2009). 

 

Storsæter et al. (2005) synthesised alumina-, silica- and titania-supported cobalt catalysts. The 

calculated BET surface areas were 161, 297 and 8 m2/g, respectively. While the average pore diameter 

for the alumina and silica catalysts were similar (6.7 and 11 nm, respectively), the titania’s pore 

diameter was reportedly 770 nm. As a result of the different characteristics of the supports, the 

average cobalt crystallite sizes, according to XRD, were 11, 20 and 39 nm for the alumina, silica and 

titania catalysts, respectively. Storsæter et al. (2005) found the turnover frequencies to be identical for 

each catalyst, regardless of support identity. While the turnover frequency for the cobalt crystallites 

on these supports is expected to be the same (Iglesia, 1997), the overall activity (i.e. per gram of 

metal) would be different, given their different dispersions (with high-area supports going together 

with high cobalt dispersions). 

 

Saib et al. (2002) studied the effects of support pore diameter on reducibility of silica-supported 

cobalt catalysts, synthesised by the method of incipient wetness impregnation. Pore diameter of the 

support affected the resultant crystallite size. It was determined that crystallite size increased as pore 

diameter increased. By temperature-programmed reduction (TPR) they found that as pore diameter 

increased, the amount of hydrogen consumed decreased. Accordingly, they concluded that as pore 

diameter increased so did the degree of reduction. They also found that product selectivity during FTS 

varied with pore size. Pore diameter affected reactant transport and secondary reactions of olefins 

while C5+ selectivity was attributed to be a function primarily of conversion. Alternatively, the effects 

on product selectivity may have been more significantly a function of crystallite size which is in turn 

affected by pore diameter. 

 

While oxide supports are generally inert under FTS conditions, they can have an effect on catalyst 

activity and selectivity. For example, the acidity of the support affects branching. Strongly-acidic 

ZSM-5 produced branched products while weakly-acidic supports, such as the aforementioned oxides, 

produced straight-chain FT products (Zhang et al., 2002). They can also have electronic effects on 

smaller metal crystallites (Jean-Marie et al., 2009), which in turn affect selectivity and activity. 

 

Ma et al. (2011) conducted kinetic studies on cobalt-catalysed FTS, on both alumina and silica 

supports. They suggested that kinetic parameters indicated that the support type affected FT 

performance, with differences possibly reflecting CO adsorption behaviour. Ma et al. deemed Co-

Al 2O3 interactions to be stronger than Co-SiO2 interactions, noting that the FTS reaction rate would be 

influenced by water in different ways, depending on the cobalt-support interactions. 
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2.4 Intrinsic and Extrinsic Deactivation Mechanisms 
The relative cost of cobalt, compared with iron, makes regular replacement (in the order of weeks) 

economically unfeasible for cobalt catalysts, while this is done for iron catalysts. It is thus necessary 

to understand the mechanisms behind cobalt catalyst deactivation and to minimise the rate of decline 

in activity (Dry, 2004) and increase the catalyst lifetime. During the first 30-40 days of time on 

stream, cobalt catalysts can be deactivated by about 40%, with the greatest rate of deactivation 

occurring within the first 20 days (Saib et al., 2006). This is illustrated in figure 2.2. 

 

 
Figure 2.2: Relative intrinsic activity factor (RIAF) for a Co/Pt/Al2O3 catalyst during FTS (230°C, 20 bar, 

H2/CO = 2, CO 50-70% conversion) with PH2O/PH2 = 1-1.5 (Saib et al., 2006). 

 

After about 30-40 days the cobalt deactivates more gradually (Moodley et al., 2009; Saib et al., 2006). 

It is considered that a number of deactivation mechanisms exist for cobalt catalysts under FTS 

conditions, including carbon deposition, sintering, surface reconstruction, support migration and 

oxidation (van de Loosdrecht et al., 2007). Cobalt can be poisoned by sulphur compounds, ammonia 

and metal carbonyls (Bartholomew, 2001) but these will not be considered here as they lie outside the 

scope of this study. Three main areas of deactivation have been described, with coking and water 

presence being extrinsic factors and sintering, while affected by extrinsic factors, being an intrinsic 

one. 

 

2.4.1 Coking 
Carbon deposition on cobalt under LTFT does not occur to any appreciable extent (Dry, 2004). 

Metallic cobalt’s low activity for the water-gas shift reaction results in negligible quantities of CO2 

being produced. This also indicates that the Boudouard reaction does not occur and so no free carbon 

is expected to be produced via this reaction. Dry (2004) suggested that the observed decline in catalyst 

activity could be due to a build-up of heavy waxes on the surface and inside the pores, inhibiting the 

diffusion and adsorption of reactants. Fischer-Tropsch synthesis has been classified as a coke-
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insensitive reaction as adsorbed carbon species are hydrogenated and filamentous carbon formation 

occurs at temperatures above those of HTFT (Bartholomew, 2001). Moodley et al. (2008) found 

polymeric-type carbon to build up on cobalt crystallites and alumina support during FTS. They 

speculated that the gradual build-up of the carbon on the catalyst may contribute to longer-term 

catalyst deactivation. 

 

2.4.2 Water Presence 
The presence of water in FTS is a major cause of cobalt catalyst deactivation (Dry, 2004). Cobalt 

catalytic properties change significantly in the presence of water, usually causing deactivation and 

changes in selectivity (Rothaemel et al., 1997). Oxidation in the presence of water has been postulated 

(van de Loosdrecht et al., 2007), but is size- (Saib et al., 2006) and structure-dependent, and has never 

been directly observed (van de Loosdrecht et al., 2007; van Berge et al., 2000). Water may enhance 

deactivation mechanisms other than oxidation (van de Loosdrecht et al., 2007), such as the formation 

of new, catalytically inactive phases, e.g. cobalt aluminate or silicate, in addition to sintering  

(Bartholomew, 2001). Water effects on cobalt catalysts under FTS conditions are discussed in more 

detail in section 2.6. 

 

2.4.3 Sintering 
Sintering is a prevalent deactivation mechanism for cobalt catalysts in FTS (Saib et al., 2010), 

contributing up to about 30% of cobalt catalyst deactivation (Overett et al., 2008). As catalyst 

crystallites are reduced in size, they have a higher tendency to sinter  (Overett et al., 2008). This is 

because smaller, nano-sized crystallites have a higher surface energy (van Steen et al., 2005) and are 

therefore thermodynamically unfavoured. The active surface area of a catalyst may then be reduced 

by crystallite growth, driven by the thermodynamically-favoured minimisation of the surface energy 

of the catalyst crystallites (Tsakoumis et al., 2010). 

 

Generally, it has been found that sintering of supported metal catalysts occurs to a greater extent 

above 500°C and is promoted by the presence of water vapour (Bartholomew, 2001), the most 

prevalent FT product. While FTS synthesis occurs well below 500°C, it is a highly exothermic 

reaction, increasing the potential for sintering (Tsakoumis et al., 2010), especially in the presence of 

severe heat transport limitations. Geerlings et al. (1999) noted that FTS can be operated only in a 

narrow temperature range; accordingly, reactors have been designed so as to remove severe heat 

transport limitations. Therefore, temperature effects are ruled out as major drivers for the sintering of 

catalyst crystallites. 

 

Bartholomew (2001) noted that sintering can occur via atomic and crystallite migration whereby 

larger crystallites are formed by coalescence, with the rate of occurrence depending on temperature, 

atmosphere, support, crystallite size and metal loading, inter alia. Another mechanism via which 

sintering can occur is Ostwald ripening, in which the crystallites are transported through the vapour 

phase by volatiles formation and atomic diffusion. Again, this usually requires much higher 
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temperatures than those used in FTS (Bartholomew, 2001). Atomic species and volatile compounds 

are expected to be formed more easily with reducing crystallite size (van Steen, 2010), with larger 

crystallites having a lower tendency to sinter (Overett et al., 2008). In this process, material is 

transported from the smaller crystallites and added to the larger crystallites, reducing the overall 

dispersion. As a result, the average crystallite size increases with time and the rate of sintering 

decreases as there are fewer small crystallites to be converted to larger ones. This effect can be seen in 

figure 2.3. 

 

Kiss et al. (2003) synthesised amorphous silica-supported, rhenium-promoted cobalt catalysts. The 

average crystallite size of the fresh catalyst was about 5 nm (TEM). After FTS (220°C, 35 bar, H2/CO 

= 2.1, 95% conversion) the average crystallite size was found to have increased to about 11 nm. In 

another experiment (20 bar, 80% conversion) with the same fresh catalyst, the average crystallite size 

was found to have increased to about 8 nm. From the catalyst tests it was inferred that water had 

induced the transformation of the active cobalt. The greater size increase (i.e. the increase to 11 nm) 

was observed after the reaction that was run at a higher conversion, correlating to a higher water 

partial pressure. They found that steam-treated fresh catalyst and spent FTS catalyst had similar 

phases and thus proposed that cobalt crystallites smaller than 10 nm in diameter deactivate under 

high-conversion FTS conditions by forming cobalt-support oxides. 

 

Saib et al. (2010) analysed the change in alumina-supported, platinum-promoted cobalt crystallite size 

with TEM/HAADF before and after FTS (230°C, 20 bar, H2/CO = 1.25-2.0, 50-70% conversion). 

From an initial average crystallite size of 7 nm, the average crystallite size was found to have 

increased to about 15 nm. Overett et al. (2008) also found the average cobalt crystallite size to 

increase, from about 10 nm to about 15 nm, within the first 10-20 days of FTS (same conditions as 

those used by Saib et al., 2010), after which the size appeared to remain constant. 

 

 
Figure 2.3: Average surface area-weighted cobalt crystallite size (determined by TEM/HAADF) as a function of 

average catalyst age (Overett et al., 2008). 

 

0

5

10

15

20

0 20 40 60 80 100

C
ob

al
t C

ry
st

al
lit

e 
S

iz
e 

(n
m

)

Average Catalyst Age (days)



Univ
ers

ity
 of

 C
ap

e T
ow

n

12 
 

Sintering is thus deemed mainly to be an intrinsic deactivation mechanism because it is dependent on 

crystallite size, of which surface energy is an important thermodynamic function. However, it has 

been found that sintering can be enhanced by external conditions, such as elevated water 

concentration. 

 

2.5 Cobalt Crystallite Size Effects under FTS Conditions 
The size of cobalt catalyst crystallites under FTS conditions has been found to affect both catalytic 

activity and product selectivity, which are functions of the complexity of the FT reaction. 

 

2.5.1 Activity 
FTS has been referred to as a structure-insensitive reaction (that is, the turnover frequency, or activity 

per cobalt site, does not depend on crystallite size) (Fischer et al., 2011; Bezemer et al., 2006; Iglesia, 

1997), but it becomes structure-sensitive for smaller crystallite sizes, depending on support (den 

Breejen et al., 2010) and operating conditions (Bezemer et al., 2006). Ponec and van Barneveld 

(1979) alluded to the structure-sensitivity of FTS, noting that the right crystallite size of a catalyst 

corresponds to an optimal combination of certain crystallographic sites. They concluded that FTS 

requires an ensemble of a minimum number of active sites of the appropriate geometries to occur. 

 

Using alumina, silica and titania supports for cobalt catalysts under FTS conditions (200°C, 20 bar, 

H2/CO = 2.05, 55-65% conversion), Iglesia (1997) found that turnover frequency (TOF) remained 

constant as crystallite size decreased from 200 to 9 nm, showing that cobalt-catalysed FTS is 

structure-insensitive for sizes above 9 nm. Ho et al. (1990) also found the TOF to be invariant for 

crystallite sizes above 10 nm, in FTS (185°C) studies with silica-supported cobalt catalysts. Ho et al. 

noted that TOF values were constant as the electronic properties of cobalt metal were not expected to 

vary within the studied dispersion range. 

 

Bezemer et al. (2006) synthesised cobalt catalysts with crystallite sizes between 2.6-27 nm (measured 

using XPS) on carbon nanotubes (CNT), as this support is considered to eliminate cobalt-support 

interactions which have been found to be present with oxide supports, especially with small catalyst 

crystallite sizes (Bartholomew & Reuel, 1985). Under FTS conditions (220°C, 35 bar, H2/CO = 2, 

60% conversion), Bezemer et al. determined the TOF to be independent of size between 8-27 nm, 

while it decreased with decreasing size from 8 to 2.6 nm. The tests were also conducted at 1 bar and 

2% conversion and the same trends were found, with 6 nm being the size below which the TOF 

decreased with decreasing crystallite size (figure 2.4). 
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Figure 2.4: The influence of cobalt crystallite size on TOF (220°C, 1 bar, H2/CO = 2, 2% conversion) (Bezemer 

et al., 2006). 

 

Under steady-state isotopic transient kinetic analysis (SSITKA) during FTS (210-220°C, 1.85-35 bar, 

H2/CO = 2 or 10), den Breejen et al. (2009), who also studied CNT-supported cobalt catalysts, found 

the TOF to be independent of crystallite size for sizes greater than 6 nm (XPS). For catalysts of sizes 

smaller than 6 nm, the TOF decreased with decreasing crystallite size. 

 

Prieto et al. (2009) (using ITQ-2 as support) and Trépanier et al. (2010) (using CNT as support) made 

the same observations for TOF of cobalt-catalysed FTS with crystallite sizes below approximately 10 

nm (measuring techniques were H2-chemisorption and XRD, for the respective groups). Fischer 

(2011), in studying alumina-supported cobalt catalysts under FTS (190°C, 9.9 bar, H2/CO = 2, < 10% 

conversion) found the same trends, in that TOF decreased with decreasing crystallite size. In FTS and 

experiments he found that a cobalt catalyst with an average crystallite size of 4.7 nm was the most 

active (per gram of catalyst present) in the initial experimental stages. This same catalyst, during 

temperature-programmed desorption of carbon monoxide, catalysed the formation of the most 

methane. For this size he noted that the maximum number or combination of active sites for CO 

dissociation and methane production per mass of catalyst is present. 

 

Den Breejen et al. (2009) inferred, from SSITKA results, that CO was bonded irreversibly to cobalt 

for crystallites smaller than 6 nm, resulting in a reduction in TOF. They explained that CO bonded 

with surface atoms with a lower coordination number (corner and edge atoms), which may have been 

due to an increased localization of valence electrons. Bezemer et al. (2006) measured (using EXAFS) 

a decrease in the cobalt coordination number of the catalyst in the presence of syngas. It could be 

expected that the resultant surface would exhibit greater chain-growth probability, as low-

coordination number sites are those responsible for chain-growth (Schulz, 2003). However, den 

Breejen et al. (2009) found CO adsorption energy to increase significantly with decreasing cobalt 

cluster size. This would reduce the number of free, active sites available for FTS as more irreversibly-
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bonded CO would cover the surface. It may thus be concluded that there is an optimal size at which 

chain-growth occurs. 

 

Ma et al. (2011) studied the reaction kinetics of FTS (220°C, up to 20 bar, H2/CO = 1-2.5) catalysed 

by alumina- and silica-supported cobalt catalysts (8-40 nm). It was found that cobalt crystallite size 

influenced reaction order, rate constant and the degree to which water affected the reaction rate. For 

the alumina-supported catalyst, it was inferred that CO adsorption was much stronger than H2 

adsorption, with the results indicating that more active sites were occupied by CO molecules than by 

H2 molecules, resulting in a suppression of the FT reaction rate. An increase in the reaction rate 

constant was observed with a decrease in crystallite size, attributed to a higher active cobalt surface 

site density. It was found that the presence of water negatively affected the reaction rate on the 

alumina-supported catalyst, while it had a positive effect on the silica-supported one. It was 

considered that, at higher conversion levels, the greater water partial pressure would have a more 

significant negative effect on the reaction rate. Upon further reduction in crystallite size, inhibition of 

the FT rate by strongly-adsorbed CO appeared to decrease, while adsorbed H2 appeared to favour 

dissociation. 

 

Similar crystallite size effects under FTS have been observed with ruthenium and iron, in that activity 

decreased with decreasing crystallite size below 10 nm (Barkhuizen et al., 2006); and for rhodium, 

where activity decreased with decreasing crystallite size below 30 nm (Mungwe, 2012; Ojeda et al., 

2004). 

 

2.5.2 Selectivity 
FTS is an important reaction insofar as valuable products can be produced. Methane is undesirable as 

a product as it is often used as a feedstock and is of far lower economic value than the C2+ products 

(hydrocarbons with at least 2 carbon atoms per molecule). The C5+ product category (liquid at room 

temperature and pressure) contains many of the valuable products of FTS which have various 

chemical characteristics. One indication of the economic feasibility of a catalyst and the 

accompanying reaction conditions is the product spectrum, especially with regard to methane and C5+ 

selectivity, in addition to the C2-4 product category, which contains valuable products such as ethene 

and propene. 

 

In studying cobalt-catalysed FTS (1 bar), Bezemer et al. (2006) found methane selectivity to increase 

as crystallite size decreased for sizes below 6 nm. This indicated a lower presence of sites active for 

chain growth, resulting in an increase in hydrogenation of primary carbon species, forming methane 

(Bezemer et al., 2006). The catalysts with crystallite sizes below 6 nm had a much greater 

paraffin/olefin ratio than those with larger sizes. This trend was in agreement with that of the higher 

methane selectivity for the smaller crystallites, indicating greater hydrogenation activity on the 

smaller crystallites. However, Bezemer et al. noted that the differences in the space velocities for the 

different tests may have been responsible for secondary hydrogenation and thus partly for the higher 

paraffin/olefin ratio. Schulz (2003) identified spatial constraints on active sites as contributors to 
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olefin hydrogenation, making the formation of paraffins as end-products easier. From these results it 

can be concluded that secondary hydrogenation occurs more readily for smaller crystallites (Schulz, 

2003). 

 

Prieto et al. (2009) and Trépanier et al. (2010) found methane selectivity to increase and C5+ 

selectivity to decrease with decreasing crystallite size below about 9 nm. Bezemer et al. (2006) also 

found C5+ selectivity to decrease with decreasing crystallite size below 8 nm. den Breejen et al. (2009) 

determined hydrogen coverage to be independent of size for cobalt crystallite sizes greater than 6 nm. 

Below that, it was inferred that hydrogen coverage increased as size decreased, contributing to the 

increased methane selectivity (due to more hydrogen being available for hydrogenation) for crystallite 

sizes below 6 nm. Yang et al. (2010) speculated from their results that larger crystallites can stabilise 

the transition states of chain propagation intermediate species better than can smaller crystallites, 

within their studied range of sizes (4-15 nm), indicating that larger crystallites (in the 4-15 nm size-

range) have a higher inherent chain propagation probability. 

 

The size of crystallites also affects the geometries of the catalyst sites present. The number of edge 

and corner atoms (on-top sites) is expected to increase as crystallite size decreases, resulting in a 

larger fraction of linearly-adsorbed CO (den Breejen et al., 2009), compared with bridge-type 

adsorbed CO. According to Zhang et al. (2007), larger cobalt crystallites allow bridge-type adsorption 

of CO, which results in a lower selectivity to methane and a higher chain-growth probability, which 

was in contradiction to what Schulz (2003) considered. Dry (1996) noted that either linear-adsorbed 

or bridge-type adsorbed CO can lead to the formation of the CH2 “building block”, and thus to chain-

growth, with the route via linear-adsorbed CO being the more likely one over cobalt and iron 

catalysts. 

 

Bezemer et al. (2006) suggested, in the knowledge that FTS may consist of a large variety of 

elementary reaction steps (Claeys & van Steen, 2004), that a number of different sites could be 

required. Schulz (2003) noted that different cobalt sites exist for different reactions and these sites 

may appear or disappear during reaction. 6-8 nm was the range of sizes proposed for the existence of 

the optimal fraction of active sites (Bezemer et al., 2006), which maximises overall activity in 

addition to selectivity towards C5+ compounds. The right proportion of active sites could be the 

ensemble mentioned by Ponec and van Barneveld (1979). Therefore, as cobalt crystallites are reduced 

in size, the number of sites of the appropriate geometries for chain-growth decreases. Khodakov 

(2009) noted that deactivation of cobalt catalysts may also contribute to the differences in selectivity 

with decreasing crystallite size (e.g. certain active sites may be deactivated and thus removed from an 

ensemble, resulting in a different product spectrum). 
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2.6 Water Effects on Cobalt Catalysts under FTS Conditions 
The effects of water on cobalt and FTS are not well understood and depend on catalyst crystallite size 

and support. Water has been found to have both positive and negative effects, with water 

concentration being an important factor. Water has been found to result in deactivation of cobalt 

catalysts under FTS conditions, promoting sintering of metallic cobalt crystallites, surface oxidation 

and the formation of FT-inactive cobalt-support compounds (Dry, 2004) 

 

Under FTS conditions, cobalt metal is much more resistant to oxidation by water than is iron. 

Furthermore, it shows a much lower water gas-shift activity than does iron (Dry, 2002). The water 

partial pressure term is absent from most kinetic equations for FT synthesis over cobalt catalysts 

(Yates & Satterfield, 1991). While the effect of water on FT reaction kinetics has not been correlated 

to oxidation, it has not been possible to distinguish water-induced changes in catalyst activity between 

changing kinetics and deactivation, due to the absence of appropriate in-situ characterisation tools. 

van Berge et al. (2000) claimed that water did not affect the FT kinetics with cobalt catalysts in their 

study and thus used a rate equation in which there was no water partial-pressure term. Conversely, 

Kiss et al. (2003) found that the deactivation of supported cobalt catalysts was induced by the 

presence of water, whether due to increased conversion or upon co-feeding. Ma et al. (2011) found 

that water can in fact affect the FT reaction rate, having a negative effect on Co/Al2O3 catalysts and a 

positive effect on Co/SiO2 catalysts. These effects become more significant at higher conversion 

levels, i.e. when the water partial pressure is higher. This was confirmed by Yu et al. (2007), who 

found the reaction rate to decrease with increasing time on stream (i.e. increasing water partial 

pressure) under FTS conditions (210°C, 20 bar, H2/CO = 2.1, 50% conversion). Schulz et al. (1997) 

found reaction rate to remain constant with increasing water partial pressure under FTS conditions 

over a Co/ZrO2/Aerosil/Ru catalyst. It was concluded that water does not affect the steps of CO 

adsorption and conversion to the CHx intermediate (Schulz et al., 1997). 

 

2.6.1 Activity 
There are differing viewpoints as to the reasons for the deactivation of supported cobalt catalysts. 

Hilmen et al. (1999) and van de Loosdrecht et al. (2007) noted that the discrepancies in the literature 

are probably due to differences in operating conditions, support materials, promoters and preparation 

methods, inter alia. The oxidation of cobalt metal to cobalt oxide or cobalt aluminate (when alumina 

is the support) by the product water has been postulated to be a major cause of the deactivation of 

supported, cobalt FTS catalysts (Hilmen et al., 1999). Krishnamoorthy et al. (2002) noted that water 

has been found to increase FTS reaction rates in cobalt systems with silica and titania as supports, but 

decrease reaction rates where manganese oxide or alumina was used. 

 

Hilmen et al. (1999) used a fixed-bed reactor for FTS (210°C, 13 bar, H2/CO = 2.1) to investigate the 

effects of water on alumina-supported cobalt catalysts with an average crystallite size of 21 nm 

(XRD). The catalysts were prepared by incipient wetness impregnation of the supports with aqueous 

solutions of Co- and Re-containing salts. They were analysed ex situ, using various techniques 

including TPR, TPD, XRD, XPS, pulse adsorption, gravimetry and kinetic experiments. For both Re-
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promoted and unpromoted cobalt catalysts, they found, upon the addition of water at a PH2O/PH2 inlet 

ratio of 1.5, which corresponds to a conversion of about 73%, that the relative reaction rate decreased, 

with the unpromoted catalyst losing about 40% of its initial activity (see figure 2.5).  

 

 
Figure 2.5: Reaction rate relative to the rate of CO consumption as a function of time. Feed composition: 50 mol 

% (H2 + CO), H2/CO = 2.1, balance N2 + He or N2 + He + H2O, Ptot = 13 bar, T = 210°C (Hilmen et al., 1999). 

 

Similarly, Storsæter et al. (2005) found that the reaction rate decreased with time on stream with a dry 

feed to a FTS reactor (210°C, 20 bar, H2/CO = 2.1, conversion = 40-45%) containing alumina-

supported cobalt catalysts with an average crystallite size of 11 nm (XRD). Upon addition of water 

with a PH2O/PH2 inlet ratio of 0.38 (corresponding to a simulated conversion of 36%), the rate 

decreased further. When a greater partial pressure of water (PH2O/PH2 = 0.76, corresponding to a 

simulated conversion of 59%) was added to the feed, the rate decreased to a greater extent. After the 

water was removed from the feed, the rate of reaction increased. However, the water effects on 

activity were apparently irreversible, as the reaction rate in the second dry period was only about 67% 

of the reaction rate in the initial dry period (see figure 2.6). 
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Figure 2.6: Observed reaction rate for formation of hydrocarbons as a function of time on stream 5 hours after 

start-up for Co (●) and Co-Re (○). Ptot = 13 bar, T = 210°C (Storsæter et al., 2005). 

 

Similar trends were observed in both sets of results, and in the work of Hilmen et al. (1999) in the 

cases of both the promoted and unpromoted catalysts, while to differing degrees depending on 

whether or not the catalyst was promoted. Hilmen et al. claimed that the high water partial pressures 

caused the rapid deactivation of the catalysts, with the unpromoted catalyst being deactivated to a 

lesser extent. The rate of deactivation decreased with time, as expected from fewer remaining active 

sites being available. Storsæter et al. (2005) proposed that some, but not all, deactivation caused by 

the water during reaction was reversible. They suggested that the deactivation was due to reoxidation 

of cobalt metal. 

 

Hilmen et al. found that total oxidation to Co3O4 was not observed for all Co sites. For both catalysts, 

phases that interacted strongly with the alumina supports were formed. From analyses with 

gravimetry, TPR and XPS, no detection was made of any reoxidation of the cobalt catalyst during 

model experiments (250°C, PH2O = 5.5 bar, PHe = 4.5 bar) (model experiments either involved neither 

hydrogen nor carbon monoxide being present, or significantly higher PH2O/PH2 ratios than what would 

be present under normal FTS conditions). After water exposure under model conditions, pulse 

adsorption of hydrogen indicated no change in the metal surface area and therefore no sintering. It 

was found that the promoted catalyst underwent oxidation more easily than did the unpromoted one. It 

was suggested that because the promoted catalyst crystallites were smaller, they may have been more 

readily oxidised. During FTS experiments, at a water addition PH2O/PH2 ratio of 0.38 (simulated 

conversion of 36%), Storsæter et al. (2005) observed cobalt structural changes, and the formation of 

cobalt aluminate species was confirmed by EXAFS. Catalysts with smaller cobalt crystallites were 

found, by others (Jacobs et al., 2002), to be more sensitive to deactivation by water. It was determined 

that size has an influence on the level of deactivation under both FTS and model (H2O only) 

conditions. 
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Saib et al. (2006a) synthesised cobalt crystallites of sizes 4 nm (by precipitation), 13 nm and 28 nm 

(the latter two by impregnation) on silica supports. They also employed various characterisation 

techniques, including HRTEM, XANES, TPR, and dynamic in-situ XRD (catalyst samples 

periodically removed from the reactor and analysed) to test the catalysts under model conditions (25-

300°C, PH2O = 0.04-0.3 bar, 2-3h exposure time) for oxidation in the presence of only water and 

helium. They found that the crystallites were made up of a mixture of face-centred cubic (fcc) and 

hexagonal closed-packed (hcp) crystal phases, with the fcc content increasing as the crystallite size 

decreased. These phase mixtures may have resulted from the presence of stacking faults in cobalt 

crystallites which can arise from sliding of cobalt layers. This sliding of the layers has a low 

activation energy requirement of 14 kJ/mol Co, which can be readily supplied at reduction 

temperatures (Saib et al., 2006a). 

 

The catalysts were tested at water partial pressures of 0.04 bar (the balance being helium). The large 

crystallites underwent 2% oxidation at 300°C, reaching 5% oxidation for a water partial pressure of 

0.3 bar at 100°C; the intermediate-size crystallites reached an oxidation of 30% at 300°C, and it 

appeared that the small crystallites underwent no oxidation up to 400°C for water partial pressures up 

to 0.3 bar. It was acknowledged that oxidation under these conditions (only water and an inert gas) 

was expected from bulk thermodynamics, as was shown by van Berge et al. (2000). Saib et al. 

proposed that the larger crystallites were more stable towards oxidation because they are well-faceted 

and have fewer defects in the crystallite stacking. The crystallites of size 13 nm underwent substantial 

oxidation, driven by the increased curvature of the crystallites, which increased the number of defects 

(Saib et al., 2006a). Dissociation of water is preferred at defective sites which increase the extent of 

oxidation. From a dispersion relationship, it was determined that the 13 nm crystallites had three to 

four layers of oxidation of cobalt oxide. It was indicated that silica can migrate under reduction 

temperatures and, as was revealed by high-resolution transmission electron microscopy (HRTEM), a 

layer of silica shielded the small (4 nm) crystallites from oxidation. Thus no information regarding 

their susceptibility towards oxidation was discovered. The model experiments conducted by Hilmen et 

al. (1999) and Saib et al. (2006a) provided insight into cobalt’s tendency to be oxidised under 

conditions which thermodynamically favour oxidation, but which require PH2O/PH2 ratios (if hydrogen 

was even present) that are unrealistically high under normal FTS conditions. 

 

Saib et al. (2006b) employed platinum-promoted, alumina-supported cobalt catalysts predominantly 6 

nm in diameter (XANES) in FTS (230°C, 20 bar, H2/CO = 2, 50-70% conversion) in a 100 bbl/day 

slurry bubble column reactor. It was noticed that catalytic activity declined by about 40% within the 

first 30-40 days, after which it began to level (see figure 2.2). The cobalt phase in the fresh catalyst 

consisted of about 53 wt % Co, with the remainder being CoO and possibly CoAl2O4 (Saib et al., 

2006b). After the first 8 days of operation, the catalyst was gradually reduced to consist of about 85 

wt % Co. The decline in catalytic activity was attributed to sintering, which resulted in the formation 

of larger crystallites which are more easily reducible than are smaller crystallites. Saib et al. 

speculated that these larger crystallites were reduced over the first 80 days, with the first 30 days 

including both sintering and reduction. This speculation was supported by the observation that the in-

situ reduction did not result in an increased activity, as crystallites larger than 6 nm under these 
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conditions were expected to exhibit a lower overall activity than those of 6 nm in diameter. Saib et al. 

discarded oxidation as a major deactivation mechanism for Co/Pt/Al2O3 catalysts with Co crystallites 

of predominantly 6 nm during FTS. They noted that other deactivation mechanisms might have been 

present, including sintering, as mentioned, as well as carbon deposition and surface reconstruction. 

 

van Steen et al. (2005) conducted a thermodynamic analysis for the stability of cobalt oxide under 

typical Fischer-Tropsch synthesis conditions for a temperature range of 220-250°C. They assumed 

that the crystallite shapes were spherical, had smooth surfaces and were free from packing faults and 

defects. They determined for bulk cobalt that oxidation would occur only for a PH2O/PH2 ratio of at 

least 128 at 220°C (corresponding to a simulated conversion of 99.6%). Therefore it was determined 

that bulk cobalt metal will not oxidise under these conditions. The following equations indicate the 

general reactions that occur during FTS (van Steen et al., 2005), in formation of the CH2 “monomer”. 

 

CO + H2 + Co ↔ CoO + CH2    (2.1) 

CoO + H2 ↔ Co + H2O     (2.2) 

 

The cobalt catalyst will be deactivated if the regeneration of the cobalt site (equation 2.2) is not 

thermodynamically feasible. That is, if cobalt oxide and hydrogen are energetically favoured over 

metallic cobalt and water, the catalyst will remain deactivated, i.e. as CoO (van Steen et al., 2005). 

 

The stability of nano-crystallites is different from that of bulk-phase metal. As the size of the 

crystallites decreases, the contribution from the surface energy becomes more significant. Cobalt 

crystallites with a diameter below 100 nm were considered to be thermodynamically stable as fcc 

cobalt (van Steen et al., 2005). Other phases that are present would be in a form of metastable state, as 

may have been the case with the crystallites synthesised by Saib et al. (2006a) where the hcp phase 

was found to be present. Supported cobalt catalysts usually contain crystallites that are smaller than 

100 nm in diameter, as indicated by Hilmen et al. (1999), Saib et al. (2006a, 2006b), Storsæter et al. 

(2005) and van de Loosdrecht et al. (2007), inter alia. 

 

At 220°C, it was found that fcc cobalt crystallites of diameter smaller than 4.4 nm are expected to be 

unstable and will be present as CoO for typical FTS PH2O/PH2
 ratios (van Steen et al., 2005). The size 

below which CoO will be present for fcc cobalt crystallites was later revised to be approximately 2.6 

nm (Swart, 2008). 
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Figure 2.7: Stability region of spherical fcc and CoO crystallites in PH2O/PH2 atmospheres at 220°C as a function 

of diameter of a spherical metal Co crystallite. Grey lines represent a surface-energy margin of 10%. An 

increase of 14% in the surface energy corresponds to hcp which would further destabilise the metallic phase 

(van Steen et al., 2005). Correction by Swart (2008) not shown. Second vertical axis relates PH2O/PH2 ratios 

directly to simulated conversion. 

 

For the hcp phase, van Steen et al. (2005) found that the diameter below which cobalt oxide is formed 

was 5 nm under FTS conditions. The stability of the hcp cobalt crystallites was determined to increase 

with temperature, but only by approximately 0.1 nm for 250°C. 

 

As industrial catalysts are made up of a distribution of sizes, a number of the crystallites which are 

small may not be regenerated, and those which are in intimate contact with the support may form 

cobalt-support species (van Steen et al., 2005) such as cobalt aluminate, silicate or titanate, which are 

thermodynamically more stable. Storsæter et al. (2005) found aluminate species to be present and 

Hilmen et al. (1999) found that phases that interacted strongly with the alumina were formed. It was 

suggested that cobalt catalysts may also be deactivated by the formation of an oxide shell surrounding 

a metallic core. However, this is thermodynamically unfavourable (van Steen et al., 2005). 

 

van de Loosdrecht et al. (2007) employed a 100 bbl/day reactor for FTS (230°C, 4-6 bar, PH2/PCO = 2) 

and characterised their alumina-supported, platinum-promoted, cobalt catalysts, with an average 

crystallite size of 6 nm (TEM), by pseudo in-situ XRD, XANES and magnetic measurements. The 

freshly-reduced catalyst was found to contain CoO (47 wt % by XANES) which was possibly made 

up of unreduced, small CoO crystals (Saib et al., 2006a), in addition to metallic Co. They periodically 

extracted catalyst samples from the reactor and kept them in an inert environment so that no further 

changes would occur between extraction and characterisation. The cobalt oxide phase was found to be 

reduced to metallic cobalt during reaction for the first 10 days and then remain in the metallic phase, 

even though the intrinsic activity was found to decrease for about 40 days, after which it appeared to 

approach a constant value (figure 2.8). Speculations were made as to the reason for the reduction of 

the catalyst during reaction. van de Loosdrecht et al. (2007) proposed that the hydrogen partial 
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pressure was high enough to reduce the catalyst, the presence of CO may affect water-cobalt 

interactions (Bertole et al., 2002), or that sintering could have occurred, resulting in larger, easily-

reducible cobalt crystallites while also explaining the observed decrease in intrinsic activity (van de 

Loosdrecht et al., 2007). 

 

 
Figure 2.8: Fraction of cobalt metal in spent cobalt catalyst samples taken from the FTS run, as a function of 

time online, as determined by magnetic measurements (�) and XANES (�) (van de Loosdrecht et al., 2007). 

 

Van de Loosdrecht et al. (2007) concluded from their findings that oxidation could not be a 

deactivation mechanism. Bezemer et al. (2010) also concluded that oxidation is not a deactivation 

mechanism under industrial operation, even for smaller cobalt crystallites due to the low PH2O/PH2 

ratios under FTS conditions. Parameters that may affect the deactivation of cobalt in the presence of 

water include different support materials (Storsæter et al., 2005), promoters, preparation methods, 

process conditions and apparent differences due to inconsistent characterisation techniques (van de 

Loosdrecht et al., 2007). It was noted that water could facilitate other deactivation mechanisms such 

as surface reconstruction, support migration, carbon deposition, the oxidation of existing CoO to 

cobalt-support compounds, or the oxidation of metallic crystallite structural defects (sites) which may 

previously have been responsible for enhanced activity. These may occur to differing extents, 

depending on the different conditions of the various systems employed for this kind of work. Indirect 

techniques used to monitor cobalt’s oxidation states may lead to an overestimation of the degree of 

oxidation and thus its influence on deactivation (van de Loosdrecht et al., 2007). 

 

Oxidation may occur for a number of the cobalt crystallites present yet not be adequately quantified 

because there is a size distribution of crystallites, even though oxidation may not be expected for the 

reported average size (i.e. the smallest crystallites may be oxidised but a fraction of the average-sized 

crystallites would be reported as being oxidised since the extent to which the different-sized 

crystallites are oxidised is not quantified). Values from various research groups that were compared 

by van de Loosdrecht et al. (2007) included only those where the characterisation technique employed 
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could directly determine the oxidation state of cobalt (i.e. XPS, XANES, EXAFS, TEM, XRD and 

magnetic measurements). These results seemed to agree on the range of PH2O/PH2 ratios and crystallite 

sizes where oxidation of cobalt crystallites would occur, in accordance with the aforementioned 

experimental findings. However, all of these techniques were performed ex situ, and, as a result, the 

oxidation state of cobalt could be identified only after the studied catalyst was extracted and 

passivated. Oxidation can and often does occur even during “successful” passivation methods (see 

section 2.7.1). This range was in agreement with thermodynamics (van Steen et al., 2005) and 

appeared to be independent of the support identity (silica and alumina were compared). However, as 

support geometries and chemical properties differ and affect the crystallite size due to different pore 

sizes, surface areas and cobalt-support interactions, it must be noted that there may be important 

differences with silica, alumina and titania (Lögdberg et al., 2011; Storsæter et al., 2005). Lögdberg et 

al. (2011) studied γ-alumina-supported cobalt catalysts under FTS conditions (210°C, 20 bar, H2/CO 

= 2.1) and attributed the different effects on reaction rate to different kinetic effects in the presence of 

an increased water partial pressure, rather than to deactivation. 

 

2.6.2 Selectivity 
Schulz et al. (1997) performed experiments with a Co-ZrO2-Ru-Aerosil catalyst under Fischer-

Tropsch conditions (190°C, 10-17 bar, H2/CO = 2). They co-fed water with the feed, while 

maintaining the partial pressures of H2 and CO at approximately 6 bar and 3 bar, respectively. The 

feed water partial pressures were varied between 1 bar and 8.5 bar. The rate of CO consumption was 

found to remain approximately constant with increasing water partial pressure. Methane selectivity 

decreased with increasing water partial pressure while C5+ selectivity increased. The methane 

selectivity is coupled with the C5+ selectivity, in that the propagation of the C1 species (where C5+ 

selectivity increases) is favoured over hydrogenation to methane (Storsæter et al., 2005). They 

considered that the effect of increased water partial pressure on C5+ and methane selectivities was due 

to a change in the surface kinetics. An increased water partial pressure was found to increase chain-

growth probability for products with carbon numbers up to C16 (Schulz et al., 1997). Olefin selectivity 

also increased. Schulz et al. concluded that secondary hydrogenation is inhibited at high water 

concentrations. Iglesia (1997) also found that secondary hydrogenation of primary olefins to paraffins 

is restricted in the presence of water. Storsæter et al. (2005) suggested that this effect may contribute 

to increased C5+ selectivity, stating that more olefins are available for insertion and subsequent chain 

growth at increased water concentrations. 

 

Schulz et al. (1997) observed an increase in primary olefin content with increased water partial 

pressure. They noted that water inhibited secondary olefin isomerisation by double-bond shift, 

reducing the content of secondary olefins produced. It was concluded that water restricted most 

secondary olefin reactions. It has been proposed that water assists in CO dissociation and thus its 

reactivity (Bertole et al., 2002) and Schulz et al. noted that water may influence elemental reaction 

steps. Storsæter et al. (2005) discussed the transport of H2 and CO to active surface sites and how it is 

modified by water, which may in turn affect the chain termination mechanism. Upon replacement of 
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the feed water with argon, the original selectivities were obtained, indicating that the effects of water 

on selectivity were reversible (Schulz et al., 1997). 

 

Lögdberg et al. (2011) studied Re-promoted γ-Al 2O3-, α-Al 2O3- and TiO2-supported cobalt catalysts 

under FTS conditions (210°C, 20 bar, H2/CO = 2.1). These catalysts were found also to contain B, Na 

and Cl ions, generally in larger fractions than that in which the Re was present. Water addition during 

FTS reaction runs resulted in an increased space-time yield of hydrocarbons for catalysts supported on 

the wider-pored α-Al 2O3 and TiO2, while the space-time yield of hydrocarbons decreased upon water 

addition for the catalyst supported by the narrower-pored γ-Al 2O3. No conclusive comments could be 

drawn due to the observed rapid and extensive deactivation of the catalysts. In a subsequent FTS 

experiment performed with the γ-Al 2O3-supported catalyst, water was added to the feed with 

intermediate periods where no water was added. During the water-addition periods, the space-time 

yield of hydrocarbons increased, while space-time yield of methane decreased. During the periods 

where no water was co-fed, the opposite trends were observed. It was considered that the addition of 

water changed the surface kinetics of CO hydrogenation, and mass-transfer limitations were ruled out. 

Lögdberg et al. claimed that the addition of co-fed water enhanced the activity of sites active for FTS 

and that “pure methanation” sites developed upon exposure to higher water concentrations. Water 

addition to the Co/γ-Al 2O3 catalyst resulted in increased conversion and increased C5+ selectivity, and, 

correspondingly, decreased methane selectivity since the production of C2+ products reduces the 

number of CH2 “monomers” that can be hydrogenated to methane. 

 

In conclusion, higher water concentrations (i.e. higher conversions) result in favourable product 

selectivity in that methane selectivity decreases and C5+ selectivity increases. In order to understand 

these effects and deactivation mechanisms that may be enhanced by water, appropriate research 

techniques must to be employed. As a result, perhaps an optimum range, for a particular set of 

operating conditions, of both crystallite sizes and water concentrations can be established. 

 

2.7 Understanding the Performance of Cobalt Catalysts under 

FTS Conditions 
The extent of understanding of cobalt catalysts under FTS conditions influences the industrial 

operation and its economic feasibility. Analysing cobalt catalysts and their changes requires the right 

equipment and methods, and progress is constantly being made in this area. New techniques are 

discussed here. 

 

2.7.1 Analysis of Spent Cobalt Catalysts 
The analysis of spent cobalt catalysts can be performed ex situ, with steps taken to prevent further 

catalysts changes. Some of these preventative measures include, for example, blanketing spent 

catalysts in a nitrogen atmosphere before analysing with XANES (van de Loosdrecht et al., 2007); 

removing wax with deoxygenated tetrahydrofuran in an argon atmosphere, followed by vacuum 
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drying and catalyst crushing, before being analysed with XPS (Moodley et al., 2009); or pelletising 

wax-coated spent catalysts in a low-O2 (<1 ppm) environment and sealing in Kapton tape, before 

analysing with XANES (Saib et al., 2006). Generally, procedures are implemented which usually 

include sampling spent catalysts after a certain time on stream, removal of wax, keeping the catalysts 

in an inert atmosphere (sometimes the wax itself) that prevents further changes from occurring due to 

oxidation in air, and then characterising them. During the time taken between sampling and 

characterisation, the catalyst may have changed to some extent, and these methods can be expensive 

and time-consuming (Shroff & Datye, 1996). Mansker et al. (1999) studied iron catalysts, which exist 

in a number of carbide phases, under FTS conditions. XRD is a useful instrument for distinguishing 

between these different phases. However, upon extraction and passivation of the spent catalysts, they 

found that oxidation had occurred, either during the extraction process or upon subsequent exposure 

to air, thus compromising analysis to some extent. Shroff and Datye (1996) describe the problems that 

arise in spent catalysts if correct passivation methods are not employed, and how, even upon the 

implementation of an appropriate passivation method, the spent catalyst is still susceptible to 

oxidation. In fact, the extent of oxidation, as determined by HRTEM, was used to determine whether 

a passivation procedure was considered “successful” (Shroff & Datye, 1996). 

 

A superior alternative to analysing spent catalysts after exposure to reaction conditions is to analyse 

them in situ. In-situ characterisation allows the changes to be observed under reaction conditions 

without risking the occurrence of further changes. Rønning et al. (2010) noted that in-situ 

characterisation techniques must be able to operate at reaction conditions, with a need for transient 

phenomena involved in catalyst deactivation to be adequately tracked. However, to date very little in-

situ characterisation of FT catalysts has been reported. 

 

2.7.2 In-Situ XRD Cells 
Commercial in-situ XRD cells have been in existence for a number of years. However, implementing 

a commercially-available in-situ reaction unit for laboratory scale XRD instruments, such as the XRK 

900 (Anton Paar, Austria), poses a number of problems. The first is that its large volume (up to 500 

cm3) houses dead volume, where unobservable reaction conditions are present. In these zones, plug-

flow conditions usually do not exist and this may introduce unknown parameters into the system with 

regard to predictability and characterisation. Moreover, even though this cell allows flow through the 

catalyst bed, the flow pattern through the catalyst does not exhibit plug-flow behaviour and the 

catalyst bed temperature is not directly measured, thus affecting the quality of performance data 

obtained using this cell. As a result, kinetic analysis is difficult, if not impossible. Another problem, 

with direct regard to FTS, is that commercial cells are often manufactured with beryllium in their 

windows, an element which is suitable for X-ray analyses. However, it can react with steam, forming 

beryllium oxide and hydrogen (Druyts & van Iseghem, 2001). Steam is produced in FTS and is often 

co-fed in experimental studies of water effects on FT catalysts (Storsæter et al., 2005). Kapton film 

(DuPont), which does not react with water, is also used in commercial cell windows, but oxidation of 

the windows is nonetheless regularly observed. Steam can also lead to corrosion of heating elements 
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used inside such cells. Furthermore, the Anton Paar XRK 900 is limited in its operating conditions to 

900°C and 10 bar, with the pressure being below that of many catalytic applications. 

 

Various research groups (Jensen et al., 2010; Karaca et al., 2009; Rønning et al., 2010; Grunwaldt et 

al., 2004; Li et al., 2001; Moggridge et al., 1992; Clausen et al., 1991) have developed in-situ XRD 

cells. Clausen et al. (1991) developed a cell with a capillary tube of quartz or glass as the reaction 

vessel that was heated using hot air blown around it. They noted that the capillary tubes could be 

operated at conditions up to 450°C and 50 bar, conditions suitable for industrially-relevant FTS and 

with the pressure rating exceeding that of the Anton Paar XRK 900. Temperature-uniformity was 

maintained by the presence of an enclosure of Kapton film around the tube and the reaction zone 

temperature was controlled via a thermocouple positioned 1 mm below the tube (Clausen et al., 

1991). While their design facilitated online kinetic analysis, the position of the thermocouple (outside 

the catalyst bed and outside the tube) resulted in inaccurate temperature control. The heating method, 

while resulting in good temperature uniformity, and the general setup were such that the cell could not 

easily be mounted to and detached from a commercial X-ray diffractometer, reducing its potential to 

be widely used. 

 

Moggridge et al. (1992) developed an in-situ XRD cell heated by external ovens. The temperature of 

the reaction zone was controlled via an internal thermocouple, positioned after the catalyst bed. They 

performed their experiments at 700°C and 1 bar, lower than the maxima of which the XRK 900 

(Anton Paar) is capable. Moggridge et al. noted that the steel thermocouple sheath may have affected 

kinetic analysis results, such that they stated that the trends in their results were qualitatively but not 

quantitatively accurate. For a reaction such as FTS, with a complex product spectrum, accurate kinetic 

analysis is essential. It appeared, from a schematic (Moggridge et al., 1992), that their cell was not 

designed to exhibit plug-flow conditions, furthering the lack of integrity of their kinetic results. The 

cell design in this case, though not described in as much detail as that of Clausen et al. (1991), was 

also such that it could not be mounted to a commercial X-ray diffractometer. 

 

Other designs (Rønning et al., 2010; Karaca et al., 2009) employed quartz capillary tubes as the 

reaction vessel and used hot-air blowers to heat the reaction zone, and Karaca et al. (2009) used high-

temperature epoxy glue to seal the capillary tube from gas leaks. Their operating conditions were 

210°C and 20 bar. Rønning et al., 2010 used a glass capillary tube as the reaction vessel and 

performed FTS at 210°C and 18 bar. Jensen et al. (2010) developed a cell that employed a sapphire 

capillary tube as the reaction vessel, heated by a custom-built heating element and sealed using 

Vespel ferrules. They found the capillary’s burst pressure at room temperature to be 900 bar, and it to 

be suitable for operation temperatures (at lower pressures) up to 1000°C. The capillary’s structural 

integrity depends on its quality, on it being free from crystal and surface defects (Jensen et al., 2010). 

The cell’s design, like the other two aforementioned ones, failed to permit mounting to a commercial 

X-ray diffractometer. From the developments by these research groups, it can be concluded that 

quartz, glass and sapphire capillary tubes have the structural capabilities to operate soundly at 

industrially-relevant reaction conditions which exceed those of which the XRK 900 (Anton Paar) is 

capable. Unlike the cells developed by these research groups, however, it is essential that a useful tool 
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such as an in-situ XRD cell be easily mountable to standard X-ray diffractometers, making its benefits 

transferrable, and that the methods via which it is heated and sealed to prevent gas leaks make it 

reusable, with minimal wastage of parts. 

 

In order to eliminate the problems associated with commercial cells and those developed by the 

aforementioned research groups, an in-situ XRD cell that has no dead volume and is not reactive with 

water, while at the same time allows accurate kinetic analysis with direct temperature measurement 

and is suitable for X-rays, has to be developed. It must also be mountable to any commercial X-ray 

diffractometer so that, through ease of operation, its benefits are easily transferrable. The development 

of such a cell and its testing with cobalt model catalysts under FTS reaction conditions is the subject 

of this thesis. The following section details the synthesis of the catalysts, the development of the cell 

and the experiments conducted. 
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3 Materials and Methods 

In conducting Fischer-Tropsch synthesis experiments while making use of in-situ X-ray diffraction, it 

is important that model catalysts are used so that size and water effects, with respect to catalyst 

composition, activity and selectivity, can be attributed to specific physical characteristics. In this 

section, the methods used for catalyst synthesis, ex-situ characterisation (via X-ray diffraction and 

transmission electron microscopy) and atomic absorption spectroscopy are described. The 

development of the in-situ XRD cell and the experiments performed using it are discussed. These 

experiments include in-situ temperature-programmed reduction and FTS. Finally, the details of the 

kinetic analysis for activity and product selectivity are also recorded. 

 

3.1 Catalyst Synthesis and Ex-Situ Characterisation 

3.1.1 Catalyst Preparation by Microemulsion 
Two supported cobalt catalysts, A and B, were synthesised by employing a reverse micelle technique. 

A reverse micelle is a water droplet within an oil phase, with a surfactant interface. It is a 

thermodynamically stable mixture, dependent on temperature and composition (Fischer et al., 2011). 

The catalyst preparation followed a method developed by Fischer (2011). In this method the water 

phase contains dissolved cobalt nitrate, and precipitation of cobalt within the constraints of the nano-

sized reverse micelles is achieved via addition of an ammonium hydroxide solution. The obtained 

nano-crystallites (after calcination) are then deposited onto an alumina support. Two distinct 

crystallite sizes were prepared in this study via variation of the composition of the respective reverse 

micelle systems. 

 

The support employed was γ-alumina (SBET = 162 m2/g, Vpore = 0.47 cm3/g, dpore = 11.5 nm, dparticle = 

150-200 µm; Puralox/Catalox SCCa 5-150 Series (Batch 9574), Sasol, Germany). An aqueous cobalt 

nitrate hexahydrate (Sigma-Aldrich) solution, n-hexane (Kimix, RSA), and the non-ionic surfactant 

Berol 050 (pentaethylene glycol dodecyl ether, or PEGDE, AkzoNobel) constituted the 

microemulsions in which the cobalt crystallites were formed. All steps were conducted at room 

temperature, unless otherwise stated. 

 

The hexane and surfactant were mixed together and stirred for 1 hour using a magnetic stirrer. The 

stirring speed was 300 RPM in all the steps where stirring was performed. Aqueous cobalt nitrate 

solution was then added drop-wise at a rate of about 20-30 ml/min to the organic phase while stirring 

and the mixture was subsequently stirred for 2 hours, after which it was left to equilibrate for 12 hours 

(for the composition of the two reverse micelle solutions used to obtain the two catalyst precursors, 

see table 3.1). This solution had a clear, pink appearance. 
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Table 3.1: Reverse micelle compositions for the catalyst precursors studied in this work. 

Mass (g) Ammonium 

Hydroxide (ml) 
ω

a 
Catalyst Hexane Berol 050 Water Co(NO3)2

.6H2O 

A 999.90 136.65 52.76 5.12 5.40 0.400 

B 2000.01 273.59 54.24 1.32 1.35 0.200 
 a Molar water-to-surfactant ratio 

 

Aqueous ammonium hydroxide solution (25 wt % in water, Sigma-Aldrich) was added drop-wise at a 

rate of about 3-6 ml/min, at the correct stoichiometric molar ratio of cobalt nitrate (2NH4OH : 

Co(NO3)2), and the mixture was stirred for 30 minutes. The solution changed in colour from pink to 

green, while remaining macroscopically homogeneous. Ammonium hydroxide causes the 

precipitation of Co(OH)2 within the reverse micelles, according to equation 3.1. 

 

   Co(NO3)2 + 2NH4OH → Co(OH)2 + 2NH4NO3   (3.1) 

 

Acetone (500 ml) was then added drop-wise to the solution at a rate of about 8 ml/min, while stirring. 

Acetone collapses the reverse micelles, freeing the precipitated Co(OH)2 particles, which are 

amorphous (Fischer, 2011). After settling for 12 hours, the clear phase was decanted and 700 ml 

acetone was added, in a process where the surfactant is washed away. Decanting the clear phase and 

washing with acetone was repeated a further five times, with 12 hours of settling time allowed 

between adding the acetone and decanting. When smaller crystallites were being synthesised (catalyst 

B), the latter washing steps sometimes required longer settling times (24-48 hours), with the clarity of 

solution indicating the state of settling. 

 

The clear phase was finally decanted and the remaining liquid was boiled off on a hot plate at 50°C, 

with hot air blown over it. The partially-dried particles were then ground using a pestle and mortar, 

before being thoroughly dried in an oven at 130°C for 12 hours. The Co(OH)2 particles were again 

ground using a pestle and mortar. Calcination in air was performed in an oven that was heated up to 

200°C over 2 hours, and then held at 200°C for 5 hours. The higher temperature dehydrates the 

amorphous Co(OH)2, forming crystalline Co3O4, according to equation 3.2. 

 

3Co(OH)2 + ½ O2 → Co3O4 + 3H2O   (3.2) 

 

The Co3O4 crystallites were added to a round-bottom flask with 30 ml deionised water. The flask was 

placed into an ultrasonic bath for 90 minutes to suspend the particles. The alumina was added to the 

suspension, with the support being present in the right quantity to achieve a cobalt loading between 5-

10 wt %. The new mixture was placed into a rotary evaporator operating at 80°C and 0.2 bar for 3 

hours. The resultant alumina-supported Co3O4 was reduced to metallic cobalt in the reaction cell, in 

the presence of hydrogen, according to equation 3.3. 

 

Co3O4 + 4H2 → 3Co + 4H2O    (3.3) 
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3.1.2 X-Ray Powder Diffraction and Rietveld Refinement 
A Bruker AXS D8 Advance X-ray laboratory diffractometer was used for all the X-ray powder 

diffraction in this work. The diffractometer has a Co source (λKα1 = 0.178897 nm) and a VÅNTEC 

position-sensitive detector. A 0.6 mm slit was in place on the X-ray source side of the instrument. The 

diffractometer was operated in reflection mode, using parallel beam geometry, with a voltage of 35 

kV and a current of 40 mA. 

 

In-situ scans were taken over the range of 2θ angles between 40-90°. This was done to maximise 

resolution while minimising the time required to perform each scan, also taking into account that all 

the major peaks were in this range. This simultaneously eliminated the borosilicate background 

contribution for angles below 40° (see figure 4.3). The average crystallite sizes were determined by 

Rietveld refinement of the XRD spectra in TOPAS 4.2 (Bruker AXS). This method calculates the 

average, volume-weighted crystallite size, with 2 nm being the lower limit for what is considered 

reliable, using this method. The alumina used was predominantly γ-alumina with a small portion of an 

unknown alumina phase, possibly θ-alumina. γ-alumina and θ-alumina structure files were used for 

the refinements of the small crystallite sizes. For the catalyst with the large crystallite sizes, a “peaks 

phase” tool was used instead of the θ-alumina structure file. This was found to yield more stable 

results (the calculation errors were reduced in magnitude), especially because of an overlap between 

the XRD spectra of fcc cobalt and the θ-alumina at a 2θ angle of 52°. 

 

3.1.3 Transmission Electron Microscopy 
TEM was performed using three microscopes: a LEO 912 Omega, operating at 120 kV, an FEI Tecnai 

G220 with a LaB6 filament, operating at 200 kV, and an FEI Tecnai TF20 with a Field Emission Gun, 

operating at 200 kV. The latter two were used to produce both TEM and HRTEM micrographs. 

Unsupported Co3O4 and supported samples were suspended in ethanol and dispersed by 

ultrasonication before being deposited on carbon-coated copper grids for TEM analysis. Image J, a 

freeware programme, was used to measure crystallite sizes from TEM micrographs, from which 

particle size distributions (PSD) were generated. A PSD was generated from the sizes of 300-500 

crystallites. These were counted by taking the length of the crystallites, as indicated in figure 3.1. 
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Figure 3.1: TEM image of unsupported Co3O4 of catalyst A. The white line within the highlighted zone 

indicates the way in which crystallites were measured to generate a number-based PSD from TEM. 

 

TEM analysis yields number-based sizes. In order to compare these with XRD sizes, which are 

volume-based, TEM volume-based sizes were calculated from the TEM number-based sizes, 

according to the following equation. 

 

    ����,��� =
∑	�
���,���

�

∑	�
���,���
	      (3.4) 

 

Where dTEM,vol is the calculated, volume-based TEM size, ni is the number of measured crystallites of a 

particular size (i.e. dTEM,num), and dTEM,num is the number-based TEM size, as measured from the 

micrographs. 

 

3.1.4 Atomic Absorption Spectroscopy 
The metallic cobalt loadings of the Al2O3-supported Co3O4 were obtained from elemental analysis, 

using Atomic Absorption Spectroscopy (AAS). A Varian SpectraAA 110 AAS instrument was used. 

Approximately 100 mg of each supported sample was digested in 10 ml of a 4:1 HCl/HF mixture. The 

acid concentrations for HCl and HF were 30 wt % and 40 wt %, respectively. The mixture was heated 

to its boiling temperature at which point 10 ml HNO3 was added. The volume was reduced to 2 ml by 

boiling. 5 ml of concentrated HClO4 was added and the mixture volume was again reduced to 2 ml by 

boiling. The cooled mixture was transferred to a volumetric flask and the volume increased to 100 ml 

by the addition of distilled water. The liquid was filtered using filter paper and the filtrate was 

analysed using AAS. 
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3.2 In-Situ XRD Cell Development 
The development of an in-situ XRD cell was the main aim of the current study. It must be suitable for 

in-situ experiments at realistic reaction conditions (i.e. temperatures and pressures up to and above 

450°C and 20 bar, respectively). The design must be such that plug-flow conditions are present and 

that the reaction zone temperature is measured accurately so that reliable online kinetic analysis can 

be performed. The reaction vessel needs to be gas-tight, which must be achieved by an appropriate, 

reusable set of materials. The in-situ XRD cell must also be designed so that it can be mounted to any 

commercial X-ray diffractometer or synchrotron, thereby making its benefits widely transferrable. A 

challenge with this last point includes the fact that laboratory-scale X-ray diffractometers have 

considerably lower power sources than do synchrotrons, resulting in potentially significant 

interference from the reaction cell itself. This must also be addressed. 

 

3.2.1 Reactor Design and Setup 
A suitable reaction cell must be able to withstand appropriate reaction conditions, as mentioned 

above, while also exhibiting plug-flow conditions for kinetic analysis. A glass capillary tube, in 

accordance with what has been found by others (see section 2.7.2), is an appropriate starting place for 

such a reaction vessel. Capillaries of differing dimensions and construction materials were obtained. 

In table 3.2 the acquired capillaries and their dimensions are listed. Concerning the capillary names, 

“H” refers to Hilgenberg GmbH (Germany) and “C” refers to Capillary Tube Supplies (UK), the 

suppliers of the correspondingly-named capillaries. Linear absorption coefficients for quartz and 

borosilicate have been reported as being 75.8 cm-1 and 71.0 cm-1, respectively (Capillary Tube 

Supplies, 2009). This is an indication of how much the X-ray signal is affected by these materials, 

with a higher number indicating a greater loss in signal. Unfortunately, no information for the loss of 

X-ray signal through sapphire could be obtained. 

 

Table 3.2: Tested capillaries and their dimensions. Each capillary was 75 mm in length. 

Capillary Name Construction Material Outer Diameter (mm) Wall Thickness (mm) 

H2S Sapphire 2 0.20 

H1S Sapphire 1 0.10 

H2Q02 Quartz 2 0.20 

H2Q01 Quartz 1 0.10 

CQ002 Quartz 1 0.02 

CQ001 Quartz 1 0.01 

CB002 Borosilicate 1 0.02 

CB001 Borosilicate 1 0.01 

 

The in-situ XRD cell (see schematic in figure 3.2) has been designed so that it can be mounted to the 

Bruker AXS D8 Advance X-ray laboratory diffractometer in the same manner in which the 

commercial attachments are mounted. This design also allows it to be mounted to any other laboratory 

diffractometer. Capillary CB002 (of wall thickness 0.02 mm) was used as the reactor in this study. 

This material was selected over quartz due to its lower linear absorption coefficient in CuK radiation 
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(Capillary Tube Supplies, 2009), which is similar in wavelength to that of CoK radiation. In testing 

the capillaries, spectra of superior quality were obtained when using the borosilicate capillaries (see 

figures 4.2-4.5). Due to the crystal structure or greater presence of structural or chemical defects in 

borosilicate capillaries in comparison with quartz capillaries, their safe upper temperature limit is 

about 500°C whereas quartz capillaries can operate up to 1000°C and higher. Quartz capillaries of 

approximate wall thickness 0.02 mm can be operated up 50 bar and higher (Clausen et al., 1991). 

Dimension effects are significant for borosilicate capillaries and an operating pressure of 25 bar is 

expected to be achieved with a wall thickness of 0.02 mm. The upper operating pressure limits in both 

cases depend on the way in which the capillaries are manufactured and on their crystal and surface 

defects (Jensen et al., 2010). The sapphire capillaries studied were too thick so that no XRD spectra 

were generated. While other research groups have used sapphire capillaries (Jensen et al., 2010), they 

also used synchrotrons for their XRD work. Synchrotrons have much greater operating voltages than 

do laboratory-scale X-ray diffractometers. This means that the X-rays generated have sufficient 

energy to penetrate the thicker capillaries and generate high-quality signals. Signal quality is also a 

function of scan time (16.5 minutes was found to be the optimum in this study), where longer scans 

result in signals of higher intensities, while shorter scans better approximate real-time catalyst 

characterisation. Sapphire capillaries are capable of higher operating temperatures and pressures, 

theoretically up to 2000°C and operationally up to 900 bar (Jensen et al., 2010). Sapphire capillaries 

of wall thickness 0.02 mm are difficult to manufacture and it was not possible to obtain them for this 

study. 

 

In figure 3.2 is a schematic of the first-generation in-situ XRD cell that was used in the current study. 

All the capillaries listed in table 3.2 were tested in this cell, without any changes required to do so, 

thus confirming its capacity to accommodate any capillary of 1 or 2 mm outer diameter. Plug-flow 

conditions are achieved with these dimensions (Grunwaldt et al., 2004) and the flow-rates used in the 

current study, resulting in accurate kinetic analysis, provided a suitable temperature profile exists. 
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Figure 3.2: Simplified schematic of the first-generation in-situ XRD cell with diffractometer mounting plate, 

height-adjustable extension block, capillary reactor and infrared heaters (image courtesy of Marc Wüst). 

 

Attached to the mounting is a height-adjustable feature (see figure 3.4) to ensure that the catalyst bed 

is at the diffractometer’s level of detection. Therefore, the background signal from the capillary 

material can be minimised by adjusting the height. To prevent both breakage of the capillaries and 

inconsistent XRD signal, it was important for the design to be as rigid as possible to eliminate lateral 

movement. 

 

Yttrium oxide, Y2O3, was used as a standard to determine the appropriate height for the cell, as well 

as the background contribution introduced from the capillary walls. The catalyst bed (made up of 

approximately 0.1-0.2 g of catalyst) was approximately 2.5 cm long and was packed on either side 

with silane-treated glass wool. 

 

Heaters beneath the reaction zone of the cell maintain the operating temperature, which is controlled 

via an internal thermocouple. Elstein MSH infrared heaters (Elstein, Germany) 20 mm long and 10 

mm wide were used, capable of heating the reaction zone to temperatures above 500°C. They were 

positioned in different ways, to find an optimum temperature profile. The final combination was as 

indicated in figure 3.2, with two placed end-to-end. A transformer (Eloff Transformers, RSA) of 

potential up to 12 V and current capacity up to 13 A was installed as was required by the infrared 

heaters. Their power output was controlled using a programmable temperature controller (Gefran 

800P) (Unitemp, RSA). A heat shield was manufactured from aluminium sheeting and DuPont 
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Kapton film (RS Components), which does not interfere with X-rays. It was attached to the 

aluminium shield by magnetic strips (Technical + General Distribution, RSA). A schematic of this 

setup is shown in figure 3.3. 

 

 
Figure 3.3: Schematic of aluminium heat shield and surrounding Kapton film. Capillary shown fitted within 

hexagonal Swagelok eighth-inch fittings. Note that the heat shield does not interfere with the X-ray beam path. 

 

The heat shield and Kapton film made up an enclosure for the reaction cell and resulted in improved 

temperature control of the reactor (see temperature profile in figure 4.6). In addition to the reactor 

heating, a heating cartridge with incorporated thermocouple (not shown) was placed into the large 

block, on the inlet side of the reactor (see figure 3.4). This prevented water condensation during co-

feeding experiments. 
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Figure 3.4: XRD capillary stage with heat shield and Kapton film. Inlet and exit lines for illustration only (real 

gas lines were heated and insulated). Thermocouple was supported during operation (diagram for illustration 

only). 

 

The capillary was sealed to the Swagelok sixteenth-inch tube connectors by using Agilent short 

graphite ferrules with internal diameter 1 mm (Chemetrix, RSA), PTFE tape (Swagelok) and DuPont 

Kalrez 7075 O-rings with internal diameter 1.07 mm and thickness 1.27 mm (Spartan Fluid Sealing 

JHB, RSA). The PTFE tape was wrapped around the mounted graphite ferrule and stainless steel 

connector because the graphite-steel interface was not perfectly gas-tight, either due to the material or 

combinatorial size differences. An internal thermocouple (Temperature Controls, RSA) 0.5 mm in 

diameter, and with a maximum-rated operating temperature of 1000°C, was placed inside the 

capillary, within the catalyst bed, but outside of the X-ray beam path (approximately 1.5 cm wide). 

 

3.2.2 Flow Sheet 
The experimental flow sheet of the overall setup is presented in figure 3.5, indicating gas inlet lines 

with mass flow controllers, heated lines (dashed lines), saturator, reactor circuit, water knock-out 

drum (and water-release valve), ampoule sampling for external kinetic analysis and exit lines to online 

gas chromatograph and vent system. A photograph of the major components is shown in figure 3.6. 
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Figure 3.5: Flow sheet of reactor circuit for in-situ XRD FTS experiments. 

 

 
Figure 3.6: Circuit with vertically-positioned saturator and reactor inlet line, both with accompanying inline 

pressure gauges. 
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The cell has been designed with a water saturator (details in section 3.3.1) such that water can be co-

fed with the syngas at various partial pressures, allowing the effects of different simulated extents of 

conversion to be studied. The reaction volume and chemical nature of this cell have been chosen to 

eliminate the problems associated with commercial in-situ cells (see section 2.7.2), while exhibiting 

plug-flow conditions. The gas feed and effluent lines were heated by heating wire and the extension 

block’s heating cartridge, both at 200°C. The heating lines, saturator and heating cartridge were all 

controlled by using dedicated temperature controllers (Gefran 600) (Unitemp, RSA). The reaction 

zone heaters were controlled, in conjunction with the internal thermocouple, by a dedicated, 

programmable temperature controller (Gefran 800P). 

 

3.3 In-Situ Experiments 
Temperature-programmed reduction and FTS experiments were performed using the in-situ XRD cell. 

The two catalysts that were synthesised, A and B (of different crystallite sizes), were used in these 

experiments, and identical reduction and reaction conditions were employed for each one. Reduction 

was performed using temperatures up to 450°C and 1 bar(a) hydrogen, and FTS was performed at 

220°C and pressures between 1-4 bar(a) (1 bar syngas; the balance was co-fed water). Kinetic analysis 

was performed using gas chromatography. 

 

3.3.1 Reduction and Fischer-Tropsch Synthesis 
Each catalyst was reduced in situ in pure hydrogen at atmospheric pressure with a space velocity of 80 

ml(NTP).min-1.g-1. The catalysts were reduced at 450°C, in accordance with the conditions used by 

Fischer et al. (2011). The temperature was increased from room temperature at a rate of 1°C/min, and 

was maintained at 450°C for 6 hours. The crystalline phase changes occurred as the catalyst was 

reduced in two steps, according to equations 3.5 and 3.6. 

 

Co3O4 + H2 ↔ 3CoO + H2O    (3.5) 

CoO + H2 ↔ Co + H2O     (3.6) 

 

The reactor was cooled to 220°C at a rate of 2°C/min with constant hydrogen flow at the reduction 

flow-rate. When the reactor had cooled to the reaction temperature of 220°C, syngas, a pre-mix of 

60% H2, 30% CO and 10% Ar (Afrox, RSA), was introduced to the system. It was allowed to flow at 

5 ml(NTP)/min (100% of the installed mass flow controller’s capacity) through the reactor for 10 

minutes to decrease the time required for CO to make up 30% of the reactant gas volume. This 

progress was monitored by an online gas chromatograph with thermal conductivity detectors. After 

this, a high syngas space velocity of 80 ml(NTP).min-1.g-1 was used to ensure low conversions so that 

the water concentrations present could be well controlled by the designed saturator system. For each 

reaction condition, the syngas partial pressure was maintained at 1 bar(a). Between conditions, the 

system pressure was increased to the required value, with the reactor circuit open, using the back-

pressure regulator, at a syngas flow-rate of 5 ml(NTP)/min, after which the saturator temperature was 

increased to the appropriate value to result in the desired water vapour pressure. The syngas flow-rate 
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was then reduced to the reaction flow-rate. Each condition was maintained for 6 hours. In table 3.3, 

the water partial pressure of each condition is related to the corresponding simulated conversion, as 

well as the system pressure for that condition and the saturator’s operating temperature required to 

supply the feed gas with water at the required partial pressure. Simulated conversion was calculated as 

follows, with the water-gas shift reaction considered negligible (Dry, 1996). See table 4.2 for the 

catalyst masses and hydrogen and syngas flow-rates employed. 

 

     ��� =

��


����
     (3.7) 

Where x is mole fraction. 

 

Table 3.3: Water partial pressures and corresponding simulated conversions. 

Water Partial 

Pressure (bar(g)) 

Saturator 

Temperature (°C) 

Simulated Conversion 

(%) 

Total System 

Pressure (bar(a)) 

0.5 82 63 1.5 

1 100 77 2 

2 120 87 3 

3 134 91 4 

 

The saturator, a stainless steel, double-ended cylinder with an internal volume of 75 ml (Swagelok 

code: 304L-HDF4-75), was positioned vertically with the gas entering from the bottom. It contained 

sufficient Chromosorb P (acid-washed, 60-80 Mesh) (Sigma-Aldrich) to hold approximately 40 ml of 

water which was used to saturate the syngas stream. The Chromosorb was secured with silane-treated 

glass wool above and beneath it. The saturator was heated using heating wire and its temperature was 

controlled via an internal thermocouple. System pressures from 1-4 bar(a) were used, with the 

difference between the syngas pressure and total pressure being made up by the water partial pressure. 

Co-feeding steam in this way, coupled with the high space velocity, allowed simulated conversions to 

be controlled. 

 

XRD scans 16.5 minutes long over the 2θ range of 40 to 95° were taken continuously for the entirety 

of the reduction process, from heating up, holding at reduction temperature, to cooling down to 

reaction temperature. During FTS, scans 16.5 minutes long were taken continuously. The 2θ range 

was selected as all the significant peaks for the cobalt and alumina phases were between 40 and 95°. 

The scan time was selected so as to maximise peak intensity and minimise time during which 

unmonitored catalyst changes could occur. An online gas chromatograph fitted with thermal 

conductivity detectors was installed after the XRD and used to analyse the effluent gases with respect 

to Ar, CO, CO2, H2O, CH4, O2 and N2. Reaction effluent gas was also captured using ampoules, the 

composition of which was analysed using an offline gas chromatograph with a flame ionisation 

detector, which allowed the analysis of hydrocarbons to be performed. The methane peaks were used 

to tie the two chromatograms together. 
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3.3.2 Gas Chromatography with Thermal Conductivity Detectors 
Online gas chromatography was performed on the reactor effluent gases using an online Varian CP-

4900 Micro-GC fitted with thermal conductivity detectors. Two columns, which used hydrogen as a 

carrier gas, were employed. The first, a 20 m Poraplot Q PLOT column, operated at 1.8 bar(a) column 

head pressure and 60°C, and the second, a 10 m Molecular Sieve 5A PLOT column, at 1.7 bar(a) and 

40°C. The software programme Varian Galaxie Chromatography Data System 1.9.3.2 was used to 

control the gas chromatograph and to calculate peak areas of the components from the 

chromatograms. The chromatograph was calibrated using a sample of gas of known composition. 

Calibration factors were calculated, as follows, with argon as the reference gas (equation 3.8). 

 

     �� =
����

����
     (3.8) 

 

Where xi is the mole fraction of component i and Ai is the integrated area of component i, calculated 

from the chromatogram. 

 

The flow-rate of methane was calculated from GC-TCD analysis, as the reference/tie compound for 

GC-FID analysis (section 3.4.2). 

 

     ����� =
�
��
�����

���
    (3.9) 

 

Where ��� is the volumetric flow-rate of component i. 

 

3.4 Ex-Situ Catalyst Characterisation and Kinetic Analysis 

3.4.1 Transmission Electron Microscopy 
Spent catalysts were cooled from 220°C to 25°C in flowing N2. At 25°C, 1% O2 in N2 was used to 

oxidise the surface of the catalysts to prevent further oxidation upon exposure to the atmosphere. 

They were then characterised by Transmission Electron Microscopy. This was done to potentially 

identify different compounds, such as Boehmite, an AlO(OH) phase, that may have formed during the 

water co-feeding experiments. This particular compound may not be XRD-visible either because of an 

overlap of its peaks with alumina or because it may be amorphous. 

 

3.4.2 Kinetic and Product Analysis 
Kinetic and product analysis were performed via offline gas chromatography on the ampoule samples 

taken under steady state conditions. The samples were injected manually, via syringe, into a Varian 

CP 3900 fitted with a flame ionisation detector (FID). The column, which used hydrogen as a carrier 

gas, was a non-polar CP Sil 5CB, 25 m in length and 0.15 mm in diameter (film thickness: 2 µm). The 

column operated at 1.38 bar(a) head pressure and the split ratio was 10. The injector and FID operated 
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at 225°C and 200°C, respectively. For each run, the initial column temperature was -55°C. It was held 

at -55°C for 1.5 minutes, after which it was heated up to 0°C at 20°C/min. It was then heated to 100°C 

at 14°C/min, after which it was heated to 280°C at 16°C/min. It was held at 280°C for 7.36 minutes. 

The software programme Varian Galaxie Chromatography Data System 1.9.3.2 was used to control 

the chromatograph and obtain the component areas from the chromatograms. The molar flow-rates of 

all components (on a carbon basis) were calculated (equation 3.10) based on the methane molar flow-

rate calculated from GC-TCD calibration and analysis (equation 3.9). 

 

     �� �,� =
��	�
�

�
�
     (3.10) 

 

Where �� �,� is the molar flow-rate of component i on a carbon basis and Ai is the integrated area of 

component i, calculated by the GC program, from the chromatogram. Note that no correction factors 

were used for the hydrocarbon products, and oxygenates formation was negligible in this study.  

 

Compounds with carbon numbers up to 7 could be detected on the column (for GC-FID 

chromatograms, see appendix A1). An Anderson-Schulz-Flory plot for each water partial pressure 

was constructed using the straight-chain products with carbon numbers 3-6 (for ASF plots, see 

appendix A2). To construct this plot, the natural logarithm of the ratio of the mole fraction (carbon 

basis) of component i to its carbon number, ��
�,�

	�
, was plotted as a function of carbon number, nc. The 

chain-growth probability, α, could then be calculated from the gradient of the straight line obtained, 

which is described by equation 3.11. 

 

     ��
�,�

	�
= ����� + ��

���

�
    (3.11) 

 

The straight line was extrapolated, assuming constant chain-growth probability for products of higher 

carbon numbers, to account for all the products up to a carbon number of 50, representative of all 

products formed. The mole fraction for a product with carbon number i could then be calculated. This 

was multiplied by the carbon number to obtain the product’s mole fraction on a carbon basis. 

 

     	�,� = ���exp (ln
�,�

	�
)    (3.12) 

 

Where xi,c is the mole fraction of component i on a carbon basis. The value for the exponent was 

obtained from the extrapolated straight line (equation 3.11). 

 

The total molar flow-rate was calculated from the molar flow-rate of the C3 products and their mole 

fraction. This could be done with any of the products in the carbon number range 3-6, as these were 

used to construct the ASF plots for each FTS condition. 

 

     �� ����� =
	�	��������

	��������
    (3.13) 
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The molar flow-rates, on a carbon basis, for each component between C8-C50 were then calculated by 

multiplying a component’s mole fraction by the total molar flow-rate. 

 

     �� �,� = 	�,��� �����     (3.14) 

 

The conversion in Fischer-Tropsch synthesis is calculated based on CO. Assuming cobalt exhibits 

negligible water gas shift activity, the conversion is calculated as follows: 

 

     ��� =
	��,���	��,���

	��,��
    (3.15) 

 

Where ����,�	 is the molar flow-rate of CO into the reactor and ����,��� is the molar flow-rate of CO 

out of the reactor. 

 

The conversion levels in this study were deliberately kept low (i.e. 1-5%; see appendix A3) so as to 

allow gradientless operation. As a consequence, accurate conversion measurement from CO flow-

rates was not possible as only very small changes in CO flow-rates were present. The conversion was 

thus calculated from the product formation rates on a carbon basis, which would be equal to the 

difference between the molar flow-rate of CO in the reactor feed and the molar flow-rate of CO in the 

reactor effluent (equation 3.15). The conversion was therefore calculated according to equation 3.16. 

 

     ��� =
∑ 	� �,�
��
�

	��,��
     (3.16) 

 

Where ∑ �� �,�
��
�  is the sum of the molar flow-rates of the Fischer-Tropsch products in the carbon 

number range 1-50, on a carbon basis, representative of all products formed. 

 

The yield of a compound (on a carbon basis) could be calculated as the ratio of that compound’s 

molar flow-rate to the inlet CO molar flow-rate, on a carbon basis. 

 

     ��,� =
	� �,�

	��,��
     (3.17) 

 

From this ratio, the selectivity for a compound (on a carbon basis) could be calculated, which is the 

ratio of the yield of that compound to the conversion. 

 

     ��,� =
��,�

��
     (3.18) 

 

The formation rate of a compound can be used as an indication of the catalytic activity towards 

producing that compound. It can be used for a single compound or a group of compounds, as follows. 

 

    � =
	� �,�

����
 or for a group, ��� =

∑ 	� �,�
��
�

����
   (3.19) 
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Where r i is the formation rate of compound i, rc5+ is the rate of formation of compounds with carbon 

numbers between 5-50 and mcat is the mass of the catalyst employed. 

 

The turnover frequency, TOF, used to indicate the surface activity, is the number of CO molecules 

converted per mole of exposed, surface cobalt atoms per unit time (equation 3.20). 

 

     ��� =
∑ 	� �,�
��
�

 ���,���
��    (3.20) 

 

Where Nexp,tot is the total number of exposed cobalt atoms on the surface and NA is Avogadro’s number 

(i.e. 6.022141.1023 mol-1). 

 

Statistical methods published by van Hardeveld and Hartog (1969) provide the means to calculate the 

total number of atoms and the number of surface atoms, as functions of crystallite size. These 

methods are applicable for the face-centred cubic phase in this study, as well as for other crystal 

structures. In order to calculate the total number of exposed cobalt atoms on the surface, the total 

number of cobalt atoms in the crystallite must be calculated (equation 3.21). 

 

     ����,�!"#� = (

�����

�.���
�
)$    (3.21) 

 

Where dcryst is the average crystallite size and dCo is the atomic radius of cobalt (125.3.10-3 nm). The 

dcryst size was obtained from XRD size analysis and is therefore a volume-weighted size. Due to the 

nature of this project, it was not possible to extract catalyst samples throughout experimental runs and 

analyse them using TEM. Therefore, the volume-weighted sizes (calculated from Rietveld refinement 

of the XRD spectra), which are typically slightly larger than the number-weighted sizes, were used. 

 

The number of edge atoms, m, is found by equating the total number of cobalt atoms (equation 3.21) 

to an expression that has been derived as a function of the number of edge atoms. 

 

    ����,�!"#� = 16�$ − 33�% + 24� − 6   (3.22) 

 

With the number of edge atoms known, the number of exposed cobalt atoms can be calculated. 

 

    �&',�!"#� = 30�% − 60� + 32   (3.23) 

 

The total number of exposed cobalt atoms on the surface can then be calculated. 

 

    �&',��� = �&',�!"#�
(�����

��

 �

 ���,�����
   (3.24) 

 

Where LCo is the cobalt loading, obtained from AAS measurements and MCo is the molar mass of 

cobalt. 
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Molar olefin fractions were calculated for the C2-C7 product fractions, by using the following 

equation. Branched products were excluded from this analysis as only the linear hydrocarbons (olefins 

and paraffins) were included. 

 

     �� =
	��,�

	��,��	��,�
     (3.25) 

 

Where oi is the linear olefin fraction of product fraction i (i.e. C2-C7 product fractions), ���,� is the 

molar flow-rate of linear olefins of product fraction i and ��',� is the molar flow-rate of linear paraffins 

of product fraction i. 

 

Another olefin analysis was performed to study the isomerisation of the primary-product, linear 

olefins to secondary-product, linear olefins (those which have internal double bonds). In this 

calculation, for a given carbon number, the linear α-olefin fraction was divided by all linear olefins. 

 

     ��,� =
	��,�

	��,��	��,�
     (3.26) 

 

Where oα,i is the fraction of primary-product, linear olefins in the portion of linear olefins in product 

fraction i, ���,� is the molar flow-rate of primary-product, linear olefins in product fraction i, and ��),� is 

the molar flow-rate of secondary-product, linear olefins (i.e. those linear olefins that have internal 

double bonds) in product fraction i. 

 

The branched product ratio (the ratio of branched hydrocarbons to linear hydrocarbons) was 

calculated, as a function of water partial pressure, for the C5 product fraction only, as a representative 

product fraction. 

 

     ��� =
	� ,�

	��,��	��,�
     (3.27) 

 

Where bC5 is the fraction of branched compounds in the C5 product fraction and ��*,�� is the molar 

flow-rate of all branched compounds in the C5 product fraction. 
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4 Results 

The results for the experiments conducted in this study are presented here. The unsupported catalyst 

precursors, as synthesised using the reverse micelle technique (see section 3.1.1), were characterised 

using transmission electron microscopy. The results of the X-ray interference tests of the selected 

borosilicate capillary are presented. A temperature profile over the capillary was generated, with 

emphasis on the reaction zone. The commissioning of the in-situ X-ray diffraction cell entailed in-situ 

temperature-programmed reduction and Fischer-Tropsch synthesis. The results of the catalyst changes 

throughout these experiments are presented and described. Finally, the analysis of catalyst activity and 

product selectivity is presented. Discussion of these results is made in section 5, and for maximum 

clarity these two sections should be read in parallel. 

 

4.1 Ex-Situ Characterisation of Fresh Catalysts 
Crystallite size distributions were generated using TEM and average size analysis was performed 

using XRD, for each catalyst sample. TEM size analysis results in a number-based size distribution, 

while XRD yields a volume-based size. In order to compare these two, the number-based average size 

(generated from TEM analysis) was converted to a volume-based size (equation 3.4). This was done 

because XRD analysis was the main context of this study. The details of the instruments and the 

respective methods implemented can be found in sections 3.1.2 and 3.1.3. 

 

Catalysts A and B were employed for the in-situ runs. The characteristics of these catalysts are listed 

in table 4.1. 

 

Table 4.1: Characteristics of the catalysts synthesised in this study. 

Catalyst 
ω

a 

(mol/mol) 

Co(NO3)2
.6H2O 

Conc. (mol/l) 

Co3O4 Crystallite Size Loading 

(AASd) (%) XRDb TEM c 

A 0.4 0.32 11.1 10.3±1.9 6.4 

B 0.2 0.08 6.7 6.1±1.4 4.0 
a Molar water-to-surfactant ratio 
b XRD sizes (volume-based average) calculated using Rietveld refinement in TOPAS 4.2 
c TEM sizes are volume-based, calculated from the number-based sizes using the following equation: 

����,��� =
∑��	���,���

�

∑��	���,���
	  , where dTEM,vol is the calculated, volume-based TEM size, ni is the number of measured 

crystallites of a particular size (i.e. dTEM,num), and dTEM,num is the number-based TEM size, as measured from the 

micrographs. 
d Atomic Absorption Spectroscopy 

 

TEM micrographs of the unsupported, fresh Co3O4 in catalysts A and B, with corresponding 

crystallite size distributions, are presented in figure 4.1. The reverse micelle technique resulted in 
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narrow crystallite size distributions, indicated by the size of the standard deviation in each case (see 

table 4.1). A narrow size distribution is essential for catalysts A and B to be model catalysts. 

 

 

 
 

 
 

Figure 4.1: TEM micrographs and number-based, crystallite size distributions of unsupported Co3O4 of catalyst 

A, above, and B, below. The number-based sizes are slightly smaller than the volume-based sizes. 

 

4.2 Cold Cell Commissioning 
In commissioning the in-situ cell, it was important to understand the background contribution from 

the capillary tube after X-rays had passed through it and were detected. In order to do this, an 

experiment was performed where an XRD spectrum of a sample of Y2O3 was generated. This sample 

of large crystallites resulted in a spectrum with narrow peaks of high intensity, making it ideal for the 
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interference study. After a suitable height for the reaction cell was obtained, using the designed 

height-adjustment feature (see figure 3.4), a sample of catalyst A was studied. It had smaller 

crystallites than did the Y2O3 sample, resulting in wider peaks with lower intensities. This resulted in 

a more realistic scenario for the in-situ experiments. A temperature profile of the capillary, with 

emphasis on the zone where the catalyst bed and X-ray beam coincided, was generated. This was 

performed with an empty capillary by moving a thermocouple through it. In this case, the potential 

difference across the infrared heaters was kept constant to maintain a constant power output. 

 

4.2.1 X-Ray Interference 
Capillaries H2S (sapphire; wall thickness of 0.2 mm) and H2Q02 (quartz; wall thickness of 0.2 mm) 

(see section 3.2.1 for details) provided no readings when Y2O3 was loaded into them, as their walls 

were too thick. The thinner-walled CQ002 (quartz; wall thickness of 0.02 mm) and CQ001 (quartz; 

wall thickness of 0.01 mm) provided readings with sufficient information to identify the crystal 

phases present, with CB002 (borosilicate; wall thickness of 0.02 mm) and CB001 (borosilicate; wall 

thickness of 0.01 mm) providing the best results. CB002 was selected for the in-situ experiments, as 

its wall thickness of 0.02 mm provided increased structural integrity over that of CB001 (wall 

thickness of 0.01 mm). 

 

 
Figure 4.2: XRD scans of Y2O3 within capillary CB002 (black) and standard ex-situ method (i.e. using a zero-

background holder) (grey). 

 

It can be seen from figure 4.2 that the characteristic peaks of Y2O3 are identifiable when using 

capillary CB002. The presence of a background bump between 2θ angles of 20-40° (figure 4.2, black 

spectrum) is a contribution from the amorphous borosilicate phase (see figure 4.3), especially at low 

angles where X-rays have to travel through more of the capillary (see schematic in figure 5.1). The 

relative peak heights in both spectra in figure 4.2 are almost identical, confirming the presence of 

Y2O3, and indicating almost no signal intensity loss when using this capillary. 
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Figure 4.3: XRD scan of crushed borosilicate, using standard ex-situ method (i.e. using a zero-background 

holder).  

 

 
Figure 4.4: XRD scans of unsupported catalyst A (i.e. Co3O4) within capillary CB002 (black) and standard ex-

situ method (grey). Note contribution from amorphous borosilicate between 20-40°. 

 

The characteristic peaks and their positions of the sample of unsupported catalyst A (i.e. Co3O4) 

(figure 4.4, black spectrum) are identifiable. Rietveld refinement in TOPAS was performed on this 

scan, for 2θ angles between 30-120°, yielding a size of 9.7 nm, which is in agreement with the size of 

11.1 nm, calculated from refinement of the standard ex-situ scan (figure 4.4, grey spectrum). TOPAS 

is able to analyse and subtract the background contribution from the borosilicate capillary (seen in 

figure 4.4 (black spectrum) for the unsupported Co3O4 and in figure 4.5 (black spectrum) for the 

supported Co3O4/Al 2O3). Additionally, because the scans for the in-situ experiments were taken 

between 2θ angles of 40-90° (as all the major peaks of the cobalt phases are present in this range), the 

bulk of the background contribution was inherently eliminated. 
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Figure 4.5: XRD scans of catalyst A (i.e. Co3O4/Al 2O3) within capillary CB002 (black) and standard ex-situ 

method (grey). 

 

4.2.2 Temperature Profile of Capillary Reaction Cell 
The temperature profile along the capillary (figure 4.6) with the infrared heaters placed in the position 

as described in section 3.2.1 (i.e. end-to-end) was generated by moving a thermocouple through the 

capillary and is presented in figure 4.6. During the generation of the temperature profile, a constant 

voltage was maintained across the infrared heaters. Over the length of the catalyst bed, temperature 

deviations of ±4°C were present for the approximate reaction temperature of 220°C. At a higher 

temperature of about 340°C, the deviation was ±4.3°C, indicating that good temperature control is 

maintained at higher temperatures. Outside of the catalyst zone the temperature decreases rapidly. It 

should be noted that during these measurements the inlet and outlet zones of the cells were not heated. 
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Figure 4.6: Axial temperature profile across capillary. Two profiles were measured, one at a lower temperature 

(black), around the reaction temperature of 220°C, and one at about 340°C (grey). 

 

4.3 In-Situ Reduction and Fischer-Tropsch Experiments 

4.3.1 Temperature-Programmed Reduction 
Catalysts were reduced in situ, according to the method described in section 3.3.1. Figures 4.7-4.8 

were constructed from the in-situ XRD diffractograms and illustrate the results of the temperature-

programmed reduction for the catalysts studied. Crystal phases are identified according to the relative 

intensities of the peaks, the positions of which are functions of the angle 2θ. The colours represent 

intensity levels, increasing in the following order: dark blue, light blue, green, yellow, orange and red. 
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Figure 4.7: Top view, above, and three-dimensional view, below, of the XRD spectra obtained during the in-situ 

reduction of catalyst A (the catalyst with the larger crystallites), illustrating phase changes from Co3O4 to CoO 

to fcc Co, as functions of temperature and the angle 2θ. Major peaks for the cobalt-based phases are highlighted. 

 

The permanent peaks at 2θ angles 43, 53 and 80° (more clearly visible in the top view) are 

characteristic of the γ-alumina phase present. In the case of catalyst A (the catalyst with the larger 

crystallites), the Co3O4 phase, identified by the peaks present at 2θ angles 43, 70 and 78°, was reduced 

to CoO between 350 and 450°C. CoO is identified by the peaks present at 2θ angles 50 and 73°. This 

phase was reduced, though not fully, to face-centred cubic (fcc) Co at 450°C, identified by the peaks 

at 2θ angles 52 and 91°. The most significant peak for the hexagonal closed-packed (hcp) Co phase, 

which would appear at 2θ angle 55°, was considered insignificant in comparison with the intensity of 

the fcc Co peak (refer to three-dimensional view in figure 4.7), resulting in the conclusion that the 

metallic Co present was essentially pure fcc. 
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Figure 4.8: Top view, above, and three-dimensional view, below, of the XRD spectra obtained during the in-situ 

reduction of catalyst B (the catalyst with the smaller crystallites), illustrating phase changes from Co3O4 to CoO 

to fcc Co, as functions of temperature and the angle 2θ. Major peaks for the cobalt-based phases are highlighted. 

 

In the case of catalyst B (the catalyst with the smaller crystallites), the Co3O4 phase, identified by the 

peaks present at 2θ angles 43, 70 and 78°, was reduced to CoO between 190 and 380°C. This phase 

was reduced to fcc Co at 450°C, identified by the peaks at 2θ angles 52 and 91°. The metallic Co 

present (2θ angles 52 and 91°) was essentially pure fcc, as was the case with catalyst A. Catalyst A 

was reduced to the intermediate oxide and final metallic phases at higher temperatures (figure 4.7), 

indicating its lower reducibility. 
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4.3.2 Fischer-Tropsch Synthesis 
Fischer-Tropsch synthesis experiments were carried out at 220°C and 1 bar(a) syngas (60% H2, 30% 

CO, 10% Ar). Water was co-fed with the syngas at increasing partial pressures to simulate higher 

conversions. In table 4.2 are the catalyst masses and reduction and syngas flow-rates used in the 

reduction and FTS runs, respectively. The manner in which the catalysts were packed into the 

capillary was the same, being a function of the particle size distribution of the support. 

 

Table 4.2: Catalyst masses and gas flow-rates used in reduction and FTS experiments. 

Catalyst Mass (mg) 
H2 Flow-Rate 

(ml(NTP)/min) 

Syngas Flow-Rate 

(ml(NTP)/min) a 

A 10.3 0.824 0.916 

B 13.7 1.096 1.218 
a syngas flow-rate includes Ar, which was present in the gas mixture 

 

Figures 4.9-4.10 were constructed from the in-situ XRD diffractograms of the catalysts during the 

FTS runs with both catalysts and illustrate how the phases changed as a function of water partial 

pressure, PH2O. 
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Figure 4.9: Top view, above, and three-dimensional view, below, of the XRD spectra obtained during the in-situ 

FTS runs with catalyst A (the catalyst with the larger crystallites). Major peaks for the cobalt-based phases are 

highlighted. 

 

In figure 4.9 it can be seen that no oxidation of catalyst A (the catalyst with the larger crystallites) 

occurred as fcc Co peaks at 2θ angles 52 and 91° remained throughout the time on stream. A small 

portion of CoO was present throughout the reaction, the phase that was not fully reduced to Co during 

reduction. No peaks disappeared nor did new peaks appear, indicating that the catalyst composition 

remained the same. 
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Figure 4.10: Top view, above, and three-dimensional view, below, of the XRD spectra obtained during the in-

situ FTS runs with catalyst B (the catalyst with the smaller crystallites). Initiation of reoxidation of Co to CoO 

observed at a PH2O of 0.5 bar, and a complete reoxidation to CoO observed at a PH2O of 1 bar. Major peaks for 

the cobalt-based phases are highlighted. 

 

In the case of catalyst B (the catalyst with the smaller crystallites), it can be seen that the fcc cobalt 

phase was present after dry syngas conditions (PH2O ≈ 0 bar) during the FTS runs (figure 4.10). The 

CoO phase began to form at a PH2O of 0.5 bar, with fcc Co still present. At a PH2O of 1 bar, the fcc Co 

had been completely oxidised to CoO. It must be noted that this is the first time ever that oxidation 

has been observed directly and in real time. 
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Crystallite size analysis of the cobalt phases over the duration of the reduction and FTS runs was 

performed using Rietveld refinement in TOPAS (see section 3.1.2 for details). This permitted the 

simultaneous determination of the sizes of all cobalt phases present. 

 

  

  
Figure 4.11: Crystallite sizes of Co3O4 (�), CoO (�) and Co (�) in the cases of catalyst A, above, and B, 

below, as determined by Rietveld refinement (errors calculated in TOPAS). 

 

From the size analyses (figure 4.11), it can be seen, in the case of catalyst A, that the crystallites of the 

metallic Co phase, after formation, increased in size under reduction conditions. A size increase is 

also observed in the case of catalyst B, but not to the same degree as in the case of catalyst A. 

Subsequently, the crystallites of both catalysts underwent no sintering throughout the FTS runs. 

 

In table 4.3 are listed the cobalt crystallite sizes, as calculated from the in-situ XRD spectra, where 

cobalt was stable in the metallic form under FTS conditions with the corresponding PH2O/PH2 ratios. In 

the case of catalyst B, oxidation was found to begin at a PH2O/PH2 ratio of 0.83 and metallic cobalt was 
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no longer XRD-visible for a PH2O/PH2 ratio of 1.67. Therefore, for a cobalt crystallite size of 

approximately 3.5 nm, complete oxidation is expected to occur with a PH2O/PH2 ratio of 1.67. 

 

Table 4.3: Crystallite sizes where cobalt is stable in the metallic form under FTS conditions and elevated 

simulated conversions. Actual conversion maintained below 5% at all times (see appendix A3). 

PH2O (bar) PH2O/PH2 
Simulated 

Conversion (%) 

Cobalt Crystallite Size (XRD) (nm) 

Catalyst A Catalyst B 

0.0 0.00 0 18.0 4.1 

0.5 0.83 63 16.8 3.5 a 

1.0 1.67 77 17.8 3.5 b 

2.0 3.33 87 15.2 [-] 

3.0 5.00 91 16.8 [-] 
a metallic phase still present, making up 30 wt % of the cobalt-containing phases (balance CoO) 
b metallic phase not XRD-visible; size listed is for the metallic phase at the previous condition, as an indication 

of the size at which oxidation is expected to occur; this is also presented in figure 4.12 

 

The results of this work were compared with thermodynamic calculations, graphically presented in 

figure 4.12. The sizes in figure 4.12 are the metallic cobalt sizes that are stable under FTS conditions 

at the corresponding PH2O/PH2 ratios. 

 

  
Figure 4.12: Cobalt crystallite sizes and corresponding FTS conditions at elevated simulated conversions 

compared with thermodynamic calculations. Thermodynamic line (black) calculations performed by van Steen 

et al. (2005). Grey lines represent a surface energy margin of 10%. Values generated in this study include non-

oxidised cases (�), case where oxidation was first observed and metallic phase was still present (�), and a 

hypothetical case where complete oxidation is expected to occur (�). All sizes are metallic cobalt sizes at the 

corresponding simulated conversion, and in the hypothetical case, the size of the metallic cobalt immediately 

before complete oxidation was observed. 
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In the case of catalyst A, no oxidation of the fcc cobalt phase was observed (figure 4.12). In the case 

of catalyst B, after exposure to dry FTS conditions (PH2O of 0 bar), the fcc cobalt phase was the only 

XRD-visible phase in which cobalt was present. The average fcc cobalt crystallite size for this case 

was about 4.1 nm. After exposure to FTS conditions and a PH2O of 0.5 bar, corresponding to a 

simulated conversion of 63%, the fcc cobalt average crystallite size was calculated to be about 3.5 nm 

(within error range of the previously-calculated 4.1 nm). Under these conditions, the metallic cobalt 

began to be oxidised to CoO, the thermodynamically more stable phase (figure 4.12), such that the 

metallic phase made up 30 wt % of the cobalt-containing phases, as calculated from Rietveld 

refinement. At a PH2O of 1 bar, corresponding to a simulated conversion of 77%, the fcc cobalt had 

been completed oxidised to CoO. In figure 4.12, the grey diamond represents the metallic fcc cobalt 

size at which complete reoxidation is expected to occur (i.e. it is the average fcc cobalt crystallite size 

after exposure to FTS conditions and a PH2O of 0.5 bar). Remarkably, these results are in agreement 

with thermodynamic calculations. 
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4.4 Ex-Situ Characterisation of Spent Catalysts 
TEM micrographs were taken of the passivated cobalt catalysts after FTS conditions. These are 

presented in figure 4.13. 

 

 

 
Figure 4.13: TEM micrographs of spent catalyst A, above two, and B, bottom two. The white circles highlight 

regions where a crystallite or group of crystallites has been identified. 

 

Due to difficulties in distinguishing between the cobalt and alumina phases, no size distributions for 

the spent catalysts could be generated (see discussion in section 5.4). However, the few crystallite 

sizes that were identified were in agreement with the sizes calculated from Rietveld refinement of the 

XRD spectra. The needle-like structures in the top-left image and bottom two images in figure 4.13 

may be Boehmite (Tsakoumis et al., 2010), an AlO(OH) phase. 
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4.5 Kinetic Analysis 
Online GC-TCD analysis was performed to determine when steady state for each condition had been 

achieved (see appendix A1 for methane flow-rates, which were used to determine steady state). 

Methane, the flow-rate of which was calculated from GC-TCD calibration and analysis, was used as 

the reference/tie compound for GC-FID data, in order to calculate the molar flow-rates for the other 

compounds. 

 

Ampoule samples were taken, when steady state operation had been achieved, for each set of FTS 

conditions (i.e. each water partial pressure). Due to technical problems, ampoules samples could not 

be taken for experiments where water with a partial pressure of 3 bar was co-fed with the syngas. 

From offline GC-FID analysis, the following observations regarding FT activity and product 

selectivity were made for FT operation with both catalysts. Note that even though the XRD spectra 

indicated no metallic phase present for catalyst B from a PH2O of 1 bar, product formation was still 

detectable. The remaining metallic phase was no longer XRD-visible, either due to crystallite size or 

the low concentration of the phase. 

 

Chain-growth probabilities were calculated from Anderson-Schulz-Flory (ASF) plots (see appendix 

A2 for ASF plots) constructed from the molar product fractions of the C3-C6 compounds for each set 

of FTS runs for each catalyst. The ASF plot for each water partial pressure was extrapolated to C50, 

assuming chain-growth probability to be constant with increasing carbon number, approximating ideal 

polymerization (Schulz, 2003). The flow-rates of all the compounds could subsequently be calculated. 

Selectivities of methane and the C5+ compounds (on a carbon basis) and turnover frequencies (TOF) 

were thus calculated. Olefin and branching analyses were also conducted. The results of the kinetic 

analyses are presented in the following sections. 

 

4.5.1 Activity 
The formation rate for all Fischer-Tropsch products (figure 4.14) as well as for methane and C5+ 

products (figure 4.15) were calculated. 

 



Univ
ers

ity
 of

 C
ap

e T
ow

n

61 
 

 
Figure 4.14: Formation rate of Fischer-Tropsch products for runs with catalysts A (�) and B (�). 

 

The formation rate of FT products was found to increase with increasing water partial pressure in the 

case of catalyst A and remain approximately constant in the case of catalyst B. The discussion for the 

reasons behind these trends is made in section 5.5.1. 

 

 
Figure 4.15: Methane (�, �) and C5+ (�, �) formation rates for FTS runs with catalysts A (black) and B 

(grey). 

 

For both catalysts, the methane formation rate was approximately the same and the C5+ formation rate 

was approximately the same during the dry condition. In the case of catalyst A, the C5+ formation rate 

increased with increasing water partial pressure, while the methane formation rate, after increasing 

between the dry condition and a PH2O of 0.5 bar, remained approximately constant for the conditions 

with the higher water partial pressures. In the case of catalyst B, the methane formation rate decreased 
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and the C5+ formation rate increased with increasing water partial pressure, with the C5+ formation rate 

increasing to a much lower extent than in the case of catalyst A. 

 

Turnover frequencies (TOF) were calculated for each FTS condition. These are presented in table 4.4 

and figure 4.16. The TOF is a good indication of catalyst activity as it is the number of carbon 

monoxide molecules converted per surface cobalt atom per unit time. Crystallite size affects the TOF 

as the number of surface atoms depends on size. For the case of catalyst B, at a PH2O of 0.5 bar, the 

metallic cobalt was calculated, from the Rietveld refinement results, to make up 30 wt % of the 

cobalt-containing phases (fcc Co and CoO). The atmosphere also has an important influence on TOF. 

This latter factor’s effect is observed in the current study as the crystallite sizes of the respective 

catalysts were approximately equal. 

 

Table 4.4: Turnover frequencies for each catalyst under each FTS condition with corresponding crystallite sizes. 

Catalyst 
fcc Co Size (XRD) 

(nm) 
PH2O (bar) TOF (molC.gCo-1s-1) 

A 

18.0 0 3.4 x 10-3 

16.8 0.5 6.9 x 10-3 

17.8 1 9.2 x 10-3 

15.2 2 11 x 10-3 

B 
4.1 0 1.3 x 10-3 

3.5 a 0.5 4.3 x 10-3 
a Co calculated to be 30 wt % Co of the cobalt-containing phases (balance CoO) 

 

 
Figure 4.16: Turnover frequencies calculated for each set of FTS runs for each water partial pressure where fcc 

Co crystallite size was quantifiable, for catalysts A (�) and B (�). 

 

In the case of catalyst A, the TOF was found to increase between the dry condition and a PH2O of 0.5 

bar. It appeared to further increase with increasing water partial pressure with the rate of increase 
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being smaller with higher PH2O values. In the case of catalyst B, the TOFs could not be calculated at 

water partial pressures of 1 and 2 bar because the fcc cobalt was not XRD-visible at these conditions 

and so no fcc cobalt crystallite size could be calculated (see equations 3.20-3.24). The TOF was found 

to increase between the dry condition and a PH2O of 0.5 bar, as was the case with catalyst A. The 

remaining fcc Co made up 30 wt % of the cobalt-containing phases, indicating that the fcc Co present 

was more active at this water partial pressure. 

 

4.5.2 Selectivity 
Selectivity analyses were performed with respect to methane, C5+ products, linear olefin formation 

and isomerisation, and branching, all as functions of water partial pressure. 

 

Chain-growth probabilities were calculated for each FTS condition (figure 4.17). 

 

 
Figure 4.17: Chain-growth probability, α, for FTS runs with catalysts A (�) and B (�). 

 

In the cases of both catalysts, chain-growth probabilities increased with increasing water partial 

pressure. Further discussion about chain-growth probability is made in section 5.5.2.  

 

Methane and C5+ selectivities were calculated for each set of FTS runs with each catalyst, the results 

of which are presented in figure 4.18. Selectivity was calculated as the number of carbon-moles of a 

certain product or product range per number of carbon-moles in all the carbon-containing products 

(see section 3.4.2). 
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Figure 4.18: Methane (�, �) and C5+ (�, �) selectivities for FTS runs with catalysts A (black) and B (grey). 

 

As was the case with the methane and C5+formation rates, (figure 4.15), in the cases of both catalysts, 

methane selectivity was the same and C5+ selectivity was the same during the dry condition. For both 

catalysts, methane selectivity decreased and C5+ selectivity increased with increasing water partial 

pressure. In both cases, the greatest change was observed between the dry condition and a water 

partial pressure of 0.5 bar. In the case of catalyst B, the C5+ selectivity was higher and the methane 

selectivity was lower than their respective values in the case of catalyst A. 

 

Molar olefin fractions of the straight-chain hydrocarbons in product fractions with carbon numbers 2-

7 were calculated for each set of FTS runs with each catalyst, the results of which are presented in 

figure 4.19. 
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Figure 4.19: Molar olefin fractions of straight-chain hydrocarbons in product fractions with carbon numbers 2 

(�), 3 (�), 4 (�), 5 (�), 6 (�) and 7 (�), in the cases of catalyst A, above, and B, below. 

 

While approximately constant for catalyst A, generally, for catalyst B, molar olefin fractions in the 

straight-chain hydrocarbon product fractions increased between the dry condition and PH2O of 0.5 bar, 

after which they either remained approximately constant or increased with increasing water partial 

pressure. The olefin fraction decreased with increasing carbon number, with the C2 fraction being the 

exception (see discussion in section 5.5.2). A low relative olefin content indicates preferred secondary 

olefin hydrogenation. 

 

Primary-product, linear olefin fractions (i.e. α-olefins) were calculated by dividing the α-olefin molar-

flow-rate by all the linear olefin molar flow-rates (α-olefins and olefins with internal double bonds). 

This was done for product fractions with carbon numbers 4-7. These results are presented in figure 

4.20. This analysis was done to determine the extent of formation of secondary, straight-chain olefins 

(i.e. straight-chain olefins with internal double bonds), from primary olefins, by double-bond shift. 
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Figure 4.20: α-olefin fractions within straight-chain olefin product fractions with carbon numbers 4 (�), 5 (�), 

6 (�) and 7 (�), in the cases of catalyst A, above, and B, below. 

 

Generally, in the cases of both catalysts, α-olefin fractions in the straight-chain olefin fractions 

increased or remained approximately constant with increasing water partial pressure. This indicates 

that the rate of formation of secondary olefins from primary olefins by double-bond shift decreased 

with increasing water partial pressure. This trend is again more pronounced for catalyst B. The 

reasons for the decrease in olefin isomerisation are discussed in section 5.5.2. 

 

The ratio of branched to straight-chain hydrocarbons in the C5 product fraction was also calculated 

and is presented in figure 4.21. 
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Figure 4.21: Ratio of branched to straight-chain hydrocarbons in the C5 product fraction, in the cases of catalysts 

A (�) and B (�). 

 

In the cases of both catalysts, the ratio of branched products to straight-chain products decreased with 

increasing water partial pressure up to a PH2O of 1 bar (with catalyst A) or 0.5 bar (with catalyst B), 

after which it remained approximately constant, given the scale. 

 

The results presented in this section are discussed in detail in the following section.  In the discussion, 

the results obtained from the experiments performed with the two catalysts are compared, in 

conjunction with other research findings. 
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5 Discussion 

In this section, which parallels the previous section, the results obtained are discussed with reference 

to what has been found by other research groups. The importance of the catalyst synthesis technique 

employed is highlighted. The commissioning of the in-situ XRD cell is discussed with respect to X-

ray interference by the borosilicate capillary tube (affecting the XRD results) and the temperature 

profile of the reaction zone (affecting kinetic analysis and composition during reduction). The results 

obtained from the in-situ XRD analysis during the temperature-programmed reduction and Fischer-

Tropsch synthesis experiments are then discussed, with particular interest in the size and oxidation 

effects and the differences between the results obtained with the two catalysts. Observations made 

using TEM performed on the spent catalysts, regarding the changes in catalyst composition, are then 

briefly discussed. Finally, the results of the kinetic analysis, with the focus on catalyst activity and 

product selectivity, and their differences as functions of crystallite size and water partial pressure, are 

explained. 

 

5.1 Synthesis and Ex-Situ Characterisation of Fresh Catalysts 
Two alumina-supported catalyst precursors were synthesised using a reverse micelle technique 

developed by Fischer (2011), yielding crystallites of narrow size distributions. For a given catalyst 

precursor, the cobalt nitrate concentration in the aqueous cobalt nitrate solution and the water-to-

surfactant ratio were found to affect the resultant crystallite size. In general, the size was found to 

decrease with decreasing concentration and decreasing water-to-surfactant ratio, with the effect from 

the latter factor being more significant. These factors are discussed in detail by Fischer (2011). 

 

Industrially-employed catalysts are usually synthesised using precipitation and impregnation methods 

(Dry, 2002; Schulz et al., 2002; Schulz, 1999; Schulz and Claeys, 1999) as these are the most 

economically feasible, resulting in catalyst crystallites of wide size distributions. The microemulsion 

method requires high organic phase volumes relative to the mass of catalyst produced, making this 

method unfeasible for industrial application. In this study, the Co3O4 crystallite sizes calculated for 

catalysts A and B were, respectively, 10.3±1.9 nm and 6.1±1.4 nm (TEM; volume-weighed sizes), as 

determined from TEM micrographs of the fresh, unsupported catalysts (figure 4.1). Narrow size 

distributions were obtained for the synthesised model catalysts, as verified by the standard deviations. 

It is important to study catalysts with crystallites of narrow size distributions so that specific effects, 

such as activity, selectivity and oxidation by water, can be attributed to particular crystallite sizes, 

especially with crystallite sizes below 6-8 nm, where Fischer-Tropsch synthesis is a surface-

dependent reaction (Fischer, 2011; Bezemer et al., 2006), and for smaller sizes (and high water partial 

pressures) where oxidation by water is expected to occur according to thermodynamics (van Steen et 

al., 2005). Therefore, this particular method of catalyst synthesis was deemed necessary for increased 

understanding of catalyst effects under reaction conditions. 
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5.2 Cold Cell Commissioning 
The in-situ XRD cell consists of many parts, most of which are custom-made and therefore not easily 

obtainable. The capillary tube, an important section that poses the most challenges (e.g. successfully 

sealing it against gas leaks), is one such part. In testing various capillary tubes to find the most 

suitable one to be used, X-ray interference had to be taken into account with respect to material and 

thickness, given that the maximum X-ray operating voltage was 35 kV. In addition to ensuring 

adequate signal intensity for in-situ XRD studies, the reaction zone had to have a flat temperature 

profile for accurate kinetic studies. This factor depended on the heaters used, their arrangement and 

the isothermal nature of the enclosure surrounding the reaction zone. These challenges are discussed 

below. 

 

5.2.1 X-Ray Interference 
The Kαaverage radiation wavelengths of copper and cobalt (the latter being used in the X-ray source in 

this work) are similar, being 1.54 Å and 1.79 Å, respectively (Bearden, 1967). It is thus assumed that 

the effects of the studied materials would be comparable in the presence of X-rays generated from 

either a Cu or a Co source. It is reported that borosilicate has a linear absorption coefficient of 71.0 

cm-1 and quartz has a linear absorption coefficient of 75.8 cm-1 in Cu Kα radiation (Capillary Tube 

Supplies, 2009). The difference in the absorption was evident from the results obtained from XRD 

performed on the various capillaries loaded with Y2O3. Sample peaks were more clearly observed for 

the borosilicate capillaries, with the thinnest-wall capillaries (wall thickness of 0.01 mm) providing 

the optimum result. The borosilicate capillary with a wall thickness of 0.02 mm was chosen for its 

greater structural integrity while still providing an acceptable result (figure 4.2, black spectrum). The 

background contribution from the borosilicate phase (figure 4.3) was found to be the largest between 

2θ angles of 20-40°. The contribution from the amorphous borosilicate may have been over-estimated 

at these lower angles, since incident and diffracted X-ray beams have to travel through more material. 

This is illustrated in figure 5.1. Note the position of X-ray diffraction, illustrated as the over-

emphasised gap at the top of the catalyst bed. 

 

 

 

 

 

 

 

 

 

Figure 5.1: Schematic of capillary (grey), in which the catalyst (pattern of black diagonal lines) is loaded, with 

incident and diffracted X-ray beams at lower angles (dashed lines) and higher angles (solid lines). At lower 

angles, the X-rays need to travel through more material, increasing the background contribution from the 

capillary. The fictitious white gap at the top of the catalyst bed, which represents the area visible to the X-rays, 

is over-emphasised for illustration only. 
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In figure 4.4 (black spectrum), the background contribution from the borosilicate appeared to be more 

significant than its contribution in the case of the Y2O3 scan (figure 4.2, black spectrum). This was 

due to the lower intensity of the Co3O4 peaks relative to the background contribution from the 

borosilicate, compared with the relative intensity of the peaks in the case of the Y2O3 sample. Because 

the average Co3O4 crystallite size was smaller than that of the Y2O3, the peak intensities (that is, the 

number of counts in absolute numbers) of the Co3O4 sample were lower than those in the Y2O3 

sample. During Rietveld refinement, the background contribution was found to be no problem as 

TOPAS was able to analyse and subtract it. Additionally, because the scans for the in-situ experiments 

were taken between 2θ angles of 40-90° (as all the major peaks of the cobalt phases are present in that 

range), the bulk of the background contribution was inherently eliminated. 

 

5.2.2 Temperature Profile of Capillary Reaction Cell 
Understanding the temperature profile of the reaction zone is essential, as this directly influences the 

accuracy of the kinetic studies. In the current in-situ XRD cell design, the thermocouple is positioned 

inside the capillary tube, in the catalyst bed, just outside the X-ray beam path. This setup was 

considered to be the optimal position for temperature measurement and control. 

 

In figure 4.6 is presented the temperature profile of the capillary reaction cell, generated with the 

setup of the infrared heaters that was used for the in-situ reduction and FTS experiments. Other 

arrangements were considered, including the adjacent positioning of three infrared heaters (long sides 

next to each other) and using only one infrared heater below the capillary tube. The end-to-end 

arrangement (see figure 3.2) was found to produce the flattest temperature profile with a temperature 

deviation of ±4°C, over the length of the catalyst bed, for the approximate reaction temperature of 

220°C. The temperature profile was generated while the inlet and outlet heating zones were not 

heated. It is therefore expected that smaller temperature deviations were present when the inlet and 

outlet zones were heated. The measured temperature deviation was considered sufficiently small so 

that accurate kinetic analysis could be performed, provided the catalyst was placed within this 15 mm-

long section in the centre of the capillary (see figure 4.6). Considerations have been made with regard 

to improvements (see section 7). 

 

5.3 In-Situ Reduction and Fischer-Tropsch Experiments 
The synthesis of a cobalt catalyst employed in this study entailed the production of the precursor 

using the reverse micelle technique, its calcination in air, its deposition onto a γ-alumina support, and 

finally its in-situ reduction to the metallic fcc cobalt phase, which is active for Fischer-Tropsch 

synthesis. At every point throughout this process, it was important that the conditions were 

understood and controlled to ensure that the obtained catalysts were indeed model catalysts. This is 

essential so that the information obtained from FTS and the accompanied kinetic experiments is 

accurate and relevant. 
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5.3.1 Temperature-Programmed Reduction 
In figures 4.7-4.8 are presented the top views and three-dimensional views of the XRD spectra 

obtained during the in-situ temperature-programmed reductions of both catalysts. The reduction of 

Co3O4 via CoO to the essentially-pure fcc Co phase parallels the work by Fischer et al. (2011) who 

found no hcp Co phase to be present after the reduction of model catalysts which were prepared in the 

same way. They found the fcc phase to be more stable at higher temperatures, which were employed 

during reduction in their study and the current one. Kitakami et al. (1997) reported that the fcc phase 

is the most stable Co phase for crystallite sizes below 20 nm, above which the hcp phase is more 

stable in increasing proportions until a crystallite size of 40 nm. Crystallites larger than 40 nm consist 

predominantly of the hcp phase (Kitakami et al., 1997). Saib et al. (2006) also found the fcc fraction 

to increase with decreasing crystallite size, with the sizes of the crystallites being studied being 4 nm 

(pure fcc) and 28 nm (a mixture of fcc and hcp). These reports were found to be in agreement with the 

findings of the current study. 

 

Upon the completion of the in-situ temperature-programmed reduction of the catalysts, the active 

phase (i.e. metallic cobalt) for FTS was present. Moreover, the active phase was essentially pure fcc 

cobalt. This is important because the other metallic cobalt phases (hcp and epsilon) may be active for 

FTS to differing degrees, and may be oxidised under different conditions. The fcc metallic cobalt 

crystallite sizes (and their errors) of the freshly-reduced catalysts A and B were calculated, using 

Rietveld refinement, to be 18.9±5 nm and 4.1±1.9 nm, respectively. These catalysts were thus deemed 

model catalysts because of their narrow size distributions and the purity of the cobalt phase present. 

 

5.3.2 Fischer-Tropsch Synthesis 
In figures 4.9-4.10 are presented the top views and three-dimensional views of the XRD spectra 

obtained during the in-situ Fischer-Tropsch synthesis with both catalysts. Each condition was 

maintained for 6 hours, which was found to be sufficient to achieve steady-state, according to online 

GC-TCD analysis (see figure A1 in the appendix A1). 

 

5.3.2.1 Oxidation 
With increasing water partial pressure, no composition changes were observed for catalyst A (figure 

4.9). Its average crystallite size of about 18 nm (figure 4.11), which was maintained throughout the 

FTS runs, has been found to be larger than what is thermodynamically feasible for oxidation to occur 

(van Steen et al., 2005), graphically presented in figure 4.12. Saib et al. (2006) proposed that larger 

crystallites are more stable towards oxidation because they are well-faceted and have fewer defects in 

the crystallite stacking. 

 

The fcc Co phase, of approximate average crystallite size 3.5 nm, present in catalyst B, was found to 

be partially oxidised to CoO at a PH2O/PH2 of 0.83 (corresponding to a simulated conversion of 63%, 

and a PH2O of 0.5 bar in this study), and completely oxidised to CoO at a PH2O/PH2 of 1.67 

(corresponding to a simulated conversion of 77%, and a PH2O of 1 bar). These results are in agreement 
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with thermodynamic calculations (van Steen et al., 2005) (figure 4.12). van de Loosdrecht et al. 

(2007) and Bezemer et al. (2010) noted that oxidation could not be a deactivation mechanism under 

the conditions of industrial operation, even for cobalt crystallite sizes smaller than 6 nm because of 

the low PH2O/PH2 ratios. van de Loosdrecht acknowledged that, even though their initial, average 

cobalt crystallite size was 6 nm, the deactivation they observed was probably due to sintering since 

the activity was seen to decrease even though the extent of reduction increased with time on stream. 

They monitored the catalyst changes by extracting samples of it from the reactor periodically and 

analysed them using ex-situ techniques, thus introducing passivation difficulties and inhibiting the 

extent of understanding that could otherwise have been gained from direct, in-situ analysis. The 

results obtained from the present study are from the in-situ XRD-visible phases, the part of the 

catalyst bed where X-rays are diffracted (see figure 5.1). However, the phase changes were distinct 

upon changing conditions and are therefore considered to be representative of all the catalyst material 

present. The remaining cobalt phase, evident from the non-zero FT formation rates (figure 4.14), was 

present in decreasing proportions with increasing water partial pressure (see discussion in section 

5.5.1). 

 

5.3.2.2 Size Analysis 
Crystallite size did not change much in the case of both catalysts. The most significant change was 

observed in the case of catalyst A, where the fcc cobalt crystallite size appeared to grow from about 

13.9 nm to 18.9 nm during the reduction (figure 4.11). Over all the reduction and FTS experiments 

with catalyst A, however, the average cobalt crystallite size was 16.3 nm, indicating negligible 

change, given the associated calculation errors.  Sintering can occur as there are only weak metal-

support interactions, resulting in a loss of surface area through crystallite growth. Generally, the 

sintering of supported metal catalysts occurs to a greater extent above 500°C and is promoted by the 

presence of water vapour (Bartholomew, 2001; Jacobs et al., 2002). This, however, is specific to and 

different for each metal and support material. The high reduction temperature of 450°C, as well as the 

elevated water concentration during reduction, may have been conducive for sintering to occur. 

Where the crystallites are larger than the support pore diameter (dpore = 11.5 nm in this study) the 

metal-support interactions are further weakened (Fischer et al., 2011), thus making sintering easier in 

the case of catalyst A. However, the crystallite size did not change significantly so that sintering was 

not observed to a great degree. The fcc cobalt crystallite size was consistently larger than the CoO 

size. It is possible that the CoO was reduced in such a way that an outside metallic shell formed, with 

the inner layers of cobalt oxide being reduced to metallic cobalt, resulting in a decrease in the CoO 

crystallite size and an increase in the fcc cobalt crystallite. This inner oxide core (if this was the case) 

may then have remained, explaining the presence of the CoO throughout the FTS runs. In the cases of 

both catalysts, no sintering of the metallic or oxide phases was observed throughout the FTS 

experiments (figure 4.11). This may be a function of the limited time on stream, minimising excessive 

exposure to the elevated water concentrations. 

 

In the case of catalyst B, during reduction an apparent decrease in the CoO crystallite size was 

observed before the formation of the fcc cobalt, which, after being identified by XRD analysis, 

appeared to increase slightly in crystallite size. The metallic size is expected to be smaller than the 
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oxide size because of the difference in structure size due to the differences in molar volume (the oxide 

includes metal and oxygen atoms). After this apparent increase, no further size changes were 

observed. The lower cobalt loading in the case of catalyst B may have inhibited sintering due to the 

cobalt crystallites being diluted to a greater extent in the metal-support mixture. 

 

5.4 Ex-Situ Characterisation of Spent Catalysts 
It was generally difficult to distinguish between cobalt and alumina phases using TEM micrographs, 

possibly due to the presence of a wax coating and the similarity of the appearance of the phases. Note 

that the size distributions for the fresh catalysts were determined from TEM micrographs of 

unsupported samples. Cobalt-alumina complexes (“aluminates”), that may have formed upon water 

co-feeding, are even more difficult to identify and sometimes indistinguishable from alumina due to 

the very small differences in d-spacings. Due to these difficulties, an insufficiently small number of 

cobalt crystallite sizes was obtained in order to calculate size distributions. However, sizes of a 

number of cobalt crystallites, identified using high-resolution TEM in conjunction with energy-

dispersive X-ray spectroscopy (EDX), were in agreement with sizes calculated from the XRD spectra. 

In the top-left and bottom two images of figure 4.13, needle-like crystallites are observed, which may 

be Boehmite, an AlO(OH) phase, formed upon exposure to high steam concentrations (Tsakoumis et 

al., 2010). However, this phase was not observed in the XRD characterisation, possibly because the 

amount of this phase was too low or it was not sufficiently crystalline. 

 

5.5 Kinetic Analysis 

5.5.1 Activity 
Under dry FT conditions, both catalysts were found to have the same FT formation rate of about 8 x 

10-6 carbon moles per second (per gram of respective catalyst). But as the water partial pressure 

increased, the formation rate in the case of catalyst A increased while in the case of catalyst B it 

remained constant (figure 4.14). At a water partial pressure of 2 bar, the formation rate (per gram of 

respective catalyst) in the case of catalyst A was almost 4 times larger than the formation rate with 

catalyst B. It must be noted that, in the case of catalyst B, while metallic cobalt was no longer XRD-

visible at water partial pressures of 1-2 bar, there must have been a fraction of metallic cobalt 

remaining to catalyse FTS. The remaining metallic cobalt in catalyst B at a water partial pressure of 

0.5 bar was calculated to be 30 wt % of the cobalt-containing compounds (balance CoO). 

 

A number of research groups (Storsæter et al., 2005; Hilmen et al., 1999) found that co-feeding water 

with syngas under FTS conditions resulted in a decrease in the FT formation rate over γ-alumina-

supported cobalt catalysts, while the formation rate has been found to increase over silica- and titania-

supported cobalt catalysts (Krishnamoorthy et al., 2002; Bertole et al., 2002). Lögdberg et al. (2011) 

found the FT formation rate to increase upon the co-feeding of water over a γ-alumina-supported 

cobalt catalyst. The difference in results found by other research groups may be a result of the 
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differences in the physical characteristics of the supports as well as the particular crystallite sizes and 

therefore metal-support interactions. The apparently constant rate of formation of FT products in the 

case of catalyst B, with increasing water partial pressure, may be attributed to a combination of 

enhanced activity of the active FT sites, by water presence, along with deactivation of the catalyst. At 

the higher water partial pressures (1-2 bar) the cobalt metallic phase was no longer XRD-visible. It is 

thus suggested that the constant formation rate was due to catalyst deactivation by oxidation coupled 

with enhanced activity at elevated water concentrations. Bertole et al. (2002) found that water 

addition resulted in an increased rate of carbon monoxide activation and an increase in the surface 

coverage of active carbon without an overall increase in the reactivity of active carbon. They 

speculated that the increase in CO reactivity could arise from a direct interaction between co-adsorbed 

CO and water which results in a lowering of the energy barrier for CO dissociation. Schulz et al. 

(1997) noted that water could affect elemental reaction steps, affecting both activity and selectivity. 

Lögdberg et al. considered the increase in FT formation rate to be a result of a positive adjustment to 

the kinetics of active FT sites, with this kinetic modification being applicable also to the changes in 

selectivity observed (Schulz et al., 1997). 

 

In the case of catalyst A, with increasing water partial pressure, a greater rate of increase in formation 

rate of the C5+ products was observed than for that of the methane formation rate. In accordance with 

the overall FT rate increasing with increasing water partial pressure, the formation rates for both 

groups of products increased. This trend of the FT rate increasing with increasing water partial 

pressure has been found by other research groups in the cases of both cobalt and ruthenium catalysts 

(Claeys & van Steen, 2002; van Steen & Schulz, 1999). Lögdberg et al. (2011) claimed that the 

addition of co-fed water enhanced the activity of sites active for FTS and that “pure methanation” 

sites may develop upon exposure to co-fed water, possibly explaining the increase in the methane 

formation rate. However, it is possible that the increase in the methane formation rate is simply 

because all product formation rates increased due to enhanced activity of active sites with increasing 

water partial pressure. Claeys & van Steen (2002) noted that an increase in water partial pressure 

would result in a decrease in surface carbon being present, which has been considered to inhibit the 

FT reaction. They also noted that an increased water partial pressure results in an increased 

availability of surface hydrogen, allowing the CHx and intermediate alkyl species to be more readily 

formed (from surface carbon), which can in turn result in increased chain-growth probability and 

selectivity towards C5+ compounds. The selectivity to C5+ compounds is favoured over methane with 

increasing water partial pressure (see section 5.5.2) and it is understood that all sites active for CO 

hydrogenation are enhanced in the presence of elevated water concentrations, with those for chain 

growth experiencing the greatest kinetic advantage. In the case of catalyst B, in accordance with what 

has been found with increasing water partial pressures (Lögdberg et al., 2011; Claeys & van Steen, 

2002; van Steen & Schultz, 1999; Schulz et al., 1997), methane formation rate decreased, while C5+ 

formation rate increased. 

 

Turnover frequencies were calculated for both catalysts (figure 4.16). In accordance with the 

aforementioned discussion about the positive effect water has on FT formation rate, the TOF in the 

case of catalyst A was found to increase with increasing water partial pressure, with the greatest 
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increase between the dry condition and a PH2O of 0.5 bar. With further increases in water partial 

pressure, the rate of increase in the TOF was smaller. Iglesia (1997) noted that water addition initially 

increases the FT rate, but with further water concentration increases, the rates and selectivities are 

much more weakly affected. Claeys & van Steen (2002) noted that at higher water partial pressures, 

the elevated activity may result in a severe depletion of surface carbon, slowing down the reaction 

rate. The TOF also increased in the case of catalyst B, for the two instances where it could be 

calculated. The remaining cobalt present was calculated, from Rietveld refinement, to be 30 wt % of 

the cobalt-containing compounds. The increase in activity can be attributed to the significant positive 

effect of water on the active sites such that an overall increase was observed, even while 70 wt % of 

the cobalt was in the form of the inactive cobalt oxide phase. As for the approximately constant FT 

formation rate with increasing water partial pressure, the metallic cobalt was no longer XRD-visible 

for a PH2O of 1-2 bar, indicating that the remaining metallic phase was present in a decreasing 

proportion with increasing water partial pressure, thus leaving a decreasing number of active FT sites 

available for CO hydrogenation. 

 

5.5.2 Selectivity 
Chain-growth probabilities were calculated for each FTS condition for each catalyst (figure 4.17). 

They were found to increase significantly (in the case of catalyst A, from 0.44 to 0.80 and in the case 

of catalyst B, from 0.45 to 0.90) with increasing water partial pressure. An increasing trend was also 

found by other research groups (Lögdberg et al., 2011; Bertole et al., 2002; Iglesia, 1997; Schulz et 

al., 1997). In each case, the other research groups also found, upon addition of co-fed water, that 

methane selectivity decreased and C5+ selectivity increased. These trends were also observed in the 

present study for FTS with both catalysts (figure 4.18). Methane selectivity is coupled with C5+ 

selectivity, in that the propagation of the C1 species, which is favoured at elevated water 

concentrations, occurs at the expense of its hydrogenation to methane (Lögdberg et al., 2011; 

Storsæter et al., 2005). As was the case with the activity being the same for both catalysts under dry 

FTS conditions, the selectivity to methane (41 C %) and the selectivity to C5+ products (16 C %) were 

also the same for both catalysts under dry FTS conditions. With increasing water partial pressure, in 

the case of catalyst B, methane selectivity decreased to 8 C % and C5+ selectivity increased to 87 C %. 

This is far more favourable than the case with catalyst A, where methane selectivity decreased to only 

22 C % and C5+ selectivity increased to only 62 C %. But due to the higher overall FT formation rate, 

catalyst A catalysed the formation of almost 3 times more C5+ products  and almost 10 times more 

methane (on a carbon-mole basis and per gram of respective catalyst) than did catalyst B (figure 

4.15). 

 

The molar olefin contents of the C2-C7 straight-chain hydrocarbons were found to either remain 

approximately constant (catalysts A and B) or increase with increasing water partial pressure (catalyst 

B) (figure 4.19), with the latter effect indicating suppressed secondary hydrogenation at higher water 

partial pressures. Schulz et al. (1997) found secondary hydrogenation of olefins to be inhibited at high 

water concentrations. Generally, a higher straight-chain olefin content was found in the case of 

catalyst A for water partial pressures 0-0.5 bar (between 62-92% for A and between 38-93% for B), 
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with the olefin content being higher in the case of catalyst B for water partial pressures of 1-2 bar 

(between 64-88% for A and between 78-91% for B). Other research groups also found olefin fractions 

to increase with increasing water partial pressure (Bertole et al., 2002; Schulz et al., 1997; Iglesia, 

1997). In this study, as was also found by Bertole et al. (2002), the olefin fractions were found to 

decrease with increasing carbon number (most clearly visible in the case of catalyst B), with the C2-

olefin fraction (ethylene) being an outlier compared with the other carbon-number fractions, as this 

fraction is readily hydrogenated and incorporated into chain-growth at elevated water concentrations, 

or may act as a chain initiator (Iglesia et al., 1993). The largest effect (except in the case of the C2-

olefin fraction) was observed in the case of the C7-olefin fraction, especially between the dry 

condition and a PH2O of 0.5 bar. 

 

The primary olefin fraction in the straight-chain olefin content was also calculated (figure 4.20). 

Generally, an increase in the primary olefin fraction was observed with increasing water partial 

pressure. In the case of catalyst A, the primary product olefin fraction was higher than in the case of 

catalyst B for water partial pressures of 0-0.5 bar (between 60-93% for A and between 33-92% for B). 

At water partial pressures of 1-2 bar, both catalysts exhibited similar primary olefin fractions. Schulz 

et al. (1997) noted that the increase in the primary olefin fraction was coupled with the decrease in 

olefins with internal double bonds with increasing water partial pressure, in that water inhibited 

secondary olefin isomerisation by double-bond shift, reducing the content of secondary olefins 

produced. 

 

The ratio of all branched to all straight-chain compounds for the C5 product fraction was calculated 

(figure 4.21), with this product fraction being representative of all the product fractions. Generally, 

this ratio is low (between 0.05 and 0.15 for both catalysts), attributed to the spatial constraints that 

favour straight-chain product growth over branched product growth (Schulz, 2003). In the cases of 

both catalysts, a decrease in this ratio with increasing water partial pressure up to a PH2O of 1 bar (with 

catalyst A) or 0.5 bar (with catalyst B) was observed, after which it remained approximately constant, 

given the scale. The observed decrease in the branching ratio in the present study is attributed to 

inhibited isomerisation of primary olefins to secondary olefins by double-bond shift with increasing 

water partial pressure (figure 4.20) (Schulz et al., 1997), most significantly between the dry condition 

and a PH2O of 0.5 bar (corresponding to a high PH2O/PH2 ratio of 0.83). 

 

In the next section, these findings are concluded, within the categories of the in-situ XRD and kinetic 

results. 
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6 Conclusions 

A novel in-situ XRD cell has successfully been developed for the characterisation of Fischer-Tropsch 

and other heterogeneous catalysts under reaction conditions, up to 500°C and 25 bar with a reactor 

consisting of a borosilicate capillary of wall thickness 0.02 mm. The cell design is such that other 

capillaries of 1 or 2 mm outer diameter, and with thicker walls (depending on XRD instrument 

operating energy), can easily be installed without changes to the cell required. The design also 

facilitates the co-feeding of water at a wide range of partial pressures (only a small range was 

examined in the current study) by a saturator system, the heating of which is controlled via a 

programmable temperature controller. The in-situ cell is the first of its kind that can easily be installed 

on any laboratory-scale X-ray diffractometer or synchrotron facility, making its use widely 

transferrable. The design also incorporates an internal thermocouple for accurate kinetic analysis. 

 

With regard to the in-situ temperature-programmed reduction results, in the cases of both catalysts, 

the reduction of Co3O4 to CoO was clearly observed. The further reduction of CoO to Co was also 

clearly observed, with the metallic Co being essentially pure fcc. The catalyst with the larger 

crystallites was found to be reduced to CoO and subsequently to Co at the temperatures of 350°C and 

450°C, respectively, with a small fraction of CoO remaining in the reduced catalyst. The catalyst with 

the smaller crystallites was found to be more easily reducible, being reduced to CoO and Co at the 

temperatures of 200°C and 370°C, respectively. The fcc cobalt crystallite sizes of 18.9±5 nm and 

4.1±1.9 nm for catalysts A and B, respectively, in addition to the purity of the Co phase (i.e. fcc only), 

ensured that model catalysts had indeed been synthesised. 

 

With regard to the in-situ XRD FTS results, in agreement with thermodynamics, oxidation of cobalt 

under FTS conditions has been found, by direct observation, to be a function of cobalt crystallite size 

and the PH2O/PH2 ratio (that is, simulated syngas conversion). No oxidation was observed for the 

catalyst with a crystallite size of 18.9±5 nm, for a simulated conversion up to 91% (corresponding to a 

PH2O/PH2 ratio of 5 and a PH2O of 3 bar). However, for the first time, oxidation has been directly 

observed, and this in the case of the catalyst with a crystallite size of 4.1±1.9 nm. In the case of the 

catalyst with the smaller crystallites, oxidation was initially observed at a simulated conversion of 

63% (corresponding to a PH2O/PH2 ratio of 0.83 and a PH2O of 0.5 bar), and complete oxidation was 

observed for a simulated conversion of 77% (corresponding to a PH2O/PH2 ratio of 1.67 and a PH2O of 1 

bar). 

 

In the cases of both catalysts, with increasing water partial pressure, methane selectivity was 

suppressed, chain-growth enhanced and the activity of active FT sites improved. Even though FT 

formation rates were identical for both catalysts under dry FT conditions, activity (turnover 

frequency) was greatly enhanced in both cases upon the addition of co-fed water. In the case of 

catalyst A, the FT formation rate at a PH2O of 2 bar was about 4 times larger than the FT formation rate 



Univ
ers

ity
 of

 C
ap

e T
ow

n

78 
 

with catalyst B. With both catalysts, activity was enhanced to the greatest degree between the dry 

condition and a PH2O of 0.5 bar. In the case of catalyst A, for PH2O values above 0.5 bar, the rate of 

increase in activity became smaller with increasing water partial pressure. In the case of catalyst B, 

FT formation rate remained approximately constant for each condition, which was considered to be a 

result of enhanced activity of active sites coupled with deactivation of the catalyst by oxidation, in 

agreement with the in-situ XRD results. 

 

Chain-growth probability increased to a greater degree in the case of catalyst B (0.45-0.90) than it did 

with catalyst A (0.44-0.80) with increasing water partial pressure. In the case of catalyst B, C5+ 

selectivity (increased from 16 to 87 C %) and methane selectivity (decreased from 41 to 8 C %) 

followed more economically-attractive trends than did their counterparts in the case of catalyst A (C5+ 

selectivity increased from 16 to 62 C % and methane selectivity decreased from 41 to 22 C %). 

However, due to the higher overall FT formation rate, catalyst A catalysed the formation of almost 3 

times more C5+ products and almost 10 times more methane than did catalyst B (on a carbon-mole 

basis and per gram of respective catalyst). 

 

Straight-chain molar olefin fractions either increased or remained approximately constant with 

increasing water partial pressure, with an increase in water partial pressure (especially between the 

dry condition and a PH2O of 0.5 bar) being found to inhibit both olefin hydrogenation and 

isomerisation. The olefin fractions were generally higher in the case of catalyst A at water partial 

pressures of 0-0.5 bar, and higher in the case of catalyst B for water partial pressures of 1-2 bar. 

Similarly, the primary olefin fractions were higher in the case of catalyst A at water partials pressures 

0-0.5 bar, and higher in the case of catalyst B for water partial pressures 1-2 bar. The increase in the 

primary olefin fractions with increasing water partial pressure is in agreement with a decrease in the 

branching ratio for the C5 product fraction between the dry FTS condition and a PH2O of 0.5 bar. This 

result is attributed to inhibited isomerisation of primary olefins to secondary olefins at elevated water 

concentrations. 

  



Univ
ers

ity
 of

 C
ap

e T
ow

n

79 
 

7 Recommendations 

In-Situ XRD Cell 
The background contribution from the borosilicate capillaries, coupled with the short scan times of 

16.5 minutes (therefore decreasing intensity), is such that, while cobalt and alumina phases could be 

easily identified, size analysis by either Rietveld refinement or the Scherrer equation is not always 

easy. Two sets of polyimide capillary tubes were considered as reaction vessels. The first set 

(IWGHPC, USA) was thermally stable in hydrogen at reduction temperatures, but not thermally stable 

in air at reaction temperatures and so no further tests were conducted. The second set (Cole-Parmer 

Instrument Company, UK, supplied by Laboratory Consumables & Chemical Supplies, RSA), had 

higher temperature ratings but lacked structural strength when fitted into the cell, resulting in gas 

leaks. Therefore, it is recommended that polyimide capillary tubes be investigated further, with 

structural enhancements around the fittings, in the form of internal supports (e.g. short glass capillary 

tubes inside the polyimide tubes, where the fittings are) or external modification to the fittings. 

 

The second-generation cell has been designed with a thermocouple support plate and new fittings. The 

new fittings, manufactured from silicone, apply less stress to the capillary, making higher operating 

pressures possible (without having to tighten the fitting as much to prevent gas leaks). These may also 

permit the successful operation of the aforementioned polyimide tubing with the higher temperature 

rating. Therefore, it is recommended that this newly-designed cell be thoroughly tested, with the 

emphasis on gas-tight operation and the use of polyimide capillaries. The new fittings must be tested 

for thermal rating and lifespan. It is also recommended, upon successful testing of the second-

generation cell, that areas be identified for further improvements and potential value-addition. These 

may include the reduction in size of the thermocouple support plate to reduce lateral movement (to 

ensure that the reaction cell remains perfectly stationary in the X-ray beam path); potential heat 

barriers between the infrared heaters and the fittings to prolong fitting life; quick-connecting reactor 

feed and effluent lines for operational versatility; a thermocouple of smaller diameter to better-

approximate plug-flow conditions; a single, longer, infrared heater, ideally without the use of a 

transformer for a smaller external space requirement, for a better temperature profile; and, if possible, 

an online GC-TCD be fitted directly after the reactor exit for better kinetic analysis. 

 

It is recommended that the newly-developed in-situ XRD cell be used for other heterogeneous 

catalytic applications which require direct observation of phase changes under reaction conditions. 

 

  



Univ
ers

ity
 of

 C
ap

e T
ow

n

80 
 

Oxidation under FTS Conditions 
A threshold value with a certain PH2O/PH2 ratio (or simulated syngas conversion) and fcc cobalt 

crystallite size has been established, beyond which (smaller crystallite sizes at a constant PH2O/PH2 

ratio or higher PH2O/PH2 ratios at a constant crystallite size) oxidation is expected to occur. It is 

recommended that further experiments with small cobalt crystallite sizes and varying PH2O/PH2 ratios 

be conducted using the in-situ XRD cell, possibly with accompanying in-situ magnetic experiments, 

to establish the boundary for the FTS conditions under which cobalt will be oxidised. These results 

can then be compared with thermodynamics. Further studies could be performed to determine the 

reversibility of the oxidation of small cobalt crystallites under FTS conditions. 

 

In accordance with industrial FTS, higher syngas pressures should be tested. Experiments could also 

be performed for other known cobalt phases, such as hcp and epsilon, with interest in oxidation and 

kinetic effects. Further studies could also be performed with other industrially-relevant supports, in 

addition to an inert support, such as carbon nanotubes, and in the absence of a support. 
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Appendix 

A1 Gas Chromatography Data 
Table A1: GC-TCD calibration factors, according to the calibration gas, for each set of runs with each catalyst. 

Run Sample �+,
-.

 �+/!
-.

 �+,"
-.

 

A 1.06 1.20 0.86 

B 1.02 1.20 0.86 

 

In table A1 are listed the calibration factors used in the GC-TCD analysis, as calculated from 

calibration runs. These were used to determine the methane flow-rate which was then used in the GC-

FID analysis to calculate the flow-rates of the other products. In figure A1 are presented the methane 

flow-rates as functions of time on stream, as calculated from GC-TCD data, for the FTS runs with 

various water partial pressures with both catalysts. 
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Figure A1: Methane flow-rates (GC-TCD) as functions of time on stream for the FTS runs in the cases of 

catalyst A, above, and B, below. 

 

In figures A2 and A3 are presented the GC-FID chromatograms for the FTS runs with catalyst A and 

catalyst B, respectively. In both figures, the topmost graph is for the case where PH2O = 0 bar and the 

bottommost graph is the case where PH2O = 2 bar. Note that the vertical scales in each chromatogram 

are different, in order to maximise chromatogram resolution. The signal is a function of sample 

concentration as each run was performed under identical conditions. Carbon number, nc, of the 

hydrocarbon products, for each peak, is indicated in the topmost (for reference) and bottommost (best 

resolution between products of different carbon numbers) graphs of figure A2. The main peak in each 

chromatogram represents the primary olefin fraction of that carbon number, and the peaks for the 

other products with the same carbon number appear after it. All GC-FID graphs in figures A2 and A3 

follow this carbon-number trend (products with higher carbon numbers remain on the column longer). 
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Figure A2: GC-FID chromatograms for FTS runs with catalyst A. 
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Figure A3: GC-FID chromatograms for FTS runs with catalyst B. 
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A2 Anderson-Schulz-Flory Plots 
In figure A4 are presented the Anderson-Schulz-Flory (ASF) plots as constructed from the GC-FID 

data from the FTS runs at the studied water partial pressures. 

 

 

 
Figure A4: ASF plots as constructed from GC-FID data from the FTS runs for water partial pressures of 0 (�), 

0.5 (�), 1 (�) and 2 (�) bar with catalysts A, above, and B, below. 
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A3 Conversions as Calculated from GC-FID 
Conversions, as calculated from GC-FID data according to equation 3.16 (section 3.4.2), are 

presented in figure A5. 

 

 
Figure A5: Conversions as calculated from GC-FID analysis in the cases of catalyst A (�) and B (�). 
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