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Fischer-Tropsch synthesis
Over the last decades the world energy consumption has increased drastically due to a 

growing world population and an increasing level of welfare. Currently ~ 87 % of the energy used 
originates from oil (33 %), gas (24 %) and coal (30 %) as shown in Figure 1.1.1 Especially for the 
production of transportation fuels, dependence on crude oil is large. Reserves of crude oil are 
reported to be large and new reserves are still being discovered nowadays (Figure 1.2A); however, 
these will eventually deplete or be not exploitable due to high investment costs, political situation 
or environmental concerns.

Natural gas is an alternative to crude oil; however, due to the often remote location and the 
high transportation costs of gasses, difficult to exploit and associated gas from oil wells might 
even be flared. Other energy sources include coal and biomass, of which the latter could result in 
a renewable cycle. However, natural gas, coal or biomass cannot be directly implemented in the 
current fuel production facilities or in an internal combustion engine.

To be able to transport and exploit these carbon feedstocks, conversion into liquid hydrocarbons 
is required and the typical route is via synthesis gas (syngas) generation and conversion. Syngas 
is a mixture of H2 and CO, usually produced by steam reforming of natural gas or by high-
temperature gasification of coal or biomass.2 Syngas can be catalytically converted into long-
chain hydrocarbons according to the following equation: n CO + (2n+1) H2  CnH2n+2 + n H2O. 
Depending on the carbon feedstock, the overall process of syngas generation and conversion is 
often referred to as gas-to-liquid (GTL), coal-to-liquid (CTL) or biomass-to-liquid (BTL).

The hydrogenation of carbon monoxide to hydrocarbons was first reported in the early 1900s 
and patented by the BASF researchers Mittasch and Schneider.3 The process however was named 
after the German researchers Fischer and Tropsch who realized the potential for production of 
synthetic liquid fuels using supported cobalt catalysts.4,5

Investments in commercialization of the Fischer-Tropsch process have been largely dependent 
on the price of crude oil (Figure 1.2B) and international politics. Large scale application of the 
Fischer-Tropsch process in CTL was first applied by the German industry during the Nazi regime 
in the period 1927-1945 in order to be independent of oil imports.6 In the 1950s, large new 

Figure 1.1. World energy consumption over time in million tonnes of oil equivalent (mtoe).1
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reserves of crude oil were discovered, making the FT process in CTL economically less viable and 
only applied in South Africa to meet the energy demands during the apartheid regime. Renewed 
attention to the FT process was obtained after the oil crisis in 1973, also stimulated by the more 
and more stringent legislation regarding vehicle emissions. Due to the very low concentrations 
of sulfur, nitrogen and aromatics in Fischer-Tropsch derived fuels, important improvements can 
be made in the development of combustion engines and automotive catalytic converters and 
reduced emissions of SO2, NO x and particulate matter are reported for engines operated on 
Fischer-Tropsch diesel compared to conventional crude oil-based diesel.7,8

Currently several large-scale GTL and CTL plants are operated with an approximate summed 
capacity of 400,000 barrels per day (bpd). Plants are located in South Africa (Secunda, Sasol, 
160,000 bpd, CTL), Qatar (Pearl, Shell, 140,000 bpd, GTL and Oryx, Sasol, 34,000 bpd GTL), 
Nigeria (Escravos, Chevron, 34,000 bpd, GTL), Malaysia (Bintulu, Shell, 15,000 bpd, GTL) and 
China (Yitai and Lu’an, 4,000 bpd, CTL). The fluctuating price of crude oil however also largely 
determines the feasibility of construction of new industrial Fischer-Tropsch plants. Due to the low 
current oil price, construction of large (> 100,000 bpd) Fischer-Tropsch GTL plants, exploiting 
shale gas in Louisiana, USA was postponed by Shell and Sasol.

Fischer-Tropsch catalysts
Group 8 - 10 metals Fe, Co, Ni and Ru have been shown to be active Fischer-Tropsch catalysts 

since these metals can dissociatively adsorb CO.9,10 Ruthenium is the most active of these metals 
and is widely applied in academic studies. However, due to its limited availability and high 
costs, large-scale industrial application of ruthenium is less feasible. Nickel catalysts exhibit high 
selectivity towards methane and are therefore mainly applied for removal of undesired CO traces 
in feed gasses or for the production of synthetic natural gas.11 

Iron and cobalt are widely used Fischer-Tropsch catalysts and the choice of metal mainly 
depends on the feed gas and the desired products. Iron is cheaper than cobalt and can be applied 
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for the conversion of CO-rich synthesis gas (H2/CO = 1), typically obtained from biomass or 
coal. When operated at high temperatures (HTFT, ~ 340 °C), the main products are (lower) 
olefins.12,13 Due to the high activity in the water-gas shift reaction (WGS: CO + H2O  CO2 + H2),  
the main side-product is carbon dioxide. Due to coke deposition iron catalysts are prone to rapid 
deactivation.13,14 Cobalt catalysts exhibit higher activity at lower temperatures (200 - 240 °C)  
and higher stability against deactivation by water; however, are more prone to poisoning by 
contaminants like sulfur than iron catalysts. The high selectivity towards heavy hydrocarbons in 
combination with high stability and the absence of WGS makes cobalt the preferred catalyst for 
the low temperature Fischer-Tropsch reaction (LTFT).15–18

Industrial catalysts for LTFT synthesis typically consist of 10-30 wt% cobalt, 0.05-1 wt% 
noble metal promoter, 1-10 wt% transition-metal oxide promoter and a high-surface-area oxide 
support.19 The active phase is metallic cobalt and the activity per cobalt surface atom (turnover 
frequency, TOF) was reported to be independent of particle size for cobalt particle sizes above 
6-8 nm.20,21 Typically, the metallic cobalt is obtained by reduction of Co3O4. Reduction of Co3O4 
is found to be difficult especially for small particles and in the case of strong interaction with 
the support22 and can be promoted by the addition of a noble metal like Pt, Pd, Ru or Re. The 
role of the noble metal is believed to be dissociation of H2 and spill-over of hydrogen atoms to 
cobalt oxide, leading to a higher degree of reduction at lower temperature and ultimately a higher 
number of metallic cobalt surface sites.23–26

To offer thermal, mechanical and chemical stability, metal nanoparticles are often supported 
by mesoporous metal oxides. Industrially applied supports include γ-Al2O3 or TiO2, while many 
fundamental studies have been performed on silica27,28, carbon21,29 and zeolite30,31 supported 
catalysts. It has been found that the nature of the support can affect the catalyst performance.32 
High support pore volume and surface area allow for facile catalyst preparation and high cobalt 
loadings33 while the support pore diameter is reported to affect the catalyst selectivity, either 
by influencing the cobalt particle size18,34,35 or affecting diffusion of reactants and products36–38. 
The nature of the support determines the interaction with cobalt species; strongly interacting 
supports like γ-Al2O3 usually lead to high cobalt dispersions but also hard to reduce cobalt oxide 
species and vice versa.39,40 The presence of acid support groups can introduce isomerization or 
hydrocracking activity to the catalyst.30,31,41

Partially reducible transition-metal oxide (TMO) promoters like manganese oxide, zirconia, 
titania or niobia, are typically added to promote the selectivity to higher hydrocarbons (often 
referred to as C5+ selectivity) and activity of the catalyst by electronic interaction between cobalt 
and the TMO.42,43 The selectivity promoting mechanism is thought to be related to partial 
reduction of the TMO followed by migration onto metallic cobalt which is often referred to as 
strong metal-support interaction (SMSI) and reported by Tauster et al. and Haller et al. for TiO2-
supported catalysts.44–46 TMO promoters can thus be present as small species in close vicinity to 
or on the cobalt particles17,47–53, by modification of a silica or alumina-support with a TMO54–56 
or as support material like in the case of Co/TiO2

57–59, Co/CeO2
60,61 Co/ZrO2

62–64 or Co/Nb2O5
65–69 

catalysts. 
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Niobia in Fischer-Tropsch synthesis
The application of Co/Nb2O5 catalysts in Fischer-Tropsch synthesis was first reported in 1993 

by Frydman et al.68 and is subject of several research papers and patents.41,69,70 In comparison to 
alumina-supported catalysts higher C5+ selectivities were reported in Fischer-Tropsch synthesis 
at 1 bar.66 Upon increasing reduction temperature (300 - 500 °C), the catalyst activity was found to 
decrease whereas the C5+ selectivity increased and was explained in terms of SMSI (vide supra).66 
Influence of reactor pressure was investigated by Mendes et al. for Co, RuCo and ReCo/Nb2O5 
catalysts.71 Enhanced C5+ selectivities were observed upon increasing pressure up to 20 bar.

Niobia-modified alumina was prepared by Mendes et al. and investigated as support material 
for cobalt Fischer-Tropsch catalysts.54,72 Enhanced C5+ selectivities were observed upon niobia-
modification of alumina. Using a temperature-programmed surface reaction technique (TPSR) 
and in situ diffuse reflectance spectroscopy (DRS) Co0, Co2+-Co and Co0-NbOx were suggested 
to be the active surface sites. Co2+-Co was proposed to be responsible for methanation and  
Co0-NbOx responsible for hydrocarbon chain growth, making the relative abundance of 
Co2+ affect the catalyst performance.54,73 The presence of Co0-NbOx species was confirmed in  
Co/Nb2O5 catalysts54 and model catalysts.74

Bimetallic PtCo/Nb2O5 and RhCo/Nb2O5 catalysts were applied in Fischer-Tropsch synthesis 
by Noronha et al. and Frydman et al.75,76 For PtCo/Nb2O5 catalysts, a factor 2-3 increase of the 
cobalt-weight normalized activity was reported at 1 bar, which could not be explained only by 
an increased number of active sites. This observation was previously reported for Ru-promoted 
Co/TiO2 and recently also upon promotion of Co/TiO2 with Ag, Pt, Re or Ru.58 This indicates 
that the intrinsic activity (TOF) of the active sites increased, which is rare in cobalt Fischer-
Tropsch catalysts. Iglesia et al. proposed that the activity promoting role of Ru in Co/TiO2 was 
related to inhibited deactivation by carbon77, whereas Eschemann et al. suggested that increased 
hydrogenation activity accelerated water formation in promoted catalysts and/or gives rise to 
hydrogen-assisted CO dissociation.58

Scope and outline of this thesis
The goal of this thesis is to more deeply investigate the application of niobia as support and 

promoter in cobalt Fischer-Tropsch Catalysts and to study the role of reaction conditions and 
noble metal promoters on the performance of niobia-containing catalysts.

In Co/niobia Fischer-Tropsch catalysts typically crystalline, low specific surface area supports 
are used with low cobalt loadings (~ 5 wt%) and dispersions. In Chapter 2, the influence of 
process conditions and carbon-templating on porosity and surface area of crystalline niobia is 
studied. Besides that, the influence of niobia phase and cobalt loading and deposition method on 
the catalyst structure and performance in Fischer-Tropsch synthesis is investigated.

In Chapter 3, the activity and selectivity of a 5 wt% Co/Nb2O5 catalyst was investigated 
in Fischer-Tropsch synthesis at industrially relevant conditions in comparison to a  
28 wt% Co/γ-alumina catalyst. The influence of a wide range of reaction temperatures was 
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investigated and was utilized to compensate for the low cobalt loading on the niobia support.
The extent and origin of Pt-promotion on the activity and selectivity of Co/Nb2O5 Fischer-

Tropsch catalysts is investigated in comparison to γ-Al2O3- and α-Al2O3-supported catalysts 
in Chapter 4. A wide range of techniques, including environmental X-ray diffraction (XRD), 
environmental Transmission Electron Microscopy (TEM), a kinetic study and Steady-State 
Isotopic Transient Kinetic Analysis (SSTIKA), was applied to study the effect of Pt addition on 
the number and the nature of the active sites.

The low porosity of niobia limits the cobalt loading in niobia-supported catalysts to ~ 5 wt%, 
which is much lower than industrial catalysts. To combine the selectivity-promoting properties 
of niobia with a highly porous support, niobia-modified silica was applied as support for Co 
and PtCo catalysts in Chapter 5. The extent and origin of activity and selectivity promotion by 
niobia and platinum is investigated at 1 bar and low CO conversion and at industrially relevant 
conditions and correlated to the catalyst structure.

Finally, Chapter 6 provides a summary of the main results in this thesis and some concluding 
remarks. 
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Abstract
In Co/niobia Fischer-Tropsch catalysts typically crystalline, low specific surface area supports 

are used with low cobalt loadings (~ 5 wt%) and dispersions. In this chapter the influence of 
temperature and atmosphere on the morphology, crystallinity and porosity of niobia was studied. 
Higher porosity crystalline niobia was prepared by carbon-templated crystallization of amorphous 
niobia and by niobia synthesis in a porous carbon template. 4 - 21 wt% cobalt was deposited 
on the prepared crystalline supports and on amorphous niobia by impregnation and deposition 
precipitation. Deposition precipitation of cobalt precursor led to precipitation in the solution 
separate from the crystalline niobia support due to insufficient interaction. For 5 wt% Co/Nb2O5 
prepared by impregnation of crystalline niobia both high cobalt-weight normalized activity and 
high C5+ selectivity was obtained, previously only observed for promoted Co catalysts. Lower 
cobalt-weight normalized activities and C5+ selectivities were observed for catalysts prepared by 
multiple cobalt impregnation cycles, by deposition precipitation or using amorphous niobia as 
support.

Chapter 2

Exploratory Studies for

 Synthesis of Niobia-supported

 Cobalt Fischer-Tropsch Catalysts
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Introduction
Co/Nb2O5 Fischer-Tropsch catalysts are typically prepared by impregnation of crystalline 

Nb2O5.
1–3 This support is usually obtained by thermal treatment at 500 - 600 °C of a niobium 

precursor or amorphous niobium oxide, yielding low specific surface area and low porosity. 
Consequently cobalt loadings from incipient wetness impregnation are limited to ~ 5 wt% much 
lower than industrial Fischer-Tropsch catalysts with 20 - 25 wt%. Higher porosity niobia would 
allow application of higher cobalt loadings and dispersions. Amorphous niobia has been reported 
to exhibit superior porosity compared to crystalline niobia4; however, has not been reported as 
support for Fischer-Tropsch catalysts.

Carbon-templating was reported to yield largely preserved porosity upon crystallization 
of mesoporous Nb-Ta mixed oxide.5 BET surface area and pore volume decreased only from  
184 to 94 m2 g-1 and 0.34 to 0.23 mL g-1, respectively. In this chapter carbon-templated 
crystallization of high-surface-area niobium oxide hydrate is investigated as a method to obtain 
high-surface-area crystalline niobia.

Synthesis methods to obtain high-surface-area niobia were reviewed by Nowak and Ziolek6  
and included the synthesis of microporous niobium oxide and niobium silicate molecular sieves7,8, 
the synthesis of mesoporous amorphous niobium oxides using amphiphilic block copolymers9–11 
and the synthesis of Nb2O5 by roll-up of layered K4Nb6O17 crystals.12 A wet chemical route to 
synthesize porous metal oxides using a carbon template was reported by Schwickardi et al.13 and 
involves the impregnation of activated carbon with a concentrated metal nitrate solution and 
subsequent calcination to decompose the nitrate precursor and burn off the carbon material. 
MgO, Fe2O3, Cr2O3, TiO2 and several mixed oxides were synthesized with significantly higher 
porosity than without the use of a carbon template. In this chapter impregnation of a carbon 
template with a niobium-precursor and subsequent crystallization and carbon burn-off is 
investigated as another route to synthesize high-surface-area crystalline niobia.

Deposition precipitation (DP) is a method to prepare supported catalysts with high metal 
loadings without being limited by the support porosity.14 Two main routes for deposition 
precipitation of cobalt have been reported: precipitation from an acidic solution upon 
increasing pH by slow hydrolysis of urea15 or from an alkaline solution upon decreasing pH by 
evaporation of ammonia.16–18 The probability that cobalt will precipitate on a suspended support 
depends on the extent of interaction between the precipitating agent and the support surface. 
Since the niobia surface charge was reported to be highly dependent on the pretreatment19, 
both methods of deposition precipitation are explored in this chapter as a potential route for  
Co/Nb2O5 preparation.

In this chapter, the influence of process conditions and carbon-templating on porosity and 
surface area of crystalline niobia is investigated. Amorphous niobia is treated at 120 - 900 °C or 
crystallized after pore-filling with carbon. Carbon templated synthesis of crystalline niobia is 
performed by decomposition of ammonium niobium oxalate using a porous carbon template. 
The influence of niobia phase and cobalt loading and deposition method on the catalyst structure 
and performance in Fischer-Tropsch synthesis is investigated. 4 - 21 wt% Co/niobia catalysts are 
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prepared by impregnation and deposition precipitation using amorphous and crystalline niobia 
as support. Catalyst performance is evaluated in Fischer-Tropsch synthesis at 1 bar and 220 °C.

Experimental methods

Preparation
Niobium oxide hydrate (HY-340, AD/4465, 72.6 wt% Nb2O5, LOI 26.7 wt%, purity data see 

Appendix A) was obtained from Companhia Brasileira de Metalurgia e Mineração - CBMM. 
Thermal treatment of ~ 5 g niobium oxide hydrate at 120 - 900 °C (5 °C min-1, 2 h) was performed 
in a muffle oven (NbxM, x indicates temperature) or in a quartz U-shaped fixed bed reactor  
(i.d. = 10 mm) at 600 °C (5 °C min-1, 2 h) in stagnant air (Nb600SA) or in a 0.5 L min-1 g-1 air flow 
(Nb600AF) or N2 flow (Nb600NF). An overview of the samples is shown in Table 2.1.

For carbon-templated crystallization of niobia5, 0.8 g niobium oxide hydrate was dried for  
16 h at 120 °C in a muffle oven, sieved to 75 - 150 µm and impregnated20 with 0.5 g of a solution 
containing 1.4 g sucrose, 0.14 g 95 wt% H2SO4 and 5.1 g H2O. After drying at 120 °C for 72 h  
in stagnant air and decomposition of the carbon precursor at 200 °C (3 °C min-1, 2 h) in a  
1 L min-1 g-1 N2 flow, 0.38 g of the resulting sample was impregnated with another 0.12 g of the 
acidic sucrose solution. The sample was dried at 60 °C for 19 h in stagnant air, followed by carbon 
precursor decomposition at 200 °C (3 °C min-1, 2 h) in a 1 L min-1 g-1 air flow, crystallization 
at 600 °C (5 °C min-1, 2 h) in a 1 L min-1 g-1 N2 flow and carbon burn-off at 400 °C (3 °C min-1,  
4 h) in a 1 L min-1 g-1 air flow (Nb-CTC-S). Alternatively, 2 g niobium oxide hydrate was dried for  
16 h at 120 °C in a muffle oven, sieved to 75 - 150 µm and impregnated20 with 0.6 g of a mixture of 
6 g furfuryl alcohol and 0.024 g anhydrous oxalic acid. After drying at 120 °C for 16 h in stagnant 
air, the carbon precursor was decomposed at 200 °C (3 °C min-1, 2 h) in a 1 L min-1 g-1 air flow, 
the sample was crystallized at 600 °C (5 °C min-1, 2 h) in a 1 L min-1 g-1 N2 flow and carbon was 
burned off at 400 °C (3 °C min-1, 4 h) in a 1 L min-1 g-1 air flow (Nb-CTC-F).

To synthesize crystalline niobia using a porous carbon template13, 1 g activated carbon  
(AC, Norit, SX Ultra, A-5049, SABET: 839 m-2 g-1, PV: 0.79 mL g-1) was impregnated20 with 3 g of 
a 200 g L-1 aqueous solution of ammonium niobium oxalate (ANO, CBMM, AD/4823), dried 
for 10 days at room temperature in stagnant air and at 120 °C (3 °C min-1, 2 h) in a 1 L min-1 g-1 
N2 flow. The sample was crystallized at 600 °C (3 °C min-1, 2 h) in a 1 L min-1 g-1 N2 flow and the 
carbon template was burned off at 500 °C (3 °C min-1, 2 h) in a 1 L min-1 g-1 air flow (Nb-ACTS). 
Alternatively, 2 g carbon black (CB, Cabot Black Pearls 2000, GP-3848, SABET: 1422 m-2 g-1,  
PV: 1.8 mL g-1) was impregnated twice with 4.4 g of a 200 g L-1 ANO (aq) solution and dried 
at 60 °C for 16 h in stagnant air after each impregnation step. The sample was crystallized at  
600 °C (3 °C min-1, 2 h) in a 1 L min-1 g-1 N2 flow and the carbon template was burned off at 550 °C  
(3 °C min-1, 2 h) in a 1 L min-1 g-1 air flow (Nb-CBTS).

Cobalt was deposited on amorphous niobia (Nb120M) or crystalline niobia (Nb600M). 
Prior to cobalt deposition, niobia pellets were pressed (125 MPa), crushed and sieved to  
75 - 150 µm and dried under dynamic vacuum at 80 °C for 1 h. Impregnation20 (IWI) was 
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performed with an aqueous 4.0 M Co(NO3)2 . 6 H2O (Acros, p.a.) solution, multiple impregnations 
were performed to achieve Co loadings > 5 wt%. After each impregnation, the catalyst was dried 
at 60 °C for 16 h in stagnant air and subsequently calcined at 350 °C (2 h, 3 °C min-1) in a fixed 
bed reactor in a 1 L min-1 g-1 N2 flow. Co loading was 4 - 21 wt% based on intake and was defined 
as the mass of metallic cobalt per gram of reduced catalyst.

For catalyst preparation using deposition precipitation by ammonia evaporation16–18 (DPA,  
7 - 9 wt% Co), 2.0 g Nb120M or Nb600M was suspended in a mixture of 6 mL of an aqueous  
0.42 M CoCO3 (Acros, p.a.), 7.5 M NH3 (Merck, p.a.), 0.52 M (NH4)2CO3 (Acros, p.a.) solution 
and 44 mL of a 9 wt% ammonia solution. In a PTFE flask equipped with a reflux cooler, the 
mixture was heated to 100 °C for 4.5 h to allow ammonia evaporation. After cooling to room 
temperature, the solids were filtered off, washed thoroughly with water and dried at 120 °C in 
stagnant air for at least 16 h and calcined at 400 °C (4 h, 5 °C min-1) in a 1 L min-1 g-1 N2 flow.

For catalyst preparation using deposition precipitation by urea hydrolysis15 (DPU, 5 wt% Co), 
3.1 g Nb120M or Nb600M was suspended in 1.5 L water and heated to 90 °C in a stirred, double-
walled, thermostatic vessel. 0.83 g Co(NO3)2 . 6 H2O was added, the pH was adjusted to 3 by 
adding HNO3 and 10 mL of a 4.7 M aqueous urea solution was added. After 16 h the pH was 9, 
the suspension was cooled to room temperature, solids were filtered off, washed thoroughly with 
water and dried at 120 °C in stagnant air for at least 16 h and calcined at 400 °C (4 h, 5 °C min-1) 
in a 1 L min-1 g-1 N2 flow.

Characterization
Powder X-ray diffraction (XRD) patterns were measured using a Bruker-AXS D2 Phaser 

X-ray diffractometer using Co-Kα radiation (λ = 1.789 Å). Co3O4 crystallite size was calculated 
by applying the Scherrer equation (k = 0.9) to the (311) diffraction line at 43.0 ° 2θ or in case of 
overlap with the crystalline support the (220) diffraction line at 36.5 ° 2θ. Environmental XRD 
was measured using a Bruker-AXS D8 Advance X-ray diffractometer using Co-Kα radiation  
(λ = 1.789 Å). Sample was heated to 350 °C (2 h, 5 °C min-1) in 25 vol% H2/He.

N2 physisorption measurements were performed at -196 °C, using a Micromeritics TriStar 
3000 apparatus. Prior to analysis, ~ 100 mg sample was dried at 120 °C for 20 h in an N2 flow. 
Surface area was calculated using the BET theory for p/p0 = 0.06 - 0.25. Pore size distribution 
was determined using the BJH theory applied to the adsorption branch. The pore volume was 
calculated using single point adsorption at p/p0 = 0.98.

TEM samples were prepared by dispersing the sample in ethanol and allowing the ethanol to 
evaporate on the TEM grid at room temperature. For ultramicrotomy, the sample was embedded 
in a two-component epoxy resin (Epofix, EMS) and cured at 60 °C for at least 16 h. Using a 
Diatome Ultra 35 ° diamond knife mounted on a Reichert-Jung Ultracut E microtome, the 
embedded sample was cut in sections with a nominal thickness of 50 nm which were collected 
on a TEM grid. Bright field TEM imaging was performed on a Tecnai 12 operated at 120 kV and 
HR-TEM imaging on a Tecnai 20 equipped with a field emission gun and operated at 20 kV. 

Temperature programmed reduction (TPR) experiments were performed using a Micromeritics 
Autochem 2920 instrument. Typically 100 mg sample was dried at 120 °C for 1 h in an Ar flow 
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and reduced up to 1000 °C (10 °C min-1) in a 5 vol% H2/Ar flow. 
Hydrogen chemisorption measurements were performed using a Micromeritics ASAP 2020 

instrument. Prior to the measurements, ~ 200 mg sample was dried for 1 h in dynamic vacuum 
at 100 °C and reduced in an H2 flow at 350 °C (1 °C min-1, 2 h). H2 adsorption isotherms were 
measured at 150 °C, as recommended by Reuel for supported cobalt particles.21 Metallic cobalt-
specific surface area and average particle size were calculated assuming a surface stoichiometry 
H/Co = 1 and an atomic cross-sectional area of 0.0662 nm2.

Fischer-Tropsch synthesis
Catalyst testing was performed in a quartz glass plug-flow reactor (i.d. = 3 mm), typically 

loaded with 15 - 20 mg catalyst grains (38 - 150 µm), diluted with 200 mg SiC (200 - 400 µm). 
The catalysts were reduced in situ at 350 °C (5 °C min-1, 2 h) in a 20/40 mL min1 H2/Ar flow. 
Fischer-Tropsch catalysis was performed at 220 °C, 1 bar, H2/CO = 2.0, GHSV = 24 - 48 * 103 h-1,  
CO conversion < 5 %. C1-C18 products were analyzed by online gas chromatography (Varian  
430 GC, CP sil-5 column). Activity and selectivities were reported after at least 40 h on stream. 
GHSV was defined as total gas flow divided by the catalyst volume.

Table 2.1. Niobia phase, BET surface area (SABET), pore volume (PV) and pore diameter (PD) for niobia prepared by 
niobium oxide hydrate crystallization in a muffle oven, in a quartz reactor, by carbon-templated crystallization of 
niobium oxide hydrate and subsequent carbon burn-off and by decomposition of ammonium niobium oxalate 
without template and in an activated carbon (AC) or carbon black (CB) template and subsequent carbon burn-off. 
For physisorption isotherms and pore size distributions see Appendix A, Figure A3 - A6.

Sample 
designation

Crystallization conditions Niobia phase SABET    
(m2 g-1)

PV       
(mL g-1)

PD               
(nm)

Nb120M 120 °C, muffle oven Amorphous 173 0.19 2 - 5

Nb400M 400 °C, muffle oven Amorphous 86 0.12 2 - 7

Nb600M 600 °C, muffle oven T 16 0.06 > 50

Nb600SA 600 °C, stagnant air, quartz reactor TT 25 0.11 5 - 60

Nb600AF 600 °C, air flow, quartz reactor TT 22 0.06 5 - 25

Nb600NF 600 °C, N2 flow, quartz reactor TT 22 0.06 5 - 25

Nb-CTC-S Carbon-templated crystallization - sucrose-
based

TT 75 0.10 2 - 12

Nb-CTC-F Carbon-templated crystallization - furfuryl 
alcohol-based

TT 55 0.11 2 - 18

Nb-S-NT Niobia synthesis, no template TT 9 0.03 < 5

Nb-ACTS AC-templated niobia synthesis T, NbO2 32 0.12 5 - 60

Nb-CBTS CB-templated niobia synthesis T, NbO2 27 0.16 10 - 100
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Results and discussion

Niobia crystallization 
An overview of the niobia samples prepared in this chapter including sample designations is 

shown in Table 2.1.

Thermal treatment niobium oxide hydrate
Niobium oxide hydrate was found to be X-ray amorphous after calcination in a muffle oven 

up to 400 °C (Figure 2.1) After calcination at 500 °C, low-crystalline pseudo-hexagonal Nb2O5 
(TT-phase) was observed. Splitting of the peaks at 33 ° 2θ and 42 ° 2θ after calcination above 
600 °C indicated transformation to orthorhombic Nb2O5 (T-phase). After calcination at 900 °C, 
monoclinic Nb2O5 was observed in line with previous results.4,22,23

Using Transmission Electron Microscopy (TEM) 50 - 200 nm particles with 2 - 5 nm mesopores 
were observed after drying at 120 °C (Figure 2.2A). After calcination at 600 °C in a muffle oven, 
the 2 - 5 nm mesopores had disappeared and the size of the primary particles decreased to  
20 - 100 nm as shown in Figure 2.2B. Using high resolution TEM (Figure 2.2C), lattice planes 
with a spacing of 0.39 nm were observed, corresponding to the (001) diffraction observed using 
XRD at 26.4 ° 2θ for orthorhombic (T-phase) Nb2O5
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Figure 2.1. X-ray diffractograms (Co-Kα radiation) for Nb400M, Nb500M, Nb700M and Nb900M.
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The mesoporosity of niobia after thermal treatment at 120 - 900 °C was determined using 
nitrogen physisorption. The hysteresis observed at p/p0 = 0.4 - 0.7 indicated the presence of  
2 - 5 nm mesopores after thermal treatment up to 400 °C which disappeared upon calcination at 
higher temperatures (Figure 2.3A, additional isotherms in Appendix A), as also observed using 
TEM. After calcination at 600 °C only hysteresis at p/p0 = 0.9 was apparent (pores > 50 nm),  
brought about by the porosity between the Nb2O5 particles (Figure 2.3B). After drying at  
120 °C, the BET surface area and mesopore volume were found to be 173 m2 g-1 and 0.19 mL g-1 
respectively and decreased upon thermal treatment (Figure 2.3C), which is in agreement with 
data reported by Chai et al.4

Modified niobia crystallization
The influence of the gas atmosphere (stagnant air, air flow or N2 flow) during niobia 

crystallization at 600 °C in a plug flow reactor was investigated. Independent of the gas 
flow, pseudohexagonal niobia (TT-phase) with a BET surface of 22 - 25 m2 g-1 was obtained  
(Table 2.1). Upon calcination in stagnant air, a higher pore volume (0.11 mL g-1) was obtained 
than after calcination in an N2 or air flow (0.06 mL g-1).

To further inhibit porosity loss, niobia pores were filled with a carbon precursor prior to 
crystallization. Niobium oxide hydrate was impregnated with a sucrose or furfuryl alcohol 
solution and subsequently crystallized in an N2 flow. After impregnation and pyrolysis, the niobia 
pores were found to be not accessible for nitrogen adsorption (Appendix A, Figure A4 - A5).
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Catalyst 
designation

Support Co deposition 
method

Co loading 
(wt%)

dapp    
(nm)

Activity               
(molCO gCo

-1 s-1)
C5+ selectivity 

(wt%)

4IWI-Nb120M Nb120M IWI, 1x 4

10IWI-Nb120M Nb120M IWI, 2x 10 < 0.3 * 10-5 45

14IWI-Nb120M Nb120M IWI, 3x 14

5IWI-Nb400M Nb400M IWI, 1x 5 0.5 * 10-5 49

5IWI-Nb600M Nb600M IWI, 1x 5 18 3.0 * 10-5 70

10IWI-Nb600M Nb600M IWI, 2x 10 29 2.5 * 10-5 64

15IWI-Nb600M Nb600M IWI, 3x 15 19 2.2 * 10-5 60

17IWI-Nb600M Nb600M IWI, 4x 17 23 1.5 * 10-5 55

21IWI-Nb600M Nb600M IWI, 4x 21 35 2.1 * 10-5 42

6IWI-Nb-CTC-F Nb-CTC-F IWI 6 0.5 * 10-5 48

9DPA-Nb120M Nb120M DPA 9

7DPA-Nb600M Nb600M DPA 7 0.6 * 10-5 51

5DPU-Nb120M Nb120M DPU 5 < 0.1 * 10-5 -

5DPU-Nb600M Nb600M DPU 5 0.6 * 10-5 42
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Table 2.2. Support, cobalt deposition method, cobalt loading based on intake, cobalt particle size based on  
H2 chemisorption (dapp) and cobalt-weight normalized activity and C5+ selectivity in Fischer-Tropsch synthesis at 1 bar, 
220 °C, H2/CO = 2.0 v/v for Co/niobia catalysts.
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After crystallization and carbon burn-off, pseudohexagonal niobia (TT-phase) with mainly  
5 - 10 nm pores was obtained. Surface area and pore volume were found to be higher due to 
carbon-templated crystallization (Table 2.1). However, the enhanced porosity mainly involved 
pores < 10 nm. The off-white color of the sample after carbon burn-off indicated that carbon was 
not completely removed or niobia was partially reduced.

Carbon-templated niobia synthesis 
Crystalline niobia was synthesized using porous carbon as template by impregnation with 

an ammonium niobium oxalate solution, decomposition and crystallization in a nitrogen flow 
and subsequent carbon burn-off in an air flow. The predominant phase after carbon burn-off 
was the orthogonal (T) niobia phase, whereas after crystallization of niobium oxide hydrate 
pseudohexagonal (TT) niobia was observed (Figure 2.4). Additional diffraction peaks were 
attributed to NbO2, the latter probably formed due to partial reduction of Nb2O5 during carbon 
burn-off. The diffraction peaks at 24 and 31 ° 2θ were attributed to remains of the activated 
carbon template.

Surface area and pore volume were found to be higher for Nb-ACTS and Nb-CBTS than 
for Nb600M (Table 2.1). Especially the increased pore diameter after synthesis using a carbon 
black template (Nb-CBTS) was promising; however, surface area and pore volume are still low 
compared to typical Fischer-Tropsch catalyst supports like TiO2, SiO2 or γ-Al2O3 and will impede 
facile catalyst preparation and application of high cobalt loadings.

Cobalt deposition 
An overview of the catalysts prepared in this chapter including sample properties is shown in 

Table 2.2.

Impregnation
Niobia-supported catalysts were prepared by (multiple) impregnation of amorphous 

(Nb120M) or crystallized niobia (Nb600M) with a cobalt nitrate solution, aiming for 4 - 21 wt% 
Co loading. Using XRD no crystalline cobalt species were observed after cobalt deposition on 
amorphous niobia up to 10 wt% Co (Figure 2.5A). For 14IWI-Nb120M, crystalline Co3O4 was 
observed in the calcined sample, the crystallite size was estimated to be 9 nm.

After impregnation and cobalt nitrate decomposition on Nb600M, no crystalline cobalt species 
were observed up to 10 wt% Co (Figure 2.5B). Also after reduction in 25 vol% H2/He at 350 °C in 
the X-ray diffractometer, no crystalline cobalt was observed up to 10 wt% Co loading, indicating 
that at low loadings, independent of support pretreatment, very small or poorly crystalline cobalt 
or Co-Nb species were formed. After 3 and 4 impregnation cycles (> 13 wt% Co), crystalline 
Co3O4 was observed. Noronha et al. also observed that up to a certain albeit different loading, no 
crystalline cobalt species could be detected for Co/Nb2O5 catalysts.2

Imaging Co/niobia catalysts using transmission electron microscopy, and especially 
distinguishing between cobalt oxide and niobia, is difficult due to the similar electron density of 
Nb2O5 and Co3O4. In the pores between the niobia particles, irregularly shaped 5 - 30 nm cobalt 
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oxide particles were observed (Figure 2.6). Due to the irregular shape of the cobalt oxide particles 
and the low contrast between niobium oxide and cobalt oxide, determining an accurate particle 
size distribution was not possible based on the current TEM study. After cobalt deposition on 
Nb120M, no cobalt oxide particles were observed, indicating the formation of cobalt oxide 
particles < 2 nm or mixed Co-Nb species. 

For 5IWI-Nb600M, cobalt reduction was found to occur in two steps (Figure 2.7), reported 
before to be the reduction of Co3O4 to CoO and CoO to metallic Co.2,24,25 The reduction 
temperature was found to be significantly lower than for Co/SiO2 and Co/γ-Al2O3 and allows 
reduction at temperatures < 400 °C without the application of noble metal promoters.26 

For 10IWI-Nb120M and 6IWI-Nb350M no distinct cobalt oxide reduction peaks were 
observed up to 400 °C (Figure 2.7). The continuous H2 consumption was attributed to reduction 
of the support. The reason for this variant reduction behavior might be that no Co3O4 was formed 
after cobalt nitrate decomposition but cobalt was present as a mixed Co-Nb phase. 
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Using H2 chemisorption, the apparent cobalt particle size was determined for 5-21IWI-Nb600M  
(Table 2.2) and was found to increase with increasing cobalt loading as reported before.3 For 
4-14IWI-Nb120M and 6IWI-Nb350M, no or low H2 uptake was observed during chemisorption, 
indicating that no metallic cobalt was accessible after reduction at 350 °C.

Cobalt deposition using deposition precipitation
To prepare catalysts with higher metal loadings in a single step and obtain more homogeneous 

dispersions and distributions, cobalt was deposited using deposition precipitation (DP). Starting 
from a basic or acidic aqueous solution containing the support and a cobalt precursor, cobalt was 
deposited by slowly decreasing the pH from basic to neutral by ammonia evaporation (DPA) or 
increasing the pH from acidic to neutral by urea hydrolysis (DPU)

Using TEM, large 50 - 100 nm clusters of cobalt particles were observed for 7DPA-Nb600M 
(Figure 2.8A). Probably precipitation of cobalt in the solution had occurred due to weak interaction 
between the support surface and the precipitating cobalt species. Using XRD, crystalline Co3O4 
was observed with a crystallite size of 22 nm.
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Figure 2.6. Bright field TEM images for calcined 10IWI-Nb600M. TEM sample was prepared using ultramicrotomy.
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8 - 20 nm thick needles with a length up to 1 µm were observed using TEM for calcined  
5DPU-Nb600M (Figure 2.8B, C). Nucleation and growth of unsupported cobalt needles 
was probably caused by limited or repulsive interaction between the support surface and the 
precipitating cobalt species. No crystalline cobalt species were observed using XRD.

For 9DPA-Nb120M and 5DPU-Nb120M, no cobalt species were observed using TEM, 
probably due to the formation of mixed Co-Nb species or a similar morphology of cobalt oxide 

and amorphous niobia. Using XRD no crystalline cobalt species were observed.

Fischer-Tropsch synthesis
The performance of Co/niobia was investigated in Fischer-Tropsch catalysis at 1 bar, 220 °C, 

H2/CO = 2.0. After reduction at 350 °C, a combination of high activity (3 * 10-5 molCO gCo
-1 s-1) and 

C5+ selectivity (~ 70 wt%) was observed after 40 h on stream for 5IWI-Nb600M (Figure 2.9A), 
previously only observed for a Pt- and MnO-promoted Co/SiO2 catalyst.27 The activity decrease 
was mainly due to decreasing methane production while the absolute C5+ production remained 
constant, yielding an increasing C5+ selectivity.

After reduction at 500 °C, the cobalt-weight normalized activity of 5IWI-Nb600M was a factor 
of 10 lower than after reduction at 350 °C. This could be explained by coverage of the cobalt 
particles due to SMSI at high reduction temperatures. A decreased number of active sites and 
associated activity decrease with increasing reduction temperature was also observed by Silva et 
al.1

For 10IWI-Nb120M and 5IWI-Nb350M low activity was observed (Table 2.2), which 
was attributed to the formation of non-reducible cobalt or Co-Nb species during catalyst 
preparation and the absence of metallic cobalt after catalyst reduction, as observed using 
TPR and H2 chemisorption respectively. Another explanation is that cobalt was present in the  
2 - 5 nm pores and was not accessible for catalysis or was encapsulated by niobia during cobalt 
nitrate decomposition or catalyst reduction. Apparently, niobia was too reactive without niobia 
crystallization to allow formation of easily reducible cobalt particles and crystalline Nb2O5 was 
required to act as a support material for Co/niobia catalysts. For 6IWI-Nb-CTC-F the activity 
(0.5 * 10-5 molCO gCo

-1 s-1) and C5+ selectivity (48 wt%) were significantly lower than after niobia 
crystallization without carbon template (Table 2.2). 

A

100 nm

B

100 nm

C

500 nm

cobalt oxide

Nb2O5 cobalt oxide

Nb2O5

Figure 2.8. Bright field TEM images for calcined 7DPA-Nb600M (A) and calcined 5DPU-Nb600M (B, C).
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Cobalt-weight normalized activity and C5+ selectivity were observed to be inferior for  
9DPA-Nb600M and 5DPU-Nb600M, compared to 5IWI-Nb600M (Table 2.2). The lower activity 
could be explained by the low cobalt dispersion due to the formation of large unsupported 
particles. The lower C5+ selectivity could be explained by limited cobalt-support interaction due 
to the presence of unsupported cobalt and decreased selectivity promotion by the support.

For catalysts prepared by multiple impregnation cycles of Nb600M, the catalyst-weight 
normalized activity increased (Appendix A, Table A3) but the cobalt-weight normalized activity 
decreased (Figure 2.9B). This could be partially explained by decreased dispersion of cobalt as 
observed by H2 chemisorption (Table 2.2). Higher Co loading might lead to the formation of 
larger particles, due to particle growth during subsequent impregnations or by sintering due to 
the decreased interparticle distance at higher Co loading. 

The C5+ selectivity was found to decrease with increasing cobalt loading (Figure 2.9B). Up 
to 10 wt% Co, the C5+ selectivity was largely maintained but decreased at higher loadings. In 
larger particles a smaller fraction of the cobalt will be in close vicinity to the niobia support. This 
indicates that at the cobalt-niobia interface the chain growth probability is higher. A decreasing 
C5+ selectivity with increasing cobalt loading was also observed for Co/Nb2O5 catalysts in Fischer-
Tropsch synthesis at 20 bar as shown in Chapter 3.3

Conclusions
Niobium oxide hydrate was found to be amorphous and exhibited an intricate pore structure 

with 2 - 5 nm mesopores. Upon thermal treatment these pores disappeared, the surface area and 
porosity decreased drastically and crystallization occurred at thermal treatment above 400 °C.

Higher surface area and pore volume crystalline niobia was obtained by carbon-templated 
niobia crystallization or carbon templated niobia synthesis. Due to partial reduction during 
carbon burn-off, NbO2 was partially formed.
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After cobalt deposition using impregnation, crystalline Co3O4 was only observed at cobalt 
loadings > 10 wt%. Deposition precipitation of cobalt yielded precipitation in the solution due to 
low or repulsive interaction between the support and the precipitating agent. 

Niobia crystallization prior to cobalt deposition was found to be required to allow formation 
of reducible cobalt species. Consequently no activity in Fischer-Tropsch synthesis was observed 
for catalysts prepared using amorphous niobia.

After reduction at 350 °C, very high C5+ selectivity and high cobalt-weight normalized activity 
were observed for 5 wt% Co/Nb2O5 prepared by impregnation of crystalline Nb2O5, previously 
only observed for promoted Co catalysts. Co/Nb2O5 reduction at 500 °C significantly decreased 
the catalyst activity, probably due to severe SMSI covering the cobalt surface sites. 

Application of higher cobalt loadings than 5 wt% led to increased catalyst-weight normalized 
activity; however, the cobalt-weight normalized activity decreased due to formation of larger 
cobalt particles and decreased interaction of cobalt with the support. Selectivity promotion by 
niobia was suppressed due to decreased cobalt-support interaction and consequently lower  
C5+ selectivities were observed. 
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Chapter 3

Highly Selective and Active 

Niobia-supported Cobalt Catalysts 

for Fischer-Tropsch Synthesis

Abstract
The performance of Co/Nb2O5 was compared to that of Co/γ-Al2O3 for the Fischer-Tropsch 

synthesis at 20 bar and over the temperature range of 220 - 260 °C. The C5+ selectivity of  
Nb2O5-supported cobalt catalysts was found to be very high, i.e. up to 90 wt% C5+

 at 220 °C. The 
cobalt-weight normalized activity was found to be similar for Nb2O5- and γ-Al2O3-supported 
catalysts at identical reaction temperature. However, due to the low porosity of crystalline 
Nb2O5, the cobalt loading was limited to 5 wt% and consequently the cobalt-weight normalized 
activity was lower than of Co/γ-Al2O3 catalysts with higher cobalt loadings. This low activity 
was largely compensated by increasing the reaction temperature, although the C5+ selectivity 
decreased upon increasing reaction temperature. Due to the high intrinsic C5+ selectivity,  
Nb2O5-supported catalysts could be operated up to ~ 250 °C at a target C5+

 selectivity of  
80 wt%, whereas γ-Al2O3-supported catalysts called for an operation temperature of ~ 210 °C. 
At this target C5+ selectivity, the catalyst-weight normalized activity was found to be identical for  
5 wt% Co/Nb2O5 and 28 wt% Co/γ-Al2O3, while the cobalt-weight normalized activity was a 
factor of four higher for the Nb2O5-supported catalyst.
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Introduction
For Co/Nb2O5 catalysts, very high selectivities towards heavy hydrocarbons were reported 

by Schmal and coworkers.1–5 In these studies, catalyst activity was investigated at atmospheric 
pressure and in a limited temperature range. The support material was thermally treated at  
500 - 600 °C to obtain crystalline Nb2O5, prior to cobalt deposition. The porosity of crystalline 
Nb2O5 is low compared to typical supports for Fischer-Tropsch catalysts like γ-Al2O3 and 
SiO2. This complicates catalyst preparation and limits the cobalt loading to ~ 5 wt% for  
Nb2O5-supported catalysts, with consequent low catalyst-weight normalized activities compared 
to γ-Al2O3- and SiO2-supported catalysts with cobalt loadings up to 20 wt%.

In this chapter, the influence of a wide range of reaction temperatures on the activity 
and selectivity of Nb2O5-supported cobalt Fischer-Tropsch catalysts is investigated.  
5 - 17 wt% Co/Nb2O5 catalysts are prepared and applied in Fischer-Tropsch synthesis at 20 bar 
in the temperature range 220 - 260 °C. The performance of these catalysts is investigated in 
comparison to 28 wt% Co/γ-Al2O3.

Experimental methods

Preparation
Niobium oxide hydrate (HY-340, AD/4465, 72.6 wt% Nb2O5, LOI 26.7 wt%, purity data see 

Appendix A) was obtained from Companhia Brasileira de Metalurgia e Mineração - CBMM 
and calcined at 600 °C (5 °C min-1, 2 h) in stagnant air to obtain crystalline Nb2O5 (T-phase,  
SABET: 16 m2 g-1, PV: 0.06 mL g-1). Co/Nb2O5 catalysts were prepared via a single (5 wt%), 
double (10 wt%) or fourfold (21 wt%) impregnation of the crystalline Nb2O5 with an aqueous  
4.0 M Co(NO3)2 . 6 H2O solution (Acros, > 99 %). Co/γ-Al2O3 catalysts were prepared via a double 
impregnation of γ-Al2O3 (Puralox SSCa-5/200, SABET: 185 m2 g-1, PV: 0.5 mL g-1) with an aqueous 
4.0 M Co(NO3)2 . 6 H2O solution, aiming for a cobalt loading of 28 wt%. After each impregnation 
step, the catalysts were dried for 16 h at 60 °C in stagnant air and subsequently calcined at 350 °C 
(3 °C min-1, 2 h) in a fixed bed reactor in a 1 L min-1 gcat

-1 N2 flow. Cobalt loading is expressed as 
the mass of metallic cobalt per gram of reduced catalyst.

Characterization
Temperature programmed reduction (TPR) experiments were performed using a Micromeritics 

Autochem 2920 instrument. Typically 100 mg sample was dried at 120 °C for 1 h in an Ar flow 
and reduced up to 1000 °C (10 °C min-1) in a 5 vol% H2/Ar flow. The degree of reduction was 
determined from the H2 uptake during isothermal reduction at 350 °C (Co/Nb2O5) or 500 °C 
(Co/γ-Al2O3) for 3 h (Appendix B, Figure B1). H2/Co = 1.33 was assumed for full reduction from 
Co3O4 to Co.

H2 chemisorption measurements were performed using a Micromeritics ASAP 2020 
instrument. Prior to the measurements, ~ 200 mg sample was dried for 1 h in dynamic vacuum 
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at 100 °C and reduced in an H2 flow at 350 °C (Co/Nb2O5) or 500 °C (Co/γ-Al2O3), 5 °C min-1,  
2 h. H2 adsorption isotherms were measured at 150 °C, as recommended by Reuel for supported 
cobalt particles.6 Metallic cobalt-specific surface area and average particle size were calculated 
assuming a surface stoichiometry H/Co = 1 and an atomic cross-sectional area of 0.0662 nm2.

Fischer-Tropsch synthesis
Catalytic testing was performed using an Avantium Flowrence 16 parallel, continuous flow, 

fixed bed reactor system. 20 - 200 mg catalyst (38 - 75 µm) was diluted with 100 - 200 mg 
SiC (200 µm) and loaded in a stainless steel reactor, i.d. = 2 mm, to achieve a bed height of 
4 - 6 cm. The catalysts were reduced in situ at atmospheric pressure in a 25 vol% H2/He flow,  
GHSV 1 - 20 * 103 h-1, for 8 h at 350 °C (Co/Nb2O5) or 500 °C (Co/γ-Al2O3) with a heating rate of 
1 °C min-1. After cooling to 180 °C the gas stream was switched to synthesis gas, H2/CO = 2.0 v/v, 
GHSV 1 - 20 * 103 h-1, and the reactors were pressurized to 20 bar and subsequently heated to the 
reaction temperature (1 °C min-1). Fischer-Tropsch synthesis was performed at 220 - 260 °C. The 
GHSV was adjusted to obtain 40 - 60 % CO conversion. Products up to C9 were analyzed using an 
online Agilent Technologies 7890A gas chromatograph. The reported catalyst performance was 
determined after at least 80 h on stream. The GHSV was defined as the total gas flow divided by 
the catalyst volume.

Results and discussion
Cobalt oxide deposited on Nb2O5 was found to be reduced in two steps (Figure 3.1). These steps 

were previously reported to be the reduction of Co3O4 to CoO and CoO to metallic Co.7–9 The 
peak maxima were found at 235 and 395 °C respectively for 5 wt% Co/Nb2O5. H2 consumption 
above 500 °C was attributed to reduction of the support. The reduction of Co3O4 deposited on 
γ-Al2O3 was found to occur at significantly higher temperatures, 300 and 660 °C respectively, for 
28 wt% Co/γ-Al2O3 (Figure 3.1). The onset of the second peak was found at significantly lower 
temperatures than the peak maxima, 300 °C and 450 °C respectively, so for the catalytic tests 
isothermal reduction for 8 h at 350 °C for Co/Nb2O5 and 500 °C for Co/γ-Al2O3 was performed.
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The degree of reduction was calculated from the total H2 uptake during isothermal reduction 
at 350 °C for Co/Nb2O5 and 500 °C for Co/γ-Al2O3 (Appendix B, Figure B1). The degree of 
reduction was estimated to be ~ 90 % for 5 wt% Co/Nb2O5 and ~ 60 % for 28 wt% Co/γ-Al2O3. 
Reduction of Co/γ-Al2O3 at 500 °C is known to occur non-quantitative10 and could theoretically 
be enhanced by a higher reduction temperature or the addition of a noble metal promoter. 
However, a higher reduction temperature will also lead to more extensive sintering of cobalt 
particles while the addition of a reduction promoter was undesirable since it might influence the 
catalyst performance in different ways whereas the aim of this study was to study the effect the 
support material only.

The cobalt particle size as determined using H2 chemisorption for Co/Nb2O5 and Co/γ-Al2O3 
is shown in Table 3.1. The surface-average cobalt particle size of Co/Nb2O5 catalysts was found 
to increase significantly with increasing cobalt loading, leading to a decreased metallic cobalt-
specific surface area and a decreased metal-support contact area. The calculated cobalt particle 
size of 5 wt% Co/Nb2O5 and 28 wt% Co/γ-Al2O3, catalysts with a similar surface-specific cobalt 
loading, was found to be identical (Table 3.1). The small metallic cobalt-specific surface area 
found for 28 wt% Co/γ-Al2O3 might be caused by the formation of large cobalt particles due to 
the high cobalt loading applied, due to sintering during the high-temperature reduction or due 
to incomplete reduction as shown using TPR. Due to the lower cobalt loading applied on the 
Nb2O5-supported catalyst the specific metal surface area was significantly lower, 2 and 10 m2 gcat

-1 
respectively.

5 wt% Co/Nb2O5 was investigated in Fischer-Tropsch catalysis at 220 °C, 20 bar,  
H2/CO = 2.0 v/v. The CO conversion was found to be constant after 60 h on stream with 
concomitant selectivity data shown in Figure 3.2. This catalyst was found to have a very high 
selectivity towards liquid hydrocarbons (90 wt% C5+) compared to γ-Al2O3- and SiO2-supported 
cobalt catalysts (80 - 83 wt%) at similar reaction conditions.11,12 As shown in Figure 3.2, the 
selectivity towards methane was very low (6 wt%). The high C5+ selectivity of Nb2O5-supported 
Co catalysts has been reported previously in Fischer-Tropsch synthesis at 1 bar13–16 and was 
thought to be related to partial reduction of the support and the formation Co-NbOx species due 
to strong metal support interaction (Chapter 1). The origin of the superior C5+ selectivity at 20 bar 
was studied in more detail in Chapter 4.

Table 3.1. Surface-specific cobalt loading based on intake and metallic cobalt-specific surface area (MSA) and cobalt 
particle size (dapp) for 5 - 21 wt% Co/Nb2O5 and 28 wt% Co/γ-Al2O3, determined using H2 chemisorption.

Catalyst Cobalt loading 
(mgCo msupport

-2)
MSA       

(m2 gCo
-1)

dapp             
(nm)

5 wt% Co/Nb2O5 3.3 37 18

10 wt% Co/Nb2O5 7.2 22 30

21 wt% Co/Nb2O5 17 17 39

28 wt% Co/γ-Al2O3 2.1 37 18
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Application of higher cobalt loadings was found to yield an increased catalyst-weight 

normalized activity (WTY); however, the cobalt-weight normalized activity (CTY) was found to 
decrease (Figure 3.2). This is attributed to the formation of larger cobalt particles as indicated by 
H2 chemisorption data (Table 3.1). Also the C5+ selectivity was found to decrease with increasing 
cobalt loading (Figure 3.2). The selectivity loss coincides with the reduced metal-support contact 
area due to the formation of larger particles. This might confirm that the chain growth promoting 
effect is related to the intimate contact between cobalt and niobia at the metal-support interface.

The influence of reaction temperature on the performance of 5 wt% Co/Nb2O5 was investigated 
in Fischer-Tropsch synthesis at 220 - 260 °C. The activity was found to increase significantly upon 
increasing reaction temperature (Figure 3.3A). Stable CO conversion after 60 h on stream was 
obtained at 220 - 260 °C, indicating that increasing the reaction temperature up to 260 °C has no 
apparent effect on the stability up to 90 h on stream (Figure 3.4). The activity of 5 wt% Co/Nb2O5 
was compared to 28 wt% Co/γ-Al2O3, a catalyst with a similar surface-specific cobalt loading and 
cobalt particle size (Table 3.1). The CTY was found to be similar, but due to the higher cobalt 
loading applied on the γ-Al2O3-supported catalyst, the WTY was a factor of 4 - 5 higher on the 
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γ-Al2O3-supported catalyst (Figure 3.3A). The TOF was calculated to be 0.06 s-1 at 220 °C for 
both catalysts (Table 3.2). These values are well in agreement with the TOF reported for SiO2-, 
γ-Al2O3- and TiO2-supported catalysts.11 The apparent activation energy was calculated to be 
slightly higher for the Nb2O5-supported catalyst than for the γ-Al2O3-supported catalyst, 101 and 
93 kJ mol-1 respectively and indicates that diffusion limitation did not play a role.

The C5+ selectivity of the Nb2O5-supported catalyst was found to be superior relative to the 
γ-Al2O3-supported catalyst in the full temperature range investigated (Figure 3.3B). Decreasing 
selectivity towards liquid hydrocarbons with increasing reaction temperature was observed 
for both catalysts and is well-known in cobalt-based Fischer-Tropsch catalysis. Due to the 
high intrinsic selectivity of the Nb2O5-supported catalyst, the C5+ selectivity is ≥ 80 wt% up to  
~ 250 °C, whereas the γ-Al2O3-supported catalyst calls for operation at 210 °C to obtain 80 wt% 
C5+ selectivity.

Table 3.2. CO conversion (XCO), catalyst-weight normalized activity (WTY), cobalt-weight normalized activity (CTY) 
and turnover frequency (TOF) in Fischer-Tropsch synthesis at 220 - 260 °C, 20 bar, H2/CO = 2.0 v/v, after 80 h on stream 
for 5 wt% Co/Nb2O5 and 28 wt% Co/γ-Al2O3.

Catalyst Temperature 
(°C)

GHSV              
(h-1)

XCO           
(%)

WTY               
(molCO gcat

-1 s-1)
CTY         

(molCO gCo
-1 s-1)

TOF                
(s-1)

220 1.7 * 103 37 3 * 10-6 6 * 10-5 0.06

5 wt% Co/Nb2O5 240 3.7 * 103 47 8 * 10-6 18 * 10-5 0.19

260 5.6 * 103 62 16 * 10-6 35 * 10-5 0.38

220 9.5 * 103 37 15 * 10-6 6 * 10-5 0.06

28 wt% Co/ γ-Al2O3 240 21 * 103 44 38 * 10-6 15 * 10-5 0.16

260 32 * 103 59 78 * 10-6 31 * 10-5 0.33

Figure 3.4. CO conversion with time on stream in Fischer-Tropsch synthesis at 220 - 260 °C, 20 bar, H2/CO = 2.0 v/v, 
GHSV 3.4 * 103 h-1 for 5 wt% Co/Nb2O5.
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3In Figure 3.5, for the two catalysts the catalyst weight-normalized activity is shown in relation 
to the target C5+ selectivity. At low target C5+ selectivities, the catalysts can be operated at high 
temperature and correspondingly high activities. Higher target C5+ selectivities call for a lower 
reaction temperature and consequently lower activity. At a target C5+ selectivity of ~ 80 wt% the 
curves for 5 wt% Co/Nb2O5 and 28 wt% Co/γ-Al2O3 coincide, which means that at this target 
C5+ selectivity, the catalyst-weight normalized activities of these catalysts are identical, albeit at 
different reaction temperatures. This reaction temperature difference largely compensates for the 
lower cobalt loading applied on the Nb2O5-supported catalyst. In other words, the utilization of 
cobalt on a weight basis is ~ four times higher on Nb2O5 than on γ-Al2O3 at a target C5+ selectivity 
of ~ 80 wt%.

Conclusions
In this chapter, the performance of Co/Nb2O5 catalysts was investigated in Fischer-Tropsch 

synthesis in the temperature range 220 - 260 °C and compared to a Co/γ-Al2O3 catalyst. For  
5 wt% Co/Nb2O5, a very high selectivity towards liquid hydrocarbons of 90 wt% at 220 °C 
was found. Since crystallization of niobia is required to obtain a stable support material, the 
support porosity was very low compared to γ-Al2O3. Due to this limited support porosity, 
application of higher cobalt loadings led to the formation of larger cobalt particles as shown using  
H2 chemisorption. In Fischer-Tropsch catalysis, the presence of these larger particles was found 
to yield inferior cobalt-weight normalized activity and decreased selectivity towards liquid 
hydrocarbons due to decreased metallic cobalt-specific surface area and decreased metal-support 
interaction.

The cobalt-weight normalized activity and turnover frequency was found to be almost identical 
for 5 wt% Co/Nb2O5 and 28 wt% Co/γ-Al2O3. However, for industrial application the catalyst-
weight or catalyst-volume normalized activity is more relevant. Due to the low cobalt loading 
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Figure 3.5. Catalyst-weight normalized activity related to the C5+ selectivity in Fischer-Tropsch synthesis at  
220 - 260 °C, 20 bar, H2/CO = 2.0 v/v, after 80 h on stream for 5 wt% Co/Nb2O5 and 28 wt% Co/γ-Al2O3. Lines were 
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that could be applied with Nb2O5-supported catalysts, the catalyst-weight normalized activity, 
was significantly lower. Increasing the reaction temperature from 220 - 260 °C led to increased 
activity and decreased C5+ selectivity for both catalysts. The C5+ selectivity of 5 wt% Co/Nb2O5  
was found to be ≥ 80 wt% up to ~ 250 °C, whereas 28 wt% Co/γ-Al2O3 called for an 
operation temperature at or below ~ 210 °C to obtain 80 wt% C5+ selectivity. This means that  
5 wt% Co/Nb2O5 could be operated at higher temperatures and correspondingly higher activities 
at this target C5+ selectivity. At a target C5+ selectivity of 80 wt%, the cobalt-weight normalized 
activity was found to be identical. This means that 5 wt% Co/Nb2O5 and 28 wt% Co/γ-Al2O3 can 
have identical catalyst-weight normalized activity at a similar C5+ selectivity, while a factor of four 
less cobalt is required. 
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Chapter 4

On the Superior Activity and

 Selectivity of PtCo/Nb2O5 

Fischer-Tropsch Catalysts

Abstract
In this chapter Co/Nb2O5 catalysts and the effect of Pt-promotion thereon are investigated in 

comparison to γ-Al2O3- and α-Al2O3-supported catalysts for the Fischer-Tropsch (FT) synthesis. 
Upon Pt-promotion of Co/Nb2O5 the cobalt-weight normalized FT activity was found to increase 
by a factor of 2.4, while the high C5+ selectivity of 85 wt% was maintained. Based on environmental 
TEM results no indications were found that Pt affected the cobalt particle size in Co/Nb2O5 
catalysts. A kinetic study indicates an increased number of active sites upon Pt-promotion 
whereas Steady-State Isotopic Transient Kinetic Analysis experiments show that a combination 
of an increased number of active sites and an increased turnover frequency is at the origin of the 
enhanced activity in Co/Nb2O5 catalysts upon Pt-promotion. Pt was tentatively proposed to bring 
about more efficient promotion of Co by NbOx being present as smaller clusters.
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Introduction
The selectivity of cobalt catalysts towards liquid hydrocarbons (C5+) can be promoted by 

partially reducible transition-metal oxides like MnO and ZrO2.
1–6 These promoters can be present 

as small particles in the close proximity to cobalt or as support material in the case of Co/TiO2
5,7,8 

or Co/Nb2O5
9–14 catalysts. For Nb2O5-supported cobalt catalysts, high selectivities towards heavy 

hydrocarbons were reported in Fischer-Tropsch synthesis at 1 bar10–14 and more recently also 
at 20 bar (Chapter 3). The promoting effect of niobia as support material at low pressure was 
extensively studied using XPS, TPR, TPO, CO TPD and IR spectroscopy and was attributed to 
partial reduction of the support and consequent strong metal support interaction (SMSI).15–19 
The presence of Co0-NbOx species was confirmed by Mendes et al. in Co/Nb2O5 catalysts17 and 
model catalysts.18

Noble-metal addition is a well-known method to enhance the activity of Fischer-Tropsch 
catalysts by facilitating cobalt oxide reduction and consequently increasing the number of active 
sites.20–23 Upon noble metal promotion of Co/TiO2 and Co/Nb2O5 catalysts24–27 and recently also 
niobia-promoted Co/SiO2 catalysts (Chapter 5), an increase of the cobalt-weight normalized 
activity was observed which could not be explained only by an increased number of active sites. 

In this chapter the extent and origin of Pt-promotion on the activity and selectivity of  
Co/Nb2O5 Fischer-Tropsch catalysts is investigated in comparison to γ-Al2O3- and α-Al2O3-
supported catalysts using amongst others environmental Transmission Electron Microscopy 
(TEM)28, a kinetic study and Steady-State Isotopic Transient Kinetic Analysis (SSTIKA).29

Experimental methods 

Preparation
Niobium oxide hydrate (HY-340, AD/4465, 72.6 wt% Nb2O5, LOI 26.7 wt%, purity data see 

Appendix A) was obtained from Companhia Brasileira de Metalurgia e Mineração - CBMM 
and calcined at 600 °C (5 °C min-1, 2 h) in stagnant air to obtain crystalline Nb2O5 (T-phase,  
SABET: 16 m2 g-1, PV: 0.06 mL  g-1). γ-Al2O3 (Sasol, Puralox SSCa-5/200, SABET: 185 m2 g-1,  
PV: 0.5 mL g-1) and α-Al2O3 (BASF, SABET: 7 m2 g-1, PV: 0.015 mL g-1) were used as received. For 
physisorption isotherms and pore size distributions, see Appendix C, Figure C1.

Supports were sieved to 75 - 150 µm and dried at ~ 80 °C for 1 h in dynamic vacuum. Cobalt 
was deposited by single (Nb2O5, α-Al2O3) or double (γ-Al2O3) impregnation30 in static vacuum 
at room temperature with an aqueous 4.0 M Co(NO3)2 . 6 H2O solution or by co-impregnation 
with an aqueous 4.0 M Co(NO3)2 . 6 H2O, 0.03 M Pt(NH3)4(NO3)2 (Co/Pt = 140) solution, aiming 
for a cobalt loading of 2 - 8 mgCo m

-2. After drying overnight at 60 °C in stagnant air, the cobalt 
nitrate precursor was calcined at 350 °C (3 °C min-1, 2 h) in a 1 L min-1 gsample

-1 N2 flow. Cobalt 
loading is expressed as the mass of metallic cobalt per gram of reduced catalyst. An overview of 
the prepared catalysts can be found in Table 4.1.
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Characterization
Samples were analyzed after cobalt nitrate decomposition as described above (calcined) and 

after reduction at 350 °C, 3 °C min-1, 2 h in 25 vol% H2/N2 (GHSV 60 * 103 h-1) and subsequent 
exposure to air at room temperature (passivated).

Environmental Powder X-ray diffraction (XRD) patterns were measured using a Bruker-AXS 
D8 Advance X-ray diffractometer using Co-Kα radiation (λ = 1.789 Å). Calcined and passivated 
samples were analyzed in air at room temperature and heated to 350 °C (5 °C min-1, 2 h) in  
25 vol% H2/He (Co/γ-Al2O3: 500 °C) in the X-ray diffractometer. 

TEM samples were prepared by dry dispersion of the passivated catalyst onto a Mo grid with 
a holey carbon supporting film. TEM analysis was performed using an FEI Titan ETEM G2 
microscope described before.28 Samples were observed in vacuum at room temperature and in 
100 Pa H2 at 350 °C, microscope was operated at 300 kV, elemental analysis was performed using 
Scanning Transmission Electron Microscopy-Electron Energy Loss Spectroscopy (STEM-EELS). 

Temperature programmed reduction (TPR) experiments were performed using a Micromeritics 
Autochem 2920 instrument. 25 - 100 mg calcined catalyst (6 - 7 mg Co) was dried at 120 °C for  
1 h in an Ar flow and reduced up to 1000 °C (10 °C min-1) in a 5 vol% H2/Ar flow.

H2 chemisorption measurements were performed using a Micromeritics ASAP 2020 
instrument. 50 - 200 mg calcined catalyst was dried for 1 h in dynamic vacuum at 100 °C 
and reduced in an H2 flow at 350 °C, 1 °C min-1  for 2 h, (Co/γ-Al2O3: 500 °C). H2 adsorption 
isotherms were measured at 150 °C, as recommended by Reuel for supported cobalt particles.31 
Metallic cobalt-specific surface area and average particle size were calculated assuming a surface 
stoichiometry H/Co = 1 and an atomic cross-sectional area of 0.0662 nm2.

CO chemisorption measurements were performed in a setup described before.32 30 - 100 mg  
calcined catalyst (75 - 150 µm) diluted with an equal mass of SiC was reduced at 350 °C,  
5 °C min-1, for 2 h (Co/γ-Al2O3: 500 °C) in 10 mL min-1 H2. The amount of reversibly adsorbed 
CO was determined from a 12CO/Ar to 13CO/Kr switch (1.5/33.5 mL min-1) at 100 °C, 1.85 bar.  
Effluent gas was analyzed using a Balzers QMG 422 Quadrupole mass spectrometer. Surface 
residence time (τCO) was determined by integration of the normalized transient curve:  
τi = ∫ Fi (t) dt and was corrected for gas phase hold-up using the Ar signal. Amount of reversibly 
adsorbed CO (NCO, total) was calculated using the CO inlet flow (QCO, in): NCO,total = τCO * QCO, in.

Fischer-Tropsch synthesis
Catalyst testing at 1 bar was performed using a U-shaped, continuous down-flow, fixed 

bed reactor system. 10 - 50 mg calcined catalyst (75 - 150 µm) was diluted with 200 mg SiC  
(200 - 400 µm) and loaded in a glass reactor, i.d. = 3 mm, to achieve a bed height of 2 cm.  
500 mg SiC was loaded on top of the catalyst bed to ensure gas preheating. The catalysts were 
reduced at atmospheric pressure in a 33 vol% H2/Ar flow, GHSV 1.7 - 3.7 * 105 h-1, at 350 °C,  
5 °C min-1, for 2 h (Co/γ-Al2O3: 500 °C). After cooling to 220 °C the gas stream was switched to 
synthesis gas, H2/CO = 2.0 v/v, GHSV 25 - 100 * 103 h-1, CO conversion 1 - 5 %. Products up to C18 
were analyzed using an online Varian 430-GC equipped with FID. Activity and selectivity were 
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calculated based on the hydrocarbons formed. The reported catalyst performance was determined 
after at least 15 h on stream. A kinetic study was performed in this setup, H2 flow (4 - 8 mL min-1,  
pH2

 = 0.27 - 0.53 bar) and CO flow (2 - 4 mL min-1, pCO
 = 0.13 - 0.27 bar) were varied independently, 

total gas flow was kept constant at 15 mL min-1 by addition of Ar (4 - 8 mL min-1). H2 and 
CO reaction orders (Y and Z, respectively) and pre-exponential factor k’ were determined from 
the cobalt-weight normalized activity, the latter calculated from the CO conversion level (XCO), 
incoming CO flow (FCO, in) and the mass of reduced catalyst (mcat) using: XCO * FCO, in * mcat

-1 =  
k’ * pH2

y * pCO
z. 

Catalyst testing at 20 bar was performed using an Avantium Flowrence 16 parallel, continuous 
flow, fixed bed reactor system. 30 - 175 mg calcined catalyst (75 - 150 µm) was diluted with  
100 - 200 mg SiC (200 - 400 µm) and loaded in a stainless steel reactor, i.d. = 2 - 2.6 mm, to 
achieve a bed height of 4 - 5 cm. Catalysts were reduced at atmospheric pressure in a 25 vol%  
H2/He flow, GHSV 1.6 - 10 * 103 h-1, at 350 °C, 1 °C min-1, for 8 h (Co/γ-Al2O3: 500 °C).  
After cooling to 180 °C the gas stream was switched to synthesis gas, H2/CO = 2.0 v/v,  
GHSV 1.8 - 12 * 103 h-1, the reactors were pressurized to 20 bar and subsequently heated to 
220 °C. The GHSV was adjusted to obtain 20 - 30 % CO conversion. Products up to C9 were 
analyzed using an online Agilent Technologies 7890A gas chromatograph. The reported catalyst 
performance was determined after at least 100 h on stream. The GHSV was defined as the total 
gas flow divided by the catalyst volume. 

Steady State Isotopic Transient Kinetic Analysis (SSITKA) measurements and data treatment 
were performed as described before.32 30 - 100 mg calcined catalyst (75 - 150 µm) diluted with 
an equal mass of SiC was reduced at 350 °C, 5 °C min-1,  for 2 h (Co/γ-Al2O3: 500 °C) in  a 
10 mL min-1 H2 flow. CO and CH4 transient curves were determined from a 12CO/H2/Ar to  
13CO/H2/Kr switch (1.5/15/33.5 mL min-1) at 210 °C, 1.85 bar after at least 15 h at these conditions. 
Effluent gas was analyzed using a Balzers QMG 422 Quadrupole mass spectrometer and using a 
GC-MS (Agilent GC7890B – MSD5977A) equipped with TCD, FID and MSD detectors.

Table 4.1. Cobalt loading based on intake, number of reversible CO adsorption sites determined using  
CO chemisorption at 100 °C (NCO, total), adsorbed amount of H2 (NH2

) and apparent Co particle size determined using  
H2 chemisorption (dCo, H2) and estimated Co particle size from environmental TEM (dCo, TEM).

Catalyst Co loading NCO, total NH2
dCo, H2 dCo, TEM

(wt%) (mgCo m-2) (mmolCO gCo
-1) (mmolH2

 gCo
-1) (nm) (nm)

Co/Nb2O5 5.9 3.9 0.28 0.36 24 9.2

PtCo/Nb2O5 5.9 3.9 0.48 0.45 19 8.7

Co/γ-Al2O3 28 2.1 0.20 0.45 19

PtCo/γ-Al2O3 28 2.1 0.43 0.65 13

Co/α-Al2O3 6.3 8.4 0.38 0.53 16

PtCo/α-Al2O3 6.0 8.0 0.55 0.62 14
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Results and discussion
An overview of the catalysts used in this study is shown in Table 4.1. Using XRD at ambient 

conditions no crystalline cobalt phases were observed for calcined or passivated Co/Nb2O5 and 
PtCo/Nb2O5 catalysts. Also after reduction at 350 °C in the X-ray diffractometer no crystalline 
cobalt phases were observed for Co/Nb2O5 and PtCo/Nb2O5, even after application of higher 
cobalt loadings by double impregnation (~ 10 wt%, Appendix C, Figure C2), whereas for  
Co/γ-Al2O3 and PtCo/γ-Al2O3 the reduction of Co3O4 to crystalline Co0 was observed at these 
conditions (Figure 4.1). Overlap of diffraction lines with Nb2O5 lines impedes detection of weak 
cobalt and cobalt oxide diffraction lines.  Absence of crystalline cobalt oxide diffraction lines in 
Nb2O5-supported catalysts is in line with XRD observations by Noronha et al.19

TEM imaging of calcined Co/Nb2O5 catalysts showed that cobalt was present in anisotropically 
shaped particles in the pores between the Nb2O5 particles, see Appendix C, Figure C3. After 
reduction and passivation restructuring of cobalt had occurred into anisotropic cobalt 
oxide particles on the Nb2O5 surface (Figure 4.2A). Upon exposure to H2 at 350 °C in the 
electron microscope, spherical metallic cobalt particles of ~ 9 nm were formed as shown in  
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Figure 4.2B. Reduction was confirmed using STEM-EELS (Appendix C, Figure C8). For  
PtCo/Nb2O5 (Appendix C, Figure C7), similar morphology and restructuring was observed 
and based on the current study no evidence was found for a large cobalt particle size difference 
between Co/Nb2O5 and PtCo/Nb2O5. The larger surface tension of metallic cobalt in combination 
with the higher mobility of metal atoms leads to these rounded off particles and can only be 
clearly observed using environmental TEM.34,35

Using H2 chemisorption, an increased number of adsorption sites was observed upon  
Pt-promotion (Table 4.1) due to facilitated cobalt oxide reduction (TPR, Appendix C,  
Figure C10), in line with previous reports.20–23 Remarkably also for PtCo/Nb2O5 a higher number 
of active sites was observed than for Co/Nb2O5 although full reduction at 350 °C would be 
expected without Pt present, based on TPR results and also inferred from environmental TEM 
results (vide supra). For Nb2O5-supported catalysts a larger cobalt particle size (19 - 24 nm) was 
calculated than expected based on environmental TEM (~ 9 nm) probably due to coverage of 
cobalt sites by NbOx and consequent decrease of the number of metallic cobalt surface sites 
available for chemisorption.

A more accurate method to estimate the number of sites active in Fischer-Tropsch catalysis 
has been proposed to be CO chemisorption.32 A factor of 1.7, 2.2 and 1.4 increase of the number 
of reversibly adsorbed CO molecules was observed upon Pt-promotion of Co/Nb2O5, Co/γ-Al2O3 
and Co/α-Al2O3, respectively (Table 4.1).

Catalyst selectivity (Figure 4.3) and activity (Figure 4.4) were evaluated in Fischer-Tropsch 
synthesis at 1 and 20 bar (more data are available in Appendix C, Table C2-C3). Furthermore, 
Table 4.2 shows results from the kinetic study investigating the influence of support and  
Pt-promotion on the H2 and CO reaction order and the SSITKA study performed to determine 
surface coverages and turnover frequencies (Full data in Appendix C, Figure C14 - C17). 

In Fischer-Tropsch synthesis at 1 bar superior C5+ selectivities were observed for γ-Al2O3- 
and Nb2O5-supported catalysts, compared to α-Al2O3-supported catalysts (Figure 4.3A). This is 
thought to be related either to the presence of Co2+ due to incomplete cobalt oxide reduction 
(γ-Al2O3) or to SMSI (Nb2O5), as also reported by Mendes et al.15–19 Upon Pt-promotion decreased 
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C5+ selectivities were observed due to increased hydrogenation activity, as also inferred from the 
increasing paraffin-to-olefin ratio (Appendix C, Table C2). At 20 bar, superior C5+ selectivities 
were observed for catalysts supported by α-Al2O3 and Nb2O5 compared to γ-Al2O3 (Figure 4.3B). 
The positive relation between pore diameter and C5+ selectivity was previously reported by e.g. 
Holmen et al. and was attributed to cobalt particle size and diffusion effects.36–39 At 20 bar, no 
large influence of Pt on the C5+ selectivity was observed (Figure 4.3B). 

At 1 bar, the cobalt weight-normalized activity of Co/γ-Al2O3 and Co/Nb2O5 was found to 
increase by a factor of 1.7 and 2.8 upon Pt-promotion (Figure 4.4A). For Co/α-Al2O3, low activity 
and only slight influence of Pt-promotion were observed at 1 bar. At 20 bar, no large influence 
of Pt-promotion on the cobalt-weight normalized activity of Co/γ-Al2O3 and Co/α-Al2O3 was 
observed, whereas for Co/Nb2O5, a factor of 2.4 increase of the activity per unit weight of cobalt 
was observed (Figure 4.4B).

To investigate the origin of the unique activity increase upon Pt-promotion of Co/Nb2O5, a 
kinetic study was performed at 1 bar in which H2 and CO reaction orders and the effect of Pt 
addition thereon were studied (Table 4.2). For catalysts supported by γ-Al2O3 and Nb2O5 higher 
reaction orders in CO and lower orders in H2 were observed compared to α-Al2O3-supported 
catalysts (Appendix C, Figure C14) which might be related to the superior C5+ selectivity for 
(Pt)Co/Nb2O5 and (Pt)Co/γ-Al2O3 compared to (Pt)Co/α-Al2O3. No large influence of Pt on the 
CO and H2 reaction orders for the supported Co catalysts studied was observed (Table 4.2). The 
pre-exponential factor (k’) however was found to increase by a factor of 1.7 upon Pt-promotion 
of γ-Al2O3- and Nb2O5-supported catalysts, indicating an increased number of active sites. 
Furthermore, only slight influence of H2 pressure on chain growth probability (α) was observed, 
whereas α was found to increase with increasing CO pressure for all catalysts (Appendix C,  
Figure C15).

A Steady-State Isotopic Transient Kinetic Analysis (SSITKA) study was performed during 
Fischer-Tropsch synthesis at 210 °C, H2/CO = 10 v/v. Activity and selectivities at these 
conditions are shown in Appendix C, Table C4. 12CO and 12CH4 transients (Appendix C,  
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Figure 4.4. Cobalt-weight normalized activity in Fischer-Tropsch synthesis at 1 bar, CO conversion 1 - 5 % (A) and  
20 bar, CO conversion 21 - 34 % (B), 220 °C, H2/CO = 2.0 v/v for (Pt)Co/Nb2O5, (Pt)Co/γ-Al2O3 and (Pt)Co/α-Al2O3 
catalysts.
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Figure C16 - C17) were investigated from a 12CO/Ar/H2 to 13CO/Kr/H2 switch after reaching 
steady-state as described before.32 CH4 transient curves were fitted to a single pool and double 
parallel pool model40 (Appendix C, Figure C18 and Table C6). 

Surface residence times were determined by integration of the normalized transient curve:  
τi = ∫ Fi(t) dt  and corrected for gas phase hold-up using the Ar signal. Residence times for CH4,  
representing surface species which would eventually produce hydrocarbons (CHx), were 
corrected for the chromatographic effect of CO41 using: τCHx

 = τCHx,measured – 0.5 * τCO. Adsorbed 
amounts (Ni) were calculated from the exit flow (Qi, exit): Ni = τi * Qi, exit (Appendix C, Table C5). 
Surface coverages (θi) and turnover frequencies (TOF) were calculated based the number of active 
sites determined from CO chemisorption (NCO, total, Table 4.1) using θi = Ni / (2 * NCO, total) and  
TOF = τCH4

-1 * θCHx
 and are presented in Table 4.2. 

From fitting of the CH4 transient curves (Appendix C, Figure C18 and Table C6), single pool 
behavior was concluded for all catalysts. This result is in line with previous reports on cobalt 
Fischer-Tropsch catalysts.40 CHx residence times (Appendix C, Table C5) were found to be 
shorter for Nb2O5-supported catalysts (4 - 5 s) than for γ-Al2 O3- and α-Al2O3-supported catalysts 
(7 - 8 s), indicating faster hydrogenation and desorption of hydrocarbons. For γ-Al2O3-supported 
catalysts higher CHx coverage and lower CO coverage were calculated than for Nb2O5- and 
α-Al2O3-supported catalysts (Table 4.2). 

Upon Pt-promotion of Co/γ-Al2O3, CHx residence times and coverages were found to 
increase. No large influence of Pt-promotion of Co/Nb2O5 or Co/α-Al2O3 on CHx coverage was 
observed (Table 4.2), whereas CO surface coverages were found to decrease. This indicates higher  
H- or OHx- coverage and consequent higher hydrogenation probability, which is in line with the 
increasing paraffin-to-olefin ratio observed (Appendix C, Table C4). 

Table 4.2. Apparent turnover frequency (TOFapp) in Fischer-Tropsch synthesis at 20 bar, 220 °C, H2/CO = 2.0 v/v, with 
the number of active sites based on H2 chemisorption results. Reaction orders in H2 and CO and pre-exponential 
factor (k’) determined in a kinetic study at 1 bar, 220 °C. Surface coverage (θ) and TOF determined from a 12CO/H2/Ar  
to 13CO/H2/Kr switch during SSITKA at 210 °C, 1.85 bar, H2/CO = 10 v/v, with the number of active sites based on  
CO chemisorption results.

FT 20 bar Kinetic study SSITKA

Catalyst TOFapp Reaction order k’ θCO θCHx
TOF

(s-1) H2 CO (molCO gCo
-1 s-1) (s-1)

Co/Nb2O5 0.083 0.73 0.13 3.5 * 10-5 0.67 0.07 0.021

PtCo/Nb2O5 0.15 0.62 0.15 6.0 * 10-5 0.60 0.07 0.034

Co/γ-Al2O3 0.071 0.71 0.05 2.6 * 10-5 0.61 0.09 0.024

PtCo/γ-Al2O3 0.053 0.81 0.07 4.4 * 10-5 0.53 0.11 0.023

Co/α-Al2O3 0.034 0.91 -0.24 1.5 * 10-5 0.66 0.07 0.013

PtCo/α-Al2O3 0.037 0.91 -0.26 1.9 * 10-5 0.62 0.06 0.013
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TOF were calculated assuming pseudo-first order kinetics and based on the number of active 
sites determined using CO chemisorption (vide supra). For Co/γ-Al2O3, PtCo/γ-Al2O3 and  
Co/Nb2O5 catalysts similar turnover frequencies were calculated (~ 0.02 s-1, Table 4.2). For  
Co/α-Al2O3 and PtCo/α-Al2O3 lower TOF were calculated (~ 0.01 s-1, Table 4.2). For PtCo/Nb2O5, 
the TOF based on SSITKA was found to be a factor of 1.6 higher than for Co/Nb2O5. Also based 
on the number of active sites determined using H2 chemisorption increased TOF was calculated 
for PtCo/Nb2O5 (Appendix C, Table C5).

Based on the current study the origin of the factor of 2.4 increase of the cobalt-weight 
normalized activity upon Pt-promotion of Co/Nb2O5 was concluded to be a combination of an 
increased number of active sites by a factor of 1.7 and an increased turnover frequency by a factor 
of 1.6.

The current hypothesis on the origin of the increased TOF for PtCo/Nb2O5 is related to the 
mechanism how niobia promotes cobalt. As has been proposed before in the literature11,42–44 for 
NbOx (x < 2.5) as well as MnOx, metal oxide species migrate onto cobalt during reduction and 
affect the nature of the cobalt active sites.2,6 Assuming the impact of NbOx on cobalt is short 
range, the interface between Co and NbOx will be most relevant for promotion. Clearly, the extent 
of coverage of Co by NbOx will be important as well as the size of the clusters of NbOx. If the NbOx 
clusters are large then interfacial sites will be limited and blocking of cobalt metal significant. 
The effect of Pt is tentatively assumed to be more efficient promotion of Co by NbOx for example 
by formation of smaller clusters of the oxide as schematically shown in Figure 4.5. Future work 
will involve more detailed in situ TEM and spectroscopy investigations to prove or disprove this 
hypothesis.

Conclusions
Co/Nb2O5 and PtCo/Nb2O5 catalysts were prepared and investigated and compared to 

γ-Al2O3- and α-Al2O3-supported catalysts. Using environmental XRD poor cobalt crystallinity 
was observed for Co/Nb2O5 and PtCo/Nb2O5 after reduction. Based on environmental TEM 
experiments no large cobalt particle size difference was observed upon Pt-promotion of  
Co/Nb2O5. Using CO chemisorption the number of adsorption sites was found to be a factor of 
1.7 higher for PtCo/Nb2O5 than for Co/Nb2O5. 

PtCo

Nb2O5

Co/Nb2O5

Co

Nb2O5

PtCo/Nb2O5

Figure 4.5. Envisaged structural model on the role of Pt in Co/Nb2O5 catalysts.
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In Fischer-Tropsch synthesis at 1 bar and compared to α-Al2O3-supported catalysts, superior 
C5+ selectivities were observed for γ-Al2O3- and Nb 2 O5-supported catalysts, attributed to the 
presence of Co2+ due to incomplete cobalt oxide reduction and NbOx species at the cobalt 
surface, respectively. At 20 bar, Nb2O5- and α-Al2O3-supported catalysts were found to exhibit 
superior C5+ selectivities of ~ 85 wt%, which were attributed to the larger pore sizes compared to  
Co/γ-Al2O3 and PtCo/γ-Al2O3 catalysts.

Upon Pt-promotion of Co/Nb2O5 the cobalt-weight normalized activity in Fischer-Tropsch 
catalysis at 20 bar was found to increase by a factor of 2.4, while the high C5+ selectivity was 
maintained. A kinetic study indicated that the number of active sites had increased by a factor 
of 1.7, in line with data from CO chemisorption experiments although a cobalt particle size 
difference was not observed using environmental TEM experiments. Steady-State Isotopic 
Transient Kinetic Analysis showed that a combination of an increased number of active sites and 
an increased turnover frequency is the origin of the activity increase in Co/Nb2O5 catalysts upon 
Pt-promotion. Pt was tentatively proposed to bring about more efficient promotion of Co by 
NbOx being present as smaller clusters.
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Synergistic Promotion of 

Co/SiO2 Fischer-Tropsch Catalysts by 

Niobia and Platinum

Abstract
Transition-metal oxides and noble metals are well-known selectivity and activity promoters 

in cobalt-based Fischer-Tropsch catalysis. Niobia has been shown as an effective selectivity 
promoter as support material; however, the low porosity limits the cobalt loading. To combine 
the selectivity-promoting properties of niobia with a highly porous support, niobia-modified 
silica was prepared and applied as support for Co and PtCo catalysts with cobalt loadings up to  
21 wt%. Niobia promotion was found to increase the C5+ selectivity at 1 bar; however, appeared to 
be not effective at 20 bar. Promotion of Co/SiO2 by a combination of platinum and niobia yielded 
an increase of the cobalt-weight normalized activity by a factor of 2 - 3 in the case of amorphous 
niobia and a factor of 3 - 4 with niobia nanocrystals present, due to both an increased number of 
active sites and an increased cobalt-surface specific activity (turnover frequency).
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Introduction
The selectivity of cobalt Fischer-Tropsch catalysts is affected by process conditions such as 

temperature1,2, pressure3–5 and CO conversion6 and by catalyst properties like support acidity7,8, 
pore diameter7,9 and transition-metal oxide (TMO) promotion.3,4,10–15 These TMO promoters can 
be present as small particles in close vicinity to or on the cobalt particles or as support material.15 
For cobalt catalysts supported by niobia, high selectivities towards heavy hydrocarbons have been 
reported.1,16–20 However, due to the low specific surface area and porosity compared to SiO2 and 
γ-Al2O3 the cobalt loading is limited (< 10 wt%). Consequently, low catalyst-weight normalized 
activities are obtained for niobia-supported catalysts compared to catalysts with high cobalt 
loadings of 20 - 25 wt%. In this chapter niobia-modified silica is proposed as support to combine 
the selectivity-promoting electronic properties of niobia and a high-surface-area matrix to arrive 
at high catalyst-weight based activities. 

Preparation of niobia-modified SiO2, Al2O3, TiO2, MgO and ZrO2 was reported before using 
impregnation, chemical vapor deposition and sol-gel routes and various niobium precursors like 
niobium ethoxide, niobium pentachloride, niobium oxalate and ammonium niobium oxalate. 
The support surface area remained intact upon niobium deposition and after high-temperature 
calcination, retardation of support surface area loss was observed.21,22 At low loading niobium was 
found to be present in isolated NbO4 sites, at higher loading polymerization occurred to NbO6 
sites and ultimately Nb2O5 nanocrystals were formed.23,24

Niobia-modified Al2O3 (5 - 30 wt%) as support for cobalt Fischer-Tropsch catalysts was 
reported by Mendes et al.25–27 and was prepared using an ammonium niobium oxalate complex. 
Niobia was found to form a multi-layered structure and the degree of polymerization increased 
with loading. At low niobia-loading and catalysis at 1 bar, high methane and low C5+ selectivities 
were observed compared to an Al2O3-supported catalyst, attributed to the formation of  
Co2+-Co0 species, responsible for methanation. At high niobia-loading after reduction at 500 °C 
lower methane and higher C5+ selectivity but reduced activity were observed, attributed to the 
formation of Co0-NbOx species, responsible for methyl radical formation and promoting chain 
growth. 

In this chapter the influence of niobia and platinum promotion on the structure, activity 
and selectivity of Co/SiO2 Fischer-Tropsch catalysts28,29 is investigated. Niobia-modified silica is 
prepared and investigated as support material for cobalt and platinum-cobalt Fischer-Tropsch 
catalysts with industrially relevant cobalt loadings up to ~ 21 wt%. Using TPR, XRD, TEM 
and chemisorption studies, the effect of Pt and niobia on the Co/SiO2 structure and mainly 
the number of active sites is studied. Catalyst performance is investigated at 1 bar and low CO 
conversion and at industrially relevant conditions, 20 bar and 30 - 40 % CO conversion, and 
correlated to the catalyst structure, especially to the number of active sites, to reveal the origin of 
activity promotion by Pt and niobia.
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Experimental methods

Preparation
Niobia-modified silica supports were prepared by incipient wetness impregnation30 of a silica 

gel (Davisil 643, Sigma Aldrich, > 99 %, SABET: 260 m2 g-1; PV: 1.1 mL g-1, PD: 17 nm) with an 
aqueous 70 - 200 g L-1 (0.22 - 0.66 M) ammonium niobium oxalate (ANO, Companhia Brasileira 
de Metalurgia e Mineração) solution. After drying overnight at 60 °C in stagnant air, the 
niobium precursor was calcined in a 0.5 L min-1 gsample

-1 air flow at 550 - 900 °C (2 h, 5 °C min-1).  
Niobia-modified silica samples with niobia loading Nb/Si = 0 - 0.12 at./at. were prepared in 
multiple impregnation cycles and will be referred to as XNbSi-Y, where X is the atomic ratio  
Nb/Si and Y is the calcination temperature. An overview of the prepared supports can be found in  
Appendix D, Table D1. 

Cobalt was deposited on niobia-modified silica by impregnation30 with an aqueous 4.0 M 
Co(NO3)2 . 6 H2O solution or by co-impregnation with an aqueous 4.0 M Co(NO3)2 . 6 H2O, 
0.03 M Pt(NH3)4(NO3)2 (Co/Pt = 140) solution, aiming for a cobalt loading of 0.9 mgCo m

-2, 
corresponding to 9 - 21 wt% Co. After drying overnight at 60 °C in stagnant air, the cobalt nitrate 
precursor was calcined at 350 °C (2 h, 3 °C min-1) in a 1 L min-1 gsample

-1 N2 flow. Cobalt loading 
is expressed as the mass of metallic cobalt per gram of reduced catalyst. An overview of the 
prepared catalysts can be found in Table 5.1.

Characterization
Powder X-ray diffraction (XRD) patterns were measured using a Bruker-AXS D2 Phaser 

X-ray diffractometer using Co-Kα radiation (λ = 1.789 Å). Nb2O5 crystallite size was calculated 
by applying the Scherrer equation (k = 0.9) to the (180) diffraction at 33 ° 2θ, Co3O4 crystallite 
size was calculated using the (311) diffraction at 43 ° 2θ. 

N2 physisorption measurements were performed at -196 °C, using a Micromeritics TriStar 
3000 apparatus. Prior to analysis, ~ 100 mg sample was dried at 200 °C for 20 h in an N2 flow. 
Surface area was calculated using the BET theory for p/p0 = 0.06 - 0.25. Pore diameter distribution 
was determined using the BJH theory applied to the adsorption branch. The pore volume was 
calculated from single point adsorption at p/p0 = 0.98.

Back-scattered electron Scanning Electron Microscopy (BSE-SEM) images were acquired with 
an FEI Phenom type 1 SEM operated at 5 kV.

TEM samples were reduced in a 1 L min-1 gsample
-1 25 vol% H2/N2 flow at 350 °C (2 h, 3 °C min-1),  

exposed to air at room temperature and subsequently embedded in a two-component epoxy resin 
(Epofix, EMS) and cured at 60 °C for at least 16 h. Using a Diatome Ultra 35° diamond knife 
mounted on a Reichert-Jung Ultracut E microtome, an embedded sample was cut in sections with 
a nominal thickness of 50 nm which were collected on a TEM grid. Bright field TEM and High 
Angle Annular Dark Field (HAADF) STEM imaging was performed on a Tecnai 20 microscope 
equipped with a field emission gun operated at 200 kV and EDX detector. 
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Temperature programmed reduction (TPR) experiments were performed using a Micromeritics 
Autochem 2920 instrument. Typically 100 mg sample was dried at 120 °C for 1 h in an Ar flow 
and reduced up to 1000 °C (10 °C min-1) in a 5 vol% H2/Ar flow. 

H2 chemisorption measurements were performed using a Micromeritics ASAP 2020 
instrument. Prior to the measurements, ~ 200 mg sample was dried for 1 h in dynamic vacuum 
at 100 °C and reduced in an H2 flow at 350 °C (1 °C min-1, 2 h). H2 adsorption isotherms were 
measured at 150 °C, as recommended by Reuel for supported cobalt particles.31 Metallic cobalt-
specific surface area and average particle size were calculated assuming a surface stoichiometry 
H/Co = 1 and an atomic cross-sectional area of 0.0662 nm2.

Fischer-Tropsch synthesis
Catalytic testing at 1 bar was performed using a U-shaped, continuous flow, fixed bed reactor 

system. Typically 10 mg catalyst (38 - 75 µm) was diluted with 200 mg SiC (200 - 400 µm) and 
loaded in a stainless steel reactor, i.d. = 3 mm, to achieve a bed height of 2 cm. 500 mg SiC was 
loaded on top of the catalyst bed to ensure gas preheating. The catalysts were reduced in situ at 
atmospheric pressure in a 33 vol% H2/Ar flow, GHSV 180 * 103 h-1, at 350 °C (2 h, 5 °C min-1).  
After cooling to 220 °C the gas stream was switched to synthesis gas, H2/CO = 2.0 v/v,  
GHSV 18 - 54 * 103 h-1, CO conversion 2 - 4 %. Products up to C18 were analyzed using an 
online Varian 430-GC equipped with FID. Activity and selectivity were calculated based on 
the hydrocarbons formed. The reported catalyst performance was determined after at least 
15 h on stream. Catalytic testing at 20 bar was performed using an Avantium Flowrence  
16 parallel, continuous flow, fixed bed reactor system. 30 mg catalyst (38 - 75 µm) was diluted with  
200 mg SiC (200 µm) and loaded in a stainless steel reactor, i.d. = 2 mm, to achieve a bed height of  
4 - 5 cm. The catalysts were reduced in situ at atmospheric pressure in a 25 vol% H2/He flow, 
GHSV 6 - 14 * 103 h-1, at 350 °C (8 h, 1 °C min-1). After cooling to 180 °C the gas stream was 
switched to synthesis gas, H2/CO = 2.0 v/v, GHSV 3 - 8 * 103 h-1, and the reactors were pressurized 
to 20 bar and subsequently heated to 220 °C. The GHSV was adjusted to obtain 30 - 40 %  
CO conversion. Products up to C9 were analyzed using an online Agilent Technologies 7890A gas 
chromatograph. The reported catalyst performance was determined after at least 100 h on stream. 
The GHSV was defined as the total gas flow divided by the catalyst volume.

Results and discussion

Support modification
Niobia-modified silica was prepared by (multiple) impregnations with an aqueous solution of 

ammonium niobium oxalate and subsequent drying and calcination at 550 - 900 °C. The Nb/Si  
atomic ratio was calculated to be 0 - 0.12. Assuming 5 Nb atoms per square nanometer,  
Nb/Si = 0.12 at./at. was calculated to correspond to a monolayer of niobia on silica.22,32 An 
overview of all samples including their designations is shown in Table 5.1, niobia loadings  
(0 - 21 wt%) and porosity data are shown in Appendix D, Table D1.
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The silica porosity and pore diameter (~ 20 nm) was found to remain intact upon niobia-
modification (Appendix D, Figure D1), as previously observed by Ko and Shiju.33,34 The presence of 
niobia stabilized the SiO2 structure during calcination at T > 550 °C resulting in a less pronounced 
decrease of surface area and porosity than for SiO2 calcined without niobia-modification. After 
calcination at 550 °C, no niobia was observed using XRD, indicating strong interaction between 
niobia and silica. Calcination at higher temperatures led to niobia polymerization and formation 
of Nb2O5 crystallites (Figure 5.1). Niobia polymerization upon increased loading and calcination 
temperature was also inferred from Diffuse Reflectance Spectroscopy results (Appendix D,  
Figure D2). 

Using TEM no niobia particles were observed after calcination at 550 °C (Figure 5.2A). 
After calcination at 900 °C, crystalline 15 - 20 nm niobia particles were observed (dark dots in  
Figure 5.2B). Using SEM, niobia was found to partially migrate to the exterior surface of the 
macroscopic grains (~ 50 μm) upon calcination at 900 °C (Appendix D, Figure D5). 
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Niobia-silica-supported cobalt catalysts
An overview of the cobalt and platinum-cobalt catalysts prepared using niobia-modified silica 

as support is shown in Table 5.1. 
After impregnation of niobia-modified silica with a cobalt precursor or co-impregnation with 

cobalt and platinum precursor and subsequent decomposition, the catalysts were studied using 
X-ray diffraction (Figure 5.3). Cobalt was found to be present as Co3O4 and from the XRD line 
broadening, the Co3O4 crystallite size was found to be 8 - 9 nm for Co-(Nb)Si-550 and 7 - 8 nm 
for PtCo-(Nb)Si-550, Co-(Nb)Si-900 and PtCo-(Nb)Si-900 (Table 5.2).

Using TEM, the cobalt particle size was studied for reduced and passivated PtCo-NbSi 
catalysts after sample preparation using ultramicrotomy (Figure 5.4). The dark areas, which were  
well-distributed throughout the catalyst grain, were confirmed to be cobalt-rich; however, 

 
Table 5.1. Nb/Si atomic ratio, (Nb-)Si calcination temperature (Tcalc), (Nb-)Si-specific surface area (SABET) and Pt and  
Co loadings based on intake and assuming Nb to be present as Nb2O5 for (Pt)Co-(Nb)Si catalysts.

Catalyst Support Catalyst

Designation Nb/Si 
(at./at.)

Tcalc 

(°C)
SABET 

(m2 g-1)
Pt loading 

(wt%)
Co loading a 

(wt%)

Co-Si-550 - 550 269 - 21.0

Co-0.02NbSi-550 0.02 550 265 - 19.3

Co-0.04NbSi-550 0.04 550 262 - 18.8

Co-0.06NbSi-550 0.06 550 256 - 18.6

Co-0.09NbSi-550 0.09 550 250 - 19.8

Co-0.12NbSi-550 0.12 550 240 - 18.8

PtCo-Si-550 - 550 269 0.43 18.0

PtCo-0.02NbSi-550 0.02 550 265 0.46 19.1

PtCo-0.04NbSi-550 0.04 550 262 0.44 18.2

PtCo-0.06NbSi-550 0.06 550 256 0.43 17.8

PtCo-0.09NbSi-550 0.09 550 250 0.41 16.9

PtCo-0.12NbSi-550 0.12 550 240 0.40 16.6

Co-Si-900 - 900 115 - 9.2

Co-0.04NbSi-900 0.04 900 169 - 14.3

Co-0.12NbSi-900 0.12 900 155 - 11.6

PtCo-Si-900 - 900 115 0.21 8.6

PtCo-0.04NbSi-900 0.04 900 169 0.32 13.3

PtCo-0.12NbSi-900 0.12 900 155 0.28 11.8
a Corresponding to 0.8 - 1.0 mgCo m-2 for all catalysts, see Appedix D, Table D2
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niobium oxide particles could not unambiguously be distinguished. Based on the analysis of  
200 - 350 particles, the average cobalt particle sizes were calculated to be 5 - 9 nm, see Appendix D,  
Figure D6.

For PtCo-0.12NbSi-900 a significantly smaller apparent cobalt oxide particle size, ~ 5 nm, 
was determined in comparison to that for the other samples. In this support crystalline niobia 
particles were observed using TEM and XRD, which would also appear as bright spots and could 
be confused with cobalt oxide particles, limiting the reliability of these measurements. For the 
other samples, the crystallite size obtained using XRD was similar to the particle size obtained 
in this TEM study. In Table 5.2 an overview is given of the cobalt particle sizes estimated based 
on TEM.

The influence of niobia-modification and Pt-promotion on the cobalt oxide reduction 
behavior was studied using temperature programmed reduction (TPR). Multiple reduction 
peaks were observed for the reduction of Co-Si (Figure 5.5). The peak at 300 °C is thought to 
be the reduction of Co3O4 to CoO and usually occurs facile and quantitative.35–37 Reduction 
peaks at higher temperatures were attributed to reduction of CoO to metallic Co. Due to strong 
interaction between CoO and silica and consequent formation of cobalt silicates, high reduction 
temperatures were required to obtain metallic cobalt.
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Niobia-modification did not have a large influence on the reducibility of Co-Si (Figure 5.5). 
The additional peak around 900 °C might be related to the formation of mixed Co-Nb oxides or 
Nb-Si oxides. Extensive overlap of reduction peaks of cobalt oxide, niobia and probably mixed  
Co-Nb oxides impeded accurate quantitative determination of the degree of cobalt oxide reduction. 
No large influence of niobia-modification (Figure 5.5) or support calcination temperature  
(Figure 5.5B) on the reduction behavior was observed and the consequential effect of niobia-
modification on the degree of reduction was expected to be small based on TPR data.

Pt-promotion drastically reduced the temperature required for reduction of Co-Si  
(Figure 5.5), as observed before for noble metal-promoted cobalt catalysts.38–40 This will lead to 
higher degree of cobalt oxide reduction for PtCo catalysts in comparison to Co catalysts after 
isothermal reduction at 350 °C. The small peak observed at 750 °C was attributed to reduction of 
cobalt silicates. For PtCo-0.12NbSi-550 (Figure 5.5A) this peak was not observed, indicating that 
niobia-modification of silica impeded the formation of cobalt silicates.

The metallic cobalt-specific surface area (MSA) after catalyst reduction at 350 °C was measured 
using H2 chemisorption at 150 °C (Table 5.2). The MSA was found to increase by a factor of 2 
upon Pt-promotion, most likely due to a higher degree of cobalt oxide reduction. Upon niobia-
modification, the MSA decreased for both Pt-promoted catalysts and non-Pt-promoted catalysts. 
This decreasing MSA was also observed by Johnson et al. upon Mn promotion of Co/SiO2

14  
and is attributed to coverage of the cobalt surface by niobia due to SMSI. This suppressed  
H2 chemisorption was found to be less severe for catalysts prepared after support calcination at 
900 °C, indicating that niobia was less reactive after high-temperature calcination. A potential 
method to overcome suppressed H2 chemisorption due to SMSI would be by reduction, subsequent 
mild oxidation to remove niobia from the cobalt surface, followed by a second reduction cycle at 
lower temperature as proposed for TiO2-supported catalysts41,42 and will be investigated in further 
studies on niobia-containing catalysts. Methods that could provide additional information on the 
number of sites participating in Fischer-Tropsch synthesis could be reversible CO chemisorption 
or sulfur poisoning; however, were not investigated within the scope of this study.
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Fischer-Tropsch synthesis
The performance of (Pt-)Co/(Nb)Si was investigated in Fischer-Tropsch catalysis at  

1 and 20 bar, 220 °C, H2/CO = 2.0. An overview of the C5+ selectivities is shown in Figure 5.6 
and the cobalt-weight normalized activities are shown in Figure 5.7. Cobalt-weight normalized 
activity (CTY) at 20 bar during the first 150 h on stream is shown in Figure 5.8 for PtCo-Si and 
PtCo-NbSi catalysts. CH4 and C5+ selectivities, CTY and turnover frequencies at 20 bar are shown 
in Table 5.3, for data at 1 bar see Appendix D, Table D3. 

At 1 bar the C5+ selectivity of Co-Si and PtCo-Si was found to be around 30 wt% and increased 
to 45 - 50 wt% upon niobia-modification (Figure 5.6A). At 20 bar, the C5+ selectivity of Co-Si 
and PtCo-Si was 81 - 86 wt% and decreased slightly upon niobia-modification (Figure 5.6B). 
The influence of transition-metal oxide (TMO) promotion on the catalyst selectivity has been 
reported before to depend on the reactor pressure for MnO-promoted Co catalysts.3–5 At elevated 
pressures no or only slight influence of TMO promotion on the catalyst selectivity was observed, 
which is thought to be related to the higher CO coverage at elevated pressure and consequent 
higher chain growth probability, even without the presence of a promoter, making TMO 
promotion for selectivity not mandatory. 

Table 5.2. Co3O4 crystallite size determined using XRD and calculated Co crystallite size, metallic cobalt-specific 
surface area (MSA) and apparent Co particle size (dapp) determined using H2 chemisorption at 150 °C and Co particle 
size determined using TEM for Co-Si, PtCo-Si, Co-NbSi and PtCo-NbSi catalysts. 

XRD H2 chemisorption TEM

Catalyst Co3O4 

(nm)
Co 

(nm)
MSA 

(m2 gCo
-1)

Co dapp 
(nm)

Co 
(nm)

Co-Si-550 8.5 6.8 57 12 -

Co-0.04NbSi-550 8.6 6.8 39 17 -

Co-0.12NbSi-550 7.9 6.3 27 25 -

PtCo-Si-550 7.6 6.0 95 7 -

PtCo-0.04NbSi-550 7.1 5.7 76 9 8

PtCo-0.12NbSi-550 7.3 5.8 54 13 7a

Co-Si-900 6.8 5.4 50 14 -

Co-0.04NbSi-900 7.2 5.7 46 15 -

Co-0.12NbSi-900 7.6 6.0 - - 6a

PtCo-Si-900 6.8 5.4 90 8 8a

PtCo-0.04NbSi-900 7.2 5.7 73 9 9

PtCo-0.12NbSi-900 7.0 5.6 73 9 5a

a Calculated from Co3O4 particle size using Co and Co3O4 densities, see Appendix D, Figure D6
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No large effect of niobia-modification on the CTY of Co-Si was observed. Promotion by a 
combination of platinum and niobia yielded a factor of 3 and 4 increase of the CTY compared 
to Co-Si for PtCo-NbSi-550 and PtCo-NbSi-900 respectively (Figure 5.8, Table 5.3). The CTY 
of Co-(Nb)Si and PtCo-(Nb)Si was found to be a factor of 2 higher at 20 bar than at 1 bar. The 
influence of Pt-promotion, niobia-modification and NbSi calcination temperature on the CTY 
was similar at 1 and at 20 bar.

Turnover frequencies (TOF) were calculated based on XRD, H2 chemisorption and TEM 
results (Table 5.3). The TOF based on H2 chemisorption results was calculated to be 0.033 s-1 
and 0.037 s-1 for Co-Si-550 and PtCo-Si-550 respectively, which is similar to the TOF reported 
previously for Co/SiO2 and PtCo/SiO2 catalysts.28 This indicates that the observed increase of the 
CTY upon Pt-promotion of Co-Si was largely caused by a higher number of active sites. This 
is in agreement with previous observations where noble-metal promotion of supported cobalt 
catalysts was reported to facilitate cobalt oxide reduction, leading to a higher degree of reduction, 
increased number of active sites and consequent higher CTY.38–40
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Table 5.3. Selectivity towards CH4 and C5+, CO conversion (XCO ), cobalt-weight normalized activity (CTY) and turnover 
frequency (TOF) in Fischer-Tropsch catalysis at 20 bar, 220 °C, H2/CO = 2.0 after 125 h on stream for (Pt)Co-(Nb)Si 
catalysts.

Selectivity TOF

Catalyst CH4 
(wt%)

C5+ 
(wt%)

XCO 
(%)

CTY 
(molCO gCo

-1 s-1)
H2 

(s-1)
XRD 
(s-1)

TEM 
(s-1)

Co-Si-550 7 86 35 4.7 * 10-5 0.033 0.019

Co-0.02NbSi-550 8 86 35 5.1 * 10-5 0.020

Co-0.04NbSi-550 7 86 28 4.1 * 10-5 0.042 0.017

Co-0.06NbSi-550 8 85 32 4.9 * 10-5 0.018

Co-0.09NbSi-550 9 85 29 6.0 * 10-5 0.024

Co-0.12NbSi-550 9 84 37 5.4 * 10-5 0.080 0.020

PtCo-Si-550 8 84 39 8.8 * 10-5 0.037 0.031

PtCo-0.02NbSi-550 8 85 39 11 * 10-5 0.041

PtCo-0.04NbSi-550 8 84 36 11 * 10-5 0.060 0.038 0.057

PtCo-0.06NbSi-550 7 84 39 12 * 10-5 0.039

PtCo-0.09NbSi-550 8 83 36 11 * 10-5 0.040

PtCo-0.12NbSi-550 9 81 33 11 * 10-5 0.079 0.037 0.035

Co-Si-900 10 83 11 3.5 * 10-5 0.028 0.011

Co-0.04NbSi-900 9 81 29 5.6 * 10-5 0.049 0.019

Co-0.12NbSi-900 9 84 24 5.5 * 10-5 0.020 0.017

PtCo-Si-900 9 81 28 8.8 * 10-5 0.039 0.028 0.031

PtCo-0.04NbSi-900 9 82 36 15 * 10-5 0.080 0.050 0.082

PtCo-0.12NbSi-900 10 82 30 14 * 10-5 0.078 0.047 0.033
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The TOF calculated based on XRD results was significantly lower than the TOF calculated 
based on H2 chemisorption results (Table 5.3). This was attributed to incomplete cobalt oxide 
reduction for Co-Si and Co-NbSi and suppressed H2 chemisorption for Co-NbSi and PtCo-NbSi 
(vide supra). No large influence of niobia-modification of Co-Si on the TOF based on Co3O4 
crystallite size from XRD was observed (Table 5.3). Based on H2 chemisorption results, the TOF 
was calculated to increase upon niobia-modification; however, this is most likely related to an 
underestimated number of active sites due to SMSI as also observed by Johnson et al.14 

With a combination of niobia- and platinum-promotion both an increased number of active 
sites (Table 5.2) and an increased TOF (Table 5.3) compared to Co-Si were calculated based on 
H2 chemisorption, XRD and TEM data. The calculated increase of CTY and TOF was more 
pronounced for PtCo-NbSi-900 in which niobia was present as 15 - 20 nm nanocrystals than 
for PtCo-NbSi-550 where niobia was amorphous, indicating that the synergy between niobia 
nanocrystals and platinum more efficiently promoted the activity of Co-Si catalysts.

A turnover frequency increase was previously reported for noble metal-promoted Co/TiO2
43–45 

and Co/Nb2O5
46 catalysts, both being a combination of noble metal promotion and a partially 

reducible oxide support. In this study an increased TOF was also observed for catalysts promoted 
by niobia and for catalysts with high porosity and industrially relevant cobalt loadings.

A useful study that could provide additional insight in the role of Pt and niobia during reaction 
rather than ex situ, for example the influence of reactants and products including H2O at reaction 
conditions, could be SSITKA; however, was not investigated within the scope of this study.

Conclusions
Niobia-modified silica (NbSi) with Nb/Si 0 - 0.12 at./at. was prepared by impregnation and 

subsequent calcination at 550 - 900 °C. At low loadings, Nb was present as small niobia particles 
or mixed Nb-Si species. Upon higher loadings and calcination temperatures a niobia layer was 
formed on SiO2 and ultimately 15 - 20 nm nanocrystals were observed which partially migrated 
to the exterior surface of the silica grains. Co and PtCo catalysts with constant surface-specific 
loading of 0.8 - 1.0 mgCo m

-2 (9 - 21 wt% Co) were prepared by impregnation of the NbSi supports.
Based on XRD, H2 chemisorption and TEM data no evidence was found that niobia-

modification of silica had a large influence on the cobalt particle size of around 8 nm. Upon  
Pt-promotion of Co-Si and Co-NbSi, cobalt oxide reduction was facilitated and the number of 
active sites was found to increase by a factor of 2.

At 1 bar the C5+ selectivity in Fischer-Tropsch catalysis increased significantly upon niobia-
modification, whereas at 20 bar it was found to only slightly decrease. This pressure dependence of 
niobia promotion is thought to be related to a higher intrinsic CO coverage at elevated pressures, 
making promotion with a transition-metal oxide for selectivity less effective at more elevated 
pressures. 

The influences of Pt-promotion, niobia-modification and NbSi calcination temperature on 
the catalyst activity were found to be identical at 1 bar and at 20 bar. Upon Pt-promotion of  
Co/SiO2, the cobalt-weight normalized activity was found to increase by a factor of 2 due to a 
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higher number of active sites. Promotion of Co-Si by a combination of platinum and niobia yielded 
an increase of the cobalt-weight normalized activity by a factor of 2 - 3 in the case of amorphous 
niobia and a factor of 3 - 4 for niobia nanocrystals. This increase was partially attributed to an 
increased number of active sites and partially to an increased turnover frequency. The activity 
increase was highest for catalysts after NbSi calcination at 900 °C, indicating that synergistic 
promotion was more efficient between platinum and niobia nanocrystals than between platinum 
and amorphous or atomically dispersed niobia.

An increased turnover frequency was previously reported for noble metal-promoted Co/Nb2O5 
and Co/TiO2, which both display quite low specific surface areas. In this study an increased TOF 
was obtained for supported Co catalysts promoted by niobia plus noble metal with high surface 
area and industrially relevant cobalt loadings.
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Summary
The increasing demand for energy, the call for cleaner transportation fuels and the desire to 

be less dependent on crude oil, have stimulated the development of methods to synthesize liquid 
hydrocarbons from alternative feedstocks. Carbon-containing feedstocks such as natural gas, coal 
and biomass are alternatives and can be converted into synthesis gas, a mixture of CO and H2. Via 
the Fischer-Tropsch reaction, typically catalyzed by iron or cobalt catalysts, hydrocarbons can be 
produced from synthesis gas and can be used as high-quality transportation fuels or chemicals.

Cobalt is the preferred Fischer-Tropsch catalyst for the production of transportation fuels, 
in particular kerosene and diesel, due its high selectivity towards heavy hydrocarbons. Reaction 
conditions, the addition of promoters and the morphology and chemical nature of the support 
are known to largely affect the catalyst performance. In industrial catalysts, typically cobalt 
nanoparticles of ~ 10 nm are supported on highly porous metal oxides like γ-Al2O3, SiO 2 or TiO2, 
allowing for high metal loadings of 10 - 25 wt%. For niobia-supported catalysts very promising 
selectivities towards heavy hydrocarbons have previously been reported in Fischer-Tropsch 
synthesis. The goal of this thesis is to more extensively investigate the potential of niobia as 
support and promoter in cobalt based Fischer-Tropsch catalysts and to study the role of reaction 
conditions and noble metal promoters on the performance of niobia-containing catalysts.

In Co/niobia Fischer-Tropsch catalysts typically crystalline, low specific surface area supports 
are used with low cobalt loadings (~ 5 wt%) and dispersions. In Chapter 2 the influence of 
temperature and atmosphere on the morphology, crystallinity and porosity of niobia was 
studied. Higher porosity crystalline niobia was prepared by carbon-templated crystallization 
of amorphous niobia and by niobia synthesis in a porous carbon template. 4 - 21 wt% cobalt 
was deposited on the prepared crystalline supports and on amorphous niobia by impregnation 
and deposition precipitation. Deposition precipitation of cobalt precursor led to precipitation 
in the solution separate from the crystalline niobia support due to insufficient interaction. After 
cobalt deposition on amorphous niobia, no easily reducible cobalt species were obtained and 
consequently only low activity in Fischer-Tropsch catalysis was observed. For 5 wt% Co/Nb2O5 
prepared by impregnation of crystalline niobia both high cobalt-weight normalized activity 
and high C5+ selectivity were obtained, previously only observed for promoted Co catalysts. 
Application of higher cobalt loadings than 5 wt% led to increased catalyst-weight normalized 
activity; however, the cobalt-weight normalized activity decreased due to formation of larger 
cobalt particles and decreased interaction of cobalt with the support. Selectivity promotion by 
niobia was suppressed due to decreased cobalt-support interaction and consequently lower  
C5+ selectivities were observed.

In Chapter 3, the performance of 5 wt% Co/Nb2O5 was compared to that of 28 wt% Co/γ-Al2O3 
for the Fischer-Tropsch synthesis at 20 bar and over the temperature range of 220 - 260 °C. The 
C5+ selectivity of Nb2O5-supported cobalt catalysts was found to be very high, up to 90 wt% C5+

 at 
220 °C. The cobalt-weight normalized activity was found to be similar for Nb2O5- and γ-Al2O3-
supported catalysts at identical reaction temperature. However, due to the low cobalt loading, the 
catalyst-weight normalized activity of Co/Nb2O5 was lower than for Co/γ-Al2O3 catalysts with 
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higher cobalt loadings. This low activity could largely be compensated by increasing the reaction 
temperature, although the C5+ selectivity decreased upon increasing reaction temperature. Due 
to the high intrinsic C5+ selectivity, Nb2O5-supported catalysts could be operated up to ~ 250 °C 
at a target C5+

 selectivity of 80 wt%, whereas γ-Al2O3-supported catalysts called for an operation 
temperature of ~ 210 °C. At this target C5+ selectivity, the catalyst-weight normalized activity 
was found to be identical for 5 wt% Co/Nb2O5 and 28 wt% Co/Al2O3, while the cobalt-weight 
normalized activity was a factor of four higher for the Nb2O5-supported catalyst. 

Noble metal promotion is a common method to enhance the activity of cobalt Fischer-Tropsch 
catalysts, typically by increasing the number of active sites. In Chapter 4, Co/Nb2O5 catalysts 
and the effect of Pt-promotion thereon are investigated in comparison to γ-Al2O3- and α-Al2O3-
supported catalysts. In Fischer-Tropsch catalysis at 1 bar and compared to α-Al2O3-supported 
catalysts, superior C5+ selectivities were observed for γ-Al2O3- and Nb 2 O5-supported catalysts, 
attributed to the presence of Co2+ due to incomplete cobalt oxide reduction and NbOx species at 
the cobalt surface, respectively. At 20 bar, Nb2O5- and α-Al2O3-supported catalysts were found 
to exhibit superior C5+ selectivities of ~ 85 wt%, which were attributed to the larger pore sizes 
compared to γ-Al2O3-supported catalysts. Upon Pt-promotion of Co/Nb2O5 the cobalt-weight 
normalized activity was found to increase by a factor of 2.4, while the high C5+ selectivity of  
85 wt% was maintained. Based on environmental TEM results no indications were found that 
Pt affected the cobalt particle size in Co/Nb2O5 catalysts. A kinetic study indicates an increased 
number of active sites upon Pt-promotion whereas Steady-State Isotopic Transient Kinetic 
Analysis experiments show that a combination of an increased number of active sites and an 
increased turnover frequency is at the origin of the enhanced activity in Co/Nb2O5 catalysts upon 
Pt-promotion. Pt was tentatively proposed to bring about more efficient promotion of Co by 
NbOx being present as smaller clusters.

The influence of niobia independent of support morphology and the selectivity-promoting 
properties of niobia on a highly porous support were studied using niobia-modified silica as 
a support in Chapter 5. This support was prepared by impregnation of silica with a niobium 
precursor and after calcination the support structure was found to be largely preserved. Niobia-
modified silica was applied as support for Co and PtCo catalysts with cobalt loadings up to  
21 wt%. Niobia promotion was found to increase the C5+ selectivity at 1 bar; however, appeared to 
be not effective at 20 bar. Promotion of Co/SiO2 by a combination of platinum and niobia yielded 
an increase of the cobalt-weight normalized activity by a factor of 2-3 in the case of amorphous 
niobia and by a factor of 3-4 with niobia nanocrystals present on the silica, due to both an increased 
number of active sites and an increased cobalt-surface specific activity (turnover frequency).

Concluding remarks
In this thesis niobia has been shown to be an attractive support for application in Fischer-

Tropsch catalysis at industrially relevant conditions without apparent deactivation up to at 
least 200 hours of operation. This proves that the level of potentially poisoning contaminants is 
sufficiently low and niobia is stable up to 260 °C and CO conversion levels higher than 80 % with 
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concomitant high steam pressures. Niobia-supported cobalt catalysts were found to exhibit high 
selectivities towards liquid hydrocarbons at competitive cobalt-weight based activities. Due to 
the low porosity of crystalline niobia, only low cobalt loadings can be applied and consequently 
low catalyst-weight based activities could be obtained. However, using the reactor temperature 
or Pt-promotion, methods were found to compensate for the low cobalt loading and to obtain 
competing selectivities and catalyst-weight based activities while using a low amount of cobalt. 

Transition-metal oxides are typical promoters added to cobalt Fischer-Tropsch catalysts to 
enhance the selectivity towards heavy hydrocarbons. In this thesis niobia was found to be a very 
efficient selectivity promoter particularly at 1 bar. At 20 bar, the influence of support pore size 
appeared to be important. This fundamentally different role of promoters at 1 and 20 bar is very 
relevant to understand the necessity and role of transition-metal oxide promoters in cobalt-based 
Fischer-Tropsch catalysts but also calls for characterization methods at conditions as close as 
possible to industrially applied conditions, for example SSITKA at elevated pressures.

Indications were found that the role of platinum in cobalt-based Fischer-Tropsch synthesis 
was not limited to facilitation of cobalt oxide reduction but also played a role during Fischer-
Tropsch synthesis in PtCo/Nb2O5 catalysts. Due to the similar support nature, this observation is 
very relevant to Co/TiO2, a catalyst relevant for industrial Fischer-Tropsch synthesis. Noble metal 
promoters are rarely applied in Co/TiO2 since facile and complete reduction is typical without 
noble metals present. Following the observations presented in this thesis, the influence of noble 
metal promotion on the performance of Co/TiO2 catalysts was investigated and the activity was 
found to be enhanced up to a factor of four upon noble metal promotion.

In future research, additional characterization techniques could give more insight into the 
structure of Co/Nb2O5 and PtCo/Nb2O5 catalysts. Environmental and high-resolution TEM studies 
could give information on the cobalt particle size and crystallinity, (in-situ) X-ray absorption 
spectroscopy (EXAFS/XANES) and Near Ambient Pressure X-ray excited Photoelectron 
Spectroscopy (NAP-XPS) could be useful to study the species present at the cobalt surface after 
reduction and during Fischer-Tropsch catalysis and additional kinetic studies, preferably SSITKA 
at elevated pressures, could provide additional insight into the origin of the increased apparent 
TOF, observed for niobia-promoted and -supported PtCo catalysts. 

Niobia-based catalysts could also be attractive for the conversion of synthesis gas into products 
other than linear heavy paraffins. Copper, iron and nickel are well-known catalysts for the 
production of methanol, lower olefins and methane, respectively, and niobia could be explored 
as support. Furthermore, strong indications are present that acidic niobia surface groups can 
introduce hydrocracking and hydro-isomerization activity to Co/niobia catalysts. This might 
allow direct formation of liquid products rather than solid waxes and production of gasoline-like 
branched hydrocarbons instead of diesel or kerosene. Recent environmental concerns regarding 
emissions of diesel engines in passenger cars and the large demand in especially the United States 
make production of synthetic gasoline more attractive.
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Samenvatting
In de afgelopen decennia is de vraag naar energie drastisch toegenomen door een groeiende 

wereldbevolking en een toenemend welvaartsniveau. Vooral voor de productie van brandstoffen 
voor de transportsector is de afhankelijkheid van ruwe olie groot. De voorraden hiervan zijn 
groot maar het wordt steeds moeilijker en duurder deze te exploiteren door bijvoorbeeld hun 
locatie. Daarnaast is er een groeiende vraag naar schonere brandstoffen met minder aromaten 
en zwavel- en stikstofverbindingen om verbrandingsmotoren efficiënter en schoner te kunnen 
maken en te voldoen aan de steeds strenger wordende uitstooteisen.

Aardgas, steenkool en biomassa zijn alternatieven om op korte termijn te dienen als grondstof 
voor de productie van schone, synthetische brandstoffen zoals dieselolie en kerosine. Aardgas is 
hiervan de economisch meest aantrekkelijke optie door de grote beschikbare reserves. Omdat 
het moeilijk en duur is om gassen te transporteren worden deze momenteel vaak niet benut en 
aardgas dat vrijkomt tijdens oliewinning wordt soms zelfs afgefakkeld. Biomassa is, zeker als 
het geproduceerd is op een manier die niet in strijd is met de voedselvoorziening, het meest 
duurzame alternatief omdat hiervoor minder fossiele bronnen nodig zijn en er een meer  
CO2-neutrale cyclus kan ontstaan.

Deze alternatieve energiebronnen kunnen echter niet op dezelfde manier als ruwe olie worden 
vervoerd en verwerkt tot dieselolie. Het is daarom wenselijk ze op de plaats waar ze beschikbaar 
komen om te zetten in vloeibare producten. Dit kan via een proces waarbij aardgas, steenkool of 
biomassa eerst wordt omgezet in synthesegas, een mengsel van koolmonoxide (CO) en waterstof 
(H2). Via het Fischer-Tropschproces kan synthesegas daarna worden omgezet in koolwaterstoffen 
die de basis vormen van allerlei chemicaliën en brandstoffen.

Voor het splitsen en op de gewenste manier recombineren van CO en H 2 zijn katalysatoren 
nodig. Voor de synthese van Fischer-Tropschbrandstoffen zoals dieselolie en kerosine zijn dit 
bij voorkeur metallische kobaltdeeltjes van ongeveer 10 nanometer. Om te voorkomen dat 
de kobaltdeeltjes samenklonteren en daardoor hun actieve oppervlak verliezen worden deze 
afgezet op een poreuze drager zoals silica, alumina of titania. Naast het uit elkaar houden van de 
kobaltdeeltjes, kan de drager ook de selectiviteit en de activiteit van de katalysator beïnvloeden. Dit 
kan ook door de toevoeging van edelmetalen of overgangsmetaaloxiden, zogeheten promoters, 
aan het kobalt.

Van kobaltdeeltjes die afgezet zijn op niobiumoxide is bekend dat ze erg selectief zijn voor 
het maken van lange koolwaterstofketens. Het doel van dit proefschrift is om de toepassing van 
niobiumoxide als drager of promoter in kobaltkatalysatoren voor het Fischer-Tropschproces 
uitgebreider te onderzoeken. Belangrijke aspecten hierin zijn het ontwikkelen van een methode 
om katalysatoren te maken, het bestuderen van de structuur van de katalysatoren en het 
onderzoeken welke invloed de structuur van de drager, de toevoeging van edelmetalen en de 
reactiecondities hebben op de activiteit en selectiviteit in Fischer-Tropschsynthese.

In niobiumoxide-gedragen Fischer-Tropschkatalysatoren wordt doorgaans kristallijn 
niobiumoxide met een lage porositeit en specifiek oppervlak gebruikt. Het nadeel hiervan 
is dat slechts lage kobaltbeladingen van ongeveer 5 gewichtsprocent (gew%) mogelijk zijn, 
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terwijl voor katalysatoren die gebruikt worden in industriële toepassingen kobaltbeladingen tot  
25 gew% gebruikelijk zijn. In Hoofdstuk 2 is daarom onderzocht of het mogelijk is om amorf 
niobiumoxide met hogere porositeit te gebruiken als drager voor Fischer-Tropschkatalysatoren. 
Ook is onderzocht of het mogelijk is om kristallijn niobiumoxide met een hogere porositeit te 
maken door het variëren van de gasatmosfeer tijdens kristallisatie of de toepassing van een mal 
van koolstof. Door middel van impregnatie of depositieprecipitatie werd 4 - 21 gew% kobalt 
afgezet op zowel amorf als kristallijn niobium oxide. Na kobalt afzetting op amorf niobiumoxide 
werd tijdens reductie geen metallisch kobalt gevormd en daardoor waren deze katalysatoren niet 
actief in de Fischer-Tropschsynthese. Door onvoldoende interactie tussen de drager en het kobalt 
leidde depositieprecipitatie tot de groei van kobaltdeeltjes met groottes tot 1 µm in plaats van 
nanodeeltjes. Katalysatoren die gemaakt werden door impregnatie van kristallijn niobiumoxide 
(Nb2O5) bleken een hoge activiteit en selectiviteit naar vloeibare koolwaterstoffen (C5+) te 
bezitten. De toepassing van hogere beladingen door middel van meerdere impregnaties leidde 
tot de vorming van grotere kobaltdeeltjes en daardoor afnemende activiteit per massa-eenheid 
kobalt. Ook de C5+-selectiviteit nam af door de verminderde interactie tussen de drager en het 
kobalt.

In Hoofdstuk 3 worden 5 gew% Co/Nb2O5 en 28 gew% Co/γ-Al2O3 vergeleken in Fischer-
Tropschsynthese op 20 bar bij 220 - 260 °C. Voor Co/Nb2O5 werd een hoge C5+-selectiviteit  
gemeten van 90 gew% bij 220 °C. De activiteit genormaliseerd naar de kobaltmassa was vergelijkbaar 
voor deze katalysatoren, maar door de lagere metaalbelading was de activiteit per massa-eenheid 
katalysator aanzienlijk lager voor Co/Nb2O5. Door het verhogen van de reactortemperatuur 
kan de lage activiteit grotendeels worden gecompenseerd, maar dit gaat wel deels ten koste van 
de selectiviteit. Bij een gewenste C5+-selectiviteit van 80 gew% kan Co/Nb2O5, dankzij de hoge 
intrinsieke C5+-selectiviteit, gebruikt worden bij ~ 250 °C, terwijl Co/γ-Al2O3 maar op ~ 210 °C  
kan worden gebruikt om deze selectiviteit te bereiken. Bij een gewenste C5+-selectiviteit van 
80 gew% was, hoewel bij een andere reactortemperatuur, de activiteit genormaliseerd naar de 
katalysatormassa gelijk voor Co/Nb2O5 en Co/γ-Al2O3. De activiteit per massa-eenheid kobalt 
was hierbij een factor vier hoger voor Co/Nb2O5.

Het toevoegen van een kleine hoeveelheid edelmetaal zoals platina is een gebruikelijke manier 
om de activiteit van Fischer-Tropschkatalysatoren te verhogen. Het veronderstelde mechanisme 
hiervoor is dat het edelmetaal de reductie van kobaltoxide tot metallisch kobalt katalyseert en 
hierdoor het aantal actieve centra toeneemt. In Hoofdstuk 4 worden Co/Nb2O5-katalysatoren 
en de invloed van platinapromotie hierop bestudeerd in vergelijking met α-Al2O3- en γ-Al2O3-
gedragen katalysatoren. In Fischer-Tropschsynthese op 1 bar bleek de C5+-selectiviteit van Nb2O5- 
en γ-Al2O 3-gedragen katalysatoren hoger te zijn dan van α-Al2O3-gedragen katalysatoren. Dit werd 
toegeschreven aan de aanwezigheid van Co2+ door onvolledige reductie van kobaltoxide in het 
geval van γ-Al2O3-gedragen katalysatoren en aan de aanwezigheid van gedeeltelijk gereduceerd 
niobia (NbOx) op het kobaltoppervlak in Nb2O5-gedragen katalysatoren. Op 20 bar werd juist 
een hogere C5+-selectiviteit gevonden voor Nb2O5- en α-Al2O3-gedragen katalysatoren dan voor 
γ-Al2O3-gedragen katalysatoren, wat werd toegeschreven aan de grotere poriediameter van 
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deze dragers. In de aanwezigheid van platina bleek de activiteit van Co/Nb2O5, genormaliseerd 
naar de kobaltmassa, met een factor 2,4 toegenomen. Met een aantal analysetechnieken werd 
onderzocht of dit werd veroorzaakt door een toegenomen aantal actieve centra of door een 
hogere omzettingsfrequentie. Door Co/Nb2O5 en PtCo/Nb2O5 in een elektronenmicroscoop te 
reduceren werd de invloed van Pt op de grootte van de kobaltdeeltjes onderzocht; er bleek geen 
waarneembare invloed te zijn. Uit een studie naar de invloed van Pt op de reactiekinetiek van 
Co/Nb2O5 bleek dat de toegenomen activiteit veroorzaakt wordt door een combinatie van een 
toegenomen aantal actieve centra en een verhoogde omzettingsfrequentie. Als verklaring voor de 
rol van platina werd voorgesteld dat de aanwezigheid van platina ervoor zorgt dat kobalt efficiënter 
gepromoteerd werd door de aanwezigheid van kleinere NbOx deeltjes op het kobaltoppervlak.

Om de invloed van niobia onafhankelijk van de morfologie van de drager te kunnen 
onderzoeken, werd silica gepromoteerd met niobiumoxide als drager bestudeerd in Hoofdstuk 5.  
Poreus silica met een hoog specifiek oppervlak werd geïmpregneerd met een oplossing van een 
niobiumzout. Na calcinatie bleek de structuur van het silica intact waardoor tot 21 gew% Co 
en PtCo afgezet konden worden op deze drager. In Fischer-Tropschsynthese op 1 bar bleek dat 
niobia-promotie van de drager een positieve invloed had op de C5+-selectiviteit, echter op 20 bar 
werd deze invloed niet waargenomen. Na toevoeging van zowel niobia als platina werd een factor 
twee tot vier toename van de naar de kobaltmassa genormaliseerde activiteit waargenomen ten 
opzichte van Co/SiO2. De toename werd verklaard door zowel een toename van het aantal actieve 
centra als een verhoogde omzettingsfrequentie.

Afsluitende opmerkingen
In dit proefschrift wordt getoond dat Nb2O5 een interessante drager is voor toepassing in  

Fischer-Tropschkatalysatoren. Uit het uitblijven van waarneembare deactivatie bij industrieel 
relevante condities (20 bar, 260 °C, 80 % CO conversie) bleek dat in de drager geen  
verontreinigingen aanwezig waren die de katalysator vergiftigden en dat de drager voldoende 
stabiel was tegen stoomdruk. Nb2O5-gedragen katalysatoren bleken daarnaast een hoge 
selectiviteit naar zware koolwaterstoffen te bezitten. Door de lage porositeit van kristallijn 
Nb2O5 konden slechts lage kobaltbeladingen worden toegepast waardoor de voor toepassing op 
industriële schaal belangrijke activiteit per massa-eenheid katalysator aanzienlijk lager was dan 
voor bijvoorbeeld SiO2- of γ-Al2O3-gedragen katalysatoren. Echter, door gebruik te maken van 
de reactortemperatuur en platinapromotie werden methodes ontdekt om de lage kobaltbelading 
te compenseren waardoor minder kobalt benodigd was voor het behalen van vergelijkbare 
selectiviteit en activiteit per massa-eenheid katalysator.

Om de selectiviteit naar zware koolwaterstoffen te verhogen worden vaak overgangsmetaaloxiden 
als promoter toegevoegd aan Fischer-Tropschkatalysatoren. In dit proefschrift wordt getoond 
dat niobiumoxide kan dienen als een effectieve promoter van de selectiviteit, echter vooral in  
Fischer-Tropschkatalyse op 1 bar. Op 20 bar bleek de invloed van de poriegrootte belangrijker. 
Deze fundamenteel verschillende rol van overgangsmetaaloxiden is ook van belang om de 
noodzaak en rol van deze promoters te bepalen voor Fischer-Tropschkatalysatoren met andere 
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dragers, maar maakt ook de noodzaak duidelijk om karakterisering uit te voeren bij condities die 
zo dicht mogelijk liggen bij industrieel gebruikte condities, bijvoorbeeld door het bestuderen van 
kinetiek bij verhoogde druk.

In dit proefschrift worden aanwijzingen getoond dat platina in Fischer-Tropschkatalysatoren 
niet alleen de reductie van kobaltoxide katalyseert maar in het geval van PtCo/Nb2O5 ook 
een belangrijke rol speelt tijdens de Fischer-Tropschreactie zelf. Door de grote chemische 
overeenkomsten tussen Nb2O5 en TiO2 kunnen deze resultaten van groot belang zijn voor  
Co/TiO2-katalysatoren die worden toegepast in Fischer-Tropschproductie. Voor zover bekend 
werden tot op heden zelden edelmetalen toegepast in Co/TiO2-katalysatoren omdat zij voor 
hun traditionele rol als reductiepromotor niet vereist waren. Naar aanleiding van de resultaten 
die beschreven zijn in dit proefschrift is de invloed van edelmetalen op Co/TiO2-katalysatoren 
onderzocht en ook hierbij bleek de activiteit door toevoeging van platina met een factor vier toe 
te nemen.

Vervolgonderzoek met aanvullende karakterisatietechnieken zou meer inzicht kunnen geven 
in de structuur van Co/Nb2O5- en PtCo/Nb2O5-katalysatoren. Met elektronenmicroscopie 
zouden in een uitgebreidere studie de deeltjesgrootte en kristalliniteit van kobalt na reductie 
beter kunnen worden bepaald. Röntgenspectroscopie (EXAFS/XANES, NAP-XPS) zou extra 
informatie kunnen geven over de deeltjes die aanwezig zijn op het kobaltoppervlak na reductie 
en tijdens de Fischer-Tropschreactie. Studies naar de reactiekinetiek, bij voorkeur SSITKA bij 
industrieel relevante condities, zou inzicht kunnen geven wat de verhoogde omzettingsfrequentie 
veroorzaakt die werd waargenomen bij PtCo-katalysatoren die gedragen of gepromoteerd zijn 
door niobiumoxide. 

Niobiumoxide-gebaseerde katalysatoren zouden ook interessant kunnen zijn voor de 
omzetting van synthesegas in andere producten dan lineaire paraffinen. Koper, ijzer en nikkel 
zijn belangrijke katalysatoren voor de productie van respectievelijk methanol, lichte olefinen en 
methaan en onderzocht zou kunnen worden wat de toepassing van niobiumoxide als drager voor 
invloed heeft op deze katalysatoren. Verder zijn er sterke aanwijzingen dat de aanwezigheid van 
zure groepen op het niobiumoxide extra functionaliteit zou kunnen introduceren, namelijk het 
hydrokraken of -isomeriseren van de gevormde producten. Dit zou kunnen leiden tot de directe 
vorming van vloeibare producten in plaats van vaste wassen en zou de vervolgstap waarin de 
was gekraakt wordt overbodig kunnen maken. Ook zouden vertakte koolwaterstoffen gevormd 
kunnen worden die typisch voorkomen in benzine. Gezien de recente zorgen rondom de uitstoot 
van dieselmotoren in personenauto’s en de grote vraag naar benzine in vooral de Verenigde Staten 
zou de productie van synthetische benzine zeer interessant zijn.
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Exploratory Studies for 

 Synthesis of Niobia-supported 

 Cobalt Fischer-Tropsch Catalysts

Purity data Niobium oxide hydrate
Niobium oxide hydrate (HY-340, AD/4465), 72.6 wt% Nb2O5, LOI 26.7 wt%, 179 ppm Cl Free, 

60 ppm Fe, 57 ppm Na, 66 ppm K, 629 ppm Ta, 54 ppm Si, 2229 ppm Ti, < 50 ppm P, < 20 ppm S,  
< 30 ppm C.
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Figure A1. Weight loss upon thermal treatment in 10 mL min-1 N2 for niobium oxide hydrate (10 °C min-1, A) and 
ammonium niobium oxalate (3 °C min-1, B), determined using TGA after drying at 120 °C. 
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A

Porosity niobium oxide

Figure A2. N2 physisorption isotherms (A) and pore size distributions (B) for Nb120-600M.

Table A1. Specific surface area and pore volume obtained for Nb120-900M.

Influence of gas atmosphere during niobia calcination

Figure A3. N2 physisorption isotherms (A) and pore size distributions (B) for Nb600SA, Nb600AF and Nb600NF.
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A

Carbon-templated niobia crystallization

Figure A4. N2 physisorption isotherms (A) and pore size distributions (B) for niobium oxide hydrate (Nb120M), 
after impregnation with sucrose solution and pyrolysis, after crystallization in N2 and after carbon burn-off in air  
(Nb-CTC-S).

After niobium oxide hydrate impregnation with furfuryl alcohol or a sucrose solution and 
subsequent pyrolysis, the niobium oxide pores were filled and not accessible for N2 physisorption 
(Figure A4 - A5). Since the nature of the carbon template was unknown, the weight fraction of 
niobia in the pyrolyzed sample could not be determined without further quantitative elemental 
analysis and the degree of pore filling could not be calculated. After niobia crystallization small 
pores (< 3 nm) were accessible and after carbon burn-off larger pores up to 10 nm diameter were 
accessible.
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Figure A5. N2 physisorption isotherms (A) and pore size distributions (B) for niobium oxide hydrate (Nb120M), after 
impregnation with furfuryl alcohol and pyrolysis, after crystallization in N2 and after carbon burn-off in air (Nb-CTC-F).
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A

Carbon-templated niobia synthesis

Figure A6. N2 physisorption isotherms (A) and pore size distributions (B) for Nb600SA, Nb-S-NT, Nb-ACTS and  
Nb-CBTS.

Porosity Co/niobia
The surface area and porosity loss during cobalt nitrate decomposition at 350 °C after cobalt 

deposition Nb120M was less pronounced than upon thermal treatment of niobium oxide 
hydrate at 350 °C (Nb350M), indicating that the presence of cobalt stabilized the niobia structure  
(Table A2). Also the 2 - 5 nm mesopores, which largely disappeared upon thermal treatment of 
niobia at 350 °C, were preserved in the presence of cobalt, see Figure A7. 

Figure A7. N2 physisorption isotherms (A) and pore size distributions (B) for Nb120M, Nb350M and 4IWI-Nb120M.

Table A2. Specific surface area (SABET) and pore volume for Nb120M, Nb350M and 4IWI-Nb120M. 
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X-ray diffraction Co/niobia

Thermal treatment at 600 °C of 5IWI-Nb120M in order to crystallize niobia after cobalt 
deposition led to the formation of CoNb2O6 (Figure A8), which could not be reduced up to  
600 °C. Formation of CoNb2O6 was not observed upon thermal treatment at 600 °C after cobalt 
deposition on crystalline Nb2O5.

Fischer-Tropsch synthesis
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Figure A8. X-ray diffractogram (Co-Kα radiation) for amorphous niobia after impregnation with cobalt nitrate 
and subsequent heat treatment at 600 °C in stagnant air. * indicate CoNb2O6 lines, other lines represent Nb2O5 
(pseudohexagonal TT-phase and orthorhombic T-phase).

H2 uptake dapp Activity Selectivity

Catalyst (μmolH2 gcat
-1) (nm) (molCO gcat

-1 s-1) (molCO gCo
-1 s-1) CH4 (wt%) C5+ (wt%)

5IWI-Nb600M 23 18 1.7 * 10-6 3.0 * 10-5 14 70

10IWI-Nb600M 29 29 2.5 * 10-6 2.5 * 10-5 15 64

15IWI-Nb600M 63 19 3.1 * 10-6 2.2 * 10-5 17 60

17IWI-Nb600M 72 23 3.0 * 10-6 1.5 * 10-5 19 55

21IWI-Nb600M 51 35 4.0 * 10-6 2.1 * 10-5 25 42

Table A3. H2 uptake and apparent Co particle size (dapp) determined using H2 chemisorption and activity and 
selectivity in Fischer-Tropsch synthesis at 1 bar, 220 °C, H2/CO = 2.0 for 5-21IWI-Nb600M after at least 20 h on stream.



80

Appendix A, Supporting Information Chapter 2

A



81

Highly Selective and Active Niobia-supported Cobalt Catalysts for Fischer-Tropsch Synthesis

B

Appendix B

Supporting Information Chapter 3

Highly Selective and Active 

Niobia-supported Cobalt Catalysts 

for Fischer-Tropsch Synthesis

Support and catalyst porosity

Sample SABET 

(m2 g-1)
Pore volume 

(mL g-1)

Nb2O5 16 0.07

5 wt% Co/Nb2O5 14 0.05

γ-Al2O3 185 0.5

28 wt% Co/γ-Al2O3 130 0.3

Table B1. Specific surface area (SABET) and pore volume (p/p0 = 0.98, pores < 100 nm) determined using  
N2 physisorption at -196 °C for Nb2O5 after calcination at 600 °C, 5 wt% Co/ Nb2O5, γ-Al2O3 and 28 wt% Co/γ-Al2O3.
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B

Temperature programmed reduction
To determine the degree of reduction during isothermal reduction, the H2 uptake during 

TPR at 350 °C (5 wt% Co/Nb2O5) or 500 °C (28 wt% Co/γ-Al2O3) for 3 h was measured  
(Figure B1). For Co/Nb2O5 reduced at 350 °C, the degree of reduction was calculated to be  
~ 90 %, for Co/γ-Al2O3 reduced at 500 °C ~ 60 % reduction was calculated, assuming  
H2/Co = 1.33 for full reduction from Co3O4 to Co. 
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Figure B1. H2 uptake during isothermal reduction in 5 vol% H2/Ar for 5 wt% Co/Nb2O5 at 350 °C (A) and for  
28 wt% Co/γ-Al2O3 at 500 °C (B).
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On the Superior Activity and 

Selectivity of PtCo/Nb2O5 

Fischer-Tropsch Catalysts
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Figure C1. N2 physisorption isotherms at -196 °C (A) and pore size distributions (B) for N2O5 after calcination at  
600 °C and for γ-Al2O3 and α-Al2O3.
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Environmental XRD

Transmission electron microscopy
Co/Nb2O5 and PtCo/Nb2O5 catalysts were analyzed using TEM after cobalt nitrate 

decomposition (calcined), after reduction at 350 °C, 3 °C min-1, 2 h in 25 vol% H2/N2  
(GHSV 60 * 103 h-1) and subsequent exposure to air at room temperature (passivated) and after at 
least 100 h on stream in Fischer-Tropsch synthesis at 20 bar (spent). 
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Figure C2. Environmental X-ray diffractograms (Co-Kα radiation) at 350 °C in 25 vol% H2/He for Co/Nb2O5,  
PtCo/Nb2O5 and PtCo/γ-Al2O3.
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Figure C3. TEM images of calcined 9 wt% Co/Nb2O5 (A) and Pt-9 wt% Co/Nb2O5 (B). TEM imaging using an  
FEI Tecnai 20 microscope, sample preparation using ultramicrotomy. 
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Figure C4. TEM images of passivated 6 wt% Co/Nb 2O5 catalysts. TEM imaging using an FEI Tecnai 20 microscope, 
sample preparation using ultramicrotomy.
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Figure C5. TEM images of spent 6 wt% Co/Nb2O5 catalysts. TEM imaging using an FEI Tecnai 12 microscope.
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Figure C6. TEM images of spent Pt-6 wt% Co/Nb2O5 catalysts. TEM imaging using an FEI Tecnai 12 microscope.
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10 nm

A BH2, 350 °CVacuum, RT

10 nm

Figure C7. Bright field TEM images in vacuum at room temperature (A) and in 100 Pa H2 at 350 °C (B) for passivated 
Pt-6 wt% Co/Nb2O5. TEM imaging using an FEI Titan ETEM G2 microscope.
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Figure C8. STEM-EELS data obtained in 100 Pa H2 at 350 °C for 6 wt% Co/Nb2O5 and Pt-6 wt% Co/Nb2O5 using an FEI 
Titan ETEM G2 microscope.
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Temperature programmed reduction
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(mmolH2

 gCo
-1)

Co/Nb2O5 1.4 16 0.28 21 0.36

PtCo/Nb2O5 2.5 28 0.48 25 0.45

Co/γ-Al2O3 1.8 50 0.20 124 0.45

PtCo/γ-Al2O3 2.9 109 0.43 180 0.65

Co/α-Al2O3 2.1 24 0.38 34 0.53

PtCo/α-Al2O3 2.9 32 0.55 37 0.62

Figure C9. Bright field TEM images for passivated Co/Nb2O5 in 100 Pa H2 at 350 °C (A) and in 100 Pa H2 at room 
temperature after 0 s (B), 87 s (C) and 168 s (D) exposure to the electron beam. TEM imaging using an FEI Titan ETEM 
G2 microscope.

Figure C10. Temperature programmed reduction profiles (10 °C min-1 in 5 vol% H2/Ar) for calcined (Pt)Co/Nb2O5,  
(Pt)Co/γ-Al2O3 and (Pt)Co/α-Al2O3 catalysts.

Table C1. Surface residence time (τCO) and amount of reversibly adsorbed CO (NCO, total) determined using  
CO chemisorption at 100 °C from a 12CO/Ar to 13CO/Kr switch and adsorbed amount of H2 (NH2

) determined using  
H2 chemisorption at 150 °C.
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C

Fischer-Tropsch synthesis

Activity Selectivity Paraffin-to-olefin ratio

Catalyst XCO 
(%)

CTY 
(molCO gCo

-1 s-1)
TOFapp 

(s-1)
CH4 

(wt%)
C5+ 

(wt%)
α C5 C6 C7 C8

Co/Nb2O5 0.8 2.4 * 10-5 0.034 21 47 0.84 0.3 1.0 2.4 3.7

PtCo/Nb2O5 3.6 6.7 * 10-5 0.074 23 44 0.83 0.8 2.1 4.8 6.0

Co/γ-Al2O3 5.2 4.2 * 10-5 0.046 21 51 0.86 0.3 0.7 1.4 2.3

PtCo/γ-Al2O3 4.7 7.1 * 10-5 0.054 29 38 0.83 0.5 1.0 2.0 2.9

Co/α-Al2O3 1.0 1.8 * 10-5 0.017 39 24 0.78 0.4 0.8 1.6 2.3

PtCo/α-Al2O3 1.2 2.2 * 10-5 0.018 42 21 0.76 0.6 1.1 2.0 2.5
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Figure C11. ASF distribution in Fischer-Tropsch synthesis at 1 bar, 220 °C, H2/CO = 2.0 v/v after at least 15 h on stream 
for (Pt)Co/Nb2O5, (Pt)Co/γ-Al2O3 and (Pt)Co/α-Al2O3 catalysts.

Table C2. CO conversion (XCO), activity and selectivity in Fischer-Tropsch synthesis at 1 bar, 220 °C, H2/CO = 2.0 v/v 
after 15 h on stream for (Pt)Co/Nb2O5, (Pt)Co/γ-Al2O3 and (Pt)Co/α-Al2O3 catalysts.
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Co/γ-Al2O3 was reduced at 500 °C since using TPR high reduction temperatures were observed 
and low activity and in situ activation during the first 40 h on stream was observed after reduction 
at 350 °C (Figure C12). Apparent activation energies were calculated to be 96 - 107 kJ mol-1 for all 
catalysts, indicating no diffusion limitation occurred (Table C3 and Figure C13).
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Catalyst XCO 
(%)

CTY 
(molCO gCo

-1 s-1)
TOFapp 

(s-1)
Eact, app 

(kJ mol-1)
CH4 

(wt%)
C5+ 

(wt%)

Co/Nb2O5 29 5.9 * 10-5 0.083 107 8 87

PtCo/Nb2O5 25 14 * 10-5 0.15 96 8 86

Co/γ-Al2O3 21 6.4 * 10-5 0.071 102 15 74

PtCo/γ-Al2O3 34 6.8 * 10-5 0.053 103 15 74

Co/α-Al2O3 26 3.6 * 10-5 0.034 104 7 88

PtCo/α-Al2O3 30 4.6 * 10-5 0.037 103 7 89

Figure C12. Cobalt-weight normalized activity in Fischer-Tropsch synthesis as a function of time on stream at 220 °C, 
20 bar, H2/CO = 2.0 v/v for Co/γ-Al2O3 after reduction at 350 °C and 500 °C.

Table C3. CO conversion (XCO), activity and selectivity in Fischer-Tropsch synthesis at 20 bar, 220 °C, H2/CO = 2.0 
v/v after 100 h on stream for (Pt)Co/Nb2O5, (Pt)Co/γ-Al2O3 and (Pt)Co/α-Al2O3 catalysts. Apparent TOF based on H 2 
chemisorption data. Apparent activation energy determined at 200 - 220 °C, data in Figure C13. 



90

Appendix C, Supporting Information Chapter 4

C

Kinetic study 1 bar
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Steady-state isotopic transient kinetic analysis

Table C4. CO conversion (XCO), activity, selectivity towards CH4 and C5+ and paraffin-to-olefin ratio during Fischer-
Tropsch catalysis at 210 °C, 1.85 bar, H2/CO = 10 v/v after at least 15 h on stream.

XCO Activity Selectivity Paraffin-to-olefin ratio

Catalyst (%) (molCO gCo
-1 s-1) CH4 (wt%) C5+ (wt%) C2 C3 C4

Co/Nb2O5 6.0 1.1 * 10-5 64 7 7.7 0.7 0.4

PtCo/Nb2O5 17 3.3 * 10-5 53 13 25 2.9 1.0

Co/γ-Al2O3 8.8 1.0 * 10-5 51 12 6.9 0.7 0.4

PtCo/γ-Al2O3 14 2.0 * 10-5 56 12 19 1.8 0.8

Co/α-Al2O3 5.6 1.0 * 10-5 63 5 8.4 0.5 0.3

PtCo/α-Al2O3 7.5 1.4 * 10-5 68 4 22 1.7 0.5
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Figure C16. Normalized 12CO transient curves from a 12CO/Ar to 13CO/Kr switch at 100 °C during CO chemisorption for 
(Pt)Co/Nb2O5, (Pt)Co/γ-Al2O3 and (Pt)Co/α-Al2O3 catalysts.

N
or

m
al

iz
ed

 12
CH

4 �
ow

0 8 16 20 24 36 40

1

Time (s)

0

0.6

0.2

28 32

0.8

0.4

Ar

Co/α-Al2O3

Co/γ-Al2O3

PtCo/α-Al2O3

Co/Nb2O5

PtCo/γ-Al2O3

PtCo/Nb2O5

4 12

Figure C17. Normalized 12CH4 transient curves from a 12CO/H2/Ar to 13CO/H2/Kr switch at 210 °C, 1.85 bar,  
H2/CO = 10 v/v after at least 15 h on stream for (Pt)Co/Nb2O5, (Pt)Co/γ-Al2O3 and (Pt)Co/α-Al2O3 catalysts.
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Table C5. Residence time (τi), adsorbed amounts (Ni), surface coverage (θi) and TOF determined from a 12CO/H2/Ar 
to 13CO/H2/Kr switch during Fischer-Tropsch catalysis at 210 °C, 1.85 bar, H2/CO = 10 v/v after at least 15 h on stream. 

Total number of active sites based on H2 chemisorption data (Table C1) using θi = Ni / (2 * NH2
) and TOF = τCH4

-1 * θCHx
.

Catalyst τCO 

(s)
τCHx  

(s)
NCO 

(μmol gcat
-1)

NCHx
 

(μmol gcat
-1)

θCO θCHx
TOF 
(s-1)

Co/Nb2O5 2.1 5.2 21 2.2 0.51 0.05 0.016

PtCo/Nb2O5 3.6 4.2 33 4.2 0.66 0.08 0.038

Co/γ-Al2O3 2.4 7.6 61 9.2 0.24 0.04 0.010

PtCo/γ-Al2O3 3.6 8.3 114 23 0.32 0.07 0.014

Co/α-Al2O3 3.0 8.1 31 3.1 0.47 0.05 0.009

PtCo/α-Al2O3 3.8 6.6 40 3.7 0.53 0.05 0.011
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Table C6. 12CO and 12CH4 Residence time (τ) from three consecutive 12CO/H2/Ar to 13CO/H2/Kr switches during Fischer-
Tropsch catalysis at 210 °C, 1.85 bar, H2/CO = 10 v/v after at least 15 h on stream, determined by integration and by 
fitting of the CH4 transient curves.

Catalyst τCH4 , integrated τCH4 , corrected Fit single pool Fit double pool

(s-1) (s-1)     τCH4 , fit 
(s) R2 τCH4 , fit 

(s) R2

6.2 5.1 7.6 ± 0.3 0.9924 7.7 0.9927

Co/Nb2O5 6.0 5.0 6.9 ± 0.3 0.9939 7.0 0.9943

6.3 5.3 7.2 ± 0.3 0.9946 7.3 0.9949

6.0 4.1 6.1 ± 0.2 0.9937 6.2 0.9942

PtCo/Nb2O5 6.1 4.3 6.0 ± 0.2 0.9936 6.0 0.9943

5.9 4.1 6.1 ± 0.3 0.9914 6.2 0.9923

9.9 8.6 10.1 ± 0.2 0.9975 10.1 0.9975

Co/γ-Al2O3 8.8 7.6 10.2 ± 0.2 0.9972 10.2 0.9972

7.8 6.5 10.2 ± 0.2 0.9978 10.2 0.9978

10.3 8.5 12.7 ± 0.2 0.9985 12.7 0.9985

PtCo/γ-Al2O3 9.9 8.1 12.5 ± 0.2 0.9984 12.5 0.9984

8.1 6.3 12.0 ± 0.2 0.9986 12.0 0.9986

9.8 8.4 11.8 ± 0.3 0.9967 11.8 0.9967

Co/α-Al2O3 9.9 8.4 12.1 ± 0.3 0.9950 12.1 0.9951

9.2 7.7 11.8 ± 0.3 0.9957 11.8 0.9957

8.8 6.9 10.9 ± 0.1 0.9992 10.9 0.9992

PtCo/α-Al2O3 8.6 6.7 10.9 ± 0.1 0.9991 10.9 0.9991

8.3 6.3 10.5 ± 0.2 0.9984 10.5 0.9984

CHx transient curves were fitted to a single pool and double pool model: 
                   -  Single pool: F(t) = e-t/τ   
                   -  Double parallel pools: F(t) = N1e

-t/τ1 + N2e
-t/τ2, τfit = N1τ1 + N2τ2
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Figure C18. Normalized 12CH4 transient curves from a 12CO/H2/Ar to 13CO/H2/Kr switch at 210 °C, 1.85 bar, H2/CO = 10 v/v  
after at least 15 h on stream. Dots indicate measured data, solid line indicates fit to single pool model, dotted line 
indicates fit to double parallel pool model.
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Supporting Information Chapter 5

Synergistic Promotion of  

Co/SiO2 Fischer-Tropsch Catalysts by  

Niobia and Platinum

Overview supports

Table D1. Niobia-loading based on intake and assuming Nb to be present as Nb2O5, (Nb-)Si calcination temperature 
(Tcalc) and sample-weight normalized and silica-weight normalized surface area (SABET) and pore volume (PV) for Si 
and NbSi supports.

Support 
designation

Nb/Si Niobia 
loading

Tcalc SABET PV SABET PV

(at./at.) (wt%) (°C) (m2 gsample
-1) (mL gsample

-1) (m2 gsilica
-1) (mL gsilica

-1)

Si-550 - - 550 269 1.11 269 1.1

0.02NbSi-550 0.02 4.6 550 265 1.07 277 1.1

0.04NbSi-550 0.04 8.4 550 262 1.02 286 1.1

0.06NbSi-550 0.06 12.3 550 256 0.99 292 1.1

0.09NbSi-550 0.09 15.9 550 250 0.95 297 1.1

0.12NbSi-550 0.12 21.4 550 240 0.88 305 1.1

Si-675 - - 675 265 1.04 265 1.0

0.04NbSi-675 0.04 8.7 675 252 0.99 276 1.1

0.12NbSi-675 0.12 21.5 675 223 0.82 284 1.0

Si-800 - - 800 226 0.93 226 0.9

0.04NbSi-800 0.04 8.7 800 232 0.95 253 1.0

0.12NbSi-800 0.12 21.5 800 209 0.80 266 1.0

Si-900 - - 900 115 0.36 115 0.4

0.04NbSi-900 0.04 8.7 900 169 0.70 185 0.8

0.12NbSi-900 0.12 21.5 900 155 0.64 197 0.8
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N2 physisorption
Using N2 physisorption, the influence of niobia-modification on the surface area and porosity 

of SiO2 were studied (Table D1). After niobia-modification and calcination at 550 °C, the SiO2 
normalized surface area and pore volume were found to be conserved or slightly enhanced, 
indicating that the SiO2 structure was largely preserved upon niobia modification. Previously Ko 
and Shiju also reported a preserved surface upon niobia-modification of silica and calcination at 
500 °C.1,2 After calcination at higher temperatures, the surface area and pore volume decreased; 
however, the presence of niobia appeared to stabilize the SiO2 structure since the observed 
surface area and porosity (Figure D1) decrease was less pronounced than for SiO2 without niobia 
modification.

Figure D1. Silica-weight normalized pore size distributions for Si-550, NbSi-550, Si-900 and NbSi-900.

X-ray diffraction
Using X-ray diffraction, no crystalline niobia species were observed in niobia-modified silica 

up to Nb/Si = 0.12 at./at. after calcination at 550 °C (Figure 5.1). For a physical mixture of ANO 
and SiO2, orthorhombic Nb2O5 was observed after calcination at 550 °C. This indicates that no 
large crystalline niobia particles were present and that strong interaction between niobia and 
SiO2 exists in the niobia-modified silica as also observed and suggested by Shiju and He.2,3 This 
also indicates that impregnation with a niobium precursor solution is required to obtain niobia-
modified silica, in contrast to reports published on MoO3-loaded silica-alumina where thermal 
treatment of a physical mixture of MoO3 and silica-alumina was sufficient to obtain MoO3-
loaded silica-alumina.4 After calcination at 675 °C or higher, the formation of crystalline niobia 
(orthorhombic T-phase Nb2O5) was observed. Similar observations were made by Shiju et al. who 
reported sintering of Nb2O5 crystallites, based on shifting XPS binding energies.2 Higher niobia 
loadings were suggested to exceed the critical layer thickness, leading to instability and consequent 
growth of niobia crystallites. For 0.12NbSi, the Nb2O5 crystallite size was determined to be 13 and 
23 nm after calcination at 675 and 900 °C respectively. Also for 0.04NbSi crystallization of Nb2O5 
was observed at T > 675 °C, however less intense and broader diffraction peaks were observed 
indicating lower crystallinity and smaller crystallites.
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Diffuse reflectance Spectroscopy
UV-Vis Diffuse Reflectance Spectroscopy (UV-Vis DRS) absorbance spectra were obtained 

in the range of 200 - 800 nm using a Varian Cary 500 UV-Vis-NIR spectrophotometer equipped 
with accessory for performance of DRS measurements. Samples were placed in a sample holder 
with quartz window, baseline spectra were acquired by measurement of white Spectralon DR 
standard (99 % transmittance). 

Figure D2. UV-Vis diffuse reflectance spectroscopy (DRS) spectra for niobia-modified silica. Spectra for SiO2, 
crystalline Nb2O5 (TT-phase) and a physical mixture of ANO and SiO2 (Nb/Si = 0.12 at./at.) calcined at 550 °C were 
added for comparison.

UV-Vis diffuse reflectance spectroscopy (DRS) measurements were performed to study the 
nature of niobia and the degree of niobia polymerization in niobia-modified silica. For crystalline 
Nb2O5 and for a physical mixture of ANO and SiO2 calcined at 550 °C, an absorption band around 
350 nm was observed, attributed to charge transfer from O2- to Nb5+.2 For niobia-modified silica 

with Nb/Si = 0.12 at./at., this band was found to arise and shift to higher wavelengths with 
increasing calcination temperature, indicating a decreasing bandgap (Figure D2). At lower 
niobia loading the rise of the band around 350 nm and shift towards higher wavelength were also 
observed but less pronounced. This indicates that with increasing calcination temperature and 
at higher niobia loading its degree of polymerization increased in agreement with XRD results. 
Strong dependence of the band gap energy on niobia loading was previously observed by He et 
al.3

Transmission electron microscopy
The nanoscale distribution of niobia and the influence of the calcination temperature thereon 

were studied using TEM. After calcination at 550 °C no dark dots were observed, indicating that 
niobium was not present as niobia particles larger than 2 nm (Figure 5.2A). This is in agreement 
with observations from XRD measurements where no crystalline niobia was observed after 
calcination at 550 °C and DRS measurements where niobium was found to be present in strong 
interaction with silica rather than as particles. This might indicate that a niobia layer was formed, 
strongly interacting with SiO2. 
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Figure D3. Bright field TEM image and diffraction pattern of 0.12NbSi-900.

After calcination at 900 °C, dark dots with a diameter of 15 - 20 nm were observed, well-
distributed throughout the SiO2 grains (Figure D3A). These particles were confirmed to be 
niobia particles using EDX and were found to be crystalline (Figure D3B). These observations 
support the conclusions from XRD and DRS measurements that niobium was mobile during 
high-temperature calcination and formed crystalline 15 - 25 nm Nb2O5 particles after calcination 
at 900 °C distributed both inside and outside the SiO2 grains. Also the primary SiO2 particles 
appeared to have grown due to sintering at 900°C, which is in agreement with the decreased 
surface area determined using N2 physisorption.

Scanning electron microscopy
The morphology of the SiO2 grains before and after modification with niobia was studied using 

scanning electron microscopy using a back-scattered electron detector. Heavy elements, in this 
case Nb, are imaged as bright areas compared to SiO2 and a clear contrast between Nb2O5 and SiO2 
was observed for a physical mixture of SiO2 and crystalline Nb2O5 (Figure 5.4). For 0.12NbSi-550 
and 0.04NbSi-900 no or only few bright spots were observed on the exterior surface of the SiO2 
grains (Figure D5A, B). For 0.12NbSi-900, more niobia was observed on the exterior surface of 
the SiO2 grains (Figure D5C), indicating that niobia was mobile during calcination at 900 °C and 
formed crystallites on the exterior surface of the grains. 

100 nm

A B

20 μm 20 μm 20 μm

A B C

Figure D4. Back-scattered electron-SEM images of SiO2 (A), a physical mixture of crystalline Nb2O5 and SiO2 (B) and 
niobia-modified silica (0.12NbSi-550, C).
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Overview catalysts

20 μm 20 μm 20 μm

A B C

Figure D5. BSE-SEM images of niobia-modified silica 0.12NbSi-550 (A), 0.04NbSi-900 (B) and 0.12NbSi-900 (C). Bright 
spots indicate heavy elements.

Catalyst designation Nb/Si Tcalc Niobia loading Pt loading Co loading

(at./at.) (°C) (wt%) (wt%) (wt%) (mgCo m-2)

Co-Si-550 - 550 - - 21.0 0.99

Co-0.02NbSi-550 0.02 550 3.4 - 19.3 0.90

Co-0.04NbSi-550 0.04 550 6.4 - 18.8 0.88

Co-0.06NbSi-550 0.06 550 9.4 - 18.6 0.99

Co-0.09NbSi-550 0.09 550 11.9 - 19.8 0.98

Co-0.12NbSi-550 0.12 550 16.1 - 18.8 0.86

PtCo-Si-550 - 550 - 0.43 18.0 0.84

PtCo-0.02NbSi-550 0.02 550 3.4 0.46 19.1 0.91

PtCo-0.04NbSi-550 0.04 550 6.4 0.44 18.2 0.88

PtCo-0.06NbSi-550 0.06 550 9.4 0.43 17.8 0.86

PtCo-0.09NbSi-550 0.09 550 12.4 0.41 16.9 0.82

PtCo-0.12NbSi-550 0.12 550 16.6 0.40 16.6 0.84

Co-Si-900 - 900 - - 9.2 0.88

Co-0.04NbSi-900 0.04 900 7.1 - 14.3 0.99

Co-0.12NbSi-900 0.12 900 18.3 - 11.6 0.85

PtCo-Si-900 - 900 - 0.21 8.6 0.83

PtCo-0.04NbSi-900 0.04 900 7.2 0.32 13.3 0.92

PtCo-0.12NbSi-900 0.12 900 18.1 0.28 11.8 0.87

Table D2. Nb/Si atomic ratio, (Nb-)Si calcination temperature (Tcalc), niobia, Pt and Co loadings based on intake and 
assuming Nb to be present as Nb2O5 for (Pt)Co-(Nb)Si catalysts.
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TEM analysis catalysts
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Catalyst activity and selectivity in Fischer-Tropsch synthesis

Figure D7. Cobalt-weight normalized Fischer-Tropsch activity at 220 °C, H2/CO = 2.0 at 1 bar after 15 h on stream (A) 
and at 20 bar after 100 h on stream (B) for (Pt)Co-(Nb)Si catalysts. Lines were added to guide the eye.
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Figure D6. TEM images and Co3O4 particle size distributions of calcined catalysts.
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Selectivity TOF

Catalyst designation CH4 C5+ XCO CTY H2 XRD TEM

(wt%) (wt%) (%) (molCO gCo
-1 s-1) (s-1) (s-1) (s-1)

Co-Si-550 34 30 1.9 2.6 * 10-5 0.018 0.010

Co-0.02NbSi-550 27 41 3.1 3.2 * 10-5 0.012

Co-0.04NbSi-550 30 37 3.6 2.3 * 10-5 0.024 0.009

Co-0.06NbSi-550 24 46 4.0 2.4 * 10-5 0.009

Co-0.09NbSi-550 24 46 3.3 3.3 * 10-5 0.013

Co-0.12NbSi-550 24 45 4.4 2.7 * 10-5 0.040 0.010

PtCo-Si-550 32 33 3.3 4.3 * 10-5 0.018 0.015

PtCo-0.02NbSi-550 25 46 2.7 5.5 * 10-5 0.020

PtCo-0.04NbSi-550 25 45 3.1 6.0 * 10-5 0.031 0.020 0.021

PtCo-0.06NbSi-550 23 48 2.2 6.0 * 10-5 0.020

PtCo-0.09NbSi-550 23 47 3.1 6.3 * 10-5 0.022

PtCo-0.12NbSi-550 21 49 2.2 6.0 * 10-5 0.044 0.021 0.019

Co-Si-900 32 32 1.3 3.1 * 10-5 0.024 0.010

Co-0.04NbSi-900 23 46 2.3 3.4 * 10-5 0.029 0.012

Co-0.12NbSi-900 25 42 2.2 4.0 * 10-5 0.014 0.012

PtCo-Si-900 31 34 2.2 5.2 * 10-5 0.023 0.017 0.019

PtCo-0.04NbSi-900 27 38 2.7 7.9 * 10-5 0.043 0.027 0.027

PtCo-0.12NbSi-900 24 44 2.8 8.9 * 10-5 0.048 0.029 0.021

Table D3. Selectivity towards CH4 and C5+, CO conversion (XCO) , cobalt-weight normalized activity (CTY) and turnover 
frequency (TOF) in Fischer-Tropsch catalysis at 1 bar, 220 °C, H2/CO = 2.0 after 15 h on stream for (Pt)Co-(Nb)Si  
catalysts
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