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Chapter I Introduction 

Over the last decades, the global primary energy demand is continuously increasing due to an 

increasing world population and a higher standard of living. Although nowadays due to a variety 

of technological developments and improvements a much higher energy efficiency is achieved. 

 

Figure 1: Development of the global energy consumption, as well as the total world population in the period of 

1965-2018 (left); global primary energy consumption in 2018 broke down by various energy sources (right); the 

energy consumption data is based on BP statistical review of the world energy demand 20191 and the world 

population data is based on United Nations (UN)2; illustration (left) adapted from Koppelaar3; Copyright: Creative 

Commons Attribution-Share Alike 3.0 United States License (CC BY-SA 3.0 US), 

https://creativecommons.org/licenses/by-sa/3.0/us/. 

In 2018, the world was inhabited by about 7.5 billion people, leading to a total primary energy 

consumption of 13865 million tonnes oil equivalent (Figure 1; left). This global energy demand 

was covered by various sources for primary energy, such as oil, natural gas, coal and nuclear 

energy, as well as hydroelectric and renewable energy sources (Figure 1;right), though the BRG 

Energiestudie 2019 showed that fossil fuels still accounted with about 80 % for the global energy 

demand in 2018.4 These fossil fuels are not only finite resources, which will deplete 

significantly, but more importantly their production and usage leads to the emission of 

greenhouse gases like carbon dioxide5 or methane, which are the main factors contributing to 

the anthropogenic climate. The consequences are among desertification, melting of polar ice 

caps and rising sea levels, additionally the occurrence of extreme weather events as flooding, 

thunderstorms, drought, and other catastrophes.6–8 

The reduction of the emission of greenhouse gases and the mitigation of the severe climate 

change by covering the world’s energy demand by climate-neutral sources became a global 

goal. Therefore, for the first time governments across the world have committed themselves 

to drastically reduce anthropogenic greenhouse gas emissions, CO2 in particular, as stated in 

The Paris Agreement signed by 195 countries of the United Nations.9 To achieve the goals and 

limit negative consequences by the greenhouse effect the Intergovernmental Panel on Climate 

Change (IPCC) outlined only a fast transition of the world’s economy to an economy with net 

zero (and later even net negative) CO2 emissions by 2050 would lead to a global warming limited 

to 1.5 °C above pre-industrial levels.10 Therefore, intensive research and development of new 

techniques is necessary to provide the increasing energy demand with CO2-neutral alternatives. 

This energy transition is mainly based on renewable sources such as solar and wind energy, as 
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they are abundantly accessible, have low costs and are CO2-neutral alternatives. Nevertheless, 

the large scale use of the renewable energy resources and consequent substitution of fossil 

fuels requires energy storage strategies due to strong fluctuations in electrical power 

generation in consequence of availablity of sun light according to daytime or season, as well as 

wind already depending on the local conditons.11 The excess energy can be stored either in 

physical storage types like pumped hydro energy storages, where large amounts of water are 

pumped up to greater height. This storage type is already throughly engineered, offers a long 

operational life and low costs per energy unit, but water pumped storages need a specific 

landscape with large areas and amounts of water as well as a terrain offering certain height 

differences, which is not possible everywhere.12 Another energy storage system is provided by 

electrochemical storage units like batteries, but most battery concepts are resource-intensive 

and high in costs for long-term storage.13–15 

An alternative for the storage of electrical power is the chemical storage in high quality 

chemical products via energy conversion in compounds like H2, CH4 or other hydrocarbon 

products, which can be used as fuels in the transportation sector as described by Prof. Schlögls 

“Energiewende 2.0”.16 One major advantage of this concept is the availability of an already 

existing infrastructure like the natural gas grid, transportation by tankers, and filling stations, 

where no additional investments are neccessary. Another advantage is the possiblity of a 

decentralized production of fuels as already shown by Ineratec, who built container production 

units available for direct usage at almost any location which can also be coupled with excess 

CO2 production sites like incineration plants.17 The generation of fuels from CO2-neutral 

renewable energies is also beneficial for the reduction of the global CO2 emission, as the 

transport sector is one of the main contributors to the global CO2 emissions with a share of 

23 %.18 Additionally, according to the BRG Energiestudie 2019 in 2018 only 3.3 % renewable 

energy sources contribute to the energy demand of the transportation sector in Germany.4 This 

shows the potential of renewable sources is far away from being exhausted and there is still a 

lot of work to do on climate-friendly alternatives for transportation. As already discussed, liquid 

fuels will play an important role in transportation along with other concepts like electric 

mobility (fuel cells and batteries), especially for heavy duty vehicles and aviation.19 Therefore, 

biomass-to-gas (BtG) and biomass-to-liquid (BtL) converting bio waste to chemical valuable 

products20,21, Power-to-gas (PtG) storing electricity in methane22, and Power-to-liquid (PtL), 

where the excess current of solar and wind energy is stored in liquid chemicals23, will play a 

key role in future processes. 
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Figure 2: Schematic representation of process steps being power generation, electrolysis, reverse water-gas shift 

and gasification in the Power-to-gas, Power-to-liquid, Biomass-to-gas and Biomass-to-liquid processes partially 

based on Kirsch et al.24 and Loewert at al.17 

In Figure 2, the corresponding process steps are described schematically. The renewable energy 

sources sun and wind are utilized to generate electrical power, while the excess power is 

further utilized to produce O2 and H2 via water electrolysis. The produced hydrogen can either 

be stored in the natural gas grid, used as fuel in vehicles powered by fuel cells, or as an educt 

in power-to-X processes. To create a CO2 neutral cycle, the CO2 can either be obtained from 

industrial exhaust gases23,25–27, which cannot be avoided, or directly filtered from the air by 

direct air capture.28–30 This CO2 and H2 could either be directly converted via methanation (PtG) 

or Fischer-Tropsch (FT) synthesis (PtL), or the CO2 could be further processed via the reverse 

water-gas shift (rWGS) reaction to produce syngas (CO and H2).
31–34 Furthermore, the syngas can 

also be captured from biomass35,36 via gasification and subsequent conditioning of the gas 

mixture. In every case, the last step is the CO or CO2 hydrogenation reaction, where methane 

(PtG, BtG), or liquid hydrocarbons and waxy products (PtL, BtL) are produced, depending on 

the specific reaction conditions. Therefore, the presented PhD thesis focuses on one important 

pathway of PtL/PtG, being the CO and CO2 hydrogenation. Specifically, Co-based catalysts for 

methanation and Fischer-Tropsch synthesis are investigated in terms of activity and selectivity 

in combination with the concrete material parameter, while an emphasis is put on the Fischer-

Tropsch synthesis. 
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Chapter II Background and Aims 

II.1 CO and CO2 hydrogenation reactions 

There are two main CO and CO2 hydrogenation reactions, which are discussed in this thesis: the 

CO and/or CO2 methanation and the Fischer-Tropsch synthesis. Following the term COx includes 

the carbon species CO, CO2 or CO/CO2 mixtures. Hydrogenation is the chemical reaction 

between molecular hydrogen and another chemical compound or element, usually in the 

presence of a catalyst like Ni, Co, Rh, Pd or Pt. Thereby, chemical compounds like CO and CO2 

will be reduced towards hydrocarbons. Thus, COx hydrogenation basically means the conversion 

of CO and/or CO2 with H2 to methane, paraffins, olefins or alcohols. This chapter provides a 

comprehensive insight into the historical background, the active catalyst materials, the 

reaction conditions and mechanisms, deactivation pathways, as well as the contributions of this 

thesis to the research on the COx methanation and the Fischer-Tropsch synthesis.  

II.1.1 Historical background 

The CO and CO2 methanation was discovered by the chemists Sabatier and Senderens37 in 1902, 

who found Ni to be an active catalyst material. The most important application of CO 

hydrogenation was the removal of CO impurities from synthesis gas streams for the ammonia 

production.38 Later, also up-stream gas cleaning for proton-exchange membrane fuel cells 

represented an area of application.39 During the oil crisis in the late 1970s, intensive research 

to produce methane from naptha and coal was performed, while the goal was to produce a 

natural gas substitute using syngas from gasification. Vannice et al.40 systematically studied the 

catalytic synthesis of hydrocarbons from H2/CO mixtures on group VIII metals (Fe, Co, Ni, Ru, 

Rh, Pd, Ir, Pt). The authors found a volcano shaped plot for the CO heat of adsorption against 

methanation activity, depending on the active metal and support material. The 70s and 80s led 

to a range of different methanation concepts, as intensive research was performed on this 

topic.41,42 The CO2 methantion process was mainly developed from the research on CO 

methanation, broadening the range of usable educts like coke oven gas. Therefore, in the 80s 

Weatherbee et al.43 performed fundamental studies on the CO2 methanation using coke oven 

gas or blast furnance gas for the downstream methanation. At that time, only a few concepts 

reached the comercial scale due to the high efforts, which are required in cleaning these gases 

before the usage as educt stream.39 Due to growing environmental awareness, and therefore 

the goal to reduce the anthropogenic greenhouse gas emissions, the research in CO methanation 

was intensived at the beginning of the 21st century. Additionally, the CO2 methanation process 

gained new interest at research institutions and industry due to an increasing demand for 

electrical storage caused by an increased share of wind and solar power. On the industrial scale, 

CO2 methanation projects are mainly present in Germany, where an energy system solely based 

on renewable energy sources is pursued, which leads to an increasing demand of chemical 

storage because of the strong fluctuation in wind and solar energy. Nowadays, various CO2 

methanation pilot plants are operating with technology provided by the Etogas company.44 In 

contrast, worldwide there are a lot of CO methanation projects, like the Great Plains Synfuel 

plant in Beulah (North Dakota, USA), which was the first large scale plant (>1000 MW fuel input) 

for coal to synthetic natural gas (SNG) built in 1984.45 In Europe, there are several other 

methanation plants on the pilot scale like the GAYA project46 or the DemoSNG.47 On the 
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comercial scale there are the GoBiGas project in Gothenburg, Sweden, for the production of 

20 MW biomethane via gasification from biomass.48 

Sabatier and Senderens also laid the foundation for the development of the Fischer-Tropsch 

(FT) reaction.37 In 1923, Franz Fischer and Hans Tropsch, researchers at the Kaiser Wilhelm 

Institute for Coal Research in Mühlheim/Ruhr, Germany, nowadays a Max Plank Institute, 

received their first patent for the so-called Synthol process. Hereby, they synthesized Synthol, 

a mixture of oxygen containing hydrocarbons, from CO and H2 at 100 bar and 400 °C, over an 

alkali-promoted Fe catalyst.49 Two years later, they improved the process to mainly produce 

hydrocarbons under different reaction conditions. The second patent granted by the 

Reichspatentamt included the reaction of CO and H2 at atmospheric pressure, a temperature 

region of 250-300 °C, and Fe/ZnO or Co/Cr2O3 as catalyst materials.50 In 1936 and 1937, Fischer 

and Pichler improved the reaction even further, as they found that pressures of 5-30 bar with 

Co or Fe catalysts enhanced the product yield and stability of the catalyst materials.51 Based 

on the research, a process for the industrial production of synthetic fuels was developed, the 

conversion of coal and water in the mid pressure range (FT synthesis). However, the industrial 

application depends on a number of economic and strategic aspects, like the development of 

the oil price and political factors. Therefore, the FT synthesis was first applied industrially 

during World War II. During that time so-called Kogasin (from Koks, Gas and Benzin) was 

produced from domestic coal to supply the need of liquid fuels. In total, until the end of the 

second world war in 1945, nine industrial FT plants with an overall capacity of 600 kt/a ran on 

Co-based catalysts.52 

Between 1945 and 1955, the research in this field was reoriented and new FT processes and 

plants were developed. At that time, large reserves of coal were available, there was an 

increasing demand for liquid fuels and furthermore a less optimistic forecast for the oil 

reserves, which stimulated the interest in the FT process. Thus, the fluidized bed process was 

used in Brownsville (Texas, USA) to produce liquid fuels with a capacity of 360 kt/a, using CH4-

based syngas and Fe catalysts until an increase in price of natural gas made it uneconomic.53 In 

Oberhausen, Germany, the ARGE (Ruhrchemie-Lurgi) process was used, consisting of a fixed 

bed and a multi-tubular reactor, while in Rheinpreußen, Germany, the slurry process by Kölbel 

was applied.54 In the 1950s the discovery of additional oil fields (e.g. Saudi Arabia, Alaska, the 

Northern Sea) led to a very low oil price, making industrial coal-based FT production not 

competitive anymore and leading to an abundant and cheap oil supply over a period of about 

15 years. Therefore, the development of the FT process was stopped worldwide. 

The only exception was South Africa, where the political environment (Apartheid) and the really 

low domestic coal price (about 1/6 compared to Germany) still encouraged the interest in the 

FT process. Therefore, in 1955 the South African Coal, Oil and Gas Corporation, Ltd. (Sasol) 

built a plant, called Sasol I, for coal-based synthesis gas with a capacity of about 700 kt/a, 

using Fe-catalysts in fixed bed and circulating-fluidized-bed reactors at pressures between 20 

and 25 bar. They not only produced fuel, but also high priced FT waxes.51  

In the 70s and 80s, frightening forecasts about a depletion of the oil reserves and an additional 

oil boycott by major oil producing countries led to an increased interest in FT processes, while 

energy programs to improve the coal-based processes were established in the US, Japan and 

Europe. Due to the sharply rising oil price in the 1970s, Sasol expanded its operation in South 

Africa and put Sasol II and Sasol III into operation in 1980 and 1982 with a combined production 

capacity of about 4200 kt/a. The new fuel plants only used fluidized bed reactors and produced 



Background and Aims 

 

15 

mainly ethylene, gasoline and diesel fuel.53 In 1985, a synthetic fuel plant based on Mobil’s 

methanol-to-gas (MTG) technology went into operation in New Zealand. Here, the syngas was 

produced from CH4 and converted to methanol first, which was subsequently converted in the 

MTG process to gasoline using Mobil’s ZSM-5 catalysts. The production capacity was about 

600 kt/a gasoline.55 Also in consequence of the oil crisis, Shell began with the development of 

the Shell middle distillate synthesis in 1973. Here, they utilized fixed bed reactors with Co-

catalysts and implemented the process on an industrial scale in Malaysia in 1993 with a 

production capacity of 580 kt/a.53 In 1992, in South Africa, the Mossgas FT complex with a 

product capacity of about 900 kt/a came on stream. The used syngas was produced from off-

shore natural gas and circulating fluidized bed FT reactors from Sasol were applied.53 Newer 

developments were also achieved by Sasol in a joint venture with Qatar Petroleum, who 

constructed Oryx, a second-generation gas-to-liquid (GtL) complex in Ras Laffan. The plant 

started its operation in 2006 and has a production capability of 4.5 kt liquids per day, while 

methane-rich gas from Qatar North gas field is used as educt.56 The Escravos GtL plant was 

nearly completed in June 2011, being a corporation of Chevron Nigeria Limited (CNL, 75 %) and 

Nigerian National Petroleum Company (NNPC, 25 %) for the production of 4.4 kt fuel, diesel and 

naphtha products per day, which should be expanded to 161 kt per day within the next ten 

years.57 The worldwide biggest GtL plant was built by Shell, who invested over 18 billion US-

Dollar in the plant Pearl GtL in Qatar. This plant is producing about 18.8 kt products and 16.1 kt 

natural gas liquids and ethane per day from wellhead gas since the end of 2012.58 

Methanation as well as FT reaction are interesting reactions, which were developed furher in 

the last decades. Additionally, more and more industrial plants have come online regarding 

both reactions. The feasibility of the FT process depends on the local raw materials, thus in 

countries having abundant natural gas like Nigeria, Algeria, Columbia, Qatar, and Trinidad and 

Tobago gas-to-liquid plants are planned and built. In contrast, in coal-rich countries like China 

or US industrial plants for coal liquification are developed. But the use of fossil resources, being 

natural gas and coal, are critically in view of additional anthropogenic CO2 emissions. 

Therefore, there is a high interest in biofuels (biodiesel, bioethanol and Biomass-to-liquid BtL) 

produced from excess renewable electrical energy and biomass in terms of energy transition 

and reduction of anthropogenic CO2 emission. Thus, there is still ongoing research making the 

reactions environmentally friendly, optimze the product outcome and the flexibiltiy of the 

processes. 

II.1.2 Reactions 

In the FT reaction, syngas (CO and H2) is converted to mainly paraffinic and olefinic products 

(Eq. 1 and 2), as well as the main by-product water.59 The heterogeneously catalyzed main 

reaction (Eq.1) is strongly exothermic with about -150 kJ mol-1.60 Over an additional reaction 

pathway alcohols can be formed to a small extent (Eq. 3). Other undesired side reactions 

occurring under FT conditions are the reversible, so-called water-gas shift (WGS) reaction, 

where water is converted with CO to CO2 and H2 (Eq. 4), the Boudouard reaction (Eq. 5) or the 

methane formation (Eq. 6).60 

In contrast, in the case of methanation reactions the methane is the desired product and the 

described FT reactions already stops at the C1 species. Here either CO (Eq. 6) or CO2 (Eq.7) can 

serve as carbon sources. The CO and CO2 methanation reactions are exothermic and include, 

like FT, unwanted side reactions like WGS61 (Eq.4), as well as the formation of carbon via 

Boudouard reaction (Eq.5). 
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nCO + (2n + 1)H2  → CnH2n+2 + nH2O  ΔHR
0 = −152 kJ mol−1  (1) 

nCO + 2nH2  → CnH2n + nH2O   (2) 

nCO + 2nH2  → CnH2n+2O + (n − 1)H2O   (3) 

CO + H2O ⇌ CO2 + H2  ΔHR
0 = −41 kJ mol−1  (4) 

2CO ⇌ C + CO2  ΔHR
0 = −172 kJ mol−1  (5) 

CO + 3H2  ⇌ CH4 + H2O  ΔHR
0 = −206 kJ mol−1  (6) 

CO2 + 4H2 ⇌ CH4 + 2H2O  ΔHR
0 = −165 kJ mol−1  (7) 

 

As already described in principle, for the generation of syngas different carbon sources like 

biomass, natural gas or coal can be used, while biomass is the preferred raw materials in terms 

of sustainability and CO2 reduction. The overall process for the production of synthetic fuels 

based on the FT synthesis is shown in Figure 3. 

 

Figure 3: Schematic process for the production of liquid fuels based on Güttel et al.60 

The biomass is converted to syngas (CO and H2) via catalytic gasification, while either in a 

second step or down-stream it is cleaned from purifications.62,63 The subsequent FT synthesis 

takes place at a pressure of 20-30 bar and is typically categorized in either the high 

temperature FT synthesis (HTFTS) at a temperature of 300-350 °C or the low temperature FT 

synthesis (LTFTS) at 200-250 °C.59 Here, a stochiometric syngas ratio of 2 is preferred, as it 

suppresses the methane formation. Thereby, depending on the catalyst and reaction conditions 

waxy and long-chain hydrocarbons are formed. In the last step, the resulting FT products are 

processed in steam crackers to achieve liquid products like the diesel fraction.64  

In contrast, methanation is studied at much lower pressures (about 1 bar) and higher 

temperatures (about 400 °C).65 To achieve a high COx conversion, the CO methanation is 

preferably operated at a molar ratio of H2:CO = 3 and CO2 methanation at a molar ratio of 

H2:CO2 = 4, which implies stoichiometric conditions. However, the resulting syngas ratio is 

dependent on the raw material composition and the underlying production process. 

II.1.3 Catalysts 

For FT reaction active metal nanoparticles supported on porous solids are used as catalyst 

materials. In general, metals like iron, cobalt and ruthenium can be used for FT. But only Fe 

and Co have an industrial relevance as catalyst material because of the comparably high costs 

of Ru. Typically, the HTFT reaction is operated with Fe catalysts, where the use of CO2-

containing or hydrogen depleted syngas mixtures is possible due to their catalytic activity for 

the WGS reaction.66 Nevertheless, the activity towards the WGS reaction will also lead to a loss 

of CO by formation of CO2. Additionally, the main disadvantage is the kinetic inhibition by the 

co-product water. In contrast, Co catalysts are used for the LTFT reaction, as they are already 

active at lower reaction temperatures and offer a higher durability than Fe.66 Furthermore, 

under the applied reaction conditions, mainly long-chain paraffins are produced, which are 
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highly favored from an industrial point of view. In addition to the active component, a small 

amount of a promoter can be added to support the reduction behavior of the active metal 

and/or improve the FT activity. Typical promoters used in literature are Pt, Ru or Re.67 As a 

support, conventional, porous metal oxides with high surface areas like Al2O3, SiO2 and TiO2 are 

used.68–70 Currently, various other materials are coming into focus due to their stability or the 

addition of a second catalytic function as support materials like zeolites or carbon nanotubes 

(CNTs).71,72 Typically, the catalyst is prepared via incipient wetness impregnation73 in most 

applications, which leads to a rather stochastic particle size and distribution within the catalyst 

volume. The particle size strongly influences the catalytic performance, among other 

parameters like the active metal type, support material, as well as the reducibility of the 

support material. 

Typical methanation catalysts are composed of active metal nanoparticles dispersed on metal 

oxide supports, as well. For both reactions, CO and CO2 methanation, Ru is very acitve, also at 

lower reaction temperature and shows a high methane selectivity, as well as a high resistance 

towards an oxidizing atmosphere.74–77 But its very high price limits its application drastically. In 

contrast, Fe is very cheap and offers a high catalytic activity, but suffers from a poor methane 

selectivity.61,65 Ni is the most common methanation (CO and CO2) catalyst, showing a high 

catalytic activity and methane selectivity, as well as a low price. The main disadvantage is its 

high tendency to be oxidzed in oxidizing atmospheres, similar to Fe and Co.78 Co is reported to 

perform similar to Ni for CO methanation, whereas for CO2 methanation, it shows a lower 

activity while being more expensive65,74,79. But the availability of literature reports for Co, 

especially for CO2 methanation, is rare.80 Usually, as for FT reaction, porous materials like 

Al2O3
81–83, SiO2

84–87, TiO2
84,88,89

 are used as supports. Also other materials like CeO2, ZrO2
90, silica-

alumina composites91, or carbon nanotubes (CNT) are explored as supports.92 Nevertheless, 

Al2O3 is the most common support material for the methanation reaction due to the high surface 

are in its gamma phase, the pore structure, and well-characterized surface acid-base 

properties.  

II.1.4 Reaction mechanisms 

The FT reaction is described as a polymerization-like reaction with the monomer -CH2-.
93 In 

general, mainly linear hydrocarbons are formed, such as alkanes and alkenes. The 

polymerization-like mechanism can be separated in different steps: the adsorption of educts, 

the monomer build up and chain growth start, the chain growth, the chain termination, and 

the product desorption. Currently, the details of the mechanism are still under debate in 

literature.94–97 However, there are two main reaction mechanisms receiving strong approval 

from the scientific community. The so-called carbide mechanism (Figure 4) was first described 

by Fischer and Tropsch in 1926. It is a dissociative mechanism, where the methylene (-CH2-) 

species is the initiating monomer. Here, it is assumed that dissociative CO and H2 adsorption 

on the metal surface takes place. In the initial phase, CO is adsorbing on the surface and 

dissociated building carbon surface species, namely CS. In addition, H2 adsorbs on the surface 

as well and builds reactive H surface species. Afterwards, the reactive atomic C and H surface 

species are building CHx species, like -CH2 and -CH3 (see Figure 4a). The chain growth occurs 

via the insertion of the monomer -CH2- in the growing alkyl chain and these monomers can 

polymerize to long-chain hydrocarbons (see Figure 4b). The chain termination is occurring by 

the addition of hydrogen or a -CH3 species to form either paraffin or an olefin. 
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Figure 4: a) insertion and b) chain growth during Carbide mechanism based on Davis at el.98 and Brady III et al.99  

In contrast, the CO insertion mechanism (Figure 5) is an associative mechanism. In the initial 

phase, after the adsorption of CO on the metal surface, the H2-induced CO dissociation leads 

to the formation of monomethyl species (Figure 5a). Subsequently, the chain growth is 

proceeding via a CO insertion between the alkyl group and the catalysts surface. Chain 

termination can occur at any time during the chain growth to form either an α-olefin or a n-

paraffin after product desorption (Figure 5b). 

 

 

Figure 5: a) insertion and b) chain growth during CO insertion mechanism based on Davis at el.98 and Brady III et 

al.99 

The resulting product distribution of the hydrocarbons formed during FT synthesis can be 

described by the Anderson-Schulz-Flory (ASF) distribution (Eq. 8), where the product mole 

fraction 𝑥𝑛 is described as a function of the number of carbon atoms, 𝑛, in the hydrocarbon 

chain and the chain growth probability α. 

𝑥𝑛 = (1 − 𝛼) ⋅ 𝛼𝑛−1  (8) 

The mole specific composition of the product spectrum according to the chain probability is 

displayed in Figure 6. 

 

Figure 6: Product distribution in FT synthesis as function of the chain growth probability according the mole 

fraction xn adapted from Güttel et al.60 with permission from John Wiley and Sons. 
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In the industrial application, the production of long chain hydrocarbons at higher α values is 

favored since these can be cracked and isomerized to the desired products in a second step. 

The FT synthesis on a conventional catalyst follows the ASF distribution, which limits the 

selectivity for the gasoline range products theoretically to a maximum value of about 45 %.100,101 

In real application, significant deviations from the ideal polymerization product distribution are 

observed. This is the case for the methane mole fraction, showing higher values than 

calculated. In contrast, the observed ethene/ethane mole fractions are lower than calculated. 

Furthermore, the FT selectivity is influenced by pore diffusion since the pores are filled with 

liquid hydrocarbons during FT synthesis.102 As the diffusion coefficient of hydrogen is higher 

than the diffusion coefficient of CO, and the H2/CO ratio inside the catalyst pellet could rise 

due to mass transport limitations, which is increasing the probability of hydrocarbons with 

lower chain numbers.60 

Like for FT reaction, the reaction mechanisms of CO and CO2 methanation are still under debate 

in literature.103 Miao et al.104 reviewed possible mechanisms during CO and CO2 methanation 

focusing mainly on Ni and Ru catalysts. In general, the authors reported two different routes: 

the associative mechanism, where C-O bond breaking is H-atom assisted, and the dissociative 

mechanism, where the C-O bond breakes before hydrogenation. Furthermore, the researchers 

stated that CO is more active than CO2 in hydrogenation reactions. A detailed study on CO 

hydrogenation to CH4 was conducted by Chen et al.103 The authors investigated Pt-promoted 

Co/SiO2 catalysts with particle size of 15 nm at different H2:CO ratios using steady-state 

isotopic and transient kinetic analysis (SSITKA), as well as backward and forward chemical 

transient analysis. They postulate that CH4 formation is mainly controlled by CHx hydrogenation 

rather than CO dissociation. According to literature, the methane formation is influenced by 

various parameters like active metal, support material, temperature, pressure and H2:COx 

ratio.105 Additionally, carbon formation via dissociation of CO plays an important role.106 

II.1.5 Deactivation 

The main deactivation mechanisms during FT synthesis are comprehensibly summarized by 

Tsakoumis et al.107 Catalyst poisoning could strongly affect the catalytic performance during FT 

reaction, which could be induced by sulfur impurities in the educt feed of raw synthesis gas 

derived from biomass or coal. Therefore, a purification of the feed gas is particularly important, 

and the sulfur content should be lower than 0.02 mg/m3. At higher concentrations, it strongly 

adsorbs on catalytically active sites and thus physically blocks active sites. Other catalyst 

poisons like alkali metals and alkaline earth metals can be present as impurities in many support 

materials and have a detrimental effect on FT synthesis by increasing the chain growth 

probability significantly and having a negative effect on the catalytic activity.108 

Another deactivation mechanism is the sintering of the active metal nanoparticles, leading to 

a reduction of the active surface area. This is highly depending on the support material, as 

some may have a stabilizing effect. Furthermore, the hydrothermal reaction conditions, which 

are high temperatures and water vapor, accelerate the process, leading to irreversible change 

of the metal surface. Sintering is thermodynamically driven since the surface energy 

minimization of the crystallites is energetically favored. It is described by two main mechanisms 

which are the atomic migration (Ostwald ripening or coarsening) and the crystallite migration 

(coalescence). Recently, Rahmati et al.109 reported that these two sintering mechanisms are 

occurring sequentially, showing some overlap, and are highly dependent on the nanoparticle 

size. In general, small nanoparticles sinter rapidly via Ostwald ripening and larger nanoparticles 
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more slowly by crystallite migration and coalescence. In addition, the actual temperature plays 

an important role in terms of sintering as higher temperatures accelerate the sintering process. 

Therefore, heat management and transport is highly important due to the exothermicity of FT 

reaction, since insufficient heat transport could lead to irreversible damage of the catalyst 

material due to the formation of hotspots or a thermal runaway of the reactor. 

Beyond that, coking is another possible deactivation mechanism. During the FT reaction several 

possible reaction steps like CO dissociation, H2 assisted CO dissociation or molecularly CO 

adsorption leads to the presence of carbon on the metal surface, which can interact with the 

active metal and form inactive species (bulk or subsurface carbides) or species that may act as 

reaction inhibitors (amorphous, graphitic or other surface carbon species). The formed coke 

species will block pores and inhibit diffusion of reactants, while it can either accumulate or 

undergo transformations towards more stable carbon species, which can physically block the 

surface or chemisorb on active sites. The FT reaction is assumed to be a coke insensitive 

reaction since the presence of hydrogen leads to a fast formation of carbon to hydrocarbons. 

Nevertheless, literature reports point out a possible deactivation by carbon in different forms 

like polymeric carbon, graphitic carbon, or other carbonaceous species. 

As a result of the hydrothermal FT reaction conditions, the re-oxidation of cobalt active sites 

during FT synthesis and subsequent formation of inactive cobalt oxide is reported as 

deactivation mechanism. Here, the by-product water, which is an oxidizing agent, can cause 

surface oxidation of cobalt nanoparticles, leading to a decrease in catalyst activity. 

Furthermore, there are reports in literature for cobalt oxide supporting highly undesirable 

methane formation.110 

During COx methanation sintering is one of the main deactivation mechanism as well, leading 

to a loss of active surface area of the active component due to high reaction temperatures.111 

Findings in literature propose to operate the catalyst material only at the Hüttig 

temperature106,111 of the used active metal or less to reduce sintering significantly.112,113 Moulijn 

et al.114 postulated that sintering can be expected already at 245 °C. Furthermore, water being 

present as by-product of the reaction could also accelerate sintering.61 Another deactivation 

mechanism is fouling, where the active catalyst surface is blocked by species physically 

deposited from the fluid phase. One example is the carbon deposition taking place at high 

temperatures by Boudouard reaction and methane pyrolysis.115 The amorphous carbon formed 

on cobalt surfaces during methanation can be easily removed under reaction conditions, 

whereas graphitic carbon is deposited irreversibly and require a separate combustion process 

to remove it from the catalyst. This inactive carbon is mainly located on terrace sites of cobalt 

and decreases the CH4 selectivity because of blocking the favored sites for CHx 

hydrogenation.116 This deactivation mechanism is called poisoning, where a substance is 

irreversible deposited on the active site of the catayst material.117 The only regeneration 

possibility is by a chemical retreatment or the replacement of the poisoned catalyst.113 

Industrial exhaust gases from e.g. steel industry, which are coming into focus as source for 

methanation, could contain sulfur species to a certain extend, leading to poisoning and an 

activity loss, even at concentrations in ppm range.106,111 Therefore, sulfur must be captured 

from CO2 streams in advance to prevent catalyst poisoning.111 
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II.2 Hydroprocessing of FT products 

As already reported in Chapter II.1.3, the usage of Co catalysts in the low-temperature FT 

synthesis is leading to the production of long chain paraffin products during FT operation. To 

convert these in valuable chemical products for industry, such as liquid hydrocarbons, 

subsequent processes like hydrocracking and isomerization are necessary, usually performed in 

a second reactor over zeolite catalysts at reaction temperatures between 250 and 350 °C.118 

Therefore, an approach widely discussed in literature is the direct introduction of a second 

catalytic function in the FT catalyst to provide an additional hydrocracking active material, 

omitting the second reactor and provide a non-ASF product distribution. However, it has to be 

taken into account that combining FT and hydroprocessing (HP) active catalysts in one reactor 

is still a trade-off between the optimal conditions for each reaction. The combination of the 

two catalytic functions has been studied extensively in scientific literature by many research 

groups at different scales. 

On the reactor scale the arragnement of separate catalyst materials is studied. Here, the 

combination of the two catalytic functions can be achieved either by physically mixing an FT 

catalyst (e.g. Co/SiO2) and HP catalyst (e.g zeolite HZSM-5 or HBeta), or a sequential layering 

of the two catalyst materials inside the reactor.119 Early studies were performed by Schaub et 

al.120–123, who mainly investigated the performance of several dual layer arrangements and 

physical mixtures for combined FT synthesis and hydroprocessing. The authors concluded that 

hydroprocessing is strongly influenced by FT conversion and – depending on the hydrogenation 

compound – either a dual layer or a physical mixture configuration can be beneficial. The 

sequential coupling of FT- and HP-catalyst layers in a microchannel reactor by coating of 

different foils with the two catalysts (FT: Co/Al2O3 and HP: Pt/ZSM-5) was investigated by Sun 

et al.118 The specialty of this concept is the option to separately adjust the temperature in the 

FT and HP reaction zones by different heating systems. At a constant FT and an increasing HP 

temperature, the product spectrum is shifted towards shorter chain hydrocarbons, while for a 

constant HP and an increasing FT temperature, the selectivity towards C5-C20 products is 

decreasing. The researchers proposed it is necessary to find a trade-off temperature between 

high CO conversion and high selectivity towards C5-C20 products. However, this approach often 

suffers from the missing proximity of the two catalytic functions to appropriately influence the 

product distribution. 

On the mesoscale the single catalyst particles are modified with additional materials active or 

HP. Here, pioneering work was done by Tsubaki et al.124–127 and is still continuing with recent 

studies. For example, Lin et al.128 synthesized Pd-modified Co/SiO2 capsule catalysts within a 

ZSM-5 shell, which were investigated in the direct synthesis of C5-C11 isoparaffins from syngas 

via FT synthesis. The authors report that Pd not only promotes the reduction of cobalt oxides, 

but also improves the reduction of cobalt silicate formed under the basic conditions during 

hydrothermal synthesis. Furthermore, the FT experiments indicated enhanced selectivity 

towards C5-C11 isoparaffins formed by olefin hydrogenation. Javed et al.129 designed a zeolite-

based capsule catalyst by encapsulation of Co/ZSM-5 with a microporous silicalite-1 shell to 

create an additional staying area for both reactants, as well as hydrocarbons inside the 

channels. The results showed a high CO conversion and gasoline range hydrocarbon selectivity 

at low CO2 and CH4 selectivity. Sartipi et al.130 compared the performance of bifunctional 

catalysts with physical mixtures and catalysts coated by non-acidic layers. The close proximity 

between the active phase for FT reaction and hydrocracking is essential to eliminate heavier 
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hydrocarbons, but the membrane coating induces mass transport resistances as well. The 

researchers propose that the use of mesoporous zeolites in combined FT/HP reactions appears 

promising for direct synthesis of liquid fractions from syngas. 

On the microscale, comprising the active material and its chemical surroundings, the activity 

and selectivity of the catalyst material can be influenced by the proximity and arrangement of 

active sites, as well as the architecture of the catalyst particle. This can be achieved for 

example by the impregnation of the active metal nanoparticles on micro-, or mesoporous 

zeolites as support material.131,132 Wang et al.133 prepared cobalt-impregnated mesoporous H-

ZSM-5 particles with different morphologies, observing that smaller H-ZSM-5 particles with 

more strong acid sites show a higher cobalt-support interaction during FT synthesis. 

Furthermore, the authors report that both, the catalyst activity and CH4 selectivity, are related 

to cobalt-support interaction over acidic supports. The highest C5-C11 selectivity was found for 

cobalt supported on hexagonal mesoporous H-ZSM-5 due to enhanced diffusion and 

hydrocracking over Brönsted acid sites. Sartipi et al.134 reported hierarchical Co/H-ZSM-5 

catalysts for direct conversion of syngas to gasoline. The authors found that the combination 

of FT activity and acid funcitionality combined with a high fraction of mesopores lead to a 

selectivity to gasoline range hydrocarbons of about 60 %. Nevertheless, the stability and 

selectivity of these materials can still be improved. 

Nowadays, the encapsulation of the active metal nanoparticles with a zeolitc shell is discussed 

as well.101,135 These core-shell catalysts are gaining more and more attention in scientific 

research, as the materials offer a variety of advantages, such as stabilizing metal nanoparticles 

against sintering, the option to tailor both, the physical and chemical functionalities, as well 

as to generate a confinement effect.126,136,137 The stabilization effect, in particular, makes those 

materials very attractive to be used in industrial relevant reactions typically conducted under 

harsh conditions.59,68,138 In addition to that, core-shell materials enable to study the evolution 

of individual metal nanoparticles in technical relevant catalyst configurations, given by the 

well-defined spatial structure of those materials. The confinement effect reported for these 

type of materials is leading to improved stability and even increased selectivity.139–142 

Nevertheless, the close proximity of active metal and acidic sites of zeolite materials play an 

important role for the product selectivity. These advantages were reported by Carvalho et 

al.143, who impregnated a zeolite material resulting in cobalt oxide nanoparticles located inside 

the zeolite pores, as well as at the external zeolite surface. After synthesis, the cobalt oxide 

was selectively removed from the external surface through utilization of large heteropolyacid 

molecules, which are not able to enter the zeolite pores. During FT synthesis at 20 bar and 

250 °C, a significantly higher selectivity towards C5-C12 branched hydrocarbons is observed, 

showing a maximum ratio of isoparaffins to n-paraffins of 5.8. The authors concluded that the 

location of the cobalt nanoparticles within the support material impacts the obtained product 

distribution. 

The main challenge using zeolite materials is their microporous structure, which leads to 

diffusion limitaions within the catalyst material. Scientific studies in literature also tackle this 

challenge with different ideas. For example the group of de Jong144 reported the successful 

introduction of a trimodal porosity inside hydrocracking active zeolite Y crystals via a combined 

acid and base leaching strategy. They proposed that the trimodal pore system is beneficial for 

fast mass transfer of hydrocracking products from the micropores and suppresses secondary 

cracking. The benefits of encapsulation and introduction of additonal transport pores was 

reported by Flores et al.145, who synthesized Co-based mesoporous H-ZSM-5 materials by a hard-
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templating approach with carbon nanotubes (CNTs). For this, they impregnated CNTs with 

cobalt prior to hydrothermal zeolite synthesis. The authors report five times higher FT reaction 

rates compared to catalysts, where the impregnation step with cobalt followed the synthesis 

of mesoporous H-ZSM-5 materials. They also found a higher selectivity towards branched 

isomers and ascribed it to the enhanced diffusion and thus preferred removal from the acidic 

sites. Also Lee et al.135 used the concept of encapsulation of cobalt particles, but for improving 

mass transport the authors reduced the diffusion length by the use of hollow zeolite 

nanoreactors. For this purpose, hollow zeolite ZSM-5 crystals of ~100 nm were synthesized by 

preferential dissolution of the ZSM-5 core using aqueous sodium hydroxide solution. Afterwards, 

cobalt oxide particles were introduced within hollow zeolite cages and at zeolite crystals via 

impregnation. Unfortunately, the degree of encapsulation of the cobalt particles was not 

reported, though the presented TEM images indicate cobalt species both at the external zeolite 

surface as well as encapsulated inside the hollow nanoreactors. 

As an interesting alternative to mesoporous zeolites, mesoporous, amorphous alumosilicates 

can be utilized as support materials. These are benefical for the combined FT and HP because 

of their high specific surface area, large pore volume and moderate acidity. But there are only 

a few reports in literature like Hwang et al.146, who confined Ru nanoparticles inside ordered 

mesoporous aluminosilicates with different Si/Al ratios (10, 30 and 50). The authors report that 

with increasing Al content the acidity of the support material and the metal-support interaction 

increase, which leads to a decrease of the Ru reducibility. The catalyst material with Si/Al = 

50 exhibited the highest selectivity towards liquid fuels (C5-C20; 63.6 %) and an excellent FT 

activity due to the mild acidity and relatively good reducibility. Cobalt nanoparticles supported 

on aluminosilicates, and the effect of the particle size, as well as promotors for the one-stage 

FT reaction were investigated by Lapidus et al.147 The authors observed an increase in reaction 

rate for cobalt crystallites larger than 8-13 nm. They further found that the promotion with 

CeO2 increases the catalytic activity, although the selectivity towards the C5+ hydrocarbon 

products is slightly decreased. There are very few recent publications on the use of 

aluminosilicate as support material in FT synthesis. Furthermore, a detailed investigation of 

the support material properties linking these parameters to the FT performance is currently 

missing. 
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II.3 Material Synthesis 

Many research groups use a top-down approach for the catalyst preparation, where the support 

material is prepared first and afterwards the active material is applied. Here the most common 

method is the impregnation method for applying the active component onto the porous 

substrates like Al2O3 or SiO2.
148–150 This often leads to a broad particle size distribution and in 

the case of incipient wetness impregnation the pore volume of the support material and the 

solubility of the cobalt salt are limiting the cobalt mass loading. This can be overcome by 

conducting consecutive impregnation steps.  

From literature studies in Chapter II.2 different material properties like acidity and porosity 

can be derived, which are reported to be beneficial for the combined FT and HP synthesis. To 

configure these properties during synthesis and adjust the particle size of the active metal 

particles the so-called bottom-up approach, where the active nanoparticle is prepared first and 

afterwards either applied on the support material or directly added to the synthesis mixture, 

is applied. As specific examples, cobalt oxide in the form of colloidal particles are directly 

added to the synthesis mixture of the support material,68,140 or directly applied on the support 

material.151 To obtain cobalt oxide particles, one synthesis approach is the so-called 

solvothermal synthesis, where polymer-stabilized cobalt oxide particles are formed.68 Here, 

the cobalt oxide particle size could be tuned by the amount and chain length of the polymer 

compound. One possibility to synthesize silica support materials is the so-called Stöber process, 

being a sol-gel process.152,153 Therefore, a silicon source (e. g. tetraethyl orthosilicate, TEOS) 

is converted in basic media under vigorous stirring at room temperature for 2 h to form 

spherical silica particles. For the synthesis of MFI zeolites (silicalite-1 and HZSM-5), two possible 

approaches are reported in literature. The most common is the hydrothermal synthesis, where 

a wet chemically reaction mixture is achieved by dissolving the Si- and Al-sources in water and 

adding the structure directing agent (e.g. tetrapropylammonium hydroxide, TPAOH) and a base 

for adjusting the pH. The synthesis takes place in a Teflon lined autoclave for 24 – 30 h at 

temperatures between 120 – 180 °C.101,135,154 In the case of the steam-assisted crystallization 

route, the precursor particles, for example silica particles, are impregnated with TPAOH and 

dried overnight at room temperature. The resulting dried gel is placed in a separate, open 

Teflon container inside a Teflon liner, which contains a certain amount of water, not being in 

direct contact with each other only in the form of water vapor. The reaction typically takes 

place in the autoclave at lower temperatures (90-180 °C) and with a reaction time of 36-

90 h.155–157 The advantage reported for this approach is the direct introduction of additional 

meso- or macropores inside the zeolite structure.157 In contrast, the ex situ introduction of 

mesopores in zeolite crystals is possible via different methods like hard templating with CMK 

carbon templates158, soft templating with amphiphilic organosilanes159, steaming160, as well as 

base leaching161. While for the first two methods, additional, sometimes cost-intensive 

templates are added directly to the synthesis mixture and have to be removed after the 

synthesis, the steaming is a very harsh method and can also extract active metal particles from 

the catalyst materials. The desilication with mild basic solutions offers a simple ex situ route 

with low cost chemicals and can be applied easily on an industrial scale. The bottom-up 

synthesis route used in this work is based on the work of Xie et al.68 and was extended to 

Co@zeolite materials by Kruse et al.71 An overview on the relevant synthesis steps applied in 

this thesis is given in Figure 7. 
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Figure 7: Overview on bottom-up synthesis steps. 

First, cobalt oxide particles are synthesized via the solvothermal route, while the particle size 

can be adjusted by type and amount of stabilizing polymer. For comparability reasons the 

cobalt particle size is fixed for all catalyst materials. These pre-formed particles are directly 

added to the reaction mixture of the Stöber process and act as nucleation source for 

encapsulation within silica or alumosilicate shells resulting in core-shell catalyst materials.68 

The standard operation is the encapsulation with a mesoporous silica shell in a typical batch 

synthesis resulting in Co@mSiO2, while additionally the encapsulation with an alumosilicate 

shell to yield Co@mSixAlyOz is performed. The zeolite formation is conducted via a hydrothermal 

synthesis route from the prior formed core-shell materials leading to Co@silicalite-1 and 

Co@HZSM5-HT via the synthesis route already reported by Kruse et al.71 An alternative route, 

the in situ mesopore introduction via a steam-assisted crystallization route is investigated by 

use of the same precursor material (Co@mSiO2) as described above. This approach is suggested 

to be beneficial in terms of introduction of additional meso- and/or macropores, as already 

reported for conversion of plain SiO2 particles to MFI zeolite.157 In a last synthesis step additional 

transport pores are introduced ex situ via base leaching of Co@HZSM5-HT resulting in 

Co@mHZSM5-HT. 
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II.4 Objectives of the thesis 

Cobalt-based catalysts used in LTFT show a high selectivity towards long chain hydrocarbons, 

mainly waxes. For the production of short-chain products like gasoline the typical FT selectivity 

needs to be shifted. The connection of FT and HP reaction predominantly results in the direct 

production of liquid fuels. This is possible via the introduction of a second catalytic function 

either on the reactor scale by the combination of two different catalyst materials, one active 

for FT and the other for HP, inside the same reactor, or on the particle scale by the direct 

synthesis of catalyst particles with both catalytic functions in local proximity, which is even 

more beneficial. The most promising material class are core-shell materials, which offer a 

stabilization of cobalt particles against sintering in the core, while the tunable architecture of 

the shell influences the residence time of educts and products inside the particle as well as the 

local educt concentration. The nanostructured catalyst materials in particular provide short 

diffusion lengths and thus reduced mass transport issues. Furthermore, the bottom-up synthesis 

approach presented in Chapter II.3, allows an adjustment of the cobalt particle size and the 

tunability of the support properties, rendering them as interesting candidates for further 

investigations. Therefore, the overall objective of this thesis is the investigation of cobalt@shell 

catalysts, which can be used for the direct production of liquid fuels from biomass in 

decentralized production plants via a combined FT and HP process, as shown in Figure 8. 

 

Figure 8: Biomass as possible raw material for direct fuel production via combined Fischer-Tropsch and 

Hydroprocessing; fuel nozzle image by OpenClipart-Vectors from Pixabay.162 

To achieve this goal, multiple sub-objectives are defined, which are complementarily 

accomplished by the scientific publications presented in this thesis. First, different material 

synthesis routes are explored to tune material parameters like acidity or porosity, while the 

cobalt particle size is fixed. These materials are characterized via standard methods and 

compared on basis of the relevant parameters. An overview on the achieved material results is 

given in manuscript III.1, 0, III.3 and III.4. The catalytic activity and selectivity in CO and CO2 

hydrogenation reactions is investigated to deduce the boundaries of the activity and the 

resulting product spectrum. Manuscript III.1, focusing on CO and CO2 methanation and 

manuscript III.4, reporting on the combined FT and HP reaction, are the major contributors to 

this sub-objective. To further elucidate the influence of the structure of the support on the 

active material, the stability and accessibility of the cobalt particles is investigated. An insight 

on this sub-objective is given in manuscript 0 and III.3. In addition, suitable descriptors are 

introduced to correlate the adjusted material properties to the FT product spectrum. These 

constitute of the main steps in designing a catalyst material for the production of liquid fuels. 

This partial goal is achieved in manuscript III.3. In the final step, the transfer of the complex 

material synthesis route to a continuous approach, which is scalable for industrial application, 

is exemplarily shown for the encapsulation with a mesoporous silica shell. The feasibility is 

reported in manuscript III.5.
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Chapter IV Summary 

The overall aim of this thesis is the investigation of cobalt@shell catalysts, which can be used for 

the direct production of liquid fuels from biomass in decentralized production plants via a 

combined FT and HP process. Therefore, one major part of the thesis is the material synthesis 

of bifunctional catalysts with potential future application in industry, such as cobalt particles 

embedded in a zeolite matrix.  

 

Figure 9: Bottom-up synthesis approach; top row: schematic representation of the materials with indication of the 

respective synthesis steps and the respective components shown in the legend in the bottom right; bottom row: 

representative TEM or SEM images of the resulting materials Co-oxide particles (grey), Co@mSiO2 (green), 

Co@mSixAlyOz (purple), Co@HZSM5-HT (red), Co@silicalite-1-HT (blue), Co@HZSM5-SAC (gold) and Co@mHZSM5-HT 

(orange). 

Thus, the first sub-objective of this work is the successful synthesis and characterization of the 

materials. An overview of the applied routes is given in Figure 9. The main advantage of the 

presented bottom-up synthesis route, is the possibility to separately adjust material properties 

in each single synthesis step, as already elaborated in Chapter II.3. As a basis, in a preliminary 

stage cobalt oxide particles with a defined and fixed particle size are synthesized via a 

solvothermal route (not shown). For reasons of simplicity, the cobalt oxide particle containing 

materials are named after the active component Co, as the cobalt oxide is reduced in situ in 

the reactor before FT synthesis. In the first synthesis step - silica encapsulation - the cobalt 

oxide particles are encapsulated via a Stöber process, either with a mesoporous silica shell 

(Co@mSiO2, green) or an alumosilicate shell (Co@mSixAlyOz, purple). The two materials and 

their corresponding TEM images are presented in Figure 9. The Co@mSiO2 material was used as 

a precursor for further zeolite synthesis and as standard catalyst in all presented publications, 

the modified Co@mSixAlyOz material was used as catalyst and precursor for further zeolite 

synthesis in manuscript III.4. 

In the second synthesis step - zeolite formation - cobalt particles are embedded in a zeolite 

matrix. Therefore, the precursor materials (Co@mSiO2, green or Co@mSixAlyOz, purple) are used 
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as Si- and/or Al-source and converted under hydrothermal or steam-assisted conditions. The 

direct use of Co@mSiO2 (green) to synthesize Co@silicalite-1 (blue) is applied in manuscript 

III.1, which also reports on the material characterization data. The use of Co@mSiO2 (green) 

and an additional Al-source to synthesize Co@HZSM5-HT (red) is conducted in manuscript 0, 

while the material is also characterized with standard methods and via catalytic investigations. 

In manuscript III.3, Co@mSiO2 (green) is used to synthesize Co@silicalite-1 (blue) directly and 

Co@HZSM5-HT (red) by addition of an Al-source via hydrothermal synthesis. Furthermore, the 

use of Co@mSiO2 (green) and an Al-source in the steam-assisted crystallization is applied 

resulting in Co@HZSM5-SAC (gold). Here the materials are characterized and compared in 

detail. In contrast, in manuscript III.4 the core-shell material Co@mSiO2 (green) is used as 

precursor for the synthesis of Co@silicalite-1 (blue), while Co@mSixAlyOz (purple) is directly 

applied for the synthesis of Co@HZSM5-HT (red) via the hydrothermal route without an 

additional Al-source. In depth material characterization allows to discuss the influence of 

specific material parameters. For all zeolite materials corresponding SEM images are presented 

in Figure 9. In the last synthesis step – mesopore introduction - additional mesopores are added 

to the microporous Co@HZSM5-HT (red) via an ex situ base leaching procedure resulting in 

Co@mHZSM5-HT (orange). This material is investigated in detail in manuscript III.3.  

Following the results of the material synthesis, the second sub-objective of this thesis is the 

verification of the catalytic activity of the self-designed materials in COx hydrogenation 

reactions, as well as an investigation of the resulting product spectrum. In manuscript III.1, the 

catalytic activity of the synthesized materials in the CO, CO2 and co-methanation is presented. 

The results serve as basis for the characterization of the catalytic activity of the materials, as 

well as provide new insights in Co catalysis. Furthermore, methanation is the simplest COx 

hydrogenation reaction and serves as a basis to get a first glimpse into the catalytic activity of 

Co@mSiO2 and Co@silicalite-1. As a reference material, colloidal Co3O4 particles are directly 

supported on the mesoporous silica material (Co/mSiO2). The resulting catalysts are 

characterized via standard characterization methods like TEM, N2-sorption, XRD and 

quantitative chemical analysis. Interestingly, the reduction profile investigated by H2-TPR 

shows an influence of the spatial arrangement of active and support material. This is 

represented by a broadened profile for Co@mSiO2 compared to Co/mSiO2 as well as a broadened 

and to higher temperature shifted profile for Co@silicalite-1. The activity of the catalyst 

materials in the CO2 methanation is investigated at reaction temperatures between 200 and 

400°C. While all catalyst materials are active and reach the onset at 300°C, the CO2 

consumption and CH4, as well as CO formation rates differ widely. The differences observed in 

activity and selectivity can be linked to the core-shell architecture, as all materials show 

comparable cobalt particle sizes, a similar chemical environment and H2-TPR reveals full 

reduction for all catalyst materials. The most pronounced differences are observed when 

comparing the core-shell material Co@mSiO2 with the reference material Co/mSiO2. While the 

first shows a high selectivity towards methane, the latter is mostly active for the reverse water-

gas shift (rWGS) reaction, as the CO formation rate is around four times higher than the CH4 

formation rate. Additionally, the CO2 consumption rate for the encapsulated catalyst is higher, 

even though the reactants have to diffuse through the mesoporous matrix, while in the 

Co/mSiO2 catalyst the active nanoparticles are exposed to the surface. Obviously, the 

concentration of the reactive species in close environment of the active nanoparticle is 

decisive. The composition at the active sites depends on the diffusive transport of reactants 

and products through the porous shell, while the pore size, rather than diffusion length, plays 

a major role. Therefore, a tremendously different composition in the close proximity of the 
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shell encapsulated cobalt core compared to the gas bulk (Co/mSiO2) is highly likely. 

Additionally, the Co@silicalite-1 catalyst shows CO2 consumption and CH4 formation rates 

between the previously discussed catalysts. This is attributed to a partial embedment of Co 

within the zeolite matrix, where the embedded particles behave like Co@mSiO2 and the 

particles on the surface behave like Co/mSiO2. Consequently, the observed differences in 

conversion and selectivity are linked to the so-called confinement effect inside the core-shell 

nanoreactor. In contrast, during CO methanation all catalysts materials show a rapid 

deactivation at temperatures above 300 °C. As for Co@mSiO2 the sinter stability is high, only 

coking could be the reason for deactivation, while Co/mSiO2 also suffers from sintering. The 

coke formation could be a consequence of the reaction mechanism of CO methanation when 

the dissociation of CO is faster than the hydrogenation leading to C on the surface. The actual 

presence of the carbon is confirmed by RAMAN spectroscopy. The flexibility of the catalyst 

materials on the changing feed gas composition is investigated by co-methanation experiments. 

Here, the CO2 content is stepwise exchanged with CO and vice-versa at constant COx/H2 ratio. 

For Co@mSiO2 the presence of both reactants leads to a shift in the kinetic regime of the 

reaction and suppresses the side reaction (r(WGS)), while a slightly pronounced maximum in 

the methane formation rate at almost equimolar CO/CO2 feed ratio is found. The results 

confirm a rather broad flexibility of the Co@mSiO2 catalyst material with respect to the carbon 

oxide source. Additionally, no pronounced catalyst deactivation is found.  

The influence of the properties of the support material on the formation of by-products like 

CH4 and CO2 during FT synthesis is investigated in manuscript III.4. Here, Co@mSiO2 and 

Co@mSixAlyOz are synthesized via the Stöber process, while for the latter an aluminium source 

was added to the synthesis mixture. These two catalyst materials represent the mesoporous 

support materials offering either the presence of Al or not to investigate the different 

influences. Additionally, the described materials are both used as presursors in the subsequent 

hydrothermal synthesis to prepare Co@silicalite-1 and Co@HSZM5, the latter is synthesized from 

Co@mSixAlyOz without the addition of an Al source. These catalyst materials serve for the 

investigation of the influence of mircroporosity in combination with either the presence or 

absence of Al on the FT product spectrum. Thus, in total four different materials were 

synthesized for the investigation of the by-product formation. Material characterization results 

show moderate acidity for Co@HZSM5 and a slightly lower acidity for Co@mSixAlyOz determined 

via NH3-TPD, while Co@mSiO2 and Co@silicalite-1 show no or insignificant acid sites. The 

catalytic performance was investigated in a self-designed, continously operated reactor setup 

equipped with a tubular fixed bed reactor at H2/CO = 2, 20 bar and reaction temperatures 

between 200 and 260 °C. The catalyst materials show moderate FT activity, reflected by the 

CTY values, which are comparable to earlier work and literature values. At lower reaction 

temperatures (200 and 240 °C), the materials with Al exhibit up to two times higher CTY values. 

At 260 °C, the CTY of Co@HZSM5 remains almost constant as additional diffusion limitations or 

a possible change of the underlying reaction mechanism at higher tempertures are contributing 

to a exordinary slower increase of reaction rate at higher temperatures. Interestingly, at a 

reaction temperature of 260 °C Co@mSixAlyOz shows the highest activity of all catalyst 

materials. The detected CO2 selectivities are rather high for the materials synthesized via the 

hydrothermal route (Co@silicalite-1 and Co@HZSM5). Here, probably the unreduced cobalt 

species present in phyllosilicate structures catalyzes the WGS reaction. The presence of 

unreduced cobalt oxide after reduction was experimentally confirmed via in situ XAS 

experiments as they reveal the presence of cobalt oxide for Co@HZSM5 after reduction and 

during reaction conditions, pointing towards insufficient cobalt reduction. Additionally, the 
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increasing water vapor pressure and the limited diffusion of water from the formation site due 

to the restrictive microporous structure of the zeolitic materials might favor WGS directly or 

even indirectly by the reoxidation of small cobalt nanoparticles. The methane selectivity for 

Co@mSiO2, Co@mSixAlyOz and Co@silicalite-1 increases with increasing reaction temperature 

and is comparable to literature values. Interestingly, for Co@HZSM5 the highest methane 

selectivity is already found at 200 °C and it remains rather constant over the increasing reaction 

temperature. One reason could be the unreduced cobalt oxide catalyzing WGS and leading to 

locally higher H2/CO ratios which promotes CH4 formation. Nevertheless, the presence of cobalt 

oxide in from of Co-phyllosilicates is also suggested for Co@silicalite-1, which shows a lower 

methane selectivity. Therefore, another reason must contribute to the high methane 

selectivity, which is the strong cobalt-zeolite interaction leading to a stabilization of the low 

coordinated Co sites being beneficial for methane formation, as reported by other research 

groups. Nevertheless, above 240 °C the methane selectivity of Co@HZSM5 slightly decreases, 

which can be explained by the hydrocracking reactions taking place causing a lower overall 

partial pressure of H2 and therefore a lower methane selectivity. Interestingly, at each reaction 

temperature the methane selectivity of Co@mSixAlyOz is higher than for the materials without 

Al, supporting the theory of strong cobalt-support interactions as reported for Co@HZSM5 which 

also occur for the mesoporous catalyst material. Conclusively, the CO2 formation is attributed 

to the presence of cobalt oxide species in materials synthesized via the hydrothermal route, 

while the high methane selectivity is suggested to be a result of the occuring cobalt-support 

interactions and stabilization of low coordinated Co sites in Al containing support materials. 

The high catalytic activity of Co@mSixAlyOz gives rise to an interesting support material for 

future investigations especially in terms of selectivity towards C5+ species. 

The investigation of the stability and accessibility of the cobalt particles represents the third 

sub-objective of the thesis. Therefore, in manuscript 0, the stability of the cobalt particles 

depending on their location within the supporting zeolite matrix is investigated. First, a FT 

experiment at 20 bar in a temperature range between 200 and 250 °C for over 1200 h time on 

stream (TOS) is performed. The catalytic results indicate a stable performance over the whole 

reaction time. Afterwards, ex situ TEM images are recorded, indicating a high stability for the 

cobalt cores deep within the zeolite crystal, while particles on the zeolite surface exhibit an 

increased particle size with a broadening of the particle size distribution. The complementary 

in situ TEM measurements are performed under model conditions and indicate two main 

different behaviors of cobalt particles depending on the chemical surrounding as well. First, 

cobalt particles located deep within the zeolite matrix. Second, those which are exposed to 

the external surface due to FIB preparation and are not stabilized by steric constrains of the 

zeolite lattice, which is typical for standard impregnated catalyst. The reduction step under 

1.2 mbar H2 at 400 °C leads to shrinkage in core size of about 30 %, but this only affects the 

intact particles, while some of the particles are already disintegrated at the reduction step. 

During model reaction conditions at 1.2 mbar syngas (H2/CO = 2) from 150 °C to up to 700 °C, 

for intact particles, no sintering could be detected up to complete lamella disintegration. To 

account for the high-pressure gap in the ETEM study compared to realistic experimental 

conditions, the cobalt stability is investigated at 700 °C. Here, different behaviors are 

detected. For stable particles no apparent differences in size or shape are recorded, which 

indicates high stability of cobalt particles towards sintering or degradation. But several 

particles, which disintegrate during reduction, stay in a highly dispersed state, and do not react 

to the temperature conditions applied. In contrast, other dissociated particles recombine into 

denser agglomerates. And for some particles Ostwald ripening is detectable for neighboring 
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core cluster. The diverse range of behaviors mainly affects the disintegrated particles and 

further indicates different physical environment. These results point to stable cobalt particles 

encapsulated within the zeolite matrix making the investigation of the degree of encapsulation 

and the improvement of the latter an important task. Therefore, in manuscript III.3 electron 

tomography is used to investigate the degree of encapsulation of the cobalt particles, their 

accessibility as well as distribution over the zeolite crystal in a Co@HZSM5-HT material. 

Furthermore, a mesoporous catalyst material Co@mHZSM5-HT is analyzed in detail to clarify 

the connectivity of the introduced pores and their arrangement. The measuremtens show a 

degree of encapsulation (DOE) of cobalt particles of about 30 %. In addition, some sheet-like 

structures are detected on the surface of the zeolite crystal, being Co-phyllosilicate. 

Interestingly, the leached zeolite material shows a cavity in the center of the crystal leading 

to a significant reduction of the diffusion length corresponding to the micoporous shell 

surrounding the cavity.  

The fourth sub-objective comprises the identification of suitable descriptors and the correlation 

with the underlying FT product distribution, in order to relate the adjusted material properties 

with the outcome of the FT synthesis as reported in manuscript III.3. Therefore, different 

bifunctional cobalt-based zeolite nanomaterials are synthesized, exhibiting a close proximity 

between two types of active sites, which are cobalt nanoparticles for FT synthesis and acid 

sites for hydroprocessing (HP). The applied bottom-up approach allows to precisely control the 

cobalt nanoparticle size leading to a good comparability of the catalytic performance. Here, 

the precursor Co@mSiO2 serves as reference material. With the different zeolite synthesis 

strategies, the acidity is adjusted (Co@silicalite-1-HT and Co@HZSM5-HT), and the micropore 

structure of the zeolite crystals is modified via base leaching and steam-assisted crystallization 

(Co@HZSM5-SAC, Co@mHZSM5-HT). In a first step, suitable descriptors are defined, which are 

easily accessible by standard characterization methods, tunable during material synthesis, and 

have an impact on the FT product distribution. The descriptors are derived from acidity (AC) 

and pore structure (PS) information, while the cobalt surface area (CSA) is choosen as 

representative for the hydrocarbon formation rate in FT reaction and further is used a reference 

providing the normalized descriptors PS/CSA and AC/CSA. The PS/CSA ratio corresponds to the 

relation between diffusion and formation rate of hydrocarbons. The highest ratio is found for 

Co@mSiO2 as it consists of mesopores only and shows the highest mesopore volume. The highest 

value among the zeolitic materials is found for Co@mHZSM5-HT as it offers a variety of 

mesopores in addition to the zeolitic micropores due to the applied base leaching procedure. 

In contrast, the AC/CSA ratio relates the hydroprocessing activity to the hydrocarbon formation 

rate. Here, the highest values are detected for the acidic materials Co@HSZM5-HT and 

Co@mHSZM5-HT. In the next step, FT experiments at industrially relevant conditions are 

conducted to determine the FT product spectrum and to verify the validity of the proposed 

descriptors. A moderate activity in FT reaction for all catalyst materials is found, while the 

obtained cobalt time yields (CTYs) are in good agreement with literature values. When relating 

the descriptors with the FT selectivities, the highest C10+ selectivity is found for the highest 

PS/CSA value (Co@mSiO2). In contrast, the lowest C10+ selectivities are found for Co@HZSM5-HT 

and Co@mHZSM5-HT showing the highest AC/CSA values. Linking the PS/CSA to the AC/CSA 

descriptor, a high AC/CSA ratio in combination with a low PS/CSA ratio, which is the case for 

Co@HZSM5-HT, leads to a very low C5-C9 and a even lower C10+ selectivity. This observation 

points towards the occurrence of overcracking of hydrocarbon chains, which is also reflected 

by the high C2-C4 selectivity. The introduction of additional mesopores in the case of 

Co@mHZSM5-HT leads to an increase in PS/CSA, while this material still provides a high AC/CSA 
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ratio. The corresponding FT selectivities show an increase in C5-C9 and C10+ compared to 

Co@HZSM5-HT, indicating suppression of overcracking. Interestingly, the methane selectivity 

for Co@HZSM5-HT is very high (about 40 %), while it is significantly lower for Co@mHSZM5-HT 

(about 30 %). The difference is attributed to diffusion restrictions throughout the microporous 

zeolite, which probably increase the residence time of the formed hydrocarbons in the 

proximity of cobalt nanoparticles and therefore support methane formation via hydrogenolysis. 

Furthermore, the AC and PS descriptors were related to each other (representing different 

catalyst materials) and their influence on the cracking and isomerization rate is investigated. 

At an AC/PS = 12 corresponding to Co@mHZSM5-HT a maximum in the isomerization rate is 

found indicating an optimal ratio between acidity and diffusion rate. The isomers, which are 

formed at acidic sites, are able to leave the zeolite structure by diffusion before being further 

converted at those sites. In comparison, Co@HZSM5-HT (AC/PS = 18) shows a low isomer and 

C5+ selectivity due to diffusion limitations and occuring overcracking. In contrast, the 

additionally introduced mesoporosity improves the diffusive transport and shortens the contact 

times within the Co@mHZSM5-HT catalyst material. This leads to an increase in isomer and C5+ 

selectivity compared to Co@HSZM5-HT. Thus, we decoupled the influences and found that the 

acidity majorly causes primary cracking and isomerization reactions, while the pore structure 

affects the secondary isomerization. Conclusively, the pore structure is found to play a vital 

role in primary and secondary cracking/isomerization reactions and hence in future work 

particular emphasis should be given to the pore structure as well. 

The last sub-objective of the thesis is the transfer of the complex material synthesis to a 

saleable and industrially applicable route. The first step to this goal is reported in manuscript 

III.5, where the batch synthesis of Co@mSiO2 is transferred to a continuous process in a 

microreactor. The continuous synthesis in a microreactor offers a large number of advantages 

like low operation costs, good scale-up potential, constant product quality, and a small 

characteristic length scale of reactor leading to good radial mixing, ensuring good heat transfer 

properties and a precise temperature control. Therefore, a feasibility study of the continuous 

synthesis of Co@mSiO2 core-shell particles in microreactor is conducted. First, the assembly is 

evaluated via the synthesis of SiO2 particles and afterwards the concept is transferred to the 

preparation of Co@mSiO2 and compared with results from batch system. The main finding of 

this work is that the continuous synthesis of nanostructured Co@mSiO2 core-shell particles in a 

microreactor is generally possible. Nevertheless, the particle size distribution of the laminar 

flow reactor is much broader compared to a batch operation. Therefore, the experimental 

approach has to be optimized to achieve a narrower particle size distribution, for example by 

incorporating an efficient micromixer, which provides an improved homogeneity of the 

nucleation event, or the utilization of a segmented flow to ensure a good intermixing during 

particle growth. 
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Chapter V Conclusions and Future 

Perspectives 

In general, the defined sub-objectives are fulfilled complementary by contribution of the 

scientific publications. The standard characterization methods showed successful material 

synthesis of catalysts with different porosity and acidity via a modified bottom-up approach 

and first promising results via the steam-assisted crystallization. The catalyst materials are 

moderately active in the CO and CO2 hydrogenation. The core-shell catalyst Co@mSiO2 in 

particular showed a positive influence of the catalysts architecture on the selectivity in CO2 

methanation. In addition, an influence of the support material and its arrangement on the 

selectivity in the combined FT and HP reaction was found. Stability investigations of cobalt 

particles revealed a stabilization by the steric constrains of the microporous zeolite matrix. 

Cobalt particles at the external surface, like in principle the case for impregnated catalysts, 

exhibited, in contrast, disintegration and sintering. The cobalt particles are generally 

accessible inside the zeolite matrix, while an additional base leaching procedure applied to 

Co@HZSM5-HT leads to a decrease of diffusion length inside the zeolite particle and the 

formation of a cavity. Nevertheless, only about 30 % of the particles were found to be 

encapsulation. Thus, the increase of the degree of encapsulation should be one focus of future 

work. The defined descriptors acidity, porosity and cobalt surface area helped to link the 

material parameters to the resulting product spectrum, revealing an optimal ratio of acidity 

and porosity to achieve a high isomerization rate. The special transport trajectories through 

the catalyst particle are found to be essential in tuning the product spectrum via the material 

properties of the catalyst. Moreover, the first step of the successful transfer of the complex 

material synthesis route to a scalable and continuous route for potential industrial application 

was shown by the synthesis of Co@mSiO2 in a micro reactor. 

Of course, this thesis can only give a small insight in new material combinations, synthesis 

routes and catalytic performance, while several interesting fields for further investigations 

were opened. In terms of the continuous synthesis of Co@mSiO2, the next step could be the 

transfer of the complete synthesis including the solvothermal cobalt oxide synthesis to a 

continuous procedure. This is of great interest for large scale production and the application 

of core-shell catalysts in industrial processes. One idea for processing the reaction mixture 

after synthesis is the use of a semi-continuous centrifuge, as demonstrated by the Fraunhofer 

Institute in Würzburg.163 Furthermore, as stability investigations showed, the improvement of 

the degree of cobalt particle encapsulation is highly important. One approach could be the 

application of the desilication and recrystallzation method.164 Here, the as-synthesized cobalt-

based zeolite materials are processed a second time with TPAOH under hydrothermal 

conditions. With this methode, the silicon in the core of the zeolite crystal is leached out, 

dissolved and afterwards recrystallized at the outer rim. Therefore, a better encapsulation of 

cobalt particles is expected. Additonally, this method could also induce the formation of 

transport pores in the zeolite matrix and/or an reduction of the diffusion length through the 

zeolite crystals by the formation of a cavity in the core.164 Another way to improve the cobalt 

encapsulation and achieve a homogeneous distribution of the zeolite crystal sizes is to perform 

the hydrothermal synthesis under stirring or movement of the autoclaves instead of the static 

procedure to ensure a proper mixing of the reactants and exclude the built up of concentration 
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gradients. This procedure is already reported with success in literature.154 Beside the degree of 

encapsulation, the degree of Al incorporation should be increased. Therefore, either the 

synthesis mixture has to be adjusted in terms of the amount of TPAOH or the use of another 

structure directing agent could be explored. In addition, the reduction of the cobalt particle 

size would lead to a better comparability with literature studies, since the optimal cobalt 

particle size for FT synthesis is about 6-12 nm. The smaller particle size allows additional 

characterization techniques, like the in situ magnetometer enable the investigation of changes 

in the cobalt particle morphology during reaction conditions. Furthermore, alternative material 

synthesis routes can be explored, such as the sacrifical templating method,165 allowing the 

preparation of individually encapsulated cobalt particles inside small, hollow zeolite 

nanoreactors. Here, silica or core-shell particles are used as precursor and a positively charged 

surface is established via accumulation of a polymer. Subsequently, zeolite seeds are 

synthesized and a negatively charged surface is achieved by adjusting the pH in ammonia 

soultion, while through electrostatic adsorption the zeolite seeds are accumulated at the silica 

or core-shell particle surface. These particles are now exposed to hydrothermal reaction 

conditions, where the silica core is dissolved and crystalized on the external surface to built 

hollow nanoreactors. To introduce cobalt particles, two routes are possible, either the direct 

use of the Co@mSiO2 or Co@mSixAlyOz core-shell particles or the susequent impregnation of the 

hollow zeolite nanoreactors, as reported by Lee et al.135 The first steps were already made in 

the bachelor thesis of Verena Steck, pointing to an insufficient accumulation of zeolite seeds 

on the small core-shell or silica particles and the importance of the surface to volume ratio.166 

In future work, this approach could be explored in detail. Another possible route is melt 

infiltration167 of cobalt-phthalocyanine inside SBA15. The organic ligand is removed afterwards 

via carbonisation and the resulting material is used as precursor for the hydrothermal synthesis. 

In terms of the COx hydrogenation, further investigations on the CO2 methanation with 

Co@mSiO2 as catalyst could be conducted to investigate the influence of the residence time of 

the educts in the reactor by varying the mass flow systematically. The evidence for the 

influence of the catalyst arrangement on the FT product spectrum can be provided by the 

comparison of hollow zeolite nanoreactors offering encapsulated cobalt particles with 

impregnated zeolite crystals of the same size. Furthermore, the influence of the residence time 

of syngas in the reactor can be investigated by varying the mass flow and keeping temperature 

and pressure constant. 

The FT reaction was already discovered in the 1920s, but the still ongoing research and new 

findings are outlining the complexity of the reaction making a variety of research studies 

necessary. Furthermore, this reaction will play a key role in future to produce liquid 

hydrocarbons from renewable sources. Nevertheless, follow-up studies are necessary to modify 

and investigate the Co@zeolite materials in more detail as suggested. 
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VI.3 List of Abbreviations 

AC Acidity 

ASF Anderson-Schulz-Flory 

BtG Biomass to Gas 

BtL Biomass to Liquid 

CNT Carbon Nanotubes 

CSA Cobalt Surface Area 

CTY Cobalt Time Yield 

DOE Degree of Encapsulation 

ETEM Environmental Transmission Electron Microscopy 

FT Fischer-Tropsch 

HP Hydroprocessing 

HTFTS High Temperature Fischer-Tropsch Synthesis 

IPCC International Panel on Climate Change 

LTFTS Low Temperature Fischer-Tropsch Synthesis 

PS Pore Structure 

PtG Power to Gas 

PtL Power to Liquid 

rWGS Reverse Water-gas Shift 

SDA Structure Directing Agent 

SEM Scanning Electron Microscopy 

SNG Synthetic Natural Gas 

SSITKA Steady State Isotopic and Transient Kinetic Analysis 

TEM Transmission Electron Microscopy 

TOF Turnover Frequency 

TPAOH Tetrapropyl ammonium hydroxide 

UN United Nations 

WGS Water-gas Shift 

XAS X-ray Absorption Spectroscopy 

XRD X-ray Diffraction 
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