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1.1 Fischer-Tropsch synthesis  

Fischer-Tropsch synthesis represents one of the most advanced technologies to convert 

fossil and renewable carbon feedstock into liquid fuels (1-3). The technology is well 

established for the conversion of synthesis gas derived from natural gas, coal and biomass, in 

what is referred to as X-to-liquids (XTL) processes. The principle Fischer-Tropsch (FT) 

reaction was discovered by Franz Fischer and Hans Tropsch about 100 years ago (4). FT 

reactions involve the strongly exothermic hydrogenation of carbon monoxide (CO) to 

paraffins and olefins according to the following chemical equations (1.1)-(1.4) (5, 6): 

 

 (2n+1) H2 + n CO → CnH2n+2 + n H2O  (1.1)  

 2n H2 + n CO → CnH2n + n H2O  (1.2)  

 (n+1) H2 + 2n CO → CnH2n+2 + nCO2  (1.3) 

 n H2 + 2n CO → CnH2n + n CO2  (1.4) 

 

XTL technology for the production of liquid transportation fuels typically includes three 

basic steps: (ⅰ) synthesis gas production, (ⅱ) FT synthesis, and (ⅲ) product upgrading (Figure 

1.1) (7-12). A carbonaceous feedstock is first converted into synthesis gas (syngas, a mixture 

of H2 and CO) via coal/biomass gasification or natural gas reforming, and the H2/CO ratio is 

adjusted by the water-gas shift (WGS) reaction (equation (1.5) (13-16)). After cooling and 

purification, the syngas is then introduced into the FT synthesis reactor and converted into 

long-chain hydrocarbons (17-20). In the third step, the long-chain hydrocarbons are upgraded 

into final products such as gasoline, diesel and wax and other useful chemicals (8, 21, 22).  

 

 CO + H2O → CO2 + H2  (1.5) 
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Figure 1.1 Three basic steps of synthesis gas conversion technology (12). 

 

Aside from paraffins, olefins and oxygenated hydrocarbons, carbon dioxide (CO2) can 

be obtained as a by-product in industrial FT synthesis (23-26). The formation of CO2 is 

wasteful as valuable C atoms are lost. The mechanism underlying the FT synthesis reaction is 

complex and involves many steps such as CO dissociation, carbon (C) hydrogenation, CHx 

coupling reactions, and hydrogenation and dehydrogenation reactions that lead to 

hydrocarbon product desorption as well as oxygen (O) hydrogenation reactions (27-33). 

There continues to be considerable debate about many of these steps, most notably the nature 

of the active site and the way CO is dissociated, which is closely linked to the nature of the 

growth monomer in FT synthesis (34-38). From a practical point of view, the main drivers for 

the improvement of FT catalysts are higher activity, improved selectivity to targeted product 

classes such as long-chain hydrocarbons, light olefins or other valuable chemicals such as 

linear α-olefins, low CO2 selectivity and high stability (16, 27, 39-43).  
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1.2 Iron-based FT catalysts 

In heterogeneous catalysis, it is well accepted that catalytic performance is governed by 

the electronic structure of the catalyst (44). Catalyst parameters that can be tuned include the 

active phase composition, particle size, crystal structure, crystal morphology and the 

formation of interfaces between transition metal/metal oxide/metal sulfide/metal carbide 

particles and promoters and the support (45-49). Typical transition metals for catalyzing the 

FT reaction include nickel (Ni), ruthenium (Ru), cobalt (Co), and iron (Fe). All of these 

present high activity and selectivity toward liquid hydrocarbons in low-temperature FT 

synthesis (50). Ni-based catalysts produce too much methane (CH4) to be of practical 

importance (51, 52). While Ru is highly active but too expensive, Co and Fe have been the 

main components of industrial FT catalysts so far (53-56).  

To better compare Co and Fe, we discuss the differences between Fe- and Co-based FT 

catalysts (Table 1.1). Although Fe is less active than Co, Fe-based FT catalysts can operate in 

a wider range of reaction conditions and can handle lower H2/CO ratios because of its WGS 

activity. Another aspect is the higher sulfur tolerance of Fe-based catalysts, which makes 

them more suitable for converting syngas derived from coal or biomass. Moreover, because 

of the weaker hydrogenation and isomerization activity, Fe-based FT catalysts can produce 

olefins and other chemicals, while Co-based FT catalysts produces mostly saturated 

hydrocarbons. These properties make Fe a preferred catalyst to convert coal- or biomass-

derived syngas towards liquid fuels, olefins and chemicals, while Co is more proper for 

natural gas-derived conversion towards paraffins. 
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Table 1.1 Comparison between Fe- and Co-based FT catalysts (57, 58). 

Parameter Co Fe 

Cost Expensive Inexpensive 

WGS activity Negligible Significant 
Active phase Metallic Co Fe-carbides 
Activity Active Less active 

Flexibility P, T influence
hydrocarbon selectivity 

Flexible 

Sulfur tolerance Very sensitive Sensitive 
Feeding H2/CO range 2.0-2.15 0.5-2.5 
Methane selectivity Higher Lower 
Hydrogenation of olefins Extensive Little 
Isomerization of olefins Extensive Little 

 

It is well-known that Fe-based catalysts contain different iron phases under FT reaction 

conditions (25, 59-63). The distribution in terms of iron oxides, iron carbides and iron metal 

depends on many parameters such as the catalyst precursor, catalyst pretreatment and 

activation and the FT reaction conditions. Consequently, it has been difficult to ascertain a 

clear molecular picture of the reaction mechanism of Fe-based FT synthesis, as has been 

established for Co-based catalysts. Understanding the phase composition of these catalysts, 

the phase evolution under FT reaction conditions and the catalytic performance of the 

different phases would be highly useful in identifying the most active and selective Fe phases 

for FT synthesis catalysis, facilitating the design of improved catalysts. 
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1.3 Fe-carbides 

Despite the complexity of Fe-based catalysts, it is widely accepted that iron carbides are 

the active phase for the FT reaction (25, 64-67). A typical Fe-based FT catalyst precursor is 

usually composed of Fe-oxides such as α-Fe2O3 (hematite), γ-Fe2O3 (maghemite), Fe3O4 

(magnetite) and Fe(1-x)O (Wüstite), which can be transformed into other phases including Fe 

metal and Fe-carbides after reduction and activation by H2, CO or syngas. Several Fe-

carbides such as χ-Fe5C2, ε’-Fe2.2C/ε-Fe2C, and θ-Fe3C have been identified as active 

components for the FT reaction (59, 68-70). The main aspects are listed in Table 1.2.  

 

Table 1.2 Typical Fe-carbide phases in the FT reaction. 

Items ε-Fe-carbide (71-73) χ-Fe-carbide (74, 75) θ-Fe-carbide (76) 

 

 

 

Phase name Hexagonal iron carbide Hӓgg carbide Cementite 
Chemical formula ε’-Fe2.2C / ε-Fe2C χ-Fe5C2 θ-Fe3C 
Space group P63/mmc C2/c Pnma 
Crystal structure Hexagonal Monoclinic Orthorhombic  

PDF number PDF 36-1249
PDF 89-3689 

PDF 36-1248 PDF 35-0772 

Lattice constants 
a = b = 4.7670 Å 

c = 4.3540 Å 

a = 11.588Å
b = 4.579 Å 
c = 5.059 Å 
β = 97.746o 

a = 5.0910Å 
b = 6.7434Å 
c = 4.5260Å 

 

Among these carbides, χ-Fe-carbide (Hӓgg carbide, χ-Fe5C2) is the most observed in FT 

reactions and accordingly also considered to be the most relevant active phase (27, 41, 68-70, 

72, 75, 77). Work of Smit et al. showed that this monoclinic-structured carbide is stable at 

moderate temperatures (250 oC) and low H2/CO ratio (69). The hexagonal ε-Fe2C and ε’-

Fe2.2C share the same space group P63/mmc and cell dimensions with carbon occupying the 

same octahedral interstices in slightly different concentrations. Therefore, these phases show 

very similar chemical properties and are often considered as one phase: ε-Fe-carbide (65, 69, 
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78). ε-Fe-carbide has also been observed in activated FT catalysts, but usually in low 

amounts as compared to χ-Fe-carbide. It is therefore assumed that ε-Fe-carbide is not stable 

and will easily transform into Hägg carbide under low-temperature FT reaction condition 

(200-250 oC, low H2/CO ratio) (69, 71, 79, 80). In contrast, θ-Fe-carbide (Cementite, θ-Fe3C) 

is considered to be a stable phase under high-temperature FT reaction conditions (275-350 oC, 

low H2/CO ratio). Its FT activity still remains debated (43, 66, 81-85).  

With the aim to study the contribution of Fe-carbides to the FT reaction, efforts have 

been made to synthesize phase-pure Fe-carbides (43, 67, 78, 85, 86). Ma and co-workers 

introduced bromide in the preparation of bulk χ-Fe5C2 nanoparticles (67). Santos and co-

workers achieved highly dispersed χ-Fe5C2 particles with 86% purity by means of a metal 

organic framework-mediated synthesis. The CO2 selectivity at 340 oC, 20 bar, H2/CO = 1, 

and a SV of 30,000 ml/(gcat∙h) was about 47%, which is close to the theoretical upper limit of 

50% (86). Jung and co-workers synthesized various active phase compositions from a 

precipitated Fe-based catalyst by adding different amounts of CO2 into the synthesis gas used 

in the activation step (87, 88). Instructively, lower CO2 selectivity was observed for catalysts 

containing more ε(’)-carbide. The CO2 selectivity decreased from 38% to 31% when the ε(’)-

carbide contribution increased from 6% to 13%. In line with this study, Xu et al. recently 

showed that a catalyst containing 73% ε(’)-carbide has a promising activity and a relatively 

low CO2 selectivity (20%) at a reaction temperature of 200 oC (78). An important corollary of 

all of these studies is that it is very challenging to prepare phase-pure Fe carbides, which 

hinders better understanding and preparation of optimal active phases in Fe-based FT 

catalysts. 

  



 

8 

1.4 Scope of the thesis 

The goal of this thesis is to prepare as pure as possible ε-, χ-, and θ-Fe-carbides in order 

to understand the reaction mechanism of the conversion of synthesis gas to useful chemicals. 

The insights into their preparation and catalytic applications provide a basis for the further 

exploration of the potential of phase-pure Fe-carbide-based catalysts in practical settings. An 

important requirement in the synthesis of the phase-pure Fe-carbides is to use straightforward 

approaches that can be scaled up. In situ and operando characterization techniques are 

employed to understand key aspects of the preparation and activation of the catalysts as well 

as their catalytic performance (activity, selectivity and stability) during the FT reaction. The 

main characterization methods employed in this thesis are in situ XRD, high-pressure in situ 

Mössbauer spectroscopy and environmental transmission electron microscopy. Catalytic 

performance tests are carried out at in flow reactors ranging from lab-scale reactors working 

at atmospheric and high pressure up to pilot-scale reactors working under close to industrial 

conditions. Besides considering activity and product distribution, the stability of these 

materials was also investigated. Steady-state isotopic transient kinetic analysis (SSITKA) 

together with density functional theory (DFT) calculations and microkinetics simulations 

support the interpretation of mechanistic aspects of the FT synthesis reaction. Efforts are 

made to explore the potential of the novel active phases for specific commercial applications.  

In Chapter 2, we present a novel and scalable method to obtain a stable and phase-pure 

ε-Fe-carbide FT catalyst with a very low intrinsic CO2 selectivity. The method starts from 

Raney-Fe and can also be applied to supported Fe catalyst precursors. The catalytic results 

demonstrate the potential of phase-pure ε-Fe-carbide in reducing the CO2 selectivity of Fe-

based FT catalysts.  

In Chapter 3, we describe a direct one-step approach to convert synthesis gas to C2-C10 

linear α-olefins (LAOs) comprising a novel phase-pure χ-Fe-carbide catalyst, which is 

highly active, selective, and stable at a mild reaction temperature of 250oC. The favorable 

aspects of the catalytic chemistry provide a solid basis for the further exploration of the 

potential of phase-pure χ-Fe5C2-based catalysts, which can also be employed in a broader 

range of applications targeting for instance alcohols, aromatics, and jet fuels from synthesis 
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gas, which can be derived from conventional and renewable carbon feedstock.  

In Chapter 4, we investigate the preparation of pure Fe-carbides being a combination of 

θ-carbide and χ-carbide for high-temperature Fischer-Tropsch applications. The work uses 

again a facile preparation method targeted at θ-carbide, completing the exploration in this 

thesis of the main Fe-carbides relevant to FT chemistry. We explore the carbide formation 

rules by CO- or H2/CO-TPSR followed by in situ XRD and Mössbauer spectroscopy. We 

conclude that the surface oxygen layer, the carburization temperature and the H2/CO ratio are 

key factors determining the formation pathways towards ε-, χ-, and θ-carbide. The resulting 

catalyst shows a high CO conversion activity with excellent stability in a wide temperature 

range up to 325 oC with a product distribution focused on liquid transportation fuels.  

 To understand the kinetics of phase-pure carbides, we compare in Chapter 5 the 

kinetic properties of phase-pure ε-Fe-carbide with those of a metallic cobalt catalyst. 

Catalytic performance tests under various CO and H2 partial pressures and steady-state 

isotopic transient kinetic analysis (SSITKA) are employed to demonstrate kinetic issues. CO 

dissociation is the rate-limiting step for cobalt, while slow hydrogenation reactions limit the 

rate on iron carbide, which is attributed to a low H coverage and strong binding of carbon to 

Fe-carbide. The intrinsic activity of metallic cobalt and ε-Fe-carbide are compared by a 

transient kinetic analysis, emphasizing active site distributions of specific activity. In this way, 

it is found that the activity of cobalt mostly derives from one type of active site, whereas the 

ε-Fe-carbide surface contains different sites with contributions of sites operating under 

Langmuir-Hinshelwood and Mars-Van Krevelen mechanisms. 

This thesis is concluded in Chapter 6 with a summary of the work done on Fe-carbides, 

emphasizing the main conclusions and presenting an outlook on possible applications and 

future work related to remaining questions. 
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CHAPTER 2 
 

Synthesis of Stable and Low-CO2 Selective ε-
Iron Carbide Fischer-Tropsch Catalysts 

Abstract 

The Fe-catalyzed Fischer-Tropsch synthesis reaction is the core of the coal-to-liquids 

(CTL) process, which is an efficient route to convert coal into liquid fuels via synthesis gas (a 

mixture of CO and H2). Conventional Fe-based FT catalysts convert typically 30% of the 

feed CO to undesirable CO2 during the FT step. A decrease of CO2 production in FT units 

can reduce the profitability of the overall CTL process. In this context, we synthesized phase-

pure ε-Fe-carbide FT catalysts by carefully controlling the pretreatment and carburization 

conditions starting from Raney Fe. The resulting phase-pure Fe-carbide exhibits a low CO2 

selectivity during the Fischer-Tropsch reaction. The developed preparation method can be 

applied to supported Fe catalysts and does not require expensive starting chemicals. The 

purity and durability of as-synthesized phase-pure ε-Fe-carbide catalyst under FT conditions 

were characterized in detail by in situ characterization techniques. A bulk phase-pure ε-Fe-

carbide catalyst operated at 23 bar, 235 oC and a H2/CO ratio of 1.5 shows stable performance 

with no deactivation during a 150 h pilot test. The catalyst is free of primary CO2 formation 

and presents reduced secondary CO2 formation compared to conventional Fe-based FT 

catalysts. These findings contribute to the development of new Fe-based FT catalysts for CTL 

processes. 
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2.1 Introduction  

Coal is so far the most plentiful fossil energy source, nearly four times more abundant 

than petroleum oil or natural gas (1, 2). Efficient use of coal is pivotal to domestic economies 

that are rich in coal. For instance, China represents the largest coal market in the world and is 

expanding its coal-to-liquids (CTL) technology by ~2% per year. By 2020, CTL is expected 

to account for 15% of the coal use in China (3). Accordingly, there is a large incentive to 

improve current CTL technology, which can convert coal into liquid fuels and valuable 

chemicals (4, 5). The CTL process consists of four stages, namely (ⅰ) synthesis gas 

production by coal gasification, (ⅱ) the water-gas shift (WGS) reaction, (ⅲ) Fischer–Tropsch 

(FT) synthesis (6-9), and (ⅳ) product upgrading. In the context of coal-based FT synthesis, 

Fe-based catalysts are preferred over Co-based ones due to their tolerance to sulfur, low cost 

and high operational flexibility (10, 11). A well-known issue with Fe-based catalysts is that 

they typically convert 30% of the CO reactant to CO2 as a by-product instead of nearly 

exclusively H2O as for Co (7, 8, 12).  

Considering the oxygen balance of the overall CTL process, oxygen is introduced as 

H2O and O2 during synthesis gas production (coal gasification), and is eventually removed as 

CO2 in the WGS section and as CO2 and H2O in the FT synthesis section (9, 12). Although 

the total amount of CO2 (WGS + FT) to be released is constant (Appendix 2.1), CO2 

produced in the FT synthesis reactor not only decreases CO conversion, therefore requiring a 

higher recycle rate to obtain high overall CO conversion, but it also occupies part of the gas 

hold-up of the CTL plant, leading to additional energy consumption for heating, compression 

and separation (7-9, 13). Taking into account these aspects, we estimated the annual energy 

consumption as a function of the CO2 selectivity in the FT reaction (excluding as a first 

approximation CO2 from the WGS reaction, Appendix 2.2 for calculation). Figure 2.1 shows 

that eliminating CO2 formation in the FT reactor can substantially decrease operational cost. 

Eliminating CO2 production in the FT reactor implies that all CO2 is generated in the WGS 

reactor. This is meaningful as concentrated CO2 stream will make CO2 sequestering more 

feasible, which is important for carbon capture and storage/utilization strategies in the context 
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of mitigating climate change (14, 15). Thus, it is worthwhile to develop an Fe-based FT 

catalyst with an as low as possible CO2 selectivity. 
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Figure 2.1 The influence of the CO2 selectivity in the FT reaction on the annual (8000 h per year) 
energy consumption of a 500 kton/a liquid fuel production FT plant (including reactor, heater, 
compressor and separator). 

 

The complexity of Fe-based FT catalysts hinders the development of improved materials 

with a low CO2 selectivity (6, 8, 12, 16, 17). Depending on catalyst reduction, pre-treatment 

and carburization, such catalysts may contain metallic iron, iron oxide and iron carbides. 

Especially, the latter are thought to be crucial for FT performance and several iron carbides 

such as χ-Fe5C2, θ-Fe3C, ε(’)-Fe2(.2)C, and Fe7C3 have been identified as active phases for the 

FT reaction (18-21). De Smit et al. studied the stability of these carbide phases as a function 

of the carbon chemical potential (19, 20). With the aim to study their contribution to the FT 

reaction, several efforts have been made to synthesize pure iron carbides. Ma and co-workers 

introduced bromide in the preparation of bulk χ-Fe5C2 nanoparticles (22). Santos and co-

workers achieved highly dispersed χ-Fe5C2 particles with 86% purity by means of a metal 

organic framework-mediated synthesis. The CO2 selectivity at 340 oC, 20 bar, H2/CO = 1, 

and a SV of 30,000 ml/(gcat∙h) was about 47%, which is close to the theoretical upper limit of 

50% (23).  
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Among ε-Fe-carbides, ε-Fe2C and ε’-Fe2.2C share the same space group [P63/mmc (194)] 

and cell dimensions with carbon occupying the same octahedral interstices (O-carbides) in 

slightly different concentrations. Therefore, these phases show very similar chemical 

properties and are often considered as one phase, denoted hereafter as ε(’)-carbide (20, 24, 

25). ε(’)-carbides were also observed in activated FT catalysts but usually in low amounts as 

compared to χ-carbide. Moreover, these carbides are assumed to transform easily into the 

more stable χ-Fe5C2 during the FT reaction (20, 26-28). Jung and co-workers synthesized 

various active phase compositions from a precipitated iron-based catalyst by adding different 

amounts of CO2 into the synthesis gas used in the activation step (29, 30). Instructively, lower 

CO2 selectivity was observed for catalysts containing more ε(’)-carbide. The CO2 selectivity 

decreased form 38% to 31% when the ε(’)-carbide contribution increased from 6% to 13%. In 

line with this study, Xu et al. recently showed that a catalyst containing 73% ε(’)-carbide has 

a promising activity and a relatively low CO2 selectivity (20%) at a reaction temperature of 

200 oC (24).  

We summarized these and other relevant studies from which the dependence of CO2 

selectivity on active phase composition can be derived in Table 2.1. An important corollary 

of all of these studies is that it is very challenging to prepare phase-pure iron carbides. A 

higher contribution of ε(’)-carbides in the composite catalysts typically leads to a lower CO2 

selectivity, which suggests that this phase presents an inherent lower selectivity to undesired 

CO2 than other phases. Accordingly, we focused in the present work on the preparation of a 

catalyst containing a pure ε(’)-carbide phase.  
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Table 2.1 The relationships of Fe-based catalyst active phases and CO2 selectivity in references. 

Reference Active phase composition Reaction 
condition* 

CO2 
selectivity Preparation methodχ-carbide ε-carbide Fe oxides

Reference 
(23) 

86% - 14% 613 K, 20 bar,
H2/CO =1 

SV = 30,000 
ml/(gcat∙h) 

47% MOF-mediated

Reference 
(22) 

very high very low N.A. 543 K, 30 bar,
H2/CO = 2:1 
SV = 15,000 
ml/(gcat∙h) 

35% wet chemical

Reference 
(24) 

- 73% 27% 473 K, 30 bar,
H2/CO =2:1 
SV = 17,000 
ml/(gcat∙h) 

20% quenched skeletal

Reference 
(29) 

42% 6% 52% 548 K, 15 bar,
H2/CO = 1 

SV = 28,000 
ml/(gcat∙h)  

38% Precipitated

Reference 
(29) 

25% 9% 66% 548 K, 15 bar,
H2/CO = 1 

SV = 28,000 
ml/(gcat∙h) 

33% Precipitated

Reference 
(29) 

15% 13% 72% 548 K, 15 bar,
H2/CO = 1 

SV = 28,000 
ml/(gcat∙h) 

31% Precipitated

* SV = space velocity. 
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2.2 Results and discussion 

2.2.1 Preparation and characterization of phase-pure ε(’)-carbides  

We present a novel preparation method to obtain pure ε(’)-carbide by carefully 

controlling reduction, pre-treatment and carburization conditions. The approach consists of (i) 

fully reducing the iron precursor in a H2 flow, (ii) pre-treating the metal precursor in dilute 

synthesis gas (H2/CO/N2 = 2/1/10) at 170 oC for 40 min, and (iii) slowly ramping to 250 oC at 

a rate of 0.5 oC/min in synthesis gas with a H2/CO/N2 = 3/2/2 composition for 6 h. The 

reduction temperature of the first step depends on the iron precursor, while the latter two 

steps constitute the carburization towards iron carbide. Notably, this approach can be applied 

to any reducible iron precursor, avoiding the use of expensive or toxic chemicals. Moreover, 

its simplicity means that we can carry out this procedure in different types of reactors 

including an in situ reactor device for Mössbauer spectroscopy characterization and an 

industrial pilot-scale reactor.  

To showcase our approach, we prepared an unsupported catalyst using Raney-Fe as a 

starting material (denoted as R-Fe) and a silica-supported Fe catalyst (denoted as Fe/SiO2). 

Preparation methods are available in the Appendix 2.3. The resulting ε(’)-carbide catalysts 

show an unexpected stability and low CO2 selectivity in the FT reaction. In section 2.2.1.1 

we focus on the preparation and characterization study of R-Fe phase-pure ε(’)-carbides, 

while corresponding data for the Fe/SiO2 phase-pure ε(’)-carbides are collected in section 

2.2.1.2.  
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2.2.1.1 Phase-pure ε(’)-carbides derived from Raney-Fe 

We use in situ XRD to follow the phase changes of the iron precursor during the 

described procedure. The in situ XRD pattern of the reduced Raney-Fe powders sample, 

denoted by R-Fe, shows the predominance of metallic Fe after reduction (Figure 2.2a). After 

pre-treatment at 170 oC in synthesis gas with H2/CO = 2, the XRD pattern hardly changes, 

implying that the bulk metallic iron phase is maintained during this pre-treatment step 

(Figure 2.2a). On the other hand, the TPH profile of the pre-treated sample in Figure 2.2b 

reveals that surface carbon has been deposited on the metallic iron surface. This type of 

carbon can be hydrogenated to methane at 350 oC. As the XRD intensities of the metallic iron 

component in the pre-treated sample are hardly affected by the exposure to synthesis gas, we 

conclude that most of the deposited carbon remains on the surface and it does not lead to bulk 

iron carbides. In situ XRD after the carburization shows that phase-pure ε(’)-carbide was 

obtained after the carburization step (PDF#36-1249). The 2θ values of the three strongest 

peaks are at 43.15o, 41.46o and 37.61o, representing ε(’)-carbide (111), (002), and (110) 

planes respectively, which are very close to the values of 43.24o, 41.44o, 37.71o in PDF#36-

1249. The TPH profile shows the typical characteristics of carbon species in ε(’)-carbide in 

line with an earlier study (31). In situ Mössbauer spectra (Figure 2.3) following the same 

procedure confirm that the as-synthesized catalyst contains pure ε(’)-carbide (Table 2.2). The 

Mössbauer spectroscopy measurements recorded under realistic FT conditions also 

demonstrate that the formed ε(’)-carbide is stable under conditions close to those used in 

industrial practice.  
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Figure 2.2 Investigation of ε(’)-carbide formation. (a) In situ XRD patterns of reduced (black), pre-

treated (blue) and carburized (red) R-Fe catalyst. (b) TPH profiles of pre-treated (blue) and carburized (red) 

R-Fe catalyst. Carbide synthesis procedure: (1) reduction: H2 flow, 1 bar, 430 oC, 1 h; (2) pre-treatment: 

H2/CO = 2, 1 bar, 170 oC, isothermal period 40 min; (3) carburization: H2/CO = 1.5, 1 bar, ramping from 

170 oC to 250 oC at a rate of 0.5 oC/min, isothermal period 1 h. 
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Figure 2.3 In situ Mössbauer spectroscopy of R-Fe catalysts. (a) Pre-treated at H2/CO = 2, 1 bar, 170 oC 

for 40 min, followed by ramping to 250 oC at a rate of 0.5 oC/min, dwelling for 1 h; (b) H2/CO = 1.5, 23 

bar, 235 oC for 12 h; (c) H2/CO = 1.5 with saturated vapor water at 35 oC, 23 bar, 250 oC for 12 h. 

Mössbauer data acquired at 4.2 K. 
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Table 2.2 Composition of iron phases of R-Fe catalyst obtained by in situ Mössbauer spectroscopy 
after carburization and during FT reaction simulation (corresponding to Figure 2.3). 

Sample/ 
Treatment 

IS 

(mm/s) 
QS 

(mm/s) 
Hyperfine 

field (T) 
Γ 

(mm/s) Site
Site 

contribution 

(%) 
Phase 

Carbide 
Contribution 

(%) 
After 
Carburization 

0.28 
0.24 

- 
- 

18.7 
25.3 

0.56 
0.86 

I 
II 

89 
11 

ε’-Fe2.2C 
ε -Fe2C 

61 
39 

FT reaction  
H2/CO=1.5 
235 °C, 
23 bar, 12 h 

0.26 
0.22 

- 
- 

18.8 
25.2 

0.68 
0.68 

I 
II 

88 
12 

ε’-Fe2.2C 
ε -Fe2C 

58 
42 

FT reaction 
H2/CO=1.5 
0.75 bar steam 
250 °C, 
23 bar, 12 h 

0.28 
0.23 

- 
- 

18.8 
25.4 

0.57 
0.57 

I 
II 

92 
8 

ε’-Fe2.2C 
ε -Fe2C 

72 
28 

Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm/s; Quadrupole splitting: Q.S. ± 0.02 mm/s; Line 

width: Γ ± 0.03 mm/s; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%.  

*Site I contains contributions from both ε’-Fe2.2C and ε-Fe2C. 

 

In the course of our investigations, we found it is essential to fully reduce the iron 

precursor prior to the pre-treatment steps. Otherwise, the final catalyst will be composed of a 

mixture of iron oxide and iron carbide, as usually observed in conventional Fe-based FT 

catalysts. As presented in Figure 2.4, in situ XRD patterns show that Fe3O4 cannot be 

carburized in synthesis gas at 250 oC. The formation of ε(’)-carbide will then not take place 

and instead χ-carbide is formed. The corresponding in situ Mössbauer spectroscopy 

experiment confirms that carburization of Fe3O4 hardly proceeds and will only lead to χ-

carbide (Figure 2.5 and Table 2.3). It is observed that the incompletely reduced iron 

precursor changes, during FT conditions, in terms of Fe-carbide composition. Thus, iron 

precursor reduction is important for obtaining stable phase-pure ε(’)-iron carbide. 
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Figure 2.4 In situ XRD patterns of the R-Fe catalyst throughout the ε(’)-carbide formation. (a) 

Reduction: H2 flow, at 1 bar, 275 oC, 1 h. Notably this condition results in an insufficient reduction. (b) 

Pre-treatment: H2/CO = 2, 1 bar, 170 oC, 40 min. (c) Carburization: H2/CO = 1.5, 1 bar, ramping from 170 

to 250 oC at a rate of 5 oC/min, kept for 60 min. 
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Figure 2.5 In situ Mössbauer spectra of insufficiently reduced R-Fe catalyst recorded in different 
stages. (a) Reduced in H2 flow, at 1 bar, 275 oC for 1 h. Notably the sample was not fully reduced at this 

condition. (b) The sample was carburized at the condition of H2/CO = 2, 1 bar, 170 oC and kept for 40 min 

followed by carburization at a condition of H2/CO = 1.5, 1 bar, 250 oC, kept for 1 h. The data were 

acquired at 4.2K. 
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Table 2.3 Composition of iron phases of insufficiently reduced R-Fe catalyst obtained by in situ 
Mössbauer spectroscopy during carburization and FT reaction simulation (corresponding to Figure 

2.5). 
Sample/ 
Treatment 

IS 

(mm/s) 
QS 

(mm/s) 
Hyperfine 

field (T) 
Γ 

(mm/s) Site
Site 

contribution 

(%) 
Phase 

Phase 
Contribution 

(%) 
Insufficiently 
Reduced by H2 

0.00 
0.34 
0.38 

- 
-0.01 
0.00 

34.1 
50.9 
47.2 

0.35 
0.65 
0.65 

I 
I 
II 

64 
24 
12 

Fe 
Fe3+ 

64 
36 

Raney Fe 
Carburized 

0.25 
0.22 
0.21 
0.20 
0.28 
0.38 
0.72 

- 
- 
- 
- 

0.02 
-0.45 
-0.04 

18.6 
25.4 
20.4 
12.7 
50.7 
45.7 
46.5 

0.46 
0.61 
0.61 
0.61 
0.77 
0.77 
0.77 

I 
I 
II 
III 
I 

II 
I 

37 
14 
15 
6 

16 
7 
5 

ε’-Fe2.2C 
χ-Fe5C2 

 
 

Fe3+ 

 
Fe2+ 

37 
35 

 
 

23 
 

5 
FT reaction, 
H2/CO=1.5 
saturator 
235 °C, 
23 bar, 24 h 

0.24 
0.25 
0.19 
0.22 
0.31 
0.70 

- 
- 
- 
- 

-0.04 
-0.65 

18.6 
25.2 
20.8 
13.0 
51.3 
48.5 

0.45 
0.62 
0.62 
0.62 
0.63 
0.63 

I 
I 
II 
III 
I 

I 

47 
15 
14 
7 

12 
5 

ε’-Fe2.2C 
χ-Fe5C2 

 
 

Fe3+ 

Fe2+ 

47 
36 

 
 

12 
5 

FT reaction, 
H2/CO=1.5 
0.75 bar 
steam 
250 °C, 
23 bar, 12 h 

0.25 
0.21 
0.19 
0.22 
0.32 
0.48 
0.70 

- 
- 
- 
- 

0.02 
-0.29 
-0.70 

18.6 
25.6 
20.5 
12.0 
50.9 
44.9 
48.8 

0.43 
0.55 
0.55 
0.55 
0.64 
0.64 
0.64 

I 
I 
II 
III 
I 

II 
I 

38 
15 
15 
7 

13 
5 
7 

ε’-Fe2.2C 
χ-Fe5C2 

 
 

Fe3+ 
 

Fe2+ 

38 
37 

 
 

18 
 

7 
Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm/s; Quadrupole splitting: Q.S. ± 0.02 mm/s; Line 
width: Γ ± 0.03 mm/s; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%.  

 

We also explored the influence of the particle size of the reduced Fe precursor on ε(’)-

carbide formation. The in situ XRD patterns in Figure 2.6a of metallic Fe precursors 

obtained by reduction at different reduction temperatures and times demonstrate the 

formation of metallic Fe particles ranging in average size from 23 nm to 41 nm. In situ XRD 

patterns obtained after carburization for these samples (Figure 2.6b) show that carburization 

is slower for larger metallic Fe particles. Notably, carburization of Fe particles larger than 30 

nm results in a mixture of ε(’)-carbide and χ-carbide instead of phase-pure ε(’)-carbide. We 

speculate that this is due to an insufficient carbon diffusion rate in large metallic Fe particles 

during the carburization step. Specifically, the Fe particles of the R-Fe and Fe/SiO2 reference 

materials are 27 nm and 19 nm, respectively, which lead to the formation of phase-pure ε(’)-

carbide. 
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Figure 2.6 In situ XRD patterns of (a) reduced and (b) carburized samples. (A) R-Fe reduced at 275 
oC for 2 h; (B) R-Fe reduced at 430 oC for 1 h; (C) R-Fe reduced at 430 oC for 6 h; (D) R-Fe reduced at 

600 oC for 1 h; (E) Sample prepared by precipitation, reduced at 375 oC for 2 h; (F) Sample prepared by 

precipitation, reduced at 430 oC for 2 h. 

 

Next we discuss the importance of exposure to synthesis gas at relatively low 

temperature for obtaining phase-pure ε(’)-carbide. Without this step, again a mixture of ε(’)-

carbide and χ-carbide is obtained according in situ XRD (Figure 2.7). This result underpins 

the importance of carbon species formed during the pre-treatment step to ε(’)-carbide 

formation. During carburization, there is competition of carbon atoms for bulk phase 

diffusion, hydrogenation and graphitic carbon formation. As it has been reported that the 
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formation of ε(’)-carbide phase requires low temperature and high carbon chemical potential 

(20), we speculate that pre-deposited carbon may deactivate the surface sufficiently to 

facilitate the formation of ε(’)-carbide instead of χ-carbide.  

 

 
Figure 2.7 XRD patterns of the R-Fe catalysts synthesized following different treatment procedures. 
(a) The catalyst was synthesized following (i) reduction: H2 flow, 1 bar, 430 oC, 1 h; (ii) pre-treatment: 

H2/CO = 2, 1 bar, 170 oC, 40 min; (iii) carburization: H2/CO = 1.5, 1 bar, ramping from 170 to 250 oC at a 

rate of 0.5 oC/min, kept for 1 h. (b) The catalyst was synthesized following (i) reduction: H2 flow, 1 bar, 

430 oC, 1 h; (ii) carburization: H2/CO = 1.5, 1 bar, ramping from 50 to 250 oC at a rate of 0.5 oC/min, 1 h. 

 

To study the carburization process in more detail, environmental TEM was employed. 

Figure 2.8a presents high-resolution TEM images of a crystal after carburization for 20 min. 

The fast Fourier Transform (FFT) of the selected area in Figure 2.8a emphasizes that the 

large crystal consists of two different structures. The FFT in Figure 2.8b is comprised of 

inner and outer symmetric spots belonging to lattice spacings of 2.1 Å (blue circle) and 2.0 Å 

(red circle), representing Fe(110) and ε-Fe2C(101) planes, respectively. The mismatch angle 

of 4.7° between the inner and outer spots indicates the tilting angle between these two planes 

in the crystal. The filtered image in real space as shown in Figure 2.8c represents the inverse-

FFT (IFFT) of the selected area in Figure 2.8a (dotted square). According to the spacing of 

lattice fringes, Fe is located near the core of the crystal (right side of Figure 2.8c) and ε-Fe2C 

on the surface (interface indicated by the dash-dot line). Some dislocations are observed at 
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the interface (marked by “T” in Figure 2.8c), where extra rows are visible in the Fe phase to 

compensate the lattice mismatch. By selecting deflection spots in Figure 2.8b, the 

distribution of Fe (Figure 2.8d) and ε-Fe2C (Figure 2.8e) can be highlighted in real space, 

suggesting that ε-Fe2C grows epitaxially on the surface of Fe.  

 

 

 
Figure 2.8 Observation of ε(’)-carbide formation by environmental TEM. A well-ground sample was 

in situ reduced in a H2 flow at 430 oC for 20 h. Subsequently, the sample was exposed to a synthesis gas 

flow (H2/CO = 2.4/1.2) at 170 oC for 20 min. During this dwell, HRTEM images were taken. (a) HRTEM 

image. (b) Fast Fourier transform of selected area. (c) Inverse fast Fourier transform (IFFT) image. (d) 

IFFT image of α-Fe. (e) IFFT image of ε-Fe2C. 
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2.2.1.2 Fe/SiO2 phase-pure ε(’)-carbide 

Similar to R-Fe, complete reduction of the Fe in the Fe/SiO2 precursor is important for 

obtaining phase-pure ε(’)-carbide supported on silica. Figure 2.9a shows that the same 

reduction procedure as used for R-Fe predominantly leads to metallic Fe. Treatment in 

synthesis gas (H2/CO = 2) at 170 oC does not change the XRD pattern (Figure 2.9b), which 

implies that at this stage Fe-carbide is not formed yet. After carburization, the XRD pattern 

changes to that of the P63/mmc (194) space group (Figure 2.9c), consistent with ε(’)-carbide 

formation (PDF#89-2005). The 2θ values of the three strongest peaks are at 43.13o, 41.56o 

and 37.61o, representing ε(’)-carbide (111), (002), and (110) planes respectively, which are 

very close to the values of 43.24o, 41.44o, 37.71o in PDF#89-2005. Correspondingly, 

operando Mössbauer spectra following the same procedure proves that the carburized catalyst 

contains exclusively ε(’)-carbide. Notably, the Fe in carburized Fe/SiO2 is mostly ε-Fe2C, 

which is different from carburized R-Fe.  

 

 
Figure 2.9 In situ XRD patterns of the Fe/SiO2 catalyst throughout the ε(’)-carbide synthesis 
procedure. (a) Reduction: H2 flow, 1 bar, 430 oC, 1 h. (b) Pre-treatment: H2/CO = 2, 1 bar, 170 oC, 40 min. 

(c) Carburization: H2/CO = 1.5, 1 bar, ramping from 170 to 250 oC at a rate of 0.5 oC/min, kept for 1 h. 
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Figure 2.10 In situ Mössbauer spectra of Fe/SiO2 catalysts. (a) In situ reduced at 430 oC for 24 h 

followed by a pre-treatment for 40 min at the condition of H2/CO = 2, 1 bar, 170 oC, and then ramped to 

250 oC at a rate of 0.5 oC/min and kept for 1 h; (b) the sample was subsequently exposed to the condition 

of H2/CO = 1.5, 23 bar, 235 oC and kept for 12 h; (c) afterward switched to the condition of H2/CO = 1.5, 

saturated by vapor at room temperature, 23 bar, 250 oC  and kept for 12 h. The data of (a), (b) were 

acquired at 120 K, (c) were acquired at 4.2 K. 
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Table 2.4 Composition of iron phases of Fe/SiO2 catalyst obtained by in situ Mössbauer spectroscopy 
after carburization and during FT reaction simulation (corresponding to Figure 2.10). 
Sample/ 
Treatment 

IS 

(mm/s) 
QS 

(mm/s) 
Hyperfine 

field (T) 
Γ 

(mm/s) Site
Site 

contribution 

(%) 

Metal/ 
Carbide 

Carbide 
Contribution 

(%) 
After 
carburization 

0.00 
0.25 

- 
- 

34.0 
11.7 

0.41 
0.86 

-

- 
- 
- 

Fe0 
FexC 

39 
61 

FT reaction 
H2/CO=1.5 
235 °C, 
23 bar, 12 h 

0.24 
0.25 

- 
- 

18.6 
24.0 

0.54 
0.57 

I 
II 

72 
28 

ε’-Fe2.2C 
ε -Fe2C 

 

2 
98 

FT reaction 
H2/CO=1.5 
0.75 bar steam 
250 °C, 
23 bar, 12 h 

0.25 
0.25 

- 
- 

18.9 
24.8 

0.58 
0.58 

I 
II 

73 
27 

ε’-Fe2.2C 
ε -Fe2C 

 

5.5 
94.5 

Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm/s; Quadrupole splitting: Q.S. ± 0.02 mm/s; Line 

width: Γ ± 0.03 mm/s; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%. 
*Site I contains contributions from both ε’-Fe2.2C and ε-Fe2C. 
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2.2.2 Catalytic performance of phase-pure ε(’)-carbide  

Catalytic tests were performed in a fixed-bed reactor under typical industrial conditions, 

namely at 235 oC, a H2/CO ratio of 1.5, a pressure of 23 bar and a SV of 18000 ml/(gcat∙h). 

Most attractively, the CO2 selectivity is as low as 5% (Figure 2.11a), which is significantly 

lower than values reported for conventional Fe-based catalysts under similar conditions (8, 12, 

32, 33). The catalytic performance of phase-pure ε(’)-iron carbide in Fe/SiO2 was also 

determined (Figure 2.12). This catalyst presents an even lower CO2 selectivity of 0.8%, 

which compared favorably to the carburized R-Fe catalyst (Figure 2.12a). As discussed 

earlier, a low CO2 selectivity in FT synthesis will reduce operational expenditure and increase 

plant productivity. It is also important to note that the activities of both the R-Fe catalyst and 

the Fe/SiO2 catalyst are stable during 150 h time on stream.  

Usually, it is assumed that ε(’)-carbide phases are not stable under FT conditions (20). 

De Smit et al. reported that ε(’)-carbide is unstable and transforms into χ-carbide. To verify 

the stability of phase-pure ε(’)-carbide, we employed high pressure in situ Mössbauer 

spectroscopy to monitor the phase composition of the phase-pure ε(’)-iron carbides in R-Fe 

and Fe/SiO2 under FT reaction condition. As shown in Figure 2.3 and Table 2.2, under 

typical FT reaction conditions (235 oC, 23 bar, 12 h), the Fe phase distribution of the R-Fe 

catalyst does not change and the active phase remains pure ε(’)-carbide. Corresponding in 

situ Mössbauer experiments for the Fe/SiO2 sample in Figure 2.10 and Table 2.4 confirm this 

for the supported sample. In contrast, an insufficiently reduced R-Fe precursor earlier 

discussed in Figure 2.5 and Table 2.3, results in significant changes in the Fe phase 

distribution during the in situ Mössbauer measurements. These findings emphasize the high 

stability of phase-pure ε(’)-carbide and indicate the instability of mixed phases obtained after 

incomplete reduction of the Fe precursor.  

To evaluate whether the formed phase-pure ε(’)-carbide are also stable at higher 

temperature, we increased the reaction temperature from 235 oC to 250 oC for 25 h, followed 

by a decrease to 235 oC. Figure 2.11b and Figure 2.12b show that the CO conversion and 

CO2 selectivity of both R-Fe and Fe/SiO2 phase-pure ε(’)-iron carbide catalysts were higher 

at 250 oC and regained their previous levels again after the reaction temperature was lowered 

to 235 oC. This suggests that the phase composition does not change during this temperature 
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excursion, which is furthermore confirmed by a similar in situ Mössbauer experiment 

(Figure 2.3c and Figure 2.10c). Considering the fact that the CO conversion in the in situ 

Mössbauer setup may be limited by mass transport, we saturated the synthesis gas in the feed 

with water vapour (p(H2O) = 0.75 bar) to mimic the water partial pressure at higher CO 

conversion representative for more practical FT reaction conditions. Promisingly, after 

operating under these conditions for 12 h at 250 oC, both carburized catalysts remained 

composed of pure ε(’)-iron carbide. In summary, the catalytic tests and in situ Mössbauer 

spectroscopy characterization reveal that the low and stable CO2 formation rate is related to 

the good thermal stability of ε(’)-carbide at industrially relevant conditions.  
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Figure 2.11 FT performance of the R-Fe catalyst as a function of TOS. (a): H2/CO = 1.5, 23 bar, 235 
oC, SV = 18000 ml/(gcat∙h). (b) After 175 h time on stream, the reaction temperature was increased to 250 
oC and kept there for 24 h followed by a decrease to 235 oC. 
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Figure 2.12 FT performance of Fe/SiO2 catalyst containing only ε(’)-carbide as a function of time on 
stream (TOS): (a) CO conversion and product distribution at H2/CO = 1.5, 23 bar, 235 oC, SV = 18000 
ml/(gcat∙h). (b) CO conversion and CO2 selectivity during a temperature excursion to 250 oC for 50 h. 
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Using the phase-pure ε(’)-carbide R-Fe, we investigated the influence of CO conversion 

on the CO2 selectivity (Figure 2.13). To achieve this, the total flow rate was varied at 

constant H2/CO ratio. Earlier, it was found that CO2 formation on Fe-based FT catalysts can 

be separated in primary CO2 and secondary CO2 (34). Primary CO2, defined as the CO2 

selectivity obtained by extrapolating selectivity to zero CO conversion, represents CO2 

formed directly from CO dissociation. The remainder is assigned as secondary CO2 involving 

the WGS reaction, which accordingly increases with increasing CO conversion and H2O 

partial pressure (34). Figure 2.13 shows that the ε(’)-carbide catalyst is free of primary CO2, 

implying that the O atoms released by CO dissociation are exclusively removed as H2O. We 

contrast this result with an earlier study (32, 34), which shows a primary CO2 selectivity of 7-

15% at comparable conditions. The increasing CO2 selectivity at higher CO conversion is due 

to the WGS reaction of CO reactant with the primary H2O product (12). Conventional Fe-

based FT catalysts are a mixture of metallic Fe, Fe-oxides and Fe-carbides, which can all 

contribute in principle to primary and secondary CO2 formation (19, 32, 33). Considering the 

absence of primary CO2 on ε(’)-carbide, we can relate the formation of CO2 as a primary 

product to the presence of metallic Fe or Fe-oxides. As metallic Fe is seldom observed in 

active Fe-based FT catalysts, we conclude that primary CO2 formation is due to Fe-oxides 

present in conventional Fe FT catalysts (35, 36). This is consistent with magnetite (Fe3O4) 

being considered the main active phase in commercial WGS catalysts. We point out that 

secondary CO2 formed via the WGS reaction in the FT reactor strongly depends on the H2O 

partial pressure in the FT reactor. Accordingly, it can be controlled to some extent by the way 

the reaction is carried out.  
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Figure 2.13 CO2 selectivity as a function of CO conversion on R-Fe (solid) and Fe/SiO2 (open) 
catalysts at different temperatures. The CO conversion is varied by adjusting the flow rate at constant 
H2/CO ratio. 
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2.3 Conclusions 

In this work, we developed a generally applicable synthesis approach to obtain phase-

pure ε(’)-carbide catalysts. The preparation of ε(’)-carbide is based on careful control of the 

reduction and carburization conditions. This approach was developed for an unsupported 

Raney-iron precursor and was validated for silica-supported catalysts. Several 

characterization techniques were employed to clarify the formation and phase composition of 

the Fe phases. Complete reduction of the Fe precursor is pivotal to obtain phase-pure ε(’)-

carbide. CO dissociation at the metallic Fe surface generates C atoms that diffuse in the Fe 

bulk, the process being imaged by environmental TEM. In situ XRD and Mössbauer 

spectroscopy evidence the formation of phase-pure ε(’)-carbide in unsupported and silica-

supported catalysts. These catalysts present a high phase stability and low CO2 selectivity 

under industrial FT reaction conditions. Kinetic measurements prove that phase-pure ε(’)-

carbide is free of primary CO2. These insights provide an incentive for the optimization of 

Fe-based FT catalysts towards phase-pure carbides for intensified CTL processes including 

addressing the aspect of CO2 sequestration.  
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Appendix 2 

Appendix 2.1 The mass balance calculation of CTL process 

(ⅰ) Gasification stage 

A. C + H2O → H2 + CO  

B. C + ½ O2 → CO 

(ⅱ) Water-gas shift stage 

C. CO + H2O → CO2 + H2 

(ⅲ) Fischer-Tropsch synthesis stage 

D. 2 CO + H2 → CO2 + CH2 

E. CO + 2 H2 → H2O + CH2 

In the (ⅰ) gasification unit, reactions A and B proceed in a ratio of  (0 < a < 1) and we 

set the total C consumption at unity. The synthesis gas produced in the gasification unit then 

undergoes the (ⅱ) water-gas shift (WGS) reaction with an extent of c (e.g., c = 0.5 means that 

half of the CO is converted to CO2 in the WGS unit). Thereafter, the synthesis gas fed to the 

(ⅲ) FT unit is converted to CnH2n, H2O and CO2. The ratio of reactions D and E is 

determined by the H2/CO ratio of the synthesis gas, i.e., the CO2 selectivity in FT is a 

function of the H2/CO ratio of the synthesis gas entering the FT unit. Mass balance 

calculation yields the following: 

1) total H2O input (gasification + WGS) is c + a; net H2O consumption (gasification + 

WGS – FT) is ;  

2) Total CH2 production (FT) is  

3) Total CO2 release (WGS + FT) is   
4) Total O input (O2 and H2O) is  

Based on these considerations, we can draw the following intermediate conclusions: 

1) Total CO2 release depends on the ratio of the gasification reactions A and B, but is 

independent on the extent of the WGS reaction (reaction C); 

2) The total O input equals the O removed by CO2; 
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3) The extent of the WGS governs the ratio of the CO2 released in WGS and FT; 

4) Overall CO2 selectivity is between 1/3 and 2/3, depending of the ratio of reaction A 

and B; 

5) Net H2O consumption equals the total CH2 production. 
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Appendix 2.2 Energy consumption calculation 

 

 
Figure 2.14 Model of a FT plant - synthesis gas after the WGS unit is pre-heated prior to entering FT 

reactor. The products are sequentially separated by a first gas-liquid separator, a second gas-liquid separator, 

and an oil-water separator to finally achieve diesel, naphtha, C1-C4 and water fractions. The tail gas is divided 

into two parts. Most of the tail gas (depending on the feed) is cycled back to the FT reactor to achieve high CO 

conversion, while the rest is released as off-gas. 
  

The energy consumption of the FT plant as a function of CO2 selectivity in the FT reaction 

is calculated using Aspen Plus 7.2. The calculations are done for a 500 kton/a oil product 

industrial FT plant (Figure 2.14). The molar rate entering the WGS unit is 15625±1 kmol/h 

(CO + H2) with a typical gasification output H2/CO ratio of 0.67 (37). Afterwards, the H2/CO 

ratio of the synthesis gas is adjusted by the WGS unit to the desired value that results in 

nearly complete synthesis gas conversion at a given CO2 selectivity. This feed (heated to 190 
oC after the WGS step) is used as input for this modelling. The results are listed in Table 2.5. 

The following assumptions are employed: 

1) The CO2 selectivity is varied by changing the ratio of reaction D and E in the FT unit. 

When synthesis gas is exclusively converted via reaction D, the CO2 selectivity is 

50%; when converted via reaction E, CO2 selectivity is zero. Therefore, a combination 

of reactions D and E results in a CO2 selectivity between 0 and 50%. 

2) One-pass CO conversion in the FT reactor (V = 1979 m3) is 60%; 

3) Reaction conditions: 235 oC, 23 bar; 
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4) The overall CO conversion in the FT reactor is 96.4±0.15 %, which is obtained by 

varying the recycle ratio of the tail gas;  

5) The C1-C4 (molar) selectivity is 7%; 

6) Catalyst deactivation is not taken into account; 

7) The energy efficiency is assumed to be 100% for the heater and 80% for the 

compressor.  

 

Table 2.5 FT plant modelling as a function of CO2 selectivity in FT reactor. 
CO2 selectivity (%) 0 8 15 20 25 35 40 50 

FT reactor H2/CO inlet ratio 2.00 1.76 1.55 1.40 1.25 0.95 0.80 0.50 

Inlet CO (kmol/h) 5218.8 5660.9 6126.6 6510.9 6943.8 8012.5 8681.3 10406.3

Inlet H2 (kmol/h) 10406.3 9964.1 9498.4 9114.1 8681.3 7612.5 6943.8 5218.8 

CO in offgas (kmol/h) 179.5 202.6 217.6 232.4 245.4 301.9 306.8 387.4 

H2 in offgas (kmol/h) 331.8 358.7 340.6 325.2 309.0 288.2 244.8 209.5 

Cycle ratio 0.8 1.3 1.8 2.2 2.6 3.8 4.4 6.0 

Compressor power (kw) 2719.3 4258.4 5797.1 7110.7 8497.8 11993.9 13912.0 18862.1

Heating power (kw) 78014.9 81252.2 85249.1 88436.4 91662.8 100465.0 103548.5 107771.5

CO2 production  
(kmol/h) 

0.0 408.2 842.5 1235.3 1617.0 2764.7 3158.6 4943.4 

C5+ production  
(kmol/h)* 

4619.3 4575.8 4558.4 4538.7 4534.4 4549.9 4540.1 4426.0 

* based on carbon number 
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Appendix 2.3 Preparation methods 

Raney-Fe precursor (R-Fe)  
5g Fe/Al alloy powder (50:50 by weight, 200 mesh, Hu’nan Xingyuan Powder Co.) was 

added into 20 ml KOH (AR, Sinopharm chemical Reagent Co., 8 mol/L) solution in a round 

bottom flask under stirring and heated to 70 ± 1 oC to dissolve Al in the alloy. Afterwards, K+ 

and AlO2
- ions in the solution were washed away by deionized water (10 times) and ethanol 

(7 times). The Fe sample powder was transferred into a sealable quartz tube in a glove box 

and subsequently dried in an Ar flow at room temperature for 6 h. The as-prepared porous Fe 

powder was kept in a glove box with an extra seal. Prior to further in situ characterization 

(XRD, Mössbauer spectroscopy) or catalytic activity measurement, the sample was 

passivated in a flow of 1% O2 in He at room temperature for 20 h. 

 

SiO2-supported Fe precursor (Fe/SiO2)  

A SiO2-supported Fe sample precursor was prepared by incipient wetness impregnation 

method of a SiO2 support (Q15, 120 mesh, SASOL) with an aqueous solution of 

Fe(NO3)3•9H2O (AR, Sinopharm chemical Reagent Co.). The sample was first dried at 80 oC 

for 12 h and 120 oC for 24 h, followed by calcination at 500 oC for 5 h in static air. 

 

Carbide synthesis 

In each run, 500 mg catalyst precursor diluted with 3 g quartz sand was loaded in a 

stainless-steel tubular fixed-bed reactor. The catalyst precursor was in situ reduced in H2 flow 

(20% H2 in N2, ambient pressure, 3750 ml/((gcat·h) at 280 ºC for 12 h for Raney-Fe sample, 

and at 430 ºC for 24 h for SiO2 supported Fe sample. The reactor was then cooled to 170 oC. 

Subsequently, the sample was pre-treated in a dilute syngas (16% H2/8% CO/76% N2, 

ambient pressure, 1.875 L/h) for 40 min. Thereafter, we adjusted the composition of syngas to 

43% H2/28.5% CO/28.5% N2 and increased flow rate to 5.25 L/h. Meanwhile the temperature 

was increased to 250 oC at a rate of 0.5 oC/min and kept for 6 h to carburize the sample 

further. After that, the reactor was cooled to 235 oC and pressurized to 23 bar to start the FT 

reaction.  
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Appendix 2.4 Characterization and catalytic test methods 

In situ X-ray diffraction (XRD)  

In situ X-ray diffraction (XRD) was carried out on a Rigaku D/max-2600/PC apparatus 

equipped with a D/teX ultra-high speed detector and scintillation counter. The X-ray 

generator consisted of a Cu rotating anode target with a maximum power of 9 kW. All the 

tests were operated at 40 mA and 40 kV. In situ XRD patterns were recorded in an Anton Par 

XRK-900 cell equipped with a CO/H2/inert gas inlet system. 

 

Temperature-programmed hydrogenation (TPH) 

Temperature-programmed hydrogenation (TPH) was conducted in a quartz tube reactor 

equipped with a mass spectrometer. Typically, 50 mg sample was in situ reduced and 

carburized before the TPH experiment. During the TPH, the temperature was increased from 

room temperature to 750 oC at a rate of 5 oC/min in a dilute H2 flow (20% H2 in He, 50 

ml/min in total).  

 

In situ Mössbauer spectroscopy  

High pressure Mössbauer spectroscopy was carried out in a state-of-the-art high-

pressure Mössbauer cell, which can work under industrial condition up to 25 bar and 723 K 

(Figure 2.15) (38). The powder sample is mounted inside the cell in holders containing 

graphite discs at the bottom and the cell is closed with gold plated metal C-rings. After 

passing through the water saturator, the inlet gas is pre-heated in a heating compartment, and 

flows through the catalyst bed from top to bottom. Transmission 57Fe Mössbauer spectra were 

collected at 4.2 K (liquid helium) with a sinusoidal velocity spectrometer using a 57Co(Rh) 

source. The source and the absorbing samples were kept at the same temperature during the 

measurements. Mösswinn 4.0 software was used for spectra fitting (39).  
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Figure 2.15 Exterior (left) and interior (right) of the high-pressure in situ Mössbauer cell (38). 
 

Mössbauer spectroscopy data fitting 

The iron carbides formed in the FT synthesis can be classified according to the sites 

occupied by the carbon atoms in structures with carbon in octahedral interstices (ε-Fe2C, ε’-

Fe2.2C, ε-Fe3C) and structures with carbon in trigonal prismatic interstices (χ-Fe5C2, Fe7C3, θ-

Fe3C). 

De Smit et al. showed that the ε-Fe3C phase is thermodynamically unstable with a high 

deformation energy and, therefore, is not likely to form under typical FT conditions (20). 

Maksimov et al., using Mössbauer spectroscopy, proposed that ε-Fe2C has three Fe sites with 

an atomic ratio of I : II : III = 4 : 1.6 : 1 and respective room-temperature hyperfine fields of 

17 ± 0.3, 23.7 ± 0.3, and 13 ± 0.6 T (40). Later, Raupp et al. and Caer et al. indicated that the 

presence of site III in ε-Fe2C has never been convincingly demonstrated and its presence is 

not essential to the analysis of the Mössbauer spectra (25, 41). Therefore, we fitted the 

Mössbauer spectra of possible ε-Fe2C contributions with two sites having a site ratio of about 

4 : 1.6.  

The Mössbauer signal of site I of ε-Fe2C is similar and overlaps the Mössbauer signal of 

ε'-Fe2.2C (17.3 T at room temperature), which is understandable as the two carbides have 

identical space groups [P63/mmc (194)] and identical lattice parameters (only the carbon 

concentration differs). To quantify the amount of the ε-Fe2C present in our spectra, we follow 

the assignment of Raupp et al. (41), multiplying the independently evaluated site II of ε-Fe2C 

by a factor of 3.5. The ε’-Fe2.2C amount is then determined by subtracting the calculated site I 
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of ε-Fe2C from the overlapping Mössbauer signal of the two carbides.  

 

Environmental transmission electron microscopy (ETEM)  

Environmental transmission electron microscopy (ETEM) images were recorded in an 

aberration-corrected FEI Titan ETEM G2 instrument at an acceleration voltage of 300 kV. A 

well-ground sample was in situ reduced in a H2 flow (10 mbar) at 430 oC for 20 h. After 

reduction, a syngas feed (H2/CO = 2, 3 mbar) was admitted to flow through the sample at 170 
oC and kept for 2 h. The HRTEM was taken in situ during the process above.  

 

Catalytic tests 

Both catalytic tests were performed in a fixed-bed reactor under typical industrial 

conditions, namely at 235 oC, a H2/CO ratio of 1.5, a pressure of 35 bar and a SV of 18000 

ml/(gcat∙h). The effluent gas flow was analyzed online by Agilent 7890 GC equipped with two 

thermal conductivity detectors (TCD) and one flame ionization detector (FID). 

The CO conversion and product selectivity are calculated as below.  

The CO conversion (𝑋 ) was calculated by  𝑋 = CO − COCO × 100% 

The CO2 selectivity (𝑆 ) was calculate by  𝑆 = CO  CO − CO × 100% 

The carbon-based hydrocarbon selectivity (𝑆 ) was calculate by 𝑆 = 𝑥C𝑥H𝑦 CO − CO × 100% 
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CHAPTER 3 
 

Carbon-efficient Conversion of Synthesis Gas 
to Linear α-Olefins by a Highly Active χ-Iron-

Carbide Catalyst 

Abstract 
In future scenarios, methane in natural gas plays an important role as a relatively clean 

feedstock for energy and chemical building blocks in the transition to a low-carbon economy. 

While methanol and ammonia can be obtained via methane-derived synthesis gas, the direct 

manufacture of valuable olefins remains very challenging. We present an economically 

attractive direct route from synthesis gas to valuable linear α-olefins (LAO) in which a novel 

Mn-promoted phase-pure χ-Fe-carbide catalyst features prominently. The catalyst stands out 

in terms of low CO2 selectivity and high carbon efficiency to LAOs and is highly active and 

stable at low temperature compared to the current generation of catalysts. Advanced in situ 

characterization emphasizes the purity of the active phase and its stability under practical 

conditions.  
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3.1 Introduction  

The sharply increasing availability of unconventional natural gas sources such as shale 

gas, coal bed methane and tight gas renders the development of efficient processes for the 

conversion of methane into valuable chemicals and liquid fuels attractive (1, 2). Methane, 

natural gas’ main component, is a preferred fossil feedstock until cost-effective renewable 

energy sources are implemented, because it is cheap, abundant and produces the least CO2 

emissions among non-renewable resources (2-5). Nevertheless, methane is mostly burned for 

heating and electrical power generation (1-4). Converting methane into heavier molecules 

that can be used as transportation fuels or chemicals could add value to natural gas resources 

and help replacing petroleum in an economical manner (2). With today’s technology, 

methane is reformed into synthesis gas (a mixture of CO and H2), which can be converted 

into bulk chemicals such as ammonia, methanol and liquid transportation fuels. More 

valuable lower olefins (C2-C4) can be obtained by dehydration of methanol, while higher 

olefins require more separation and ethylene oligomerization steps (6-10). This multiple-step 

methane-to-olefins route is unattractive from an energy and economical point of view. 

Therefore, a direct route from methane-derived synthesis gas to high value-added products 

such as olefins would not only be economically attractive and environmental friendly, but 

also expand the use of natural gas resources.  

Among potential methane valorization routes, direct conversion of methane-derived 

synthesis gas to linear α-olefins (LAOs) is highly attractive. LAOs are not only highly 

valuable intermediates for the chemical industry, but also difficult to obtain by conventional 

processes (9, 10). Lower olefins (C2-C4 LAOs) are main building blocks, commonly produced 

by steam cracking of ethane or naphtha and dehydrogenation of propane (11, 12). LAOs with 

more than 4 carbon atoms, especially in the C5-C10 range, are even more valuable than lower 

olefins because of their use as co-monomers in polymerization and as feedstock for lubricants 

and detergents (13). Only even-numbered C6, C8 and C10 LAOs are commercially accessible 

by oligomerization of ethylene using homogeneous catalysts (14, 15). These higher LAOs 

can be up to 40% more expensive than lower olefins and represent a reasonable market size 
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(Appendix 3.1). In this work, we aimed at a Fischer-Tropsch to Linear α-Olefins (FTLAO) 

process, requiring the development of a catalyst for selective conversion of synthesis gas to 

C2-C10 LAOs.  

Despite significant research efforts directed at the direct conversion of synthesis gas to 

olefins in the past decades, no commercial process for converting synthesis gas to olefins has 

been realized yet. Fischer-Tropsch-to-olefins (FTO) remains a promising route for obtaining 

lower olefins (11, 16-19). A main drawback of FTO is the trade-off between activity and 

selectivity (11, 18). The catalytic activity of such catalysts is low at the low temperatures 

needed to obtain a good selectivity to lower olefins. When the temperature is raised to obtain 

appreciable reaction rates, the selectivity towards undesired CO2 strongly increases and 

carbon is deposited on the catalysts (Boudouard reaction, Equation 3.1 in Appendix 3.8), 

which lowers the overall carbon efficiency of the process and deactivates the catalyst, 

respectively (20). The selectivity towards CO2 of the current generation of FTO catalysts is 

typically higher than 40%, limiting the economic and environmental viability of FTO 

processes. A general aspect of FT chemistry is that the selectivity to lower olefins is 

determined by the statistical nature of chain growth by CHx surface intermediates. In the FTO 

process, the maximum contribution of C2-C4 hydrocarbons to the total hydrocarbon fraction 

is about 60% based on the Anderson-Schulz-Flory (ASF) distribution. Together with the 

already mentioned high CO2 selectivity, this limits the overall carbon-based selectivity 

towards C2-C4 hydrocarbons to only ~36%. Another problem is that hydrogenation of desired 

olefins to less valuable paraffins further lowers the economic value of the process. Further, 

these FTO catalysts can hardly produce LAOs with more than 4 carbon atoms under typical 

FTO conditions. 
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3.2 Results and discussion 

To overcome these drawbacks, we developed a FTLAO-selective catalyst able to 

convert synthesis gas directly to LAOs in the C2-C10 range with a high activity at mild 

temperature and a very low selectivity towards CO2. As a result, we achieve an 

unprecedented carbon efficiency of 88%, a high LAO/total olefins ratio of 90%, and a C2-C10 

LAO carbon-based selectivity of 48.7% with excellent stability under industrial conditions. 

Important for practical applications, the new catalysts present much higher reaction rates than 

current FTO catalysts.  

Our catalyst design strategy was centered on high CO conversion rate and low CO2 

selectivity as main criteria. Our earlier work demonstrated that phase-pure ε-Fe-carbide does 

not produce CO2 as a primary product in contrast to typical Fe-based FT catalysts (21). As we 

aimed for an active phase stable in a wide temperature range required for optimization of the 

envisioned FTLAO process, we focused on χ-Fe-carbide (21-23). Carburization of passivated 

Raney-Fe in synthesis gas yielded phase-pure χ-Fe-carbide. Table 3.1 shows that the χ-Fe-

carbide (χ-Fe5C2) is extremely active in synthesis gas conversion. Already at 250oC, its CO 

conversion time yield (CTY) is 3 times higher than the best performance of state-of-the-art 

catalysts, which typically operate in the 320-500oC temperature range. At the same time, χ-

Fe5C2 presents a low CO2 selectivity of 16.8%, implying a high overall carbon efficiency of 

83.2%. These parameters are advantageous compared with reference catalysts in Table 3.1, 

displaying CO2 selectivity in the 36.7-42.0% range and a highest carbon efficiency of only 

63%. More expensive Co-carbide is also active at 250oC, but the CTY is substantially lower 

with a CO2 selectivity close to 50%. We used density functional theory and microkinetics 

simulations to predict the FTLAO product distribution for χ-Fe5C2 and found that H2O is the 

primary oxygen removal product (Appendix 3.2). Thus, from a theoretical point of view the 

low CO2 selectivity is explained by the absence of primary CO2 production related to the 

phase purity and stability of our χ-Fe5C2 catalyst (Appendix 3.2).  

Despite these promising results, the olefins-to-paraffin ratio (O/P ratio) and LAO 

fraction among total olefins were not satisfyingly high, limiting the carbon selectivity 

towards targeted C2-C10 LAOs to 26%. Mechanistically, olefins are considered primary 
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products of the FT reaction, which upon re-adsorption convert through hydrogenation and 

isomerization in respectively much less valuable paraffins and iso-olefins. To suppress these 

by-products, we promoted our χ-Fe5C2 catalyst with Mn (Mn/χ-Fe5C2, TEM and STEM-EDS 

in Figure 3.1). Although site blocking by Mn explains the slightly lower CO CTY of Mn/χ-

Fe5C2, the promoted catalyst performed still much better than reference catalysts. Phase 

purity and active phase formation were followed by in situ characterization and will be 

discussed later in this report. The low CO2 selectivity was preserved in line with the phase 

purity of χ-Fe5C2 phase purity. Mn promotion strongly improved the product distribution: the 

O/P ratio of C2-C10 olefins and the LAO fraction were increased from 1.64 to 3.68 and to 90 % 

of the total C2-C10 olefins, respectively. These changes are most likely due to the stronger CO 

adsorption compared with H2, as earlier mentioned by the Bell group (24, 25) (Appendix 3.3).  
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Table 3.1 Catalytic performance of FTLAO and reference catalysts. Synthesis gas conversion (fixed 

bed, 250 oC, 23 bar, H2/CO ratio 1.5, space velocity = 20000 ml/(gcat∙h), data averaged between 50–150 h 

time on stream). The LAO fraction is defined as LAOs fraction of total olefins; CTY represents moles of 

converted CO or moles of produced target olefins per gram catalyst per second; carbon efficiency is the 

fraction of C atoms converted into hydrocarbons and oxygenates of converted CO.  

Sample T (oC) 
Carbon 

efficiencya

(%) 

LAO fraction 
(%) 

O/P 
ratiob 

Carbon-based 
selectivity (%) 

Catalyst time 
yield 

(μmol /(gcat∙s)) 

CO2
Target 
olefinsc CO Target 

olefinsc

Mn/χ-Fe5C2 250 88.1 90.0 3.68 11.9 48.7 10.33 5.03 

χ-Fe5C2 250 83.2 69.4 1.64 16.8 25.8 24.10 6.22 

Na2S/Fe/CNF (11) 340 58.0 N.A 4.33 42.0 30.2 6.70 2.02 

Mn/Na/Co2C (16) 250 53.4 N.A 5.60 46.6 17.0 4.73 0.80 

Fe/Al2O3 (SCS350) (18) 320 63.3 N.A 0.4 36.7 9.1 8.22 0.75 

Fe/Al2O3 (SAP) (18) 436 63.3 N.A 1.31 36.7 11.6 7.96 0.92 

Fe/Al2O3 (SCP) (18) 500 58.9 N.A 2.66 41.1 25.4 6.81 1.73 

a. Overall carbon-based selectivity of hydrocarbon and oxygenates products. 

b. Olefins/paraffins ratio in C2-C10. 

c. For Mn/χ-Fe5C2 and χ-Fe5C2, target olefins are C2-C10 LAOs. For other samples, target olefins are C2-C4 
LAOs.
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Figure 3.1 TEM images for activated Mn/χ-Fe5C2. (a) TEM image shows the morphology of catalyst. 

Selected-Area Electron Diffraction (SAED) on the top-right indicates the phase-pure Mn promoted χ-

Fe5C2 has been obtained. (b) Dark-Field (DF) image of χ-Fe5C2 single particle (white-square in a) and (c)-
(e) corresponding STEM-EDS images shows Mn promoter is uniformly distributed on the surface of 

phase-pure χ-Fe5C2. 

 

High stability is a crucial property for the practical implementation of a novel catalyst. 

We assessed the long-term performance of χ-Fe5C2 and Mn/χ-Fe5C2 at a temperature of 250 
oC, a pressure of 2.3 MPa, a space velocity of 20000 ml/(gcat∙h) and a H2/CO ratio of 1.5. 

These tests reveal the excellent stability of Mn/χ-Fe5C2, especially in terms of LAO 

formation (Figure 3.2). Figure 3.3a and 3.3b show plots of carbon-based selectivity, C2-C10 

LAO fraction of total olefins and CO CTY as a function of time on stream. After an induction 

period, CO CTY is stable at 10 μmol /(gcat∙s) for 100 h. The C2-C10 LAO fraction among total 

olefins is constant at 90% with a C2-C10 LAO carbon-based selectivity of 48.7%. While also 

stable after an initial activation period, the C2-C10 LAO fraction decreases with time for 

unpromoted χ-Fe5C2, which implies an increasing contribution of isomerization reactions 

during the reaction. To the contrary, isomerization on the Mn/χ-Fe5C2 catalyst is suppressed 

during the whole test. Figure 3.3c and 3.3d shows the average carbon-based selectivity of 
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LAOs, iso-olefins and paraffins between 50 h and 150 h. For both catalysts, the hydrocarbons 

products are normally distributed consistent with the ASF distribution (Equation 2 in 

Appendix 3) with a preference for C2-C10 hydrocarbons formation on Mn/χ-Fe5C2. For both 

catalysts, the ratios of LAOs to iso-olefins decrease with carbon number (Figure 3.4), which 

can be attributed to a longer residence time of heavier products (25, 26). 

 

 
Figure 3.2 α-value and O/P ratio for Mn/χ-Fe5C2 and χ-Fe5C2 as function of time on stream. 
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Figure 3.3 Catalytic performance comparison. (a)-(b) Product selectivity of Mn/χ-Fe5C2 and χ-Fe5C2 
including the C2-C10 LAO fraction defined as the amount of C2-C10 LAOs as total C2-C10 total olefins. (c)-

(d) Averaged product distribution for Mn/χ-Fe5C2 and χ-Fe5C2. (e) ASF-based hydrocarbon product 

distribution. (f) Carbon-based selectivity comparison for Mn/χ-Fe5C2, χ-Fe5C2 and the reference catalysts 
in Table 3.1. Reaction conditions: 250 oC, 23 bar, SV = 20000 ml/(gcat∙h) , H2/CO ratio = 1.5 (SV = space 

velocity). 
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Figure 3.4 LAOs to iso-olefins ratio as a function of carbon number for Mn/χ-Fe5C2 and χ-Fe5C2. 

 

Based on the ASF distribution, Figure 3.3e emphasizes an optimum α-value of ~0.63 

for obtaining a high fraction of C2-C10 hydrocarbons (81%). Careful product analysis (Figure 

3.5) shows that Mn/χ-Fe5C2 exhibits a stable α-value close to 0.63 between 50-150 h. The 

experimentally determined C2-C10 fraction of 78% is close to the ASF model prediction of 

81%. Although our optimum Mn/χ-Fe5C2 catalyst produces a mixture of hydrocarbons 

following the ASF distribution, the low CH4 selectivity stands out. In this way, our catalyst 

operates away from the ASF distribution as in earlier works, which is advantageous because 

of the low value of methane. A plot of the carbon-based selectivity for Mn/χ-Fe5C2, χ-Fe5C2 

and reference catalysts (Figure 3.3f) emphasizes valuable products as positive contributions 

and CO2 as a negative one. Mn/χ-Fe5C2 has the highest selectivity to lower olefins, slightly 

higher than the selectivity reported for Na2S-promoted Fe/CNF by De Jong’s group (11). On 

top of that, 20% of valuable LAOs are obtained. The exceptionally low CO2 selectivity (11-

16% at 250°C) is highly advantageous for an FTO process. The Mn promoter suppresses the 

hydrogenation function, thus increasing the O/P ratio and LAO fraction among C2-C10 olefins 

to very high values of 3.68 and 90%, respectively. Together with the near-optimum α-value 

for Mn/χ-Fe5C2, the carbon-based selectivity towards desirable LAOs is close to 50% 

(Figure 3.6). 
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Figure 3.5 Product plots (ln(Wn/n) vs. n) versus time on stream for (a) χ-Fe5C2 and (b) Mn/χ-Fe5C2. 
Wn is the fraction by weight of a product with carbon number of n. Reaction conditions: 250oC, 23 bar, SV 

= 20000 ml/(gcat∙h) , H2/CO=1.5. The α-value (chain growth probability) was determined by considering C3 

to C8 hydrocarbons. 
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Figure 3.6 Overall CO-based selectivity for Mn/χ-Fe5C2 (average data between 50 - 150 h). 

 

In order to obtain phase-pure χ-Fe5C2 catalysts, we followed an in situ approach in 

which we pre-treated the precursor in the reactor. We only used simple materials such as a 

Raney Fe precursor and synthesis gas. Different from the preparation of phase-pure ε-FeCx 

(21), we passivated Raney Fe before conversion to χ-Fe5C2 by exposure to a H2/CO/He 

mixture (100/3.2/21.8) under increasing temperature (0.5 oC/min, 350oC, 6 h dwell). Figure 

3.7a shows in situ XRD patterns that demonstrates that χ-Fe5C2 (Hägg carbide) formation 

starts at 300oC and is completed after 6 h at 350oC. The 2θ values of the three strongest peaks 

are at of 44.09o, 43.45o and 40.75o, representing χ-carbide (510), (021), and (110) planes 

respectively, which are very close to the values of 44.08o, 43.42o, 40.83o in PDF#89-8968. 

Active phase formation proceeds in the same way with Mn (Figure 3.7b), in which 

corresponding values are 44.09o, 43.46o and 40.75o. This simple and universal preparation 

method for phase-pure χ-Fe5C2 has considerable advantages over literature methods (11, 17, 

19, 22, 27, 28).  
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Figure 3.7 In situ characterization during formation of Mn/χ-Fe5C2 and χ-Fe5C2 and the FTLAO 
reaction. (a)-(b) XRD patterns of passivated Raney Fe, carburized at 300 oC and carburized at 350 oC for 6 

h. Carburization procedure: H2/CO = 30, 1 bar, 30 oC to 350 oC at 0.5 oC/min, dwell 6 h. (c)-(d) Mössbauer 

spectroscopy of passivated R-Fe, carburized and after reaction. Carburization procedure: H2/CO/He = 

100/3.2/21.8, 1 bar, 350 oC for 6 h, Reaction condition: H2/CO = 1.5 with saturated vapor water at 23 bar, 

265 oC for 12 h. Mössbauer data acquired at 4.2 or 120 K. 
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Table 3.2 Composition of iron phases of catalysts obtained by Mössbauer spectroscopy during 
formation process from unpromoted Raney Fe to phase-pure χ-Fe5C2. 

Sample/ Treatment T 

(K) 
IS 

(mm/s) 
QS 

(mm/s)
Hyperfine 
field (T) 

Γ 

(mm/s) Phase 
Spectral 

contribution 

(%) 
Raney Fe 
passivated 4.2 0.01 

0.33 
- 

-0.01 
33.9 
49.0a 

0.36 
0.47 

Fe0 
Fe3+ 

64 
36 

H2/CO/He= 
100/3.2/21.8  
350 °C, 40 min 

4.2 
0.26 
0.18 
0.14 

- 
- 
- 

25.0 
21.8 
13.9 

0.48 
0.50 
0.47 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 

42 
38 
20 

H2/CO/He= 
100/3.2/21.8 
350 °C, 6 h 

120 
0.26 
0.19 
0.16 

- 
- 
- 

24.6 
21.3 
13.6 

0.41 
0.44 
0.41 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 

41 
39 
20 

H2/CO=1.5 
0.75 bar steam 
265 °C, 23 bar,  
12 h 

120 
0.26 
0.19 
0.16 

- 
- 
- 

24.5 
21.1 
13.4 

0.39 
0.41 
0.40 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 

41 
38 
21 

Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm/s; Quadrupole splitting: Q.S. ± 0.02 mm/s; Line 

width: Γ ± 0.03 mm/s; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%.  
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Table 3.3 Composition of iron phases of catalysts obtained by Mössbauer spectroscopy during 
formation process from Mn promoted Raney Fe to Mn promoted phase-pure χ-Fe5C2. 

Sample/ 
Treatment 

T 

(K) 
IS 

(mm/s) 
QS 

(mm/s) 
Hyperfine 
field (T) 

Γ 

(mm/s) Phase 
Spectral 

contribution 

(%) 
Mn /Raney Fe 
passivated 4.2 

-0.01 
0.35 
0.34 

- 
-0.01 
1.30 

34.1 
47.4a 

- 

0.43 
0.56 
0.73 

Fe0 
Fe3+ 

Fe3+ 

64 
31 
5 

H2/CO/He= 
100/3.2/21.8  
350 °C, 40 
min 

4.2 
0.25 
0.18 
0.14 

- 
- 
- 

24.6 
21.6 
13.7 

0.45 
0.47 
0.46 

χ-Fe5C2 (I) 

χ-Fe5C2 (II) 
χ-Fe5C2 (III) 

47 
36 
17 

H2/CO/He= 
100/3.2/21.8 
350 °C, 6 h 

120 
0.25 
0.18 
0.15 

- 
- 
- 

24.7 
21.7 
13.7 

0.44 
0.48 
0.44 

χ-Fe5C2 (I) 

χ-Fe5C2 (II) 
χ-Fe5C2 (III) 

46 
37 
17 

H2/CO=1.5 
0.75 bar 
steam 
265 °C, 23 
bar, 12 h 

120 
0.25 
0.18 
0.14 

- 
- 
- 

24.7 
21.6 
13.8 

0.45 
0.47 
0.47 

χ-Fe5C2 (I) 

χ-Fe5C2 (II) 
χ-Fe5C2 (III) 

47 
36 
17 

Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm/s; Quadrupole splitting: Q.S. ± 0.02 mm/s; Line 

width: Γ ± 0.03 mm/s; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%.  
 

To verify the stability of χ-Fe5C2 under reaction conditions, we duplicated the 

carburization procedure in a high-pressure in situ Mӧssbauer spectroscopy setup. Figure 3.7c 

and 3.7d confirm the purity of the χ-Fe5C2 phase in unpromoted and Mn-promoted χ-Fe5C2 

after carburization and after further simulated FT reaction under conditions close to those 

used in catalyst tests (fitting data in Table 3.2 and Table 3.3). In all cases, Hägg carbide is the 

only Fe phase present in the samples. Importantly, this phase is also stable during the ongoing 

FTLAO reaction. We also characterized the used Mn/χ-Fe5C2 sample by TEM and found that 

the χ-Fe5C2 phase is well maintained without signs of carbon deposition or migration of Mn 

from the Fe phase (Figure 3.8). To explore the stability at higher CO conversion levels, we 

increased the temperature and the SV to 315oC and 90000 ml/(gcat∙h), respectively. The CO 

CTYs of χ-Fe5C2 and Mn/χ-Fe5C2 reached stable values of 360 and 264 μmol /(gcat∙s) (Figure 

3.19 in Appendix 3.6), which are substantially higher than the performance reported in 

previous works (11, 16, 18, 22, 27, 29). Additional long-term catalytic tests at 315oC 

demonstrate that Mn/χ-Fe5C2 is stable for 400 h at a high CO conversion of ~77% and a CTY 

of 230 μmol /(gcat∙s) (Figure 3.20 in Appendix 3.6). Another long-term catalytic test at 315oC 

indicated that Mn/χ-Fe5C2 can achieve a stable high CTY of 277 μmol /(gcat∙s) at a CO 
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conversion of 56% (Figure 3.21 in Appendix 3.6). Together, in situ characterization and 

catalytic data show that a stable χ-Fe5C2 catalyst has been developed. 

  

 
Figure 3.8 TEM images for Mn/χ-Fe5C2 after used. (a) Dark-Field (DF) image of χ- Fe5C2 single 
particle and (b)-(d) corresponding STEM-EDS images shows Mn promoter is uniformly distributed on the 
surface of used Mn/χ-Fe5C2. 
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To follow the details of the formation of χ-Fe5C2, we carried out the carburization 

process in an environmental transmission electron microscope (ETEM). In Figure 3.9, high-

resolution TEM (HRTEM) images and corresponding filtered inverse fast Fourier transform 

(IFFT) images emphasize the changes occurring during the transformation of passivated 

Raney Fe to χ-Fe5C2. The initial state in Figure 3.9a is characterized by crystallized particles 

surrounded by an amorphous layer resolved as Fe3O4. Synthesis gas exposure at a H2/CO 

ratio of 30 at 1200 Pa and 350 °C leads to images shown as Figure 3.9b to 3.9l. χ-Fe5C2 

formation is initiated at the edges of the Fe3O4 layer, extending over the whole region over 

time. Finally, a larger phase-pure χ-Fe5C2 grain with (311) spatial symmetry and a lattice 

distance of ~2.7 Å is obtained (Figure 3.9l at t+30 min, final status). Carburization takes 

place very fast with complete transformation into χ-Fe5C2 in less than 0.5 h at a low CO 

partial pressure of 40 Pa. This is in line with the in situ XRD data and underlines the high 

effectivity of preparing χ-Fe5C2 in this way compared to alternatives where pure CO or 

synthesis gas with H2/CO = 2 is used (Figure 3.10). 
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Figure 3.9 In situ characterization of phase-pure χ-Fe5C2 formation by ETEM. High resolution 

images (HRTEM) show the initial state of Raney Fe (a), the ongoing carburization (b-k), and the final state 

(l). The green IFFT images under the TEM images correspondingly show the time-dependent distribution 

of χ-Fe5C2 in real space (ETEM conditions: H2/CO =30/1, 1200 Pa, 350 °C). 
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Figure 3.10 XRD patterns of passivated Raney Fe. (a)-(c), ramping to 300 oC under CO, H2/CO = 2 or 

H2/CO = 30, 1 bar; (d)-(f), carburized at 350 oC for 1 h under CO, H2/CO = 2 or H2/CO = 30, 1 bar. 

 

The very high carbon efficiency, high selectivity towards LAOs and low CO2 selectivity 

in combination with a high CO CTY and excellent stability underpin the potential of the 

catalyst for a practical FTLAO process. We determined for a number of competing processes 

the expected profit on the basis of the market price and variable and fixed costs for 

implementation at an industrial scale in comparison with the FTLAO process (Appendix 3.7). 

It is immediately clear that the FTLAO process is advantageous to obtain valuable olefin 

products. Note that the profit of existing processes can in principle also be increased by 

producing higher olefins through established ethylene separation and ethylene 

oligomerization processes, but adding extra steps to an existing process will typically 

increase the cost compared to the FTLAO process further.  
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3.3 Conclusions  

In summary, the FTLAO process provides a direct route to convert synthesis gas into 

valuable linear α-olefins with a proper phase-pure χ-Fe5C2 catalyst, which broadens the base 

for the use of natural gas for high value-added chemicals production. Different from Fe 

oxides or impure Fe carbides, the high CO consumption rate at mild conditions and low 

tendency of O atom removal pathways towards CO2 render phase-pure χ-Fe5C2 an ideal 

candidate catalyst to convert synthesis gas into important chemical intermediates with a high 

carbon efficiency. Promoting such phase-pure χ-Fe5C2 with well-distributed Mn species 

reduces the local H/C ratio at the surface and inhibits secondary hydrogenation and 

isomerization reactions, contributing to a very high selectivity towards target linear α-olefins. 

These favorable aspects of the catalytic chemistry provide a solid basis for the further 

exploration of the potential of phase-pure χ-Fe5C2-based catalysts. We expect that this type of 

catalysts with high carbon efficiency (low CO2 selectivity) can also be employed in a broader 

range of applications targeting for instance alcohols, aromatics and jet fuels from synthesis 

gas, which can be derived from conventional and renewable carbon feedstock.  
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Appendix 3 

Appendix 3.1 Price of LAOs and total price prediction by ASF model 
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Figure 3.11 Price of LAOs for different carbon number (Based on price of 2017 (30-32)). 
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Figure 3.12 Total product price prediction by ASF hydrocarbon distribution model (Based on price of 
2017(30-32)). Grey dot line: α = 0.4 for maximized C2-C4 production; blue dot line: α = 0.63 for 
maximized C2-C10 production. 
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Appendix 3.2 DFT calculations and Microkinetic modelling  

The DFT work and Microkinetic modelling presented Appendix 3.2 has been carried out by Robin J.P. Broos 
(PhD thesis, ISBN 978-90-386-4978-8, Eindhoven University of Technology, 2020) 

 

Density functional theory (DFT) calculations 

Density functional theory (DFT) calculations were carried out to obtain the energetics 

for elementary reaction steps relevant to the Fischer-Tropsch reaction on χ-Fe5C2. All spin-

polarized DFT calculations were conducted using the projector augmented wave (PAW) 

method and the Perdew–Burke–Ernzerhof (PBE) functional as implemented in the Vienna ab 

initio simulation package (VASP) code. Solutions of the Kohn-Sham equations were obtained 

using a basis set of plane waves with a cut-off energy of 400 eV. The sampling of the 

Brillouin zone was done using 5x5x1 k-points. Higher cut-off energies or a finer Brillouin 

zone sampling did not lead to significant energy differences. All atoms were allowed to relax 

during the optimization of the empty surfaces. We used a 2x2x1 unit cell for the (100) surface, 

containing 80 Fe and 32 C atoms, with a layer thickness of 10.31 Å. A vacuum layer of 15 Å 

was added perpendicular to the surface in order to avoid spurious interactions between 

neighbouring images. Adsorption of atoms and molecules was done on the top side of the 

slab, while the lower half was frozen. A dipole correction was performed for all adsorbed 

states. Further technical details such as VASP settings for these iron carbide calculations can 

be found in a recent work (33).  

The adsorption energies of the gas phase molecules were determined by subtracting both 

energies of the empty surface and the free adsorbate from the adsorbed state. The energy of 

the adsorbate in the gas phase was obtained by placing a molecule at the centre of a 10 x 10 x 

10 Å3 unit cell, using only the Γ-point for k-point sampling. Transition states were acquired 

using the nudged elastic band (NEB) method (34). A frequency analysis was performed to 

confirm that all transition geometries correspond to a first-order saddle point on the potential 

energy surface with an imaginary frequency in the direction of the reaction coordinate. The 

corresponding normal mode vibrations were also used to calculate the zero-point energy 

correction. We also corrected the barriers for the migration of fragments after dissociation by 

considering the energy difference of the geometry directly after dissociation and their most 
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stable adsorption positions at infinite distance.  

The rate constant (k) of an elementary reaction step was determined using the Eyring 

equation, which is defined as follows: 𝑘 = 𝑣 exp  

where 𝐸  is activation energy in J/mol, kb the Boltzmann constant, T the temperature in K, 

and 𝑣 the pre-exponential factor in s-1. Pre-exponential factors for the forward and backward 

reactions can be obtained using:  

𝑣  = 𝑘 𝑇ℎ 𝑞𝑞  and 𝑣  = 𝑘 𝑇ℎ 𝑞𝑞  

where 𝑣  and 𝑣  refer to the pre-exponential factors for the forward and the 

backward reaction, respectively, qvib is the vibrational partition function of the initial state (IS) 

and the transition state (TS), and h Planck’s constant. 

We performed DFT calculations to determine the energetics of elementary reaction steps 

of the conversion of synthesis gas into hydrocarbons (methane, olefins, paraffins) and CO2 

and H2O. The energy barriers and their corresponding pre-exponential factors are listed in 

Table 3.4. 
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Table 3.4 Activation energies and pre-exponential factors for methane formation and oxygen removal 
reactions. 
Elementary Reaction step Ef (kJ/mol) νf  (/s) Eb (kJ/mol]) νb  (/s)

C + H → CH 78 1.4 ∙ 1013 97 1.3 ∙ 1013 

CH + H → CH2 53 5.8 ∙ 1013 12 8.9 ∙ 1012 

CH2 + H → CH3 49 9.1 ∙ 1013 45 3.0 ∙ 1012 

CH3 + H → CH4 109 1.7 ∙ 1013 49 1.3 ∙ 1011 

CO + O → CO2 181 4.3 ∙ 1013 142 7.6 ∙ 1013 

O + H → OH 65 7.3 ∙ 1013 46 8.6 ∙ 1012 

OH + H → H2O 136 1.6 ∙ 1013 1 1.5 ∙ 1012 

OH + OH → H2O + O 118 6.4 ∙ 1012 1 5.1 ∙ 1012 

CO + OH → COOH 166 7.7 ∙ 1012 16 2.3 ∙ 1013 

COOH → CO2 + H 136 2.5 ∙ 1013 27 5.0 ∙ 1012 

 

We performed DFT calculations to model the reaction network for the conversion of 

synthesis gas towards methane and longer hydrocarbons, as well as the removal of oxygen 

from the surface in the form of CO2 and H2O. The (100) surface of χ-Fe5C2 was selected, 

because this surface is a stable surface termination of Hägg carbide and also allows for facile 

C-O bond dissociation, which is an essential step in the Fischer-Tropsch reaction (33). Table 

3.4 shows forward and backward activation energies and the corresponding pre-exponential 

factors for the consecutive hydrogenation steps of adsorbed carbon to methane and the 

removal of oxygen as H2O and CO2. Table 3.5 shows forward and backward activation 

energies and the corresponding pre-exponential factors for the C-C coupling reactions and the 

hydrogenation to ethylene and ethane.  
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Table 3.5 Activation energies and pre-exponential factors for ethylene and ethane formation. 
Elementary Reaction step Ef (kJ/mol) νf  (/s) Eb (kJ/mol]) νb  (/s)

C + C → CC 90 4.6 ∙ 1011 110 7.9 ∙ 1012 

C + CH → CCH 79 1.9 ∙ 1012 88 7.9 ∙ 1012 

C + CH2 → CCH2 122 2.2 ∙ 1012 174 1.0 ∙ 1013 

C + CH3 → CCH3 96 1.1 ∙ 1013 80 1.3 ∙ 1013 

CH + CH → CHCH 117 2.0 ∙ 1011 138 6.6 ∙ 1011 

CH + CH2 → CHCH2 111 1.4 ∙ 1013 88 2.2 ∙ 1013 

CH+ CH3 → CHCH3 181 2.5 ∙ 1012 128 4.5 ∙ 1012 

CH2 + CH2 → CH2CH2 112 1.1 ∙ 1013 128 1.6 ∙ 1012 

CH2 + CH3 → CH2CH3 124 8.0 ∙ 1012 101 7.6 ∙ 1013 

CC + H → CCH 70 1.6 ∙ 1013 77 1.4 ∙ 1013 

CCH + H → CCH2 45 1.9 ∙ 1013 47 1.2 ∙ 1013 

CCH + H → CHCH 67 1.8 ∙ 1013 61 1.8 ∙ 1013 

CCH2 + H → CCH3 42 6.4 ∙ 1012 6 5.8 ∙ 1011 

CCH2 + H → CHCH2 142 5.6 ∙ 1013 85 6.8 ∙ 1013 

CHCH + H → CHCH2 103 1.5 ∙ 1013 55 1.2 ∙ 1013 

CCH3 + H → CHCH3 56 2.8 ∙ 1012 1 2.0 ∙ 1012 

CHCH2 + H → CH2CH2 38 3.3 ∙ 1013 36 4.7 ∙ 1012 

CHCH2 + H → CHCH3 200 1.3 ∙ 1014 165 6.6 ∙ 1012 

CH2CH2 + H → CH2CH3 48 6.3 ∙ 1012 4 1.9 ∙ 1013 

CHCH3 + H → CH2CH3 57 2.0 ∙ 1012 45 1.7 ∙ 1013 

CH2CH3 + H → CH3CH3 94 2.5 ∙ 1014 139 7.5 ∙ 1013 
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Microkinetic modelling 

For the construction of the microkinetic model, differential equations for all reaction 

intermediates on the catalytic surface were constructed using the rate constants of all relevant 

elementary reaction steps. Herein, we have assumed that all adsorbates occupy exactly one 

active site. For adsorption, we assumed that the adsorbate loses one translational degree of 

freedom in the transition state with respect to the initial state. For desorption, we assumed 

that the species gains two translational degrees of freedom and three rotational degrees of 

freedom in the transition state with respect to the initial state. From these two assumptions, 

the rate of adsorption and desorption are as follows 𝑘 = 𝑃 ∙  𝐴2𝜋 ∙ 𝑚 ∙ 𝑘 ∙  𝑇 

𝑘 = 𝑘 ∙  𝑇ℎ ∙ 𝐴 ∙  (2𝜋 ∙ 𝑚 ∙ 𝑘 )𝜎 𝜃 ∙  𝑒  

Herein, 𝑘  is the rate constant for the adsorption of the adsorbate, P is the pressure in 

Pa, A is surface area in m2, m is the mass of the reactant in kg, kb is the Boltzmann constant in 

m2 kg/s2 K1, T is the temperature in K, 𝑘  is the rate constant for the desorption of the 

adsorbate, h is the Planck constant in m2 kg/s, 𝜎  is the symmetry number, 𝜃  the 

rotational temperature in K, Edes is the desorption energy in J/mol, and R is the gas constant in 

J/mol K. 

All microkinetic simulations were performed using the MKMCXX software suite (35). 

The set of differential equations were time-integrated using the backward differentiation 

formula (BDF) method until a steady-state solution was obtained. From the steady-state 

coverages, the rates of the individual elementary reactions steps were obtained using a flux 

analysis, as implemented in the MKMCXX software. To mimic experimental conditions, the 

pressure was set to 1 bar over a temperature range between 510 K and 545 K. We adopted a 

continuously stirred tank reactor with ideal mixing using a space velocity chosen to obtain 

differential conditions over the whole temperature range. The H2:CO ratio was kept constant 

at 2:1. Chain growth was taken into account by considering coupling of two CHx adsorbates. 

Chain growth  involving hydrocarbon chains up to 20 carbon atoms were considered by 

treating the growing chain as CR, where R = alkyl chain and considering that barriers for 

chain growth are independent of chain length. Adsorption energies of C2 and C3 intermediates 
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were taken into account explicitly, while those of hydrocarbon fragments with more than 3 

carbon atoms were taken equal to those of C3 intermediates. Proper entropy corrections were 

made depending on the chain length of the hydrocarbons. 

Figure 3.13 shows the conversion rate of CO as well as the formation rates of CH4 (C1) 

and longer hydrocarbons (C2+) for the (100) surface of χ-Fe5C2 as a function of temperature. 

As expected, the rates exponentially increase with temperature due to the Arrhenius-

dependence of the reaction rate constants. The CO conversion rate is in the same range as 

experimentally observed for iron carbide catalysts (36, 37). The selectivity towards CH4 is 

lower than the total selectivity towards other hydrocarbons, which is important because CH4 

has a much lower value than higher hydrocarbons. Figure 3.14a shows the hydrocarbon 

product distribution which indicates that, except for C1 and C2, the longer hydrocarbons are 

statistically distributed according to the Anderson-Schulz-Flory theory. The parameter 

describing this distribution is the chain-growth probability and its temperature dependence is 

shown in Figure 3.14b. This parameter reflects the statistical nature of the growth process in 

which hydrocarbons can either grow by addition of a C1 monomer or desorb as a product. 

The decrease with temperature shows that termination as products has a higher overall 

activation energy than chain growth. The value of ~0.5 is slightly lower than experimentally 

observed in our study. Figure 3.14c shows the simulated olefins-to-paraffins (O/P) ratio to be 

around 3.0 with a slight dependence on temperature. These data show that both olefins and 

paraffins are formed as primary products. The O/P values are in the same range as 

experimentally observed, namely ~1.5 for the unpromoted catalyst and ~3.6 for the Mn-

promoted catalyst. Figure 3.15 demonstrates that O atoms originating from CO dissociation 

are predominantly removed as H2O instead of CO2. A small increase is observed with raising 

temperature. These findings provide an explanation for the low CO2 selectivity observed in 

our experimental study in which a pure χ-Fe5C2 catalyst was used. Importantly, in other 

studies in which the catalyst precursor is not completely converted to χ-Fe5C2, competing 

phases often include iron oxides, which are known as good catalysts for the (reverse) water-

gas shift reaction. 
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Figure 3.13 CO consumption (grey), C1 formation (red), and C2

+ formation (blue) rates as a function 
of temperature (p = 1 bar; H2:CO = 2).  
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Figure 3.14 (a) Anderson-Schulz-Flory distribution of longer hydrocarbons obtained during 
microkinetic modelling of the Fischer-Tropsch reaction at 525 K and (b) the chain-growth 
probability and (c) the olefins-to-paraffins (O/P) ratio as a function of temperature (p = 1 bar; 
H2/CO = 2). 
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Figure 3.15 Selectivity towards H2O and CO2 as a function of the temperature in K. 

 

 

 
Figure 3.16 CO and H2 conversion as a function of the temperature in K. 
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Figure 3.17 Network plot at 525 K on the (100) surface of χ-Fe5C2. The net relative rates (CO 
conversion rate set at unity) are indicated next to the arrows. The dashed arrow indicates the routes 
towards C3

+ formation. Red hexagons represent the major surface intermediates, black hexagons the major 
gaseous components, grey hexagons the minor gaseous components, and white hexagons minor surface 
intermediates. Surface intermediates and products with a relative contribution less than 10-4 were omitted. 
CO dissociation proceeds via direct C-O bond scission and oxygen is primarily removed as H2O. The most 
dominant C-C coupling mechanism is via association of two CH species and via CH+CR for higher 
hydrocarbons. 
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Appendix 3.3 Scheme of FTLAO mechanism 

 
Figure 3.18 Scheme of “metal–hydrogen atom addition-elimination mechanism” via half-
hydrogenated intermediate. 
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Appendix 3.4 Preparation methods 

Raney-Fe precursor  

5g Fe/Al alloy powder (50:50 by weight, Sigma-Aldrich) was added into 20ml KOH 

(AR, Sinopharm Chemical Reagent Co., 8 mol/L) solution in flask under stirring and heated 

to 70 oC to dissolve Al in the alloy. Afterwards, K+ and AlO2
- ions were removed by washing 

with deionized water (10 times) and ethanol (7 times). The Fe sample powder was transferred 

into a sealable quartz tube in a glove box and subsequently dried in an Ar flow at room 

temperature for 6 h. As-prepared porous Fe powder was kept in a contained with a seal, 

which was placed in a glove box. Prior to loading the sample in appropriate in situ cells for 

XRD or Mössbauer spectroscopy or a stainless-steel reactor for Fischer-Tropsch activity 

measurements, the sample was passivated in a flow of 1% O2 in He at room temperature for 

20 h. 

 

Mn / Raney-Fe precursor  

4% Mn was added to the Raney-Fe precursor (after removal of Al) by wet impregnation 

using a Mn(NO3)2 solution. The sample was then dried in vacuum oven at room temperature 

(pressure 0.01 bar) for 12 h.   
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Appendix 3.5 Characterization and catalytic test methods 

In situ X-ray diffraction (XRD) 

In situ XRD was carried out on a Rigaku D/max-2600/PC apparatus equipped with a 

D/teX ultra-high speed detector and scintillation counter. The X-ray generator consisted of a 

Cu rotating anode target with a maximum power of 9 kW. All the tests were operated at 40 

mA and 40 kV. XRD patterns were recorded in an Anton Par XRK-900 cell equipped with a 

CO/H2/Ar gas inlet system.  

 

Environmental transmission electron microscopy (TEM) 

Environmental TEM images were recorded in an aberration-corrected FEI Titan ETEM 

G2 instrument at an acceleration voltage of 300 kV. HRTEM images were acquired under a 

relatively low syngas pressure (80 Pa, H2/CO =30/1) to avoid scattering by the gas 

atmosphere with the aim of achieving atom-resolved resolution. Syngas was then introduced 

for 1 h under 1200 Pa at 320 °C as pre-treatment. The carbonization temperature was then 

raised to 350 °C for about 0.5 h and consequently the reaction is recorded continuously.  

 

In situ Mössbauer spectroscopy 

High-pressure in situ Mössbauer spectroscopy was carried out in a state-of-the-art high-

pressure Mössbauer cell, which can work under industrial condition up to 25 bar and 723 K 

(38). The sample is mounted inside the cell in holders containing graphite discs at the bottom 

and the cell is closed with gold plated metal C-rings. After passing through the water 

saturator, the inlet gas is pre-heated in a heating compartment, and flows through the catalyst 

bed from top to bottom. Transmission 57Fe Mössbauer spectra were collected at 4.2 K (liquid 

helium) or 120 K with a sinusoidal velocity spectrometer using a 57Co(Rh) source. The 

source and the absorbing samples were kept at the same temperature during the 

measurements. Mösswinn 4.0 software was used for spectra fitting (39).  
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In situ carburization of χ-Fe5C2 and Mn / χ-Fe5C2 and FTLAO catalytic activity 

measurements 

An amount of 150 mg Raney-Fe precursor or Mn / Raney-Fe precursor was diluted with 

1500 mg silicon carbide and loaded into a stainless-steel tubular fixed-bed reactor. The 

catalyst precursor was in situ carburized in a syngas flow (a mixture of H2/CO/He = 100 

/3.2/21.8) under increasing temperature to 350oC (1 oC/min) followed by a dwell of 6 h under 

ambient pressure (space velocity 75000 ml/(gcat·h). The reactor was then cooled to 250 oC. 

Subsequently, the composition of syngas was switched to a H2/CO/He = 1.5 /1/1 volumetric 

composition at a space velocity of 25200 ml/(gcat·h). After raising the pressure to 23 bar, the 

reaction was started.  The effluent gas flow was analyzed online by an Agilent 7890 gas 

chromatograph equipped with two thermal conductivity detectors (TCD) and one flame 

ionization detector (FID). 
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Appendix 3.6 Expended data of long-term catalytic test for FTLAO catalysts. 

 

Figure 3.19 Catalysis performance of FTLAO catalysts under various conditions. Reaction conditions: 

(i) 0-150 h, 250oC, 23 bar, 20000 ml/(gcat∙h), H2/CO=1.5; (ii) 151-160 h, switched SV to 90000 ml/(gcat∙h); 

(iii) 161-215 h, 315oC, 23 bar, 90000 ml/(gcat∙h), H2/CO = 1.5. CTY = catalyst time yield.
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Figure 3.20 Long-term test for FTLAO Mn/χ-Fe5C2 catalyst. Reaction condition: (i) 0-65 h, 305oC, 

23bar, SV = 60000 ml/(gcat∙h), H2/CO=1.5; (ii) 66-130 h, increased temperature to 310oC while kept other 
conditions; (iii) 131-400 h, increased temperature to 315oC while kept other conditions. CTY = catalyst 

time yield.  
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Figure 3.21 Long-term test for FTLAO Mn/χ-Fe5C2 catalyst. Reaction condition: 310-315oC, 23bar, 

100000 ml/(gcat∙h), H2/CO=1.5. CTY = catalyst time yield. 
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Appendix 3.7 Expected profit comparison calculation 

Table 3.6 Economical comparison of FTLAO and current lower olefins production processes (30-32, 

40)). (Unit: $/ton-products) 
Item FTLAO SCN SCE PDH
Product Revenue  1094 812 719  986 
Ethylene 122 467 719    
Propylene 256 345  986  
1-Butylene 196    
LAOs (C5-C6) 273    
LAOs (C7-C8) 162    
LAOs (C9-C10) 85    
Raw Materials Costs 529 935 243  484 
Naphtha 935     
natural gas 529    
Ethane 243    
Propane  484  
Co-product Credits 314 480 121  53 
Variable operation costs 176 75 81  84 
Fixed costs 143 70 82  94 
Depreciation 182 122 118  81 
Total Costs 716 722 403  690 
Profit before tax 378 90 316  296 

 

Notes: (Unit: metric ton) 
1.For FTLAO:       
Product Distribution (per metric ton) Co-product Distribution (per metric ton) 
Ethylene 0.17  gas oil 0.28  
Propylene 0.26  naphtha 0.21  
1-Butene 0.17  LPG 0.12  
LAO(C5-C6) 0.22  ethane 0.05  
LAO(C7-C8) 0.12  methane 0.17  
LAO(C9-C10) 0.06      
Total 1.00      

2.For SCN:       

Product Distribution (per metric ton) Co-product Distribution (per metric ton) 
Ethylene 0.65  pyrolysis gasoline 0.41 
Propylene 0.35  Crude C4 0.19  
Total 1.00  Hydrogen 0.04  
    Fuel Oil 0.08  
    Other Fuels 32.2MMBTU 
 
3.For SCE: 
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Product Distribution (per metric ton) Co-product Distribution (per metric ton) 
Ethylene 1.00 pyrolysis gasoline 0.02  
Total 1.00 Crude C3 and C4 0.07  

Hydrogen 0.08  
   Other Fuels 5.9MMBTU
4.For PDH:       

Product Distribution (per metric ton) Co-product Distribution (per metric ton) 
Ethylene 1.00  Hydrogen 0.10  
Total 1.00  Other Fuels 4.8MMBTU 

5.Variable Operating Costs including power, fuel, cooling water, catalyst and chemicals, et al. 

6.Fixed Costs including labor, maintenance, sales and administration, depreciation, et al. 

7.All the calculation is based on the price level of 2017, while the Brent Crude oil is about 55 US$ per 

Barrel. 
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Figure 3.22 Profit comparison of FTLAO and current lower olefins production processes. (Based on 
price of 2017(30-32, 40)) Wherein FTLAO = Fischer-Topsch convert syngas directly to LAOs, NSC = 
naphtha steam cracking, ESC = ethane steam cracking and PDH = propane dehydrogenation. 
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Appendix 3.8 Equations 

 

2CO(g) → C(s) + CO2(g) 

Equation 3.1 Boudouard reaction.  

 

𝐥𝐧 𝐖𝒏𝒏 = 𝒏𝐥𝐧𝛂 + 𝐥𝐧 [(𝟏 − 𝜶)𝟐/𝛂] 

Equation 3.2 Anderson-Schulz-Flory model for the product distribution. n is the number 
of carbon atoms in a product; Wn is the weight fraction of a product with n number of carbon 
atoms; α is the chain growth probability and 1-α is the probability of chain termination. 
  



 

96 

Appendix 3.9 In situ observation of phase-pure χ-Fe5C2 formation by 

ETEM.  
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Figure 3.23 In situ observation of phase-pure χ-Fe5C2 formation by ETEM. The HRTEM (left screen), 

FFT (middle screen) and IFFT images of χ-Fe5C2 under the TEM images correspondingly exhibit the phase 
morphology over time. 
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CHAPTER 4 
 

A Pure Iron-Carbide Catalyst for High-
Temperature Fischer-Tropsch Synthesis of 

Liquid Fuels 

Abstract 

Liquid transportation fuels remain highly desirable for the transport sector. Compared to 

low-temperature Fischer-Tropsch (LT-FT) processes requiring multiple steps to obtain these 

fuels, high-temperature Fischer-Tropsch (HT-FT) is in principle suitable for a one-step 

process but suffers from low catalyst stability. Herein, we explore the preparation of pure Fe-

carbides for applications under HT-FT conditions. The synthesis followed complete reduction 

of a Fe precursor followed by carburization in syngas with a high H2/CO ratio. The formation 

of pure Fe-carbides was confirmed by in situ XRD and Mössbauer spectroscopy. At low 

H2/CO ratio, ε-carbide is obtained at low temperature, which converts to χ-carbide at higher 

temperature. Higher H2/CO ratio carburization results directly in a combination of θ-carbide 

and χ-carbide with a propensity to more θ-carbide during prolonged carburization. High 

pressure in situ Mössbauer spectroscopy points to high stability of these Fe-carbides under 

HT-FT conditions. The resulting catalyst shows the highest CO conversion activity (120 

μmolCO/gcat∙s) with excellent stability in a wide temperature range up to 325 oC. The product 

distribution mainly includes hydrocarbons in the C2-C20 range useful as transportation fuels. 

4.1 Introduction  

The ever-increasing need for transportation fuels require diversification of the 

production of liquid hydrocarbon fuels (1-3). Fischer-Tropsch (FT) synthesis represents one 

of the most advanced approaches to convert synthesis gas, which can be derived from 
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alternative feedstock such as natural gas, coal, and biomass, into liquid hydrocarbons. These 

processes are commonly referred to as X-to-liquids (XTL) processes (4-6). XTL technology 

for liquid fuels typically includes three basic steps: (ⅰ) synthesis gas production, (ⅱ) FT 

synthesis, and (ⅲ) product upgrading (7-12). Low-temperature Fischer-Tropsch (LT-FT) 

technology (<250oC) was first operated in an industrial plant in Germany in 1936 in a process 

producing annually over 1 million ton FT products until 1945 (5, 13-17). An early example of 

high-temperature Fischer-Tropsch (HT-FT) technology was the “Hydrocol” process 

developed in 1946-1950 in Texas (USA), which aimed at converting natural gas-derived 

syngas into gasoline, operated in a fluidized bed reactor over an alkalized fused iron catalyst 

(5, 17). In the 1950s, SASOL developed the HT-FT technology to convert coal-derived 

syngas towards motor gasoline and diesel in a circulating fluidized bed (CFB) reactor over 

fused iron catalysts (SASOL 1). Later in the 1970-1980 period, SASOL built 2 additional 

plants (SASOL 2 and 3) and reached a total productivity of 160,000 barrel per day (bpd) (5, 

17-21). Compared with LT-FT technology, HT-FT catalysis (300-350 oC) is attractive 

because of the high catalytic activity and the high-quality (high pressure) steam that can be 

generated with the heat of the FT reaction (11, 22, 23). Another appealing aspect is the 

production of light hydrocarbons (C2-C3) and liquid fuels (C4-C20, including gasoline, 

kerosene and diesel) from syngas without addition upgrading steps such as cracking. This can 

simplify the process and decrease CAPEX greatly (8, 24, 25). Therefore, it is interesting to 

investigate further HT-FT technology. It is important to mention that the growing interest in 

syngas conversion technology from different feedstock (6, 19, 26-33) has also led to the 

exploration of other technologies such as the combination of the FT reaction and acid-

catalyzed cracking of longer hydrocarbons with bifunctional catalysts in a single reactor (6, 

26-29). However, the relatively high CH4 selectivity due to the strong interactions between 

the FT active phase and the zeolite and the low stability of the FT component (26) remain 

significant challenges of this technology.  

HT-FT technology for the production of liquid transportation fuels makes typically use 

of supported and precipitated Fe catalysts (23, 30-36).  The study of Chew et al. utilized 

supported Fe-based catalysts in which the active Fe-carbide phase was optimized towards 

short-chain hydrocarbons with improved activity by using nitrogen- and oxygen- 
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functionalized multi-walled carbon nanotubes as supports (33). Khodakov and co-workers 

studied the support effect using silica-supported iron catalysts and showed that higher FT 

activity and C5+ selectivity could be obtained by using a support with larger pores, an effect 

attributed to the more facile carburization of larger iron oxide crystallites (30-32). Santos et 

al. utilized precipitated Fe-Ti-based catalysts for HT-FT, in which they claimed the catalyst 

crystal structure composition is determined by the ratio of Fe/Ti. A proper amount of Fe2TiO5 

(<13%) could enhance the carburization and minimized the re-oxidation, thus improve the 

catalytic performance, which can be achieved at a Fe/Ti ratio of 2.1 (36). The optimized 

Fe2.1Ti catalyst presented a CO conversion of 23 % under 20 bar, 340 oC， H2/CO = 1 and 

30000 ml/(gcat∙h), which implied the activity is not satisfyingly high. A different HT-FT 

catalyst was put forward by Heon’s group, which was a Co/SiO2 nano-catalyst containing 

twisted Co3Si2O5(OH)4 nanosheets resulting in well-dispersed particles of 5 nm after 

hydrothermal reaction and hydrogen reduction. The catalyst exhibited high CO conversion 

(>82%) towards liquid fuels, although the stability could not satisfy practical requirements 

(37). It can be summarized that cobalt-zeolite catalysts display good activity and selectivity 

towards lighter hydrocarbon products, but suffered from coking-driven zeolite deactivation. 

On the other hand, HT-FT catalysts encountered deactivation challenges due to coking and 

phase changes under the severe high temperature conditions. Another concern is that the 

chain-growth probability (α-value) should be lower than 0.58 to avoid the production of long-

chain hydrocarbons according to Anderson-Schulz-Flory (ASF) distribution. These and other 

relevant studies imply that an inverse relationship between activity and stability exists in 

current catalysts and it is very challenging to obtain a catalyst for the one-step production of 

liquid fuels with high activity and stability. 

Earlier, we have shown that phase-pure Fe-carbides can be very active and stable 

catalysts for syngas conversion, as demonstrated in Chapter 2 and Chapter 3 (38). During 

these investigations, it was found that phase-pure ε-Fe-carbide will transform into χ-carbide 

at a temperature above 270 oC and thus cannot be used as a stable catalyst for HT-FT 

processes. θ-Fe-carbide is usually regarded to be the most stable Fe-carbide under HT-FT 

conditions (39-43), although this phase is speculated to exhibit a low FT activity than the 

other Fe-carbides (42). Our aim was to prepare and explore the catalytic properties of pure θ-
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Fe-carbide for HT-FT catalysis. This turned out to be challenging, as always mixtures of θ-

Fe-carbide and χ-Fe-carbide were obtained. Nevertheless, a mixture of these two carbides 

free from other phases demonstrated a very high and stable FT activity of 120 μmolCO/(gcat∙s) 

at 325 oC and stable performance, presenting a case for further development towards an 

industrial catalyst. 
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4.2 Results and discussion 

We initially focused on preparing phase-pure θ-Fe-carbide, because this phase is 

regarded to be stable in HT-FT processes (39, 41, 42), yet found that we always obtained 

mixtures of χ- and θ-Fe-carbide. Similar to our earlier efforts, we started the preparation from 

passivated Raney-Fe: (i) fully reducing the passivated Raney-Fe precursor in a H2 flow and 

(ii) ramping to 350 oC at a rate of 1 oC/min in synthesis gas at a volumetric composition of 

H2/CO/He = 50/1/11.5. The reduction temperature of step (i) depends on the iron precursor, 

while the latter step constitutes the carburization towards the desired Fe-carbide phase. 

Similar with the approaches to obtain phase-pure ε-Fe-carbide and χ-Fe-carbide, this method 

avoids using expensive or toxic reagents and is, therefore, applicable for any reducible iron 

precursors. The carburization procedure can be implemented in various types of reactors, 

from in situ characterization cells to industrial pilot-scale reactors.  

We used in situ XRD to follow the phase changes of the iron precursor during this 

preparation and pretreatment procedure. The XRD pattern of the reduced Raney-Fe sample 

indicates that the precursor was transformed into metallic α-Fe during reduction (Figure 4.1). 

The XRD diffraction peaks belonging to α-Fe decreased during carburization, while those of 

χ- and θ-Fe-carbides grew gradually. For phase identification, we relied on XRD to 

distinguish θ-Fe-carbide (PDF# 35-0772) and χ-Fe-carbide (PDF# 89-8968). We compare in 

Figure 4.2 the XRD patterns after 20 h and 48 h carburization. Figure 4.2a shows that 

metallic α-Fe phase was present in the sample after 20 h carburization (H2/CO = 50/1, 1 bar, 

350 oC). After 48 h carburization, α-Fe had been completely converted (Figure 4.2b). It can 

be observed that χ- and θ-Fe-carbides formed together during the carburization process. Most 

of the XRD peaks representing the structures of χ- and θ-Fe-carbides overlap, rendering 

accurate phase identification impossible. Figure 4.2b shows that most of the peaks can be 

attributed to θ-Fe-carbide (PDF# 35-0772), while the 2θ reflections at 35.8 o, 47.2 o and 58.3 o 

represent the contribution of χ-Fe-carbide. These in situ XRD results indicate that a mixture 

of χ- and θ-Fe-carbides could be obtained, free from other phases. 
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Figure 4.1 In situ XRD characterization during formation of pure Fe-carbide: Raney Fe reduction 

procedure: H2/He = 5/20, 1 bar, dwell at 430 oC for 2 h followed by cooling to 350 oC at a rate of 5 oC/min. 

Carburization procedure: H2/CO = 50/1, 1 bar, 350 oC, dwell for 48 h. 
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Figure 4.2 In situ XRD characterization during formation of pure Fe-carbide: (a) Carburization: 

H2/CO = 50/1, 1 bar, 350 oC, dwell for 20 h; (b) Carburization: H2/CO = 50/1, 1 bar, 350 oC, dwell for 48 h. 
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One of the most important properties of an industrial catalyst is stable performance 

under relevant reaction conditions. In this work, in situ XRD tests were employed to study 

the stability of the active phase under FT reaction conditions. The in situ synthesized pure Fe-

carbide mixture was exposed to a syngas mixture of H2/CO = 1.5 and 1 bar while varying the 

temperature (Figure 4.3a). The reaction was started (i) at 250 oC with a dwell of 4 h, 

followed by (ii) ramping to 265 oC at a rate of 1 oC/min with a dwell of 4 h, and finally (iii) 

ramping to 275 oC, 290 oC, 300 oC, 310 oC, 320 oC, 330 oC and 340 oC at a rate of 1 oC/min 

followed by dwells of 40 min after each temperature step. The XRD patterns (Figure 4.3b) 

show that all the XRD peaks were maintained during the FT reaction, which demonstrates 

that the mixture of pure Fe-carbide is stable during HT-FT conditions up to 340 oC. 
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Figure 4.3 In situ XRD characterization of the Fe-carbide catalyst under FT conditions: (a) XRD 

patterns; (b) contour plot of the XRD spectra. Reaction conditions: H2/CO = 1.5, 1 bar, 250-340 oC. Values 

in color bar stand for XRD intensity (a.u.). 
 

As overlapping XRD peaks of θ-Fe-carbide and χ-Fe-carbide hinder quantitative 

analysis by XRD, high-pressure in situ Mössbauer spectroscopy was employed following a 

similar sequence of reactions (Figure 4.4) to confirm the phase composition (Table 4.1). 

Figure 4.4a shows that, according to Mössbauer spectroscopy, the Raney Fe precursor was 

completely reduced to metallic Fe after reduction, which is consistent with the in situ XRD 
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results. Mössbauer spectra also demonstrate that 48 h carburization led to the exclusive 

presence of θ-Fe-carbide and χ-Fe-carbide in amounts of 18% and 82%, respectively (Figure 

4.4b). Prolonging carburization to 96 h, the catalyst remained pure Fe-carbides with 

respective amounts of 26% and 74% (Figure 4.4c). Thus, prolonged carburization converted 

part of χ-Fe-carbide into θ-Fe-carbide. Figure 4.4d shows that the Fe-carbides mixture 

remains stable under industrial HT-FT conditions (H2/CO = 1.5, 23 bar, 325 oC, 12 h). FT 

conditions at high CO conversion were simulated by adding steam at a partial pressure of 

0.75 bar into the feed mixture. The composition in terms of χ-Fe-carbide and θ-Fe-carbide 

phases did not change during this exposure. Moreover, no Fe-oxides were formed during 

these severe conditions. Thus, in situ XRD and high-pressure in situ Mössbauer spectroscopy 

indicate that a mixture of θ-Fe-carbide and χ-Fe-carbide can be stable under practical HT-FT 

conditions.  
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Figure 4.4 Mössbauer spectroscopy during formation of pure Fe-carbide and HT-FT catalysis: (a) 

Reduction: H2/Ar = 5/20, 1 bar, 430 oC, 2 h; (b) carburization: H2/CO = 50, 1 bar, 350 oC, 48 h; (c) 

carburization: H2/CO = 50, 1 bar, 350 oC, additional 48 h; (d) reaction: H2/CO = 1.5, 23 bar, 325 oC, 12 h; 

(e) reaction: H2/CO = 1.5, 23 bar, 325 oC, 0.75 bar steam, 12 h. Mössbauer data acquired at 120 K. 
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Table 4.1 Composition of iron phases of catalysts obtained by Mössbauer spectroscopy during 
formation of pure Fe-carbide and HT-FT catalysis (corresponding to Figure 4.4). 

Sample/ Treatment T 

(K) 
IS 

(mm/s) Hyperfine field (T) Γ
(mm/s) Phase Spectral 

contribution (%) 
After reduction 120 0.00 

 
34.2 

 
0.36 

 
Fe0

 
100 

 
Carburization  
H2/CO/Ar = 50/1/11.5 
350 oC, 48 h 

120 0.24 
0.19 
0.20 
0.23 

24.9 
21.1 
13.3 
23.7 

0.37 
0.37 
0.37 
0.37 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 
θ-Fe3C 

33 
33 
16 
18 

Carburization  
H2/CO/Ar = 50/1/11.5 
350 oC, 96 h 

120 0.23 
0.19 
0.20 
0.22 

24.8 
21.1 
13.3 
23.8 

0.36 
0.36 
0.36 
0.36 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 
θ-Fe3C 

29 
29 
16 
26 

FT reaction 
H2/CO/Ar = 1.5/1/1 
325 oC, 23 bar, 12 h 

120 0.23 
0.19 
0.20 
0.22 

24.9 
21.2 
13.4 
23.7 

0.36 
0.36 
0.36 
0.36 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 
θ-Fe3C 

29 
29 
16 
26 

FT reaction 
H2/CO/Ar = 1.5/1/1 
0.75 bar steam, 
325 oC, 23 bar, 12 h 

120 0.23 
0.19 
0.20 
0.22 

24.8 
21.1 
13.4 
23.8 

0.35 
0.35 
0.35 
0.35 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 
θ-Fe3C 

29 
29 
16 
26 

Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm/s; Line width: Γ ± 0.03 mm/s; Hyperfine field: ± 

0.1 T; Spectral contribution: ± 3%. 

 

As before, we found that sufficient reduction of Fe precursor prior to carburization is 

essential for obtaining θ-Fe-carbide. To carry out a comparative carburization experiment 

with the one described in Figure 4.1, we removed the reduction step under otherwise 

constant conditions, that is to say the passivated Raney-Fe precursor was directly carburized. 

This procedure led to the formation of phase-pure χ-Fe-carbide (Figure 4.5) instead of the 

mixture of χ- and θ-Fe-carbides obtained after full reduction of the Raney-Fe precursor. This 

finding is in agreement with our earlier results that indicated a tendency towards χ-Fe-carbide 

when oxygen atoms are left at the surface of the reduced Fe precursor (Chapter 2 and 

Chapter 3). It is interesting to note that complete pre-reduction leads to the partial 

transformation of χ-Fe-carbide into θ-Fe-carbide even after metallic Fe is completely 

converted, whereas incomplete reduction led to exclusively χ-Fe-carbide after 10 h of 

carburization, which was stable afterwards (Figure 4.5b). These differences can mostlikely 

be attributed to kinetic differences in the carburization process, as θ-Fe-carbide (θ-Fe3C) is 

the thermodynamically preferred product under the used carburization conditions. Apparently, 

pre-reduction of the passivated Raney-Fe precursor leads to a mixture of the two carbides, 

where more carbon-rich χ-Fe-carbide (χ-Fe5C2) is slowly transformed into θ-Fe3C via 
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removal of carbon atoms by the relatively high H2/CO ratio applied at high temperature. 
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Figure 4.5 In situ XRD characterization of pure Fe-carbide obtained at different conditions: (a) 

Reduction: H2/He = 5/20, 1 bar, 430 oC, 2 h; carburization: H2/CO = 50, 1 bar, 350 oC, 48 h. (b) 

Carburization without pre-reduction: H2/CO = 50, 1 bar, 350 oC, 48 h. 
 

A critical aspect of the formation of pure Fe-carbide(s) is the H2/CO ratio used in the 

carburization step after the precursor is sufficiently reduced.  We used temperature-

programmed surface reaction (TPSR) measurements in which we exposed the reduced 

precursor to syngas with H2/CO ratios of 0, 2, and 50, while heating from ambient to 350 oC. 

The carbide formation processes were followed by in situ XRD and Mössbauer spectra as 

presented in Figure 4.6 to Figure 4.8, while extended in situ XRD results can be found in 

Appendix 4.3. As shown in Figure 4.6a, the fully reduced Raney-Fe sample maintained its α-

Fe phase up to a temperature of 250 oC in a CO/Ar = 1/11.5 (H2/CO = 0), followed at higher 

carburization temperature by the simultaneous formation of χ-carbide and ε-carbide. Similar 

results were obtained by in situ Mössbauer spectroscopy as presented in Figure 4.7 and 

Table 4.2. The Mössbauer data point to the formation of 22% ultrafine particles of χ-carbide 

and ε-carbide at 250 oC, the remaining 78% being α-Fe. α-Fe was completely converted into 

carbides above 300 oC, with χ-carbide being dominant after carburization at 350 oC. When 

the Raney-Fe sample was carburized in an atmosphere of H2/CO/Ar = 2/1/9.5 (H2/CO = 2), 
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the metallic α-Fe phase was maintained until 180 oC, followed by the formation of ε-carbide 

(Figure 4.6b). Thus, carburization is clearly accelerated by the presence of hydrogen. We 

argue that this is due to the removal of surface O atoms by H2 as water. The as-reduced 

metallic Fe surface can dissociate CO very fast (Chapter 5), leading to the formation of 

atomic C and O adsorbates, limiting further CO dissociation. In the presence of H2 the O 

atoms are removed as H2O. Notably, C atoms are used to carburize the metallic Fe instead of 

forming methane. Thus, the use of syngas accelerates Fe-carbide formation. At low 

temperature, ε-carbide is the first carbide phase to appear. χ-carbide appeared at 230 oC, 

followed by conversion of the remaining α-Fe phase into χ-carbide and ε-carbide until only 

Fe-carbides were present at 280 oC. The in situ Mössbauer spectra and their deconvolution 

obtained under similar conditions, which are presented in Figure 4.8 and Table 4.3, support 

these phase changes derived from in situ XRD. ε-carbide was transformed into the 

thermodynamically preferred χ-carbide and completely disappeared when the temperature 

was raised above 330 oC, leading to predominance of χ-carbide at 350 oC. In a third 

experiment, carburization was carried out in a H2/CO/Ar = 50/1/11.5 (H2/CO = 50) 

atmosphere. As shown in Figure 4.6c, the sample maintained the α-Fe phase until 200 oC and 

was then converted directly into χ-carbide (χ-Fe5C2). The more carbon-rich ε-carbide (ε-

Fe2C/ε’-Fe2.2C) was not observed as an intermediate anymore under these conditions. 

Interestingly, the χ-Fe5C2 phase began to transform into θ-carbide (θ-Fe3C) at the high H2/CO 

ratio used here, above a temperature of 290 oC. It is reasonable that the high H2/CO ratio 

leads to the removal of part of the lattice C from the structure, converting χ-Fe5C2 into a less-

carbon-containing θ-Fe3C phase. An overview of these changes as a function of the H2/CO 

ratio and temperature is presented in Table 4.4. It can be concluded that high temperature and 

high H2/CO ratio are important conditions to prepare the carbon-rich (θ-Fe3C) carbide and 

that χ-Fe5C2 is a likely intermediate in its formation. 
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Figure 4.6 XRD characterization of as-fully-reduced Raney Fe sample under different carburization 
conditions (contour plot of XRD spectra): (a) CO/Ar = 1/11.5, 1 bar; (b) H2/CO/Ar = 2/1/9.5, 1 bar; (c) 

H2/CO/Ar = 50/1/11.5, 1 bar. Values in color bar stand for XRD intensity (a.u.). 
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Figure 4.7 In situ Mössbauer spectroscopy during catalyst carburization: (a) Reduction: H2/Ar = 5/20, 

1 bar, 430 oC, 1 h; (b) carburization: CO/Ar = 1/11.5, 1 bar, 250 oC, 1 h. Mössbauer data acquired at 120 K. 
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Figure 4.8 In situ Mössbauer spectroscopy during catalyst carburization: (a) Reduction: H2/Ar = 5/20, 
1 bar, 430 oC, 1 h; (b) carburization: H2/CO/Ar = 2/1/9.5, 1 bar, 210 oC, 1 h; (c) carburization: H2/CO/Ar = 
2/1/9.5, 1 bar, 230 oC, 1 h; (d) carburization: H2/CO/Ar = 2/1/9.5, 1 bar, 270 oC, 1 h. Mössbauer data 
acquired at 120 K. 
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Table 4.2 Composition of iron phases of catalysts obtained by Mössbauer spectroscopy during 
carburization.  Carburization conditions: CO/Ar = 1/11.5, 1 bar (corresponding to Figure 4.7). 

Sample/ Treatment T 

(K) 
IS 

(mm/s) Hyperfine field (T) Γ
(mm/s) Phase Spectral 

contribution (%) 
After reduction 120 0.00 

 
34.5 

 
0.36 

 
Fe0 

 
100 

 
Carburization  
CO/Ar = 1/11.5 
250 oC, 1 h 

120 0.00 
0.20 
0.25 

34.4 
26.3 
18.9 

0.35 
0.72 
0.72 

Fe0 

FexC (I) 
FexC (II) 

78 
9 

13 

Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm/s; Line width: Γ ± 0.03 mm/s; Hyperfine field: ± 

0.1 T; Spectral contribution: ± 3%. 

 

 

Table 4.3 Composition of iron phases of catalysts obtained by Mössbauer spectroscopy during 
carburization: Carburization conditions: H2/CO/Ar = 2/1/9.5, 1 bar (corresponding to Figure 4.8). 

Sample/ Treatment T 

(K) 
IS 

(mm/s) Hyperfine field (T) Γ
(mm/s) Phase Spectral 

contribution (%)
After reduction 120 0.00 

 
33.9 

 
0.35 

 
Fe0

 
100 

 
Carburization  
H2/CO/Ar=2/1/9.5 
210 oC, 1h. 

120 0.00 
0.15 
0.18 

33.8 
26.4 
18.7 

0.34 
0.75 
0.75 

Fe0

ϵ-Fe2C (I) 
ϵ-Fe2C (II) 

 

85 
5 

10 

Carburization  
H2/CO/Ar=2/1/9.5 
230 oC, 1 h. 

120 0.00 
0.15 
0.24 
0.19 
0.22 
0.23 
0.18 

33.8 
26.4 
18.9 
17.7 
25.0 
21.1 
10.3 

0.33 
0.46 
0.46 
0.46 
0.43 
0.43 
0.43 

Fe0

ϵ-Fe2C (I) 
ϵ-Fe2C (II) 
ϵ’-Fe2.2C 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 

59 
4 

11 
11 
7 
5 
3 

Carburization  
CO/H2/Ar=1/2/9.5 
270 oC, 1 h. 

120 0.00 
0.19 
0.23 
0.22 
0.21 
0.17 
0.18 

33.8 
26.4 
19.2 
17.7 
24.5 
21.2 
10.5 

0.30 
0.40 
0.40 
0.43 
0.43 
0.43 
0.43 

Fe0

ϵ-Fe2C (I) 
ϵ-Fe2C (II) 
ϵ’-Fe2.2C 

χ-Fe5C2 (I) 
χ-Fe5C2 (II) 
χ-Fe5C2 (III) 

9 
8 

22 
28 
16 
11 
6 

Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm/s; Line width: Γ ± 0.03 mm/s; Hyperfine field: ± 

0.1 T; Spectral contribution: ± 3%. 
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Table 4.4 Fe phase composition of the catalyst at different stage of the activation.  
Sample/ 
Carburization 
condition 

                     Fe phases
RT-180 

oC 
180-200 

oC 
200-250 

oC 
250-290 

oC 
290-300 

oC 
300-330 

oC 
330-350 

oC 
Fully-reduced 
Fe sample 
H2/CO = 0 

α-Fe α-Fe α-Fe α-Fe
ε-carbide
χ-carbide

α-Fe
ε-carbide
χ-carbide

ε-carbide 
χ-carbide 

χ-carbide

Fully-reduced 
Fe sample 
H2/CO = 2 

α-Fe α-Fe 
ε-carbide 

α-Fe
ε-carbide
χ-carbide

α-Fe
ε-carbide
χ-carbide

ε-carbide
χ-carbide

ε-carbide 
χ-carbide 

χ-carbide

Fully-reduced 
Fe sample 
H2/CO = 50 

α-Fe α-Fe α-Fe
χ-carbide

α-Fe
χ-carbide

α-Fe
θ-carbide
χ-carbide

θ-carbide 
χ-carbide 

θ-carbide
χ-carbide

Incompletely-
reduced Fe 
sample 
H2/CO = 50 

α-Fe
FexO 

α-Fe 
FexO 

α-Fe
χ-carbide

α-Fe
χ-carbide

α-Fe
χ-carbide

χ-carbide χ-carbide

 

Catalytic activity measurements were carried out in a fixed-bed reactor under typical 

HT-FT conditions used in industrial practice, i.e. a H2/CO ratio of 1.5, a pressure of 23 bar, 

and a space velocity (SV) of 36000 ml/(gcat∙h). The reduction, carburization, and reaction 

procedures are given in detail in Appendix 4.1. The catalytic performance was evaluated at 

250 oC, 275 oC, 290 oC, 300 oC, 310 oC, 315 oC and 325 oC successively for a total time on 

stream of ca. 425 h under otherwise similar reaction conditions (Figure 4.9). The catalyst 

showed very good stability at each temperature, even under the severe HT-FT conditions 

above 300 oC. The catalyst time yield (CTY) at each temperature is also reported in Figure 

4.9 and shows that the CO consumption CTY is higher than 110 μmol/(gcat∙s) already at 310 
oC, while the CTY amounts to 120 μmol/(gcat∙s) at 325 oC. Such catalytic performance is 

substantially higher than catalytic rates for HT-FT catalysis in Table 4.2, listing the most 

prominent works in the open literature (28, 31, 33, 36, 37). Thus, our scalable method to 

obtain pure χ-carbide and ε-carbide described in earlier chapters can be extended to the 

preparation of mixed Fe-carbides free from other phases that can be used as active and stable 

catalysts in HT-FT catalysis.    
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Figure 4.9 FT performance of pure Fe-carbide catalyst as a function of time on stream. Reaction 
conditions: H2/CO = 1.5, SV = 36000 ml/(gcat∙h), 23 bar, 250-325 oC. SV = space velocity.  
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Table 4.5 Catalyst time yield (CTY) and CO conversion of the catalyst developed in the present study 
in comparison to literature. 

 
 

The product distribution during syngas conversion of this mixed Fe-carbide catalyst was 

studied as well. Figure 4.10a shows the dependence of CO conversion, CH4 and CO2 

selectivity, and chain-growth probability (α-value) on the reaction temperature. With 

increasing temperature and CO conversion, the CO2 selectivity also increases, which can be 

explained by a higher rate of the water-gas shift reaction. Comparatively, the CO2 selectivity 

of 30% at a CO conversion of 61.5% at 310oC for our catalyst is similar or lower than 

literature values (30, 33, 36). As discussed in Chapter 2, CO2 formation on Fe-based FT 

catalysts can be separated in primary CO2 and secondary CO2 (44). Primary CO2 can be 

defined as the CO2 selectivity obtained by extrapolating selectivity to zero CO conversion 

Reference 
CO CTY 
(μmol 

/(gcat∙s)) 

CO 
conversion 

(%) 

CO2 
selectivity

(%) 

CH4 
selectivity

(%) 

C2-C20 
CTY 

(μmol 
/(gcat∙s))

Reaction 
Conditions Catalysts 

This work  120 67.4 34.4 15.2 60.4 

325 oC, 23 bar, 
H2/CO = 1.5, 

SV=36000 
ml/(gcat∙h) 

Pure Fe-
carbides 

This work  110 61.5 30.1 11.7 64.0 

310 oC, 23 bar, 
H2/CO = 1.5, 

SV=36000  
ml/(gcat∙h) 

Pure Fe-
carbides 

Reference 
(28) 2.64 74.0 27.6 16.4 1.48 

280 oC, 21 bar, 
H2/CO = 1, 

SV=575  
ml/(gcat∙h) 

Co/ZSM-5 

Reference 
(30) 46.3 70.1 31.8 5.1 29.2 

300 oC, 20 bar, 
H2/CO = 2, 
SV=16000  
ml/(gcat∙h) 

Na/Fe/Al2O3 

Reference 
(33) 17.5 56.5 34.3 20.3 7.94 

340 oC, 25 bar, 
H2/CO=1, 
SV=5000  

ml/(gcat∙h) 

Fe/nitrogen-
functionalized 

CNT 

Reference 
(36) 38.5 23 33.5 14.5 20.0 

340 oC, 20 bar, 
H2/CO=1, 
SV=30000  
ml/(gcat∙h) 

Precipitated 
Fe-Ti 

Reference 
(37) 2.4 82 20 22 1.39 

270 oC, 20 bar, 
H2/CO=2, 
SV=7000  

ml/(gcat∙h) 

Co/SiO2 via 
Co3Si2O5(OH)4 

nanosheets 
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and represents CO2 formed by direct CO dissociation and CO+O recombination, while 

secondary CO2 is due to the WGS reaction (44, 45). Figure 4.11a shows that the primary CO2 

selectivity can be estimated to be less than 5% which compares favorably to other studies (44, 

45). The CH4 selectivity did not strongly vary in the temperature range of 250-290 oC, while 

a small increase was observed above 300 oC. The CH4 selectivity over the pure carbide 

catalyst of 11.7% at 310 oC is lower than values reported for the cobalt- and iron-based 

catalysts in Table 4.5, except for the iron catalyst described in reference (30). The latter 

catalyst is further optimized by addition of alkali promoter, which is known to suppress CH4 

formation. The chain-growth probability shows an inverse trend with CH4 selectivity, being 

nearly constant in the lower temperature range and decreasing slightly above 300 oC (Figure 

4.10a). Although higher temperatures led to higher activity and a lower chain-growth 

probability favorable for obtaining liquid fuels, these conditions also lead to more undesired 

CO2 and CH4. We identify an optimum by plotting the product-based CTYs in Figure 4.10b. 

Although CTYs of CH4, CO2 and lower hydrocarbons (C2-C3) increase, the C4+ CTY shows a 

maximum around 310 oC. This temperature corresponds to a CO conversion of 61%, CO2 and 

CH4 selectivity of 30% and 11.7%, respectively, and a chain-growth probability of 0.56. This 

latter value implies that the selectivity to products heavier than diesel-range hydrocarbons 

(more than 20 carbon atoms) is less than 0.01% by ASF distribution prediction. The total C2-

C20 products CTY reached 64 μmol/(gcat∙s), which is much higher than product-based rates 

available in literature (Table 4.5). A comparison to a commercial iron-based catalyst by 

Ruhrchemie shows that our catalyst system is more than one order of magnitude more active 

(46). A single-pass CO conversion of about 60% is sufficient to meet practical FT 

implementation, which achieves a total CO conversion over 97% at a recycle ratio of 3 

(Appendix 2 in Chapter 2). The dependencies of selectivity and α-value on CO conversion 

are presented in Figure 4.11, which clearly shows that a maximized C2-C20 yield can be 

achieved at a CO conversion of about 60%, which is consistent with the indication above. To 

sum up, the excellent stability, the very high activity and a favorable product distribution 

make pure Fe-carbide catalyst an ideal catalyst for HT-FT catalysis, achieving liquid 

hydrocarbons in a single step.  
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Figure 4.10 FT performance of pure Fe-carbide catalyst as a function of temperature: (a) Conversion, 
selectivity and α-value vs. temperature; (b) products CTY vs. temperature. Reaction condition: H2/CO = 
1.5, SV = 36000 ml/(gcat∙h), 23 bar, 250-325 oC. SV = space velocity, α = chain-growth probability.   
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Figure 4.11 FT performance of pure Fe-carbide catalyst as a function of CO conversion: (a) 
Conversion, selectivity and α-value vs. CO conversion; (b) products CTY vs. CO conversion. Reaction 
condition: H2/CO = 1.5, SV = 36000 ml/(gcat∙h), 23 bar, 250-325 oC. SV = space velocity, α = chain-
growth probability. 
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4.3 Conclusions  

In this work, we developed a broadly applicable preparation method to obtain a pure Fe-

carbide catalyst composed of θ-carbide and χ-carbide, which displays good catalytic 

performance in HT-FT catalysis with high activity towards liquid fuels and good stability. 

The synthesis followed complete reduction of a Fe precursor followed by carburization in 

syngas with a high H2/CO ratio. The formation of pure Fe-carbides was investigated as a 

function of the H2/CO ratio by in situ XRD and Mössbauer spectroscopy. Low H2/CO ratio 

leads to formation of ε-carbide at low temperature, which converts to χ-carbide at higher 

temperature. High H2/CO ratio carburization results directly in a combination of θ-carbide 

and χ-carbide. Prolonged carburization increases the contribution of θ-carbide. High pressure 

in situ Mössbauer spectra show the high stability of these Fe-carbides under HT-FT 

conditions, even in the presence of steam. The resulting catalysts show the highest CO 

conversion activity with excellent stability in a wide temperature range up to 325 oC. The 

products are predominantly hydrocarbons (>83%) in the C2-C20 range useful as transportation 

fuels with reasonably low amounts of CO2 and CH4.  
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Appendix 4 

Appendix 4.1 Preparation and catalytic test methods 

Raney-Fe precursor (R-Fe)  
5g Fe/Al alloy powder (50:50 by weight, 200 mesh, Hu’nan Xingyuan Powder Co.) was 

added into 20 ml KOH (AR, Sinopharm chemical Reagent Co., 8 mol/L) solution in a round 

bottom flask under stirring and heated to 70 ± 1 oC to dissolve Al in the alloy. Afterwards, K+ 

and AlO2
- ions in the solution were washed away by deionized water (10 times) and ethanol 

(7 times). The Fe sample powder was transferred into a sealable quartz tube in a glove box 

and subsequently dried in an Ar flow at room temperature for 6 h. The s-prepared porous Fe 

powder was kept in a glove box with an extra seal. Prior to further in situ characterization 

(XRD, Mössbauer spectroscopy) or catalytic activity measurement, the sample was 

passivated in a flow of 1% O2 in He at room temperature for 20 h. 

 

In situ carburization of pure Fe-carbide and FT catalytic activity measurements 

An amount of 150 mg Raney-Fe precursor was diluted with 1500 mg silicon carbide and 

loaded into a stainless-steel tubular fixed-bed reactor. The catalyst precursor was in situ 

reduced in H2 flow (20% H2 in He, 1 bar, 50000 ml/(gcat·h) at 430 ºC for 24 h. The reactor 

was then cooled to 350 oC, and the catalyst precursor was in situ carburized in a syngas flow 

(a mixture of H2/CO/He = 50/1/11.5) under increasing temperature to 350 oC (1 oC/min) 

followed by a dwell of 96 h under ambient pressure (space velocity 75000 ml/(gcat·h). The 

reactor was then cooled to 250 oC. Subsequently, the composition of syngas was switched to 

a H2/CO/He = 1.5 /1/1 volumetric composition at a total space velocity of 50400 ml/(gcat·h). 

After raising the pressure to 23 bar, the reaction was started. The effluent gas flow was 

analyzed online by an Agilent 7890 gas chromatograph equipped with two thermal 

conductivity detectors (TCD) and one flame ionization detector (FID). 
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Appendix 4.2 Characterization methods   

In situ X-ray diffraction (XRD)  

In situ X-ray diffraction (XRD) was carried out on a Rigaku D/max-2600/PC apparatus 

equipped with a D/teX ultra-high speed detector and scintillation counter. The X-ray 

generator consisted of a Cu rotating anode target with a maximum power of 9 kW. All the 

tests were operated at 40 mA and 40 kV. XRD patterns were recorded in an Anton Par XRK-

900 cell equipped with a CO/H2/inert gas inlet system. 

 

High-pressure Mössbauer spectroscopy  

High-pressure Mössbauer spectroscopy was carried out in a state-of-the-art high-

pressure Mössbauer cell, which can work under industrial condition up to 25 bar and 723 K 

(47). The sample is mounted inside the cell in holders containing graphite discs at the bottom 

and the cell is closed with gold plated metal C-rings. After passing through the water 

saturator, the inlet gas is pre-heated in a heating compartment, and flows through the catalyst 

bed from top to bottom. Transmission 57Fe Mössbauer spectra were collected at 120 K with a 

sinusoidal velocity spectrometer using a 57Co(Rh) source. The source and the absorbing 

samples were kept at the same temperature during the measurements. Mösswinn 4.0 software 

was used for spectra fitting (48).  
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Appendix 4.3 Extended data for TPSR tests 
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Figure 4.12 XRD characterization of as-fully-reduced Raney Fe sample under different 
carburization conditions: (a) CO/Ar = 1/11.5, 1 bar; (b) H2/CO/Ar = 2/1/9.5, 1 bar; (c) H2/CO/Ar = 

50/1/11.5, 1 bar. 
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CHAPTER 5 
 

Mechanistic Differences of the Fischer-
Tropsch Reaction on Cobalt Metal and ε-

Iron-Carbide 

Abstract 

Cobalt and iron catalysts show remarkable difference in catalytic performance, while 

both have been commercialized for the Fischer-Tropsch process. In general iron catalyst is 

less active than cobalt but more tolerant to changes in condition. This study deals with a 

mechanistic comparison of metallic cobalt and pure ε-Fe-carbide supported on silica. The 

catalytic performance and chemical kinetics including a transient isotopic kinetic analysis 

were carried out at 250 oC. The site-normalized activity of the iron catalyst is about 5 times 

less active than the cobalt catalyst. While for cobalt CO dissociation is the rate-limiting step, 

hydrogenation reactions limit the rate on iron carbide, even though CO dissociation is slower 

on iron carbide. Slow hydrogenation of carbon-containing surface intermediates is caused by 

the strong iron-carbon bond and the low H coverage. The low hydrogenation rate on ε-Fe-

carbide is also evident from the much higher olefins-to-paraffins ratio. On cobalt, the gas 

phase composition has a strong influence on the surface coverages and thus the rate of the 

elementary reaction steps, leading to significant changes in the product distribution. On the 

other hand, the low H coverage and the strong adsorption of carbon atoms on ε-Fe-carbide 
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result in a much lower dependence of the composition of the adsorbed layer on the reaction 

conditions. A comparison of intrinsic activities by isotopic transient kinetic analysis under 

steady-state conditions shows that the activity of cobalt is caused by one type of active site, 

whereas the ε-Fe-carbide surface contains different sites in which contributions of sites with 

Langmuir-Hinshelwood and Mars-Van Krevelen mechanisms are noted. The former 

mechanism is most likely similar to that on cobalt, the latter involves strongly adsorbed 

carbon atoms part of the iron carbide lattice. Site-distribution weighted pseudo-first-order rate 

constants for the cobalt and iron catalysts were 0.73 s-1 and 0.056 s-1, respectively. 
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5.1 Introduction  

Most group VIII metals display some activity in the Fischer-Tropsch (FT) reaction (1). 

Although ruthenium is the most active one, cobalt and iron are metals used as the active 

phase in industrial FT catalysts, not only because of their decent activity and selectivity, but 

also because they are more affordable than ruthenium (2). Both metals have already been 

commercialized for gas-to-liquids and coal-to-liquids processes, mainly by SASOL and Shell 

(3).  

Cobalt catalysts are usually supported on oxides to obtain high dispersion and good 

stability, because its price is relatively high compared to iron (4). The catalytic performance 

of cobalt catalysts strongly depends on the reaction conditions. Cobalt-based catalysts are 

normally optimized for maximized production of waxes, which are then hydrocracked into 

mainly diesel fuel, but also other products such as lubricants. Cobalt is preferred for 

processing synthesis gas into paraffins derived from natural gas. Accordingly, the formation 

of methane is undesired, which can be achieved by operating at relatively high pressure (20-

35 bar) and low temperature (200-240 oC) (5, 6). Iron catalysts generally consist of 

precipitated iron with alumina or silica as structural stabilizers. Copper and potassium act as 

promoters to improve the reducibility of the precursor iron oxide phases and improve the 

activity, respectively. Because of the lower activity compared to cobalt, iron catalysts require 

higher temperature (250-340 oC) and are usually employed to obtain gasoline and chemicals 

with a lower H/C ratio than paraffins. Therefore, iron catalysts are typically used for 

upgrading synthesis gas with a lower H2/CO ratio obtained from coal or biomass (7). 

Extensive research efforts are made to optimize these catalysts towards lower olefins, which 

are chemical building blocks for the polymer industry (8). Compared to cobalt, iron catalysts 

exhibit a much higher selectivity towards CO2. Typically, one-third of the CO feedstock is 

converted to CO2, which is a waste (9).  

Botes et al. discussed the practical aspects of implementing cobalt and iron catalysts in 

industry. These authors mentioned that, although cobalt catalysts are more active and stable 

than Fe catalysts, their selectivity is very sensitive to changes in the reaction conditions, thus 

limiting the operational range and making them also prone to deactivation due to intraparticle 



Chapter 5. 

134 

mass transfer limitations (10). The group of Davis systematically compared the activity, 

selectivity, and promoter effects of cobalt and iron catalysts (11, 12). Consistent with Botes’s 

findings, Davis claimed that cobalt catalysts are about 2.5 times as active as iron catalysts in 

terms of the initial turnover frequency (TOF) under particular conditions (230 oC, 20 bar, 

H2/CO=2.0 and SV = 13000 ml/(gcat∙h)). However, iron catalysts could achieve similar or 

even higher activity at higher SV and pressure than cobalt catalysts. Moreover, the selectivity 

of iron catalysts can be improved by promoters, while promoter effects are limited for cobalt 

catalysts. The latter seems to relate to the strong activity decrease noted when using 

promoters known to affect stability. Despite these studies relevant to the comparison of iron 

and cobalt, a thorough investigation on mechanistic differences is lacking.  

Despite the wide variety of FT catalysts, elementary steps involved in this reaction, a 

surface polymerization process by nature, can be categorized into (i) CO/H2 adsorption, (ii) 

chain initiation, (iii) chain propagation, (iv) hydrocarbon desorption, and (v) oxygen removal. 

A couple of reviews on this topic also provide a general introduction into proposed FT 

mechanisms (13-18). Specific reaction mechanisms for cobalt (19, 20) and iron (21, 22) were 

also discussed.  

In this contribution, we synthesized near-fully reduced cobalt and phase-pure ε-Fe-

carbide catalysts supported on SiO2 (Appendix 2.3). These two catalysts enable a comparison 

of the catalytic performance of cobalt and iron, such as CO conversion rate, product 

distribution (selectivity towards hydrocarbon and CO2), olefin-to-paraffin ratio, and chain-

growth probability. This comparison provides further insight into mechanistic differences 

between these two catalysts. 
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5.2 Results and discussion 

We compared the catalytic performance of cobalt and iron catalysts using silica-

supported precursors that were converted into their active form by reduction and 

reduction/carburization, respectively. The Co/SiO2 contained 17.8 wt% cobalt and 0.04 wt% 

platinum as a reduction promoter. Temperature-programmed reduction (TPR) showed that 

the cobalt reduction degree was 93% after reduction at 450 °C in a hydrogen flow (23). The 

Fe/SiO2 catalyst contained 18.9 wt% Fe. We recently developed a preparation method to 

obtain phase-pure ε-Fe-carbide (24), involving a sufficient reduction followed by a controlled 

carburization approach. As already shown in a previous work, this method is also suitable to 

obtain ε-Fe-carbide supported on silica.  

We evaluated the catalytic performance of the in situ activated catalysts in a plug-flow 

reactor operated at a space velocity of 1000 ml/(gcat∙min) for Co/SiO2 and 71.4 ml/(gcat∙min) 

for Fe/SiO2, a temperature of 250 °C, a pressure of 23 bar and a H2/CO ratio of 1.5. For 

Co/SiO2 catalyst, it has been estabslihed that mass transfer limitations are absent (25). As the 

Fe/SiO2 catalyst has a similar porosity and is less active than Co/SiO2 catalyst, we can expect 

that mass transfer limitations should also be absent in this case. Figure 5.1 presents an 

overview of the catalytic performance of the cobalt and iron catalysts. We determined the 

turnover frequency (TOF) for the two catalysts based on the following considerations. The 

metal surface area for the cobalt catalyst was determined by CO chemisorption data (0.117 

mmol/g) (23). Determining the active surface area in iron catalysts is much more challenging, 

because activated iron catalysts are usually a mixture of iron metal and iron oxides and 

carbides. As we employ a phase-pure ε-Fe-carbide catalyst and we also established that 

carburization did not lead to sintering (Chapter 2) (26), we could normalize the reaction rate 

based on the surface site density based on CO chemisorption (0.013 mmol/g). 
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Figure 5.1 Reaction rate (CO consumption ■, CH4 formation ●, C2+ species formation ▲, CO2 
formation ◆, olefins-to-paraffins ratio (ethylene-to-ethane , propylene-to-propane ★ ) and 
Anderson-Schulz-Flory (ASF) plots for cobalt (blue) and iron (red) catalysts as a function of CO 
partial pressure (a-c, 900 mbar H2) and H2 partial pressure (d-f, 150 mbar CO) at 250 oC. 

 

The activity difference in terms of TOF between cobalt and iron catalysts can be 

appreciated by comparing the blue and red data points in Figure 5.1a and 5.1d. At the given 

reaction conditions, iron is approximately 5 times less active than cobalt. This result is 

qualitatively consistent with the results of Davis’ (230 oC, 22 bar, H2/CO = 2.1) (11) and 

Bartholomew’s (220 oC, 24 bar, H2/CO = 2) (27) groups, who reported that iron is 2-4.5 times 

less active than cobalt.  

We next focus on possible reasons for the lower activity of iron. For cobalt, it is usually 

assumed that CO dissociation is the rate-determining step (18). Recent mechanistic 

investigations demonstrated that the rate-determining step will depend on the reaction 

conditions. Under typical Fischer-Tropsh conditions, CO dissociation is one of the 

elementary reaction steps contributing significantly to the overall rate control (19). It is 

generally accepted that step-edge sites are responsible for CO dissociation on cobalt (20). A 
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typical barrier for CO bond dissociation on cobalt step-edge sites is ~100 kJ/mol, a value that 

is not strongly influenced by CO coverage (20). Based on the Brønsted–Evans–Polanyi 

relation (28) and the stronger adsorption of C and O on iron than on cobalt (29), we expect a 

lower barrier for CO dissociation on metallic iron. To investigate the activation of CO on iron, 

we used in situ IR spectroscopy. The results for the iron catalyst are shown in Figure 5.2, 

corresponding data for cobalt have been reported earlier (30). On the reduced iron catalyst 

(Fe0), CO2 formation was already observed at a temperature of -150 oC. In contrast, CO2 

formation did not occur on reduced cobalt until a temperature of 170 oC (30). The most likely 

mechanism of CO2 formation is C–O bond scission and O–CO recombination (31). The 

extremely low temperature of CO2 formation indicates a very low barrier for CO dissociation 

on metallic iron. For example, a value of 25 kJ mol-1 has been computed by density 

functional theory for Fe(110) (29). We earlier established that for metallic iron the rate 

constant of carbon hydrogenation is approximately two orders of magnitudes smaller than the 

rate constant of CO dissociation (26). Nevertheless, carbon obtained by CO dissociation is 

preferentially involved in the carburization of metallic iron into ε-Fe-carbide. In fact, it was 

observed that carbon is not hydrogenated until a substantial fraction of iron is carburized. 

This is in line with the common notion that the active phase in iron catalysts is iron carbide 

(32-35). Thus, it is important to consider barriers for CO dissociation on iron carbides. 

Typical barriers for CO dissociation on iron carbide surfaces are substantially higher than 100 

kJ/mol (36).  For instance, step-edge sites such as those occur on (11-1), (11-1)0.5, (010)0.25, 

(100) and (100)0.287 terminations of χ-Fe5C2 are 156 kJ/mol, 118 kJ/mol, 137 kJ/mol, and 128 

kJ/mol, respectively. H-assisted pathways on these surfaces are much less favorable. H-

assisted CO dissociation on a 2B3 site of (010)0.25, on the other hand, is favorable with an 

overall barrier of 119 kJ/mol, but this barrier will be increased at the high coverages expected 

under reaction conditions. The preference for CO dissociation on stepped surfaces was 

confirmed in a recent study by Zijlstra et al., who showed that repulsive interactions due to 

co-adsorbates during the crossing of the transition state are reduced on corrugated surfaces 

(37, 38). Relevant to the present study in which we used ε-Fe2C, direct CO dissociation on 

terrace (001) and stepped (011) and (101) surfaces of this Fe-carbide exhibit barriers of 133 

kJ/mol, 146 kJ/mol, and 168 kJ/mol, respectively. H-assisted CO dissociation via the formyl 
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intermediate on the stepped (011) surface of ε-Fe2C has a lower barrier of 114 kJ/mol, 

however. Of relevance to the FT reaction rate are the relative rates of CO dissociation 

compared to C hydrogenation. For the stepped (011) surface of ε-Fe2C, the overall barrier for 

hydrogenation of C to CH4 is 271 kJ/mol with an overall reaction heat of 203 kJ/mol. These 

values can be contrasted to the overall barrier and reaction heat for CH4 formation from 

adsorbed C on stepped Co(1121) of, respectively, 111 kJ/mol and 41 kJ/mol.  

Thus, while metallic iron is much more reactive towards CO bond dissociation than 

metallic cobalt, the inclusion of C atoms in the iron lattice leads to higher activation barriers 

for CO dissociation for iron carbides. However, the rate of C hydrogenation on iron carbides 

is much lower than on metallic cobalt, indicating that the rate-determining step may be 

different on these catalysts. This is in line with the Sabatier considerations of Filot et al. (39). 

An additional reason for the lower rate of C hydrogenation on iron carbides is the lower H 

coverage in comparison with cobalt. This has been experimentally discussed before and will 

be further elucidated below (30, 40, 41). Such a difference in hydrogenation rate on iron and 

cobalt catalysts can also be appreciated from Figure 5.1b and 5.1e which report ethane-to-

ethylene and propane-to-propylene ratios as a function of the partial pressures of CO and H2. 

Clearly, iron is the preferred catalyst for olefins production, which is due to slow 

hydrogenation of carbon-containing surface intermediates.  
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Figure 5.2 (a) Infrared spectra of CO2, gaseous CO and adsorbed CO bands as a function of 
temperature on Fe/SiO2 catalyst under 50 mbar CO. (b) intensity of CO2 band (at 2343 cm-1) as a 
function of temperature. 
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Next, we investigate the H coverage on cobalt and iron catalysts using transient 

techniques. Figure 5.3 shows the normalized responses of H2, HD, and D2 after a switch 

from H2 to D2 or from CO/H2 to CO/D2 over cobalt and iron catalysts. No H2 (or D2) delay 

was observed in these experiments. The H coverage (based on particle size determined by 

XRD) can be estimated from the HD peak area. We neglect here the kinetic isotopic effect. 

HD formation can also result from involvement of H atoms from the support via spillover or 

from surface adsorbates such as hydrocarbon chains and OHx fragments present under 

reaction conditions (42). To exclude H-spillover on metal oxide support, we performed the 

H2 → D2 switch on a Raney iron catalyst free from a support (not shown here). This 

experiment revealed a H coverage of 93% on Raney Fe. The corresponding H coverages on 

cobalt and carburized iron catalysts of 110% and 105%, respectively, point to a small 

contribution of H-spillover from the silica support involving its silanol groups. To estimate 

the amount of H involved in FT reaction intermediates, we compared the results of H2 → D2 

(Figure 5.3a) and CO/H2 → CO/D2 (Figure 5.3b) switches. On the cobalt catalyst, the 

equivalent H coverage during the FT reaction is 625%. The high value is due to the 

involvement of H atoms of CxHy and OHx adsorbates. According to our earlier SSITKA 

(steady state isotopic transient kinetic analysis) data, the coverages of CO, CHx, and CxHy at 

comparable reaction conditions are 30%, 5%, and 3%, respectively (19). According to Den 

Breejen et al., the OHx coverage should be lower than 10% (42). Thus, we can infer that the 

H coverage on metallic cobalt under FT reaction conditions is approximately 50%, 

accounting for 8% of the total H abundance. Considering the reversibility of chain-growth 

(19), longer hydrocarbon chain can break down into carbon monomers, during which process 

H atoms can be easily replaced by D atoms. Moreover, H/D exchange of adsorbed reaction 

intermediates can take place as well. The chromatographic effect of H2O can contribute to the 

residence time of HD as well (43). These reactions can explain the majority of H/D 

scrambling from hydrogenation and dehydrogenation reactions of intermediates containing H 

atoms. Comparable transient experiments on the carburized iron catalyst show that the H 

coverage is 27% during the CO/H2 → CO/D2 switch. As we may expect a contribution of H 

atoms from surface adsorbates also in this case, the actual H coverage on the iron carbide 

surface must be much lower than for cobalt. A conservative estimate based on the adsorbate 
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coverages for cobalt indicate that the H coverage on the iron catalyst is less than 5%. Thus, 

besides the stronger binding of carbon, also the low H coverage on iron carbide catalysts 

under reaction conditions contributes to the much lower hydrogenation rate.  
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Figure 5.3 Normalized response of H2, HD, and D2 after a switch from H2 to D2 (a) or a switch from 
CO/H2 to CO/D2 (b) over cobalt (blue) and iron (red) catalysts. The CO/H2 to CO/D2 switch was 
performed after 6 hours exposure to the CO/H2 flow. Condition: 250 oC, 480/240 mbar H2(D2)/CO. 

 

We next discuss differences in kinetic aspects between cobalt and iron. For cobalt 

catalysts, usually a negative dependence of the rate on the CO partial pressure is observed. 

The reaction order with respect to CO for the cobalt catalyst in this study is -0.11 at a 

temperature of 250 oC. On cobalt, CO is the most abundant surface species and an increase in 

the CO coverage therefore results in a lack of vacant sites for CO dissociation (43, 44). For 

the iron catalyst, a positive reaction order with respect to CO of 0.21 is observed under the 

same reaction conditions. CO chemisorption, IR spectroscopy, and SSITKA measurements 

confirm that the CO coverage on the iron catalyst (Appendix 5.2) is much lower than on the 

cobalt catalyst (41, 43, 45). The lower coverage can be partially explained by the presence of 

surface carbon atoms at positions belonging to the iron carbide lattice. The carbon atoms also 

reduce the reactivity of the surface with respect to CO dissociation as discussed above. 

Compared with a CO coverage on cobalt of ~30% under these conditions as established by 

SSITKA, signals of CO and inert tracer nearly overlap each other for the iron case (40, 41). 

This implies that the CO coverage on iron carbide catalyst is below the detection limit 

(~2%). This finding is in line with the low CO coverage reported for another iron carbide 

phase by Xie et al. (46). The low CO coverage can therefore limit the overall reaction rate 
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through the coverage of carbon-containing species, whose hydrogenation is controlling the 

overall rate. This can explain the positive reaction order with respect to CO. 

The Anderson-Schulz-Flory (ASF) plots as a function of CO and H2 partial pressures 

shown in Figure 5.1c and 5.1f can be used to estimate the pressure-dependence of the chain-

growth probability. These dependencies are shown with respect to the CO and H2 partial 

pressures in Figure 5.4a and 5.4b, respectively. The chain-growth probability of the cobalt 

catalyst increases from 0.24 to 0.53 as the CO partial pressure is raised from 90 mbar to 535 

mbar. The chain-growth probability only varies slightly from 0.41 to 0.51 for the iron catalyst 

in the same CO partial pressure range. Also, the dependence on H2 partial pressure is weaker 

for iron than for cobalt. To understand the dependence of chain-growth probability on 

reactant partial pressure, we express the chain-growth probability (α) as 

 𝛼 =  (5.1) 

We assume the rates of chain propagation (rp) and termination (rt) are solely determined by 

one of the elementary steps, i.e., 

 𝑟 = 𝐴 𝑒𝑥𝑝 𝜃 𝜃  (5.2) 

 𝑟 = 𝐴 𝑒𝑥𝑝 𝜃 𝜃  (5.3) 

in which A are the pre-exponential factors, E the activation energies, 𝜃  the C monomer 

coverage, 𝜃  the coverage of hydrocarbon fragments with more than one C atom, and 𝜃  

the H coverage. Thus, the expression for the chain-growth probability can be rewritten as 

 𝛼 = 1 + 𝑒𝑥𝑝 ( )  (5.4) 
Assuming At/Ap is close to unity, the chain-growth probability can be expressed as a of a 

function of the difference between termination barrier and propagation barrier (Et - Ep) and 

the ratio between H coverage and C1 coverage (θH/θC1).  
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Figure 5.4 Chain-growth probability as a function of (a) CO partial pressure or (b) H2 partial 
pressure. 

 

We graphically depict this dependency in Figure 5.5. Since the activation energies of 

chain termination and propagation cannot be determined experimentally, we rely on DFT 

calculations performed by Zijlstra (47) and Broos (36) for respectively metallic cobalt and ε-

Fe2C. For the stepped (1121) surface of cobalt, we compare the CH2R + H and CH + CR (R = 

alkyl) with barriers of 76 kJ/mol and 65 kJ/mol, respectively, for the dominant chain 

termination and chain growth steps (47). In the work of Broos, the stepped (011) surface of ε-

Fe2C was shown to be representative for ε-Fe2C catalysts. The barriers of the dominant chain 

termination and chain propagation steps are 118 kJ/mol and 114 kJ/mol, respectively (36). 

These differences in activation energies for chain growth and termination determine the 

location of the two phases considered herein. At CO and H2 partial pressures of 450 mbar and 

900 mbar H2, respectively, and a reaction temperature of 250 oC, the cobalt and iron catalysts 

show similar chain-growth probabilities of 0.50 and 0.49, respectively. Figure 5.5 predicts 

that the ratio of H and C1 coverages (θH/θC1) is 12.5 for cobalt and 2.4 for iron. This is 

qualitatively in agreement with the H and C1 coverages of 50% and 5%, respectively, for 

cobalt and corresponding respective coverages of 5% and 2% on ε-Fe2C as determined by 
12CO/13CO and H/D SSITKA switches during syngas conversion. 
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Figure 5.5 Chain-growth probability as a function of the difference between termination barrier and 
propagation barrier (Et - Ep) and the ratio between H coverage and C1 coverage (θH/θC1). 

 

A general understanding in heterogeneous catalysis is that the product distribution 

strongly depends on the composition of the adsorbed layer of a catalyst (48). A case in point 

is the strong dependence of the chain-growth probability on the θH/θC1 ratio. On cobalt, the 

C1 coverage varies slightly with CO or H2 partial pressure (43, 49).However, the H coverage 

not only depends on the H2 partial pressure but is also strongly linked to the CO partial 

pressure, because CO adsorbs much stronger than H2 on cobalt (50). Then, changes in the CO 

and H2 partial pressure affect the chain-growth probability by varying H coverage as a key 

factor in the chain termination rate. Microkinetics simulations of the (011) surface of ε-Fe2C 

show that the majority (80%) of the surface is blocked by surface C atoms, leaving 20% for 

adsorption of CO and H2. It is likely that CO and H adsorb weaker in the vicinity of these 

surface C atoms. For CO adsorption, indications can be found in the work of Xie et al. (46, 

51). This can not only explain the much lower coverages of H and C1 species, but also the 

weak dependence of the ratio on conditions. The C1 coverage does not depend strongly on the 

conditions because of the relative high rate of CO dissociation that generates C1 species 

compared with C hydrogenation that removes these species from the surface. To support this 

point, we present in Figure 5.6 temperature-programmed hydrogenation (TPH) profiles of 

the iron catalyst carburized at different gas compositions. In this experiment, the surface C 

atoms are removed from the surface as methane. Independent of the surface carburization 
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degree varied through different H2/CO ratios, the amount of surface C atoms remains nearly 

the same. Thus, ta nearly constant θH/θC1 ratio causes a weak chain-growth probability 

dependency on reactant partial pressure. 
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Figure 5.6 Temperature-programmed hydrogenation (TPH) profiles of the samples carburized at 250 
oC for 40 minutes under CO/H2 flow with (a) different CO partial pressure or (b) different H2 partial 
pressure. 

 

One of the pronounced differences between iron and cobalt catalysts is the relatively 

high CO2 selectivity on iron. Iron-based catalysts typically convert 30% of CO to CO2, while 

oxygen from CO dissociation is nearly exclusively converted to H2O on cobalt (52). Earlier, 

we demonstrated that the use of phase-pure ε-Fe-carbide leads to absence of primary CO2 

formation during syngas conversion. Thus, the surface of ε-Fe-carbide selectively 

hydrogenates O atoms to H2O. This behavior was confirmed by DFT-based microkinetics 

simulations of the FT reaction on the (011) surface of ε-Fe2C. The important implication from 

these findings is that the high CO2 selectivity of iron-based catalysts is caused by the 

presence of iron oxides, which are known catalysts for the water-gas shift (WGS) reaction. 

Indeed, typical iron-based FT catalysts contain appreciable amounts of magnetite (Fe3O4) (34, 

53-55), while cobalt FT catalysts usually contain only a very small amount of cobalt(II) oxide. 

Mechanistically, both CO and H2 can react with O derived from CO dissociation, forming 

respectively CO2 and H2O. Thus, it is important to consider the competition between O + CO 

and O + H reactions. For this purpose, we performed H2-TPR and CO-TPR on calcined 

cobalt and iron catalysts in which the respective oxides are the predominant active phases. As 

shown in Figure 5.7a, H2 starts to reduce cobalt oxide at 170 oC, while this does not occur 
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with CO until 300 oC. This shows the preference for H2O over CO2 formation for cobalt 

oxide. From the low CO2 selectivity of typically well-reduced cobalt catalysts, we can also 

deduce that metallic cobalt is selective towards H2O. All this is in line with the notion that 

neither metallic cobalt nor cobalt oxide are active catalysts for the WGS reaction. For iron 

oxide (Figure 5.7b), an opposite trend is observed in the H2-TPR vs. CO-TPR experiment. 

The onset of reduction by CO is 100 oC lower than that of reduction by H2. Thus, iron oxide 

prefers to react with CO leading to the formation of CO2. These findings support the notion 

that residual iron oxides and most likely hematite are causing the high CO2 selectivity in 

typical iron-based FT catalysts.  
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Figure 5.7 H2- and CO-temperature-programmed reduction (TPR) profiles of the (a) cobalt and (b) 
iron samples. 
 

Finally, we use transient kinetic approaches (42, 43, 56, 57) to determine the intrinsic 

activity of cobalt and iron catalysts by applying 12CO/H2 → 13CO/H2 after a steady state was 

obtained after 6 h of FT reaction. The interpretation of these SSITKA data is based on a 

simplified Langmuir-Hinshelwood mechanism (56), which is suitable for the metallic cobalt 

catalyst but not for the iron carbide catalyst in which surface carbon species are involved that 

imply a Mars–Van Krevelen mechanism (58). Therefore, the residence time and surface 

coverage determined from SSITKA do not have the same meaning as in the cobalt 

experiments. Nevertheless, the transient response of the observed products to the switch bears 

relevant kinetic information. To extract such information, we assume that (i) the methane 

formation rate follows a pseudo-first order behavior and (ii) the overall activity is a 

combination of n parallel reaction paths (56, 59-61). Then, the normalized transient response 
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of methane after the isotopic switch, F, can be expressed as: 

 𝐹 = ∑ 𝑥 𝑒( ) (5.5) 
Each of the n paths contributes xi to the overall reaction rate with the first-order rate 

constant ki: 

 𝑥 =  (5.6) 
This leads to two sets of unknown parameters, namely xi and ki. Based on the first order 

assumption, the reciprocal of ki represents the residence time (which does not represent the 

surface residence time) of the intermediate of one of the i paths. Thus, the amount of the 

intermediate is: 

 𝑁 = 𝑥 𝑟𝑘  (5.7) 
and 

 𝑁 = ∑ 𝑁 = 𝑟 ∑ 𝑥 𝑘  (5.8) 
Then, the fractional amount of the intermediate representing the active site-distribution, 

yi, can be calculated as:  

 𝑦 = ∑  (5.9)   

0 100 200 300

0.0

0.5

1.0

no
rm

al
iz

ed
 m

et
ha

ne
 (-

)

time on stream (s)

iron
cobalt

(a)

0.01 0.1 1
0

20

40

60

80

0.01 0.1 1
0

20

40

60

80

ac
tiv

ity
di

st
rib

ut
io

n 
(%

) cobalt
iron

(b)

si
te

di
st

rib
ut

io
n 

(%
)

k (s-1)

cobalt
iron
cobalt
iron

cobalt
iron
cobalt
iron

 
Figure 5.8 (a) Normalized methane response as a function of time on stream after a switch from 
12CO/H2 to 13CO/H2; (b) transient kinetics derived activation distribution (upper) and site 
distribution (bottom) as a function first-order rate constant (experimental conditions: 250 oC, 900 
mbar H2, 450 mbar CO for 6 h before 12CO/H2 → 13CO/H2). 
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This transient analysis deconvolutes the surface into different active sites that have a 

specific contribution to the overall methane formation rate. Figure 5.8 shows the normalized 

methane response to a 12CO/H2 → 13CO/H2 switch and the activity and site contributions 

derived from them for the cobalt and iron catalysts. The activity of the cobalt catalyst is 

nearly exclusively determined by a specific site with a rate constant of ~1 s-1. This pathway 

accounts for about 80% active sites. The other sites turn over syngas to methane at a 

substantially slower rate. For the iron catalyst, at least three different pathways contribute 

significantly to the overall activity, indicating a heterogeneous catalytic surface. A significant 

contribution is noted from sites that have a rate comparable to that of cobalt. We speculate 

that this represents a reduced surface on which a Langmuir-Hinshelwood mechanism akin to 

that for cobalt takes place. We infer this from the presence of much slower sites that can be 

linked to the much strong adsorption of reactive carbon on carbide surface lattice positions 

and thus representing a Mars–Van Krevelen mechanism (26). The site-distribution analysis 

shows that the slowest pathway represents most of the active sites, while the fastest pathway 

accounts for only 2% active sites. Despite the small contribution of this fast pathway to the 

amount of active sites, its contribution to the overall activity is more than half.  

The site-distribution weighted (pseudo-first order) rate constants, k, were calculated as: 

 𝑘 = ∑ 𝑦 𝑘  (5.10) 

Expectably, as-determined rate constant equals the reciprocal of the average residence 

time, τ, calculated as:  

 𝜏̅ = ∑ 𝑥 𝑒( ) = ∑ 𝑥 𝜏  (5.11) 
in which τ = k . Subsitituting (5.11) and (5.9) into (5.10), it can be calculated as: 

 𝑘 =   (5.12) 
The site-distribution weighted (pseudo-first order) rate constants of the cobalt and iron 

catalysts are 0.73 s-1 and 0.056 s-1, indicating a remarkable difference in the intrinsic activity 

of the two surfaces. 

  



Chapter 5. 

148 

5.3 Conclusions 

We compared silica-supported cobalt and iron catalysts in the FT reaction with the aim 

to understand the differences in catalytic performance from a mechanistic point of view. The 

cobalt was sufficiently reduced to metallic cobalt, while iron was present as a pure ε-Fe-

carbide phase during the FT reaction. The catalytic performance was evaluated at a 

temperature of 250 oC, CO and H2 partial pressures were varied, and isotopic transient kinetic 

analysis measurements were performed as well. The site-normalized activity of the iron 

catalyst is about 5 times less active than the cobalt catalyst. Although metallic iron is very 

active towards CO dissociation, the presence of lattice carbon atoms in the actual iron-carbide 

active phase results in a much lower rate of CO dissociation. Based on available DFT data, 

the CO dissociation is slower on step-edge sites of ε-Fe-carbide than on step-edge sites of 

cobalt. Nevertheless, the kinetic data point out that carbon hydrogenation is the slow step on 

ε-Fe-carbide, while CO dissociation mostly limits the rate of cobalt-catalyzed CO 

hydrogenation. This different balance between CO dissociation and C hydrogenation rates is 

due to the much stronger binding of C to Fe-carbide. Slow hydrogenation is also caused by 

the very low H coverage on ε-Fe-carbide in comparison to cobalt as follows from transient 

H2/D2 in the absence and presence of CO. The low hydrogenation rate on ε-Fe-carbide is also 

evident from the much higher olefins-to-paraffins ratio. The selectivity and the chain-growth 

probability strongly depend on the composition of the adsorbed layer. On cobalt, CO and H2 

pressure strongly affect the surface coverages and thus the rate of the elementary reaction 

steps, leading to significant changes in the product distribution. On the other hand, the low H 

coverage and the strong adsorption of C atoms on ε-Fe-carbide result in a much lower 

dependence of the composition of the adsorbed layer on the reaction conditions. Finally, we 

compared the intrinsic activity of metallic cobalt and ε-Fe-carbide in transient kinetic 

experiments, where 12CO/H2 was abruptly replaced by 13CO/H2 at steady-state conditions. 

The difference in methane transient highlights the much higher activity of the cobalt catalyst. 

A deconvolution of these trends into contributions of different sites with specific activities 

shows that the activity of the cobalt catalyst is caused nearly completely by one type of active 

site. On the other hand, the ε-Fe-carbide contains different sites in which most likely 
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contributions of a Langmuir-Hinshelwood mechanism on a reduced iron site as well as of a 

Mars-Van Krevelen mechanism involving more strongly adsorbed C atoms play a role. Site-

distribution weighted pseudo-first-order rate constants for the cobalt and iron catalysts were 

0.73 s-1 and 0.056 s-1, respectively. The lower activity of the iron-based catalyst is most likely 

a result of the stronger metal-carbon bond strength leading to a low rate of hydrogenation 

reactions of adsorbed carbon-containing species. This latter effect is compounded by a low H 

coverage. The rate of carbon hydrogenation on ε-Fe-carbide is so slow that it becomes the 

rate-controlling step, despite CO dissociation being most likely slower on ε-Fe-carbide in 

comparison to cobalt. This can explain the preference for cobalt catalysts in terms of low-

temperature FT performance.  
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Appendix 5 

Appendix 5.1 Preparation methods 

Supported Co and Fe catalysts   
Silica supported cobalt catalyst and iron catalyst are prepared by impregnation method. 

According to ICP (Spectroblue, AMETEK) analysis, the exact cobalt and iron loading are 

17.8 wt% and 18.9wt%, respectively. For the cobalt catalyst, 0.04% platinum was added to 

enhance the cobalt reduction degree, which is 93% as determined by quantitative TPR (23).  
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Appendix 5.2 Characterization and catalytic test methods   

In situ X-ray diffraction (XRD) 

In situ XRD was carried out on a Rigaku D/max-2600/PC apparatus equipped with a 

D/teX ultra-high speed detector and scintillation counter. The X-ray generator consisted of a 

Cu rotating anode target with a maximum power of 9 kW. All the tests were operated at 40 

mA and 40 kV. XRD patterns were recorded in an Anton Par XRK-900 cell equipped with a 

CO/H2/Ar gas inlet system. The size of reduced cobalt particles and iron particles were 15 nm 

and 19 nm, respectively, corresponding to a metal dispersion of 6.7% and 5.2%, respectively. 

These results were used to calculate coverages.  

 

CO chemisorption 

The amount of active sites was measured by CO chemisorption on a Micromeritics 

ASAP 2010 apparatus. For Co/SiO2, 200 mg sample was reduced at 450 oC. For Fe/SiO2, 500 

mg was reduced at 550 oC, pretreated at 170 oC and carburized at 250 oC to obtain ε-carbide. 

The CO chemisorption measurement was performed at 50 oC. As-measured site densities of 

reduced cobalt and ε-carbide were 0.117 mmol/gcat and 0.013 mmol/gcat, which were used for 

the calculation of the turnover frequency (TOF). 

 

Temperature-programmed reduction (TPR) 

Temperature-programmed reduction was conducted in a quartz tube reactor equipped 

with a mass spectrometer (ESS, GeneSys). Typically 50 mg calcined sample was loaded and 

heated to in a dilute H2 or CO flow (10% H2 or 10% CO in He) with the ramp of 5 oC min-1. 

 

Temperature-programmed hydrogenation (TPH) 

To characterize carbonaceous species in the carburized catalysts, temperature-

programmed hydrogenation (TPH) was conducted in the same reactor of TPR.  

Typically, 50 mg Fe/SiO2 was first carburized to ε-Fe-carbide following the procedure 

reported earlier (24), subsequently cooled to room temperature in He flow, then heated in a 

dilute H2 flow (10% H2 in He) with the ramp of 5 oC/min. The products during the 
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experiments were monitored by online MS (ESS, GeneSys) and quantified by compact GC 

(InterScience) that can measure every 5.5 minutes. 

 

In situ infrared (IR) spectroscopy  

In situ IR (Bruker Vertek) experiments were conducted to study the interaction between 

reduced iron and CO. In each experiment, approximately 10 mg ground Fe/SiO2 sample was 

pressed into a self-supporting wafer and placed in a transmission cell (home-made), which is 

capable of heating, gas dosing and evacuation. The double-layer wall allow the admitting 

liquid coolant. The sample was reduced at 600 oC in H2 flow for 6 hours, then evacuated and 

cooled to -170 oC by liquid N2, and exposed to 50 mbar CO. The spectra were recorded with 

increasing temperature that was controlled by carefully reducing the N2 flow.  

 

Catalytic tests and steady state isotopic transient kinetic analysis (SSITKA) 

Catalytic tests and steady state isotopic transient kinetic analysis experiments were both 

carried out in a setup that is capable of transient kinetics study. The catalyst was mixed with 

silicon carbide before loading in the stainless steel tubular reactor (5 x 80 mm reaction zone), 

in which the dead volume was minimized to diminish gas holdup time in the reactor. For the 

transient experiments in this work it was of importance to use a 4-way valve (Valco, N4WE) 

that allows for a quick and stable switch between two gas streams. To avoid any pressure 

perturbation, the pressures in both flows had to be equal. Two back pressure regulators enable 

the fixation of pressure in the downstream gas streams in both the reactor and the vent. The 

gas flow exiting the reactor is analyzed by mass spectrometer (MS) and gas chromatograph 

(GC). All the lines between the reactor and apparatus are heated (110 °C) to prevent 

condensation of the gaseous products. The activity was determined by the online GC 

(Thermo Fischer Scientific Trace GC 1300 extended with a Trace 1310 Auxiliary Oven), 

which automatically takes samples from the gas stream.  

For the activity tests, 50 mg Co/SiO2 and 700 mg Fe/SiO2 were loaded to obtain a 

similar CO conversion. For the transient experiments, 50 mg Co/SiO2 and 60 mg Fe/SiO2 

were loaded to obtain a similar amount of surface atoms. The cobalt catalyst was reduced at 

450 oC in H2 for 12 h and cooled to 250 oC for the FT reaction. The iron catalyst was first 
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reduced at 550 oC in H2 for 12 h, then cooled to 170 oC and pretreated in a dilute syngas (16% 

H2/8% CO/76% Ar) for 40 minutes. Afterward, the temperature was increased to 250°C with 

a ramp of 0.5 °C min−1 and kept for 6 hours to fully carburize the sample further. 

The transient experiment was performed by switching from 12CO/H2/Ar to 13CO/H2/Ne 

(or 12CO/D2/Ne). An extra Ar flow was used to keep the total flow at 50 mL min−1. The 

transients of H2 (m/z = 2), HD (m/z =3), D2 (m/z = 4), 12CH4 (m/z = 15), 13CH4 (m/z = 17), 

12CO (m/z = 28)，13CO (m/z = 29)，Ne (m/z = 22) and Ar (m/z = 40) were recorded by 

online mass spectroscopy (quadrupole mass spectrometer, ESS, Catalysis). The residence 

times of the HD was calculated via the area under the normalized transient curves N: 𝜏 = 𝑁 d𝑡 

The C1 (intermediate leading to CH4) residence time was corrected for the gas phase 

hold-up and the chromatographic effect of CO: 𝜏 = 𝑁 − 𝑁 − 12 (𝑁 − 𝑁 ) d𝑡 

The coverage of the surface species (𝜃 ) was calculated by dividing the number of 

relevant adsorbed species by the number of metal atoms on surface. 𝜃 = 𝜏 . 𝐹𝑛  𝜃 = 𝜏 . 𝐹𝑛  𝜃 = 2 𝜏 . 𝐹𝑛  

where F refers to the flow rate determined by GC. The coverage of higher hydrocarbons, 

Cn, was estimated on the basis of chain-growth probability.  
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Summary 

Preparation and Catalytic Performance of Phase-Pure ε-, χ-, and θ-Iron 

Carbides in Synthesis Gas Conversion 

Fischer-Tropsch (FT) synthesis represents one of the most advanced technologies to 

convert synthesis gas derived from coal, natural gas, and biomass into liquid transportation 

fuels and high value-added chemicals. Iron and cobalt are the main transition metals used for 

FT catalysis. Compared to cobalt, iron presents a more complex case in which different active 

phases play a role, while also the preparation and activation of the active phase presents a 

more challenging case in terms of understanding and characterization. As such, the aim of 

this thesis is to study the synthesis and catalytic performance of phase-pure ε-, χ- and θ-Fe-

carbides, to understand the formation and reaction mechanisms and their performance in 

terms of activity, product distribution, and stability under close to industrial FT reaction 

conditions. Such insights provide a solid basis for the further exploration of the potential of 

phase-pure Fe-carbide-based catalysts. Novel and broadly applicable synthesis methods 

toward stable and phase-pure Fe-carbides are developed and in situ and operando 

characterization techniques are employed to understand key aspects of preparation, formation 

and performance. 

Currently, significant efforts are underway to realize coal-to-liquids (CTL) processes in 

certain parts of the world where coal is a cheap and plentiful resource (1, 2). Compared to 

natural-gas based FT, CTL processes face an important challenge: since the H/C ratio of coal 

is too low, the process requires the WGS reaction to increase the H2/CO ratio of the FT 

feedstock (3, 4). This leads to significant CO2 emissions (5, 6). In essence, this leads to the 

requirement to couple CTL processes to CO2 capture. Current generation of Fe-based FT 

catalysts for CTL processes show a significant activity in the WGS reaction, which is 

undesired as it substantially increases the energy cost of the overall CTL process (7). From 

this, it follows that it would be highly desirable to develop FT catalysts with an as low as 

possible WGS activity, so that the main WGS can be done in the first WGS reactor. Such a 

new generation of catalysts would not only lower the energy cost but the generation of most 
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of the CO2 in the WGS reactor would also allow for more facile integration of carbon capture 

technology in CTL. 

To overcome the challenge of high CO2 selectivity in FT reactor of CTL, in Chapter 2 

we present a novel and scalable preparation method of a stable and phase-pure ε-Fe-carbide 

Fischer-Tropsch catalyst with a very low intrinsic CO2 selectivity. We achieved the synthesis 

approach of phase-pure ε-Fe-carbide catalysts based on careful control of the pretreatment 

and carburization conditions, which has been developed for un-supported (Raney-iron 

precursor) and validated for silica-supported catalysts. Several characterization techniques are 

employed to clarify the formation and phase composition of ε-Fe-carbide, including in situ 

XRD, high-pressure in situ Mössbauer spectroscopy, and environmental TEM. We highlight 

the main requirements to achieve such a phase-pure ε-Fe-carbide catalyst. Importantly, 

complete reduction of the Fe precursor is pivotal and we uniquely demonstrated by 

environmental TEM how carbon atoms deposited by CO dissociation migrate through the 

bulk particles to form the desired phase-pure ε-Fe-carbide. No deactivation or phase 

transformation of the catalyst was observed, even after a high temperature excursion. This is 

a crucial result as it was believed until now that ε-Fe-carbide is not a stable phase under 

industrial FT conditions. We show that current preparations iron oxides of the precursor 

remain, resulting in a lower stability of ε-Fe-carbide. These results shed a completely new 

view on the utility of ε-Fe-carbide, which has hitherto been disregarded in favor of Hägg 

carbide as the stable and catalytically active phase. We unequivocally show that phase-pure 

ε-Fe-carbide is able to convert syngas to liquid fuels without CO2 being formed as a primary 

product. Thus, we achieved to prepare a phase-pure ε-Fe-carbide catalyst with extremely low 

CO2-selectivity which was considered to be impossible.  

Besides CTL, interest in the conversion of natural gas into valuable chemicals and liquid 

fuels olefins has been steadily growing along with the sharply increasing availability of 

unconventional resources such as shale gas, coal bed methane and tight gas (8, 9). Currently 

most methane is just burned for heating and electrical power generation, while only limited 

methane is converted into value-added chemicals (8-11). One important reason is that current 

methane-derived syngas routes provide only access to less valuable products such as 

transportation fuels via conventional GTL process, ammonia via ammonia synthesis process, 
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and methanol via methanol synthesis process, while more complicated multiple-step 

processes are needed to obtain valuable chemical building blocks such as olefins (6-10). This 

considerably weakens the case of natural gas as a starting resource for the chemical industry, 

and no doubt a direct route from methane-derived synthesis gas to high value-added LAOs 

would not only be economically attractive and environmental friendly, but also expand the 

use of natural gas resources. 

To overcome the challenge in syngas direct conversion into LAOs, in Chapter 3 we 

describe a direct one-step route from methane-derived synthesis gas to C2-C10 LAOs 

comprising a novel phase-pure χ-Fe-carbide catalyst that is highly active, selective and stable 

under industrial Fischer-Tropsch synthesis conditions. We achieved the synthesis of the 

phase-pure χ-carbide catalysts based on a simple and scalable manner, and proved the purity 

and stability with in situ XRD and high-pressure in situ Mössbauer spectroscopy. Moreover, 

the ETEM measurements uniquely show the conversion of the Raney Fe precursor towards χ-

carbide of iron, resolving even the phase boundary between the original and forming iron 

phases. A highlight in this respect is that we can achieve a very fast carburization by our 

method, which is important from the practical point of view, and which allows achieving 100% 

phase purity. We studied the unique performance of this novel catalyst under industrial FT 

conditions. Compared to existing processes, this novel route has 5 significant advances: (i) a 

direct one-step conversion process of synthesis gas to C2-C10 LAOs directly in a 1-step 

process; (ii) a very low CO2 selectivity and high carbon efficiency, implying reduced 

environmental burden and high economic benefit; (iii) higher activity achieved for synthesis 

gas conversion already at 90-250 oC lower temperature than state-of-the-art catalysts; (iv) a 

near optimum product distribution towards C2-C10 hydrocarbons, translating in a high 

economic profit; (v) an extremely high LAO/total olefins ratio of 90% after promotion of the 

iron carbide catalyst with manganese. Density functional theory calculations confirm that the 

latter aspect is important in explaining the low CO2 selectivity. Notably, no deactivation or 

phase transformation of the catalyst was observed during long-term reaction for nearly 200 h 

under industrial Fischer-Tropsch conditions. This is a crucial aspect for industrial viability of 

such a catalyst. To verify the economical of the new route, we determined the expected profit 

on the basis of the market price and industrial variable and fixed costs. We infer from this 
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that our novel chemical process outperforms existing processes to olefins such as ethane and 

naphtha cracking and propane dehydrogenation. The very high carbon efficiency, the high 

selectivity towards LAOs, the low CO2 selectivity, the high activity with excellent stability 

and in combination with a promising economical process underpin the potential of the 

catalyst and the practical technology to convert syngas directly to desired LAOs.  

To further explore the proper pure Fe-carbide that can work stably under severe 

conditions of high temperature (>300 oC), in Chapter 4, we provide a synthesis approach for 

a pure carbide-based catalyst composed of θ-carbide and χ-carbide. In situ XRD and high-

pressure in situ Mössbauer spectroscopy were employed to clarify the formation and phase 

composition of this pure carbide, and further proved that the carbide phases are very stable 

under industrial high-temperature Fischer-Tropsch (HT-FT) conditions at a temperature reach 

to 340 oC. We highlight that the sufficient reduction is one of the critical requirement to 

obtain this pure carbide-based catalyst composed of θ-carbide and χ-carbide. Temperature-

programmed surface reaction (TPSR) measurements with various H2/CO ratios were carried 

out from ambient to 350 oC to study the pure Fe-carbide(s) formation rules. Followed by in 

situ XRD and Mössbauer spectra, carbide formation processes under different atmosphere 

and temperature were clearly observed and compared. We conclude that surface oxygen layer, 

carburization temperature and H2/CO ratio are the key conditions for pure carbide synthesis, 

which factors determine the carburizing pathway (intermediate) and lead to different final Fe-

carbide phase formations. Thus, it is achievable to control pure Fe-carbide formation by 

controlling these factors. Catalytic tests results indicated that this pure carbide-based catalyst 

perform high activity and promising phase stability towards low carbon hydrocarbons and 

liquid fuels under typical industrial HT-FT conditions of a wide temperature range up to 325 
oC. The relatively low CH4 and CO2 selectivity over this unpromoted catalyst implies the big 

potential of the promoted pure carbide-based catalyst. These favorable aspects of the catalytic 

chemistry provide a solid basis for the further exploration of the potential of this pure Fe-

carbide based catalyst for stably high-temperature syngas conversion towards not only liquid 

fuels but also value-added chemicals such as light olefins, aromatics and jet fuels.  

To essentially understand the mechanisms Fe-carbides, in Chapter 5 we compared the 

mechanistic issues of the FT reaction between cobalt metal and ε-Fe-carbide. Besides fixed-
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bed reactor tests, we evaluated the catalysts with steady-state isotopic transient kinetic 

analysis (SSITKA). We proved that the Fe-carbide surface is terminated by carbon atoms 

with a very low H coverage, which results in a lower CO conversion rate, a high olefins-to-

paraffins ratio and a lower dependence less dependent on CO partial pressure in comparison 

to a metallic Co catalyst. The selectivity and the chain-growth probability strongly depends 

on the surface composition of the carbide catalyst, while its relatively low activity can be 

explained by the co-existence of the reaction routes following the Langmuir-Hinshelwood 

mechanism and the Mars–Van Krevelen on Fe-carbide.  
The implications of these findings are varied and profound. Fe-based catalysts can in 

principle compete with Co-based ones for the FT reaction, as they are only less active by less 

than one order of magnitude but can be operated in a wider operation window. Foremost, Fe 

is a much cheaper metal than Co, certainly considering the recent price hike of Co due to 

surging demand for Li-cobaltate based batteries. Clearly, these novel materials free from 

oxide precursors presented in this thesis is a solid starting point for further research aimed at 

improving these first time prepared phase-pure carbides.  

Phase-pure ε-Fe-carbide catalysts can be employed in the rapidly growing field of 

CTL processes. The perspective of availability of phase-pure Fe carbide catalysts with a 

lowered CO2 selectivity and stable performance under industrial syngas conversion 

conditions offer possibilities with respect to inclusion of carbon capture technologies. In 

essence, it would lead to optimized water-gas shift and FT section with an intermediate main 

CO2 capture step before the FT section.  

An appealing aspect of this work is the direct route presented to convert synthesis gas 

into valuable linear α-olefins with a proper phase-pure χ-Fe-carbide catalyst. This catalyst 

broadens the base for the use of natural gas for high value-added chemicals production. 

Different from Fe-oxides or impure Fe-carbides, the high CO consumption rate at mild 

conditions and low tendency of O atom removal pathways towards CO2 render phase-pure χ-

Fe5C2 ideal candidate catalysts to convert synthesis gas into important chemical intermediates 

with high carbon efficiency. Promoting such phase-pure χ-Fe5C2 with well-distributed Mn 

species reduces the local H/C ratio at the surface and inhibits secondary hydrogenation and 

isomerization reactions, contributing to a very high selectivity towards target linear α-olefins. 
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These favorable aspects of the catalytic chemistry provide a solid basis for the further 

exploration of the potential of phase-pure χ-Fe5C2-based catalysts.  

Although we could not obtain a phase-pure θ-Fe-carbide, further optimization with 

respect to carburization severity (temperature, syngas composition) can help achieving this 

goal. Although we cannot firmly conclude based on the available data, it is likely that the 

transformation from χ-carbide to θ-carbide occurs at the surface. Therefore, it might well be 

that the catalytic properties that we reported in this study pertain to a θ-carbide surface. Thus, 

its good catalytic performance in HT-FT catalysis in terms of high activity towards liquid 

fuels, relatively low CH4 and CO2 selectivity and good stability under typical industrial 

conditions imply that this catalyst is a candidate for further scale-up. Improvements should be 

sought in adding promoters to improve the product distribution further to maximize profit.  
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