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Chapter 1 
Introduction 

1.1 Background of current research 

Oil, discovered in 1859 in USA, has long been a source of cheap energy upon which the 

modem global economy has been built [ l , 2] . It is this relatively low price and perceived 

long term availability of crude oil that has made the world so dependant on oil. However, 

the high demand for oil over the recent years has put strain on the world's oil resources 

and has led many to predict that oil production is peaking throughout the world [3, 4]. 

The fears of limited supply of oil [3, 4], the ever increasing demand driven by rapid 

expansion in South East Asia [5] and political unrest present in the major oil producing 

nations such as Iraq, Venezuela and Nigeria [5] has pushed oil prices to historic highs. 

These prices have been pushed higher recently by tropical storms off the US Gulf coast 

which continues to disrupt oil production [ 6]. The combination of these global forces and 

the large amount of natural gas reserves which are distributed relatively evenly (as 

compared to crude oil) around the world has led some economic commentators to go as 

far as labelling this century the "Gas" century and the end of "cheap" oil [7]. This 

premise has created an overwhelming push for alternate fuels and the conversion of 

natural gas to liquid fuel , i.e. gas-to-liquid (GTL), via the Fischer-Tropsch synthesis 

(FTS) stands out as the most promising and proven technology that has potential to 

revolutionize the fuel industry [4]. 

On a commercial scale PetroSA operates a 47 000 bbl/day GTL facility in Mossel bay, 

South Africa [4]. Shell is operating a supported cobalt catalyst in a fixed bed reactor, as 

part of their 12 000 ban·els per day Shell Middle Distillate Synthesis (SMDS) process in 

Bintulu, Malaysia [5]. Sasol is currently constructing a 34 000 barrels per day GTL plant 

in Ras Laffan, Qatar, which is based on the Sasol Slurry Phase Distillate™ 
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(Sasol SPD™) process [4, 8]. GTL on a global scale is making its mark with many 

announcements made by the multi national oil companies to build large plants mainly in 

Qatar [8, 4] . Figure 1 summarises the worldwide GTL activity and recent announcements 

to build GTL plants . This intense GTL activity, according to multi national oil 

companies, is driven by the following factors [4] : -

Need to comply with 2006 and 20 I 0 fuel regulations by supplying low sulphur 

diesel (legislation) . 

The opportunity to monetize stranded natural gas while eliminating flaring. 

Current low interest rates environment (internal rate of return more attractive). 

High crude oil price which is expected to persist (GTL feasible at $16/barrel [9]). 

? 

J 

·PetroSA usn19 Sa sol :echro•OQy 

Figure 1. Summarised worldwide GTL activity and announcements. Adapted from [8, 4]. 
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The principal process steps in a GTL plant is summarised in Figure 2 [4]. 

Syngas 

production ~ 

(1C0/2H2) 

Fischer-Tropsch synthesis 

(supported cobalt) 

nCO+ 2nH2-+[CHzln + nH20 

Figure 2. Principal process steps of a GTL plant [ 4, 9]. 

1 .. 

Refining 

(High 

quality 

Diesel) 

At the heart of the GTL process is the Fischer-Tropsch synthesis (FTS) process which is 

currently being developed further. The FTS was discovered in 1925 by Frans Fischer and 

Hans Tropsch and the two catalytic systems of choice were iron and cobalt [I 0] . The 

initial objective for the FTS process was gasoline production. Prior to 1936 it was 

believed that FTS will only work at I bar due to the high oxygenate production [11-14] at 

elevated pressures. At these conditions cobalt was favoured since iron suffered rapid 

deactivation and displayed low activities [ 15 , 16]. At atmospheric pressures cobalt 

displayed a higher activity [ 17, 18], increased branching which improved octane number 

and a higher selectivity towards the gasoline cut [ 19, 20]. In 1936 the first four fixed bed 

reactors with a total capacity of ca. 5000 barrel/day were commissioned by Ruhrchemie 

[21 ]. The catalyst used was a precipitated cobalt catalyst of approximate composition : 

IOOg Co/5g Th02/8g Mg0/200g kieselguhr. 

The discovery of the poly-methylene process [22] inspired the Kaiser Wilhelm institute to 

re-look at the potential of medium pressure FT [15] . This lead to the following 

breakthrough : 

3 
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Reactor pressures of l 0-20 bars were observed as optimum for cobalt based FTS 

with respect to wax yield and catalyst lifetime [ 16]. 

[ron based FTS catalysts were discovered [23] which were on par with the 

commercialised precipitated cobalt catalysts. These catalysts were superior from a 

cost and product selectivity point of view, i.e. high degree of unsaturation which 

raised the octane number. 

After 1945, the commercialisation of the iron catalyst dominated, sidelining cobalt until 

ca. 1975 [9]. During this period (1947-1950) Ruhrchemie and Lurgi formed an 

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

produce high yields of wax [24, 25]. Between 1950-1953, Hydrocarbon research of 

Trenton, New Jersey developed a fluidised bed reactor to produce gasoline, i.e Synthol 

process, from reformed natural gas in a plant that was located in Brownsville, Texas [26]. 

Both these processes were later developed further and commissioned by Sasol during the 

period 1950-1960. With respect to the ARGE process, Sasol followed up on the slurry 

phase FTS as performed in Germany in a bubble column reactor [27]. The Sasol slurry 

bed reactor with a capacity of 2500 bbllday was commissioned in 1993 as a commercial 

alternative to the ARGE reactors [28]. Sasol also developed the Synthol reactors further 

and between 1998-1999 installed 8 Sasol Advanced Synthol (SAS) reactors with a total 

capacity of 124 000 barrel/days [28]. 

With the SAS reactors it seems like cobalt will not be an alternative to iron for gasoline 

production [9]. However, for the production of middle distillates cobalt is an attractive 

alternative to iron. This is supported by Shell's fixed bed FTS plant commissioned in 

1993 in Bintulu, Malaysia, with a capacity of 12 000 barrel/day [29]. In addition to Shell, 

numerous other GTL technology suppliers (i.e. Exxon Mobil, BP, IFP, Sasol-Chevron, 

Syntroleum, ConocoPhillips) have also showed renewed interest in cobalt based FTS 

catalysts [9, 30-36]. 
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The advantages of a cobalt based FTS catalyst as compared to iron are [9] : -

Negligible water gas shift activity. 

No water inhibition ofthe rate of theFTS. 

High per pass conversion. 

High stabilised activities. 

The combination of a highly active and stable cobalt based FTS catalyst with a high and 

gradientless concentration slurry phase reactor is seen as the configuration of choice for 

the FTS part of the GTL process [9, 3 7]. The advantages of the slurry phase reactor over 

the fixed bed multi tubular reactor are [9] : -

Isothermal, gradientless reactor coupled with flexible temperature control. 

Lower pressure drop, < 2 bar as compared to 3- 7 bar in a fixed bed reactor. 

On line catalyst removal and addition. 

Higher potential capacity for scaling up, i.e. 20 000 barrel/day as compared to 

3000-4500 barrel/day in a fixed bed reactor. 

In order to ensure a highly active and stable cobalt based FTS catalyst detailed 

fundamental understanding of the deactivation mechanisms at play for supported nano

sized cobalt crystallites is essential. The oxidation of cobalt metal to cobalt oxide or 

cobalt aluminate (for alumina supported cobalt catalysts) by the product water has long 

been postulated to be a major deactivation mechanism of supported cobalt FTS catalysts 

[38-55]. In general, although a lot of research has been carried out with the aim of 

proving that oxidation is indeed a deactivation mechanism of cobalt based FTS catalysts, 

to date there is no consistent picture [38-55] (see Chapter 6 for a detailed literature 

review). 

The Fischer-Tropsch synthesis (FTS) is a surface polymerisation of (CH2)ads monomers 

formed by the dissociation and subsequent hydrogenation of adsorbed CO (equation I 

and 2). For each CO molecule that is converted to a CH, specie a residual oxygen atom 

remains on the cobalt surface which is then hydrogenated, in the case of cobalt catalysts, 

5 
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to form mostly water (COz formation is negligible) . The last step (equation 2), i.e. re

reduction of cobalt, is essential for regenerating the active site. 

CO+ Hz +Co -+ CoO + (CH2)ads (1) 

CoO + Hz ¢::> Co + HzO (2) 

Sustained oxidation of cobalt can take place if CO dissociation proceeds rapidly so that 

reaction (2) can not compete with the amount of CoO formation or if the equilibrium of 

reaction 2 lies to the left due to the strength of the CoO bond and/or the ratio of the 

PH2o/PHz [39, 57]. Irreversible oxidation of cobalt will take place if cobalt metal will react 

with the support (equation 3) to form cobalt aluminate [39]. 

(3) 

It is known from thermodynamic calculations that bulk cobalt does not oxidise to CoO or 

Co304 during realistic FTS conditions whereas the formation of support compounds such 

as cobalt aluminate is favourable [39]. It has been argued that the latter is kinetically 

inhibited and does not take place to a significant extent [39, 56]. Although bulk oxidation 

of cobalt metal is thermodynamically not favourable, a recent study showed that 

oxidation of nano-sized cobalt crystallites seems to be thermodynamically possible at 

realistic Fischer-Tropsch synthesis conditions [57]. This is due to the contribution of the 

surface energy of nano-sized cobalt crystallites to the overall oxidation process. From this 

study it was concluded that cobalt crystallites < 4-5 nm will oxidise under realistic FTS 

conditions, i.e. PHw/PH2 = 1-1.5 [57]. Similarly, Iglesia [38, 47] concluded that cobalt 

crystallites below 5-6 nm will oxidise and deactivate rapidly under realistic FTS 

conditions. Van Berge et al. hypothesised that cobalt crystallites below 10 nm will 

oxidise during realistic FTS conditions [58]. 

In general most authors agree that bulk oxidation of cobalt is not favourable under 

realistic FTS conditions and further concur on the size dependency of the oxidation 
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behaviour of cobalt [38, 40, 41 , 44, 45, 47, 49, 50, 51 , 57, 58]. However, to date there is 

no experimental evidence for the size dependency and no agreement on this threshold 

value above which cobalt is stable against oxidation. 

1.2 Outline of the Thesis 

To ensure the optimum usage of cobalt this study focused on understanding the oxidation 

behaviour of nano-sized cobalt crystallites with the aim of verifying the hypothesis that 

cobalt crystallites < 5- I 0 nm undergo oxidation during FTS. If true, this would then 

imply that the cobalt crystallite size distribution must be tailored in order to produce a 

stable and active FTS catalyst. For this a combination of model systems (spherical and 

flat model Co/SiOz) and a supported industrial catalyst (Co/Pt/Aiz03) was used. Each 

system was necessary in allowing for a specific issue to be addressed:-

To verify the crystallite size dependency of the oxidation behaviour of cobalt 

catalysts Chapter 3 summarises the preparation of well-defined spherical model 

Co/Si02 catalysts of varying cobalt crystallite sizes and the subsequent 

comparison of these catalysts at model oxidation conditions using in-situ XANES. 

To verify if cobalt crystallites of 6 nm undergo oxidation at realistic FTS 

conditions, i.e. 230 °C, 20 bar, (Hz+CO) conversion between 50-70 %, feed gas 

composition of ca. 50 vol. % Hz and 25 vol. % CO, PH20 /PH2 = 1-1.5, 

PHw = 4-6 bars, a series of an industrial Co/Pt/ Ab03 catalyst samples were 

removed from a 1 00-barrel/day slurry bubble column reactor and quantitatively 

characterised with XANES (Chapter 4). 

To verify the surface stability of nano-sized cobalt crystallites, a flat model 

catalyst, i.e. Co/Si02/Si(l00), with cobalt crystallites of 4-5 nm were prepared by 

spin coating. The surface oxidation behaviour of this model catalyst was studied 

at model conditions using in-situ NEXAFS (Chapter 5). 

7 
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Thereafter based on the knowledge gained with the above mentioned experiments 

and attempt was made to integrate and reconcile the apparent contradictions in 

literature with respect to oxidation as a deactivation mechanism for cobalt-based 

FTS catalysts. Chapter 6 consists of a detailed literature review on oxidation of 

cobalt catalyst during FTS, a summary of the highlights of the current work and 

an attempt to integrate the current results with that of open literature so as to 

create a common view. 
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Chapter 2 
Experimental Techniques 

The techniques used to prepare and characterise the catalysts in this study are briefly 

described in this section. 

2.1 Spin coating 

Spin coating is an elegant technique for the deposition of metal precursors or any other 

soluble material on planar supports by wet chemical "impregnation", which is similar to 

that of the industrial impregnation procedure [ 1-7]. Planar Co/Si02/Si ( 1 00) model 

catalysts were prepared by dipping the planar silica support into an aqueous cobalt nitrate 

solution followed by spin coating. The loading of the solute, in this case cobalt, can be 

controlled by varying the concentration in the impregnating solution and is determined 

using the following equation derived by Kuipers et al. [8] 

M=1.35xC0 r+ 
v~ 

( 1) 

where M is the amount of material deposited onto the wafer, Co is the concentration of 

precursor in the impregnating solution, w is the rotation speed, 17 and p are the viscosity 

and density of the impregnating solution, respectivdy, and lEv is the evaporation time. 

This equation was verified previously for planar Co/Pt/Si02/Si( 100) bimetallic model 

catalysts prepared from Co(N03) 2.6H20 and Pt(NH3)4(N03) 2 precursors [9] and planar 

Cr/Si02/Si( 1 00) model catalysts prepared from Cr03 [6, 7]. In general, the equation is a 

physical equation and will hold as long there are no strong chemical interactions between 

the solute and substrate. 
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2.2. X-ray absorption spectroscopy 

Over the years X-ray absorption spectroscopy (XAS) has gained a reputation as a 

powerful analytical and research tool. Although the fine structure of an absorption 

spectrum was first observed ca. 100 years ago, it was not until the 1970's with the 

availability of a tuneable source of photons from synchrotron light that the underlying 

physics was correctly established and XAS changed from a qualitative technique to a 

quantitative analytical technique [10]. Despite a 30 year history of XAS, the technique 

continues to evolve both experimentally in the development of time resolved 

measurements, and theoretically, where analysis have been improved by ab initio 

calculations [ l 0]. 

The physical processes governing x-ray absorption involves [10, 11, 12] the absorption of 

a photon of energy hv resulting in the ejection of a photoelectron. The ejected 

photoelectron can occupy an unoccupied bound or continuum state which changes the 

electron configuration of the atom (Figure Ia). The photoelectron can be regarded as an 

outgoing spherical wave that may be scattered by the neighbouring atoms present (Figure 

l b). At the absorbing atom, these outgoing and scattered waves interfere with each other, 

modulating the absorption coefficient. Hence, these photoelectrons act as very sensitive 

probes that can " feel" the charge distribution and the arrangement of the neighbouring 

atoms around the absorbing atom, i.e. they can " feel" the chemical environment around 

the neighbouring atoms. In accordance with this an absorption spectrum exhibits 

oscillations of fine structure that extends beyond the absorption edge (Figure 2). These 

oscillations gradually fade away as the x-ray energy increases. The oscillations that occur 

near the edge, i.e. within about 40 eV, are known as XANES (X-ray Absorption Fine 

Structure) or NEXAFS (Near Edge X-ray Absorption Fine Structure) (Figure 2). Analysis 

of the multiple scattering that dominates the XANES region yields information on the 

oxidation state (in this case, Co0
, CoO, Co304, CoAh04, Co2Si04) and local co

ordination geometry. This information can be quantified with atomic sensitivity. The 

most attractive feature of using XANES is that the oxidation state of cobalt in wax coated 

samples removed from a reactor can be characterised without affecting the oxidation state 
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of the sample. This is due to the weak absorption of carbon atoms at the Co edge (7709 

eV). 

(a) 
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central 
atom 

COfltinuum 

unoccupcd 
sta tes 

occuorod ~tatcs 

(b) 

Figure 1 (a) In XANES a core electron is excited into a state above the Fermi level. 

(b) The photoelectron propagates as a spherical wave and scatters of neighbouring atoms 

[ 13]. 
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Figure 2. Example of a XANES spectrum taken from this study. 

15 

7900 



Cha ter 2 

Figure 3 depicts a schematic representation of a typical XAS experimental set up [ 13]. 

The five parts of the setup are (l) source (2) optics (3) sample (4) detectors (5) 

electronics and computer. The absorption coefficient is calculated using equation 1. 

(1) 

Figure 3. Typical XAS set up [13]. 

In this study XANES was used in an in-situ mode where the reduction and oxidation of 

spherical model catalysts were followed at model conditions and in a "pseudo in-situ" 

mode where the oxidation state of wax protected alumina catalysts were characterised. 

The reactor used for in-situ measurements was similar to the one designed by Lytle et al. 

[ 14, 15] . Spherical model catalysts were reduced in-situ using a H2 flow rate of 25 ml 

(NTP)/min whilst heating to the desired temperature. Spectra were acquired every 20-60 

°C depending on the heating rate. Model oxidation experiments were carried out with ca. 

25 ml (NTP)/min H20 /He flow (Pmo = 0.04 bar to 0.3 bar) whilst heating to 400 °C. All 

gas lines between the saturator and reactor were heated to prevent condensation of the 

water vapour. The operation of the saturator was verified with a mass spectrometer. The 
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XANES spectra were extracted from raw data by a conventional procedure. The pre-edge 

background was subtracted by using power series curves. Subsequently, the spectra were 

normalized by dividing by the height of the absorption edge. Spectra were quantified by 

fitting the experimental data with a weighted linear combination of reference compounds 

(Co0
, CoO, Co304 and CozSi04/CoA(z04). 

2.3 Atomic Force Microscopy (AFM) 

AFM, introduced in 1986, is one of the marvels of modern science [ 16]. High resolution 

images of planar substrates are generated by a sharp tip which scans over the surface in 

the near-field region (ca. < 10 nm). The heights measured by AFM are very accurate as 

compared to the lateral dimensions which are a function of the tip diameter [ 17]. Standard 

tips have diameters of 5-l 0 nm. In this study AFM was used to measure the heights of the 

cobalt crystallites supported on model planar silica wafers, i.e. Co/Si02/Si( 1 00). These 

heights were converted to crystallite diameters based on the assumption that the cobalt 

crystallites are hemispherical in shape. All measurements were performed in the tapping 

mode (non-contact) at ambient conditions (25 °C in air) using a Solver P47 base and 

SMENA head. The preferred tip used was a gold coated NSG 11 (NT-MDT) with a force 

constant of 5 N/m and a resonant frequency of 190 kHz. 

2.4 Rutherford Backscattering Spectrometry (RBS) 

RBS is powerful an accurate technique for the determination of sub-monolayer quantities 

of active material deposited on planar model supports. In RBS a mono-energetic beam is 

directed onto a sample where the ions collide elastically with atoms in a layer of a few 

microns thick . The resulting scattered ions are a measure of the number of surface atoms 

[ 18] . In this study the cobalt coverage of some of the planar model catalysts was 

determined with RBS. A helium beam, i.e. 2 MeV He+ ions, collided with the sample 

surface at near normal incidence such that the beam was aligned with the ( 1 00) channel 

direction of the Si substrate. The detector was at an angle of l 0° to the sample surface 

(scattering angle 100°). This grazing exit angle, together with the low overall count rate 

inherent to the channeling condition, reduced the risk of pile-up (coincident pulses) to a 
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negligible level. With an applied total ion dose of at least 150 pC, the quantitative results 

for cobalt are estimated to be accurate within 5%. 

2.5 X-ray Photoelectron Spectroscopy (XPS) 

XPS is among the most frequently used techniques in catalysis. It is fast and easy to use 

and provides information on the elemental composition and oxidation state of all 

elements present. XPS is based on the photoelectric effect in which an atom absorbs a 

photon of energy hv and emits a core or valence electron with a certain kinetic energy 

[ 18]. The binding energy is then determined according to the following equation : 

Where, Ek is the kinetic energy of the photoelectron, h is Planck's constant, v is the 

frequency of the exciting radiation, Eb is the binding energy of the photoelectron with 

respect to the Fermi level and <p is the work function of the spectrometer [ 19]. 

In this study XPS, was used to follow the changes in oxidation state of a planar model 

catalyst during drying and calcination. The spectra were measured on a VG Escalab 200 

MK spectrometer equipped with an aluminium anode (AI Ka = 1486.6 eV) operating at 

510 W with a background pressure of 2 xI o·9 mbar and a hemispherical analyser 

connected to a five channel detector. Measurements were carried out with 20 eV pass 

energy, 0.1 eV step and a dwell time of 0.1 s. Charging was very low for the planar 

Co/Si02/Si(IOO) model system, typically 0.5 eV, and was corrected using the Si 2p peak 

of Si02 at 103.3 eV. For the reference compounds charging was corrected by the C Is 

peak of ubiquitous carbon, i.e. 284.6 eV. The spectrometer was equipped with a reactor in 

the transfer chamber that allows for treatment under hydrogen/oxygen atmospheres up to 

temperatures of 600 °C. 

2.6 In-situ X-ray diffraction 

X-rays have wavelengths in the angstrom range and are sufficiently energetic to penetrate 

solids and probe the internal structure. XRD is often used to identify bulk phases, monitor 
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kinetic transformations and to estimate crystallite sizes. X-ray diffraction is the elastic 

scattering of X-ray photons by atoms in a periodic lattice. The scattered monochromatic 

X-rays that are in phase give constructive interference. The lattice spacings, which are 

characteristic of each compound, are calculated using the Bragg relation from the angle at 

which the constructive interference leaves the crystal [ 18]. The advantage of XRD is that 

it can be performed in an in-situ mode. 

To follow the phase change during reduction as a function of cobalt crystallite size in-situ 

XRD measurements were perfomed on a dynamic X-ray diffractometer (DXRD). 

Approximately 0.15 ml of the spherical Co/Si02 model catalyst was packed in the DXRD 

sample holder. The X-ray generator was operated at 40 kV and 40 rnA, using a 1.8 kW 

long fine-focus cobalt tube. Scans were done in continuous mode using a step size of 

0.0167 °28 and counting time of 0.248 s per step. The scanning range was from 5 to 

105 °28 taking 25 minutes per scan. During measurement a gas flow rate of 100 ml 

(NTP)/min hydrogen was used at atmospheric pressure. The temperature was increased 

by steps of 20 °C from I 00 oc to 420 oc whilst recording a scan at each 20 °C interval. 

Thereafter the temperature was increased to 425 oc followed by four scans with a waiting 

period of one hour between scans. The peaks on the diffractograms were identified by 

means of the JCPDS database Uoint committee on powder diffraction) [20]. Average 

cobalt crystallite sizes were determined by means of the Scherrer equation [21] using, for 

metallic cobalt, the Co (Ill) diffraction peak , for Co30 4 the Co (311) diffraction peak 

and for CoO the Co (Ill) and Co (200) diffraction peaks. Peak half-widths were obtained 

directly from the diffractograms. Alpha-alumina was used as an external standard to 

correct for instrumental broadening. 

2.7 Temperature programmed reduction (TPR) 

TPR is a widely used technique for studying the reduction behaviour of catalysts. Usually 

the hydrogen consumption is followed with a thermal conductivity detector as a function 

of temperature and time. In this study a calcined spherical Co/Si02 model catalyst was 

loaded into a quartz TPR cell and dried at 250 °C (5 °C/min) in N2 for 2 hours. A drying 

step was used to remove all adsorbed water. Subsequently the reactor was cooled to 
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25 °C. Thereafter, the catalyst was reduced using a linear temperature program (10 

°C/min to 800 °C) in 5% H2/N2. 
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Chapter 3 
Study of the crystallite size dependency of the 

oxidation of cobalt 

Abstract 
The oxidation of nano-sized metallic cobalt to cobalt oxide during Fischer-Tropsch 

synthesis has long been postulated as a major deactivation mechanism which is thought to 

be related to the cobalt crystallite size. To establish a connection between cobalt 

crystallite size and oxidation behaviour, well-defined spherical Co/SiOz model catalysts 

with nano-sized cobalt crystallites of 3-4, 8-13 and 15-30 nm were synthesised. The 

crystallite size distribution of the spherical Co/Si02 model catalysts was characterised 

with high-resolution transmission electron microscopy and in-situ X-ray diffraction. 

The oxidation behaviour of the reduced spherical Co/Si02 model catalysts of differing 

cobalt crystallite size was studied using in-situ X-ray absorption fine structure at model 

oxidation conditions (H20 /He; PH2o = 0.04 bar). It was surprisingly found that the 

spherical Co/Si02 model catalyst with small cobalt crystallites (3-4 nm) did not show 

oxidation under HzO/He mixtures (PHzo = 0.04-0.3 bar) up to 400 oc, which is against 

bulk thermodynamic calculations for the oxidation of cobalt metal to cobalt oxide. This 

was attributed to the encapsulation of the cobalt crystallites with silica, following 

reduction at 500 °C in hydrogen. The encapsulation was verified with high resolution 

transmission electron microscopy. The spherical Co/Si02 model catalysts with medium 

sized cobalt crystallites, i.e. 8-13 nm, did oxidize at 100 °C and a reached a maximum 

oxidation of 30 % at 300 °C (H20 /He; PHzo = 0.04 bar). The spherical Co/SiOz model 

catalysts with large sized cobalt crystallites, i.e. 15-30 nm, was found to undergo very 

I. tl ·d t. 1· e < 2% at 300 °C under a H20 /He (PHzo = 0.04 bar) environment. In It e OX! a tOn, . . o 
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general, it could be concluded that the oxidation of spherical Co/Si02 model catalysts 

with water is difficult and is size dependant. 

3.1 Introduction 

The Fischer-Tropsch synthesis is currently an economically attractive process for the 

production of environmentally friendly diesel fuel [1]. Supported cobalt catalysts are the 

system of choice for the FTS due to the high per pass conversion, low water gas shift 

activity and paraffinic nature of the resulting synthetic crude [2-5]. However, cobalt 

catalysts as used in the FTS are relatively expensive (as compared to iron) and need to 

have a high metal dispersion and long life to remain economically feasible [6]. Hence, for 

the optimum cobalt usage, detailed fundamental understanding of the sensitivity of the 

FTS activity, selectivity and deactivation rate to the cobalt crystallite size is imperative. 

Generally most authors conclude that the FTS is a structure insensitive reaction, i.e. there 

are no major changes in activity and se lectivity over a wide crystallite size range [7, 8]. 

However, the oxidation of cobalt to cobalt oxide by means of water has long been 

postulated as a major deactivation mechanism during FTS [2, 9-24] which is thought to 

be related to the cobalt crystallite size distribution [2 , 9, 10, 13 , 14, 16, 18-20, 23, 24]. 

Experimentally it is difficult to find support for these threshold values and often 

contradictory information is available with respect to oxidation [2, 3, 9-28]. Moreover, to 

date, no study deals specifically with the influence of crystallite size on the oxidation 

behaviour of cobalt. In the following study in-situ XANES, a powerful and sensitive 

technique that is able to differentiate between Co0
, CoO, Co30 4 and to a lesser extent 

Co2Si04, is used to study the sensitivity of supported nano-sized cobalt crystallites of 

varying sizes to oxidation by water. To facilitate detailed characterisation of the cobalt 

crystallites with high-resolution electron microscopy a spherical model silica support was 

used. Spherical model silica supports have been used as model catalysts by Datye and co

workers [29, 30]. The attraction in using spherical model silica supports is that it allows 

for the viewing of nano-sized crystallites in profile with High Resolution Transmission 

Electron Microscopy (HRTEM). 
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3.2 Experimental 

3.2.1 Catalyst preparation 

3.2.1.1 Preparation of non-porous silica spheres 

The non-porous silica spheres were prepared as described previously [31 ]. TEOS (Merck 

grade), ethanol (99.9 %, Merck grade), distilled water and ammonia (25 % v/v, Merck 

grade) were mixed in the prescribed amounts and stirred for 24 hrs in a conical flask. 

Thereafter the silica containing slurry was dried in a rotor evaporator at 75 °C. This 

ensured improved handling and maximum recovery of the non-porous silica spheres 

following reaction as compared to separating the silica spheres by centrifugation. After 

drying the silica spheres were calcined at 400 °C to remove adsorbed ammonia. 

3.2.1.2 Preparation of spherical Co/Si02 model catalysts with small cobalt 

crystallites(< 5 nm) 

For the preparation of a well-defined spherical Co/Si02 model catalyst with nano-sized 

cobalt crystallite sizes < 5 nm, the cobalt crystallites were precipitated separately from 

the support by adding a highly concentrated NH3 solution to a dilute cobalt nitrate 

solution [32] . After 15 minutes of ageing the precipitate was separated from the 

suspension by centrifuging. The precipitate was re-dispersed in water and mixed with the 

silica support. Following deposition of the precipitate onto the silica support the 5 wt.% 

spherical Co/Si02 model catalyst was calcined at 250 °C in air and reduced at 450 °C in 

pure hydrogen (H2 purity = 5.0) unless otherwise indicated. This catalyst is referred to as 

" Co-4nm" hereafter. 

3.2.1.3 Preparation of spherical Co/Si02 model catalysts with medium sized cobalt 

crystallites (ca. I 0 nm) 

A well-defined spherical Co/Si02 model catalyst with cobalt crystallites of ca. 10 nm was 

prepared by means of "impregnation", i.e. mixing of an aqueous cobalt nitrate solution 

with the non-porous silica spheres so as to produce a 10 wt. % Co/Si02 model catalyst. 

Note that true impregnation is only possible in the presence of pores hence the word is 

used in inverted commas. After "impregnation" the 10 wt.% spherical Co/Si02 model 

catalyst was dried in a rotor evaporator at 75 °C, calcined at 250 °C in air and reduced at 
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450 °C in pure hydrogen (H2 purity = 5.0) unless otherwise indicated. This catalyst is 

referred to as" Co-l Onm" hereafter. 

3.2.1.4 Preparation of spherical Co/Si02 model catalysts with large cobalt 

crystallites (> 15 nm) 

For the preparation of a well-defined spherical Co/Si02 model catalyst with cobalt 

crystallites > 15 nm the "impregnation" method as outlined above was applied using 

dehydroxylated silica spheres obtained from Degussa (Degussa, Aerosil, OX 50). After 

"impregnation" the I 0 wt.% spherical Co/Si02 model catalyst was calcined at 250°C in 

air and reduced at 450 oc in pure hydrogen (H2 purity = 5.0) unless otherwise indicated. 

This catalyst is referred to as" Co-25 nm" hereafter. 

3.2.2. Catalyst Characterisation 

3.2.2.1 High resolution transmission electron microscopy (HRTEM) 

Thin samples for HRTEM were prepared by crushing the spherical Co/Si02 model 

catalyst with a mortar and pestle followed by dispersion in ethanol using an ultra sound 

bath. Thereafter an appropriate amount of sample was placed onto a copper microscope 

grid covered with carbon windows. Samples were studied using a Philips/Fei Tecnai 20F 

high resolution microscope with an acceleration voltage of 200 keV. Cobalt crystallite 

size distributions were obtained from several TEM images. In order to compare oxidised 

Co304 metal crystallite sizes obtained from TEM with the metallic cobalt crystallite sizes 

obtained from in-situ XRD, Co304 crystallite sizes were converted to the corresponding 

metallic crystallite sizes according to the relative molar volumes of metallic cobalt and 

Co304 [33]. The conversion factor for the diameter of a given Co30 4 crystallite being 

reduced to metallic cobalt is: 
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Dispersions of the spherical model catalysts were calculated from the average cobalt 

crystallite size assuming spherical uniform cobalt crystallites with a site density of 

14.6 atoms/nm2 using the following formula [34] : 

D (%) = 96/dnm 

3.2.2.2 In-situ X-ray diffraction 

In-situ XRD measurements were perfomed on a dynamic X-ray diffractometer (DXRD). 

Approximately 0.15 ml of the spherical Co/Si02 model catalyst was packed in the DXRD 

sample holder. The X-ray generator was operated at 40 kV and 40 rnA, using a 1.8 kW 

long fine-focus cobalt tube. Scans were done in continuous mode using a step size of 

0.0167 °28 and counting time of 0.248 s per step. The scanning range was from 5 to 

I 05 °28 taking 25 minutes per scan. During measurement a gas flow rate of 100 ml 

(NTP)/min hydrogen was used at atmospheric pressure. The temperature was increased 

by steps of 20 oc from 100 °C to 420 oc whilst recording a scan at each 20 °C interval. 

Thereafter the temperature was increased to 425 oc followed by four scans with a waiting 

period of one hour between scans. The peaks on the diffractograms were identified by 

means of the JCPDS database Uoint committee on powder diffraction) [35]. Average 

cobalt crystallite sizes were determined by means of the Scherrer equation [21] using, for 

metallic cobalt, the Co (Ill) diffraction peak , for Co30 4 the Co (311) diffraction peak 

and for CoO the Co (Ill) and Co (200) diffraction peaks. Peak half-widths were 

obtained directly from the diffractograms. Alpha-alumina was used as an external 

standard to correct for instrumental broadening. 

3.2.2.3 Temperature programmed reduction (TPR) 

The calcined spherical Co/Si02 model catalyst was loaded into a quartz TPR cell and 

dried at 250 °C (5 °C/min) in N2 for 2 hours. A drying step was used to remove all 

adsorbed water. Subsequently the reactor was cooled to 25 °C. Thereafter, the catalyst 

was reduced using a linear temperature program (I 0 °C/min to 800 °C) in 5 % Hz/Nz. 
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3.2.2.4 XANES analyses of wax coated catalysts 

XANES measurements on Co0
, CoO, C0304, and Co2Si04 reference compounds and 

spherical Co/SiOz model catalysts were performed at the Lure synchrotron center 

(ORSA Y -France) using a beam line with an energy of 1.85 Ge V. A Si (Ill) 

monochromator was used for varying the energy between the desired range. 

Measurements were carried out at the K-edge of Co. Calibration was performed with a 

Co foil using the first point of inflection of Co i.e. 7709 e V [3 7]. 

The reactor used for in-situ measurements was similar to the one designed by Lytle et a!. 

[38, 39]. Spherical model catalysts were reduced in-situ using a H2 flow rate of 25 ml 

(NTP)/min whilst heating to the desired temperature. Spectra were acquired every 

20-60 °C depending on the heating rate. Model oxidation experiments were carried out 

with an ca. 25 ml (NTP)/min H20 /He flow (Pmo = 0.04 bar to 0.3 bar) whilst heating to 

400 °C. All gas lines between the saturator and reactor were heated to prevent 

condensation of the water vapour. The operation of the saturator was verified with a mass 

spectrometer. Gases used were all ultra pure (99.999% purity). 

The XANES spectra were extracted from raw data by a conventional procedure. The pre

edge background was subtracted by using power series curves. Subsequently, the spectra 

were normalized by dividing by the height of the absorption edge. Spectra were 

quantified by fitting the experimental data with a weighted linear combination of 

reference compounds (Co0
, CoO, Co304 and Co2Si04). 

3.2.2.5 Attenuated Total Reflection Infrared Spectroscopy (ATR-IR) 

A Nicolet Protege 460 Fourier transform infrared spectrometer with a Nicolet Smart 

Golden Gate Mk II total reflectance device was used to scan the 4000-650 cm· 1 region, 

with 32 scans and a 2 cm·1 resolution. 
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3.3 Results 

3.3.1 Catalyst preparation and characterisation 

Figure I shows low resolution scanning electron microscopy (SEM) images of the 

synthesised silica spheres that were used as a model silica support for subsequent catalyst 

preparations. The spherical model silica support following drying is a fluffy 

agglomeration of individual silica spheres of ca. I 00-200 nm in diameter. 

Figure 1. Secondary electron microscopy (SEM) images of the synthesised silica spheres. 

Figure 2 shows high resolution transmission electron microscopy (TEM) images of the 

synthesised silica spheres. The silica spheres were non porous and smooth surfaced with 

sharp edges facilitating subsequent electron microscopy. 

Figure 2. Transmission electron microscopy images of the synthesised silica sphere~. 
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The preparation of well-defined supported nano-sized cobalt crystallites in the range 

reported for oxidation [2, 23, 24], i.e. 5-10 nm, is difficult using a simple 

"impregnation", i.e. mixing of a cobalt nitrate solution with the non-porous silica spheres 

followed by drying. Hence, a controlled precipitation of cobalt nitrate with ammonia 

followed by the deposition of the precipitate onto the non porous silica spheres was used 

to prepare a 5 wt.% Co/Si02 spherical model catalyst. The cobalt loading for the 

synthesis of nano-sized cobalt crystallites is limited by the low surface area of the silica 

spheres. A monolayer coverage of the silica spheres (I 00 nm) with cobalt corresponds to 

a 5- 6 wt.% Co/SiOz loading. Figure 3 shows TEM images of the 5 wt.% Co/Si02 

spherical model (Co-4 nm) catalyst prepared by "deposition" precipitation followed by 

calcination in air at 250 °C and reduction in pure hydrogen at 425 °C. The resulting 

5 wt.% Co/Si02 spherical model catalyst was found to be extremely homogeneous and 

well defined with a narrow cobalt crystallite size distribution of 3-4 nm. Figure 7 

summarises the metallic cobalt crystallite size distribution, corrected for oxidation, as 

obtained from TEM. 

Figure 3. Transmission electron microscopy images of a 5 wt.% Co/Si02 spherical 

model catalyst (Co-4nm) prepared by "deposition" precipitation followed by calcination 

in air at 250 °C and reduction in pure hydrogen at 425 °C. 
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For the preparation of medium sized cobalt crystallites, i.e. ca. 10 nm, on the spherical 

model silica support an "impregnation" method was applied, i.e. mixing of a cobalt 

nitrate solution with the hydroxylated non-porous silica spheres followed by drying. 

Figure 4 shows TEM images of the 10 wt.% Co/Si02 spherical model catalyst 

(Co-l 0 nm) prepared by "impregnation" followed by calcination in air at 250 oc and 

reduction in pure hydrogen at 425 °C. The resulting 10 wt.% Co/Si02 spherical model 

catalyst was fairly homogenous with a cobalt crystallite size distribution of 8-13 nm. The 

absence of cobalt crystallites on some of the silica spheres (Figure 4) is most likely due to 

the micro agglomeration (Figure I) of silica spheres following support preparation which 

prevents cobalt from being deposited on each silica sphere during "impregnation". 

During sample preparation for TEM the spherical model Co/Si02 catalyst is thoroughly 

crushed exposing the silica spheres from within the agglomerates. Figure 7 summarises 

the metallic cobalt crystallite size distribution of the 10 wt.% Co/Si02 spherical model 

catalyst, corrected for oxidation, as obtained from TEM. 

Figure 4. Transmission electron microscopy images of a 10 wt.% spherical model 

Co/Si02 catalyst (Co-IOnm) prepared by "impregnation" followed by calcination in air at 

250 °C and reduction in pure hydrogen at 425 oc. 
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obtained from Degussa (Aerosil OX 50) was used. Figure 5 shows an Attenuated total 

reflection infrared (ATR-IR) spectrum of the dehydroxylated Degussa spherical model 

silica support as compared to that of the "in-house" synthesised non-porous silica 

spheres. The absence of the silanol peak [ 40] at 3740 cm-1 confirms the dehydroxylated 

nature of the Degussa spherical model silica support as compared to the "in-house" 

synthesised non-porous silica spheres. This absence of silanol groups creates a 

hydrophobic spherical model silica support, as can be seen with ATR-IR by the lack of 

adsorbed water (absence of water peak between 3000-3600 cm-1 [40]), that minimises the 

interaction between the surface of the silica spheres and the cobalt nitrate precursor 

during impregnation. Figure 6 shows TEM images of the 10 wt.% spherical model 

Co/Si02 (Degussa) catalyst (Co-25 nm) prepared by "impregnation" of a dehydroxylated 

model silica support obtained from Degussa followed by calcination in air at 250 °C and 

reduction in pure hydrogen at 425 °C. This catalyst was, due to the nature of the support 

was in-homogenous. Figure 7 summarises the metallic cobalt crystallite size distribution, 

corrected for oxidation, as obtained from TEM. 

Degussa-dehydroxylated 

ln-house-hydroxylated 

Si-OH 

4000 3800 3600 3400 3200 3000 2800 

Wavenumber (cm-1
) 

Figure 5. Attenuated total reflection (ATR-fR) analyses of the dehydroxylated spherical 

model silica support obtained from Degussa (Aerosil OX 50) and the "in house" 

synthesised non-porous silica spheres. 
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Figure 6. Transmission electron microscopy images of a I 0 wt.% spherical model 

Co/Si0
2 

(Degussa) catalyst (Co-25nm) prepared by "impregnation" of a dehydroxylated 

model silica support obtained from Degussa followed by calcination in air at 250 oc and 

reduction in pure hydrogen at 425 °C. 
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Figure 7. Metallic cobalt crystallite size distribution for spherical Co/SiOz model 

catalysts obtained with TEM. (I) Co-4 nm: 5 wt.% Co/SiOz spherical model catalyst 

prepared by deposition precipitation (2) Co-10 nm: 10 wt.% spherical model Co/SiOz 
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catalyst prepared by "impregnation" i.e. mixing of a cobalt nitrate solution with the non

porous silica spheres followed by drying (3) Co-25 nm: 10 wt.% spherical model Co/Si02 

(Degussa) catalyst prepared by "impregnation" of dehydroxylated model silica support 

obtained from Degussa. All spherical model catalysts were calcined in air at 250 °C and 

reduced in pure hydrogen at 425 °C. 

The crystallite size distribution of the spherical Co/Si02 model catalysts of varying cobalt 

crystallite sizes was also corroborated using in-situ dynamic X-ray diffraction (D-XRD). 

With in-situ D-XRD, the Scherrer equation was used to determine the average metallic 

cobalt crystallite size of the spherical Co/SiOz model catalysts following reduction at 

425 °C under hydrogen. Table 1 summarises the crystallite size distributions for the 

reduced spherical Co/Si02 model catalysts obtained from in-situ D-XRD and ex-situ 

TEM. A good agreement was found between D- XRD and TEM following correction for 

the oxidation state of cobalt. 

Table 1. Crystallite size distributions of reduced spherical Co/Si02 model catalysts of 

differing cobalt crystallite size using in-situ D-XRD and ex-situ TEM. The crystallite 

sizes were corrected for the oxidation state of cobalt. 

Catalyst Metallic cobalt crystallite size (nm) 

TEM In-situ D-XRD 

Co-4 nm 3-4 4 

Co-10 nm 8-13 Not measured 

Co-25 nm 15-30 25 

3.3.2 XANES study of the reduction behaviour of the spherical Co/Si02 

model catalysts of varying cobalt crystallite size 

To understand the influence of the cobalt crystallite size on the reduction behaviour of the 

spherical Co/Si02 model catalysts, X-ray absorption near edge spectroscopy (XANES) 

was used. Prior to this, XANES spectra of all relevant cobalt reference compounds, i.e. 
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Co0
, CoO, Co30 4 and Co2Si04, were obtained (Figure 8). Figure 8 shows that all oxidic 

reference compounds display a strong absorption white line (ca. 7730 eV) with 

subsequent differences in the spectra for CoO/CozSi04 and Co304 due to the existence of 

cobalt ions in different Co-O environments and oxidation states. It is clear from Figure 8 

that with XANES it is easy to distinguish between Co0
, CoO and Co304 and to a lesser 

extent CozSi04. 
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Figure 8. XANES analyses of cobalt reference compounds Co0
, CoO, C0304, and 

CozSi04 

Figures 9a, 9b and 9c show the reduction of spherical Co/SiOz model catalysts with large 

cobalt crystallites (Co-25 nm) (in-situ reduction conditions: 5 °C/min to 450 °C in pure 

hydrogen with a spectrum measured every ca. 60 °C), medium cobalt crystallites 

(Co-10 nm) (in-situ reduction conditions: 5 °C/min to 450 °C in pure hydrogen with a 
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spectrum measured every ca. 60 °C) and small cobalt crystallites (Co-4 nm) (in-situ 

reduction conditions: 2 °C/min to 150 °C with a spectrum measured every ca. 20 °C and 

!50 -450 °C at 3 °C/min with a spectrum measured every 30 °C) respectively as followed 

by XANES. The spherical Co/Si02 model catalysts with cobalt crystallites > 8 nm (Co

l 0 nm and Co-25 nm) mainly contained cobalt in the Co30 4 phase after calcination at 

250 °C. Cobalt present in the spherical Co/Si02 model catalyst with small cobalt 

crystallites (Co-4 nm) was largely a mixture of CoO and CozSi04 following calcination. 

Due to the similarity of the XANES spectrum of CoO and Co2Si04 it is difficult to 

resolve the mixture into separate components of CoO and Co2Si04. The spherical 

Co/Si02 model catalysts Co-l 0 nm and Co-25 nm were found to reduce in two steps, i.e. 

Co30 4 to CoO (ca. 290-320 °C) and CoO to cobalt metal (ca. 320-450 °C). Whereas the 

spherical Co/Si02 model catalyst with small cobalt crystallites (Co-4 nm) showed a large 

one step reduction from CoO to cobalt metal (ca. 400-500 °C). The reduction of Co2Si04 

is not expected at such low temperatures [ 41]. 

To obtain a quantitative description of the degree of reduction of the spherical Co/Si02 

model catalysts of varying cobalt crystallite size a weighted linear combination of the 

reference compounds (Figure 8), was used. The spherical Co/Si02 model catalysts with 

large cobalt crystallites (Co-10 nm and Co-25 nm) were found to reduce easily and had a 

degree of reduction of 89 % Co0 (Co-l 0 nm) and 95 % Co0 (Co-25 nm) at 450 °C. The 

spherical model catalyst with small cobalt crystallites (Co-4 nm) had a 65 % degree of 

reduction at 500 °C. 
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Figure 9a. Reduction of 10 wt.% Co/Si02 spherical model catalyst with large cobalt 

crystallites (Co-25 nm) following calcination at 250 °C in air. Reduction conditions: 

5 °C/min to 450 °C in pure hydrogen with a spectrum measured every ca. 60 oc. 
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Figure 9b. Reduction of 10 wt.% Co/Si02 spherical model catalyst with medium sized 

cobalt crystallites (Co-10 nm) following calcination at 250 °C in air. Reduction conditions: 

5 °C/min to 450 °C in pure hydrogen with a spectrum measured every ca. 60 °C. *minor 

cobalt silicate cannot be ruled out. 
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Figure 9c. Reduction of 5 wt.% Co/SiOz spherical model catalyst with small cobalt 

crystallites (Co-4 nm) following calcination at 250 °C in air. Reduction conditions: 

2 °C/min to 150 °C with a spectrum measured every ca. 20 °C and 150 -450 °C at 3 °C/min 

with a spectrum measured every 30 °C (for clarity every 2"d spectrum is shown). 

3.3.3 Temperature Programmed Reduction (TPR) study of the spherical 

Co/Si02 model catalysts of varying cobalt crystallite size 

The influence of cobalt crystallite size on the reduction behaviour of the Co/SiOz spherical 

model catalysts was further studied with TPR. Figure l 0 shows the TPR spectra of the 

5 wt.% Co/Si02 spherical model catalyst with small cobalt crystallites (Co-4 nm), 10 wt.% 

Co/Si02 spherical model catalyst with medium sized cobalt crystallites (Co-l 0 nm) and the 

10 wt.% Co/Si02 spherical model catalyst with large cobalt crystallites (Co-25 nm). The 

spherical Co/Si02 model catalysts with large cobalt crystallites (Co-l 0 nm and Co-25 nm) 

were found to undergo a 2 step reduction and is ascribed to the reduction of Co304 to CoO 

(peak l, equation l) and CoO to cobalt metal (peak 2, equation 2) [41]. This is supported 

by the ratio of the area of the 2nd TPR peak and the area of the I 51 TPR peak which is 

close to the stoichiometric hydrogen consumption ratio of 3 for the 2 step reduction of 

Co304 to cobalt metal (Table 2): 
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(1) 

3 CoO + 3 H:: -+ 3 Coo+ 3 H20 (2) 

The small peak at ca. 80 °C (peak Ia) is most likely due to the reduction of residual cobalt 

nitrate following calcination. The spherical Co/Si02 model catalyst with small cobalt 

crystallites (Co-4 nm) also showed 2 reduction peaks. The reduction steps were shifted to 

higher temperatures, i.e. the I 51 peak at around 300°C and the 2"" peak at around 540°C. 

The I 51 peak is attributed to the reduction of a small amount of Co30 4 to CoO. The second 

peak is, however, much larger than the l 51 peak and the ratio between the areas of the two 

peaks is now 8.5 . This 2"d peak is attributed to the I step reduction of CoO to cobalt metal 

due to the fact that the reduction of Co30 4 takes place at lower temperatures and that of 

cobalt silicate takes place at much higher reduction temperatures, i.e.> 800 °C [41]. The 

shoulder at 700 °C is most likely due to the reduction of cobalt silicate like species. Table 2 

summarises the areas and positions of the peaks in the TPR spectra of the spherical 

Co/Si02 model catalysts with varying cobalt crystallite sizes. The temperature of the peak 

maximum of the I st and 2"" peak in the TPR spectrum was found to increase as the cobalt 

crystallite size decreased. 
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Figure 10. TPR spectra of (a) spherical Co/Si02 model catalyst with large cobalt 

crystallites (Co-25 nm) following calcination (b) spherical Co/Si02 model catalyst with 

medium cobalt crystallites (Co-10 nm) following calcination and (c) spherical Co/Si02 

model catalyst with small cobalt crystallites (Co-4 nm) following calcination TPR 

conditions: 5% H2/N2, 25-800 °C, 10 °C/min. 

Table 2. TPR peak positions and areas for the reduction of spherical model catalysts of 

varying cobalt crystallite sizes 

Co/Si02 (Co-4 nm) Co/Si02 (Co-10 nm) Co/Si02 (Co-25 nm) 

Peak I Peak 2 Peak l Peak 2 Peak I Peak 2 

Tmax (0C) 297 542 200 326 166 287 

Ratio 8.5 2.9 2.8 

peak 2/peak I 
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3.3.4 Dynamic in-situ XRD study of the spherical Co/Si02 model catalysts 

of varying cobalt crystallite size 

The resulting cobalt phases for the spherical Co/Si02 model catalysts with large 

(Co-25 nm) and small cobalt crystallites (Co-4 nm) following reduction (I °C/min to 

425 °C in pure hydrogen), i.e. cubic or hexagonal cobalt, was studied using dynamic in-situ 

X-ray diffraction (D-XRD). The spherical 10 wt.% Co/Si02 model catalyst with large 

cobalt crystallites (Co-25 nm) following calcination in air at 250 °C was mainly Co30 4 

(Figure II a), which is in agreement with XANES. The spherical 5 wt.% Co/Si02 model 

catalyst with small cobalt crystallites (Co-4 nm) was found to display no signal following 

calcination due to the size and amorphous nature of the cobalt crystallites (Figure l I b) 

following "deposition" precipitation and calcination. The spherical 10 wt.% Co/Si02 

model catalyst with large cobalt crystallites (Co-25 nm) was found to undergo reduction 

from Co30 4 to CoO (160 °C) and from CoO to Co metal (200 °C) (Figure II a). The 

reduction behaviour of the spherical 5 wt.% Co/Si02 model catalyst with small cobalt 

crystallites (Co-4 nm) was difficult to follow due to the amorphous nature of the sample _ 

(Figure II b) . At 425 °C XRD peaks were observed for the small cobalt crystallites 

corresponding to the cubic and hexagonal cobalt structure (Figure II b) indicating a 

mixture of the two phases. The spherical I 0 wt.% Co/Si02 model catalyst with large cobalt 

crystallites (Co-25 nm) was also found to be a mixture of cubic and hexagonal cobalt 

foll owing reduction (Figure II a) at 425 °C . 
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Figure lla. In-situ D-XRD analyses of the reduction of a spherical Co/Si02 model 

catalyst with large cobalt crystallites (Co-25 nm) following calcination. Reduction 

conditions: I oc /min to 425 oc with a spectrum taken every 20 °C from 100 oc to 420 oc 
and every I hour for 4 hrs at 425 °C. 
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Figure llb. In-situ D-XRD analyses of the reduction of a spherical Co/Si02 model 

catalyst with small cobalt crystallites (Co-4 nm) following calcination. Reduction 

conditions: I oc /min to 425 °C with a spectrum taken every 20 °C from 100 oc to 420 oc 
and every 1 hour for 4 hrs at 425 °C. 
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3.3.5 In-situ XANES study of the oxidation behaviour of spherical 

Co/Si02 model catalysts of varying cobalt crystallite size under model 

conditions 

The oxidation behaviour of the spherical Co/Si02 model catalysts of varying cobalt 

crystallite size, i.e. Co-4, Co-10 and Co-25 nm was studied using in-situ XANES. The 

model catalysts were reduced in-situ (refer: Figure 9) . Thereafter each spherical Co/Si02 

model catalyst of varying cobalt crystallite size was exposed to a model oxidation 

environment (in-situ model oxidation conditions: 2 °C/min to 300-400 °C in H20/He (PH2o 

= 0.04 bar-0.3 bar) with a spectrum measured every ca. 40 °C). The spherical Co/Si02 

model catalyst with large cobalt crystallites (Co-25 nm) was found to undergo little 

oxidation, i.e. < 2 %, up to 300 °C in a H20 /He (PH2o = 0.04 bar) environment (Figure 

12 a). Upon increasing the water partial pressure to 0.3 bar at 100 °C a little more oxidation 

was observed (5 %). In general the spherical Co/Si02 model catalyst with large cobalt 

crystallites (Co-25 nm) was difficult to oxidise with water. The spherical Co/Si02 model 

catalyst with medium cobalt crystallites (Co-10 nm) was found to undergo significant 

oxidation at I 00 °C and reached a maximum of 30 % oxidation at 300 °C in a H20/He 

(PH2o = 0.04 bar) environment (Figure 12 b). The spherical Co/Si02 model catalyst with 

small cobalt crystallites (Co-4 nm) was found to undergo, surprisingly, no oxidation up to 

temperatures of 400 °C (H20/He, PH2o = 0.04 bar) (Figure 12 c) even at higher water 

partial pressures of 0.3 bar. 
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Figure 12a. Model oxidation study of study of spherical Co/Si02 model catalyst with large 

cobalt crystallites (Co-25 nm). In-situ model oxidation conditions: 2 °C/min to 300 °C in 

H20/He (PH2o = 0.04 bar-0.3 bar) with a spectrum measured every ca. 40 °C. 
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Figure 12b. Model oxidation study of study of spherical Co/Si02 model catalyst with 

medium cobalt crystallites (Co-10 nm). In-situ model oxidation conditions: 2 °C/min to 
300 °C. . m H20/He (PH20 = 0.04 bar) With a spectrum measured every ca. 40 °C. 
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Figure 12c. Model oxidation study of study of spherical Co/Si02 model catalyst with 

small cobalt crystallites (Co-4 nm). In-situ model oxidation conditions: 2 °C/min to 400 °C 

in H20/He (PH2o = 0.04 bar-0.3 bar) with a spectrum measured every ca. 40 °C. 

As oxidation was expected from bulk thermodynamics [3] it was hypothesised that the lack 

of oxidation of the spherical Co/Si02 model catalyst with small cobalt crystallites 

(Co-4 nm) was due to encapsulation of the cobalt crystallites with silica. In an attempt to 

verify this encapsulation hypothesis high resolution transmission electron microscopy was 

used. The 5 wt.% Co/Si02 spherical model catalyst prepared by "deposition" precipitation 

(calcined in air at 250 °C) was reduced in pure hydrogen at 500 °C. However, with TEM 

no encapsulation of the cobalt crystallite with silica was visible at this reduction 

temperature. This is possibly due to a sub-monolayer of silica which would be difficult to 

see with TEM. Hence, to make the observation of the encapsulation easier, i.e. thicken the 

silica layer, the reduction temperature of the spherical Co/Si02 model catalyst with small 

cobalt crystallites (Co-4 nm) was increased to 700 °C. Indeed a thick layer of amorphous 

silica could be observed with TEM (Figure 13) around the cobalt crystallites indicating that 

silica can undergo migration during reduction and is most likely responsible for the 

stability of the nano-sized cobalt crystallites against oxidation. 
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Figure 13. TEM analyses of the spherical 5 wt.% Co/Si02 model catalyst with small 

cobalt crystallites (Co-4 nm) following reduction at 700 °C in pure hydrogen. (arrows 

indicate silica migration). 

3.4 Discussion 

Table 3 summarises the physio-chemical properties of the spherical model catalyst of 

varying Co crystallite size. 
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Table 3. Physio-chemical properties of spherical Co/Si02 model catalysts of varying 

cobalt crystallite size. 

Co size Dispersion Calcined Reduced Degree of TPR ec) 
(nm)l (%i phase3 phase4 

4 24 CoOl Cubic/ 

Co2Si04 hexagonal 

10 10 Co304 ----------
24 4 Co304 Cubic/ 

hexagonal 

1- average ofTEM and XRD measurements. 

2- Dispersion = 96/d nm· 

reduction 

(%)5 

65 Co0 

89 Co0 

98 Co0 

3- As observed with XANES. Calcination condition: 250 "C in air. 

Peak 1 

Co,O,-CoO 

297 

200 

166 

4- As observed with in-situ XRD. Reduction conditions: 425 "C in pure hydrogen. 

5- As determined from XANES using a linear combination of reference compounds. 

Peak 2 

CoO-Co" 

542 

326 

287 

6- Following in-situ model oxidation study with XANES at 300-400 "C in H20 /He (0.04 bar). 

3.4.1 Influence of cobalt crystallite size on the reduction behaviour of Co/Si02 

spherical model catalysts 

Degree of 

oxidation (o/, 

in H20/He6 

0 

( encapsulatio 

30 

<2 

: 

The spherical Co/Si02 model catalysts following preparation and calcination were 

characterised with XRD, XANES and TPR to establish a relation between cobalt crystallite 

size and the resulting calcined and reduced state. The spherical Co/Si02 model catalyst 

with small cobalt crystallites (Co-4 nm) was found to be largely in an amorphous CoO and 

Co2Si04 state following calcination (XANES, TPR) and underwent a largely one step 

reduction at ca. 400-500 °C. The difference in the onset of cobalt oxide reduction amongst 

XRD, XANES and TPR is due to differences in the reduction conditions, i.e. heating rate, 

hydrogen space velocity and hydrogen concentration. The amorphous state of cobalt 

catalysts prepared by precipitation with ammonia has been observed before [ 42]. The ratio 

of CoO and Co2Si04, for the spherical model catalyst with small cobalt crystallites is 

difficult to quantify with XANES due to the similarity of the CoO and Co2Si04 spectra. 

However, based on the degree of reduction of 65 % at 500 °C (XANES) it can be assumed 

that the remainder of the unreduced cobalt is in a silicate to silicate like phase (35 %). 

Cobalt silicates are known to reduce at temperatures in excess of 800 °C [ 41]. 
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The spherical model catalysts with large cobalt crystallites, i.e. Co-l 0 nm and Co-25 nm, 

were found to be in a well crystallised Co304 phase (i.e. after calcination) and underwent a 

2 step reduction from Co304 to CoO and from CoO to Co metal as observed with XRD, 

TPR and XANES. Little cobalt silicate was present for these model catalysts (< 10 % 

based on the degree of reduction) due to the pH of the impregnation solution, i.e. pH = 3, 

which minimises interaction and interface area between the cobalt nitrate precursor and 

silica surface during preparation. 

The cobalt crystallite size was also found to affect the reducibility of the spherical Co/Si02 

model catalysts. With TPR the reduction of CoO to cobalt metal was found to be strongly 

dependant on the cobalt crystallite size, i.e. nano-sized cobalt crystallites of 3-4 nm 

underwent reduction at 540 °C as compared to the larger cobalt crystallites, i.e. > 8 nm, 

where reduction took place at 287-330 °C (Figure 14). The high temperature required to 

initiate reduction of the small cobalt crystallite is due to the surface energy of the resulting 

cobalt crystallites [23] following reduction. 
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Figure 14. Influence of cobalt crystallite size on the reducibility ofCo30 4 to CoO (peak 1) 

and CoO to Co metal (peak 2) as observed with TPR. 
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3.4.2 Influence of cobalt crystallite size on the reduced cobalt phase, i.e. cubic vs 
hexagonal cobalt 

The metallic cobalt phase of the spherical Co/Si02 model catalysts with large and small 

cobalt crystallites, i.e. Co-25 nm and Co-4 nm, were characterised with in-situ D-XRD 

after the samples were reduced. Table 4 summarises the peak heights of the XRD spectrum 

of the spherical Co/Si02 model catalysts with large (Co-25 nm) and small cobalt 

(Co-4 nm) crystallites as compared to the cubic and hexagonal cobalt reference spectrums 

[35]. 

Table 4. Reference intensities for cubic and hexagonal cobalt as compared to the 

normalised (002) intensities of the spherical model cobalt samples of varying crystallite 

size (Co-4 and Co-25 nm). 

Planes hcp * fcc* Co-25 nm Co-4 nm 

(hkl) 

100 44 - 29 -
002 50 100 100 100 

101 100 - 32 45 

200 - 42 10 28 

220 35 23 29 -

*average of two reference compounds from JCPDS [35] 

In the light of the fact that the reduction of the spherical Co/SiOz model catalysts were 

carried out close to the hexagonal to cubic phase transition temperature, i.e. 422 °C [43] , it 

might be postulated that this is the reason for the observed mixture of cubic/hexagonal 

cobalt. However, with dynamic in-situ XRD, the cubic/hexagonal mixture for the spherical 

Co/Si02 model catalyst with large cobalt crystallites (Co-25 nm) was observed at a very 

low temperature of 290 °C strongly disproving this hypothesis for this model catalyst. In 

literature it is proposed that the cubic/hexagonal mixtures observed for cobalt catalysts are 

due to the presence of stacking faults [ 44] . The driving force for these stacking faults is the 

low energy required for the sliding of the cobalt layers (E, = 14 kJ/mol per Co atom). 

Smaller cobalt crystallites seem to have more cubic cobalt as observed by the loss of the 
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hexagonal 100 peak and the increase in broadness of the cubic 200 peak. This has been 

observed for cobalt thin films, i.e. the thinner the film the greater the cubic cobalt phase 

[45] . Hence, it can be concluded that larger cobalt crystallites (Co-25 nm) consist of a 

faulted mixture of cubic and hexagonal crystallites and smaller cobalt crystallites 

(Co-4 nm) appear to be more cubic with a fraction of hexagonal cobalt. 

3.4.3 Comparison of the oxidation behaviour of spherical model catalysts of differing 

cobalt crystallite size with in-situ XANES 

Following reduction the spherical model catalysts of varying cobalt crystallite sizes were 

subject to model oxidation studies (HzO/He). The Co/Si02 spherical model catalyst with 

large cobalt crystallites (Co-25 nm) was found to be extremely difficult to oxidise with 

H20 /He mixtures up to PHzo = 0.3 bar, i.e. < 5 % oxidation at I 00 °C. Based on a 

dispersion of 4 % [22] this translates into a surface layer of cobalt oxide assuming similar 

reactivity of 15 nm and 30 nm cobalt crystallites. The stability of the large cobalt 

crystallites, i.e. 15-30 nm, are due to the well faceted (clearly seen in Figure 7) nature of 

these crystallites with little defects in the cobalt stacking to assist in the dissociation of 

water. It has been shown for nano-sized gold crystallites that well faceted structures or 

closed-shell structures are very stable to oxidation by 0 2 [46]. The stability of large cobalt 

crystallites (15-30 nm) to oxidation is also often seen with TEM where a thinner layer of 

oxide is present following passivation as compared to smaller cobalt crystallites(< 10 nm). 

The spherical Co/Si02 model catalyst with medium sized cobalt crystallites (Co-l 0 nm) 

was found to undergo substantial oxidation, i.e. 30 % , at 300 °C in a H20 /He mixture 

(PHzo = 0.04 bar). Based on a dispersion of I 0 % [22] this translates into 3-4 layers of 

cobalt oxide. The ease of this oxidation is driven by the curvature of cobalt crystallites of 

< 10 nm, which have a substantial amount of defects. From literature the general 

consensus is that defects are the preferred sites for dissociation [ 47] and can explain the 

higher reactivity of I 0 nm cobalt crystallites as compared to the 15-30 nm cobalt 

crystallites. This clearly illustrates the sensitivity of the cobalt crystallite size to oxidation 

and the general difficulty in the oxidation of cobalt with water at these conditions (PH2o = 

0.04 -0.3 bar, 2-3 h exposure time, 25-300 °C). 
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The spherical Co/Si02 model catalyst with small cobalt crystallites (Co-4 nm) was 

surprisingly found to undergo no surface oxidation under model oxidation conditions 

(H20 /He, PH2o = 0.03 bar, 400 °C) in contradiction to bulk thermodynamics [3] . This was 

attributed to encapsulation of the small cobalt crystallites with silica as observed with 

HRTEM. The migration of silica following reduction at temperatures > 500 °C has been 

reported previously for impregnated Co/Si02 catalysts [43]. Since this was also observed 

for Co/Si02 catalysts prepared by impregnation, the current encapsulation can not be 

ascribed to the preparation of the model catalyst by precipitation in a strong basic medium. 

3.5 Conclusion 

Reasonably well-defined Co/Si02 model catalysts with nano-sized cobalt crystallites of 

3-4, 8-13 and 15-30 nm can be prepared on silica spheres. These spherical model silica 

catalysts provide optimum and superior TEM characterisation. Following calcination the 

spherical Co/Si02 model catalyst with large cobalt crystallites, i.e. > 8 nm, had a well 

crystalline Co30 4 phase whereas the spherical model catalyst with small cobalt crystallites 

(3-4 nm) had an amorphous CoO phase. After reduction all the spherical Co/Si02 model 

catalysts were found to contain a mixture of fcc and hcp cobalt. The spherical Co/Si02 

model catalyst with small cobalt crystallites (3-4 nm) did not oxidize in He/H20 model 

environments (PH2o = 0.3 bar, 400 °C) due to encapsulation of the metallic cobalt with 

silica following reduction. The spherical Co/Si02 model catalyst with medium sized cobalt 

crystallites, i.e. 8-13 nm, was found to undergo oxidation at 100 °C and reached a 

maximum oxidation of 30% at 300 °C. The oxidation was limited to 3-4 layers of the 

surface of the cobalt crystallites. The spherical Co/Si02 model catalysts with large sized 

cobalt crystallites, i.e. 15-30 nm, was found to undergo very little oxidation, i.e. < 2% at 

300 °C. In general it was found that the oxidation of spherical Co/Si02 model catalysts 

with water is difficult and is size dependant. 
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Chapter 4 
Oxidation as a deactivation mechanism during 

realistic Fischer-Tropsch synthesis? 

Abstract 

The oxidation of cobalt during Fischer-Tropsch synthesis (FTS) has long been postulated 

as a major deactivation mechanism. In this study wax coated samples of a proprietary 

Co/Pt/ Ab03 catalyst were taken from a 1 00-barrel/day slurry bubble column reactor 

operated at commercially relevant FTS conditions, i.e. 230 °C, 20 bar, (H2+CO) 

conversion between 50-70 %, feed gas composition of ca. 50 vol. % H2 and 25 vol. % 

CO, PH2o/PH2 = 1-1.5, PH20 = 4-6 bars and quantitatively characterised by X-ray 

Absorption Near Edge Spectroscopy (XANES). The cobalt catalyst samples removed 

from the reactor during the course of Fischer-Tropsch synthesis were protected from air 

by the FTS wax. It is clear from the XANES measurements that during realistic FTS 

conditions cobalt crystallites of 6 nm supported on alumina were stable against oxidation 

to CoO /CoAb04 and a gradual reduction of residual cobalt oxide (i.e. following 

activation in pure hydrogen) was observed. This result is in line with recent 

thermodynamic analysis of the oxidation and re-reduction of nano-sized cobalt 

crystallites in water/hydrogen mixtures. 
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4.1 Introduction 

The conversion of natural gas to liquid fuel (GTL) via the Fischer-Tropsch synthesis 

(FTS) process continues to be an attractive option for monetising stranded natural gas [1]. 

Supported cobalt catalysts are the system of choice for the FTS due to the high per pass 

conversion, low water gas shift activity and paraffinic nature of the resulting synthetic 

crude [2-5] . However, cobalt catalysts as used in the FTS are relatively expensive (as 

compared to iron) and need to have a high metal dispersion and long life to be able to 

offer [6] a good balance between cost and performance. Hence, the development of 

economically attractive cobalt based FTS catalysts with a high stability requires detailed 

fundamental understanding of the deactivation mechanisms at play for supported nano

sized cobalt crystallites. Sulphur poisoning [7], NH3/HCN adsorption [8], and oxidation 

of cobalt metal to cobalt oxide/cobalt aluminate [2 , 3, 9-22] are generally postulated as 

the major deactivation mechanisms of cobalt catalysts during FTS. Sulphur, NH3 and/or 

HCN poisoning are synthesis gas feed related and can therefore be minimised through 

synthesis gas purification steps, e.g. 1: ZnO guard beds reduce sulphur levels 

significantly (53] , ideally to be applied to the hydrogenated natural gas feed prior to 

reforming, and 2: a synthesis gas washing step at 15-75 oc with purified water 

comprising chemicals (e.g. ferrous sulphate) which promote the absorption of these 

impurities [54]. Whereas the oxidation of cobalt metal to cobalt oxide/cobalt aluminate 

by means of water, has long been postulated as a deactivation mechanism during FTS 

which is thought to be related to the cobalt crystallite size distribution in the catalyst [2, 

9, 10, 13, 14, 16, 18-20,23]. 

Water, i.e. the oxidant, is the main by-product of theFTS and will always be present in 

varying amounts depending on the choice of reactor, catalytic system and process 

conditions [24]. Commercially relevant FTS conditions, i.e. 230 °C, 20 bar, % (H2+CO) 

conversions between 50-70 %, feed gas composition of: ca 50 vol. % H2 and 25 vol. % 

CO, create water partial pressures in the range of 4-6 bar. In a slurry phase reactor at 

these conditions, high water concentrations and low reactant concentrations will exist 

throughout the entire reactor due to extensive back mixing [10] . The produced water will 

hardly be converted to C02 via the water gas shift reaction (CO + H20 <:=> C02+Hz) 
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during cobalt based Fischer-Tropsch synthesis [20]. This raises the question on the 

stability of nano-sized cobalt based Fischer-Tropsch synthesis catalysts against oxidation 

by water. 

It is known from thermodynamic calculations that bulk cobalt does not oxidise to CoO or 

Co30 4 during realistic FTS conditions, whereas the formation of support compounds such 

as cobalt aluminate is favourable [3 , 25]. It has been argued that the latter is kinetically 

inhibited and does not take place to a significant extent [3]. This is supported by the 

published observation that relatively severe hydrothermal treatment, i.e. steam at 500-

800 °C, of Col Alz03 is required for the formation of cobalt aluminate [25]. Although bulk 

oxidation of cobalt metal is thermodynamically not favourable, a recent study showed 

that oxidation of nano-sized cobalt crystallites seems to be thermodynamically possible at 

realistic Fischer-Tropsch synthesis conditions [23] . This is due to the contribution of the 

surface energy of nano-sized cobalt crystallites to the overall oxidation process. The 

surface energy of a metal can be regarded to be proportional to the number of broken 

bonds. These broken bonds will increase as the metal crystallite becomes smaller and 

increases in curvature [26, 27]. Hence, smaller cobalt crystallites will have a higher 

propensity to oxidize than larger ones. From this study it was concluded that cobalt 

crystallites < 4-5 nm will oxidise under realistic FTS conditions, i.e. PHzo/PHz = 1-1.5. 

Similarly, Iglesia [2 , 16] concluded that cobalt crystallites below 5-6 nm will oxidise and 

deactivate rapidly under realistic FTS conditions. Also van Berge et a!. hypothesised that 

cobalt crystallites below I 0 nm will oxidise during realistic FTS conditions [28]. 

Experimentally it is difficult to find support for these threshold values and often 

contradictory information is available with respect to oxidation [2 , 3, 9-23, 28-32] . This is 

largely due to the comparison of different catalytic systems and to the complexity of the 

influences of water on supported cobalt catalysts, i.e. oxidation of cobalt to CoO [3] , 

oxidation of existing CoO in contact with the support to cobalt aluminate [3], sintering 

[ 15], support migration [30, 31, 33-36], surface reconstruction [3 7] and oxidation of the 

defects which are known to significantly enhance activity [38] . All of the above 

mentioned deactivation mechanisms could occur during the addition of water and would 
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vary from system to system. Furthermore, not all are related to oxidation. Hence, it is 

important to correlate the loss in activity directly to one of these deactivation 

mechanisms. 

It is, however, difficult to characterize cobalt catalysts that are sensitive to air and are 

covered in wax following FTS. Hence, some authors resort to model conditions in an 

attempt to circumvent the synthesis of wax [3, 9-12, 17]. X-ray Absorption Near Edge 

Spectroscopy (XANES), recently used by the Davis group [13, 14, 18, 20] , has proved to 

be useful in circumventing these shortcomings by being able to characterise the oxidation 

state of wax coated catalysts taken directly from the reactor while maintaining the in-situ 

state. XANES is a very powerful and sensitive technique that is able to differentiate 

between Co0
, CoO, Co30 4 and in some cases CoAh04 . Hence, this study deals with an 

investigation into the threshold value of which cobalt is stable against oxidation. For the 

first time a series of samples of a Co/Pt/ Ah03 catalyst with predominantly 6 nm cobalt 

crystallites were taken from a I 00-barrel/day slurry bubble column reactor, operated at 

commercially relevant FTS conditions, as part of the Sasol Slurry Phase DistillateTM 

(Sasol SPD™) process, and quantitatively characterised using XANES. 

4.2 Experimental 

4.2.1 Catalyst Preparation 

A 20 wt. % Co/Ah03 catalyst, promoted with 0.05 wt. % platinum, was prepared by 

slurry impregnation of a y-alumina support (Puralox 5/ 150 from Sasol Germany) with an 

aqueous cobalt nitrate solution, also containing the platinum promoter [39]. After 

impregnation and drying, the catalyst intermediate was calcined at 250 °C in air and 

reduced in pure hydrogen at 425 °C. To achieve the required cobalt loading multiple 

impregnation and calcination steps were performed [39]. 

58 

Oxidation as a deactivation mechanism during realistic Fischer-Tropsch Svnthesis? 

4.2.2 Catalyst Characterisation 

The Co/Pt/Ab03 catalyst was characterized previously with transmission electron 

microscopy (TEM), hydrogen chemisorption and magnetic measurements [28]. Based on 

the results from these characterization techniques a bi-modal probability model 

describing the crystallite size distribution for the reduced catalyst was obtained 

(Table I) [28]. 

Table 1. Cobalt crystallite size distribution modelled with data from TEM, hydrogen 

chemisorption and magnetic measurements [28). 

Co0 crystallite size (nm) Mass fraction(%) 

6 70 

15 30 

4.2.3 Catalyst Testing 

The proprietary Co/Pt/ Ah03 catalyst was tested in a I 00 barrel/day slurry bubble column 

reactor with a diameter of 0.9 m at commercially relevant FTS conditions, i.e. 230 °C, 

20 bar, (H2+CO) conversion between 50-70 %, feed gas composition of ca. 50 vol. % H2 

and 25 vol. %CO, PH2o/PH2 = 1-1.5 , PH20 = 4-6 bar. 

Direct comparison of catalyst performance can only be done at the same test conditions. 

As this is difficult to achieve experimentally, a kinetic model was developed using the 

Satterfield [ 40, 41] equation, i.e. FT rate* = (kPH2Pc0)/(l +KPc0)2
, in which the observed 

catalytic performance can be recalculated to exactly the same test conditions. For this 

study the Relative Intrinsic (Fischer-Tropsch) Activity Factor (R.I.A.F.) was compared to 

an in-house baseline catalyst. 

*mol co convertedlgcatlh, to col is excluded. 
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4.2.4 XANES analyses of wax coated catalysts 

XANES measurements on reference compounds and wax coated samples were performed 

at the Lure synchrotron center (ORSA Y-France) using a beam line with an energy of 1.85 

GeV. A Si (111) monochromator was used for varying the energy between the desired 

range. Measurements were carried out at the K-edge of Co. Calibration was performed 

with a Co foil using the first point of inflection of Co i.e. 7709 eV [42]. All spectra were 

recorded at liquid nitrogen. The reactor used for in-situ measurements was similar to the 

one designed by Lytle eta!. [43, 44]. The XANES spectra were extracted from raw data 

by a conventional procedure. The pre-edge background was subtracted by using power 

series curves. Subsequently, the spectra were normalized by dividing by the height of the 

absorption edge. Spectra were quantified by fitting the experimental data with a weighted 

linear combination of reference compounds (Co0
, CoO, Co304 and CoAh04). 

4.2.5 Wax coated catalyst sample preparation for XANES analysis 

Since the primary objective of the XANES analyses is to measure the amount of cobalt 

oxide formed during FTS it is imperative that the sample preparation procedure used does 

not introduce any oxygen from the air into the catalyst sample. Catalyst samples were 

removed from the demonstration reactor at varying time-on-stream and cooled down 

under nitrogen to maintain the integrity of the sample. XANES samples were prepared by 

pelletising 40-50 mg of wax coated cobalt catalyst removed from the reactor into a 1.3 

cm2 disc. The sample preparation was preferably carried out in a glove box ( < I ppm 

H20, 0 2) to prevent any subsequent oxidation of the sample during pelletising. The 

samples were sealed in Kapton tape and removed from the glove box prior to 

measurement. 

4.3 Results 

Figure I summarises XANES analyses of cobalt reference compounds CoO, Co304, 

CoA[z04 and cobalt foil (Co0
) . 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 XANES spectra of the oxides also 

display a small pre-edge feature (ca. 7710 e V). This pre-edge feature arises from the Is-
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3d absorption transition and appears most strongly for tetrahedral cobalt environments as 

compared to octahedral environments [ 45] . CoO consists of Co2
+ ions octahedrally 

coordinated to oxygen, whereas Co304 has a spinel type structure with both tetrahedral 

c 0
2+ and octahedral Co3

+ ions [46]. CoA[z04 is a normal spinel with Co2
+ ions in 

tetrahedral sites [46]. Hence, this pre-edge feature is most pronounced for CoA[z04 and 

co30 4. It is clear from Figure I that using XANES it is easy to distinguish between Co0
, 

CoO and Co304 and to a lesser extent CoAb04. 
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Figure l. XANES analyses of cobalt reference compounds C0304, CoO, CoAb04 and 

cobalt foil (Co0
). 
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At first the calcined catalyst, i.e. prior to reduction, was characterised using XANES 

(Figure 2). It is clear that, from among the reference compounds used, the calcined 

catalyst is very similar to Co304. 
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Figure 2. XANES analyses of the calcined Co/Pt/ Ab03 catalyst as compared to reference 

compounds, CoO, Co30 4, and CoAh04. 

Prior to the testing of the Co/Pt/ Al20 3 catalyst the sample preparation procedure for 

XANES analyses (section 2.5) was verified. This was to ensure that no artificial oxidation 

of the catalyst takes place during sample preparation. For this a comparison was made 

between a Co/Pt/ Ah03 catalyst reduced in-situ under hydrogen at 425 °C and that 

reduced at similar conditions ex-situ followed by wax coating and then pelletising in a 

glove box ( < !ppm 0 2, H20). Note that the conditions used for the ex-situ reduction of 
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this catalyst are model conditions and differ from the standard reduction of the 

proprietary catalyst (Table 2). This is due to the high space velocity limitation of the in

situ cell . Figure 3 shows that the current procedure used for preparing the catalyst 

samples maintains the sample oxidation state very close to that obtained in-situ. The 

slightly higher degree of reduction for the in-situ reduced catalyst is likely due to the 

higher hydrogen gas velocity, which lowers the PHzo/PHz, favouring reduction (see later 

for details on quantification of cobalt phases). 
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Figure 3. Comparison of a wax coated ex-situ reduced catalyst to a catalyst reduced in

situ under similar conditions followed by XANES measurement under hydrogen. 

The proprietary Co/Pt/ Ah03 catalyst was tested during Fischer-Tropsch synthesis in a 

100-barrel/day slurry bubble column reactor operated at commercially relevant FTS 

conditions, i.e. 230 °C, 20 bar, (H2+CO) conversion between 50-70 %, feed gas 

composition of ca. 50 vol. % H2 and 25 vol. %CO, PH2o/PH2 = 1-1.5, PHzo = 4-6 bar. The 

relative intrinsic catalyst activity (refer: experimental section for definition on relative 

intrinsic catalyst activity) was determined and is presented in Figure 4. Figure 4 shows 
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that deactivation of the Co/Pt/ Ab03 catalyst occurred during the first 30 days, after which 

the activity stabilized. As explained in the introduction a significant part of this 

deactivation was hypothesised to be due to oxidation of metallic cobalt crystallites 

smaller than 10 nm [28]. To study whether cobalt crystallites of 6 nm oxidise during FTS, 

wax coated samples were removed from the FTS reactor over a 140-day period and 

analysed with XANES (Figure 5). 
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Figure 4. Relative intrinsic activity factor (RIAF) for a Co!Pt/ Ab03 catalyst during 

realistic Fischer-Tropsch synthesis, i.e. 230 °C, 20 bar, (H2+CO) conversion between 50-

70 %, feed gas composition of ca. 50 val. % H2 and 25 val. %CO, PH2o/PH2 = 1-1.5, PHzo 

= 4-6 bar. 

Figure 5 shows that the catalyst does not undergo oxidation during these FTS conditions. 

Instead a gradual reduction over an 8 day period takes place with the 8 day sample 

closely resembling the spectrum of a Co foil. 
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Figure 5. XANES analysis of a series of spent Co/Pt/ Ab03 catalyst samples taken from a 

100-bbl/day slurry bubble column reactor operated at commercially relevant FTS 

conditions, i.e. 220 °C, 20 bar, (H2+CO) conversion between 50-70 %, feed gas 

composition of ca. 50 vol. % H2 and 25 vol. %CO, PH20/PH2 = 1-1.5, PH2o = 4-6 bar. 

To obtain a quantitative description of the evolution of the Co K edge during FTS, a 

weighted linear combination of the XANES of the reference compounds was used. 

Previously, it was reported for copper that the XANES spectrum strongly depends on 

cluster size and morphology, particularly for copper crystallites< 2nm [47]. To verify the 

effect of the cluster size on the XANES spectrum for small cobalt crystallites ( < 2-3 nm), 
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theoretical XANES spectra were generated using the FEFF 8 simulation package [48, 

49]. It is clear from Figure 6 that for Co0 and CoO particles> 2 nm, similarly for Cu [47], 

there is no further changes in the XANES spectrum. Hence, a linear combination of 

reference compounds of Co and CoO for composition determination of a real catalyst will 

not be influenced by particle size in the regime above 2 nm. The spectra of Figure 6 were 

quantified using a linear combination of reference compounds and the results are 

summarised in Table 2. 
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Figure 6. Theoretical XANES spectra for nano-sized cobalt crystallites of (a) CoO and 

(b) Co0 simulated using FEFF 8 [48, 49]. 
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Table 2. Quantification of XANES analyses of a series of spent Co/Pt/A)z03 catalysts 

taken from a 100-bbl/day slurry bubble column reactor operated at commercially relevant 

FTS conditions using a linear combination of reference compounds. Error= +I- 2-3 %. 

Sample % Co % CoO* 

Freshly reduced 53** 47 

Day 1 69 31 

Day2 80 20 

Day 8 85 15 

Day89 88 12 

Day 125 89 11 

Day 140 87 13 

*The following does not rule out any minor CoAI 204, which is difficult to differentiate 

with XANES using the current data and is most likely present at the interface of the 

cobalt particles with the support. 

** Although on the low side, the degree of reduction 1s close to that obtained from 

gravimetry, i.e. 63 % [28] . 

For small amounts of CoO and CoAh04 it is very difficult to differentiate between the 

two phases using XANES. For the freshly reduced catalyst Temperature Programmed 

Reduction measurements did not show a high temperature reduction peak, which is 

normally associated with the presence of CoA)z04. It is thus concluded that most of the 

cobalt oxide in the freshly reduced catalyst is CoO [50]. 

Extended x-ray absorption fine structure (EXAFS) analyses of the Co co-ordination 

number was also performed in an attempt to obtain information on the average Co 

crystallite size as a function of time-on-stream. However, a constant cobalt co-ordination 

number of 8, as a function of time-on-stream, was obtained. This is due to the lack of 
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Crystallite size (nm) 

Figure 7. Theoretical average cobalt co-ordination number for hemispheres of differing 

particle size (diameter). 

4.4 Discussion 

The Fischer-Tropsch synthesis (FTS) is a surface polymerisation of -(CH2)- monomers 

formed by the dissociation and subsequent hydrogenation of adsorbed CO (equation 1 

and 2). For each CO molecule that is converted to a CH, specie a residual oxygen atom 

. remains on the cobalt surface which is then, in the case of cobalt catalysts, mostly 

hydrogenated to form water. This last step (equation 2) is critical for regenerating the 

active site and should always be at a rate similar to CO dissociation thereby preventing 

oxygen build up and thus preventing cobalt oxidation. 

CO+ H2 +Co-+ CoO+ -(CH2)- (1) 

(2) 
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It is clear from the reported XANES measurements that for nano-size cobalt crystallites 

of 6 nm supported on alumina, the latter step, i.e. oxygen removal, is facile enough to 

prevent oxidation to cobalt oxide or cobalt aluminate. Furthermore, a gradual reduction of 

previously unreduced cobalt was observed, i.e. the metallic content of the catalyst 

increased from 53 % to 89 %. This highlights the strong reducing environment during 

FTS. Hence, alumina supported cobalt crystallites of 6 nm are stable against oxidation 

during FTS. 

To understand these results further a complete model of the Co/Pt/ Ah03 catalyst is 

needed, taking into account the unreduced cobalt present in the catalyst following 

reduction (i.e. 35% obtained gravimetrically). The source of the unreduced cobalt is most 

likely in the form of small CoO crystallites, almost monolayer like, interacting with the 

support. Additionally, the base of all cobalt particles interacting with the support is most 

likely cobalt aluminate. This interaction might affect a few layers of cobalt. Using the 

existing data on the degree of reduction (i.e. 65% obtained using gravimetrically), the 

crystallite size distribution of the metallic fraction (Table I) and assuming that unreduced 

oxide exists as small cobalt oxide crystallites, Table 3 presents a plausible description of 

the cobalt metal and cobalt oxide fractions of the reduced catalyst. The data from Table 3 

are graphically represented in Figure 8. 
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Table 3. A proposed description of the freshly reduced catalyst prior to FTS taking into 

account the reduced cobalt metal and the unreduced cobalt oxide (The total amount of 

cobalt (i.e. cobalt metal and cobalt oxide) adds up to 100%) 

Crystallite size < 2-3 nm unreduced 6nm 15 nm Total 

crystallites crystallites crystallites 

% Co0 in 0 45 20 65 

crystallites 

%CoO in 24 7* 4* 35 

crystallites 

Observation Reduction of CoO No oxidation ofCo0 during 

fromXANES during FTS FTS 

* Unreduced cobalt due to close interaction with support, i.e. 2 layers of cobalt closest to 

the suppot1. It is likely that the layer closest to the support is in the form of CoAb04. 
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Figure 8: Graphical representing of the freshly reduced Co/Pt/Ab03 catalyst, prior 

to Fischer-Tropsch synthesis. 
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The lack of oxidation of 6 nm cobalt crystallites is in line with bulk thermodynamics, i.e. 

for a PH20/PHz of < 128 cobalt will be stable against oxidation to CoO. This supports also 

the conclusion that although the formation of cobalt aluminate is thermodynamically 

favourable during FTS it is kinetically inhibited [3]. This does not rule out any minor 

CoAiz04 formation that is beyond the sensitivity of XANES. Deviations from bulk 

thermodynamics of nano-sized cobalt crystallites, due to the presence of a large amount 

of unsaturated bonds have been reported in literature [2, 9, 10, 13, 14, 16, 18-20, 23]. 

From the current results it can be concluded that the surface energy contribution of cobalt 

crystallites > 6 nm supported on alumina is not sufficient enough to cause oxidation at 

realistic FTS conditions. This is in-line with a recent thermodynamic analysis [23]. From 

that study it was concluded that for nano-sized cobalt crystallites > 4-5 nm oxidation is 

not feasible at FTS conditions, i.e. PHzo/PHz =1-1.5. 

The next question that arises is the surface stability of these crystallites and the possibility 

of the oxidation of defects on these surfaces which would be difficult to observe with 

XANES, due to the fact that it is a bulk technique. This was not taken into account in the 

'surface' thennodynamic calculations due to the instability of a system containing a 

metallic core and surface oxide and to the difficulty in including steps [23]. The lower 

surface sensitivity of XANES as compared to the bulk can be seen from theoretical 

modelling using the FEFF 8 simulation package [48, 49] (Figure 9). However, due to the 

high dispersion (16 %) of the reduced Co/Pt/Ab03 catalyst used in this study, it would be 

expected that complete surface oxidation of the 6 nm crystallites should be visible. 

Furthermore, instead of oxidation the catalyst was found to undergo a gradual reduction 

during the first 2-3 days on line increasing the amount of cobalt metal in the samples 

from 53 to 89 %, which makes it difficult to postulate surface oxidation. This is supported 

by recent in-situ model oxidation studies of a flat model Co/Si02 catalyst containing 4 

nm Co crystallites which was found to undergo no surface oxidation using NEXAFS at 

PH2o/PH2 = I, Pr =0.4 mbar and up to 400 °C [51]. 
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Figure 9. Theoretical XANES spectra for the cobalt surface atoms of small cobalt 

crystallites as compared to the bulk. Simulated using FEFF 8 [48, 49] (a) CoO and (b) 

Co0
. 

However, the oxidation of very reactive sites like defects, which are known to enhance 

CO dissociation, cannot be excluded using XANES [38]. From density-functional-theory 

calculations (V ASP) it can be concluded that carbon will adsorb more strongly to these 

defect surfaces making oxidation difficult [52]. 

The observed increase in the metallic fraction during FTS is due the reduction of 

previously unreduced cobalt in the form of small, i.e. 2-3 nm small CoO crystallites 

(Table 3, Figure 8). The reduction of cobalt containing layers between the cobalt metal 

crystallite and the support, which will most likely be in an unreduced state, cannot be 

excluded. This reduction should have resulted in an increase in intrinsic catalyst activity, 

which is clearly absent in Figure 4. The catalyst continues to deactivate with time-on-
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stream during the first 30 days. This is most likely due to a complex interplay of other 

deactivation mechanisms such as sintering [ 15], surface reconstruction [37], minor 

support migration [30, 31, 33-36], and gas feed impurities [7, 8], making it difficult to 

extract the effect of cobalt oxide reduction on the intrinsic catalyst activity. The 

mechanism of the reduction of cobalt oxide to cobalt metal is open for speculation. Due 

to the multitude of deactivation processes and the complexity of the influences of water, 

it is difficult to reach a conclusion with existing data on the mechanism at play. 

4.5 Conclusions 

X-ray Absorption Near Edge Spectroscopic (XANES) analyses of a Co/Pt/ Ab03 catalyst, 

with predominantly 6 nm cobalt crystallites, taken from a 100-barrel/day slurry bubble 

column reactor operated at commercially relevant FTS conditions, i.e. 230 °C, 20 bar, 

(H2+CO) conversion between 50-70 %, feed gas composition of ca. 50 vol. % H2 and 25 

vol. % CO, PH20/PH2 = 1-1.5, PHzo = 4-6 bars, did not show oxidation of cobalt to cobalt 

oxide or cobalt aluminate. To the contrary the cobalt metallic content was found to 

increase from 53 to 89 %. From these XANES results it was concluded that cobalt 

crystallites 2: 6 nm supported on alumina were stable against oxidation at these FTS 

conditions. 
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Chapter 5 
Surface oxidation study of nano-sized cobalt 

crystallites 

Abstract 

The oxidation of nano-sized metallic cobalt to cobalt oxide during Fischer-Tropsch 

synthesis (FTS) has long been postulated as a major deactivation mechanism. In this 

study a planar Co/Si02/Si (I 00) model catalyst with well-defined cobalt crystallites, close 

to the threshold value reported for oxidation in literature (4-10 nm), was prepared by the 

spin coating method. The planar Co/Si02/Si (I 00) model catalyst was characterised with 

Atomic Force Microscopy, X-ray Photoelectron Spectroscopy and Rutherford Back 

Scattering. The surface oxidation behaviour of the nano-sized metallic cobalt crystallites 

of 4-5 nm was studied using in-situ Near-Edge X-ray Absorption Fine Structure under 

model FTS conditions, i.e. Hz/H20 = l , Protal =0.4 mbar, !50 °C-450 °C. No surface 

oxidation of metallic cobalt was observed under these model FTS conditions over a wide 

temperature range, i.e. 150-400 °C. 

5.1 Introduction 

The production of liquid fuel from natural gas (GTL) via the Fischer-Tropsch synthesis 

(FTS) process is an attractive option for monetising stranded natural gas and has potential 

to revolutionize the fuel industry [1]. The major factors supporting this drive towards 

GTL are the historically high price of crude and global growth in demand for clean diesel 

fuel [ 1 ]. Supported cobalt catalysts are the system of choice for the FTS due to the high 

per pass conversion, low water gas shift activity and paraffinic nature of the resulting 

synthetic crude [2-5]. However, cobalt catalysts as used in the FTS are relatively 

expensive as compared to iron and need to have a high metal dispersion and long life to 
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remain economically attractive [6]. Hence, the development of economically attractive 

cobalt based FTS catalysts with a high stability requires detailed fundamental 

understanding of the deactivation mechanisms at play for supported nano-sized cobalt 

crystallites. Oxidation of metallic cobalt to cobalt oxide by means of water has long been 

postulated as a major deactivation mechanism during FTS which is thought to be related 

to the cobalt crystallite size distribution [2, 7 -12]. 

It is known from thermodynamic calculations that bulk metallic cobalt does not oxidise to 

CoO or Co304 during realistic FTS conditions, e.g. 230 °C and P,i20 /PH2 = 1-1.5, whereas 

the formation of support compounds such as cobalt aluminate is thermodynamically 

favourable [3]. It has been argued that the latter is kinetically inhibited and does not take 

place to a significant extent [3]. Although bulk oxidation of cobalt metal is 

thermodynamically not favourable, a recent study showed that oxidation of nano-sized 

cobalt crystallites seems to be thermodynamically possible at Fischer-Tropsch synthesis 

conditions [II]. This is due to the contribution of the surface energy of nano-sized cobalt 

crystallites to the overall oxidation process. From this study it was concluded that cobalt 

crystallites < 4-5 nm will oxidise under FTS conditions, i.e. PH2o/PH2 = l-1.5. Similarly, 

Iglesia [2] concluded that cobalt crystallites below 5-6 nm will oxidise and deactivate 

rapidly under realistic FTS conditions. Also van Berge et at. hypothesised that cobalt 

crystallites below l 0 nm will oxidise during realistic FTS conditions [ 12]. 

Experimentally it is difficult to find support for these threshold values and often 

apparently contradictory information is available with respect to oxidation [7-16, 17]. 

Moreover, to date no study characterises the surface oxidation behaviour of well-defined 

cobalt crystallites with a size that is close to values reported for oxidation in literature, i.e. 

4-10 nm [2, II, 12]. This is largely due to the difficulty in (I) preparing well-defined 

nano-sized cobalt crystallites and (2) characterising the surface of metals located in the 

pores of high surface area supports covered with wax. Hence, for a surface study into the 

oxidation behaviour of nano-sized cobalt crystallites it is imperative to prepare and test 

model catalysts at model (wax free) FTS conditions. It is important as with all models 

that the system employed mimics the real situation well. Planar model catalysts are often 
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used to bridge the gap between high surface area supported catalysts and single crystals 

[18). This surface science model consists of a planar conducting substrate with a thin 

oxide layer on top of which the active phase is usually deposited by spin coating. This 

method, as described previously in detail [18], mimics well the often used impregnation 

method for the preparation of industrial high surface area catalysts and combined with the 

planar model support produces a 2-dimensional analogue of a supported high surface area 

catalyst. The most important advantage of such a system is the ability to characterise it 

extensively using surface science techniques [ 18]. 

This study deals with an investigation into the threshold value of which metallic cobalt is 

stable against surface oxidation by the use of planar model catalysts. A well-defined 

planar Co/Si02/Si (I 00) model catalyst with nano-sized metallic cobalt crystallites 

(4-5 nm) was synthesised using the spin coating method. The surface oxidation behaviour 

of these nano-sized metallic cobalt crystallites was studied using in-situ Near-Edge X-ray 

Absorption Fine Structure (NEXAFS) at model conditions i.e. H2/Hz0 = 1, Protal 

=0.4 mbar, 150 °C-450 °C. The model conditions used ensured similar hydrogen to water 

partial pressure ratios as applied during realistic FTS, but in the absence of wax, which 

would otherwise complicate surface characterisation. 

5.2 Experimental 

5.2.1 Preparation of well-defined Co/Si02/Si ( 1 00) model catalysts by spin coating 

Planar Co/Si02/Si (I 00) model catalysts were prepared by the spin coating method as 

previously described in detail [ 18-25]. The spin coating method is a technique that allows 

for the deposition of metal precursors or any other soluble substrate on planar model 

supports by wet chemical "impregnation" which is similar to that of the industrial 

impregnation procedure. Planar silica supports were prepared by the thermal oxidation of 

a Si (I 00) single crystal wafer in air at 750 °C for 24 hrs. This procedure creates an 

amorphous silica layer with a surface roughness of < 1 nm as measured by Atomic Force 

Microscopy. It is well known that high temperature treatment of silica leads to a 

dehydroxylation of the surface [26]. Therefore, after calcination the wafers were etched 

in a H20 2/NH40H (3/2 v/v) solution at 65 °C to remove contaminants and rehydroxylated 
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in boiling water for 30 min. Subsequently these model supports were dipped in an 

aqueous solution ofCo(NOJ)z.6HzO (Merck grade) that was acidified with HN03 (Merck 

grade, 65 %, v/v) to vary the pH when required and spin coated in a nitrogen atmosphere 

at 2800 rpm. Thereafter the planar Co(N03)2.6H20 /Si02/Si (100) model catalyst was 

calcined (250 °C, 2 °C/min, 2 h, 20% Oz/Ar) and reduced (425 °C, 2 °C/min, 3 h, H2) in a 

flow reactor. All gases used had a purity of 99.999 %. The loading of cobalt was 

controlled by varying the concentration in the impregnating solution and was determined 

using the following equation [25] 

M=l.35 xC0 q= 
v~ 

( 1) 

where M is the amount of material deposited onto the wafer, Co is the concentration of 

precursor in the impregnating solution, w is the rotation speed, '7 and p are the viscosity 

and density of the impregnating solution, respectively, and lEv is the evaporation time. 

This equation was verified previously for planar Co/Pt/Si02/Si( I 00) bimetallic model 

catalysts prepared from Co(N03)z.6H20 and Pt(NH3)4(N03)z precursors [27] and planar 

Cr/SiOz/Si( I 00) model catalysts prepared from Cr03 [23, 24]. 

5.2.2 Atomic Force Microscopy (AFM) 

AFM was performed to measure the heights of the cobalt crystallites supported on model 

planar silica wafers, i.e. Co/Si02/Si( I 00). These heights were converted to crystallite 

diameters (reported in this paper) based on the assumption that the cobalt crystallites are 

hemispherical in shape. All measurements were performed in the tapping mode (non

contact) at ambient conditions (25 °C in air) using a Solver P47 base and SMENA head. 

The preferred tip used was a gold coated NSG 11 (NT-MDT) with a force constant of 

5 N/m and a resonant frequency of 190 kHz. 

5.2.3 Rutherford Backscattering Spectrometry (RBS) 

The cobalt coverage of some of the planar model catalysts was determined with high

resolution RBS. The helium beam, i.e. 2 MeV He+ ions, collided with the sample surface 

at near normal incidence such that the beam was aligned with the ( 1 00) channel direction 
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of the Si substrate. The detector was at an angle of 10° to the sample surface (scattering 

angle 100°). This grazing exit angle, together with the low overall count rate inherent to 

the channeling condition, reduced the risk of pile-up (coincident pulses) to a negligible 

level. With an applied total ion dose of at least !50 11C, the quantitative results for cobalt 

are estimated to be accurate within 5%. 

5.2.4 X-ray Photoelectron Spectroscopy (XPS) 

XPS spectra were measured on a VG Escalab 200 MK spectrometer equipped with an 

aluminium anode (AI Ka = 1486.6 eV) operating at 510 W with a background pressure of 

2 x 1 o-9 mbar and a hemispherical analyser connected to a five channel detector. 

Measurements were carried out with 20 eV pass energy, 0.1 eV step and a dwell time of 

0.1 s. Charging was very low for the planar Co/SiOz/Si( I 00) model system, typically 

0.5 eV, and was corrected using the Si 2p peak of Si02 at I 03 .3 eV. For the reference 

compounds charging was corrected by the C 1 speak of ubiquitous carbon, i.e. 284.6 eV. 

The spectrometer was equipped with a reactor in the transfer chamber that allows for 

treatment under hydrogen/oxygen atmospheres up to temperatures of 600 °C. 

5.2.5 Near Edge X-ray Absorption Fine Structure (NEXAFS) 

Soft X-ray absorption spectra were collected at the undulator beam line U49/2 PGM I of 

the 3rd generation synchrotron radiation facility BESSY in Berlin which was operated 

with an electron energy of 1.7 GeV and a ring current below 250 rnA. The Co L-edge 

with a spectral resolution of about 0.1 eV was recorded in a special apparatus previously 

described [28], which allows in-situ measurements to be performed at 1-10 mbar 

depending on the gas phase. The NEXAFS signal was extracted from the raw data by 

subtracting the pre-edge background using power series curves. Thereafter, the spectra 

were normalised by dividing by the height of the absorption edge at 802 eV. 
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5.3 Results 

5.3.1 Synthesis of a well-defined Co/Si02/Si (100) planar model catalyst by the spin 

coating method 

The spin coating equation (see experimental section), used to compute the theoretical 

cobalt loadings, was verified for selected Co/Si02/Si ( 100) planar model catalysts using 

Rutherford Back Scattering (Figure I). Figure 1 shows that the true cobalt loading of the 

planar model catalysts as measured with RBS was higher than that expected from the spin 

coating equation. This is most likely due to an electrostatic interaction between the cobalt 

precursor and silica during spin coating which drives higher cobalt loadings. It should be 

noted that the spin coating equation is a physical equation and does not take into 

consideration any chemical interactions between the substrate and the metal precursor. 

Subsequent reported cobalt loadings are corrected for using Figure 1. 
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The spin coating speed was shown previously to be a useful parameter for varying the 

crystallite size for Rh/ Si02/Si ( 100) model catalysts [29]. Hence, as a first attempt to 

produce nano-sized cobalt crystallites the rotation speed during spin coating was varied 

(1200, 2800 and 5000 rpm). AFM analyses of the Co/Si02/Si (100) model catalysts 

revealed a flat layer of cobalt at each stage of the catalyst preparation, i.e. freshly spin 

coated, calcined (250 °C, 20 % 0 2/ Ar) and reduced ( 425 °C H2), at all spin speeds, i.e. 

1200, 2800 and 5000 rpm. Even at a higher reduction temperature of 600 °C in hydrogen 

no cobalt crystallites were observed. Figure 2 shows the AFM analyses of reduced 

Co/Si02/Si {I 00) model catalysts prepared at 1200 and 5000 rpm. 

Figure 2. AFM analyses of reduced (425 - 600 °C, H2) Co/Si02/Si (I 00) planar model 

catalysts with a loading of 3 Co atoms/nm2 prepared at different rotation speeds, i.e. 

1200 and 5000 rpm. Surface roughness, i.e. the average change in surface height, was 

< I nm as measured by AFM. 

In a second attempt to vary the cobalt crystallite size the Co loading was varied. Figure 3 

shows the influence of Co loading (atom/nm2
) on the resulting Co 2p/Si 2p peak area, as 

measured with XPS, for freshly impregnated, i.e. spin coated, and calcined (250 °C, 

20% 0 2/Ar) planar Co/Si02/Si (100) model catalysts. The Co 2p/Si 2p peak area ratio 

increases linearly with Co loading (atom/nm2) up to a loading of 9 Co atom/nm2
, after 
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which a levelling off of the Co 2p/Si 2p peak area is observed (Figure 3). Since XPS 

measures surface atoms, the linear increase in Co 2p/Si 2p peak area with loading is 

indicative of a monolayer like growth of cobalt, which is maintained upon calcination. 

The monolayer growth of cobalt is also confirmed with AFM (Figure 4) where no cobalt 

crystallites were observed (surface roughness, i.e. the average change in surface height, 

< lnm) for Co loadings up to 9 Co atoms/nm2, after calcination (250 °C, 20% 0 2/Ar). 
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Figure 3. Influence of Co loading (atom/nm2) on the resulting Co 2p/Si 2p peak area 

ratio as measured with XPS for freshly impregnated, i.e. spin coated, and calcined 

(250 °C in 20 % 0 2/ Ar) planar Co/Si02/Si (I 00) model catalysts~ • • 1 The maximum 

amount of cobalt that can be anchored to the silanol groups (4-5 OH/nm2) [26]. 
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1 J 

Figure 4. AFM analyses of calcined (250 °C in 20% 0 2/Ar) planar Co/Si02/Si (100) 

model catalysts with a loading of (a) I Co atom/nm2 and (b) 6 Co atoms/nm
2

. Surface 

roughness, i.e. the average change in surface height, for the I and 6 Co atoms/nm
2 

was < 

I nm as measured by AFM. 

To gain further understanding into the processes taking place during impregnation and 

calcination of a planar Co/Si02/Si (I 00) model catalyst which leads to a monolayer of 

cobalt, the vacuum drying and heating of a freshly spin coated Co(NOJ)z.6Hz0 /Si0z/Si 

(I 00) model catalyst with a loading of I Co atom/nm2 was studied with XPS. XPS is 

suitable for differentiating between the various species of cobalt. Figure 5 summarises the 

XPS (Co 2p) analyses of Co0
, CoO, Co(OH)2 Co30 4, Co2Si04 and Co(NOJ)z.6Hz0 

reference compounds. The Co 2p binding energy of the reference compounds in Table I 

agree well with that published previously, i.e. Co0 = 778.4 eV, CoO = 780.4 eV, Co(OH)2 

= 780.9 eV, Co30 4 = 780.4 eV, Co2Si04 = 782 eV, Co(N03)2.6H20 = 781.1 eV [30-33). 
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Table 1. Summary of the XPS analyses of Co reference compounds (Co0
, CoO, Co30 4, 

Co2Si04, Co(OH)z. Co(NOJ)z.6H20). 

Co reference compound Co 2p binding energy (eV) Shake up feature 

Co" 778.4 Weak 

CoO 780.4 Weak* 

Co304 780.4 Weak 

Co(OH)z 780.9 Strong 

CozSi04 782.0 Strong 

Co(N03)z.6Hz0 781.1 Strong 

• The shake up feature of CoO is closer to that of Co(OH)l. It appears weak due to the surface oxidation to 

Co30 4• This was con finned by an in-situ reduction. 

Co0 

Co(OH)
2 

CoO 

770 780 790 800 810 

Binding Energy (eV) 

Figure 5. XPS analyses (Co 2p) of Co reference compounds, Co(N03)z.6H20, CoO, 

Co304, Co (OH)z, Co2Si04, Co0 
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The XPS Co 2p peak of the freshly impregnated Co(N03)2.6H20/Si02/Si( 1 00) model 

catalyst with a loading of I Co atom/nm2 resembled that of the reference Co(N03)2.6H20 

(Figure 5). The low signal/noise ratio in the spectrum of the freshly prepared 

Co(N03)z.6H20 /Si02/Si(l00) model catalyst as compared to the reference 

Co(N03)2.6H20 is due to the presence of excess water following spin coating. Upon 

vacuum drying (10-9 mbar) most of the excess water is removed which results in a 

significant improvement in the Co 2p signal/noise ratio. 

Co 2p 
* = Reference compounds 

Vacuum drying 

Vacuum drying 

Vacuum drying 

770 780 790 800 810 

Binding energy (eV) 

Figure 6. XPS (Co 2p) analyses of a freshly spin coated Co(N03)2.6H20/Si02/Si (100) 

model catalyst with a loading of I Co atom/nm2 following vacuum drying (10-9 mbar) 

and calcination (120 and 250 °C in 20% 0 2/Ar at 1 bar) in a pre-chamber reactor. 

Thereafter the Co(N03)2.6H20 /Si02/Si (l 00) model catalyst was dried/calcined in the 

pre-chamber reactor in 20 % 0 2/Ar at 120 °C. No major changes were observed in the 
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shape and position of the Co 2p spectrum following drying/calcination at 120 °C. 

However, following calcination in 20% 0 2/Ar at 250 °C a clear shift of the Co 2p peak to 

higher binding energies was observed (781 to 782 eV). The binding energy of the 

resulting Co 2p peak following calcination at 250 °C corresponds well with that of the 

reference Co2Si04 , i.e. 782 eV, implying the formation of cobalt silicate (Figure 6). 

Additionally a small shoulder at lower binding energies was observed indicating the 

presence of some cobalt oxide. This tendency for dissolved cobalt nitrate, i.e. 

Co2
+ (H20)6, to interact with the silanol groups of the model silica support during catalyst 

preparation, evident in the mono-layer like growth, eventually forming cobalt silicate 

upon calcination inhibits the formation of cobalt crystallites. Hence, for the synthesis of 

cobalt crystallites it is essential to minimise interaction between the silanol groups of the 

support and Co2
+ (H20)6 complex during catalyst preparation. This can be achieved by 

silanol removal at high temperatures [26] or by changing the charge on the silanol group 

so that there is minimum interaction between Co2
+ (H20)6 and the hydroxyl group from 

silica. The latter is preferred seen that hydroxyl removal is difficult to control and 

characterise. To minimise the interaction of the Co2
+ (H20)6 complex with the hydroxyl 

groups of the support a planar model support was spin coated following impregnation in 

an acidified Co2
+ (H20)6 solution (pH = 3). At a pH between the iso-electric point of 

silica, i.e. 1.5-3 [34], the surface of silica is neutrally charged resulting in a weaker 

interaction between Co2
+ (H20)6 and the hydroxyl group from silica. It is clear from 

Figure 6 that a simple lowering in pH of the Co(N03)z.6H20 impregnating solution 

resulted in the formation of well-defined cobalt crystallites of on average 4-5 nm in 

diameter following reduction. 
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Figure 7. (a) AFM analyses of a calcined (250 °C, 20 % 0 2/Ar) and reduced (425 -

500 °C, H2) 2 Co atorn/nm2 planar Co/Si02/Si(l00) model catalyst prepared by spin 

coating an acidified, i.e. pH = 3, Co(N03)2.6H 20 solution (b) Height analyses of the 

planar Co/Si02/Si( I 00) model catalyst as indicated by the line in Figure 7a. 

5.3.2 Model oxidation study of Co/Si02/Si (100) model catalyst using in

situ NEXAFS 

Figure 8 shows the L3-edge NEXAFS spectra of different reference compounds (CoO, 

Co30 4 and Co2Si04) reported in literature [34] and that of Co foil (i.e. Co0
) and Co304 

obtained during the current work. Note that the photon energy of the reference spectra 

taken from Bazin et al. [35] was shifted for better comparison with current data. The 

interpretation of the L3-edge NEXAFS spectra of the reference oxidic and metallic phases 

have already been discussed in literature [27, 35]. The Co L3-edge spectra of CoO and 

Co2Si04 are very similar due the octahedral coordination of oxygen to Co2
+. 

Figure 9 summarises the NEXAFS spectra of the calcined (250 °C in 20 % Oz/Ar) and 

reduced (500 °C in 0.2 mbar H2) planar Co/Si02/Si(l00) model catalyst (i.e. containing 

cobalt crystallites 4-5 nm). The spectrum of the calcined Co/Si02/Si (I 00) model catalyst 

was very similar to that of CoO and Co2Si04 indicating that the Co2
+ was in an octahedral 

environment. The spectrum of the reduced Co/Si02/Si( I 00) model catalyst was measured 
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in-situ under 0.2 mbar hydrogen following ramping to 500 °C (4 °C/min) under hydrogen. 

After reduction at 500 °C the Co/Si02/Si (1 00) model catalyst appeared to be completely 

reduced to metallic cobalt (Figure 9) . This is largely due to the surface sensitivity of 

NEXAFS and does not necessarily imply that there is no Co2Si04 in the catalyst. Due to 

the ease of reduction of the Co/Si02/Si(l 00) model catalyst at 500 °C it can be concluded 

that in the calcined model catalyst most of the cobalt was present as a CoO phase. 

Co2Si04 reduces at very high temperatures in excess of 660-800 °C [36]. 

Following in-situ reduction the planar Co/Si02/Si( 1 00) model catalyst was exposed to a 

model oxidation environment, i.e. H2/HzO = 1, Protal =0.4 mbar, 150 °C-450 °C, for 

10 min at each temperature as the temperature was ramped to 450 °C in steps of 50 °C 

(Figure 1 0) . No surface oxidation of metallic cobalt was observed until 400 °C. It can be 

argued that little oxidation is evident at 450 °C under the current model conditions. 

However, once the hydrogen was removed from the system, i.e. H20 flow only, almost 

complete oxidation of the Co/Si02/Si (I 00) model catalyst was observed at 450 °C. This 

shows that the presence of hydrogen in a 1: l ratio with water, at a total pressure of 

0.4 mbar, is sufficient to suppress surface oxidation of small cobalt crystallites ( 4-5 nm) 

even at very high temperatures of 400 °C. 
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Figure 8. Co L3-edge NEXAFS spectra of reference compounds Co foil, CoO, Co304, 

Co2Si04. Adapted from [35]. 
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Figure 9. Co L3-edge NEXAFS spectra of the (a) calcined (250 °C in 20 % 02/ Ar) and 

(b) reduced planar Co/Si02/Si(l00) model catalyst (0.2 mbar hydrogen, 4 °C/min to 500 

0 C) with a loading of 2 Co atoms/nm2 (i.e. cobalt crystals of 4-5 nm). 
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Figure 10. Model oxidation study of a reduced (0.2 mbar hydrogen, 4 °C/min to 500 °C) 

planar Co/Si02/Si(IOO) model catalyst (2 Co atom/nm2) exposed for 10 min to H2/H20 

= I, Pr =0.4 mbar at 150 °C, 200 °C, 250 °C, 300 °C, 350 °C, 400 °C, 450 °C. Thereafter 

the catalyst was exposed to 0.2 mbar of H20 at 450 °C. 

5.4 Discussion 

5.4.1 Synthesis of a well-defined Co/Si02/Si (100) planar model catalyst by the spin 

coating method 

Interaction of cobalt with silica and the formation of cobalt silicate has been reported 

extensively in literature [35-39]. In general cobalt silicate formation, which is inactive in 

the FTS [35], results in a decreased reducibility of the cobalt phase. Hence, fundamental 
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understanding of the process of cobalt silicate formation is imperative for optimum usage 

of cobalt. In literature two mechanisms have been proposed for cobalt silicate formation 

[ 40], i.e. (l) during the preparation of the catalyst especially if the pH of the impregnating 

solution is alkaline and (2) solid state reaction of cobalt oxide with silica at high 

temperatures, > 400 °C [3 7]. The latter is not expected to have a significant effect for the 

current Co/Si02/Si (100) planar model catalyst, due to the low calcination temperature 

employed, i.e. 250 °C. The observed transformation of adsorbed cobalt nitrate to cobalt 

silicate is in accordance with mechanism I and can be explained by the concept of 

interfacial coordination chemistry [37, 41] . 

Cobalt nitrate dissolved in water is coordinated with 6 water ligands and is positively 

charged, i.e. Co2+ (H20)6. Silanol groups on silica are ampotheric and depending on the 

pH of the solution can be positively charged (pH < 1.5, reaction I predominant), 

negatively charged (pH > 3, reaction 2 dominates) or neutral (pH = 1.5-3 , reaction 3 is 

favoured) [34] . 

(I) 

Si-OH + OH" ¢::> Si-0- + H20 (2) 

Si-OH + H20 ¢::> Si-OH + H20 (3) 

When the Co(N03)z.6H20 impregnating solution with a pH of 5 is brought into contact 

with the model silica surface the surface hydroxyl groups become negatively charged 

according to reaction 2. The negatively charged silanol group attracts the Co
2
+ (H20)6 

complex from the solution. The monolayer like growth of cobalt observed with XPS and 

AFM following impregnation, i.e. spincoating, forms evidence for this interaction. 

Furthermore, rinsing of a planar model catalyst following spin coating always showed 

residual cobalt with XPS . 

The influence of the silanol groups in attracting the Co2
+ (H20)6 ions should level off at a 

loading of 4-5 Co atoms/nm2 which is the average silanol density of silica, i.e. 

4-5 OH/nm2 [26]. However, as can be seen from XPS (Figure 3), there is a linear increase 
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in the Co 2p/Si 2p peak area ratio up to a Co loading of 9 Co atoms/nm2. The continued 

monolayer like growth of cobalt past a loading of 4-5 Co atoms/nm2 is most likely driven 

by deposition of a second layer of Co2+ (H20)6 over the I st anchored Co2
+ (H20)6 layer. 

This second layer of cobalt will result in a 15 % decrease in the overall XPS Co 2p peak 

intensity as compared to an equivalent monolayer and would not be easily detectable. 

Indeed, reduction of planar model catalysts where the loading is greater than the silanol 

density of 4-5 OH/nm2, i.e. 6 Co atoms/nm2
, still does not produce cobalt crystallites 

indicating that the excess cobalt is dispersed evenly. 

This electrostatic interaction between Co2
+ (H20)6 and the silanol groups during 

impregnation serves as a precursor for silicate formation and increases the amount of 

cobalt lost to silicate formation . During calcination of the freshly spincoated 

Co(N03) 2.6H20 /Si02/Si(IOO) model catalyst the excess and coordinated water is 

removed from the aqueous Co2
+ (H20)6 complex which in turn drives the formation of a 

covalent bond between the silanol group and Co2
+ (H20)6 complex leading to cobalt 

silicate formation at ca. 250 °C (as clearly observed with XPS). The continued interaction 

(impregnation, calcination and reduction) between Co2
+ and the silanol groups and 

between the I st anchored layer of cobalt and a second layer makes cobalt crystallite size 

control impossible. To minimise this interaction between Co2+ (H20)6 and the silanol 

group the silica surface charge was reduced by lowering the pH of the Co(N03)z.6H20 

impregnating solution (pH = 3). At a pH between the iso-electric point of silica, i.e. 

1.5-3 , the silica surface is neutrally charged and does not interact electrostatically with 

the Co2
+ (H20)6 complex. Hence, in this regime the dispersion of the cobalt is controlled 

by the drying process. It is essential for the synthesis of a homogenous catalyst that the 

wettability of the support is sufficient to produce tiny droplets of cobalt nitrate solution 

in the final stages of drying. Contamination of the planar silica support and/or insufficient 

hydroxylation can have profound effect on the resulting Co crystallite size distribution. 

The formation of Co crystallites at this stage of catalyst preparation, i.e. during 

spincoating, was confirmed by XPS where a 20-30 % decrease in the Co/Si ratio was 

observed as compared to that spin coated in the absence of acidification. However, 

following calcination of the planar model catalyst prepared from an acidified cobalt 
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nitrate solution some cobalt silicate was still observed with XPS (Co 2p peak at 782 eV). 

This indicates that the change in pH does not prevent silicate formation at the interface of 

the cobalt particle and support but minimises it by reducing the interfacial area of cobalt 

and the support by crystallite formation. 

· d f Co/S'I02/S1' (100) model catalyst using in-situ 5.4.2 Model oxidatiOn stu y o 

NEXAFS 

The Fischer-Tropsch synthesis (FTS) is a surface polymerisation of -(CH2)- monomers 

formed by the dissociation and subsequent hydrogenation of adsorbed CO (equation I 

and 2). For each CO molecule that is converted to a CH, specie a residual oxygen atom 

remains on the cobalt surface which is then hydrogenated, in the case of cobalt catalysts, 

to form mostly water. This last step (equation 2), i.e. re-reduction of cobalt, is essential 

for regenerating the active site and for a fixed cobalt crystallite size and temperature is 

dependant on the ratio of the partial pressure of water to hydrogen [3 , II]. 

CO+ H2 +Co -+ CoO+ -(CH2) - (I) 

(2) 

At commercially relevant FTS temperatures, e.g. 230 °C, the oxidation of bulk metallic 

cobalt to cobalt oxide is favoured when the ratio of the partial pressure of water to the 

partial pressure of hydrogen (PH2o/PH2) is greater than 128 [3]. This ratio is much higher 

than that of realistic FTS conditions where the ratio of the PH2o/PH2 = 1-1.5. Hence, under 

realistic FTS conditions, i.e. P1-12o/PH2= 1-1.5, bulk cobalt is not expected to oxidise to 

cobalt oxide. Although bulk oxidation of cobalt metal is thermodynamically not 

favourable under realistic FTS conditions, a recent study showed that oxidation of nano

sized cobalt crystallites , i.e. < 4-5 nm, seems to be thermodynamically possible at 

realistic Fischer-Tropsch synthesis conditions, i.e . PH2o/PH2= 1-1.5 [II]. This is due to the 

contribution of the surface energy of nano-sized cobalt crystallites to the overall 

oxidation process. The surface energy of a metal can be regarded to be proportional to the 

number of broken bonds. These broken bonds will increase as the metal crystallite 
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becomes smaller and increases in curvature [42, 43]. Hence, smaller cobalt crystallites 

will have a higher propensity to oxidize than larger ones. 

It is clear from the in-situ NEXAFS measurements that the surface energy contribution of 

cobalt crystallites > 4-5 nm on a planar model silica support, i.e. Co/Si02/Si( I 00), is not 

sufficient to cause surface oxidation to cobalt oxide under model FTS conditions, i.e. 

PH2o/PH2= I, Pr =0.4 mbar, 150 °C-450 °C. Even at a temperature of 400 °C no surface 

oxidation of nano-sized cobalt crystallites (4-5 nm) was observed. However, due to the 

surface sensitivity of NEXAFS it is difficult to exclude any further Co2Si04 fonnation at 

the interface of the support and metallic cobalt crystallite. It is well known that the 

formation of support compounds such as cobalt aluminate [3] and cobalt silicate is 

favourable during FTS. This has been recently shown for Co/Si02 catalysts tested under 

FTS conditions [ 17]. However, oxidation of a few layers of cobalt at the interface with 

the support would affect the overall FTS activity of the catalyst to a much lesser extent 

than surface oxidation of cobalt. Based on the current NEXAFS study it can be concluded 

that under FTS conditions (230 °C and PH2o/PH2 = I) nano-sized cobalt crystallites, i.e. 

>4-5 nm, will not undergo any bulk or surface oxidation to cobalt oxide. 

5.5 Conclusion 

A planar Co/Si02/Si (I 00) model catalyst with well-defined cobalt crystallites ( 4-5 nm) 

was synthesised for the first time with the spin coating method. The surface oxidation 

behaviour of these nano-sized cobalt crystallites (4-5 nm) was studied using in-situ Near

Edge X-ray Absorption Fine Structure (NEXAFS) under model FTS conditions, i.e. 

PH2o/PH2= l, PTotal =0.4 mbar, 150 °C-450 °C. No surface oxidation of cobalt was 

observed under these model FTS conditions over a wide temperature range, i.e. 150-

400 °C. Hence, cobalt crystallites 2: 4-5 nm are not expected to undergo surface oxidation 

during FTS (230 °C and PH2o/PH2 = I). 

97 



Surface oxidation study of nano-sized cobalt crystallites 

5.6 Acknowledgement 

The authors would like to acknowledge Ton Kuiper for RBS measurements. 

5. 7 References 

I . The Catalyst Review Newsletter, "Gas-to-Liquids:Peering into the crystal 

ball", April 2005, P. 4. 

2. Iglesia, E., Appl. Catal. A: General, 1997, 161 , 59. 

3. van Berge, P.J. , van de Loosdrecht, J. , Barradas, S., van der Kraan, A.M. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Catal. Today, 2000, 58, 321. 

Eisberg, B. , Fiato, R.A., Stud. Surf. Sci. Catal., 1998, 199, 961. 

Senden, M.M.G., Punt, A.D. , Hoek, A., Stud. Surf. Sci. Catal, 1998, 199, 

943. 

Dry, M.E., Catal. Today, 2002, 71,227. 

Schanke, D. , Hilmen, A.M., Bergene, E., Kinnari, K., Rytter, E., Adnanes, 

E. , Holmen, A., Energy & Fuels, 1996, 10, 867. 

Rothaemel, M., Hanssen, K.F ., Blekkan, E.A., Schanke, D., Holmen, A. 

Catal. Today, 1997, 38, 79. 

Jacobs, G., Das, T.K, Patterson, P.M, Li, J., Sanchez, L., Davis, B.H., Appl. 

Catal A:General, 2003 , 247, 335. 

Jacobs, G. , Patterson, P.M, Zhang, Y. , Das, T.K., Li, J. , Davis, B.H., Appl. 

Catal A:General, 2002, 233, 215 . 

II. van Steen, E., Claeys, M., Dry, M. , Viljoen, E., van de Loosdrecht, J. , Visagie, 

J.L. , J. Phys. Chern. B. , 2005 , 109, 3575. 

12. van Berge, P.J. , van de Loosdrecht J. , Visagie, J.L. , US 6, 385 , 690, 2004, 

Sasol. 

98 

13. 

14. 

15. 

16. 

17. 

18. 

19. 

20. 

21. 

22. 

23. 

24. 

Chapter 5 

Kim, C.J., EP 0339923 AI, 1989, Exxon. 

Kim, C.J., US 5,227,407, 1993, Exxon. 

Huffman, G.P., Shah, N. , Zhao, J., Huggins, F.E., Hoost, T.E., Halvorsen, S., 

Goodwin, G.J. , J. Catal. , 1995, 151 , 17. 

Schulz, H., van Steen, E., Claeys, M., Stud. Surf. Sci . Catal., 1994,81,455. 

Kiss, G. , Kliewer, C.E. , DeMartin, G.J., Culross, C.C., Baumgartner, J.E., J. 

Catal.,2003,217, 127. 

Gunter, P.L.J., Niemantsverdriet, J. W., Ribeiro, F.H., Somorjai, G.A. Catal. 

Rev. Sci. Eng., 1997, 39 (1-2), 77. 

Coulier, L. , de Beer, V.H.J., van Veen, J .A.R., Niemantsverdriet, J.W., Topics 

Catal., 2000, 13, 99. 

Kishan, G., Coulier, L., de Beer, V.H.J. , van Veen , J.A.R. , Niemantsverdriet, 

J.W., J. Catal., 2000, 196, 180. 

Coulier, L., de Beer, V.H.J ., van Veen, J.A.R., Niemantsverdriet, J.W., J. 

Catal. 2001, 197, 26. 

Kishan , G. , Coulier, L. , van Veen, J.A.R. , Niemantsverdriet, J.W., J. Catal. 

2001 , 200, 194. 

Thune, P.C., Verhagen, C.P.J., van den Boer M.J., Niemantsverdriet, J.W., J. 

Phys. Chern. B, 1997, 101 , 8559. 

Thune, P.C., Niemantsverdriet, J.W., Isr. Chern., 1998, 38, 385. 

25. Kuipers, E.W., Laszlo, C., Wieldraaijer, W. , Catal. Lett., 1993, 17, 71. 

26. Zhuravlev, L.T., Colloids and Surfaces A: Physio. Eng. Aspects, 2000, 173, I. 

99 



27. 

28. 

Surface oxidation study of nano-sized cobalt crystallites 

Borgna, A., Anderson, B.G. , Saib, A.M., Bluhm, H., Havecker, M. , Knop

Gericke, A., Kuiper, A.E.T. , Tamminga, Y., Niemantsverdriet, J.W. , 1. Phys. 

Chern., 2004, 108, 17905. 

Knop-Gericke, A., Havecker, M., Schedel-Niedrig, T. , Schogl, R., Topics in 

Catal., 2000, 10, 187. 

29. Niemantsverdriet, J.W. , Engelen, A.F.P., de Jong, A.M. , Wieldraaijer W. and 

Kramer, G. J., Appl. Surf. Sci., 1999, 144, 367. 

30. Sexton, B.A., Hughes, A.E., Tumey, T.W., J. Catal., 1986, 97, 360. 

31. Chin, R.L. , Hercules. D.M., 1. Phys. Chem. , 1982, 86, 360. 

32. Ernst, 8 ., Hilaire, L. , Kiennemann, A., Catal. Today, 1999, 50, 413. 

33 . Backman, L., Rautiainen, A., Lindblad, M., Jylha, 0 . and Krause, A.O.I., 

Appl. Cat. A:General , 200 l , 208, 223 

34. Ertl, G., Knozinger, H., Weitkamp J., (Eds.), "Handbook of Heterogeneous 

Catalysis", Wiley-VCH., Weinheim, Volt , 1997, P.l94. 

35. Bazin, D, Kovacs, I. , Guczi, L., Parent, P., Laffon, C., de Groth, F., Ducreux, 

0., Lynch, J., J. Catal., 2000, 189, 456. 

36. Puskas, I. , Fleisch, T.H. , Hall, J.B., Meyers, B.L. and Roginski , R.T., 1. Catal. , 

1992, 134,615. 

37. van Steen, E., Sewell, G.S., Makhothe, R.A., Mickelthwaite, C., Manstein, H., 

de Lange, M. , O'Connor, C.T., J. Catal., 1996, 162, 220. 

38. Ming, Hand Baker, B.G., Appl. Catal. A:General, 1995, 123,23. 

39. Potoczna-Petru, D., Krajczyk, L., Catal. Lett., 2003, 87, 51. 

40. Anderson, J.R. , Structure of metallic catalyst, Academic Press, London, 1975, 

P. 207. 

100 

41. 

42. 

43. 

Chapter 5 

Che. M. , "Proceedings, 101
h International Congress on Catalysis", Budapest, 

1992" (Guczi, L., Solymosi, F., Teteni, P., Eds.), P. 31, Elsevier, Amsterdam, 

1993 . 

Romanowski, W., Surf. Sci., 1969, 18, 373. 

Cyrot-Lackmann, F., Surf. Sci., 1969, 15, 535. 

101 



Chapter 6 
Cobalt Fischer-Tropsch synthesis: Deactivation by 

oxidation 

Abstract 

Cobalt catalysts as used in the FTS are relatively expensive (as compared to iron) and 

need to have a high metal dispersion and long life to be able to offer a good balance 

between cost and performance. The oxidation of nano-sized metallic cobalt to cobalt 

oxide during Fischer-Tropsch synthesis has long been postulated as a major deactivation 

mechanism. However, to date there is no consistent picture. This study is aimed at 

integrating all the research perfonned (chapter 3-5) and reconciling this data with all the 

literature data so as to create a common view on the oxidation behaviour of cobalt. For 

this purpose a detailed literature review on deactivation of supported cobalt Fischer

Tropsch synthesis (FTS) catalysts by oxidation is presented. Most authors agree that bulk 

oxidation of cobalt is not favourable under realistic FTS conditions and further concur on 

the size dependency of the oxidation behaviour of cobalt. Furthermore, it appears from 

literature that cobalt crystallites < 5-l 0 nm undergo oxidation during FTS. To verify the 

oxidation behaviour of cobalt in detail a combined approach of model systems (spherical 

and flat model Co/Si02) and a supported industrial catalyst (Co/Pt/AhOJ) was imperative 

(Chapter 3-5). Each system allowed a specific issue to be addressed. From these studies 

using a combination of XANES and NEXAFS it was concluded that although the 

oxidation of cobalt is crystallite size dependant, during realistic FTS conditions, 

oxidation can be ruled out as a major deactivation mechanism of supported cobalt 

catalysts with cobalt crystallites > 4-6 nm. The large discrepancies in literature on the 

oxidation behaviour of cobalt are due to the lack of direct characterisation of the cobalt 
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oxidation state and due to the comparison of catalysts with varying cobalt crystallites 

compared at different reactor partial pressures of hydrogen and water (PH20/PH2). Taking 

this into account it was shown that the oxidation of cobalt can be explained by a 

combination of the reactor partial pressures of hydrogen and water (PH2o/PH2) and the 

cobalt crystallite size and appears to be independent of the support. 

6.1 Introduction 

Supported cobalt catalysts are receiving widespread attention as the preferred Fischer

Tropsch synthesis (FTS) catalyst for the Gas-To-Liquids (GTL) process [ 1]. GTL on a 

global scale is already making its mark with many of the multi national oil companies 

(Sasol-Chevron, Shell, Exxon, Syntroleum, ConocoPhillips) announcing to build GTL 

facilities in Qatar [2]. On a commercial scale, Shell is operating a supported cobalt 

catalyst in a fixed bed reactor, as part of their 12000 barrels per day Shell Middle 

Distillate Synthesis (SMDS) process in Bintulu, Malaysia [3]. Sasol is currently 

constructing a 34000 barrels per day GTL plant in Ras Laffan, Qatar, which is based on 

the Sasol Slurry Phase DistillateTM (Sasol SPDTM) process [4] . Global growth for clean 

diesel fuel and the historically high crude oil price are the major drivers for GTL [2]. 

Cobalt catalysts as used in the FTS are relatively expensive (as compared to iron) and 

need to have a high metal dispersion and long life to be able to offer [5] a good balance 

between cost and performance. Hence, the development of economically attractive cobalt 

based FTS catalysts with a high stability requires detailed fundamental understanding of 

the deactivation mechanisms at play for supported nano-sized cobalt crystallites. The 

oxidation of cobalt metal to cobalt oxide or cobalt aluminate (for alumina supported 

cobalt catalysts) by the product water has long been postulated to be a major deactivation 

of supported cobalt FTS catalysts [6, 9, 18-38]. In general, although a lot of research has 

been carried out with the aim of proving that oxidation is indeed a deactivation 

mechanism of cobalt based FTS catalysts, to date there is no consistent picture [6, 9, 13-

46] . 

The first objective of this study was to summarise the open literature dealing with the 

oxidation of supported cobalt catalysts making clear the common views in literature and 
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the points of disagreement. Thereafter, the highlights of all the experiments performed in 

Chapter 3-5 aimed at increasing understanding on the oxidation behaviour of nano-sized 

cobalt crystallites are presented in a results section. For experimental details refer to 

Chapter 3-5 . The second objective of this study was, based on all the research carried out 

to date, to integrate and reconcile the apparent contradictions with respect to oxidation as 

a deactivation mechanism for supported cobalt-based FTS catalysts. 

6.2 Summary of open literature 

6.2.1 Thermodynamic analysis of the oxidation of bulk cobalt metal 

In order to understand the effect of water on the oxidation behaviour of cobalt based 

Fischer-Tropsch catalysts, a bulk phase thermodynamic evaluation (Figure I) was carried 

out by Van Berge et al. [6]. 

The Fischer-Tropsch synthesis region specified 111 Figure I , was based on realistic 

Fischer-Tropsch synthesis conditions assuming a gradient less slurry phase reactor: 

reactor pressure of 20 bar, reactor temperature of 170-240 °C, synthesis gas composition 

of 67 vol. % Hz and 33 vol. % CO, and a %(Hz +CO) conversion of 50-70. These 

Fischer-Tropsch conditions result in a hydrogen partial pressure between 6.5 and 

9.2 bars, and a water partial pressure between 4.6 and 7.6 bars, thus a PHz/PHzo ratio 

between 0.9-2.00. The equilibrium constant (K.:q) versus temperature curves of 

equations (I) Co+ Aiz03 + HzO <=:> CoAlz0 4 +Hz and (2) Co + HzO <=:> CoO + Hz in 

Figure 1 are in good agreement with previous publications, i.e. [7] and [8] respectively. 

104 

Cha ter 6 

100.000 

~ Co0 

10.000 
-

0 
1.000 CoAI20 4 Typical FT 't 

conditions a. 
~ 
a. 
..!!... 

.} 0.100 

0.010 (2) 

CoO,CoAI204 
0.001 

100 150 200 250 300 350 

T (°C) 

Figure I. Thermodynamic equilibrium constants K.,q, which is equal to PH2/PHzo, for two 

selected cobalt oxidation reactions, i.e. (I) Co + Alz03 + HzO ¢:;> CoAlz04 + Hz and (2) 

Co + H20 ¢:;> CoO + H2 (Note: the thermodynamic equilibrium for the oxidation of cobalt 

to Co30 4 is not shown as this is about 4 orders of magnitude lower than that of the 

oxidation to CoO) (adapted from reference [6]). 

Seen that the thermodynamic equilibrium constants (Keq) for both the oxidation of cobalt 

metal to CoO is lower than typical PH2/ ?H2o ratios observed during Fischer-Tropsch 

synthesis conditions, it was concluded that the oxidation of bulk cobalt metal is not 

spontaneous. The thermodynamic equilibrium for the oxidation of cobalt to Co304 is not 

shown in Figure I as this is about 4 orders of magnitude lower than that of the oxidation 

to CoO. However, according to Figure I, for Co/ Alz03 catalysts, the oxidation of cobalt 

to CoAlz04-spinel is thermodynamically spontaneous. It was argued that the formation of 

CoAlz04 is kinetically restricted [8] . This statement was supported by the observation [8] 

that relatively severe hydrothermal treatment (i.e. steam at 500-800 °C) of Co/ AlzOJ is 

required for the formation of the CoAlz04 -spinel. 
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6.2.2. Thermodynamic analysis of nano-sized cobalt crystallites 

Although bulk oxidation of cobalt metal is thermodynamically not favourable, a recent 

study showed that oxidation of nano-sized cobalt crystallites seems to be 

thermodynamically possible at realistic Fischer-Tropsch synthesis conditions [9]. This is 

due to the contribution of the surface energy of nano-sized cobalt crystallites to the 

overall oxidation process. The surface energy of a metal can be regarded to be 

proportional to the number of broken bonds. These broken bonds will increase as the 

metal crystallite becomes smaller and increases in curvature [ 10, 11]. Hence, smaller 

cobalt crystallites will have a higher propensity to oxidize than larger ones. It should be 

noted that although in general the surface energy of small crystallites increases with 

decreasing diameter exceptions have been observed for gold crystallites which deviate for 

closed shell structures [ 12]. 

The thermodynamic stability of nano-sized cobalt crystallites was calculated by taking 

the surface energy of Co(O) and Co(II)O into account [9]. It was assumed that no defects 

and stacking faults are present. The fact that cobalt oxide can react with the support and 

form, for example, cobalt aluminate was also not considered. 

The following equation [9], 

o o o o PH2 6 ·Yco Ycoo Pco 
J..lcoO(s} + J..lH2(g) - J..lco(s} - J..lH20(g) + RT ·ln(--J + . d · -- · [---] - 1 > 0 [ % ~ 

PH20 eco Co Yeo ecoo 

was used to conclude that for spherical cobalt crystallites the reduced state, i.e. Co+ H20 , 

is energetically favoured over the state containing CoO + H2 (i .e. reduction) if the above 

sum is > 0. From these calculations (Figure 2) it was concluded that cobalt crystallites < 

4-5 nm will oxidise under FTS conditions, i.e. PH2o/PH2 = 1-1.5. It was also reported [9] 

that these thermodynamic calculations were not very sensitive to the temperature changes 

in the FTS regime, i.e. increasing the temperature from 220 to 230°C decreased the cobalt 

crystallite size that should oxidise from 4.4 to 4.3 nm (i.e. at PH20/PH2 ratio of 1.5). 
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Figure 2. Stability region of spherical P-Co (fcc) and Co(II)O crystals in H20 /H2 

atmospheres at 220oc as a function of the diameter of a spherical metallic Co crystallite 

(dotted line Y~-Co ± 15%) (adapted from [9]). 

6.2.3 Unsupported cobalt catalysts 

Kim [13, 14] showed that the addition of water to the syngas feed at low CO conversions 

increased the activity of unsupported cobalt based Fischer-Tropsch synthesis catalysts. 

Similarly, Das et al. [ 15] showed that the addition of water to the syngas feed increased 

the activity of an unsupported cobalt catalyst. Bertole et al. [16] concluded from isotopic 

labelling experiments that water partial pressures of 4 and 8 bar decrease the FTS activity 

of unsupported cobalt catalysts irreversibly. This was explained by sintering. For 

unsupported catalysts with cobalt crystallites > ca. 30 nm it is generally agreed that water 

at low partial pressures has a positive effect. 

6.2.4 Alumina supported cobalt catalysts 

Huffman et al. [17] showed using in-situ XANES/EXAFS that a Co/Ab03 catalyst did 

not oxidize during FTS ( 190-200°C; I bar, PH20= 0.025 bar, H2/C0=3). The addition of 

potassium as a promoter to the Col Ah03 catalyst was found to induce oxidation of the 

metallic cobalt at the same conditions. 
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Schanke et al. ( 18-20] reported that oxidation of cobalt to cobalt oxide can be regarded as 

a possible deactivation mechanism, as based on model experiments applying 

Thermogravimetric Analysis (TGA) and X-Ray Photoelectron Spectroscopy (XPS) and 

water co-feeding experiments in a fixed bed reactor. They used cobalt on alumina 

catalysts with a cobalt loading between 18 and 30m%. Water co-feeding during FTS in a 

fixed bed showed a rapid deactivation which was attributed to surface oxidation or 

oxidation of small cobalt crystallites. The TGA experiments performed on the 

18m%Co/ A)z03 catalyst did not show oxidation [ 18] at the following conditions: 250°C, 

PH2o=5.5 bar, PH2=0.55 bar, Pco=O bar, P1o1= 10bar. At the same conditions, TGA 

experiments on a 21 m%Coll m%Re/ A)z03 catalyst did show oxidation of cobalt 

crystallites. It was mentioned that the oxidation is most likely surface cobalt oxidation or 

oxidation of small cobalt crystallites. In support of the TGA experiments XPS 

experiments [ 18] on the 21 m%Coll m% Re/ Ah03 catalyst did show oxidation of surface 

cobalt or of small cobalt crystallites at similar conditions, i.e 200°C, PH20=S bar, 

PH2= IS bar, Pco=O bar, P,o,=20bar. 

Hi! men et al. (21-23] studied, similarly to the Schanke et al. papers [ 18-20], the 

deactivation mechanism of unpromoted and Re promoted Co/A)z03 catalysts under 

model conditions with XPS, TPR, TPD and gravimetry as well as by fixed bed reactor 

FTS experiments, using co-feeding of water. Both unpromoted and Re promoted 

Col A)z03 catalysts showed a decrease in theFTS activity when the water partial pressure 

was increased. The Re promoted 17m%Co/ A)z03 catalyst was found to undergo slight 

oxidation as observed with TPR and gravimetry. TPD and pulse adsorption indicated a 

large decrease in cobalt metallic surface area. Surface oxidation of cobalt was also 

observed for theRe promoted Co/A[z03 with XPS under model conditions (H20/H2 = 1, 

250 °C, I 0 bar, PHzo = 5 bar). The re-oxidation of cobalt was found to increase with PHzo 

and the pH20/PH2 ratio. From these studies it was concluded that small cobalt crystallites 

or surface oxidation of cobalt was responsible for the deactivation during FTS. On the 

contrary for the unpromoted Co/ Ah03 catalyst a slight reduction was observed with XPS 

under model conditions (HzO/Hz = 10, 250 °C, 10 bar, PH20 = 5 bar) . 
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Rothaemel et al. [24] and Hanssen et al. [25] studied the effect of water during FTS on 

the number of active sites on a Co/Alz03 and Co/Re/Ah03 catalyst using steady-state 

isotopic transient kinetic analysis (SSITKA). Co-feeding of water was shown to decrease 

the number of active sites during FTS. This loss of active sites was explained by surface 

oxidation of the metallic cobalt during water treatment. 

Van Berge and co-workers [6, 26-28] showed that for a 20m%Co/Pt/A)z03 catalyst the 

addition of 40 % water under FTS conditions, i.e. 220 °C, 20 bar, 50-70 % syngas 

conversion, in a laboratory micro CSTR brought about an irreversible deactivation. The 

negative effect of water was explained by the oxidation of small metallic cobalt 

crystallites. Kinetic inhibition of water due to competitive chemisorption was not 

observed. Model experiments (Hz/HzO = 0-0.3, PHzo = 0.025 bar, 150 °C) on a 9m% 

Co/Pt/Ah03 catalyst, prepared by incipient wetness impregnation, using Mossbauer 

emission spectroscopy and thennogravimetric analyses showed that the degree of 

oxidation of Co/Pt/Ah03 catalysts depends on the PHz/PHzo ratio (6, 27] . Model 

experiments at higher water partial pressures (i.e. PHzo = 5.0 bar, H20 /Hz= 1.0, 150 oq on 

a 12m% Co/Pt/ Alz03 catalyst, prepared by slurry impregnation, did not show any 

oxidation of the cobalt metal [28], on the contrary it reduced even further. Van Berge et. 

al. further hypothesised that Co crystallites below 10 nm will oxidise during realistic FTS 

conditions [29]. 

Jacobs et al. [30] analysed wax coated spent Co/Ru// Ab03 (Co size = 6 nm, Hz 

chemisorption) catalysts following FTS (220°C, P = 18-20bar, Hz/CO = 2) with XANES 

and found oxidation of a fraction of the spent catalysts. They concluded that small cobalt 

crystallites oxidised during FTS to Co30 4 or cobalt aluminate. The XANES analyses of 

spent catalysts protected in a blanket of FT wax was new in the field and allowed for the 

first time direct characterisation of the oxidation state of spent FTS catalysts. Similarly 

for unpromoted, Pt promoted and Ru promoted Co/ Ab03 catalysts (Co size = 6 nm, H2 

chemisorption) oxidation of a fraction of the catalyst to Co30 4 or cobalt aluminate was 

found with XANES following FTS testing (220 °C, P = 18 bar, Hz/ CO = 2) [31]. Again it 
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was concluded that the fraction that did oxidise is most likely the small cobalt clusters. 

Slight cobalt aluminate formation was also observed by Das et al. for a Re promoted 

Col Ah03 catalyst tested at 220 °C, Hz/ CO =2, P = 20 bar [32]. 

Li et al. [33] studied the influence of co-fed water on the deactivation of Pt promoted 

Co/Aiz03 catalysts (Co size= 6 nm, Hz chemisorption) during FTS (210 °C, P = 29 bar, 

H2/CO = 2). Water was shown to have a reversible effect at low amounts in the reactor, 

i.e< ca. PHzo/PHz = 0.5. However when the PH20/PHz = 0.6 in the reactor an irreversible 

deactivation of the Pt promoted Co/Ah03 catalyst was observed. From this and an 

increase in the C02 selectivity it was suggested that the catalyst underwent oxidation to 

cobalt oxide or cobalt aluminate. Similarly for a Pt promoted Col AhOJ (Co size = 6 nm, 

Hz chemisorption) catalyst Jacobs et al. [34] concluded using water co-feeding 

experiments during FTS that at Pmo1PH2 < 0.6 in the reactor reversible deactivation takes 

place with no changes in the cobalt structure as observed with XANES. However when a 

higher PH2o/PH2 ratio in the reactor is used, i.e. > 0.6, irreversible deactivation of the 

catalyst takes place. From XANES analyses it was concluded that cobalt oxidation took 

place, including cobalt aluminate formation. Jacobs et al. also studied the oxidation 

behaviour of unpromoted alumina supported cobalt catalysts, containing 15 and 25 m% 

cobalt [35], using water co-feeding during FTS. The 25m% Co/AhOJ catalyst did not 

deactivate irreversibly under the conditions: 210°C, Ptot=20 bar; PH2o=7.7 bar, 

PH2=6.2 bar, and XANES analysis confirmed that oxidation did not occur. The 

15m% Co/ Ah03 catalyst did however show irreversible deactivation during FTS 

(conditions: 220°C, P101= 19.7 bar; PH20=7 .4 bar, PH2=8.1 bar), which was explained by 

oxidation and the subsequent formation of cobalt-aluminate, as observed by XANES 

analyses. 

In general, for alumina supported cobalt catalysts most authors postulate that surface 

oxidation or the oxidation of small cobalt crystallites is responsible for a significant part 

of the deactivation observed during FTS. However, there is no agreement on this 

threshold value above which cobalt is stable against oxidation. Furthermore, many 

110 

Cha ter 6 

postulate that this deactivation, i.e. oxidation, is dependant on the PH2o/PH2 ratio and the 

total water partial pressure. 

6.2.5 Silica supported cobalt catalysts 

Kiss et al. [36] observed for a 44m% Co!Re/Si02 catalyst with predominantly 5 nm 

cobalt crystallites (from TEM) irreversible deactivation during Fischer Tropsch synthesis 

(220°C, Ptot=20 bar; 94% syngas conversion; PH2o= l3.1 bar, PH2=2.1 bar, Pc0 =0.4 bar). 

This irreversible deactivation was ascribed to oxidation of cobalt to a needle-like cobalt

silicate structure. Although cobalt silicate formation was observed part of the deactivation 

could be ascribed to sintering. Similarly, Kogelbauer et a!. reported [3 7] that a Co/Si02 

catalysts formed cobalt silicates as determined with TPR following FTS (220-240°C, 

P101= 31 bar, H2/CO = 2). Also Huber et al. [38] reported that Co/SiOz catalysts 

deactivated irreversibly during Fischer-Tropsch synthesis, due to water induced 

formation of cobalt-silicates, which thus has to involve cobalt oxidation as a first step. 

Iglesia [39, 40] concluded that cobalt crystallites below 5-6 nm will oxidise and 

deactivate rapidly under realistic FTS conditions. 

On the contrary, for a Co/Si02 catalyst Krishnamoorthy et al. [41] found no detrimental 

effect of the water partial pressure on theFTS activity. Similarly, Bian et al. [42] reported 

that Co/Si02 catalysts with cobalt crystallite sizes of I 0 and 29 nm did not oxidise during 

FTS as measured with EXAFS and XRD under the following FTS conditions: 

200-240°C, P =I 0 bar; 90% H2+CO conversion. Ernst et al. [ 43] reported that a 25wt% 

Co/Si02 catalyst did not show any oxidation as measured with EXAFS/ XRD during FTS 

(I bar, 220°C). Li et al. [44] reported that addition of water to silica supported catalysts 

increased the FTS activity, although high water partial pressures did have a negative 

effect on the FTS activity. 

The oxidation behaviour of silica supported cobalt catalysts although not clear seems to 

be related to the reaction conditions especially the water partial pressure and the cobalt 

crystallite size. 
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6.2.6 Titania supported cobalt catalysts 
. . h ~ ed at low CO conversions 

Kim [ 13, 14] showed that the addt twn of water to t e syngas e 

increased the activity of Ti02 supported cobalt based Fischer-Tropsch synthesis catalysts. 

lt was postulated that the positive effect of water is due to a reversal of the encapsulation 

of the cobalt crystal with titania [ 13, 14]. Li et al. investigated the effect of water on the 

performance of titania supported ruthenium promoted cobalt based FTS catalysts ~ 45], 

and found only reversible deactivation during Fischer-Tropsch synthesis at relattvely 

mild conditions. At more severe FTS conditions permanent deactivation did occur. 

Bertole et al. [ 16] concluded from isotopic labelling experiments that water partial 

pressures of 2 bars increased the FTS activity of a Ti02 supported rhenium promoted 

cobalt catalysts. 

For titania supported cobalt catalysts the addition of water seems to improve the activity 

f the catalysts during FTS (low conversions) similar to unsupported cobalt catalysts and 
0 . 1 
in many cases to silica supported cobalt catalysts. However, increased water partta 

pressures are detrimental to the activity . Although it is postulated that the positive effect 

of water for Co/Ti02 catalysts is due to a reversal of the encapsulation of the cobalt 

I 
· h .· · [13 14] it is also plausible that it is a crystallite size effect. 

crysta wtt tttama , 

6.2.7 Comparisons between catalysts on different supports 

Stora:ter et al. examined [46] the influence of water during FTS on unpromoted andRe 

promoted cobalt catalysts supported on alumina, silica and titania. Water was found to 

increase the deactivation of the unpromoted and Re promoted Co/Ah03 catalysts. 

Whereas for the promoted and Re promoted Co/Si02 and Co/Ti02 catalyst the activity 

was found to go through a maximum as a function of water partial pressure. This appears 

to be in agreement with most of research performed on supported cobalt catalysts. 

Li et al. [ 45] mentioned that for the research results obtained in the group of Davis . [30-

35, 44] the following trends seem to be valid: (i) for titania supported catalyst there IS no 

effect of water addition, (ii) silica supported catalysts show an improvement when water 

is co-fed and (iii) alumina supported catalyst decrease in activity when water is added. lt 
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was also mentioned [45] that this so-called support effect might be a cobalt crystallite 

size effect, as the cobalt crystallite size decreases in the following order: Si02 (13.2 nm) 

> Ti02 (8.5 nm) > Ab03 (5.6 nrn). 

In general, most authors agree that bulk oxidation of cobalt is not favourable under 

realistic FTS conditions and further concur on the size dependency of the oxidation 

behaviour of cobalt [6, 9, 18-23, 26-29, 30, 31 , 39, 40]. However, to date there is no 

experimental evidence for this size dependency and no agreement on this threshold value 

above which cobalt is stable against oxidation. Hence, a detailed study aimed at verifying 

the crystallite size dependency of the oxidation behaviour of cobalt and the threshold 

value above which cobalt is stable against oxidation during FTS was performed 

(Chapter 3-5). The highlights of these results are presented below. 

6.3 Results: Oxidation of supported nano-sized cobalt crystallites by 

water 

To verify the crystallite size dependency of the oxidation of cobalt, spherical model 

Co/SiOz catalysts of differing size (3 -4 nm (Co-4 nm), 8-13 nm (Co-l 0 nm), 15-25 nm 

(Co-25 nm) were prepared (for details see Chapter 3). The crystallite size distributions 

were characterised with transmission electron microscopy and dynamic-in-situ X-ray 

diffraction. Thereafter the oxidation behaviour of the spherical Co/Si02 model catalysts 

of varying cobalt crystallite size, i.e. Co-4, Co-10 and Co-25 nm was studied using in-situ 

XANES. The model catalysts were reduced in-situ (450-500 °C in hydrogen) and 

subsequently exposed to a model oxidation environment (in-situ model oxidation 

conditions: 2 °C/min to 300-400 °C in H20 /He (PH2o = 0.04 bar-0.3 bar) with a spectrum 

measured every ca. 40 °C). The spherical Co/Si02 model catalyst with large cobalt 

crystallites (Co-25 nrn) was found to undergo very little oxidation, i.e . < 2 %, up to 

300 °C in a H20/He (PH2o = 0.04 bar) environment (Figure 3a). Upon increasing the 

water partial pressure to 0.3 bar at I 00 °C a little more oxidation was observed (5 %). In 

general under these conditions the spherical Co/Si02 model catalyst with large cobalt 

crystallites (Co-25 nm) was difficult to oxidise with water. The spherical Co/Si02 model 

catalyst with medium cobalt crystallites (Co-l 0 nm) was found to undergo significant 
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oxidation at I 00 °C and reached a maximum of 30 % oxidation at 300 "C in a HzO/He 

(PHzo = 0.04 bar) environment (Figure 3b). The spherical Co/SiOz model catalyst with 

small cobalt crystallites (Co-4 nm) was found to undergo, surprisingly, no oxidation up to 

temperatures of 400 °C (H20/He, PHzo = 0.04 bar) even at higher water partial pressures 

of 0.3 bar. This was attributed to encapsulation of the nano-sized cobalt crystallites with 

silica (Figure 4). 

CoO reference compound 

400"C, He!Hp , PHp"" 0.3 bar, 65% Co~ 

400"C, He!Hp. PHp = 0.04 bar 

360 "C, He!Hp, PH20 = 0.04 bar 

320 "C. He!Hp . PHp = 0.04 bar 

280 "c , He1Hp. PHp = 0.04 bar 

240 "C, He!Hp. PHp = 0.04 bar 

200 "C, He!Hp, PHp = 0.04 bar 

160"C, He!Hp. PHp = 0.04 bar 

r-------------- 120 "C, He/H
2
0 , PHp = 0.04 bar 3/1; 80 •c. He/H,O. PH,O = 0.04 bar 

~ Reduced at 500 °C. in H, . 65% co• 

Metallic cobalt reference compound 

7700 77>0 7800 7850 

Energy (eV) 

Figure 3a. (l) TEM characterisation of the Co/Si02 model catalyst. (2) Model oxidation 

study of study of spherical Co/Si02 model catalyst with large cobalt crystallites 

(Co-25 nm). In-situ model oxidation conditions: 2 °C/min to 300 °C in H20 /He (PHzo = 

0.04 bar-0.3 bar) with a spectrum measured every ca. 40 °C. 
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7700 ""' 
Energy (eV) 

CoO reference compound 

300 "C, He!Hp , PH,P = 0.04 bar, 58% Co" 

260 "C, HetHp, PH
2
0 = 0.04 bar 

---------- 220 "c. He!Hp, PH,p = 0.04 bar 

180 "C, He!Hp, PH20 = 0.04 bar 

140 "C, He!Hp , PHp = 0.04 bar 

100 "C, He/H
2
0, PH

2
0 = 0.04 bar 

Reduced at 450 °C, in H
2

, 88 % Co" 

Metallic cobalt reference compound 

7800 78<1J 

Figure 3b. (1) TEM characterisation of the Co/Si02 model catalyst. (2) Model oxidation 

study of study of spherical Co/SiOz model catalyst with medium cobalt crystallites 

(Co-l 0 nm). In-situ model oxidation conditions: 2 °C/min to 300 "C in H20 /He 

(PHzo = 0.04 bar) with a spectrum measured every ca. 40 °C 

Figure 4. TEM analyses of the spherical 5 wt.% Co/Si02 model catalyst with small 

cobalt crystallites (Co-4 nm) following reduction at 700 °C in pure hydrogen. (arrows 

indicate silica migration). 
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To study the susceptibility of nano-sized cobalt crystallites to oxidation at realistic FTS 

conditions a series of proprietary Co/Pt/Ab03 catalyst with predominantly 6 nm cobalt 

crystallites were taken from a 100-barrel/day slurry bubble column reactor, operated at 

commercially relevant FTS conditions, i.e. 230 °C, 20 bar, (H2+CO) conversion between 

50-70%, feed gas composition of ca. 50 vol.% H 2 and 25 vol.% CO, PHzo/PHz = 1-1.5, 

PH2o = 4-6 bars, and quantitatively characterised using XANES (for detail see chapter 5). 

The activity profile of the catalyst is presented in Figure 5. It can be seen from Figure 5 

that deactivation occurred during the first 30 days, after which the activity stabilized. To 

study whether cobalt crystallites of 6 nm oxidise during FTS, wax coated samples were 

removed from the FTS reactor over a 140-day period and analysed with XANES 

(Figure 6). 
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Figure 5. Relative intrinsic activity factor (RIAF) for a Co/Pt/ Al203 catalyst during 

realistic Fischer-Tropsch synthesis. 
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Figure 6. XANES analysis of a series of spent Co/Pt/ Ab03 catalyst samples taken from a 

100-barrel/day slurry bubble column reactor operated at commercially relevant FTS 

conditions. 

It can be seen from Figure 6 that this cobalt catalyst does not undergo oxidation to CoO 

or cobalt aluminate under realistic FTS conditions. In contrary the catalyst was found to 

undergo reduction 
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To study the surface oxidation behaviour of nano-sized cobalt crystallites close to that 

reported in literature for the oxidation of cobalt (i.e. 5-l 0 nm [6, 9, 45] ) well-defined 

Co/Si02/Si (I 00) flat model catalysts with metallic cobalt crystallites of 4-5 nm were 

prepared (for details see chapter 4). The cobalt crystallite size was characterised with 

AFM (Figure 7). The surface oxidation behaviour of these nano-sized metallic cobalt 

crystallites was studied using in-situ Near-Edge X-ray Absorption Fine Structure 

(NEXAFS) at model conditions i.e. Hz/HzO = I, PTotal =0.4 mbar, 150 °C-450 °C 

(Figure 8). The model conditions used ensured similar hydrogen to water partial pressure 

ratios as applied during realistic FTS, but in the absence of wax, which would otherwise 

complicate surface characterisation. No surface oxidation of metallic cobalt was observed 

under these model FTS conditions over a wide temperature range, i.e. 150-400 oc. 

nM 

(b) I 

6 

4 

2 

HIBB 2BBB nM 

Figure 7. (a) AFM analyses of a calcined (250 °C, 20 % Oz/Ar) and reduced (425 -

500 °C, H2) 2 Co atomlnm2 planar Co/Si02/Si( I 00) model catalyst prepared by spin 

coating an acidified, i.e. pH = 3, Co(N03) 2.6H20 solution (b) Height analyses of the 

planar Co/Si02/Si( l 00) model catalyst as indicated by the line in Figure 7a. 
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Figure 8. Model oxidation study of a reduced (0.2 mbar hydrogen, 4 °C/min to 500 °C) 

planar Co/Si02/Si(IOO) model catalyst (2 Co atomlnm2
) exposed for 10 min to H2/H20 

= I, PT =0.4 mbar at !50 °C, 200 °C, 250 °C, 300 °C, 350 °C, 400 °C, 450 °C. Thereafter 

the catalyst was exposed to 0.2 mbar of H 20 at 450 °C. 

6.4 Discussion 

6.4.1 Crystallite size dependency of the oxidation behaviour of cobalt 

The primary objective of this study was to understand the oxidation behaviour of nano

sized cobalt crystallites during FTS with the aim of verifying the hypothesis that cobalt 

crystallites < 5-10 nm undergo oxidation during realistic FTS. For this a combination of 

model systems (spherical and flat model Co/Si02) and a supported industrial catalyst 

(Co/Pt/Alz03) was used. Each system was necessary and allowed a detailed 

understanding of the oxidation behaviour of nano-sized cobalt crystallites. 
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Using the spherical model catalysts which are highly suited for transmission electron 

microscopy characterization it was shown that indeed, as many authors alluded to [6, 9, 

18-23, 26-29, 30, 31, 39, 40], the oxidation of cobalt is crystallite size dependant. 

Spherical model catalysts with large cobalt crystallites (Co-25-nm) were found to be 

more resistant towards oxidation, i.e. in a pure water environment, than spherical model 

catalyst with medium sized cobalt crystallites (Co-l 0 nm). The size dependency of the 

oxidation of cobalt is due to the increase in the degree of unsaturation for smaller cobalt 

crystallites which results in an increased surface energy [10, II]. Overall the oxidation of 

cobalt with water was found to be a slow process as reported previously [6]. The lack of 

oxidation of the small cobalt crystallites were attributed to encapsulation of the cobalt 

with silica. 

Seen that theFTS is a complex reaction, the most conclusive and reliable way to evaluate 

whether cobalt crystallites < 5-10 nm undergo oxidation during realistic FTS is to 

characterise the oxidation state of the industrial catalyst in an in-situ or semi/pseudo in

situ manner. For this XANES was used. XANES is a powerful and sensitive technique 

that is able to differentiate between Co0
, CoO, Co304 and in some cases CoAb04. With 

XANES, wax protected catalysts removed from the reactor were characterised directly 

without affecting the oxidation state of the sample ("pseudo-in-situ"). This combination, 

i.e. atomic sensitive and selective characterisation technique and catalytic testing at 

commercially relevant FTS conditions, made it possible to conclude confidently on the 

oxidation behaviour of supported nano-sized cobalt crystallites at realistic FTS 

conditions. 

The XANES measurements showed that nano-size cobalt crystallites of 6 nm supported 

on alumina do not undergo oxidation to cobalt oxide or cobalt aluminate at elevated PH2o, 

i.e Pmo = 4-6 bars, and realistic PH2ofPH2 ratios, i.e 1-1.5. Instead, a further reduction of 

unreduced cobalt was observed, i.e. the metallic content of the catalyst increased from 53 

% to 89 %. This highlights the strong reducing environment during FTS. This reduction 

of un-reduced nano-sized cobalt crystallites has not been observed previously during FTS 

and is most likely due to the lack of direct characterisation techniques coupled with the 
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lack of quantification of the oxidations states of the catalyst during early stages of FTS 

where most of the reduction takes place(< 3 days) [30, 31]. In support of this, Craje et 

al. [28] and Schanke et al. [21] did observe a reduction for Co/ Ah03 catalysts at model 

FTS conditions, i.e. H2/H20 mixtures, using Mossbauer spectroscopy and XPS, 

respectively. Hence, this reduction appears to be not driven by CO, a stronger reducing 

agent than hydrogen, exclusively. Due to this reduction sustained surface oxidation of 

cobalt during FTS can be ruled out. The mechanism of the reduction of cobalt oxide to 

cobalt metal is not clear and more research is needed to unravel this and understand the 

implications of this, if any, on the deactivation behaviour of cobalt. 

From these measurements it was concluded that oxidation can be ruled out as a major 

deactivation mechanism for alumina supported cobalt catalysts with cobalt crystallite 

:::: 6 nm (practical synthesis range) [18-35] . 

To study directly the surface oxidation behaviour of nano-sized cobalt crystallites as 

reported in literature [ 18-23, 30, 31] a flat model catalyst (Co/Si02/Si( 1 00)) with 

predominantly 4-5 nm cobalt crystallites was characterised with in-situ NEXAFS under 

model FTS conditions, i.e. PH2/PH20 = I, Protal =0.4 mbar, !50 °C-450 °C. The in-situ 

NEXAFS measurements showed that Co crystallites >4-5 nm do not undergo surface 

oxidation to cobalt oxide at FTS conditions (230 °C, PH2/PH2o = I). Even at a temperature 

of 400 °C no surface oxidation of these nano-sized cobalt crystallites ( 4-5 nm) was 

observed. This is in agreement with the surface thermodynamic study of van Steen et al. 

[9], i.e. the surface energy contribution of cobalt crystallites > 4-5 nm on a planar model 

silica support is not sufficient to cause surface oxidation to cobalt oxide under these 

model FTS conditions. 

Based on these XANES results at realistic FTS condition and NEXAFS results at model 

FTS conditions it can be concluded that during FTS, oxidation can be ruled out as a major 

deactivation mechanism of supported cobalt catalysts with cobalt crystallites > 4-6 nm. 

This disproves the common view in literature [ 18-35]. 
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6.4.2 Intergration of open literature and current results on the oxidation of 

supported cobalt catalysts 

The apparent discrepancy in literature on the oxidation of cobalt as a deactivation 

mechanism is partly due to the comparison of FTS catalysts made up of different support 

materials (Si02, Ti02 and Ah03), different promoters and different preparation methods 

mostly compared at different FTS process conditions (temperature and pressure). These 

variables will affect amongst others, the reactor ratio of the PHzo/PHz and the resulting 

cobalt crystallite size distribution, which will therefore affect the tendency of the catalyst 

to oxidise [9]. Furthermore, the complexity of the influences of water on cobalt supported 

catalysts, i.e. oxidation of Co to CoO [6, 9], oxidation of existing CoO in contact with the 

support to cobalt support compounds [6], sintering [36], support migration [47, 49-51] , 

surface reconstruction and/or oxidation of the defects which are known to significantly 

enhance activity [48, 54] also contributes to the apparent discrepancy. All of the above 

mentioned deactivation mechanisms could occur during the addition of water and would 

vary from system to system. Hence, reported oxidation of cobalt based on indirect 

techniques that do not monitor the oxidation state of the cobalt directly will overestimate 

the degree of oxidation. 

In an attempt to consolidate the current data (i.e. Section 3) with the open literature data 

(Section 2), it was decided to compare all available data to the thermodynamic data, on 

the stability of nano-sized cobalt crystallites, as reported by van Steen et al. [9]. 

According to these "surface" thermodynamics the tendency of the cobalt crystallites to 

oxidise is related to the combination of the cobalt crystallite size and the ratio of the 

reactor partial pressures of water and hydrogen, i.e. PHzo/PH2. 

Only literature data where the oxidation state of cobalt was directly measured were used 

[ 18, 21 , 30, 31, 34, 35, 36, 40, 42, 55, 56] . For the open literature results, it was 

sometimes necessary to calculate hydrogen and water reactor partial pressures from the 

data available in the literature (e.g. syngas conversion, total pressure, feed composition). 

Furthermore, on a few occasions where oxidation to cobalt aluminate was observed it was 

only reported that this oxidation is due to a fraction of small cobalt crystallites. In this 
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case a crystallite size band was used [ 18, 21, 30, 31]. Since, there is no direct evidence 

for the oxidation of this small fraction of tiny cobalt crystallites, it is also plausible that 

the observed oxidation is due to cobalt aluminate formation at the interface of the cobalt 

crystallite and alumina support. This could also be assisted by defects in the support. The 

data used for this consolidation are shown in Table I. Although data only on silica and 

alumina supported cobalt catalysts are reported , the general perception for titania is that 

it does not undergo oxidation during FTS [13, 14, 16, 45]. The data that were re

calculated and estimated are shown in italics in Table I. Note that the temperature at 

which the experiments were performed varied between 200 and 250°C [30-34]. Van 

Steen et al. [9] showed only a small change in the data between 220 and 230°C. No large 

changes between 200 and 250°C are therefore expected. 

A combination of the open literature data where the oxidation of cobalt was directly 

measured and the current results are presented in Figure 9. It can be seen that there is a 

good agreement between the reported data on oxidation and the "surface" 

thermodynamics data especially for the region of "no oxidation". This shows that the 

literature reported data, which seem to be in contradiction with each other, are in better 

agreement if only the results are compared where oxidation was directly observed by a 

suitable characterization technique and when viewed as a function of cobalt crystallite 

size and the ratio of reactor partial pressures of hydrogen and water (PHzo/PHz). To 

strengthen this belief, more data is needed in the area of oxidation, i.e. Co crystallites 

< 5-7 nm. From Table I and Figure 9 there also appears to be no effect of the support, i.e. 

silica versus alumina. Taking all of this into account it appears that the oxidation of 

cobalt can be prevented by the correct combination of the reactor partial pressures of 

hydrogen and water (PH2o/PH2) and the cobalt crystallite size. 
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Table 1: Summary of the open literature as well as current data on the effect of the 

water/hydrogen reactor ratio combined with the cobalt crystallite size on the occurrence 

of oxidation during FTS. (PH2o/PH2 data in "italics" were re-calculated; cobalt sizes in 

"italics" were estimated) 

Author 

Schanke [18] 

Hilmen [21] 

Iglesia 2[ 401 
Jacobs [30] 

Jacobs 1[34] 

Jacobs 1 [31] 

Jacobs 1 [35] 

Kiss 2[36] 
Bian 2 [42] 

Saib 2[55] 
Saib 1[561 

(I) Co/AI20 3 

(2) Co/SiOz 

Cobalt size 
(nm) 

25 
15 

<15 
16 
10 

<10 
4 
6 

<6 
6 
6 
6 

<6 
6 
12 
53 

10 
29 
4.5 

6, 15 

PHzo/PHz in 
reactor 

0.33 
0.33 
0.33 
10 
10 
10 

0.74 
0.16 
0.16 
0.56 
0.60 
0.38 
0.38 
0.91 
1.24 
6.55 
6.11 
6.11 
1.0 

\.0-1.5 

Oxidation Oxidation analysis 

(Yes/No) technique 

No XPS 

No XPS 

Yes XPS 

No XPS 
No XPS 
Yes XPS 

Yes -
No XANES 

Yes XANES 

No XANES/EXAFS 

Yes XANES/EXAFS 

No XANES 

Yes XANES 

Yes XANES/EXAFS 

No XANES/EXAFS 

Yes TEM 

No EXAFS/XRD 

No EXAFS/XRD 

No NEXAFS 

No XAN ES/XRD/magnetic 

(3) Although reported as oxidation of 5-6 nm Co crystallites from TEM it's not clear whether only the 

small cobalt crystallites were oxidised to cobalt silicate. 
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Figure 9. Summary of the open literature (section 2) as well as current data (section 3) 

on the effect of the water/hydrogen reactor ratio as a function of cobalt crystallite size on 

the oxidation behaviour of cobalt. All the data are superimposed on the thermodynamic 

equilibrium data (solid line) generated by Van Steen et al. [9] for nano-sized cobalt 

crystallites. 

6.5 Conclusions 

For understanding and verifying the oxidation behaviour of nano-sized cobalt crystallites 

a combined approach of model catalysts, i.e. flat and spherical model Co/Si02 tested at 

model conditions and an industrial catalyst (Co/Pt/Al20 3) tested at realistic FTS 

conditions was essential. Each system was complementary and allowed a specific issue to 

be addressed thereby providing a detailed picture on the oxidation behaviour of cobalt. 

Using well-defined spherical Co/Si02 model catalysts with nano-sized cobalt crystallites 

of 3-4, 8-13 and 15-30 nm, it was shown that the oxidation of cobalt is crystallite size 

dependant as postulated in literature. The Co/Si02 model catalyst with small cobalt 
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crystallites (3-4 nm) was surprisingly found to undergo no surface oxidation under 

H20/He mixtures (0.04-0.3 bar) up to 400 °C using in-situ XANES. This was attributed 

to encapsulation of the cobalt with silica during reduction. The medium sized cobalt 

crystallites were more sensitive to oxidation than the larger sized cobalt crystallites 

indicating the size dependency of the oxidation of cobalt in the absence of encapsulation. 

Overall the oxidation of cobalt under model conditions was slow. 

Although oxidation of cobalt is crystallite size dependant, "pseudo-in-situ" XANES 

analyses of wax coated Co/Ah03 catalysts with predominantly 6 nm cobalt crystallites 

were found to not undergo surface or bulk oxidation to cobalt oxide or cobalt aluminate 

during realistic FTS, i.e. 230 °C, 20 bar, (H2+CO) conversion between 50-70 %, feed gas 

composition of ca. 50 vol. % H2 and 25 vol. %CO, PH2o/PH2 = 1-1.5 , PH2o = 4-6 bar. This 

is in agreement with the thermodynamic analyses performed by Van Steen et al. [9]. In 

support of this, surface oxidation study of a flat model catalyst with predominantly 4-5 

nm cobalt crystallites showed no surface oxidation as observed with in-situ NEXAFS at 

model FTS conditions , i.e. 230 °C, PH2/PH20 = I. Based on these XANES results at 

realistic FTS condition and NEXAFS results at model FTS conditions it can be concluded 

that during FTS, oxidation can be ruled out as a major deactivation mechanism of 

supported cobalt catalysts with cobalt crystallites > 4-6 nm. This disproves the common 

view in literature [ 18-35]. 

The large discrepancies in literature on the oxidation behaviour of cobalt are due to the 

lack of direct characterisation of the cobalt oxidation state and due to the comparison of 

catalysts with varying cobalt crystallites compared at different reactor partial pressures 

of hydrogen and water (PH2o/PH2). A better agreement of all the data (literature and 

current study) was obtained when only the results where oxidation was directly observed 

by a suitable characterization technique was viewed as a function of cobalt crystallite size 

and the ratio of reactor partial pressures of hydrogen and water (PH2o/PHz). Hence, 

oxidation of cobalt can be prevented by the correct combination of the reactor partial 

pressures of hydrogen and water (PH2o/PI-!2) and the cobalt crystallite size. 
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Chapter 7 

Summary and future perspectives 

The synthesis of liquid fuel from natural gas, i.e. gas to liquids (GTL), via the Fischer

Tropsch synthesis (FTS) process continues to be an attractive option for monetising 

stranded natural gas and has potential to revolutionise the fuel industry. GTL on a global 

scale is already making its mark with many of the multi national oil companies (Sasol

Chevron, Shell, Exxon, Syntroleum, ConocoPhillips) announcing to build GTL facilities 

mainly in Qatar. Supported cobalt catalysts are the preferred Fischer-Tropsch synthesis 

(FTS) catalyst for the GTL process. This is due to the high per pass conversion, low 

water gas shift activity and paraffinic nature of the resulting synthetic crude. However, 

cobalt catalysts as used in the FTS are relatively expensive (as compared to iron) and 

need to have a high metal dispersion and long life to be able to offer a good balance 

between cost and performance. Hence, the development of economically attractive cobalt 

based FTS catalysts with a high activity and stability requires detailed fundamental 

understanding of the deactivation mechanisms at play for supported nano-sized cobalt 

crystallites. 

Oxidation of cobalt metal to cobalt oxide by means of water has long been postulated as 

a major deactivation mechanism during Fischer-Tropsch synthesis (FTS) which is 

thought to be related to the cobalt crystallite size distribution. To ensure the optimum 

usage of cobalt, i.e. high dispersion combined with a high activity and stability, this study 

focused on understanding the oxidation behaviour of nano-sized cobalt crystallites with 

the aim of verifying the hypothesis that cobalt crystallites < 5-l 0 nm undergo oxidation 

during FTS. If true, this would then imply that the cobalt crystallite size distribution must 

be tailored, i.e. Co crystallite size > 10 nm, in order to produce a stable and active FTS 
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catalyst. A combined approach was used where spherical model Co/Si02 catalysts, a 

planar Co/Si02/Si( 1 00) catalyst and an industrial Co/ Al20 3 catalyst were tested under 

model and realistic FTS conditions. Each system allowed a specific issue to be addressed 

and provided a detailed understanding of the oxidation behaviour of nano-sized cobalt 

crystallites. The catalysts were characterised with high resolution transmission electron 

microscopy, atomic force microscopy (HRTEM), Rutherford back scattering (RBS), 

X-ray photoelectron spectroscopy (XPS), temperature programmed reduction (TPR), 

Dynamic in-situ X-ray Diffraction (DXRD), in-situ X-ray Absorption Near Edge 

Spectroscopy (XANES) and in-situ Near Edge X-ray Absorption Spectroscopy 

(NEXAFS). 

To study the crystallite size dependency of the oxidation behaviour of cobalt it was 

essential to produce catalysts where the cobalt crystallite size distribution could be 

accurately determined. For this spherical model catalysts were found to be most suitable. 

The major advantage of the spherical model catalysts is that it allows for the viewing of 

nano-sized crystallites in profile with High Resolution Transmission Electron 

Microscopy (HRTEM). Furthermore, with the spherical model catalyst the metal 

loadings are sufficiently high enough so that a wide range of characterisation techniques, 

that are normally accessible to high surface area catalysts, can be used. Reasonably well

defined Co/Si02 model catalysts with nano-sized cobalt crystallites of 4-5, 8-13 and 15-

30 nm were prepared on silica spheres. The Co/Si02 model catalyst with small cobalt 

crystallites ( 4-5 nm) was surprisingly found to undergo no oxidation under H20/He 

mixtures (0.04-0.3 bar) up to 400 °C using in-situ XANES. This was attributed to 

encapsulation of the cobalt crystallites with silica during reduction as observed with 

HRTEM. The medium sized cobalt crystallites (8-13 nm) at similar conditions were 

found to be more sensitive to oxidation than the larger sized cobalt crystallites 

( 15-30 nm) indicating the size dependency of the oxidation of cobalt in the absence of 

encapsulation. The size dependency of the oxidation of cobalt is due to the increase in the 

degree of unsaturation for smaller cobalt crystallites which results in an increased surface 

energy and consequently an increased propensity for cobalt to oxidise. Overall the 

oxidation of cobalt with water was found to be a slow process. 
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To confidently verify the hypothesis that cobalt crystallites < 5-l 0 nm undergo oxidation 

during realistic FTS it was essential to characterise the oxidation state of the industrial 

catalyst in an in-situ or close to in-situ manner. For this XANES was used and proved 

very useful. Wax protected samples of an industrial Co/Pt/Ah03 catalyst with 

predominantly 6 nm cobalt crystallites were taken from a I 00-bbl/day slurry bubble 

column reactor operated at commercial FTS conditions, i.e. 230 °C, 20 bar, (Hz+CO) 

conversion between 50-70 %, feed gas composition of ca. 50 vol. % Hz and 25 vol. % 

CO, pH2o/PH2 = 1-1.5, and quantitatively characterised by X-ray Absorption Near Edge 

Spectroscopy (XANES). This combination, i.e. atomic sensitive and selective 

characterization technique (XANES) and catalytic testing at commercially relevant FTS 

conditions in a I 00 barrel/day bubble column slurry reactor, made it possible to conclude 

confidently on the oxidation behaviour of supported nano-sized cobalt crystallites at 

realistic FTS conditions. 

It was clear from the XANES measurements that during realistic FTS conditions cobalt 

crystallites of 2: 6 nm supported on alumina were stable against oxidation to cobalt oxide 

or cobalt aluminate. Instead a further reduction of unreduced cobalt was observed. This 

highlights, to the contrary, the strong reducing environment during FTS. This is in 

agreement with the thermodynamic analyses of nano-sized cobalt crystallites performed 

by Van Steen et al. (see Chapter 6) . The reduction of cobalt during FTS has not been 

observed previously and underscores the complexity of the FTS and the need for such 

direct and near in-situ characterisation. The mechanism of the reduction of cobalt oxide 

to cobalt metal is not clear as yet and more research is needed in this area. 

To verify the surface stability of nano-sized cobalt crystallites against oxidation a planar 

Co/Si02/Si (100) model catalyst with well-defined cobalt crystallites (4-5 nm) was 

prepared by the spin coating method. This wet chemical impregnation method mimics 

well the often used impregnation method for the preparation of industrial high surface 

area catalysts and combined with the planar model support produces a 2-dimensional 

analogue of a supported high surface area catalyst. The most important advantage of such 

a system is the ability to characterise it extensively using surface science techniques. 

Seen that catalysis is a surface phenomena it was essential to obtain surface information 
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with regards to deactivation by oxidation The surface oxidation behaviour of these nano

sized cobalt crystallites ( 4-5 nm) was studied using in-situ Near-Edge X-ray Absorption 

Fine Structure (NEXAFS) under model FTS conditions, i.e. PH2o/PH2= I , Protal =0.4 

mbar, !50 °C-450 °C. No surface oxidation of cobalt was observed under these model 

FTS conditions over a wide temperature range, i.e. 150-400 °C. Hence, cobalt crystallites 

2: 4-5 nm are not expected to undergo surface oxidation during FTS (230 °C and PH2o/PH2 

= 1). 

Based on these XANES results at realistic FTS conditions and NEXAFS results at model 

FTS conditions, it was concluded that during FTS, oxidation can be ruled out as a major 

deactivation mechanism of supported cobalt catalysts with cobalt crystallites >4-6 nm. 

This disproves the common view in literature. 

Using the knowledge gained in the current study an attempt was made to reconcile the 

apparent discrepancy in open literature on the oxidation of cobalt during FTS. It was 

found that the large discrepancies in literature on the oxidation behaviour of cobalt are 

due to the lack of direct characterisation of the cobalt oxidation state and due to the 

comparison of catalysts with varying cobalt crystallites compared at different reactor 

partial pressures of hydrogen and water (PH2o/PH2). A better agreement of all the data 

(literature and current study) was obtained when only the results where oxidation was 

directly observed by a suitable characterization technique was viewed as a function of 

cobalt crystallite size and the ratio of reactor partial pressures of hydrogen and water 

(PH2o/PH2) (Figure 1). Hence, oxidation of cobalt can be prevented by the correct 

combination of the reactor partial pressures of hydrogen and water (PH2o/PH2) and the 

cobalt crystallite size. 
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Figure 1. Summary of the open literature data as well as data generated in this study on 

the effect of the water/hydrogen reactor ratio as a function of cobalt crystallite size, on 

the oxidation behaviour of cobalt. All the data are superimposed on the thermodynamic 

equilibrium data (solid line) generated by Van Steen et al. (Chapter 6) for nano-sized 

cobalt crystallites. 

The elimination of oxidation as a major deactivation mechanism during FTS means that 

a substantial part of catalyst deactivation during FTS is not understood to date (Figure 2). 

To ensure the long term competitiveness of GTL it is essential to understand the cause of 

this deactivation during FTS and minimise it by improved catalyst design. 
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Figure 2. Relative intrinsic activity factor (RIAF) for a Co/Pt/ Ab03 catalyst during 

realistic Fischer-Tropsch synthesis. 

The following deactivation mechanisms observed in literature could be responsible for a 

major part of the deactivation in Figure 2: 

Sintering of the support and/or cobalt metal. 

Carbon deposition due to rapid CO dissociation at defects on the Co surface or 

due to the strength of the resulting metal and carbon bond at selective Co sites. 

Support migration possibly assisted by the strong reducing environment during 

FTS. 

Surface reconstruction possibly driven by theFTS gas environment. 

Gas feed impurities can be minimised by synthesis gas purification steps and are 

therefore not considered to contribute significantly to the observed deactivation. 

Hence, for the synthesis of a highly active and stable FTS catalyst, all of these potential 

deactivation mechanisms need to be evaluated and understood. Apart from sintering, the 
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remainder of the deactivation mechanisms are not generally easy to characterise 

especially on the commercial catalyst. Hence, to unravel and explain the deactivation of 

Figure 2 there is a strong need for more fundamental understanding of the FTS and the 

need to develop new characterisation techniques. For this molecular modelling could 

play a vital role in screening the potential of these deactivation mechanisms as a first 

step. Other techniques like in-situ TEM, synchrotron XRD and high pressure STM 

could prove useful. 
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Samenvatting 

De synthese van vloeibare koolwaterstoffen uit aardgas, ook wei GTL of Gas-To-Liquids 

genoemd, via het Fischer-Tropsch proces is een aantrekkelijke mogelijkheid om methaan 

als bijproduct van oliewinning om te zetten in brandstoffen. Verwacht wordt dat GTL

processen de brandstoffenindustrie ingrijpend zullen veranderen. GTL-technologie wordt 

momenteel ontwikkeld in diverse multinationale oliemaatschappijen zoals Sasoi

Chevron, Shell, ExxonMobil, Syntroleum, en ConocoPhillips. De eerste drie hebben 

vergevorderde plannen voor de bouw van GTL-installaties in Qatar. 

Kobalt op drager is de Fischer-Tropsch katalysator bij uitstek voor het GTL proces, 

dankzij de hoge activiteit en selectiviteit voor lange koolwaterstoffen . Echter, kobalt is 

een relatief duur metaal en daarom dienen de katalysatoren een hoge metaaldispersie en 

een lange levensduur te hebben om een goede balans tussen kosten en baten te kunnen 

bieden. Het ontwikkelen van zulke katalysatoren met een hoge activiteit en stabiliteit 

vraagt om gedetailleerd inzicht in de mechanismen die een rol spelen in de deactivering 

van kleine kobalt nanokristallieten. 

Oxidatie van kobaltmetaal door middel van water wordt algemeen beschouwd als de 

belangrijkste reden voor het verlies van activiteit tijdens de Fischer-Tropsch synthese, 

waarbij voorts wordt aangenomen dat kleine deeltjes sneller oxideren dan grotere. Dit 

onderzoek richt zich op het oxidatiegedrag van kobalt nanodeeltjes met als doe! om de 

hypothese te verifieren dat kobaltkristallieten met afmetingen tussen 5 en I 0 nm 

oxideren tijdens de Fischer-Tropsch reactie. Als dit inderdaad zo is, dan is de belangrijke 

consequentie dat bereidingsprocedures deeltjegroottes van ten rninste 10 nm moeten 

opleveren om een stabiele en actieve katalysator te verkrijgen. 
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In dit onderzoek is gebruik gemaakt van verschillende kobaltkatalysatoren: 

• een modelsysteem met kobaltdeeltjes op een bolvormige drager, dat bij uitstek 

geschikt is voor hoge resolutie transmissie electronenmicroscopie, 

• een modelsysteem bestaande uit deeltjes op een vlakke drager, voor het kunnen 

toepassen van surface-science achtige methoden en scanning force microscopie, 

en 

• een industriele Co/Ah03 katalysator die onder realistische Fischer-Tropsch 

condities is getest. 

De modellen en de echte katalysator zijn uitgebreid gekarakteriseerd met X-ray 

absorptie- (XANES, EXAFS, NEXAFS) en foto-electronspectroscopie (XPS), diffractie 

(XRD), temperatuurgeprogrammeerde reductie (TPR), en microscopie (TEM, SEM, 

AFM). 

Bolvorrnige Co/Si02 modelkatalysatoren met gescheiden deel~jesgrootteverdelingen van 

3-4, 8-13 and 15-30 nm werden gesynthetiseerd door de metaal-dragerinteractie te 

controleren tijdens de impregnatiefase. De Co/SiOz modelkatalysatoren met de kleinste 

deeltjes (3-4 nm) bleken niet te oxideren in water/helium mengsels (0.04-0.3 bar HzO) 

tot vrij hoge temperaturen (400 °C). Dit is toegeschreven aan inkapseling van het kobalt 

in silica tijdens de reductie. Grotere kobaltdeeltjes zijn echter gevoeliger voor oxidatie, 

waarbij de intermediaire deeltjes van 8-13 nm meer oxideren dan de allergrootsten, 

hetgeen aangeeft dat oxidatie inderdaad afhankelijk is van de deeltjesgrootte. 

Ter verificatie van de hypothese dat kleine kobaltdeeltjes (5-I 0 nm) tijdens de Fischer

Tropsch synthese oxideren zijn industriele Co/Pt/AhOJ katalysatoren op verschillende 

tijdstippen uit een slurry bed reactor gehaald en onder was bewaard zodat oxidatie aan de 

Iucht kon worden uitgesloten. Deze samples zijn vervolgens aan synchrotrons 

onderzocht met X-ray Absorption Near Edge Spectroscopy (XANES). Deze metingen 

toonden onomstotelijk aan dat de 6 nm kobaltdeeltjes op alumina resistent zijn tegen 

oxidatie, in tegenstelling tot hetgeen in de literatuur wordt aangenomen. 

Om de stabiliteit van het kobaltoppervlak ten opzichte van water in de Fischer-Tropsch 

synthese te onderzoeken, zijn in situ synchrotron experimenten met behulp van Near-
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Edge X-ray Absorption Fine Structure (NEXAFS) uitgevoerd aan een vlakke Co/Si02/Si 

(100) model katalysator met kobalt kristallieten van 3-4 nm grootte onder gesimuleerde 

Fischer-Tropsch condities. Ook in deze situatie werd oxidatie van het kobalt niet 

waargenomen. 

Het onderzoek beschreven in dit proefschrift wijst uit dat oxidatie van kobalt ten gevolge 

van water lang niet zo gemakkelijk verloopt als in de Fischer-Tropsch literatuur 

algemeen wordt aangenomen. De conclusie is dan ook dat oxidatie niet verantwoordelijk 

kan zijn voor de deactivering van kobalt Fischer-Tropsch katalysatoren. 
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Oil , discovered in 1859 in USA, has long been a source of cheap 
energy upon which the modern global economy has been built. 
The high demand for oil over the recent years has put strain 
on the world's oil resources and has led many to predict that 
oil production is peaking throughout the world. This premise 
together with the increase in demand for cleaner fuels has 
created an overwhelming push for alternate fuels . The conversion 
of natural gas to environmentally friendly diesel via the 
"Fischer-Tropsch synthesis (FTS) process" stands out as the most 
promising and proven technology to meet this demand and 
has potential to revolutionize the fuel industry. Supported cobalt 
catalysts are the system of choice for the FTS due to the high 
activity and selectivity to linear paraffins. However, cobalt based 
FTS catalysts are relatively expensive and therefore need to 
have a long lifetime to remain economically attractive. Oxidation 
of metallic cobalt to cobalt oxide by means of water has long been 
postulated as a major deactivation mechanism during FTS. 
This study focuses on understanding the oxidation behaviour 
of nano-sized cobalt particles with the aim of improving catalyst 
life and the economics of the process. 


