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 Chapter 1

Introduction 

After the 1920s discovery of the Fischer-Tropsch process that converts a mixture of carbon 

monoxide and hydrogen to hydrocarbons, interest in Fischer-Tropsch technology as an al-

ternative source of fuels has been in spurts, driven by wars, political situations and fluctuat-

ing oil price and availability [1], [2].  

This chapter covers the history and relevance of the Fischer-Tropsch synthesis (Section 1.1), 

gives an introduction to the Fischer-Tropsch process (Section 1.2) and describes carbon 

nanotubes as a potential support for cobalt-based Fischer-Tropsch catalysts (Section 1.3). The 

last section will describe the scope of this thesis. 

1.1 History and relevance of the Fischer-Tropsch synthesis 

In the 1920s, the Germans Franz Fischer and Hans Tropsch reported about a catalytic pro-

cess to convert a mixture of carbon monoxide and hydrogen (synthesis gas or syngas) into 

hydrocarbons. The main development took place at the Kaiser Wilhelm Institute for Coal 

Research (presently Max Plank Institute) in Mülheim (Ruhr) in collaboration with Ruhr-

chemie [3]. Just before World War II, by 1938, nine Fischer-Tropsch synthesis (FTS) plants in 

Germany had a combined capacity of 591 kt/y [4], roughly equal to 12,000 bbl/d [5]. The 

plants were built in an attempt to overcome shortages resulting from import restrictions 

during the war and were used to produce fuel, lubricants and fatty acids [6], [7]. The process 

was cobalt catalyzed and used syngas produced from coal. The plants were responsible for 

the production of a significant part of the gasoline used in Germany during World War II: in 

1943, the annual gasoline production by the FT process reached the notable amount of 

368,000 metric tons [8]. In May 1944 the allies started bombing synthetic oil plants resulting 

in a reduction in monthly production from 316,000 metric tons when the attacks began to 

17,000 metric tons in September 1944. The facilities were recovered somewhat but until the 

end of the war, production remained a fraction of the pre-attack output [9]. After the war, 

operation of the FTS plants in West Germany stopped and some plants in East Germany 

were confiscated by the Soviet Union. Research and development continued in the United 

States, the United Kingdom and West Germany. In the 1950s, the price of natural gas in-

creased causing a 360 kt/y plant in Brownsville, TX, USA using syngas obtained from natu-
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ral gas to be closed and the research and development on the FTS decreased [2], [8], [10], 

except for South Africa: from the 1950s South Africa built coal-to-liquid (CTL) plants 

through which oil independence was guaranteed during apartheid. South African Synthetic 

Oil Limited (SASOL) is still producing CTL fuels. From the 1970s onwards FT research has 

regained interest [11]. 

As is the case for most countries, Germany and South Africa do not possess sufficient oil 

resources and are thus dependent on other countries. However, both countries do possess 

large amounts of coal and by using the Fischer-Tropsch process to convert coal into liquids 

the countries circumvented this dependency for fuel supply. More recently, in 2009, Russia 

shut off natural gas supply to Ukraine in a price conflict [12]. The need for a stable and in-

dependent fuel supply is obvious (although both Germany and The Netherlands have de-

cided to stop coal mining [13], [14]). 

The syngas used by Germany and South Africa was produced from coal. The conversion of 

coal via the Fischer-Tropsch synthesis is abbreviated as coal to liquid, or CTL. Syngas can 

also be obtained from feedstocks other than coal, e.g. natural gas for gas to liquid (GTL), 

biomass for biomass to liquid (BTL) and waste [15]. The general term for conversion of any 

feedstock to liquids via FTS or other methods is anything to liquid (XTL).  

Driving forces for the Fischer-Tropsch process are not just geopolitical. It has been calculated 

before (2005) that Fischer-Tropsch alternatives to oil become economically competitive when 

oil prices rise above a certain amount [16]. Figure 1.1 illustrates the oil price has been higher 

from 1974 to 1985 and since 2004 for GTL. It should be noted that the prices of crude oil and 

other feedstocks are not stable and might increase further as well as decrease, for instance 

due to other (unconventional) oil and gas production methods or improved transport effi-

ciency such as new pipelines. The authors of the 2005 calculation did not include variable 

feedstock prices in their calculation.  

One of the reasons for the unstable oil price are the limited and uncertain worldwide oil re-

serves. At the moment, in addition to the widely available coal, the world possesses large 

amounts of natural gas for which the ratio of proved reserves to annual production (R/P) is 

larger than the R/P of oil [5]. A significant portion of these gas reserves has been assigned 

‘stranded’ because shipping in a gaseous form from the remote location is not economically 

viable [3]. Furthermore, an equivalent of 30% of the European Union’s gas consumption is 

flared globally as an undesired by-product of oil production [17]. The stranded gas can be 

directly converted to shippable hydrocarbon liquids by liquefaction to liquid natural gas 

(LNG), or indirectly by conversion to methanol, ammonia or urea and FTS [1]. The markets 

and economic incentives for ammonia, urea and methanol are small compared to FT liquids 

and LNG.  
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LNG has a thermal efficiency of around 88% (meaning 12% of feedstock energy is needed to 

produce the final hydrocarbon product) which is high compared to the 60% of GTL. The 

carbon efficiency of the GTL process is around 77% with the remainder of the carbon from 

the feedstock being converted to CO2. LNG production on the other hand has a carbon effi-

ciency of around 88% [19]. Clearly, BTL processes are therefore favored as in that case the 

CO2 produced does not originate from fossil feedstocks. However it should be noted that 

these numbers are limited to production, transportation to the production site and to the 

consumer are not taken into account. 

Emissions resulting from the combustion of fuels (e.g. SOx, and fine dust) are highly regulat-

ed and thus cleaner fuels are required [20]. FT fuels contain fewer impurities than conven-

tionally produced fuels. Sulfur is removed to a large extent in the production of syngas up-

stream from the FT reactors and the products are free from nitrogen compounds [21] and 

corrosion causing metal impurities that are present in crude oil (such as Ni, V, Fe, Cu [22]). 

As a result, SOx emissions are low when burning FT diesel compared to conventional diesel 

or biodiesel. Another important property is the high cetane number of FT diesel that is pro-

duced from FT products that contain a large concentration of linear alkanes and are free of 

polycyclic aromatic molecules. Combustion of a fuel without aromatic molecules results in 

very low soot and fine dust generation [23]. 

 
Figure 1.1 Historic crude oil price, inflation corrected (2012) [5]. FTS products become competitive 

when oil prices rise above US$75/bbl for BTL, $60/bbl for CTL and $36/bbl for GTL [16], assuming the 

feedstock prices are constant. Due to inflation, these amounts were equivalent to $88.17, $70.54 and 

$42.32 in 2012, respectively [18]. The horizontal lines show when Fischer-Tropsch alternatives from 

biomass, coal and natural gas become competitive. 
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Two large GTL plants have recently been built by SASOL and Shell in Qatar, the latter with 

a capacity of 260,000 bbl/d [24]. Another 96,000 bbl/d GTL facility is being planned by SA-

SOL in Westlake, Louisiana, USA [25], [26]. Chevron is developing a 33,000 bbl/d GTL facili-

ty in Escravos, Nigeria [27]. China is also active: in 2010, a total FT capacity of 7500 bbl/d 

was operating, with another 600,000 bbl/d CTL capacity being planned [5], [28]. 

1.2 The Fischer-Tropsch Synthesis 

The Fischer-Tropsch process is an exothermic process that converts syngas into hydrocar-

bons. Alkanes are formed following Equation (1.1) and depending on the catalyst and reac-

tion conditions other reactions can also occur. Alkenes are formed following Equation (1.2) 

and alcohols following Equation (1.3). The water gas shift reaction (WGS, Equation (1.4)) 

converts water and carbon monoxide to hydrogen and carbon dioxide and vice versa. The 

average heat released per ‘CH2’ unit is 145 kJ/mol [1], other changes in enthalpy were ob-

tained from heat balance calculations in Outukumpu HSC Chemistry for Windows 4.1. 

The catalysts investigated in this work are cobalt FT catalysts. The amount of oxygenates 

formed on this type of catalysts is very low [29]. Therefore, oxygenates will be neglected. 

This section covers the product distribution (Subsection 1.2.1) and the reaction conditions 

(Subsection 1.2.3). Subsection 1.2.2 gives an introduction to catalysts used in FTS. 

1.2.1 Product distribution 

The products formed by FTS follow the Anderson-Schulz-Flory (ASF) distribution [1]. The 

kinetics are schematically drawn in Figure 1.2. A CnHx unit bound to the surface of the cata-

lyst has a probability   to grow to a longer chain Cn+1Hy and a probability       to desorb 

as CnHz. The chain growth probability factor α depends on various process parameters such 

as the catalyst composition and process conditions including syngas composition, tempera-

ture and pressure [1]. 

The weight fraction Wn of hydrocarbon molecules containing n carbon atoms is described by 

Equation (1.5).  

         
  (kJ/mol)  

alkanes (2n + 1) H2 + n CO  CnH(2n+2) + n H2O         (n=1),         (n=2) (1.1) 

alkenes 2n H2 + n CO  CnH2n + n H2O         (n=2) (1.2) 

alcohols 2n H2 + n CO  CnH2n+1OH + (n − 1) H2O        (n=1) (1.3) 

WGS CO + H2O  CO2 + H2        (1.4) 

                     (1.5) 
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Figure 1.2 Generalized ASF pathway for catalyst surface bound CnHx species. 

In Figure 1.3, it can be seen that for low values of α the main product is methane and a sys-

tem with high values of  yields long chain hydrocarbons which are solid at room tempera-

ture. For the production of liquid transportation fuels, the waxes are then hydrocracked 

producing large amounts of high quality diesel [2]. 

 
Figure 1.3 Product distribution expected from ASF kinetics. 

1.2.2 Catalysts 

Catalysts increase the rate of a reaction by lowering the activation energy, without being 

consumed. As mentioned in the previous subsection, the product distribution depends on 

the catalyst composition. A successful catalyst has high selectivity towards the desired 

products, is stable over prolonged periods of time and is highly active. Catalyst design is 

thus the key to economic viability for industrial processes.  

In heterogeneous catalysis, the metals are often supported on metal oxides like SiO2,TiO2 or 

Al2O3, some of which are reducible [29]. Using a support enables obtaining metal nanoparti-

cles which have a high surface to volume ratio. As catalytic reactions occur on the metal sur-

face, smaller particles result in a higher catalytic activity per unit mass and volume of the 

metal. Most support materials have high porosity enabling a high metal surface density and 

can facilitate heat transfer. Supported metal nanoparticles often have high stability. The 

metal oxide support might also be chemically active influencing catalytic properties.  
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Although catalysts are not consumed during the reaction, catalysts do face deactivation. This 

can be caused by various factors, including poisoning, net particle growth decreasing the 

specific surface area, carbon effects and fouling and oxidation [30], [31]. This section covers 

the deactivation factors that are relevant for the FT reaction. 

Through poisoning, a compound other than the reactant binds strongly to a catalytically 

active site, thereby physically blocking the site. Sulfur is such a strong poisonous compound. 

Depending on the system it might even electronically modify neighboring metal atoms. Due 

to this electronic modification, one sulfur atom is able to block more than the two active sites 

blocked geometrically [32]. Other poisoning compounds are less studied and include nitro-

gen and alkali metals [30]. It is clear that impurities in the syngas are a major concern. Impu-

rities are removed from the syngas feed up to a large extent but even traces can have a sig-

nificant influence. Therefore, more robust catalysts are desired when the syngas contains 

sulfur and the catalyst of choice depends on the syngas feedstock. Although sulfur is often 

undesired, recent research has found that sulfur might also have a promoting effect [33]. 

Two mechanisms exist for net particle growth, illustrated in Figure 1.4. Due to the increased 

temperature at which reactions take place, metal atoms and crystallites are more mobile than 

at room temperature. Coalescence occurs when two clusters touch or collide and merge to 

form one bigger cluster. In contrast, Ostwald ripening takes place when single atoms are 

released from one cluster and transferred to another, increasing the size of the latter. This is 

a dynamic process, but the rate of loss from the smaller cluster is higher because of the lower 

average coordination of atoms. Therefore, big clusters get bigger and small clusters eventu-

ally disappear [34]. Strongly interacting supports like Al2O3 retard crystallite diffusion [30].  

 

Figure 1.4 Particle growth mechanisms: coalescence and Ostwald ripening (taken from [34]). 
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The rate at which the particle growth occurs is thus dependent on the support material. The 

atmosphere is also important: it is known that a high relative humidity induces particle 

growth [35]. Furthermore, the temperature to which catalysts are exposed also plays a role. 

Depending on the crystal structure, atoms can already become mobile at the Hüttig tempera-

ture which is semi-empirical related to the melting point according to Equation (1.6), and 

bulk atoms show mobility at the Tamman temperature (Equation (1.7)) [36]. With a melting 

point at 1768 K [37], cobalt atoms can already become mobile above 257 °C. 

In the FT reaction, the dissociation of CO is considered an elementary step. The carbon pre-

sent on the catalyst is an intermediate species which can be converted to FTS products but 

the carbon may also be transformed to more stable species over time affecting FTS 

activity [31]. 

At present, for the FT reaction in industry, cobalt and iron are the only metals used as FT 

catalysts. Other FT catalysts are nickel and ruthenium. Nickel shows high methane selectivi-

ty at elevated temperature and forms volatile carbonyls at typical FT conditions resulting in 

loss of metal. Ruthenium is not favored because of its high costs and low availability [1], [3]. 

In general the choice for iron or cobalt depends on the composition of the syngas used: be-

cause of its activity in the WGS reaction, iron is preferred for the conversion of CO rich syn-

gas obtained from the gasification of coal. Furthermore, the robustness of iron catalysts al-

lows conversion of lower-purity syngas such as CTL syngas. For GTL, the feedstock is rich 

in H2 and cobalt is preferred [38]. Iron and cobalt have different product selectivity: iron 

catalysts are able to produce a larger alkene/alkane ratio than cobalt catalysts, cobalt is selec-

tive to longer chains and iron also produces oxygenates. 

1.2.3 Process conditions 

Fischer-Tropsch reactors operate at a temperature either in the range 200–250 °C or in the 

range 300–350 °C. The first is referred to as low temperature Fischer-Tropsch (LTFT), the 

latter as high temperature Fischer-Tropsch (HTFT). LTFT and HTFT each have their own 

reactor types and characteristics [1], [39]. 

The reactors used in HTFT are fluidized bed reactors: the catalyst (iron) is able to move. The 

catalyst might circulate (in the circulating fluidized bed reactor) or not circulate (fluidized 

bed reactor). The operating temperature depends on the product selectivity and a tempera-

ture is chosen such to make sure no liquid products are formed. Reactors do not operate 

above 350 °C as undesired carbon products (including surface carbon species) are formed 

above this temperature, lowering the catalyst activity. Hence, as the minimum temperature 

to avoid condensation with a maximum selectivity in the C12–C18 range is 468 °C [1], fluid-

                      (1.6) 

                      (1.7) 
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ized bed reactors cannot be used for maximized production of products heavier than the 

gasoline/naphta cut.  

Two types of reactors used in LTFT are the tubular fixed bed reactor in which the catalyst 

(Co or Fe) is not moving and the slurry phase reactor. Due to the relatively low operating 

temperature, most reaction products, including water, are in the liquid phase.  

As the FT reaction is exothermic and catalysts are damaged at high temperature (by particle 

growth and/or carbon formation), reactors have to be designed in such a way that the heat 

transfer rate is sufficiently high to maintain near-isothermal conditions. 

1.3 Carbon nanotubes as a potential support for Co FTS catalysts 

After the discovery of the material in 1991 [40], carbon nanotubes (CNT) have quickly 

gained interest. Numerous potential applications have already been demonstrated [41]. Two 

main types of CNT exist: single-walled CNT (SWCNT) and multi-walled CNT (MWCNT). 

Both types are drawn schematically in Figure 1.5. 

 
Figure 1.5 Single-walled CNT (left) and multi-walled CNT [41]. 

CNT are rolled-up graphene sheets: SWCNT are composed of a single sheet whereas 

MWCNT are composed of multiple sheets, arranged in a Russian nested doll fashion. A 

method for large scale production of MWCNT is chemical vapor deposition, in which 1 g of 

spinel-type cobalt–manganese-based mixed oxide catalyst can produce about 180 g of 

MWCNT, when exposed to an ethylene/hydrogen feed at 650 °C for 2 h [42]. 

CNT are inert and have a high chemical stability in aggressive media. The material has a 

well-defined structure and high mechanical strength and is thermally highly stable. Precious 
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metals supported on CNT can be recovered by burning the support [43]. This makes the 

CNT an interesting support material in catalysis. 

Due to the inertness, CNT are not able to interact strongly with metals that are supported. 

Nevertheless, it is possible to modify the surface in order to introduce anchoring sites for 

metals. When using carbon materials as a support in catalysis, the material is often pre-

treated with an oxidizing agent like concentrated nitric acid, removing impurities and intro-

ducing oxygen containing groups as anchoring sites [44]. The metal is often loaded on the 

support by impregnation with an aqueous metal precursor solution or by deposition precipi-

tation [45], [46]. 

The cost of CNT as a support material is currently high compared to other support materi-

als. According to Su et al., industrial application of CNT in catalysis is therefore limited to 

the clean and sustainable energy sector, although new opportunities are emerging in the 

chemical synthesis area [47]. 

1.4 Scope of this thesis 

The oxidative treatment applied to carbon nanotubes not only removes metal impurities 

from the carbon nanotubes but also changes the smooth and inert carbon surface into a 

rough surface on which oxygen groups are present. These oxygen groups are thought to be 

necessary as anchoring sites for the catalyst metal and change the affinity to different sol-

vents: plain CNT are apolar whereas oxygen groups on the surface introduce polar sites.  

In this work, the influence of the surface treatment and the choice of the impregnation sol-

vent were investigated by comparing catalytic activity, selectivity and stability of different 

catalysts. The CNT surface treatments that were investigated are illustrated in Figure 1.6 

which shows the as-received CNT, the rough, oxidized CNT with oxygen groups on the sur-

face and the rough reduced oxidized CNT without oxygen groups on the surface. 

In Chapter 2, the support material will be described. The untreated support will be analyzed 

along with treated support samples. Continuing with these supports, Chapter 3 covers the 

further synthesis, characterization and performance tests of the prepared catalysts. The cata-

lytic performance of the catalysts is tested in Chapter 4, before the results are summarized 

and an outlook is given in Chapter 5. 
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Figure 1.6 Preparation pathways 
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 Chapter 2

Support preparation and characterization 

2.1 Introduction  

In this project, multi-walled carbon nanotubes (MWCNT) were used as support material. 

The MWCNT were manufactured by Bayer as Baytubes C 150 HP. The as-received material 

has high purity and a total carbon content above 99%. The Baytubes C 150 HP were desig-

nated as CNT. 

Although the Baytubes have high purity, traces of the growth catalyst may be contained. 

Metal impurities are Mg, Al, Mn and Co. Mn is known for having promoting effects in the 

FT reaction [46]. However, for promoting effects, the Mn has to be in close vicinity to the 

actual catalytically active metal. As a growth catalyst for carbon nanotubes, the metal is en-

trapped within the carbon nanotubes. Possible impurities not inside the CNT have been re-

moved in the additional purification step performed by Bayer. When using CNT as a cata-

lyst support, the catalytically active metal is located on the outside of the tubes. Therefore, 

the possible presence of manganese is not likely to influence catalytic properties. Neverthe-

less, effects on catalytic performance will be checked in Chapter 4.  

Common surface treatments applied to CNT are liquid phase oxidation (LPO) and gas phase 

oxidation (GPO). The most common treatment is liquid phase oxidation by a strong acid like 

nitric acid, a mixture of strong acids like nitric acid and sulfuric acid and in some cases di-

luted nitric acid [49]. This introduces oxygen 

groups (Figure 2.1 shows the oxygen groups 

that can be introduced this way) and has 

shown to increase the binding strength be-

tween metal and CNT surface for copper [50] 

which might also be the case for cobalt. The 

oxygen groups can be further modified or 

used to introduce other functional groups 

[51].  

LPO treatment is not limited to introducing 

functional groups, but also damages the CNT 

surface. Furthermore, LPO requires extensive 

 
Figure 2.1 Oxygen containing groups intro-

duced by oxidation of the CNT surface [48]  
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purification (filtering, washing and drying) after the treatment. As an alternative, GPO has 

shown to be a highly efficient route for introducing oxygen groups on the surface of carbon 

nanotubes [52]. As a relatively mild treatment, these groups are mainly carboxyl groups and 

the structural damage is limited. The structural damage of LPO and GPO is compared in 

Figure 2.2.  

  

Figure 2.2 TEM pictures of multi-walled CNT treated by LPO (left) and GPO (right) [53].  

In this research, the CNT surface treatment was GPO. To study the effects of the structural 

defects but without the presence of oxygen containing groups, the oxygen containing groups 

in the GPO-treated samples will also be removed. Carbon nanotubes are a graphene-like 

material. As graphene oxide is expected to be reducible by hydrogen [54], oxidized carbon 

nanotubes are likely to be reducible by hydrogen as well. By first applying an oxidative 

treatment and subsequently reducing the system, the structural damage to the CNT is 

thought to remain intact while the oxygen containing groups are removed. 

In this chapter, Section 2.2 describes the experimental procedure. The properties of the GPO-

treated CNT are analyzed and compared with untreated CNT in Section 2.3.  

2.2 Experimental 

2.2.1 Oxidation 

Gas phase oxidation was carried out using the setup shown in Figure 2.3 [48], [52]. The de-

sign of the setup prevents the reflux of liquid from the condenser to the sample: the liquid 

nitric acid flows back to the round bottom flask below the sample holder. A 0.4 g sample of 

untreated CNT was dried for 2 hours at 125 °C (which is above the boiling point of nitric 

acid (120 °C [55])) inside the reactor oven. Then, the Allihn condenser and round bottom 

flask containing about 150 mL HNO3 (65%) were connected to the oven and the nitric acid 

was heated quickly using a heating mantle. The nitric acid was kept boiling for 0.5–4 h. Then 

the heating mantle was removed and the nitric acid was allowed to cool and condensate for 
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1 h after which the setup was dismantled, keeping the oven with the oxidized sample at 

125 °C for another 1 h. To make sure samples were free of nitric acid some samples were 

transferred to a static oven and kept at 120 °C in air for 16 h.  

 
 

Figure 2.3 Setup used for gas phase oxidation: actual setup without HNO3 flask (left) and schematic 

drawing including the HNO3 flask (right). The setup was completed with a heating mantle around 

the HNO3 flask and an exhaust line. The sample oven is fitted with a trace heating mantle.  

2.2.2 Reduction 

For the removal of the acid groups by hydrogen, a sample of about 0.5 g was loaded in a 

glass tubular reactor. In a pure hydrogen flow of 250 mL/min (fixed bed), the sample was 

heated to the temperature found from the TPR experiment (i.e. 550 °C (Section 2.3.1)) at a 

temperature ramp of 10 °C/min. The sample was kept at this temperature for 1 h. After 

switching off the heating, the gas flow was changed to nitrogen. 

2.2.3 Characterization 

Temperature programmed reduction 

The temperature needed for the removal of the acid groups by hydrogen was investigated 

by a temperature programmed reduction (TPR) experiment. This was performed on GPO 

treated CNT using a Micromeritics AutoChem II 2920. The sample was dried for 15 min at 

120 °C (ramp rate 10 °C/min) under a flow of argon. The gas flow was switched to 5% H2 in 

Ar (50.10 cm3 STP/min) and the temperature was increased to 800 °C (ramp rate 10 °C/min).  
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Titrations 

To obtain information on the amount of acid groups introduced by oxidation, titrations were 

performed using a Radiometer Analytical TitraLab TIM880 titration manager. Typically, 25–

50 mg of the sample was loaded and 60 mL 0.1 M KCl (aq) was added, while stirring. In or-

der to remove dissolved CO2, nitrogen was bubbled through the liquid for two minutes be-

fore adding the titrant. The sample was titrated using an aqueous solution containing 0.01 M 

NaOH and 0.1 M KCl until the pH reached 9 or until the added volume of the titrant was 5 

mL. 

The inflection point in the pH curves can be found by calculating the second derivative and 

finding v for which the equation 
    

      holds. However, this method is very sensitive to 

slight deviations from ideal behavior. Therefore, as an alternative route, the inflection point 

was found by numerically calculating the first derivative (which has a maximum at the in-

flection point) and then applying a second degree polynomial fit (          ) around 

the maximum, finding the inflection point by calculating                  .  

TEM 

TEM images were obtained using Philips Tecnai 12 and Philips Tecnai 20 transmission elec-

tron microscopes. Samples were prepared by ultrasonic dispersion of a grinded sample in 

ethanol and then applying a few drops on a holey carbon copper grid. 

XRD 

The support samples were also analyzed by x-ray diffraction (XRD) on a Bruker D2 Phaser 

x-ray powder diffractometer using CoKα radiation. Patterns were recorded in the range 

2θ=10°–80°. 

TGA 

CNT are known for the high thermal stability, as mentioned in the introduction. To find the 

influence of a GPO treatment on the thermal stability of CNT, a thermogravimetric analysis 

(TGA) was performed. Using a PerkinElmer Pyris 1 TGA, a 1 mg sample was heated from 

50 °C to 700 °C at a ramp rate of 5 °C/min in a nitrogen flow of 20 mL/min, continuously 

recording the sample mass. 
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2.3 Characterization 

2.3.1 Reducibility 

Results from the TPR experiment are shown in Figure 2.4. The maximum hydrogen uptake 

was found near a temperature of 550 °C. At this temperature, the acid groups are expected 

to be removed. 

 
Figure 2.4 TPR data for a 2 h gas phase oxidized CNT sample. 

2.3.2 Acid group content 

A typical pH curve obtained by titrations is shown in Figure 2.5. 

 
Figure 2.5 Typical pH curve for a sample that has been acid treated for 2 hours. The inflection point 

(IP) was found at v=1.21 mL. 

The amount of acid groups in the samples is shown in Figure 2.6. 
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Figure 2.6 Amount of acid groups on the CNT surface, determined numerically by finding the inflec-

tion point of the pH curve obtained by titration. The line through the points is drawn as a guide to the 

eye. 

It is seen that the acid group content introduced by GPO increases in the first two hours and 

then becomes constant. The rapid increase in the first hours is in accordance with earlier 

research [52], and the amount of acid groups is in the same order of magnitude as carbon 

nanofibers that have been treated similarly [48]. However, it can also be seen that the con-

tent of acid groups introduced by GPO treatment is either hard to control or hard to meas-

ure using titration. In an attempt to increase the reproducibility, an additional drying step of 

16 h at 120 °C in static air before the titration was introduced. This was done to make sure no 

nitric acid was present in the sample but did not significantly improve the consistency and 

reproducibility.  

Another reason for the bad reproducibility of the titration might be found in the GPO treat-

ment procedure itself. After the desired oxidation time was reached, the heating mantle was 

removed but for safety, the setup was not disassembled immediately but after an hour. Dur-

ing this hour, nitric acid vapor was still present, though in a lower concentration. This might 

have introduced an error in the oxidation time resulting in a less reliable acid groups to oxi-

dation time ratio.  

Titration experiments on samples that were reduced by hydrogen after the GPO treatment 

showed no acid group content. Therefore, the reduction method appeared to be successful. 

2.3.3 Morphology 

It is seen in TEM images (Figure 2.7) that GPO treatment introduces minor structural de-

fects. The dark patches seen in the CNT walls are assigned to be diffraction contrast. 
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Figure 2.7 TEM images of untreated CNT (left) and a gas phase oxidized CNT sample [56].  

Typical XRD patterns are shown in Figure 3.10 (Chapter 3, page 33). It is seen that oxidation 

does not significantly influence the XRD patterns: untreated CNT and 0.5 h GPO CNT show 

the same signals. From this it is concluded that the GPO treatment does not distort the crys-

tallinity of the CNT.  

As expected, from both TEM and XRD it is seen that the overall morphology of the CNT is 

still intact although minor damage to the surface is recognized in TEM images. Earlier nitro-

gen physisorption experiments confirm that gas phase oxidation has a small influence on 

porosity and surface area compared to liquid phase oxidation (Table 2.1).  

Table 2.1 Influence of the oxidation treatments on specific surface areas (taken from [56]). 

Support B.E.T. area 

(102 m2/g) 

Micropore area 

(m2/g) 

Total pore volume 

(mL/g) 

CNT 2.0 24 1.2 

2.5 h GPO CNT 2.5 18 1.4 

0.5 h LPO CNT 2.4 16 1.4 

2 h LPO CNT 2.7 14 1.1 

 

2.3.4 Thermal stability 

The results of the thermogravimetric analysis are plotted in Figure 2.8 alongside with an 

earlier experiment on untreated CNT. From the TGA plot, it is seen that applying a GPO 

treatment on CNT reduces the thermal stability, although the total weight loss by heating to 

700 °C in an inert atmosphere remains below 10%, and more relevant: the weight loss for the 

oxidized sample is only 2% up to a temperature of 350 °C 

10 nm 
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Figure 2.8 TGA data for untreated CNT (top, data taken from René Manchester) and 4.25 h GPO CNT 

(bottom). Untreated CNT are more stable than oxidized CNT. The weight loss below 100 °C is as-

cribed to loss of water. 

2.4 Summary and outlook 

CNT were treated by nitric acid vapor, introducing acid groups. The amount of acid groups 

was related to the treatment time: by titrations, an increase in acid group content was seen in 

the first two hours of treatment time, and the amount of acid groups stabilized at about 0.45 

mmol/g after 2 hours of treating. The reproducibility of the determination of the acid group 

content by titrations was difficult: GPO is either hard to control or the titration method is not 

the best way for measuring the amount of acid groups.  

In a temperature programmed reduction experiment, the GPO treated samples showed a 

hydrogen uptake with a maximum at a temperature near 550 °C. This uptake was attributed 

to the removal of surface oxygen species. Titration experiments confirmed the absence of 

acid groups on samples that were reduced in flowing hydrogen at 550 °C after the GPO 

treatment. 

The overall structure of the GPO treated CNT was shown to remain intact by TEM imaging, 

x-ray diffraction and earlier nitrogen physisorption experiments. Only minor damages were 

seen in TEM and the porosity and surface area changed slightly, but the crystallinity of the 

CNT was not distorted severely. 

To verify the amount of acid groups introduced by GPO, other techniques are necessary. X-

ray photoelectron spectroscopy (XPS) can be used to identify the nature and concentration of 

oxygen containing groups near the surface [52], whereas an elemental analysis can deter-

mine the full oxygen content but not its nature, which can in turn be investigated by infrared 

spectroscopy. The defect density can be determined by performing Raman spectroscopy and 

calculating the ratio between the D-band and the G-band [57]. 
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 Chapter 3

Catalyst preparation and characterization 

Using the as-received CNT and CNT with different pre-treatments, different catalysts were 

synthesized. The theoretical background of these syntheses is described in Section 3.1. Sec-

tion 3.2 describes the experimental procedure. The catalysts were characterized by x-ray 

diffraction, transmission electron microscopy, temperature programmed reduction, thermo-

gravimetric analysis and hydrogen chemisorption (Section 3.3). 

3.1 Theory 

The catalysts were prepared by incipient wetness impregnation of the support material, fol-

lowed by a drying step and thermal treatment. The impregnation solvents that were investi-

gated are water, ethanol and 1-propanol. 

3.1.1 Incipient wetness impregnation 

The metal was loaded on the support by incipient wetness impregnation. This method is 

carried out by contacting a previously dried support with a precursor solution of which the 

volume is equal to the support sample’s pore volume. In the case of proper wetting and pre-

viously empty support particles, the solution is fully drawn into the pores [58]. In order to 

remove water from the pores of the support particles, the support needs to be dried at ele-

vated temperature and reduced pressure prior to impregnation. The reduced pressure needs 

to be maintained during the impregnation to make sure that condensation of atmospheric 

water vapor has no influence. 

There are several important factors in the choice of a suitable solvent for incipient wetness 

impregnation. Beside e.g. the environmental impact, disposability and recycling options, 

three factors will be treated here. The wetting capability on the support material needs to be 

sufficiently high, the metal precursor needs to be soluble up to the desired concentration and 

to avoid cooling steps it is convenient in lab scale experiments to choose a solvent that has a 

sufficiently high boiling point. 

The solvent used for the precursor solution needs to be able to wet the surface of the support 

material, in other words, the wetting capabilities of the solvent need to be sufficient. In capil-

lary impregnation, the driving force is the capillary pressure Pcap which depends on solution 
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surface tension σL, wetting angle θ (Figure 3.1) and characteristic pore size r, according to 

Equation (3.1) [59].  

 
Figure 3.1 Wetting angle θ illustrated in drops of a liquid on a surface. 

It is recognized that in order to have a high surface wetting with limited amounts of liquids 

such as in the drying process following incipient wetness impregnation, the wetting angle θ 

needs to be smaller than 90°. When a good solvent is used, the capillary pressure draws the 

solution into the pores of the catalyst particles and the surface wetting is high whereas when 

a bad solvent is used, the surface wetting is low. When the pores of the CNT agglomerates is 

completely filled, the density of CNT will be comparable to the density of graphite (2.2 g cm-

3 [37]), while when the pores remain (almost) empty the density of the CNT will be signifi-

cantly lower, close to the bulk density of the CNT particles (0.12–0.17 g cm-3 [60]) caused by 

entrapped air. As common solvents have a density between 0.6 and 1.6 g cm-3 (including 

water, ethanol and 1-propanol [37]), which is lower than the graphite density, a simple test 

can show whether the solvent has good or bad wetting properties. After sprinkling some 

CNT agglomerates on a sample of a solvent, the particles can either float (density of the ag-

glomerates is lower than the density of the solvent or the pores remain empty so the solvent 

does not have good wetting capabilities) or sink (density of the agglormerates is higher than 

the density of the solvent and the pores are filled so the solvent has good wetting capabili-

ties).  

It has been shown before that impregnating CNT with a solution of cobalt nitrate hexahy-

drate in ethanol leads to a better dispersion of the metal particles after drying and thermal 

treatment [56]. 

The second important parameter is the solubility of the metal precursor. This needs to be 

high enough to obtain the desired metal loading on the catalyst. In the case of cobalt, the 

metal loading is defined as the mass of cobalt divided by the mass of the support material 

plus the mass of cobalt oxide, assuming the cobalt is fully oxidized as Co3O4. For a metal 

loading of about 10% on the CNT achieved in a single step impregnation it is necessary to 

use a precursor solution with a concentration of 1.5 M: impregnation of 1 g CNT with 1.2 mL 

of 1.5 M Co precursor solution yields a 9% weight loading. The highly soluble cobalt nitrate 

hexahydrate (Co(NO3)2·6 H2O) is chosen as the metal precursor. Besides the high solubility, 

 
     

       

 
 (3.1) 
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this compound is readily available and well affordable. The compound easily thermally de-

composes to yield cobalt oxide.  

The last important parameter treated is the boiling point of the solvent. As the impregna-

tions are carried out in vacuum, the solvent might evaporate immediately at this reduced 

pressure. It is known that when using ethanol as impregnation solvent, both the setup and 

the impregnation solution has to be cooled down before impregnation [56], [61].  

3.1.2 Drying and thermal treatment 

After the impregnation, the solvent needs to be removed. Earlier research has shown that the 

optimal drying atmosphere is a flow of nitrogen at elevated temperature [56], but cautious-

ness should be taken in order to keep the precursor intact as other species are already 

formed slightly above 100 °C [62]. After drying, the precursor needs to be decomposed. This 

is done by a thermal treatment which will be carried out immediately after drying, by a fur-

ther temperature increase up to 250 °C. The precursor will decompose into Co3O4 [62]. 

3.1.3 Reduction 

CNT supported cobalt oxide has shown to be reducible at 350 °C in flowing hydrogen [56]. 

The mechanism of the reduction of cobalt(II,III)oxide by hydrogen is a two-step process [63]: 

The amount of hydrogen necessary for the two-step formation of 1 mol metallic cobalt is ⅓ 

mol in the first step and 1 mol in the second step in respect to the amount of cobalt.  

3.2 Experimental 

3.2.1 Catalyst synthesis 

A 0.3–1 g support sample was dried for at least 1 hour in vacuum at 100–150 °C. While 

maintaining the reduced pressure from the drying step, the heating mantle was removed, 

allowing the support to cool down to room temperature or lower by cooling on ice if the 

impregnation solvent used was ethanol. The support was impregnated by adding the 

amount of precursor solution equal to the pore volume of the support, which is 1.2 mL/g. 

For ethanol impregnations, the syringe containing the precursor solution was cooled on ice 

prior to impregnation. The impregnation was done drop-wise from a syringe, mixing by 

gently shaking. Atmospheric pressure was re-applied and the impregnated support was 

transferred to a glass tubular reactor. The impregnated samples were then dried and ther-

mally treated to form small Co3O4 particles on the support. Samples were dried in flowing 

N2 (250 mL/min, 1 atm) at 80 °C (60 °C for ethanol impregnations), fluidized or fixed bed, for 

 Co3O4 + H2 → 3 CoO + H2O (3.2) 

 3 CoO + 3 H2 → 3 Co + 3 H2O (3.3) 
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4 hours and subsequently the sample was thermally treated at 250 °C for 4 hours with a 

ramp rate of 2 °C/min [56]. The mass loading is determined by applying Equation (3.4). 

Catalyst naming  

Systematic names were assigned to the prepared catalysts. All catalysts were prepared by 

incipient wetness impregnation of carbon nanotubes using cobalt nitrate hexahydrate as the 

precursor, obtaining a Co loading of about 10 wt%. Only the variable conditions are includ-

ed in the naming system. The scheme below shows the naming system: 

Support Impregnation solvent Batch number 

CNT PrOH 1 
CNT: untreated CNT 

#hGPO: GPO treated CNT,  

oxidation time # h 

R#hGPO: reduced GPO treated CNT,  

oxidation time # h 

PrOH: 1-propanol 

EtOH: ethanol 

H2O: water 

 

Catalyst R0.5hGPO-PrOH-1 is obtained by impregnating a CNT sample that has been gas 

phase oxidized for 0.5 h and subsequently reduced by hydrogen gas at 550 °C. The impreg-

nation solvent was 1-propanol and it is the first batch prepared this way.  

3.2.2 Catalyst characterization 

Transmission electron microscopy (TEM) images were recorded in normal scanning bright 

field mode, in high angle annular dark field mode and using a secondary electron detector. 

The samples were prepared using the method from subsection 2.2.3. Using images obtained 

by TEM, the morphology and the Co3O4 particle sizes were determined by measuring the 

size of Co3O4 particles and averaging these values.  

X-ray diffraction patterns were obtained on a Bruker D2 Phaser using CoKα radiation, meas-

uring in the 2θ range 10°–80°. The step size was 0.15°. No baseline correction was per-

formed. Co3O4 crystallite size estimation was performed using the 2θ range from 34°–47° by 

an automatic calculation in DiffracEvaluation V2.0 software by Bruker, which is based on 

the Debye–Scherrer-equation [64]. 

The equivalent metallic Co particle sizes were calculated by applying a molar volume cor-

rection factor on the average Co3O4 particle size determined by XRD and TEM [65]: 

                  
   

               

      (3.4) 

                 (3.5) 
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3.2.3 Hydrogen chemisorption 

Hydrogen chemisorption was analyzed on a Micromeritics ASAP 2020C. Samples were 

dried in flowing helium at 100 °C for 1 h. Then, the samples were reduced for 2 h at 350 °C 

(ramp rate 5 °C/min) in flowing H2. Subsequently, the samples were evacuated and analyzed 

at 150 °C using H2. 

Metallic cobalt (Co0) particle sizes were estimated from the total amount of both reversible 

and irreversible amount of chemisorbed H2 by extrapolating the linear plot of the first analy-

sis, assuming complete reduction, a H/Co atomic ratio stoichiometry of 1 and a hemi-

spherical particle size geometry as described by Reuel and Bartholomew [66]. 

3.2.4 Temperature programmed reduction 

Temperature programmed reduction measurements were performed on a Micromeritics 

AutoChem II 2920. The samples were dried for 15 min at 70 °C (ramp rate 10 °C/min) under 

a flow of argon. The gas flow was switched to 5 vol% H2 in Ar (50.17 cm3 STP/min) and after 

32 minutes the temperature was increased to 600 °C (ramp rate 2 °C/min). The hydrogen 

consumption was determined by a TCD. 

3.2.5 Thermogravimetric analysis 

Thermogravimetric analyses were performed on a PerkinElmer Pyris 1 TGA. For this, a 1 mg 

sample was heated from 50 °C to 700 °C at a ramp rate of 5 °C/min in a nitrogen flow of 20 

mL/min, continuously recording the sample mass. 

3.3 Results and Characterization 

The catalysts that have been prepared are listed with their relevant properties in Table 3.1.  

In this work, comparisons will be made to catalyst sample INE8. This catalyst is prepared by 

René Manchester and contains 8% Co on untreated CNT, impregnated with a solution of 

cobalt nitrate hexahydrate in ethanol [56]. 

This section will describe the catalysts that have been prepared. 
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Table 3.1 Prepared Co/CNT catalysts. Catalysts were dried and thermally treated in a fixed bed reac-

tor unless otherwise indicated.  

    Co particle size (nm) 

Catalyst GPO time (h) Solvent Co loading XRD H2 TEM (n) 

CNT-PrOH-1p,f - 1-propanol 9% 2.4   

CNT-PrOH-2h,f - 1-propanol 9% 2.7 5.3  

CNT-PrOH-3 - 1-propanol 10% 3.0   

CNT-PrOH-4 - 1-propanol 10% n.d.   

CNT-EtOH-5 - ethanol 10% 3.1   

CNT-EtOH-6 - ethanol 9% 3.3  3.8 (53) 

CNT-H2O-1 - water 9% 4.2   

0.5hGPO-PrOH-1f 0.5 1-propanol 10% 3.2   

0.5hGPO-PrOH-2f 0.5 1-propanol 9% 2.9 6.7  

1.25hGPO-PrOH-1 1.25 1-propanol 10% 3.2   

1.25hGPO-PrOH-2 1.25 1-propanol 10% 2.8   

2hGPO-PrOH-1f 2 1-propanol 9% 3.7   

2hGPO-PrOH-2 2 1-propanol 10% 2.5  3.3 (31) 

4hGPO-PrOH-1 4 1-propanol 9% 3.3   

R0.5hGPO-PrOH-1f 0.5r 1-propanol 10% 3.8   

R2hGPO-PrOH-1 2r 1-propanol 10% 3.3   

2hGPO-EtOH-1 2 ethanol 10% 3.4  3.9 (11) 

2hGPO-H2O-1 2 water 10% 3.8  4.3 (8) 

f  catalyst was dried and thermally treated in a fluidized bed reactor 

h  higher N2 flow during drying and thermal treatment: 1000 mL/min 

p catalyst was reduced and passivated after thermal treatment 

r  additional surface treatment after GPO, 550 °C in a flow of H2. 

3.3.1 Solvent properties 

The wetting capabilities of water, ethanol and 1-propanol were investigated by sprinkling an 

untreated CNT sample on each solvent. Figure 3.2 shows that water has bad wetting capabil-

ities while ethanol and 1-propanol have good wetting capabilities.  
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Figure 3.2 Behavior of untreated carbon nanotubes sprinkled on different solvents. CNT float on wa-

ter (left) but sink in ethanol (middle) and 1-propanol (right).  

1-propanol combines the advantages of water (high boiling point) and ethanol (proper wet-

ting) and although the solubility of cobalt nitrate is low, it is still high enough to prepare a 

1.5 M solution. Therefore, most catalysts in this research will be prepared by using 1-

propanol as the impregnation solvent. Water and ethanol will also be treated.  

Table 3.2 summarizes the relevant solvent properties of water, ethanol and propanol. 

Table 3.2 Relevant solvent properties of water, ethanol and propanol for IWI on CNT. The solubility 

was determined experimentally and is not necessarily the maximum solubility. 

 CNT  

wetting 

boiling point (°C) [55] cobalt nitrate solubility  

(M) 1 atm 50 mbar 

water bad 100 33 4 

ethanol good 78 17 2 

1-propanol good 97 34 1.5 

 

3.3.2 Morphology 

TEM images were recorded and the size of Co3O4 particles was determined. Average particle 

sizes are listed in Table 3.1 (page 28). As this is a non-bulk technique, the actual average over 

all particles might be different from this average of randomly selected Co3O4 particles. Fur-

thermore, particles with a size lower than the resolution (about 1 nm) are too small to be 

seen, increasing the observed average particle size if sub-resolution particles are present. 

Figures 3.3–3.90 represent a selection of TEM images. 
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Figure 3.3 Bright field (left) and HAADF image of catalyst CNT-PrOH-2. The images were acquired 

at the same location.  

 

  
Figure 3.4 Bright field (left) and HAADF image of catalyst CNT-PrOH-3.  

 

  
Figure 3.5 Bright field (left) and HAADF image of catalyst 2hGPO-PrOH-2. The bright particle inside 

a tube in the HAADF image is a trace of the growth catalyst. 
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Figure 3.6 Bright field (left) and HAADF image of catalyst CNT-EtOH-6 

 

  
Figure 3.7 Bright field (left) and HAADF image of catalyst 2hGPO-EtOH-1 

 

  
Figure 3.8 Bright field (left) and HAADF image of catalyst CNT-H2O-1 
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Figure 3.9 Bright field (left) and HAADF image of catalyst 2hGPO-H2O-1 

In all images it is seen that the shape of Co3O4 particles is not well defined. The average par-

ticle size is near 5 nm. The different preparation methods have not lead to different Co3O4 

crystallite sizes. The catalysts where ethanol or 1-propanol was used as impregnation sol-

vent show better particle distribution than water impregnated catalyst CNT-H2O-1. 

An important difference between the water-impregnated catalysts CNT-H2O-1 (Figure 3.8) 

and 2hGPO-H2O-1 (Figure 3.9) is the distribution of the Co3O4 particles. In catalyst CNT-

H2O-1, the particles appear to be clustered and the sample seems to be free of isolated parti-

cles, whereas catalyst 2hGPO-H2O-1 does have these isolated particles. The difference be-

tween CNT-H2O-1 and 2hGPO-H2O-1 can be ascribed to the wetting of the surface: for 

CNT-H2O-1, untreated CNT were used which are hydrophobic and the impregnation solu-

tion was therefore not able to fully wet the surface, creating clustered particles. Catalyst 

2hGPO-H2O-1 was prepared from GPO treated CNT and therefore had a hydrophilic sur-

face prior to impregnation, leading to a better particle distribution. 

The absence of structural differences as a result of the preparation method was also recog-

nized from the XRD patterns. Typical XRD patterns are shown in Figure 3.10.  

It is seen that the GPO treatment did not significantly influence the XRD patterns. Untreated 

CNT and 0.5 h GPO CNT show the same signals at comparable relative intensities. The same 

holds for catalysts CNT-PrOH-3, CNT-EtOH-6, CNT-H2O-1, 2hGPO-PrOH-1, 2hGPO-EtOH-

1, 2hGPO-H2O-1 and R2hGPO-PrOH-1. Furthermore, the size of the particles seems not to 

be dependent on the support surface treatments. 
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Figure 3.10 XRD patterns for fundamentally different catalysts. The peaks near 36° and 43° are as-

signed to Co3O4.  
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The equivalent Co crystallite sizes were estimated by applying Equation (3.5) on the XRD 

Co3O4 particle size and are shown in Table 3.1 (page 28). The surface area and active site 

density were estimated using Equation (4.9) and are shown in Table 3.3. 

Hydrogen chemisorption curves (first analysis) for catalysts CNT-PrOH-2 and 

0.5hGPO-PrOH-2 are plotted in Figure 3.11. From the observed pattern (rapid adsorption at 

low pressure and then reaching equilibrium) it is concluded that hydrogen chemisorption is 

a suitable technique to characterize Co/CNT catalysts. The particle sizes as determined from 

chemisorption are shown in Table 3.1 on page 28. 

 
Figure 3.11 Hydrogen chemisorption curves of catalysts CNT-PrOH-2 and 0.5hGPO-PrOH-2. 

The accessible surface area and active sites density are shown in Table 3.3. As expected from 

the chemisorption curves where CNT-PrOH-2 has a higher quantity adsorbed than 

0.5hGPO-PrOH-2 despite similar Co loading, the metal surface area of catalyst CNT-PrOH-2 

is higher than catalyst 0.5hGPO-PrOH-2. 
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Table 3.3 Accessible surface area and active sites density determined by hydrogen chemisorption and 

estimated by applying Equation (4.9). For the calculation of the active sites density, a cobalt atomic 

surface area of 6.62 Å2 was used. 

 accessible surface area (m2/gCo) active sites (mmol/gCo) 

Catalyst X-ray diffraction H2 chemisorption X-ray diffraction H2 chemisorption 

CNT-PrOH-1p 140.4 
 

3.5  

CNT-PrOH-2 124.8 126.4 3.1 3.2 

CNT-PrOH-3 112.6  2.8  

0.5hGPO-PrOH-2 115.2 100.2 2.9 2.5 

2hGPO-PrOH-1 91.72 
 

2.3  

2hGPO-PrOH-2 133.0  3.3  

0.5hGPO-PrOH-1 104.5  2.6  

R0.5hGPO-PrOH-1 89.89  2.3  

R2hGPO-PrOH-1 103.6  2.6  

4hGPO-PrOH-1 102.6  2.6  

CNT-EtOH-5 107.3 
 

2.7  

CNT-EtOH-6 101.7 
 

2.6  

CNT-H2O-1 79.41 
 

2.0  

2hGPO-EtOH-1 98.78 
 

2.5  

2hGPO-H2O-1 87.78 
 

2.2  

p catalyst was reduced and passivated after thermal treatment 

From Table 3.3 it is seen that the surface area estimation by using XRD is in reasonable ac-

cordance with the data obtained by H2 chemisorption where it was studied. 

3.3.3 Reducibility and thermal stability 

The reducibility of several catalysts was investigated by temperature programmed reduction 

(TPR) experiments. Results from TPR experiments are shown in Figure 3.12. Both steps of 

the two-step reduction and the hydrogen uptake by the support occur at higher tempera-

tures when the support is GPO treated. The peak for the hydrogen uptake by the support of 

these catalysts is shifted to low temperature compared to the TPR experiment on a GPO 

treated support sample without metal loading (Figure 2.4). 
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Figure 3.12 Results of the TPR analyses of catalysts CNT-PrOH-2 and 0.5hGPO-PrOH-1 and a 1.25 h 

GPO treated CNT sample. The temperature ramp was 2 °C/min. Another TPR experiment on catalyst 

0.5hGPO-PrOH-1 with a different ramp rate of 5 °C/min is plotted for comparison. At this higher 

ramp rate, less time is available for the particles to reduce and therefore, the signals are stronger and 

appear at higher temperature. 

When cobalt is supported on a strongly interacting support such as titania, the reduction 

temperature is lower [67]. As mentioned before, the binding strength between oxidized CNT 

and copper is higher than the binding strength between untreated CNT and copper [50]. If 

this would be the case for cobalt as well, the reduction temperature offset is expected to be 

lower for cobalt on the GPO treated CNT than for cobalt on untreated CNT.  

In fact, Yu et al. [68] found that Co3O4 particles supported on oxidic carbon nanofibers 

(equivalent Co size 12 nm) are reduced at lower temperature than Co3O4 particles supported 

on non-oxidic carbon nanofibers (equivalent Co size 36 nm). Apparently, this is not the case 

for the catalyst systems used in this research. A possible explanation could be an effect of the 

particle size on the reduction temperature. Metal nanoparticles have a higher reduction 

temperature offset than bulk metal. For Co on SiO2 (which is a non-reducible support), Den 

Breejen found that smaller particles need a higher reduction temperature in order to obtain 

the same reduction degree [69]. However, as the equivalent Co particle sizes of CNT-PrOH-2 

and 0.5hGPO-PrOH-1 before reduction are 2.7 nm and 3.2 nm, as determined by XRD, this 

does not explain the reduction behavior. The last explanation is the possibility that oxygen 

groups on the CNT support are able to oxidize metallic cobalt, slowing down the reduction 

process.  
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The overlap between the second peak where CoO is reduced to Co and the hydrogen uptake 

by the support makes a quantitative comparison based on TPR data alone impossible.  

The thermal stability of 2hGPO-PrOH-1 was determined by a TGA experiment and is pre-

sented together with a TGA pattern of INE8 in Figure 3.13. The difference between the two 

catalyst samples is negligible. The sudden jump at a temperature of 550 °C is assigned to the 

loss of non-graphitic carbon [56], [70]. Comparing these patterns to the ones in Figure 2.8, it 

is recognized that the presence of cobalt alters the thermal behavior: support samples with-

out metal do not show the sudden jump at a temperature of 550 °C. 

 
Figure 3.13 TGA data for samples 2hGPO-PrOH-1 (bottom) and INE8 by René Manchester (top). 

2hGPO-PrOH-1 was analyzed by increasing the temperature from 50–700 °C at a ramp rate of 

5 °C/min, in a 20 mL/min nitrogen flow, INE8 was held at 30 °C for 20 min after which the tempera-

ture was increased to 700 °C at the same ramp rate in a 20 mL/min argon flow.  

The TGA measurement for catalyst INE8 was measured with an on-line mass spectrometer 

(MS), analyzing the product gases. The removal of carbon is confirmed by the MS data plot-

ted in Figure 3.14. The samples lose carbon in the forms of carbon dioxide and elementary 

carbon at low temperatures, and at the sudden jump at T=550 °C, also carbon monoxide and 

oxygen are recognized. 
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Figure 3.14 TGA-MS data for INE8 by René Manchester (8% Co, ethanol impregnated CNT, dried 

overnight at 120 °C in static air). This measurement is identical to the one shown in Figure 3.13. 

3.4 Summary and outlook 

Cobalt catalysts have been prepared by incipient wetness impregnation of solutions of cobalt 

nitrate hexahydrate in water, ethanol and 1-propanol, supported on CNT, GPO treated CNT 

and reduced GPO treated CNT. After impregnation, the samples were dried in a nitrogen 

flow at either 60 °C (for the ethanol samples) or 80 °C (for the water and 1-propanol sam-

ples) and subsequently thermally treated at 250 °C to yield supported Co3O4 particles. The 

Co weight loading was near 10%. From TGA measurements it was seen that the catalyst 

samples have high thermal stability in an inert atmosphere. 

In general, the surface treatment or impregnation solvent did not have a significant influ-

ence on the structural appearance as determined by XRD and TEM. However, when using 

water as impregnation solvent, isolated particles were visible on the GPO treated support, 

but not on the untreated support. This is explained by the hydrophobicity of untreated CNT 

0

0.2

0.4

0.6

0.8

1

1E-12

1E-11

1E-10

1E-09

1E-08

0 100 200 300 400 500 600 700

N
o

rm
al

iz
ed

 w
ei

g
h

t 
(a

.u
.)

 

Io
n

 c
u

rr
en

t 
(A

) 

Temperature (°C) 

normalized weight 

 

 

 

 

 

 

m/z 28 (CO) 

 

 

 

 

 

m/z 44 (CO2) 

 

 

 

m/z 16 (O) 

 

 

 
 

 

 

 

m/z 12 (C) 
 

m/z 45 (CO2) 

 
m/z 22 (CO2) 



39 

and the hydrophilic character of GPO treated CNT. The difference between the two types of 

support material were not seen when ethanol or 1-propanol were used as impregnation sol-

vent. Just like these alcohols can dissolve both polar and non-polar compounds, they are 

able to wet the surface independent of surface oxygen groups.  

The cobalt equivalent crystallite sizes were determined by hydrogen chemisorption and cal-

culated by applying a molar volume correction factor on the Co3O4 crystallite size deter-

mined by TEM and by applying the Debye-Scherrer equation on XRD patterns. The values 

determined by XRD (2.4–4.2 nm) and TEM (3.3–4.3 nm) were in reasonable accordance, alt-

hough the TEM measurements were slightly higher. This was explained by the fact that 

TEM is a non-bulk technique whereas XRD is a bulk technique. Therefore, in TEM only a 

number of randomly selected particles was used to calculate the average particle size. It is 

obvious that sub-resolution particles were not taken into account. Another explanation can 

be found in the inaccuracy of the Debye-Scherrer equation, which assumes the particles are 

spherical. The particle sizes of different systems were too similar to find an influence of the 

impregnation solvent or support pre-treatment. 

The accessible metallic surface areas were determined by hydrogen chemisorption in two 

cases. The catalyst on a GPO treated support had a lower accessible metal surface area than 

the catalyst on an untreated CNT support, but with only two samples measured it is impos-

sible to reveal a trend. To have insight into the metal surface area of all catalyst samples, an 

estimation was made based on the Co crystallite size determined by XRD. This estimation 

was in reasonable accordance with the cobalt surface area obtained from hydrogen chemi-

sorption where it was measured. 

The reduction temperature of cobalt supported on GPO treated CNT was higher than for 

cobalt on untreated CNT, as determined by TPR. This was explained by the oxidative capa-

bility of the oxygen groups on the support.  

Further analyses are necessary to find the influence of the system on its reducibility. The 

products formed during the TPR analysis can be analyzed by an online mass spectrometer 

coupled to the TPR setup and the reduction process can be monitored by in situ XRD. Fur-

thermore, the influence of the support type to the reduction behavior of the cobalt oxide 

particles can be investigated by temperature programmed X-ray Absorption Near Edge 

Structure (XANES) or Extended X-ray Absorption Fine Structure (EXAFS) [69], [71]. 

More accurate determinations of the metal surface area are necessary for further explanation 

of catalyst behavior. The calculations were based on the cobalt equivalent particle size as 

determined by XRD. As the patterns were recorded ex situ before catalysts have been tested, 

the calculated metal surface areas were likely off in some cases: especially in the case of the 

catalysts with the clustered metal particles. Further chemisorption analysis are necessary.  
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 Chapter 4

Testing the catalysts in the FTS 

The catalytic FTS performance of the catalysts prepared in the previous chapter was investi-

gated at both ambient and high (20 bar) pressure. The experimental procedure is described 

in Section 4.1. Sections 4.2 and 4.3 cover the results from the tests at ambient and high pres-

sure, respectively and the spent catalysts are characterized by TEM in section 4.4. 

The possible promoting effect of manganese traces in the CNT will be checked by comparing 

catalytic performance data of Co/CNT with Co on Ni grown carbon nanofibers, promoted 

with different amounts of manganese. 

4.1 Experimental 

4.1.1 Ambient pressure 

For the ambient pressure tests, a 20 mg catalyst sample was diluted with 200 mg SiC (0.2 

mm) and loaded into a glass plug flow reactor. The reactor was mounted in an oven (fixed 

bed). The sample was reduced at 350 °C (ramp rate 5 °C/min) in a flow of 36 mL/min Ar and 

4 mL/min H2. After cooling down to 220 °C, the gas flow was changed to 12 mL/min H2 and 

6 mL/min CO. The product composition was analyzed every hour by an online gas chroma-

tographer (Varian 430-GC with a fused silica CP—Sil 5CB column, products quantified with 

an FID). 

4.1.2 High pressure 

High pressure tests were performed in an Avantium Flowrence unit in which 16 stainless 

steel reactors run in parallel. The system was equipped with an online GC (Agilent Technol-

ogies 7890A). Permanent gases are separated in a micropacked ShinCarbon ST (#19043) col-

umn and quantified with a TCD. The hydrocarbon products (C1–C9) are separated on an 

Agilent J&W PoraBOND Q column, analyzed with a FID and quantified against the TCD 

signal of the internal standard He. 

The reactors were loaded with an undiluted catalyst sample of 35–40 mg (about 200 µL), 

using particles within the size range 90–212 µm. The catalysts were dried in flowing heluim 

at 100 °C (ramp rate 10 °C/min) and subsequently reduced in situ in a flow of H2/He (1:3, 

v/v) at 350 °C (ramp rate 1 °C/min) for 8 h. The temperature was lowered to 180 °C (ramp 
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rate 3 °C/min) and pressurized to 20 bar. After switching to syngas (H2:CO ratio 2:1), the 

temperature was increased to 220 °C at 1 °C/min. The influence of the amount of catalyst in 

the reactor was investigated by a lower catalyst loading (12 mg) and by diluting the 35-40 

mg sample with 150 mg SiC (grain size 0.2 mm) 

To investigate the thermal stability of the catalysts, the reactor temperature was increased to 

250 °C in steps of 10 °C, and then lowered to 220 °C. To get insight into the reversibility of 

the deactivation, a 16 h treatment by diluted hydrogen was performed at 300 °C after a 

steady state was reached [44]. 

4.1.3 Definitions 

By varying the volumetric feed flow rate, the influence of residence time can be investigated 

This rate is described in terms of the gas hourly space velocity (GHSV) relating the gas flow 

into the reactor to the volume of the catalyst [72]. The GHSV reported is calculated based on 

a catalyst loading of 200 µL, in all cases: 

Selectivity 

In catalysis research, the selectivity of the catalyst is an important parameter. For the high 

pressure tests, the selectivity was calculated following Equation (4.2) [1]: 

For the tests at ambient pressure, the selectivity was calculated in a similar way: 

Hydrocarbons up to a length of 18 were included in this calculation. Low pressure C5+ selec-

tivity was calculated as 

This way, all products up to C18 are included in the calculations.  

For the high pressure tests, the C5+ selectivity was determined indirectly, assuming only hy-

drocarbons have been formed: 
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Product distribution 

The α value was determined by plotting           for each carbon number   and then ap-

plying a linear fit (like        . Rewriting Equation (1.5) as Equation (4.6) it is seen that 

     . The linear fit was applied in the range [4,7] for the high pressure tests. In the ambi-

ent pressure tests, the range was [4,11]. 

Activity 

The number of conversions per surface metal atom per second, or turnover frequency (TOF): 

The amount of CO converted per unit mass of cobalt per second, or cobalt time yield (CTY): 

Cobalt surface area per unit mass was estimated by the following formula: 

In this equation, r is the average radius of the Co particles and ρ is the bulk density of the 

metal. The factor ½ accounts for the fact that the surface is not fully accessible, for instance 

due to binding to the tubes, and the surface might decrease due to net particle growth dur-

ing the reduction step (which has not been carried out yet before the particle size determina-

tion). 

Activation energy 

The activation energy Ea can be determined from the Arrhenius equation (Equation (4.10)) 

[73]. In this equation, k is the reaction rate constant, R is the ideal gas constant (8.314 J mol-1 

K-1), T is the reaction temperature, xCO is the fraction of CO that is converted and A is a con-

stant. Through Equation (4.11) it is seen that the Ea can be determined from an Arrhenius 

plot by plotting the natural logarithm of k as a function of T-1 and applying a linear fit (Equa-

tion (4.12)). The activation energy is then calculated by applying Equation (4.13).  
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4.2 Testing results: ambient pressure 

The results of catalytic tests at ambient pressure are summarized in Table 4.1. At this pres-

sure, the selectivity towards higher hydrocarbons is very low compared to earlier and other 

work [56], [61]. Furthermore, the catalysts are highly active compared to these other studies 

while the CO conversion is similar. When comparing the activity of the catalysts from this 

work, the catalysts supported on untreated CNT exhibit higher activity than those on GPO 

treated or reduced GPO treated CNT.  

The performance of catalyst CNT-PrOH-1 is about 50% lower than the performance of cata-

lyst CNT-PrOH-2. A likely explanation for this behavior is the additional reduction of CNT-

PrOH-1 which was followed by a passivation step directly after the thermal treatment. Dur-

ing the reduction, the temperature is well above the Hüttig temperature (Equation (1.6)) and 

the cobalt atoms are therefore mobile, especially those on edge sites and defect sites. The 

metal particles can thus grow during the reduction and form new (larger) crystallites. The 

passivation step is meant to protect the metal particles from air exposure, but does partially 

oxidize the cobalt crystallites, forming new edge and defect sites that become mobile during 

the second reduction step. Therefore, even less cobalt atoms are exposed to the surface, 

yielding a lower activity per unit mass of metal.  

Table 4.1 Steady state performance for testing at 220 °C at atmospheric pressure, H2:CO=2 
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CNT-PrOH-1r 4.2 1.6 58 12 0.58 

CNT-PrOH-2 8.1 3.2 61 12 0.53 

0.5hGPO-PrOH-1 6.7 3.1 57 15 0.58 

2hGPO-PrOH-1 5 2 60 13 0.53 

4hGPO-PrOH-1 6.4 2.7 57 14 0.56 

R0.5hGPO-PrOH-1 6.8 3.1 58 14 0.57 

R2hGPO-PrOH-1 7.4 3.3 61 13 0.56 

r Catalyst received an additional reduction followed by passivation directly after the thermal treat-

ment. 

As stated in Section 2.1, the CNT used in this work have high purity, but traces of the 

growth catalyst might still be present. Indeed, the untreated CNT contain some cobalt parti-

cles which are located inside the tubes [56]. Performing catalytic tests on untreated CNT has 
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proven that these particles have no influence on activity: the CTY of these unloaded catalysts 

is zero. However, as was also stated, the CNT might also contain traces of Mn.  

Table 4.2 Steady state performance of Mn promoted Co on nickel grown CNF (liquid phase oxidized) 

at 220 °C and atmospheric pressure (taken from Leendert Bezemer [46]). The sample names denote 

the Co:Mn atomic ratio. First, cobalt was loaded on the CNFs followed by manganese. CoH was im-

pregnated with a diluted nitric acid solution and does not contain any manganese. 
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CoH  1.8 14 36 31 0.60 

Co431Mn  1.7 13 32 36 0.63 

Co95Mn  1.8 17 28 41 0.65 

Co39Mn  1.6 16 25 45 0.67 

Co19Mn  1.4 13 25 44 0.66 

Co11Mn  1.2 11 23 45 0.67 

From Table 4.2 it is seen that using a Mn promoted catalyst, the C5+ selectivity and α value 

increase with increasing Mn content. The catalysts supported on GPO treated CNT from this 

research are expected to have a lower Mn loading compared to the catalysts supported on 

untreated CNT, if at all. There is no clear trend in C5+ selectivity and α between the tests of 

different catalysts from this research as seen in Table 4.1. Therefore, an effect of Mn promo-

tion coming from impurities in the CNT is thought to be negligible.  

4.3 Testing results: high pressure 

The results of the high pressure tests are summarized in Table 4.3. The results are explained 

in the following sections. Section 4.3.2 covers the influence of oxygen containing groups on 

the support surface and structural damage to the support surface. Section 4.3.3 describes the 

influence of the solvent used in the impregnation step. Section 4.3.4 provides some insight 

into the deactivation mechanism. The product distribution is explained in Section 4.3.5 and 

the activation energy is determined in Section 4.3.6. 

It was seen that catalysts from different batches have comparable performance. However, 

catalysts from the same batch have different performance between runs. The design of the 

setup in which a total gas flow is divided over the 16 reactors is such that the actual gas flow 

can be slightly different from the desired gas flow. Another reason could be a different pres-

sure drop over the reactors when different types or amounts of catalysts are used. However, 

no significant difference was found when measuring the flow through the 16 reactors when 
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the reactors were filled with different types and amounts of catalysts or related materials. 

Furthermore, catalyst samples can be inhomogeneous. However, as all catalysts were sieved 

prior to the runs, this is unlikely. Because of the difference in performance between runs, 

only comparisons within single runs are made. 

4.3.1 General  

Apparent turnover frequencies were determined from the accessible surface area as deter-

mined from the particle size as obtained from XRD analysis (Table 3.3). 

The catalysts showed a relatively high performance (CTY and apparent TOF) and high selec-

tivity towards higher hydrocarbons (above 80%, compared to Co/CNF at 74% [46]). When 

measuring under the same conditions, 10 wt% Co/TiO2 has a CTY of 5–11×10-5 mol CO/gCo/s, 

depending on the preparation method (interpolated from [74]), 11% Co/Nb2O5 has a CTY of 

5×10-5 mol CO/gCo/s [75]. The high CTY was noticed before for Co/CNT catalysts [56]. 
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Table 4.3 Steady state performance for testing at 220 °C at 20 bar pressure, H2:CO=2, GHSV=2000 h-1, 

values shown are averaged over the last five data points before 84 h (run 2: 143 h) time on stream. 
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CNT-PrOH-2 1 22 71 48 17 19 64 0.68 

CNT-PrOH-2 1 21 67 53 16 22 62 0.68 

CNT-PrOH-2 a 2 20 64 14 8 8 84 0.64 

CNT-PrOH-2 4 22 71 42 8 8 83 0.74 

CNT-PrOH-2 4 22 70 44 9 8 83 0.74 

CNT-PrOH-3 3 15 52 37 6 6 88 0.78 

CNT-PrOH-3 4 20 69 41 8 8 84 0.75 

CNT-PrOH-3a 4 19 67 14 10 9 81 0.72 

CNT-PrOH-3b 4 20 70 42 8 8 84 0.75 

CNT-PrOH-3 4 20 71 46 8 8 84 0.75 

CNT-PrOH-4 4 22 ND 48 8 7 85 0.76 

CNT-EtOH-6 3 17 69 42 5 5 90 0.80 

CNT-H2O-1 3 12 62 29 5 4 91 0.80 

0.5hGPO-PrOH-2 1 12 41 33 19 24 57 0.59 

0.5hGPO-PrOH-2 a 2 15 51 11 8 7 85 0.62 

2hGPO-PrOH-1 1 14 59 42 17 19 64 0.62 

2hGPO-PrOH-1 2 12 52 25 7 7 87 0.70 

2hGPO-PrOH-2 3 8 24 20 10 7 83 0.74 

2hGPO-PrOH-2 4 12 35 27 10 9 81 0.71 

2hGPO-PrOH-2a 4 12 37 9 11 10 78 0.66 

2hGPO-PrOH-2b 4 11 32 24 10 9 81 0.70 

2hGPO-PrOH-2 4 12 35 27 10 9 81 0.71 

4hGPO-PrOH-1 1 12 48 37 21 25 55 0.62 

4hGPO-PrOH-1 4 13 51 28 10 8 83 0.73 

4hGPO-PrOH-1 2 11 41 27 7 7 86 0.71 

2hGPO-EtOH-1 3 8 33 21 10 7 82 0.74 

2hGPO-H2O-1 3 7 30 16 11 7 82 0.76 

R0.5hGPO-PrOH-1 1 18 78 49 18 20 62 0.63 

R0.5hGPO-PrOH-1 2 13 57 25 6 7 87 0.68 

R2hGPO-PrOH-1 1 17 67 43 21 21 57 0.62 

R2hGPO-PrOH-1 2 8 30 21 7 7 86 0.66 

a Low catalyst loading (12 mg) 

 b Diluted with 150 mg SiC (0.2 mm) 
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4.3.2 Influence of oxygen groups 

From Figure 4.1 it is seen that catalysts supported on GPO treated CNT show lower activity 

than those supported on untreated CNT. This trend is the same as in the ambient pressure 

tests, however the difference is more pronounced in these high pressure tests. 

The data points shown are averaged over six data points due to severe scattering. This scat-

tering was caused by damage to the GC column. For the catalysts supported on reduced 

GPO treated supports (R0.5hGPO-PrOH-1 and R2hGPO-PrOH-1), the activity was higher 

than the values found for the catalysts supported on GPO treated CNT but still below the 

untreated CNT supported catalyst CNT-PrOH-2. From this run, no clear correlation between 

oxidation time and activity loss was found. However, as the column of the GC was dam-

aged, the actual performance of the catalysts might differ from the data obtained from the 

GC. Therefore, this run was repeated after the GC column was repaired. Results of this sec-

ond run are shown in Figure 4.2. 

 
Figure 4.1 Activity of catalysts tested at 20 bar pressure and a temperature of 220 °C, run 1.  

 
Figure 4.2 Activity of catalysts tested at 20 bar pressure and a temperature of 220 °C, run 2. The 

GHSV was changed from 2000 h-1 to 937 h-1 and 563 h-1 at 152.1 h and 185.4 h time on stream, respec-

tively.  
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In run 2, for which the activity is plotted in Figure 4.2, the pressure of the reactors with cata-

lysts 4hGPO-PrOH-1, R0.5hGPO-PrOH-1 and R2hGPO-PrOH-1 was unstable. Results for 

this run are therefore not fully representative. The data shown is somewhat scattered. This 

was caused by a lower reactor loading for some reactors due to limitations in catalyst avail-

ability. The lower loading caused the CO conversion to be low and thus the error in the 

measurements to be relatively large. However, as the CTY is a weight-based measure for the 

activity, a comparison between the catalysts can still be made. Again, it is seen that the cata-

lyst CNT-PrOH-2 performs best, and catalysts supported on GPO treated CNT and reduced 

GPO treated CNT have a lower activity. The trend observed in Figure 4.1, where the per-

formance of catalysts supported on reduced GPO treated CNT was in between the perfor-

mance of those on untreated and GPO treated CNT is not confirmed in Figure 4.2. 

4.3.3 Influence of the impregnation solvent 

Figure 4.3 shows the activity expressed as CTY for 1-propanol, ethanol and water impreg-

nated untreated and GPO treated CNT. Again, it is immediately seen that the activity of the 

catalysts supported on GPO treated CNT perform worse than those on untreated CNT. Us-

ing water as impregnation solvent leads to a lower activity for both the untreated and GPO 

treated CNT. As stated in Section 3.3.2, the particles were clustered when water is used as 

solvent. Clustered particles can combine during the reduction and thus grow, losing surface 

area and thus losing active sites. For the GPO treated CNT, no difference in activity is seen 

between the ethanol and 1-propanol impregnated samples, whereas for the untreated CNT 

the ethanol impregnated catalyst shows a significantly higher activity than the 1-propanol 

impregnated catalyst. The improved particle distribution observed for the alcohol impreg-

nated catalysts combined with the particle size below the critical limit of 6 nm above which 

the turnover frequency is constant might play a role: when particles are smaller than 6 nm 

and do not grow to particles larger than 6 nm, the activity can be smaller than catalysts with 

larger particles [69], [76]. The spent catalysts were characterized in Section 4.4.  

The CTYs from Figure 4.3 were normalized and plotted in Figure 4.4. The catalysts support-

ed on untreated CNT show an increase in activity in the first few hours before the activity 

decreases, whereas the catalysts supported on GPO treated supports show immediate deac-

tivation. The initial increase can be ascribed to cobalt carbide formation during the reduction 

which is converted into metallic cobalt in the presence of syngas [77]. It should be noted that 

the reaction products of all reactors are not measured simultaneously but one after another 

where each measurement takes about 10 minutes. 
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Figure 4.3 Activity of catalysts tested at 20 bar pressure and a temperature of 220 °C, run 3. The 

GHSV was changed from 4000 h-1 to 1875 h-1 at 89.7 h and to 1125 h-1 at 120.2 h. 

 

 
Figure 4.4 Normalized data from Figure 4.3. 
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4.3.4 Deactivation 

In run 4, the catalysts were treated with diluted hydrogen after about 173 h time on stream. 

The activity is plotted in Figure 4.5. Before the hydrogen treatment, the same trend is ob-

served as seen before where catalysts supported on untreated CNT perform better than 

those on GPO treated CNT. After the hydrogen treatment, the initial activity is restored for 

the untreated CNT supported catalysts (which was expected from [44]) whereas the catalysts 

supported on GPO treated CNT show an activity that is enhanced significantly. An explana-

tion for this might be found in the removal of oxygen atoms from the catalyst that lower the 

activity, either by oxidizing the cobalt or by electronic effects. From the fact that the activity 

is restored after the hydrogen treatment for the catalysts supported on untreated CNT, it is 

concluded that the deactivation mechanism is reversible, i.e. the metal particles do not grow. 

Reversible deactivation mechanisms are described elsewhere [44] and include pore filling 

with long-chain waxes limiting accessibility, poisoning and carbidization. 

Increasing the reaction temperature might induce particle growth. For catalyst 2hGPO-

PrOH-2 it is seen that the initial steady state activity is recovered after increasing the reactor 

temperature from 220 °C to 250 °C in steps of 10 °C and back to 220 °C, whereas for catalyst 

CNT-PrOH-3, it is seen that the steady state activity is not recovered after the temperature 

program. After the hydrogen treatment, the 2hGPO-PrOH-2 sample that has received the 

temperature program shows an activity that is only slightly lower than the 2hGPO-PrOH-2 

sample for which the reactor temperature remained at 220 °C before the hydrogen treat-

ment. However, for catalyst CNT-PrOH-3 after the hydrogen treatment, the sample for 

which the temperature was varied showed an activity that was significantly lower from the 

sample that was kept at 220 °C. Catalyst CNT-PrOH-3 is thus irreversibly deactivated at the 

elevated temperatures, by particle growth. From this it is concluded that the cobalt particles 

on untreated CNT are more mobile than cobalt particles on GPO treated CNT. 
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Figure 4.5 Activity of catalysts tested at 20 bar pressure and a temperature of 220 °C, run 4. For two 

samples the temperature was increased from 220 °C to 250 °C in steps of 10 °C after 97.5 h, 119.9 h 

and 139.5 h time on stream, respectively, and lowered to 220 °C after 159.4 h time on stream. The hy-

drogen treatment was started at 173.3 h time on stream. 

The presence of oxygen groups on the support surface have a negative influence on the ac-

tivity of Co on GPO treated CNT catalysts. Co on GPO treated CNT can deactivate by oxida-

tion by the oxygen groups on the support surface. Therefore, the density of oxygen groups 

on the support surface decreases. The hydrogen treatment reduces the cobalt oxide to cobalt 

thus removing oxygen atoms from the system.  
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4.3.5 Product distribution  

 
Figure 4.6 ASF plot for catalyst CNT-PrOH-3, measured at 220 °C at 20 bar pressure, H2:CO=2, 

GHSV=2000 h-1. A linear fit was applied in the range [4,8] and resulted in R2=0.9953, α=0.78. 

Figure 4.6 shows a typical ASF plot. In this plot, C1 and C2 deviate from ideal behavior. First, 

the C1 Wn/n is higher than expected from the ASF equation (Equation (1.5)). Considering a 

methylene unit (CH2) bound to the catalyst surface, the unit can be attacked by either anoth-

er methylene unit or by a hydrogen molecule, the latter being more likely to occur resulting 

in a higher C1 selectivity. Second, the C2 Wn/n is lower than expected. When α-olefins are 

coordinated to the metal, the olefins can grow or terminate. Ethene is a special case: it has 

two sides that can be attacked whereas longer α-olefins have one side with strong steric hin-

drance. Because of this, ethene is readily converted to longer chains resulting in a lower C2 

selectivity [1], [78], [79]. This deviation from theoretical ASF behavior enables fitting in the 

linear range from n=4 onwards. In the high pressure tests, hydrocarbons up to a length of 9 

were analyzed individually with condensation effects present for the longer molecules re-

sulting in less reliable results for hydrocarbons with length 8 and 9, thus the linear fit was 

applied in the range [4,7]. 

The hydrogen treatment performed in run 4 increased the activity of the catalysts supported 

on GPO treated CNT. With this increasing activity and increased CO conversion, the C5+ 

selectivity also increased. This was also noticed in run 3: when the GHSV was lowered, the 

CO conversion increased while the CTY and TOF showed no significant change, but the C5+ 

selectivity did show an increase of about 2 percentage points.  

4.3.6 Activation energy 

The Arrhenius plot is shown in Figure 4.7. The shown data points were averaged over five 

measurements after 80, 105, 122 and 144 h run time (run 4) for temperatures of 220, 230, 240 

and 250 °C, respectively. A linear fit was applied on the measurements obtained at tempera-
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tures of 220, 230 and 240 °C (rightmost three in the graph) for both catalysts. The activation 

energies were 119 and 112 kJ/mol for CNT-PrOH-3 and 2hGPO-PrOH-2, respectively. The 

data points at T=250 °C were omitted because their reliability was lower as a result of high 

CO conversion (90% for catalyst CNT-PrOH-3). The activation energies found were of the 

same order of magnitude as earlier research has shown [56], [80]. The difference between the 

activation energies of the two systems is not significant. The activation energy is affected by 

diffusion limitations and it has been shown before that the presence of diffusion limitation 

lowers the activation energy from 120 kJ/mol to 60–70 kJ/mol [81]. It is therefore concluded 

that diffusion limitation effects are not present. 

 
Figure 4.7 Arrhenius plot for catalysts CNT-PrOH-3 and 2hGPO-PrOH-2, run 4. 

4.4 Characterization of spent catalysts 

TEM images of high pressure spent catalysts were recorded in bright field mode using the 

method described in Section 2.2.3 and a selection is shown in Figures 4.8–4.13. 
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Figure 4.8 TEM image of high pressure spent 

catalyst CNT-PrOH-3. The image partially shows 

a hole in the carbon film on the copper grid. Fig-

ure 3.4 shows the fresh catalyst. 

Figure 4.9 TEM image of high pressure spent 

catalyst 2hGPO-PrOH-2. Figure 3.5 shows the 

fresh catalyst. 

  
Figure 4.10 TEM image of high pressure spent 

catalyst CNT-EtOH-6. Figure 3.6 shows the fresh 

catalyst. 

Figure 4.11 TEM image of high pressure spent 

catalyst 2hGPO-EtOH-1. Figure 3.7 shows the 

fresh catalyst. 

  
Figure 4.12 TEM image of high pressure spent 

catalyst CNT-H2O-1. Figure 3.8 shows the fresh 

catalyst. 

Figure 4.13 TEM image of high pressure spent 

catalyst 2hGPO-H2O-1. Figure 3.9 shows the 

fresh catalyst. 
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Table 4.4 Average Co3O4 particle sizes 〈 〉 (nm) of fresh and spent catalysts and standard deviation σ, 

as determined by manual analysis of TEM images using iTEM software. The Co equivalent particle 

sizes were calculated by applying Equation (3.5). The spent catalysts analyzed were tested at high 

pressure before TEM imaging unless stated otherwise. 

 fresh spent 

 
Co3O4 Co Co3O4 Co 

catalyst 〈 〉 σ 〈 〉 σ 〈 〉 σ 〈 〉 σ 

0.5hGPO-PrOH-1a 
    

5.9 1.5 4.4 1.1 

CNT-PrOH-3 
    

5.4 4.4 4.1 3.3 

2hGPO-PrOH-2 4.4 1.0 3.3 0.7 
    

CNT-H2O-1 
    

13.4 3.4 10.1 2.6 

2hGPO-EtOH-1 5.2 1.4 3.9 1.1 9.7 1.4 7.3 1.1 

CNT-EtOH-6 5.1 1.5 3.8 1.1 9.3 3.0 7.0 2.3 

2hGPO-H2O-1 5.7 1.3 4.3 1.0 10.3 3.1 7.7 2.4 
a spent at ambient pressure 

From the TEM particle size analysis (Table 4.4) it is seen that the metal particles have grown 

after the reaction. As stated in Section 3.3.2, the particle size does not differ much between 

the different preparation methods. However, it was also shown that the particle distribution 

is in fact different depending on the catalyst preparation method. Catalyst CNT-H2O-1 

showed clustered particles whereas the particles of the other catalysts were well-distributed. 

This was especially the case for the catalysts where alcohols were used as impregnation sol-

vent. As seen from the TEM particle size analysis, the particle growth during reduction and 

reaction is most severe for catalyst CNT-H2O-1. It should also be noted that spent catalysts 

0.5hGPO-PrOH-1 and CNT-PrOH-3 have a cobalt particle size below 6 nm, meaning particle 

size effects limit the activity per surface cobalt atom, illustrated in Figure 4.14. 

 

Figure 4.14 Dependency of the TOF on the cobalt particle size [69]. The cobalt particle sizes of spent 

catalysts CNT-PrOH-3, CNT-EtOH-6 and CNT-H2O-1 are indicated as 1-PrOH, EtOH and H2O, re-

spectively, for comparison. 
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4.5 Summary and outlook 

The catalysts prepared in Chapter 3 were tested at both ambient and high (20 bar) pressure. 

In the high pressure tests, the catalysts performed different between runs and therefore the 

comparisons made are within single runs. The catalysts showed high performance in terms 

of CTY and apparent TOF, both at ambient and high pressure. Based on the activation ener-

gies, it was concluded that diffusion limitations were absent.  

It was shown that catalysts supported on untreated CNT have superior performance com-

pared to those on GPO treated CNT. This difference was observed in both pressure regimes, 

although it was less pronounced in the ambient pressure tests. Catalysts supported on re-

duced GPO treated CNT suggested an intermediate performance, but this was not con-

firmed by a second test.  

The alcohol (EtOH and 1-PrOH) impregnated catalysts had higher performance than water 

impregnated catalysts. This was the case for catalysts on both untreated CNT and GPO 

treated CNT. An explanation for this behavior was found in the particle distribution. Cata-

lysts for which water was used as the impregnation solvent showed more agglomerated 

particles, which are more likely to grow during the reduction step causing a loss in metallic 

surface area. For the untreated CNT, a difference was found between the performances of an 

ethanol impregnated catalyst and a 1-propanol impregnated catalyst: the ethanol impreg-

nated catalyst performed higher. While for most catalysts the cobalt crystallite size had in-

creased after the reaction, the spent 1-propanol catalyst had an equivalent Co crystallite size 

below 6 nm, and thus in a size range for which the crystallite size highly influences the cata-

lytic activity. 

The catalysts supported on untreated CNT showed an interesting activation behavior in the 

first hours on stream. Similar patterns have been found before for carbidic species. Carbidic 

cobalt is not active as an FT catalyst but is converted to metallic cobalt by syngas, thereby 

showing an increase in FTS activity in the first hours on stream.  

Increase of temperature leads to faster deactivation for Co on untreated CNT catalysts, 

whereas the same temperature increase does not deactivate the Co on GPO treated CNT 

catalysts. The deactivation by the increased temperature was found to be irreversible for the 

catalyst supported on untreated CNT.  

The initial activity was restored by a hydrogen treatment after testing at 220 °C for Co on 

untreated CNT catalysts, and for the Co on GPO treated CNT catalysts the activity is even 

higher than the initial activity. Furthermore, the latter showed a lower deactivation rate. 

The growth catalyst of the CNT did not have an influence on the activity nor on the selectivi-

ty of the catalysts. 
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The increase in activity found for the catalysts on untreated CNT during the first hours on 

stream was attributed to carbidic cobalt that is converted to metallic cobalt by syngas. Fur-

ther research is necessary to confirm this. An in situ XRD test might bring this evidence.  
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 Chapter 5

Summary and outlook 

In this work, different CNT supported cobalt catalysts for the Fischer-Tropsch synthesis 

were prepared and investigated. The supports that were used are untreated CNT, CNT that 

were pre-treated with nitric acid vapor (gas phase oxidation or GPO, introducing oxygen 

containing groups on the CNT surface) and GPO treated CNT that were reduced by hydro-

gen. The GPO treated CNT had a rougher surface than the untreated CNT. Both untreated 

CNT and GPO treated CNT were thermally highly stable. The acidity of the GPO treated 

CNT was investigated by acid-base titrations and it was found that the acid group content 

increases in the first two hours of GPO treatment and then stabilizes at about 0.45 mmol/g.  

All catalysts were prepared by incipient wetness impregnation using Co(NO3)2·6H2O as 

metal precursor, dissolved in either 1-propanol, ethanol or water. After impregnation, the 

samples were dried at a temperature 20 K below the boiling point of the solvent (i.e. 60 °C 

for ethanol and 80 °C for 1-propanol and water) in flowing nitrogen and thermally treated at 

250 °C in flowing nitrogen. The obtained catalysts had cobalt-equivalent particle sizes of 

3-4 nm (determined by TEM) and the ethanol and 1-propanol impregnated catalysts were 

highly dispersed, whereas the water impregnated catalysts showed agglomerated particles. 

This was explained by means of wetting. The reduction behavior was investigated by a tem-

perature programmed reduction experiment. The TPR patterns of Co/CNT catalysts were 

different from Co supported on oxidic supports: an extra peak was seen which could not be 

assigned to the reduction of cobalt but instead to a reaction between the CNT and hydrogen. 

Furthermore, the reduction peaks of cobalt oxide supported on GPO treated CNT have 

shifted to higher temperatures compared to cobalt oxide supported on untreated CNT.  

The catalysts were tested catalytically for the Fischer-Tropsch synthesis at ambient and high 

(20 bar) pressure. It was found that the support surface pre-treatment has severe impact on 

catalytic performance. Support pre-treatment with nitric acid vapor lowers catalytic activity 

at 20 bar syngas pressure by a factor 2 compared to catalysts for which the support has had 

no pre-treatment. Removal of oxygen groups by thermal treatment in a hydrogen gas sug-

gested an intermediate activity but this was not confirmed by a second test. It can still be 

concluded that the oxygen groups on the support surface are not beneficial for the activity of 

the catalysts. 



60 

The impregnation solvent also had an influence on the catalytic performance of the catalysts. 

The alcohol (ethanol and 1-propanol) impregnations result in a higher activity than water 

impregnation. This was explained by the agglomerated metal particles from the water im-

pregnated samples that have a high chance to combine and form bigger particles, resulting 

in a loss of metal surface area. 

While on stream, all catalysts showed a decreasing activity over time. The initial activity was 

restored by a hydrogen treatment and it is therefore concluded that the deactivation process 

is reversible. For the catalysts supported on GPO treated CNT, the activity was even higher 

than the initial activity. An explanation was found in the oxygen groups on the CNT surface, 

which are able to oxidize the cobalt particles. By the hydrogen treatment, the cobalt oxide is 

re-reduced to metallic cobalt and the oxygen atoms are removed from the system. After the 

treatment, the lower oxygen content results in a higher activity. 

By increasing the reactor temperature, it was found that the thermal stability of the catalysts 

is higher for cobalt supported on GPO treated CNT compared to cobalt on untreated CNT. 

Therefore it was concluded that the oxygen groups are able to stabilize the cobalt metal par-

ticles. 

As the reducibility of the catalysts might have an impact on the behavior of the catalysts, it is 

interesting to further clarify the reducibility. In situ XRD was suggested to follow the reduc-

tion process. Other interesting options are Extended X-ray Absorption Fine Structure (EX-

AFS) and X-ray Absorption Near Edge Structure (XANES). Another analysis can be per-

formed by using a mass spectrometer coupled to a temperature programmed reduction set-

up. This way, the reduction behavior can be related to the products formed during the re-

duction. 

The residence time and surface coverage of reactants can be investigated by Steady State 

Isotopic Transient Kinetic Analysis (SSITKA), and by using infrared techniques such as po-

larization modulation reflection absorption infrared spectroscopy (PM-RAIRS) the binding 

state of CO molecules can be determined. 
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