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Chapter 1 
 
 

Introduction and outline 
 
 
1.1 Fischer-Tropsch synthesis –a brief historical overview and current 

prospects 
 
The early 20th century was an exciting period in the development of catalysis. The 

development of the ammonia synthesis process marked the start of large scale 

heterogeneous catalysis as well as high pressure continuous processing [1]. It was also 

during this time that the reaction of mixtures of H2/CO (synthesis gas or syngas) to 

hydrocarbons was discovered. Sabatier and Serendens reported in 1902 that methane 

can be formed by passing syngas over nickel and cobalt [2]. The production of liquid 

hydrocarbons from syngas, over a cobalt oxide catalyst was first claimed, at least 

qualitatively, in a patent granted to BASF in 1913 [3]. At that time much research was 

conducted towards developing a process for the conversion of Germany’s abundant 

coal reserves into fuels and chemicals. The German research efforts yielded two 

important discoveries. The first was the direct liquefaction of coal with H2 at about 

477 °C and up to 700 bar in the presence of finely divided iron catalysts by Friedrich 

Bergius in Rheinau-Mannheim [4]. The second discovery in the 1920’s, was the 

production of hydrocarbons (synthol) in measurable amounts from syngas over 

alkalized iron catalysts at 100-150 bar, 400-450 ºC by Franz Fischer and Hans 

Tropsch at the Kaiser-Wilhelm (presently Max Plank) Institute for Coal Research in 

Mülheim [5]. Later, Fischer and Tropsch succeeded in producing mainly 

hydrocarbons with cobalt and iron catalysts at much milder conditions (1 bar, 250-

300 ºC) [6]. This was a significant finding as they had hoped to produce liquid 

hydrocarbon motor fuels. 

 

The patent rights for the Fischer-Tropsch synthesis (FTS) were acquired by 

Ruhrchemie AG in 1934 and soon after, the industrial application of the FT process 
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started in Germany [7]. By 1938 there were nine plants in operation utilizing cobalt-

based catalysts at atmospheric pressure, having a combined capacity of about 

13 000 bbl/day [8]*. These synthetic fuels were utilised by Germany during the 

second World War and there is no doubt that the FTS was both a scientific and 

technological success. Even though these plants ceased to operate after the war, 

interest in the process remained due to the perception that the reserves of crude oil 

were very limited. After this period the commercialisation of the iron catalyst 

dominated, with cobalt being sidelined. Ruhrchemie and Lurgi formed an 

Arbeitsgemeinschaft (ARGE) that optimised the fixed bed iron catalyst to produce 

wax [9]. Based on syngas produced from methane, a gas-to-liquids (GTL), FTS plant 

with a capacity of 7 200 bbl/day was built and operated by Hydrocarbon Research 

Inc. in Brownsville, Texas, during the 1950s but a sharp increase in the price of 

methane caused the plant to be shut down [10].  

 

South Africa, like Germany had no crude oil but plenty of coal that could be 

mined cheaply. Based on the world-wide prediction of increasing crude oil prices, 

Sasol’s first FTS plant based on coal (approximately 2 200 bbl/day), employing iron-

based catalysts, came on stream in 1955 in Sasolburg, South Africa [11]. However, 

even before construction of this plant was completed, the huge oil fields of the Middle 

East were discovered and consequently the predicted rise in the price of crude oil did 

not materialise and interest in the FTS all but disappeared. The oil embargo by OPEC 

(Organization of the Petroleum Exporting Countries) in the early 1970’s led to a huge 

increase in the price of oil and, hence, the economics of the FTS in South Africa 

improved dramatically which led to the construction of two new and much larger 

Sasol coal-to-liquid (CTL) plants which came on stream in 1980 and 1982 in 

Secunda, South Africa.  [11]. This period also marked the “rediscovery” of cobalt and 

much research efforts were put into the development of new cobalt catalysts for 

application in low temperature FTS [12]. Additionally there was a focus on 

converting the largely untapped natural gas reserves into transportable liquid 

products. In 1993, a 22 000 bbl/day GTL plant went into full production at Mossgas 

(now PetroSA) in Mossel Bay, South Africa using the licensed iron catalyst and 

circulating fluidised bed (i.e. CFB) reactor technology from Sasol [11]. A few months 

                                                 
* 1 bbl/day is approximately equivalent to 50 tons/yr 
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syngas generation. Syngas conversion is at the heart of the process and the aim here is 

to produce paraffinic wax using low temperature FTS, preferably on cobalt catalysts. 

The high activity of cobalt combined with the exothermicity of the reaction makes 

heat removal a key issue in this step. In the hydroprocessing step the wax is 

hydroisomerised/hydrocracked to produce high quality diesel (C11-C18) and naphtha 

(C5-C10). As mentioned before, diesel produced via GTL is virtually free of sulphur 

and aromatic compounds, has a high cetane number and low particulate, NOx and CO 

emissions [31]. 

 

There are currently two commercial GTL plants that employ cobalt-based FTS 

catalysts. Since 1993, Shell has operated the Shell Middle Distillate Synthesis 

(SMDS) plant based on offshore methane in Bintulu, Malaysia, which has a current 

capacity of 14 700 bbl/day [13,17, 33]. The syngas is generated by the non-catalytic 

partial oxidation of methane at high pressures and temperatures around 1500 ºC. The 

FTS step is carried out in multi-tubular fixed bed reactors using a supported cobalt-

based catalyst. There are a large number of narrow tubes per reactor, which help to 

cope with the reaction heat released [32]. Operation is at about 30 bar and 200-230 ºC 

and the objective is to produce high quality waxes [32]. The waxes are worked-up 

either to produce different wax specialities or hydrocracked over a catalyst to high 

quality diesel and kerosene (C10-C13) fuels.  

 

The second commercial GTL plant is the Oryx-GTL plant with a nominal capacity 

of 34 000 bbl/day which is located in the northern gas field in Ras Laffan, Qatar. The 

plant which was inaugurated in 2006 operates on the Sasol Slurry Phase Distillate 

(SPDTM) process (Figures 1.1 and 1.2). Syngas generation is done by reforming of 

natural gas in a Haldor Topsøe autothermal reformer with oxygen from an air 

separation unit and steam in a flame, followed by a catalyst. In the FT section a highly 

active and selective supported cobalt-based catalyst is operated in a slurry bubble 

column reactor with approximate outside dimensions of 60 m in height and 10 m in 

width. The Sasol slurry phase reactor [34] is an integral part of the SPD process and 

carries out the synthesis reaction at low temperatures (220-240 ºC) and pressures of 

20-30 bar. The process involves bubbling hot syngas through a liquid slurry of 

catalyst particles and liquid reaction products. Heat is removed from the reactor via 

coils within the bed producing medium pressure steam. Liquid products are removed 

 5
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Figure 1.1 An overview of the Sasol Slurry Phase Distillate (SPDTM) process [31]. 

 

 (c)  (e) (b) 

 (d)  (d) (a) 

 
 

Figure 1.2 The Oryx-GTL plant in Ras Laffan, Qatar with a nominal capacity of 

34 000 bbl/day (a) Air separation units (b) Gas superheater (c) Autothermal 

reformers (d) Slurry bubble column FTS reactors (e) Catalyst hoppers. 
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Table 1.1 Currently operating and recently announced FTS plants based on natural 

gas, together with the location, companies and technologies involved. 

 

Country 

(Location) 

Owner Technology Production 

(bbl/day) 

Start-up 

 
South Africa 
(Mossel Bay) 

 

 
PetroSA 

 
Sasol CFB (Fe) 

 
36 000 

 
1992 

Malaysia 
(Bintulu) 

 

Shell SMDS Fixed bed 
(Co) 

14 700 1993 
 

South Africa 
(Sasolburg) 

Sasol Sasol Slurry and 
Arge technology 

(Fe) 
 

5 000 (solely 
chemicals)  

2004 (Changed 
over from coal to 

natural gas) 

Qatar 
(Ras Laffan) 

 

Sasol/Qatar 
Petroleum 

(Oryx-GTL) 
 

Sasol SPD Slurry 
bed (Co) 

34 000 2007  

Nigeria 
(Escarvaros) 

 

NNPC/Chevron 
(E-GTL) 

Sasol SPD Slurry 
bed (Co) 

34 000 2009 
(Construction in 

progress) 
 

Qatar 
(Ras Laffan) 

 

Qatar 
Petroleum/Shell 

(Pearl) 
 

SMDS Fixed bed 
(Co) 

70 000  2009 (expansion 
to 140 000 

bbl/day in 2011) 

Trinidad 
(Pointe-à-

Pierre) 
 
 

World GTL/ 
Petrotrin 

Use of existing 
multi-tubular 

fixed bed reactors 
from gas-to-

methanol plants 
(Co) 

 

2 250 Production 
expected in last 

quarter 2008 

 

1.3 FTS catalysts 

 

The overall process in FTS is comprised of a network of the elementary bond-

breaking and bond-formation steps. These include CO and H2 dissociation as well as 

hydrogenation and chain growth (carbon coupling) on the metal surface. The balance 

of the bond-breaking and bond-formation processes on the metal surface dictates the 

choice of metal. Transition metals to the left in the periodic table will easily dissociate 

CO, but the products, i.e., surface carbon and oxygen, are too strongly bound to the 

surface thus blocking subsequent hydrogenation and carbon coupling reactions. 

 8 
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Transition metals to the right, on the other hand, are not active enough to dissociate 

CO. The optimal metals are those which can promote CO dissociation, along with a 

balanced degree of surface carbon hydrogenation and carbon coupling in order to 

produce longer chain hydrocarbon products.  

 

It is known that the Group 8 transition metals are active for FTS. However, the 

only FTS catalysts, which have sufficient CO hydrogenation activity for commercial 

application, are composed of Ni, Co, Fe or Ru [40]. The choice of active metal has 

important implications for the selectivity of the catalyst and its cost. Iron catalysts are 

known to make large amounts of carbon dioxide via the water gas shift (WGS) 

reaction and as such are generally considered unsuitable for operation from natural 

gas derived syngas [41]. The production of CO2 also is an environmental concern. On 

the other hand, the WGS activity of a Fe catalyst gives it flexibility for use with coal 

or biomass derived synthesis gas which has a low H2/CO ratio. Fe catalysts tend to 

produce predominantly linear alpha olefins as well as a mixture of oxygenates such as 

alcohols, aldehydes and ketones. Of the other metals active for CO hydrogenation, 

nickel is too hydrogenating and consequently produces excessive amounts of 

methane. It also has a tendency to form carbonyls and sub carbonyls at FTS 

conditions which facilitates sintering via atom migration [42]. Ruthenium is the most 

active FTS catalyst, producing long chain products around 140 ºC [43, 44], however it 

is expensive and relatively rare and this precludes its use industrially.  

 

Cobalt catalysts are a good choice for FTS from natural gas derived synthesis 

gas and have a good balance between cost and stability. The water-gas shift activity of 

cobalt-based catalysts is low and water is the main oxygen containing reaction 

product. Cobalt-based catalysts are very suitable for wax formation in slurry bubble 

columns and can operate at high per pass conversion. 
 

1.3.1 Cobalt catalysts in the FTS 

 

The first cobalt catalyst used at Mülheim was a 100 Co/18 ThO2/100 kieselguhr 

catalyst [7]. There is evidence that Otto Roelen (famous for discovering the oxo 

synthesis), a PhD student of Franz Fischer, played an important role in the preparation 

of the technologically relevant catalysts [7, 45]. It was reported that the best way to 
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prepare these cobalt catalysts was by co-precipitating the nitrates of cobalt and 

thorium (or zirconium or magnesium) with a basic solution in the presence of 

kieselguhr to yield an intimate mixture of the oxides supported on the kieselguhr. This 

catalyst can be considered as the forerunner of modern cobalt catalysts. Interestingly, 

the modern cobalt catalysts are similar to the one prepared by Fischer and his co-

workers, i.e. they consist of promoted cobalt on an oxide support.  

 

An inspection of literature and patents on cobalt-based catalysts will lead one to 

come up with the following composition for the state-of-the-art catalysts [12, 40, 46]. 

Almost all companies with FTS catalysts have a similar formulation for them: 

 

a) Cobalt as the FT active metal (typically 10-30 wt%) 

b) A second metal as a promoter (usually a noble metal e.g. Pt, Ru and Pd) 

c) A structural oxidic promoter (e.g. Zr, Ba and La) 

d) A high surface area refractory oxidic support (most likely modified) 

 

Cobalt is expensive and to maximize its use, it needs be well dispersed on the 

support. Iglesia et al. [47-49] reported that for relatively large cobalt particles 

(d >10 nm) there was a linear correlation between FTS reaction rates and metal 

dispersion. Recently, Bezemer et al. [50] observed lower FTS turnover frequencies 

with cobalt particles smaller than 6 - 8 nm. It seems that the lower activity of small 

cobalt particles is caused by the fact that small particles have a modified electronic 

structure because of the quantum size effect or do not possess the domains that 

contain the active sites for the FTS. There seems to exist an optimum cobalt particle 

size in the range 8-10 nm. 

 

As metallic cobalt is considered the active phase in the FTS, a high degree of 

reduction is required. Small cobalt particles when supported on traditional oxidic 

carriers like silica (SiO2), alumina (Al2O3) and titania (TiO2) are difficult to reduce 

due to a strong interaction with the support. Therefore catalysts are often promoted 

with noble metals (e.g. Ru, Pt or Pd) which lead to much easier reduction of the cobalt 

oxide particles. Noble metals have also been claimed to lead to the formation of 

bimetallic particles and alloys which influence activity and selectivity, enhance cobalt 

dispersion, inhibit catalyst deactivation by keeping the surface clean (Ru) and allow 
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easier regeneration of the cobalt surface [51]. The noble metal promoter is usually 

kept around 0.1-0.5 wt% due to cost but also due to the fact that higher amounts may 

cause blocking of the cobalt if intimate mixing of the metals occurs. Structural 

promoters affect the formation and stability of the active phase of a catalyst material. 

It has been shown for Co/SiO2 catalysts that promotion with Zr results in a decreased 

cobalt-silica interaction leading to a higher degree of reduction of cobalt and increase 

in the metallic atoms on the surface [52, 53]. Zr promotion of Co/Al2O3 catalysts is 

claimed to prevent the formation of cobalt aluminate [54].  

 

The support provides mechanical strength and thermal stability to the cobalt 

crystallites, while facilitating high cobalt dispersion. The properties of the support are 

also an important factor for producing good catalysts. For alumina it has been shown 

that ideal properties are high purity, low acidity, and relatively high surface area 

(150 - 250 m2/g) [55, 56]. The pore size of the support can also influence the size of 

the cobalt crystallites as shown by Saib et al. [57]. Recently, van Steen and Claeys 

reported that the desired support pore size for the optimum cobalt crystallite size 

should be around 12-16 nm [58]. The support also needs to be robust during FTS 

conditions, in the presence of several bars of steam that will occur at high conversion 

levels. Van Berge et al. [59] found that an alumina-supported cobalt FTS catalyst was 

susceptible to hydrothermal attack that is inherent to realistic FTS conditions. 

Hydrothermal attack on the exposed and unprotected support material resulted in 

contamination of the produced wax with ultra fine cobalt rich particulate matter and 

may also result in an increase in the rate of activity decline. This problem was solved 

by pre-coating the support with a silica structural promoter, which was achieved by 

impregnating tetra ethoxy ortho silicate (TEOS) dissolved in ethanol, drying under 

vacuum and calcining in air at 500 °C [59]. The supported catalyst should also be 

resistant to attrition especially in the slurry bubble column environment. Wei et al. 

[60] noted that the attrition resistances of supported cobalt catalysts followed the 

sequence: Co/Al2O3 > Co/SiO2 > Co/TiO2.  

 

The most common technique to prepare supported cobalt catalysts is incipient 

wetness impregnation of the support with a cobalt salt solution of the appropriate 

concentration, drying, calcining to decompose the nitrate to the oxide and finally 

reduction with hydrogen [41]. Other methods such as slurry impregnation [61], 

 11



Chapter 1   

kneading [62] and deposition-precipitation [63] of cobalt compounds have also been 

reported. In order to prepare a catalyst with good activity and dispersion, each of these 

preparation steps needs to be optimised. The conditions during calcination of 

impregnated cobalt precursors have a significant influence on the performance of the 

final catalyst. Van de Loosdrecht et al. [64] reported high metallic cobalt surface areas 

and high catalytic activities when the concentration of nitrogen oxides and water was 

kept low during calcination by employing a high flow rate. Similarly, the flow rate 

during reduction should be kept high to avoid high partial pressures of the water 

product which results in sintering [12, 41]. High calcination temperatures (> 350 ºC) 

result in the diffusion of cobalt ions into the support, producing irreducible 

compounds [65], while it was reported that too high reduction temperatures 

(> 365 ºC) for the original Co/ThO2/Kieselguhr catalyst caused extensive loss of 

surface area due to sintering [66]. 

 

1.3.2 Deactivation of cobalt-based catalysts 

 

Unfortunately cobalt FTS catalysts like many other systems lose their activity with 

time on stream. Figure 1.3 shows an activity profile for a proprietary Co/Al2O3 

catalyst tested at realistic conditions [67]. It is commonly observed that during the 

first few days the rate of activity decline is rapid then followed by a slow steady 

deactivation [68, 69].  
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Chapter 2 
 
 

Experimental Techniques 
 
 
In order to study the formation of cobalt aluminate, carbon deposition or the 

behaviour of cobalt nanoparticles under different reaction conditions as outlined in 

the previous chapter, appropriate analytical methods had to be selected. X-ray 

adsorption near-edge spectroscopy (XANES) was chosen to study the formation of 

cobalt aluminate as it is a powerful technique to differentiate phases in a catalyst and 

can be used in a pseudo in-situ manner on wax-covered cobalt-based FTS catalysts 

tested at realistic conditions. However, due to the wax layer present, it is difficult to 

analyse the catalysts for deleterious carbon deposits and subsequently a wax-

extraction procedure was developed. X-ray photo-electron spectroscopy (XPS) was 

used to give information on the surface properties of wax-extracted and carbon-

deposited catalysts. Temperature programmed (TP) techniques were applied to 

determine the amount and nature of the carbon deposits on the catalysts. The location 

of deleterious carbon was investigated with energy filtered transmission electron 

microscopy (EFTEM) and low energy ion scattering (LEIS). TEM and in-situ TEM 

was performed on model cobalt catalysts to gauge the potential of this technique to 

observe the behaviour of cobalt nanoparticles when treated under model conditions. 

The following section briefly describes the above-mentioned characterization and 

pre-treatment techniques used in this study. 
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2.1 X-ray absorption near-edge spectroscopy (XANES) 
 

X-ray absorption spectroscopy (XAS) is a useful method to investigate chemical 

composition and local structure [1, 2]. During the experiment the material under 

investigation is targeted with a monochromatic X-ray beam which is produced by 

synchrotron radiation. The basic process involves the photoelectric effect: a photon is 

absorbed by an atom or ion and an electron is emitted from an inner shell.  A parallel 

monochromatic x-ray beam of intensity I0 passing through a sample of thickness x 

will get a reduced intensity I according to the expression:  

ln (I0 /I) = µ x         (2.1) 

 

where µ is the linear absorption coefficient, which depends on the type of atoms and 

the density of the material. At certain energies where the absorption increases 

drastically, it gives rise to an absorption edge. Each such edge occurs when the energy 

of the incident photons is just sufficient to cause excitation of a core electron of the 

absorbing atom to a continuum state, i.e. to produce a photoelectron. Thus, the 

energies of the absorbed radiation at these edges correspond to the binding energies of 

electrons in the K, L, M, etc, shells of the absorbing elements. When the 

photoelectron leaves the absorbing atom, its wave is backscattered by the 

neighbouring atoms. Consequently the X-ray adsorption spectrum exhibits oscillation 

of fine structure that extends beyond the absorption edge.  

 

An X-ray absorption spectrum (Figure 2.1) is generally divided into three 

sections: 1) pre-edge (E < E0); 2) X-ray absorption near edge structure (XANES), 

where the energy of the incident x-ray beam is E = E0 ± 50 eV and 3) extended X-ray 

absorption fine structure (EXAFS), which starts approximately from 50 eV and 

continues up to 1000 eV above the edge. Analysis of the XANES region, near the 

adsorption edge, gives chemical information, oxidation state and sometimes co-

ordination around the absorbing atom. The interpretation of the XANES region can be 

done with the help of spectra of reference compounds and constructing linear 

combinations of references to fit the spectrum of the sample being measured.  

 20 



Experimental Techniques 

 

7650 7700 7750 7800 7850 7900 7950 8000

N
or

m
al

is
ed

 a
ds

or
pt

io
n 

(a
.u

.)

Energy (eV)

edge

Binding energy
E

0

pre-edge

XANES EXAFS

 

 
Figure 2.1 X-ray adsorption spectrum of a reference sample of CoO recorded at the Co 

K-edge.  

 

Figure 2.2 summarises previously reported XANES analyses [3] of the Co K-

edge of cobalt reference compounds CoO, Co3O4, CoAl2O4 and cobalt foil (Co0). The 

minor features in the pre-edge region are usually due to the electron transitions from 

the core level to the higher unfilled or half-filled orbitals. The pre-edge feature 

appears (ca. 7710 eV) for tetrahedral cobalt environments but is forbidden for 

octahedral environments [4], and arises from the 1s to 3d absorption transition. The 

intensity is inversely dependent on the degree of inversion symmetry in the first 

coordination shell, as well as the extent of occupancy of the 3d shell. Atoms in 

tetrahedral sites often exhibit pre-edge peaks due to lack of symmetry [5], while the 

peak is very low for octahedral environments, due to the centre of symmetry. 

Therefore, the intensities follow the order CoAl2O4 > Co3O4 > CoO, as the cobalt 

atoms in CoAl2O4 are in a tetrahedral environment, the cobalt atoms in the spinel 

structure of Co3O4 are in a mixed environment (one Co atom in a tetrahedral 

environment, while the other two are in octahedral), and the cobalt atoms in CoO are 

in an octahedral environment [4]. 
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 Another indicator of valence is the white line (the intensity overshoot that 

occurs at the edge). White lines are particular prominent in XANES spectrum of 

transition metal ions with high oxidation states [2]. The oxidic reference compounds 

display a strong absorption white line with unique spectral features due to the 

presence of cobalt atoms in different Co–O environments and oxidation states. The 

intense white line is not present in the cobalt metal reference. It is clear from Figure 

2.2 that by using XANES it is easy to distinguish between Co0, CoO and Co3O4 and to 

a lesser extent CoAl2O4. 

 
One of the attractive features of XANES is that the oxidation state of cobalt in 

wax-coated samples from a FTS reactor can be determined without pre-treatment that 

may affect the oxidation state of the sample [3]. This is due to the weak absorption of 

carbon atoms at the Co K-edge.  

 

 
 
Figure 2.2  Co K-edge XANES spectra of cobalt reference compounds (from [3]).  
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2.2 Wax-extraction procedure for spent cobalt catalysts. 
 
During the low temperature FTS process with a cobalt catalyst, molten product 

hydrocarbon wax acts as the liquid phase in the reactor. The samples may be collected 

under nitrogen in this protective wax layer and allowed to congeal (Figure 2.2). This 

wax layer may interfere with several characterization techniques and in order to 

remove it, an extraction procedure was developed. Because of the air sensitivity of the 

samples, an approach was chosen based on techniques commonly used in organo-

metallic synthesis. This approach made use of ‘Schlenk’ glassware. The procedures 

used ensured that an argon or vacuum atmosphere protected the air sensitive catalyst 

at all times.  
 

Use was made of a P40 glass frit extraction apparatus (Figure 2.3). The glass 

frit set-up consisted of 3 sections: a 500 ml Schlenk flask, a ‘filter’ unit with an 

internal glass frit (porosity = 16 – 40 µm) and a water-cooled condenser. All 

glassware was placed in an oven overnight (125 °C) to remove moisture and then 

assembled. The entire system was allowed to cool and then evacuated and flushed 

with argon repeatedly. The joint between the flask and the filter unit was briefly 

opened under an argon flow and 200 ml of distilled tetrahydrofuran (THF), which was 

stored under an argon atmosphere, was injected and thoroughly degassed with argon. 

Then the joint between the filter unit and condenser was briefly opened while under 

an argon flow to add the catalyst-in-wax sample (± 1 cm3). The system was again 

evacuated and filled with argon 3 times. 

 
During the extraction process the solvent was heated with an oil bath and 

boiling THF vapour passed through the frit, condensed, and formed a liquid layer on 

top of the frit (surrounding the catalyst sample). The THF vapour bubbles ensured a 

well-mixed solvent-sample mixture. When a 0.5 to 1 cm liquid layer has formed, the 

system was drained. This was done by removing the oil bath, which lowered the 

solvent temperature below boiling point. After several cycles (formation of a liquid 

layer followed by drainage) the catalyst particles were sufficiently cleaned. The 

particles were dried under vacuum and poured into a small Schlenk tube (while under 

argon). This tube was evacuated, closed, and transferred into a glove box for storage. 

The advantage of this method is that it represents a well mixed solvent-wax system 

where clean THF is continuously recycled to the sample. Also compared to traditional 
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its core level. This core hole is filled by an electron from a higher shell. The energy 

released from this transition is taken up by another electron, the Auger electron which 

is emitted with an element specific kinetic energy.  

 

Because the set of binding energies is characteristic of an element, XPS can be 

used to analyse the composition of samples. Binding energies are not only element 

specific but contain chemical information as well: the energy levels of core electrons 

depend on the chemical state of the atom. Figure 2.5 shows the Co 2p region of the 

XPS spectra for cobalt foil, CoO, Co3O4 and cobalt aluminate. The binding energy 

peak of Co2+ compounds is shifted 2 eV higher than metallic cobalt. The reason is that 

the electrons of the Co2+ ion (two less in number than in Co0) feel a higher attractive 

force from the nucleus than those of a neutral Co0 atom. The Co 2p core level 

spectrum is characterized not only by two components i.e. Co 2p3/2 and Co 2p1/2 

(appearing due to spin-orbital splitting), but also features occurring at higher binding 

energies from the main photo line. This feature is called shake-up and occurs when a 

second electron in the 2p orbital goes into an excited state as a consequence of a 

sudden change in the atoms central potential produced by the photoelectron emission. 

Shake-up loss is common for oxides of Ni, Fe and Co and has diagnostic value as the 

precise loss structure depends on the environment of the atom. For example the high 

spin Co2+ compounds such as CoO and CoAl2O4 exhibit strong satellite lines which 

are located at about 5–6 eV above the photo line [6]. Contrary to that, a very weak 

satellite, shifted about 10–11 eV to higher binding energies from the main peak, is 

characteristic of the low spin Co3+ compounds (Co3O4 and CoOOH) [7]. The 

spectrum of metallic cobalt does not contain shake-up satellite structure at all. 
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Figure 2.5 Co 2p region of XPS spectrum of in-house measured cobalt reference 

compounds. 

 
2.4 Temperature programmed (TP) techniques 
 
Temperature programmed (TP) techniques involve monitoring a chemical reaction 

involving a carrier gas and the catalyst surface while the temperature is usually raised 

linearly [2, 8]. Several forms of these techniques exist and they provide a useful way 

to study carbon formation on catalysts. The main difference among these forms is the 

composition of the carrier gas. When oxygen is present in the carrier, the technique is 

called temperature programmed oxidation (TPO); if the carrier contains hydrogen, it 

is termed temperature programmed hydrogenation or reduction (TPH/R); if only an 

inert gas (helium or nitrogen) is the carrier gas, it is called temperature programmed 

desorption (TPD). These techniques are advantageous because they are 

experimentally simple and relatively inexpensive compared to many spectroscopic 

techniques yet they yield a wealth of information about real catalyst systems.  

 

The instrumentation for these techniques is relatively simple (Figure 2.6). The 

reactor charged with catalyst is controlled by a processor which heats the reactor at 
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rates of typically 0.1-20 °C/min. In the case of TPH the catalyst containing 

carbonaceous deposits is heated in hydrogen and this reacts to form predominantly 

methane. The off gases are monitored by a mass spectrometer. The amount, reactivity, 

location and in some cases kinetics of carbon burn off can be determined by TP 

techniques. 

 

 

CO
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Figure 2.6 An experimental set-up for a TP technique apparatus equipped with a mass 

spectrometer (adapted from [2]) 

 

Figure 2.7 shows a TPH methane profile of Co/Al2O3 catalyst exposed to 

model FTS conditions. It is evident from the methane evolution that there are different 

carbonaceous species with varying reactivity towards hydrogen. In some cases the 

nature of carbonaceous phase can be determined by comparison to carbon references. 

For example it is known that graphite on cobalt is hydrogenated at around 630 °C, 

while amorphous, polymeric carbon is hydrogenated at around 430 °C. 

 

Characterization of carbon by TPH is of special interest when hydrogen is one 

of the reactants, e.g. in reforming and FTS [8]. Usually in these reactions, the overall 

deactivation rate is the difference between the carbon formation rate, and the carbon 

gasification rate. If the former is greater than the latter, carbon accumulates on the 

catalyst. If the gasification rate is greater than the formation rate, no carbon is formed. 

Therefore, in the above mentioned systems, hydrogen plays a key role in the control 

of the deactivation rate and TPH can provide useful insights into carbon reactivity and 

the regeneration of the catalyst. TPO is also a useful technique and is used extensively 

for the study of carbon on catalysts. An advantage is that the CO2 which is generated 
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energy via electronic interaction with the solid (inelastic scattering). This energy loss 

is characteristic of the elements present. With the advent of 2-dimensional detectors, 

one is able to create energy filtered TEM (EFTEM) maps of different elements. This 

has important implications particularly in catalysis where the location of promoters or 

deactivating coke can be mapped [9, 10].  

 

transmitted electrons 

scattered
electrons

Auger 
electrons

secondary 
electrons

primary electron 
beam

backscattered 
electrons

X-rays

photons

diffracted
electrons

 
Figure 2.8 The interaction between the primary electron beam and the sample (adapted 

from [2]). 

 

2.5.1 In-situ TEM 

In the majority of cases, electron microscopy studies of catalysts at the atomic-scale 

have been performed ex-situ after various gas treatments where the catalysts are 

removed from the reaction environments and studied under the high vacuum 

conditions in the microscope [9]. This approach undoubtedly has merit and has made 

a significant impact in understanding catalysts, however, it has been shown that the 

catalysts may respond dynamically to changes in the surrounding gas environment, 

and so, caution must be exercised to ensure that the observed structural details are 

representative of the catalyst in its working state [11]. 

In recent times the application of TEM to in-situ studies of catalysts during 

exposure to reactive gas environments has provided direct observation of such 
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dynamic changes in catalyst structure [12]. Such studies are by no means trivial due to 

the extremely small mean-free path of electrons in dense media (gases and solids), 

and significant instrumental modifications are needed in order to confine a high-

pressure gas environment around the specimen area without affecting the microscope 

performance. This may be accomplished in two ways; by the application of advanced 

differential pumping systems and by using thin window cells [13]. These different 

approaches assist in minimizing the degradation of the electron beam as it passes 

through the gases by minimizing the gas volume.  

Recent collaboration between Haldor Topsøe A/S and the FEI Company 

resulted in an in-situ high resolution TEM (HRTEM) facility capable of providing the 

first images with a resolution of 0.14 nm during exposure of the sample to reactive 

gases and elevated temperatures [12]. The in-situ experiments described in Chapter 7 

were performed on an FEI CM 300 microscope at Haldor Topsøe, Lyngby equipped 

with the necessary gas lines (CO, H2 and H2O) and an in-situ sample holder with a 

heating filament. The microscope is equipped with an FEG, a quadrupole mass 

spectrometer (QMS), a Gatan image filter (GIF), and a Tietz F144 CCD for data 

acquisition. Figure 2.9 nicely illustrates that atomic-scale resolution can be obtained 

for supported cobalt particles under reactive gas environments at elevated 

temperatures using this in-situ TEM. 

 
 
Figure 2.9 An in-situ HRTEM image (2 mbar H2, 425 °C) of a 6 nm cobalt particle 

supported on a Stöber silica sphere. The lattice fringes observed correspond 

to fcc cobalt. 
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2.6 Low energy ion scattering (LEIS) 
 
In a low energy ion scattering (LEIS) experiment, a light noble gas ion with a known 

mass and energy is directed towards the surface that is studied [14]. At the surface, 

the ion collides with an atom in the outermost atomic layer and the ion is scattered 

back towards a detector. In the detector, the backscattered ions are sorted by their 

energy. The energy of the backscattered ion is determined by the classic laws of 

mechanics, the law of conservation of energy and the law of conservation of 

momentum. This means that ions that scatter from a heavy atom will scatter back with 

a higher energy than ions that scatter from a lighter atom. Thus, an analysis of the 

energy of the backscattered ions will yield a spectrum of the masses of the surface 

atoms. The information depth of LEIS is limited to one atomic layer, because of the 

high neutralisation probability of the noble gas ions.  

 

Figure 2.10 shows LEIS spectra of a blank alumina support compared with a 

Co/Al2O3 catalyst taken with an incident beam of 4He+ ions. For the supported cobalt 

catalyst, peaks due to Co, Al and O are seen. The spectra illustrates that ions lose 

more energy in collisions with light elements than with heavy elements. The Al signal 

for the cobalt catalyst is less than for the alumina support and the surface coverage of 

cobalt can be calculated based on comparison of such measurements. LEIS may also 

be applied to determine the location of poisons or carbon deposits on catalysts [15]. 
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Figure 2.10 3 keV 4He+ spectra of oxygen treated alumina support and Co/Al2O3 catalyst. 
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increases the formation of aluminate on cobalt-based catalysts either during FTS or at 

model conditions in mixtures of H2/H2O. Often the observed deactivation is ascribed 

to the formation of aluminate as it is proposed that the irreducible cobalt-support 

species is formed from/at the expense of active metallic cobalt. 

 

Jacobs et al. [25] have showed using X-ray Absorption Near Edge 

Spectroscopy (XANES) that high levels of water which occur at high conversions 

(due to low space velocity employed) resulted in an irreversible deactivation of 

platinum promoted Co/Al2O3 catalysts in the FTS due to the formation of a cobalt 

aluminate like species from small cobalt clusters. Hilmen et al. [26] also ascribed the 

deactivation observed under model conditions with their rhenium promoted Co/Al2O3 

catalysts to the formation of a cobalt aluminate phase. The authors showed, using 

XPS and TPR, that at 250 °C, and at PH2O/PH2 = 10, cobalt aluminate formation was 

favoured [26].  

 

Li and co-workers manipulated CO conversion by varying the space velocity 

over platinum promoted Co/Al2O3 catalysts during FTS in a CSTR [11]. They found 

that at high conversions and hence higher water partial pressures that there was an 

irreversible deactivation of the catalyst. They also co-fed water and reported that 

increasing the amount of added water to provide a PH2O = 8.35 bar and a ratio of 

PH2O/PH2 = 0.59 in the feed resulted in a permanent deactivation of the catalyst. These 

observations, along with increased CO2 selectivity led them to assume that either CoO 

or Co2Al2O4 had formed at these conditions. Similarly Tavasoli et al. [27] showed 

recently that alumina-supported cobalt catalysts deactivated at higher reaction rates 

due to the high partial pressure of water. Rapid deactivation was noted for 

PH2O/(PH2+PCO) > 0.55 and PH2O/PCO > 1.5. They postulated that the water aided in the 

formation of irreducible cobalt aluminate which they detected by TPR.  

 

Various techniques have been used to detect cobalt aluminate and these 

include XPS [26], XRD [19], Raman spectroscopy [19] and TPR [20, 26]. XRD fails 

to effectively differentiate between CoO and small amounts of cobalt aluminate while 

TPR, Raman spectroscopy and XPS are most useful for unused calcined catalysts. As 

an alternative, XANES is powerful technique that is able to differentiate between Coo, 

CoO, Co3O4 and CoAl2O4 with a high sensitivity as compared to many other 
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