
Catalyst Design and Development for the                     
Direct Production of Lower Olefins from Synthesis Gas

Ontwerpen en Ontwikkelen van Katalysatoren voor de          
Directe Productie van Lagere Olefines vanuit Synthesegas 

(met een samenvatting in het Nederlands)

Proefschrift

ter verkrijging van de graad van doctor aan de Universiteit Utrecht op gezag van de 

rector magnificus, prof. dr. G. J. van der Zwaan, ingevolge het besluit van het college 

voor promoties in het openbaar te verdedigen op woensdag 22 maart 2017 des 

ochtends te 10.30 uur

door

Jingxiu Xie

geboren op 11 januari 1988 te Singapore



Promotor: Prof. dr. ir. K. P. de Jong

This thesis was accomplished with financial support from the Netherlands 
Organisation for Scientific Research (NWO), The Dow Chemical Company,  
and Johnson Matthey in the framework of the TASC Technology Area “Syngas, 
a Switch to Flexible New Feedstock for the Chemical Industry (TA-Syngas)”.



“Winners never quit and quitters never win.”

Vince Lombardi

iii



Title:   Catalyst Design and Development for the Direct Production of 
  LowerOlefins from Synthesis Gas
Author   Jingxiu Xie (JX)
Affiliation Group of Inorganic Chemistry and Catalysis, 
  Debye Institute for Nanomaterials Science, Utrecht University
ISBN  978-90-393-6719-3
Printed by Glideprint - The Netherlands
Cover Design Jingxiu Xie and Jornt van Dijk, Persoonlijk Proefschrift
Circulation 200 copies

iv



TABLE OF CONTENTS

1. Introduction 

 1.1 Lower Olefins – Important Building Blocks for Chemicals  
  1.1.1 Demand for Lower Olefins     
  1.1.2 Supply of Lower Olefins     
 1.2 Lower Olefins Production from Synthesis Gas   
 1.3 Direct Production of Lower Olefins from CO-rich    
  Synthesis Gas (Coal-to-Olefins and Biomass-to-Olefins)  
  1.3.1 Oxide-Zeolite (OX-ZEO)     
  1.3.2 Fischer-Tropsch to Olefins (FTO)    
 1.4 Direct Production of Lower Olefins from H2-rich Synthesis Gas  
  (Gas-to-Olefins)       
 1.5 Scope and Outline of Thesis

  

2.	 Size	and	Promoter	Effects	in	Supported	Iron	Fischer−	 	
 Tropsch Catalysts: Insights from Experiment and Theory 

 2.1 Introduction       
 2.2 Experimental Methods      
  2.2.1 Catalyst Preparation and Characterization   
  2.2.2 Transient Isotope Experiments    
  2.2.3 DFT Modeling      
 2.3 Results and Discussion      
  2.3.1 CH4 Transient      
  2.3.2 HD Transient      
  2.3.3 DFT Modeling      
 2.4 Conclusion       
 Supporting Information

3. Size and Promoter Effects on Stability of Carbon-   
	 Nanofiber-Supported	Iron-Based	Fischer−Tropsch		 	
 Catalysts

 3.1 Introduction       
 3.2 Experimental Methods      
  3.2.1 Catalyst Preparation and Characterization   
  3.2.2    Catalyst Performance         
  3.2.3 Carbon Deposition     
 3.3 Results and Discussion      
 3.4 Conclusion       

9

25

55

v



 Supporting Information

4. Promoted Iron Nanocrystals obtained via Ligand    
 Exchange as Catalysts for the Production of Lower   
 Olefins from Synthesis Gas

 4.1 Introduction       
 4.2 Experimental Methods      
  4.2.1 Synthesis of Colloidal NC Catalysts    
  4.2.2 Synthesis of Reference Catalysts    
  4.2.3 Characterization      
  4.2.4 Catalyst Performance     
 4.3 Results and Discussion      
 4.4 Conclusion       
 Supporting Information  

5. Promoted Cobalt Catalysts for Gas-to-Olefins  

 5.1 Introduction       
 5.2 Experimental Methods      
  5.2.1 Synthesis of Co/MnOx catalysts via precipitation  
  5.2.2 Catalyst Characterization     
  5.2.3 Catalyst Performance at 1 bar    
  5.2.4 Catalyst Performance at 10 bar    
 5.3 Results        
  5.3.1 Catalyst Characterization     
  5.3.2 Catalyst performance at 1 bar    
  5.3.3 Catalyst performance at 10 bar    
 5.4 Discussion       
 5.5 Conclusion       
 Supporting Information

6a. Summary, Concluding Remarks and Future Perspectives  
 6.1 Summary       
 6.2 Concluding Remarks and Future Perspectives   
  6.2.1 Promoters      
  6.2.2 Synthesis of Solid Catalysts     
 6.2.3 FTO 

6b. Nederlandse Samenvatting      

81

107

125

133

vi



 

Publications

Oral Presentations

Poster Presentations

Acknowledgements

Curriculum Vitae

139

140

141

vii

143

149





CHAPTER 1

INTRODUCTION



10

Chapter 1

1.1  LOWER OLEFINS – IMPORTANT BUILDING BLOCK FOR CHEMICALS

 Ethylene, propylene and butylenes, referred collectively as lower olefins, are key 
building blocks in the chemical industry. Lower olefins and their derivatives are used in the 
production of a wide range of formulated products and performance materials, including plastic 
and engineering resins, paints and coatings, lubricants, surfactants, industrial chemicals and 
cleaning products. These materials end up in various consumer markets, such as automotive, 
pharmaceutical, electronics, construction, personal care and packaging.1

1.1.1 Demand for lower olefins

 As global economy and gross domestic product (GDP) are projected to increase, 
the higher standard of living drives up the demand for lower olefins. Forecasts suggest global 
demand growth will be 3.5 - 4.0% per annum for ethylene, 4.0 - 4.5% for propylene, and 
3.5% for butadiene for the coming decade.2 Global olefins demand by region in 2014 is shown 
in Figure 1.1 with emerging markets in South America, Middle East and Asia Pacific (China, 
Indonesia and India) responsible for the demand growth in lower olefins in the next years.1,3,4 

Figure 1.1. Global olefins demand by region in 2014.3 

 Ethylene has the largest market volume in the petrochemical industry and costs 
approximately 700 - 1000 USD/metric ton at present.5 Referring to Figure 1.2a, the global 
ethylene market is dominated by polyethylene demand, followed by vinyls, glycols and styrene.6 
This distribution of global ethylene demand was relatively stable over the last decade.4 In 2014, 
Asia Pacific had the strongest demand for ethylene, followed by North America, Middle East, 
Western Europe and South America (Figure 1.1).

Figure 1.2. (a) Global ethylene consumption in 2015 and (b) global propylene consumption in 2015.6
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 Although the demand for propylene is smaller than that for ethylene, it has 
more derivatives.7 As shown in Figure 1.2b, the global propylene market is dominated by 
polypropylene demand, followed by acrylonitrile, cumene/ phenol, acrylic acid, propylene 
oxide, oxo-alcohols, isopropanol, acrolein and allyl chloride.6 This distribution of global 
propylene demand also stayed relatively stable over the last decade. In 2014, demand for 
propylene was the highest in Asia Pacific, followed by North America, Western Europe, Middle 
East and South America (Figure 1.1).

 Butylenes consist of butadiene, isobutylene and n-butylenes (1-butylene, cis-2-
butylene, and trans-2-butylene) which are used as chemicals and feedstock for fuel additives. 
In the chemical industry, the co-polymerization of ethylene and 1-butene produces linear 
low density polyethylene (LLDPE). Other major consumption uses of n-butylenes include 
butylene glycol, butylene oxide, and 2-butanol. Isobutylene plays a more important role in the 
fuel industry than the chemical industry, as it is used in the production of gasoline oxygenates 
methyl tert-butyl ether (MTBE) and ethyl tert-butyl ether (ETBE). Butadiene is probably 
the most valuable C4 olefin in the chemical industry and its market is approximately 10 % 
the size of the propylene market. Butadiene is a key reactant for the manufacture of synthetic 
rubbers or elastomers, including polybutadiene rubber (PBR), styrene-butadiene rubber 
(SBR), polychloroprene (Neoprene) and nitrile rubber (NR). In 2014, demand for butadiene 
was the highest in Asia Pacific, followed by North America, Western Europe, South America 
and Middle East (Figure 1.1).

1.1.2 Supply of lower olefins

Figure 1.3. Global prices for Brent crude oil and Henry Hub natural gas from 2000 to 2017.8

 For the past 50 years, crude oil has been the primary feedstock for petrochemicals, 
including lower olefins. The exorbitant oil prices in the past decade were one of the main 
drivers for alternative carbon feedstock, such as coal, natural gas and biomass.9–11 Despite 
the collapse of oil prices in the last 2 years (Figure 1.3),8 the diversification of raw materials 
did not halt and the changing mix of feedstocks in petrochemical production appears to stay 
(Figure 1.4).12–14 Besides economic reasons, other causes such as technological and strategic, 
environmental and sustainability, and socio-political also promote the use of alternative carbon 
sources.15
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Figure 1.4. Regional diversification of C-containing raw materials.3,13

 Ethylene is currently produced from crude oil, natural gas (liquefied petroleum 
gas, LPG and shale gas) and coal, as reflected in Figure 1.5a.6 Interestingly, more ethylene is 
now produced from steam cracking of lighter gas feeds (ethane and LPG) than conventional 
heavier naphtha, demonstrating the shift of feedstock towards lighter feeds. This use of lighter 
feed originates from the shale gas revolution in USA,16,17 which brought about an abundant 
availability of natural gas and caused prices of natural gas to be much lower than conventional 
crude oil (Figure 1.3). The lighter feeds are primarily used in North America and Middle East 
(Figure 1.4) and are projected to increase. In addition, commercial production of ethylene 
from coal started recently and is projected to increase as ethylene capacity grows in China. The 
shift of ethylene production from naphtha cracking to ethane cracking and coal-to-olefins has 
significant implications on the production of propylene and butylenes.

Figure 1.5. (a) Global ethylene production in 2015 and (b) global propylene production in 2015.6
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1.5b).6 Fluid catalytic cracking (FCC) is also used to produce propylene, however the product 
fraction comes in a mixture of propylene and propane and a refinery splitter is required to 
obtain pure propylene. The shift towards lighter feeds and ethane cracking creates a gap in 
propylene supply (so called ‘propylene gap’) 18 and new on-purpose technologies are gaining 
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(PDH) and methanol-to-olefins/propylene (MTO/P), utilize natural gas and coal feedstock 
respectively.19 With the increase in demand for propylene and the ‘propylene gap’ caused 
by ethane/light feed cracking, propylene production using on-purpose technologies and 
alternative carbon feed is projected to increase in the future (Figure 1.6).6

Figure 1.6. Global propylene production from 2005 to 2020.6

 As with propylene, butylenes are predominantly produced as a byproduct of cracking 
and its supply via cracking is projected to decrease with the shift of feedstock towards 
lighter feeds and ethane. On-purpose technologies for butadiene production, such as butane 
dehydrogenation, are available but not economically attractive as yet.10 

 Two other potentially environmentally friendly but economically less attractive 
carbon feedstocks are biomass and CO2. Their usages facilitate the reduction in carbon emission 
and the closure of carbon cycle.15,20–22 Novel routes for the production of lower olefins from 
biomass and CO2 are currently advocated and their development could further diversify the 
feedstocks for lower olefins in the future.

1.2 LOWER OLEFINS PRODUCTION FROM SYNTHESIS GAS

 The alternative carbon feedstocks, including coal, natural (shale) gas, and biomass, 
have first to be converted to synthesis gas, a mixture of CO and H2. Synthesis gas can then be 
converted to hydrocarbons, including fuel and lower olefins. The process to produce lower 
olefins from natural gas is termed as Gas-to-olefins (GTO) while these processes using coal and 
biomass are termed as Coal-to olefins (CTO)23,24 and Biomass-to-olefins (BTO) respectively.

 Natural gas produces H2-rich synthesis gas (H2/CO > 2) while coal and biomass 
produce CO-rich synthesis gas (H2/CO = 0.5 – 1.0). The processes for the conversion of CO-
rich synthesis gas into olefins (CTO and BTO) are summarized in Figure 1.7. As lower olefins 
have a C:H ratio of 1:2, H2-rich syngas feeds possess a more suitable stoichiometric feed ratio 
than CO-rich syngas feeds. Therefore, the use of CO-rich syngas feed requires an additional 
water-gas-shift (WGS) step to adjust the H2/CO ratio, whereby the additional CO is converted 
to CO2 (Equation (1) + n (2) = (3)). Nonetheless, H2/CO feed ratios in commercial processes 
are much higher than the stoichiometric requirement because additional H2 is needed for 
efficient heat transfer. The processes for the conversion of H2-rich synthesis gas into olefins 
(GTO) are similar to those of CTO and BTO, except that WGS is not required and should be 
averted.

0

20

40

60

80

100

120

2005 2010 2015 2020

G
lo
ba

l P
ro
py
le
ne

 P
ro
du

ct
io
n 

(m
ill
io
n 
to
ns
) Others

MTO/P

PDH

FCC

Steam cracker



14

Chapter 1

H2-rich Synthesis Gas to Lower Olefins: n CO + 2n H2  CnH2n + n H2O   (1)

Water-Gas-Shift:    CO + H2O  CO2 + H2  (2)

CO-rich Synthesis Gas to Lower Olefins: 2n CO + n H2  CnH2n + n CO2 (3)

 The processes for lower olefins production from synthesis gas can be classified as 
direct or indirect routes. Recently Torres Galvis and de Jong published a comprehensive review 
on catalysis for the production of lower olefins from synthesis gas,25 therefore this introduction 
serves to give an update on the latest design and development of catalysts.

 Among the numerous indirect routes using coal as feedstock, the state-of-the-art 
route via methanol to olefins (MTO) is responsible for 3 % of global ethylene and propylene 
production.26,27 The key to success of the MTO process is the SAPO-34 catalyst which has 
unprecedented high product selectivity towards lower olefins, albeit relatively low activity 
and stability due to coke formation. The SAPO-34 catalyst was discovered by UOP scientists 
in 1980s and the MTO technology was developed as a collaboration between UOP and Norsk 
Hydro in early 1990s.28 DICP has also a long history on MTO research and their recent review 
on the commercialization of MTO highlights their numerous milestones in the process.27 
Latest MTO research focus on fundamental understanding of the reaction mechanism, as well 
as novel design and development of zeolite-type catalysts. A dual cycle mechanism (alkene and 
arene cycle) is well established but details such as initiation (first C-C bond) and deactivation 
species are still under debate.29,30 In terms of novel design and development of catalysts which 
improve catalytic performance, strategies include trimodal porosity (SSZ-13),31 nanosizing 
(SSZ-39) 32 and removal of structural defects (Sigma-1 and ZSM-58).33

Figure 1.7. Processes for the conversion of CO-rich synthesis gas into olefins (CTO and BTO).

 Although the indirect route based on MTO technology has been commercialized, a 
direct route to produce lower olefins from synthesis gas is advocated. The advantages of the 
direct process, such as higher efficiencies in volume, energy, materials, plant operations and 
cost , make these potentially more attractive than the indirect processes. The main challenge of 
the direct routes is the relatively lower selectivity towards lower olefins in comparison to the 
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indirect options, thus catalyst design and development focus on improving product selectivity.

1.3  DIRECT PRODUCTION OF LOWER OLEFINS FROM CO-RICH   
 SYNTHESIS GAS (CTO AND BTO)

 There are two possible routes for the direct conversion of CO-rich synthesis gas to 
lower olefins, namely Oxide-Zeolite (OX-ZEO) and Fischer-Tropsch to Olefins (FTO). As 
both OX-ZEO and FTO catalysts are also active for the WGS reaction, no additional WGS step 
is necessary to adjust the CO/H2 ratio after gasification of coal and biomass feedstock. Thus, 
these catalysts are particularly suitable for the CTO and BTO processes.

1.3.1 Oxide-zeolite (OX-ZEO)

 The most recent development in the direct conversion of CO-rich synthesis gas to 
lower olefins involves a bifunctional catalyst which resembles the combination of methanol 
synthesis catalyst and MTO catalyst.34,35 This reaction pathway via methanol (or ketene) avoids 
the ASF product distribution governing the FTO process. The challenges to combine the 
methanol synthesis and MTO processes include the thermodynamic drive towards paraffins 
and the vast difference between optimal process conditions for each catalyst.

 Jiao et al. first reported the use of a bifunctional catalyst consisting of ZnCrOx and 
mesoporous SAPO zeolite (MSAPO) for this process. At 400 °C, 25 bar, H2/CO = 1.5, this 
composite catalyst reported selectivity for lower olefins to be as high as 80 % wt (excluding 
CO2) at 17 % CO conversion. They proposed that CO and H2 activation occurred on the 
partially reduced oxide surface and the subsequent C−C coupling took place within the 
confined acidic pores of zeolites. They further suggested that ketene, instead of methanol, was 
the important reactive intermediate in this OX-ZEO process. 

 Cheng et al. designed and developed a similar bifunctional catalyst containing Zr–Zn 
binary oxide and SAPO-34. At 400 °C, 10 bar, H2/CO = 2, this composite catalyst reported 
selectivity for lower olefins to be 70 % wt (excluding CO2) at 10 % CO conversion. The 
Zr–Zn binary oxide was a methanol synthesis catalyst and was used to activate CO and H2, 
while SAPO-34 was a MTO catalyst and was used to couple C-C bond. Expectedly, the direct 
conversion of synthesis gas to lower olefins was proposed to take place via methanol. 

 The OX-ZEO process has the potential to reach high selectivity towards lower olefins, 
although CO conversion is still low. Further evidence to elucidate the reaction pathway (ketene 
or methanol) will facilitate the catalyst development needed to improve activity without loss in 
selectivity towards lower olefins.36,37

1.3.2 Fischer Tropsch to Olefins (FTO)

 The Fischer-Tropsch synthesis (FTS), recognized to be structure-sensitive and 
promoter-dependent, is a heterogeneous catalytic reaction which directly converts synthesis 
gas (a mixture of carbon monoxide and hydrogen) to hydrocarbons and oxygenates. During the 
Fischer Tropsch process, many reactions occur simultaneously of which four are highlighted 
below.38–44 Lower olefins are the desired products (Equation 4), but other products such as 
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methane, other paraffins, carbon and carbon dioxide will be formed as well (Equation 5 – 7). 
One of the biggest challenges of the Fischer-Tropsch synthesis of lower olefins is the methane 
selectivity. Since natural gas which consists mainly of methane is often a source for synthesis 
gas, it makes least economic and environmental sense to convert synthesis gas back to methane. 
Another challenge of FT is the suppression of coke formation via the so-called Boudouard 
reaction because it is detrimental for catalyst activity and stability.45

Alkenes:   n CO + 2n H2  CnH2n + n H2O     (4)

Alkanes:   n CO + (2n + 1) H2  CnH2n+2 + n H2O  (5) 

Methanation:  CO + 3 H2  CH4 + H2O    (6)

Boudouard:  2 CO  C + CO2    (7)

 As FTS is a surface polymerization reaction, its product distribution can be predicted 
using the Anderson-Schulz-Flory (ASF) model as depicted in Figure 1.8.25,42 The ASF model 
determines the weight fraction of products containing n carbon atoms (Wn) from the 
probability which alkyl chains grow by a single methylene unit (α) or desorb to yield olefins 
or paraffins (1 - α). The chain growth probability, α, is dependent on process conditions, 
including pressure, temperature, gas feed composition, gas hourly space velocity (GHSV) and 
catalyst properties, such as active metal, particle size and promoters.46 According to the ASF 
distribution (Figure 1.8), the maximum C2-C4 fraction (olefins and paraffins) achievable of 57 
% wt is attained at α ≈ 0.46.

Anderson-Schulz-Flory: Wn = n (1 – α)2 α n-1    (8)

Figure 1.8. ASF model for the prediction of product distribution.

 Precipitated bulk Fe catalysts were conventionally utilized, however they suffered 
from poor mechanical stability.47 Therefore, dispersing Fe nanoparticles on a support is 
advocated and its choice is especially critical. Oxidic supports with strong metal-support 
interaction were shown to inhibit the formation of active Fe carbide species, hence carbon 
supports and oxidic supports with weak metal-support interaction , such as α-Al2O3, were 
favored.48,49

 Functionalized carbon nanotubes50,51 and graphene52,53 were identified to be suitable 
supports, although silica-doped alumina54 and hierarchical structured α-Al2O3

55 were also 
effective. Moussa et al. compared the role of graphene support with carbon nanotubes and 
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they concluded that Fe nanoparticles supported on graphene were more active and formed 
less undesirable methane and carbon dioxide.53 Xiong et al.50 and Lu et al.51 reported that the 
presence of nitrogen groups on CNT improved catalytic performance. Zhou et al. showed that 
hierarchical structured α-Al2O3 was able to effectively disperse and immobilize iron species 
in comparison with commercial α-Al2O3.55 Keyvanloo et al. synthesized a novel α-alumina 
support material doped with silica which had high pore volume, large pore diameter, and 
unusually high thermal stability.54

 Mesoporous supports were also used as they provide a platform to study support 
effects with comparable nanostructures (e.g. pore size and pore symmetry). Oschatz et al. 
used ordered mesoporous silica (SBA-15), carbon (CMK-3) and silicon carbide (OM-SiC) 
in their FTO study and they agreed that carbon support was most suitable.56 Cano et al. 
compared MCM-41 and SBA-15 mesoporous supports, and they found that Fe nanoparticles 
supported on MCM-41 and SBA-15 were more selective towards short and long hydrocarbons 
respectively.57

 In addition to choice of supports, promoters were needed to tune α values for Fe-
based catalysts. Typical promoters for Fe-based catalysts include, K, Cu, Mn, Na, and S, and they 
were introduced via co-impregnation or co-precipitation of promoter precursor. The effects of 
alkali promoters, including Na, were extensively investigated by Li et al.58 and Cheng et al.59 
Li et al. performed detailed characterization (Laser Raman spectroscopy, Fourier transform 
infrared spectroscopy, Mössbauer spectroscopy, H2 temperature programmed reduction, in-
situ X-ray photoelectron spectroscopy and in-situ X-ray diffraction) on Fe/SiO2 catalysts and 
they found that alkalis had strong interactions with Fe species. In a separate study, Cheng et al. 
found that the interaction of Na with Fe species was dependent on the support. On silica and 
CMK-3 carbon support, Fe species interacted with Na resulting in the formation of inactive 
sodium-iron mixed oxides or carbides. On alumina support, Na preferentially formed Na 
aluminate instead of having strong interaction with Fe species. Na promotion was concluded 
to be most effective when CNT support was used. The effects of S were studied by Xu et 
al.60 and Zhou et al.55 and notably, Zhou et al. discovered the formation of different type of 
carbon deposits (isolated carbon, encapsulating carbon and fibrous carbon) when different 
concentrations of S were added. They concluded that with an appropriate S loading, the 
catalyst not only had enhanced activity and selectivity, but also increased resistance against 
carbon deposits.

 The glitch with many studies on promoter effects is the negligence of counterions 
for the promoters. For instance, alkali promoters were investigated as metallic alkali but they 
existed most often as alkali oxide so the influence of oxygen anions had to be taken into 
account. The existence of counterions for promoters created another dimension for catalyst 
design as different counterions could result in different promoter effects. Huo et al. studied 
the effect of K and its O counterion, i.e. K2O, using experimental and theoretical methods 
and found that the promoter K2O was an electronic and structural promoter.61 Recently, 
Sasol reported an comprehensive screening of numerous promoters on 306 bulk-Fe catalysts 
prepared via precipitation.62 They concluded that bulk-Fe catalysts with Na/S ≥ 2 performed 
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best in terms of activity and selectivity towards lower olefins which is in line with Torres Galvis 
et al.63 The state-of-the-art Fe-based catalyst designed by Torres Glavis et al. (Fe nanoparticles 
supported on α-Al2O3 and promoted with Na and S) reported selectivity for lower olefins to 
be 51 % wt (excluding CO2) at 60 – 66 % CO conversion at 20 bar, 340 °C, and H2/CO = 
1.63

 As Fe-based catalysts were complicated catalytic systems, the use of model catalysts 
is important to study various parameters more accurately. Casavola et al. developed a new 
methodology of depositing iron nanocrystals on carbon nanotubes.64 These iron nanocrystals 
were synthesized via colloidal synthesis and had narrow particle size distributions. At 340 °C, 
1 bar, H2/CO = 1, they were also shown to be active, selective toward lower olefins (60 % wt 
excluding CO2), and remarkably stable against particle growth. A similar approach was used by 
Hondow and Fuller, although they chose alumina and mesoporous carbon MCM-41 as support 
for the colloidal iron nanocrystals.65 Along the same research line, Iablokov et al. prepared 
monodisperse Fe(0) nanoparticles with diameters between 1.8 and 9.0 nm and intercalated 
them into mesoporous MCF-17 silica, and they reported that turnover frequencies increased 
with increasing Fe particle size.66 

 The latest progress in the FTO reaction is the discovery of Co carbide nanoprisms 
by Zhong et al.67 Their bulk CoMn catalyst (Co/Mn = 2) was synthesized via co-precipitation 
of Co nitrate and Mn nitrate, and Na2CO3 was added as precipitating agent. At 250 °C, 1 
bar, H2/CO = 0.5 - 2, this catalyst reported selectivity for lower olefins to be 61 % wt 
(excluding CO2) at 32 % CO conversion. At 250 °C, 10 bar, H2/CO = 0.5, this catalyst 
reported selectivity for lower olefins to be 32 % wt (excluding CO2) at 29 % CO conversion. 
Using TEM and XRD characterization coupled with DFT calculations, they proposed for the 
high selectivity of lower olefins to be due to the preferentially exposed (101) and (020) facets 
of the Co carbide nanoprisms. They further suggested that Na and Mn were responsible for 
formation of Co2C and nanoprisms respectively, which is partially supported by the findings 
of Xiang and Kruse.68 Further research regarding the general role of cobalt carbides and their 
shapes in the Fischer–Tropsch reaction may unlock the potential of this reaction for the direct 
synthesis of other valuable chemicals.69 

1.4 DIRECT PRODUCTION OF LOWER OLEFINS FROM H2-RICH    
 SYNTHESIS GAS (GTO)

 Due to the emergence of shale gas technology, carbon feedstock for the chemical 
industry for the near future is expected to shift towards lighter feeds, in particular methane. 
The abundant availability of methane feedstock due to the shale gas revolution decreases 
the dependence on crude oil, however new technologies have to be developed to utilize its 
potential. A striking advantage of using methane feedstock for lower olefins is the optimal H2/
CO ratio which will minimize CO2 byproduct emission. Both state-of-the-art OX-ZEO and 
FTO catalysts have WGS activity, rendering these inefficient for the direct conversion of H2-
rich syngas feed from natural gas or shale gas (GTO).
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 Co-based FT catalysts are efficient catalysts for the Gas-to-Liquids (GTL) process39,70 
and possibly could also be useful for the development of new GTO catalysts. Currently the 
direction for Co-based FTO catalysts focuses on using Mn as promoter, and they showed 
negligible WGS activity and were more selective towards lower olefins than conventional 
Co-based FT catalysts. The effects of Mn on Co-based catalysts for GTL were extensively 
investigated and various parameters, such as synthesis conditions, choice of supports, and Co/
Mn ratio, were shown to have significant influence on the catalytic performance.71,72

 Co/MnOx FTO catalysts typically have low Co/Mn ratios and are prepared by 
precipitation. The effect of various co-precipitation parameters, including aging time, 
precipitation pH and temperature; and reaction conditions, including reaction temperature 
and syngas feed ratio, were investigated by Mirzaei et al.73 Zhou et al. reported the use of 
1,4-butanediol as a solvent for Co nitrate and Mn nitrate as the bulk Co/MnOx catalyst was 
prepared by co-precipitation.74 At 240 °C, 10 bar, H2/CO = 2, this catalyst (20 wt. % Co 
loading) reported selectivity for lower olefins to be 42 % wt (excluding CO2) at 42 % CO 
conversion. CO2 selectivity was measured to be less than 2 % wt. They found that the use of 
1,4-butanediol adjusted the pore structure of obtained catalyst, reducibility and electronic 
states of supported cobalt, and related these to the improved selectivity towards lower olefins.

 Subsequently Feyzi et al. also studied effects of different supports cobalt loading, 
promoters, loading of promoters and calcination conditions on the catalytic performance.75 
According to Feyzi et al, 40 % wt Co/TiO2 promoted with 6 % wt Zn was an optimal catalyst 
for FTO. At 240 °C, 1 bar, H2/CO = 2, this catalyst reported selectivity for lower olefins to 
be 47 % wt (excluding CO2) at 65 % CO conversion. CO2 selectivity was measured to be less 
than 2 % wt. At 240 °C, 10 bar, H2/CO = 2, this catalyst reported selectivity for lower olefins 
to be 25 % wt (excluding CO2) at 79 % CO conversion. CO2 selectivity was measured to be 
3 % wt.

 The development of Co-based GTO catalysts is in the initial stages, but has 
considerable potential as the world prepares for the change in raw materials for chemicals. 
The addition of promoters which can increase olefins selectivity is an interesting option to 
consider. Also, detailed characterization and use of model catalysts allow better understanding 
of these catalysts which will be beneficial for the design of superior Co-based GTO catalysts. 

1.5 SCOPE AND OUTLINE OF THIS THESIS 

 The goal of this work is to design and develop catalysts for the direct production of 
lower olefins from synthesis gas and a two-pronged approach is used to achieve this. On one 
front, experimental and theoretical methods were used to understand the size and promoters 
effects of state-of-the-art Fe-based FTO catalysts in terms of activity, selectivity and stability. 
These insights were then used to rationally design model Fe-based FTO catalysts which were 
highly active, selective and stable for direct conversion of CO-rich syngas feed to lower olefins. 
On the other front, Co-based FTO catalysts were explored to convert H2-rich syngas feed 
directly to lower olefins.
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 In Chapter 2, the size and promoter effects in supported Fe-based catalysts were 
studied using a combination of experimental and theoretical methods. Fe oxide nanoparticles 
(3 – 9 nm) supported on carbon nanofibers (CNF) and promoted with Na and S were prepared 
via incipient wetness impregnation (IWI). Steady state isotopic transient kinetic analysis 
(SSITA) was performed to determine the surface residence times and coverages of reactive 
species so as to identify the vital factors affecting activity and selectivity. Density functional 
theory (DFT) modeling was subsequently used to shed light on the promoter effects. 

 In Chapter 3, the size and promoter effects on stability of these supported Fe-based 
catalysts were investigated. The catalytic stability at industrially relevant conditions over 100 
h was first determined, and various possible deactivation mechanisms were evaluated. Phase 
transformations at different conditions were examined with in-situ Mossbauer spectroscopy; in-
situ carbon deposition studies were performed with tapered element oscillating microbalance 
(TEOM); and particle growth was determined with TEM characterization of fresh and spent 
catalysts. 

 On basis of the above work which identified the origins of catalytic activity, selectivity 
and stability, a bottom-up design synthesis of model Fe-based catalyst was proposed in Chapter 
4. Fe nanocrystals of 7 nm with a narrow particle size distribution were first synthesized via 
a colloidal approach and then attached onto pristine carbon nanotubes (CNT). To introduce 
Na and S promoters, organic hydrocarbon ligands were exchanged with inorganic Na2S 
ligands. Optimization of synthesis parameters and process conditions were performed, and 
these catalysts were characterized with ICP-AES, XPS, STEM-EDX, and in-situ Mossbauer 
spectroscopy. The catalytic performance of these bottom-up designed catalysts were compared 
with conventional catalysts synthesized using impregnation techniques. 

 Chapter 5 describe a Co-based catalytic system which is efficient in direct 
conversion of H2-rich syngas feed to lower olefins. Bulk CoMnO catalysts were synthesized via 
co-precipitation and Na and S were subsequently impregnated. Catalytic tests at 1 bar and 10 
bar showed the potential of these catalysts when carbon feedstock is expected to shift towards 
lighter feeds. Ongoing characterization will provide more information to improve the design 
and development of these catalyst.

 In Chapter 6, a summary of the notable findings and their significance are presented. 
An outlook on further catalyst design and development for the direct production of lower 
olefins from synthesis gas concludes this thesis.
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CHAPTER 2

SIZE AND PROMOTER EFFECTS IN 
SUPPORTED IRON FISCHER-TROPSCH CATALYSTS: 

INSIGHTS FROM EXPERIMENTS AND THEORY

Adapted from J. Xie, J. Yang, A. I. Dugulan, A. Holmen, D. Chen, K. P. de Jong, M. J. 
Louwerse, ACS Catalysis, 2016, 6, 3147−3157.
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ABSTRACT

 The fundamentals of structure sensitivity and promoter effects in the Fischer-
Tropsch synthesis of lower olefins have been studied. Steady state isotopic transient kinetic 
analysis, switching 12CO to 13CO and H2 to D2, was used to provide coverages and residence 
times for reactive species on supported iron carbide particles of 2 - 7 nm with and without 
promoters (Na + S). CO coverages appeared to be too low to be measured, suggesting 
dissociative adsorption of CO. Fitting of CH4 response curves revealed the presence of parallel 
side-pools of reacting carbon. CHx coverages decreased with increasing particle size, and this is 
rationalized by smaller particles having a higher number of highly active low coordination sites. 
It was also established that the turnover frequency increased with CHx coverage. To calculate H 
coverages, new equations were derived to fit HD response curves, again leading to a parallel 
side-pool model. The H coverages appeared to be lower for bigger particles. The H coverage 
was suppressed upon addition of promoters in line with lower methane selectivity and higher 
lower olefin selectivity. Density functional theory (DFT) was applied on H adsorption for a 
fundamental understanding of this promoter effect on the selectivities, with a special focus on 
counterion effects. Na2S is a better promoter than Na2O due to both a larger negative charge 
donation and a more effective binding configuration. On the unpromoted Fe5C2 (111) surface, 
H atoms bind preferably on C after dissociation on Fe. On Na2S-promoted Fe5C2 surfaces, 
adsorption on carbon sites weakens, and adsorption on iron sites strengthens, which fits with 
lower H coverage, less CH4 formation, and more olefin formation.
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Size and Promoter Effects in Supported Iron Fischer-Tropsch Catalysts:            
Insights from Experiments and Theory

2.1 INTRODUCTION

 Supported nanoparticles are used in various applications, including medicine, sensors, 
energy conversion and storage, optical devices, electronics, and heterogeneous catalysis.1,2 In 
the latter, many reactions on such nanoparticles are structure sensitive.3 Also, often small 
amounts of promoters are needed to obtain the desired activity, selectivity or stability.4 Size 
and promoter effects require much fundamental research to design good catalysts, with the 
notable example of Fischer-Tropsch (FT) synthesis.5–7

 While iron, cobalt, and ruthenium are typical FT metals, iron8 and cobalt9 are 
preferred for production of lower olefins and high-molecular-weight paraffins, respectively. 
Lower olefins are basic building blocks which are used to produce a wide variety of products, 
ranging from plastics to pharmaceuticals. Although the traditional route to lower olefins 
production is thermal or catalytic cracking of naphtha or vacuum gas oil,10,11 unconventional 
processes based on alternative feedstocks such as coal, natural gas, and biomass are of growing 
importance in recent years.12–15 These alternative feedstocks may be converted to synthesis 
gas, a mixture of CO and H2, to produce lower olefins, either indirectly via methanol16,17 or 
dimethyl ether,18 or directly via the Fischer-Tropsch to olefins (FTO) process.8,19 

 During the Fischer-Tropsch process many reactions occur simultaneously.20–22 
In essence, CO and H2 reactant molecules dissociate, form CHx species, and associate to 
form hydrocarbons via chain growth. Notably, on iron there is a competition between two 
types of termination reactions: H addition leading to alkanes versus β-H removal leading 
to olefins. Hence, a major challenge for the FTO process is the high methane selectivity. 
Addition of promoters, such as potassium, manganese, copper, and sulfur, has been shown 
to suppress methane formation.23–26 Functionalization of carbon supports was also reported 
to promote the catalytic activity and selectivity toward lower olefins.27–29 Especially effective 
is the combination of sodium and sulphur promoters, as was found by Torres Galvis et al. 
30,31 Furthermore, upon addition of these promoters, the particle size of iron nanoparticles 
supported on carbon nanofibers (CNF) was discovered to play an instrumental role in 
increasing activity and selectivity toward lower olefins.7

 In this work, the aim is to gain fundamental insights into the effect of iron particle 
size and of sodium and sulfur promoters. This is done experimentally with the steady state 
isotopic transient kinetic analysis (SSITKA) technique and with Density functional theory 
(DFT) modeling.

 In SSITKA, isotopic switches (12CO to 13CO and H2 to D2) are performed at steady 
state, after which the isotopic ratios in reactants and products are monitored with mass 
spectrometry (MS). The MS results are then analyzed to determine the surface residence 
times and surface coverages of reaction intermediates. SSITKA has been reviewed to be a 
suitable technique for kinetic study of heterogeneous catalytic reactions, including the iron FT 
synthesis.32–34 Besides being used to understand the effect of activation methods, this technique 
was also used to investigate the effect of various promoters for iron FT catalysts at the active 
site level.35–37 It was found for those promoters that higher catalytic activities relate primarily 
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to increasing numbers of active surface intermediates. Recently, Govender et al. used SSITKA 
to propose mechanistic pathways for iron FT catalysts at high temperature of 330 oC.38–40 
While iron catalysts were studied with SSITKA before, the effect of Na and S promoters and 
of iron particle size has yet to be investigated. 

 To gain even more fundamental understanding of the effects of the Na and S 
promoters, DFT modeling was used as well. While significant progress has been made on the 
theoretical understanding of the FT mechanisms on Co and Ru based systems, theoretical 
insights to the FT mechanism of Fe based systems are less complete.41–43 This is due to the 
complex nature of the Fe catalyst, which includes the existence of different Fe phases and 
facets during FT reaction.21,44–46 Most experimental and theoretical researchers accept that 
carburization is needed and χ-Fe5C2 is the most abundant active phase.21 Due to the active 
phase being a carbide, it is further believed that a Mars-van-Krevelen-like mechanism occurs 
during FT reaction.47,48

 Numerous theoretical calculations were performed.49–52 Notably, Huo et al. found 
that the reaction energy of CH4 formation on iron carbides is inversely proportional to the 
charge of the surface C atom.53 This hints that promoters decrease the CH4 selectivity in iron-
catalyzed FTS by increasing the negative charge of surface carbon atoms. Modeling studies 
of potassium on iron and iron carbide also point to negative charge donations as the main 
promoter effect.51,54,55 Here, the focus is on the combination of Na and S promoters, because 
the added effect of counterions is often not taken into consideration. Understanding why that 
combination is the best promoter found so far, will also shed further light onto why lower 
olefin selectivity increased for promoted systems upon increase in particle size.

 In the experimental samples, the weight loading of iron was varied between 2 and 
20 %, resulting in average iron carbide nanoparticle sizes of 2 - 7 nm. Catalytic tests were 
performed at methanation conditions (1.85 bar, 350 °C, H2/CO = 10) to minimize the 
number of labeled products. Isotopic switches were subsequently carried out at steady state, 
and the response times of isotopic products were recorded. The transients of CH4 and HD 
were fitted to various models, and fitting of HD transient curves was done for the first time.

2.2 EXPERIMENTAL METHODS

2.2.1 Catalyst Preparation and Characterization

 Preparation of Unpromoted Supported Catalysts. CNF support was prepared as reported 
previously.56 Four unpromoted catalysts with different iron loadings (2, 5, 10, 20 wt. % Fe) 
were prepared using incipient wetness impregnation. A 7.014 g portion of ammonium iron 
citrate (Fluka, purum p.a., 14.5 - 16 wt. % Fe) was dissolved in 25 mL of demineralized 
water to form a stock solution. Except for the 2 wt. % Fe loaded catalyst, every catalyst 
required successive impregnation steps. The samples were dried under static air at 120 °C 
between impregnation steps and after the final impregnation step for 1 and 2 h, respectively. 
Calcination was performed at 500 °C for 2 h under nitrogen flow (5 °C/min; 100 mL/min for 
2 g catalyst). After cooling to room temperature, the catalyst was passivated by oxidation. The 
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oxygen concentration was increased stepwise (2% v/v increase every 30 min) until reaching 
20% v/v. The number in the sample code indicates the nominal iron loading.

 Preparation of Promoted Supported Catalysts. Four promoted catalysts with different 
iron loadings (2, 5, 10, 20 wt. % Fe) were prepared using incipient wetness impregnation. 
A 6.954 g portion of ammonium iron citrate (Fluka, purum p.a., 14.5 - 16 wt. % Fe), 0.199 
g of sodium citrate tribasic dihydrate (Sigma-Aldrich, > 99.0 %), and 0.056 g of iron(II) 
sulfate heptahydrate (Merck) were dissolved in 25 mL of demineralized water to form a stock 
solution. Subsequent steps were performed as described above. In addition to the number 
in the sample code which indicates the nominal iron loading, the letter P was included for 
promoted catalysts.

 Characterization. Iron, sulfur, and sodium contents in the samples were analyzed 
with ICP-AES (inductively coupled plasma-atomic emission spectroscopy) using a Spectro 
Ciros CCD spectrometer. Transmission electron microscopy (TEM) images were attained 
on a Philips Tecnai-20 FEG (200 kV) microscope equipped with an EDX and an HAADF 
detector. The average iron oxide particle sizes were in agreement with those reported in a 
previous publication.7 The composition of the Fe phases before reaction, after reduction, and 
after FTO reaction was determined in situ with transmission 57Fe Mössbauer spectroscopy. 
Transmission 57Fe Mössbauer absorption spectra were collected at 300 K with a conventional 
constant-acceleration spectrometer using a 57Co(Rh) source. Velocity calibration was carried 
out using an α-Fe foil. The Mössbauer spectra were fitted using the Mosswinn 4.0 program. 
The Mössbauer transmission cell has a tubular reaction chamber with an internal diameter 
of 15 mm, and the catalyst bed lengths were 1.5 - 3 mm (catalyst loading of 100 - 300 mg). 
Although the reactant gases pass through the catalyst bed, the Mössbauer cell is not a plug-flow 
reactor due to a large dead volume (~7 cm3) before the catalyst bed. A total flow rate of 100 
mL/min was used during treatments, corresponding to a gas hourly space velocity (GHSV) 
of about 12000 - 24000 h-1. The reaction conditions were as described in the transient isotope 
experiments below.

2.2.2 Transient Isotope Experiments

 The SSITKA setup used was described in other publications.57 The quantity of catalyst 
loaded was varied to achieve CO conversion of approximately 10%. For promoted catalysts, 
150 mg of catalyst (212 - 425 μm) was diluted with 300 mg of SiC (212 - 425 μm) and 
loaded in a plug flow U-shaped reactor. For unpromoted catalysts, catalyst loading was varied 
between 75 and 400 mg. The catalysts were first reduced in situ for 2 h at 350 oC (ramp 5 
°C/min) and 1 bar under diluted H2 flow (H2 /Ar = 20/40 mL/min). After reduction, the 
temperature was kept at 350 oC, the pressure was raised to 1.85 bar, and diluted synthesis gas 
(12CO/ H2 /Ar = 0.75/ 7.5/ 16.75 mL/min) was introduced. The SSITKA experiment was 
performed after 20 h of reaction to arrive at relatively stable performance (steady state).

 The performance of the catalysts was monitored online with an HP5890 gas 
chromatograph (GC) equipped with FID and TCD. The activity of the catalyst, specifically 
CO conversion, and the selectivity (excluding CO2) were calculated from TCD and FID 
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chromatograms, respectively.

 Upon reaching steady state, an isotopic switch from 12CO/ H2 /Ar to 13CO/ H2 
/Kr was performed, and these isotopic transient responses were monitored with a Balzers 
QMG 422 quadrupole mass spectrometer. The isotopic switch from CO/ H2 /Ar to CO/ D2 
/Kr was also carried out. Usually the average surface residence time (τ) is determined from 
the area under the normalized transient curve (Figure 2.1), using the Ar or Kr inert tracer 
to correct for gas phase hold-up.57 Correction for a chromatographic effect of CO was not 
necessary here. However, fitting of the hold-up-corrected CH4 response curves to the models 
of Soong et al. revealed the presence of parallel carbon pools, resulting in a τ1 and a τ2.58 

Figure 2.1. Typical normalized transient curves of full period and initial period (inset) from a 13CO/H2/
Kr to 12CO/H2/Ar backswitch (catalyst 2PFeCNF).

 Different types of parallel pool models give identical fitted curves but different 
relations between τ1 and τ2.58 Here, the parallel side-pool model was considered most 
appropriate. The surface coverage, θ, of CHx species (main-pool) was calculated by dividing 
the number of adsorbed CHx species (NCHx) by the number of Fe surface atoms. NCHx was 
determined by multiplying τ1 and the exit flow, Q, of CH4. The number of Fe surface atoms 
was calculated assuming that the particles consist fully of Fe5C2. From the density of Fe5C2 (ρ 
= 7.57 g/mL), it was  calculated that there were 75 Fe atoms/nm3 and 17.8 Fe atoms/ nm2.

 To determine H coverage, HD response curves were fitted as well.  For this 
recombined species, new equations derived on the basis of the equations of Soong et al.58 These 
new equations do differ between normal parallel pools and parallel side-pools (θH,1 θD,1 + θH,2 

θD,2 vs θH θD, respectively) and the parallel side-pool (model D) was found to give the best fits. 
Since HD curves were normalized with respect to H2 curves and exiting H2 could be both 
recombined or unreacted H2, a conversion factor, χ, was included. θ’ values are normalized 
coverages:

��H��� � �1/2 � �� � �α� � 1 � � �
�� �β�

��D � � 	�1/2 �	��H �

�H � 	
�1	�2	�H2

�C	surface	atoms

Time (s)
0 100 200 300 400

N
or

m
al

iz
ed

 F
(t)

0.0

0.2

0.4

0.6

0.8

1.0

Ar
12CO
12CH4
Kr
13CO
13CH4

Time (s)
0 5 10 15 20

N
or

m
al

iz
ed

 F
(t)

0.0

0.2

0.4

0.6

0.8

1.0

�CH� �
�1 �CH4

�Fe	surface	atoms



31

2

Size and Promoter Effects in Supported Iron Fischer-Tropsch Catalysts:            
Insights from Experiments and Theory

 The relationship between τα and τβ, and τ1 and τ2, was shown in detail in ref. 58. Once 
τ1 was found, the absolute H coverage was calculated:

 From the modeling studies performed in this work, it was concluded that H surface 
species reside preferentially on C rather than on Fe atoms of the Fe5C2 surface. Hence, the 
surface coverage of H was calculated by dividing the number of adsorbed H atoms by the 
number of C surface atoms. From the density of Fe5C2, it is calculated that there are 30 C 
atoms/nm3 and 9.7 C atoms/ nm2.

 For the calculation of surface coverages, the active surface was calculated from the 
Fe5C2 particle sizes reported in Table 2.1. However, as reported in ref 7 and confirmed by 
analyzing spent catalyst 20PFeCNF, the particles may grow by 10 - 40% due to sintering, 
decreasing the active surface by the same percentage. On the other hand, as mentioned below, 
carburization is only partial and likely progressing from the surface inward,59,60 leading to 
core-shell particles that are only slightly smaller than the original Fe2O3 particles, causing us to 
underestimate the active surface by roughly 20%. Since these two sources of uncertainty more 
or less negate each other, we choose to ignore them for the sake of simplicity.

2.2.3 DFT Modeling

 DFT modeling was performed with the ADF-BAND package (version 2014.04),61,62 
using the rPBE functional63 and Grimme D3 corrections64 with Becke-Johnson damping.65 The 
rPBE functional was chosen since we are modeling surface adsorption; dispersion corrections 
are needed for proper adsorption of sulfur species. A TZP basis set (TZ2P for sulfur) with 
small frozen cores, a “normal” kspace (kpoints up to at least 10 Å), a “normal” Becke grid, 
and “good” zlm-fit parameters were used. For efficiency, the SCF was converged to only 5 
× 10−4 Hartree, and the tails of the orbitals were ignored below 10−4 Hartree, and the old 
gradient routine was used and converged to 0.004 Hartree/Å. All settings were tested to be 
appropriate.

 Before modeling the catalyst surface, bulk Fe5C2 was reoptimized with these settings. 
The resulting unit cell dimensions were the following: a = 11.29 Å, b = 4.39 Å, c = 4.91 Å, 
and β = 97.4°, ca. 3% shorter in each direction than that typically obtained without Grimme 
corrections.44,45 The magnetic moment was 1.76 µB, which is typical.

 The Fe5C2 surfaces were modeled according to the work of Zhao and Jiao et al., 
who determined the most stable surfaces and surface terminations under Fischer-Tropsch 
conditions.45 After correcting their Wulff construction, the most abundant surface was found 
to be the (111) surface.66 We have assumed that the same termination of the (111) surface is 
most stable and abundant when there are promoters present on the surface.

 The surface calculations were performed with slabs of 9 Å thick and the atoms in the 
bottom 3 Å frozen. For efficiency, the frozen atoms were calculated with minimal settings (SZ 
basis sets with large frozen core, orbital confinement to 4 bohr, and “basic” settings for the 

�H �
�1 �2 �H2
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Becke grid and zlm-fit parameters). Surface calculations were performed on 2 × 2 unit cells, 
implying supercell vectors of 12.11 Å and 13.17 Å with an angle of 98.7 °. Since the ADF-
BAND uses true 2D periodicity, no vacuum spacing nor dipole corrections were needed.

 We studied the adsorption of Na, NaOH, NaSH, Na2O, and Na2S on the (111) surface 
of Fe5C2. Often, only adsorbed alkali atoms are modeled, but here purposely the effect of the 
counterions was studied as well, focusing on the effect of the promoters on the adsorption 
of H atoms. H adsorption on carbon sites versus H adsorption on iron sites is related to CH4 

(H2 dissociates on Fe and H moves to carbon)45 versus olefin formation (a hydrogen returns to 
iron).First, optimal positions for Na, NaOH, NaSH, and H were determined on a 1 × 1 unit 
cell by running optimizations from a grid of 25 starting positions above the surface (times 4 
orientations for NaOH and NaSH). The most favorable positions were recalculated on the 2 × 
2 unit cell. For Na consistently the two most favorable positions were found, and these were 
used to construct eight possible structures each for Na2O and Na2S.

 For the two most favorable positions for each promoter, the effect on the adsorption 
of H at its preferred positions was studied. In fact, due to the asymmetry introduced by the 
presence of one promoter species per four unit cells, each H position now has four unique 
duplicates in neighboring unit cells. Note that each of these four duplicates has a different 
distance to the promoter species. Out of the four duplicates at least the closest and the furthest 
were calculated for each H position and for each promoter geometry, but excluding structures 
with obvious sterical clashes.

 Atomic charges were calculated with Hirshfeld’s method.67 It should be kept in mind 
that these charges are only indicative (as with any charge assignment scheme), since atoms 
overlap and therefore atomic charges are ill-defined. Adsorption energies of H atoms were 
calculated with respect to ½ H2 (g).

2.3 RESULTS AND DISCUSSION

 An overview of the catalysts and their properties is presented in Table 2.1. It is noted 
from ICP elemental analysis results that the unpromoted catalysts contained some sodium, 
as well. However, this is assumed to be present on the support and to not affect the iron 
nanoparticles. For sulphur, assuming all sulphur resides on the iron carbide surface and the 
coverage of terraces and edges is equal, the implied coverage ranges from 3 % to 14 %.

 Since previous catalytic tests7 were performed at FTO conditions (H2/CO = 1), the 
catalytic performance at methanation conditions (H2/CO = 10) needed first to be established. 
Despite the differences in reaction conditions, similar trends were observed for the catalytic 
performances (Table 2.2; Figure S2.3 and S2.4). For the unpromoted catalysts, methane was 
the dominant product, whereas the promoted catalysts showed relatively low selectivity to 
methane. Also, the trend with respect to particle size was similar as found previously at FTO 
conditions.7

 In situ Mössbauer spectroscopy was performed to compare the composition of Fe 
phases at FTO7 and methanation conditions (Table S2.1). It was shown that partial carburization 
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(~20 %) was attained for all catalysts. While absolute composition of Fe phases varied between 
FTO and methanation conditions, similar trends were found. Notably, some catalysts with 
rather similar total carbide contents (5PFeCNF and 20PFeCNF) did exhibit rather different 
catalytic performances. This is in line with previous suppositions that carbide contents cannot 
account for differences in catalytic performance.7

Table 2.1. Properties of promoted and unpromoted CNF-supported iron catalysts.

Weight % Loading a Average Particle Size (nm)

Fe Na S Fe2O3 b Fe5C2 c

CNF support N.D. 0.4 <0.01 N.A. N.A.

2FeCNF 2.2 0.6 <0.01 2.7 2.2

5FeCNF 4.3 0.5 <0.01 4.0 3.2

10FeCNF 6.9 0.5 0.01 6.9 5.5

20FeCNF 15.0 0.5 <0.01 8.6 6.9

2PFeCNF 2.2 0.6 0.02 2.7 2.2

5PFeCNF 4.6 0.6 0.03 4.1 3.2

10PFeCNF 8.4 0.6 0.06 6.8 5.4

20PFeCNF 13.9 0.6 0.11 8.7 7.0
a Measured with ICP-OES.  b Number average determined by TEM. c Calculated from TEM data of 
Fe2O3.

Table 2.2. Catalytic Performance of Catalysts at Methanation Conditions (1.85 bar, 350 °C, H2/CO = 
10, TOS = 15 h).

FTY (10-6 
molCO/gFe.s)

Apparent 
TOF d (10-3 

s-1)

Product Selectivity (% C)

CH4
C2 – C4 
olefins

C2 – C4 
paraffin C5+

2FeCNF 36.6 20.5 64 23 11 2

5FeCNF 1.2 0.9 68 19 12 1

10FeCNF 1.4 2.0 72 15 12 2

20FeCNF 0.7 1.2 70 21 7 2

2PFeCNF 20.1 9.1 55 21 22 3

5PFeCNF 5.8 4.4 47 33 16 4

10PFeCNF 3.4 4.8 40 41 16 4

20PFeCNF 1.4 2.4 34 50 11 6
d Apparent turnover frequency: moles of CO converted to hydrocarbons per mole of surface Fe 
per second.
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2.3.1 CH4 Transient

 Figure 2.1 illustrates typical normalized transient curves from a 13CO/H2/Kr to 
12CO/H2/Ar backswitch. The overlap of the CO and Ar transients shows a  low CO surface 
coverage (Figure S2.5),38,68,69 which suggests CO adsorption was dissociative. The response 
times for CH4 are an order of magnitude longer in the case of Fe catalysts than for Co 
catalysts.70 The two distinct gradients of decay observed for the CH4 response time suggested 
the presence of two separate processes for methanation. To affirm this proposition and obtain 
a quantitative analysis, fitting of the CH4 response curves to classic models from Soong et al. 
was performed (Figure S2.8).58,70 It was concluded that the parallel pools model provided the 
best fit. It is proposed that the fast pool relates to C atoms that stay at the surface of Fe carbide 
nanoparticles after CO dissociation, whereas the slow pool consists of C atoms that diffuse 
from the interior of the particles. Note that both pools react via the Mars-van-Krevelen-like 
mechanism.47,48 Since the bulk C atoms can only react after they moved to the surface, analysis 
according to model D (the second pool being only a side-pool) seems most appropriate. The 
reported residence times are for the main (fast) pool, i.e., CHx surface residence times (of 
species forming methane).

Figure 2.2. CHx surface residence times (fast pool) obtained upon fitting to parallel side-pool model.

 Figure 2.2 shows that, for unpromoted catalysts, increasing particle sizes did not 
result in significant changes in the surface residence times of CHx present at the surface. This 
indicates that the intrinsic activity of active sites for methane formation (k = 1/τCHx) was not 
considerably influenced by particle size if there were no promoters. However, for promoted 
catalysts, increasing particle sizes did lead to increasing CHx surface residence times. This 
deviates from the previous work by Lohitharn and Goodwin who concluded that promoters 
do not influence intrinsic activity.36,37

 For both promoted and unpromoted catalysts, the CHx coverage decreased upon 
increase in particle size (Figure S2.11). This concurs with the hypothesis that there are a higher 
number of active sites  at corners and edges, as these are more abundant on small iron carbide 
particles. Promoted catalysts recorded higher CHx coverage in comparison to unpromoted 
catalysts, meaning that the presence of promoters apparently increased the number of active 
CHx surface intermediates leading to hydrocarbon products.
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Figure 2.3. Apparent turnover frequency (TOF) as a function of CHx surface coverages (350 °C, 1.85 
bar, H2/CO = 10).

 Despite the lower intrinsic activity (for termination toward CH4) per active site (1/
τCHx), the promoted catalysts showed higher overall activity (Table 2.2). This is an indication 
that the overall activity depended more on the number of CHx surface intermediates than 
on the surface residence time of CHx, and this is in agreement with literature.36,37 Figure 
2.3 illustrates the relation between CHx coverage and apparent turnover frequency (TOF). 
It appears that an increase in the number of active CHx surface intermediates leads to a 
proportional increase in TOF.

 On the other hand, CH4 selectivity was independent of CHx coverage (Figure S2.12), 
which suggests that the methane selectivity relates to H coverage.

2.3.2 HD Transient
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Figure 2.4. Typical normalized transient curves of full period and initial period (inset) from a CO/H2/Kr 
to CO/D2/Ar switch (catalyst 2PFeCNF).

 Figure 2.4 depicts typical normalized transient curves from a CO/H2/Kr to CO/
D2/Ar switch, which was performed to determine H coverage. One of the observations is 
that the breakthrough of H2 was much faster than Kr. This is attributed mainly to the faster 
diffusion rate of H2 in comparison to Kr. As a result, H coverage could not be determined with 
the conventional data treatment. Instead, H coverage was determined using the formation of 
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HD. The instantaneous HD formation indicates dissociative adsorption of H2. The emergence 
of considerable tailing is proposed to involve H exchange with CHx and OHx species (also on 
CNF support).

 The HD transient curves were fitted to newly derived equations for multiple pool 
systems, specifically derived for HD transients. The parallel side-pool model gave the best fits 
(Figure S2.16). To assess the accuracy of the fitted parameters, fits were also attempted with a 
numerical model including approximate corrections for curve broadening due to diffusion in 
the lines. Alternatively, only the peak of the HD curves was used to fit a single pool model. The 
results of these three fitting procedures led to the error bars drawn in Figures 2.5 - 7. With 
reference to Figure 2.5, an increase in particle size led to increase in H surface residence times 
for the unpromoted catalysts. For the promoted catalysts, H surface residence times appeared 
to be rather independent of particle size.
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Figure 2.5. H surface residence times obtained upon fitting to parallel side-pool model. Error bars 
indicate the margin of uncertainty following from fitting different models.

Figure 2.6. Hydrogen coverage after model fits as a function of Fe carbide particle size (350 °C, 1.85 bar, 
H2/CO = 10). The trend line is drawn on the basis of consideration of edge and terrace sites (assuming 
constant coverages on edge and terrace sites regardless the particle size, which suggests that total 
coverage should be a function of the form a + b/x).

 The comparison of H coverage for different particle sizes with and without promoters 
is presented in Figure 2.6. Upon increase in particle size, there was a decrease in H coverage. 
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H coverages for promoted catalysts were lower than for unpromoted catalysts, which supports 
the proposition that hydrogenation is suppressed in the presence of promoters. It was noted 
that H coverages in all cases were above 1, which means that there was at least 1 H atom 
adsorbed per C surface atom. This is possible since 3 H atoms may be adsorbed on each C 
surface atom before CH4 is formed.

Table 2.3. Average surface residence times and coverages of catalysts followed with isotopic switches 
at steady state (1.85 bar, 350 oC, H2/CO = 10, TOS = 20 h).

Average Fe5C2 
particle size (nm)

CHx Coverage H Coverage

τCHx (s) θCHx τH 
e (s) θH 

e

2FeCNF 2.2 9 0.019 3 2.7

5FeCNF 3.2 9 0.001 5 2.1 

10FeCNF 5.5 10 0.001 16 1.4

20FeCNF 6.9 13 0.002 25 1.2

2PFeCNF 2.2 12 0.010 4 1.6

5PFeCNF 3.2 13 0.005 5 1.4

10PFeCNF 5.4 19 0.006 5 1.3

20PFeCNF 7.0 20 0003 7 1.1
e Average H surface residence times and coverages obtained from parallel side-pool model.

 Table 2.3 summarizes the coverages of catalysts obtained from isotopic switches 
at steady state. For the unpromoted catalysts, H was the dominant surface species, and the 
coverage of other species, such as CHx and CxHy, was very low. Due to the abundance of 
H adsorbed on the surface, the C atoms produced will react with H atoms to methane, 
with limited opportunity for chain growth. On the other hand, for the promoted catalysts 
methanation is suppressed, especially in the case of larger particles, for which H coverage is 
lower. The lower H coverage also gives rise to olefins rather than paraffins being produced 
(Table 2.2).

 A relationship between H coverage and product selectivity is shown in Figure 2.7. For 
the promoted catalytic system, it is concluded that methane selectivity is directly proportional 
to H coverage while lower olefin selectivity is inversely proportional to H coverage. To 
understand the promoter effect on the selectivity further, DFT modeling was performed for 
H adsorption on promoted and unpromoted surfaces. Since the promoter effect on selectivity 
is strongest for large particles, this DFT study first focuses on terraces.
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2.3.3 DFT Modeling

Figure 2.8. Energetically favorable positions and resulting charges of Na (a and b), NaOH (c and d), 
NaSH (e and f), Na2O (g), and Na2S (h and i) on the (111) surface of Fe5C2. For second-most favorable 
positions (b, d, f and i) also the energy difference with the most favorable position is given. Color 
coding: blue is Fe, black is C, ochre is Na, red is O, yellow is S, and white is H.

qNa = +0.39, +0.39
qNa2S = +0.60

qNa = +0.45 qNa = +0.41
qNaOH = +0.23

qNa = +0.40
qNaSH = +0.46

qNa = +0.43, +0.42
qNa2O = +0.65

qNa = +0.45
∆E = 19 kJ/mol

qNa = +0.44
qNaOH = +0.33
∆E = 16 kJ/mol

qNa = +0.41
qNaSH = +0.45
∆E = 35 kJ/mol

qNa = +0.42, +0.38
qNa2S = +0.69
∆E = 3 kJ/mol

a) b) c)

d) e) f)

g) h) i)
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 Promoter Positions and Charges. In the literature, often only Na or K atoms are studied as 
promoter species, but it seems unlikely that alkali metals are reduced at FT conditions. Hence, 
Na+ should be studied including counterions. The most likely states are Na2O and Na2S, but 
for completeness we also studied NaOH and NaSH. The energetically favorable positions for 
the various promoter species on the Fe5C2 (111) surface are shown in Figure 2.8. It was found 
that the sodium atom maximizes its carbon contacts, leading to two favorable positions (Figure 
8a and b), which differ in energy by 19 kJ/mol. The same two Na positions were found for 
NaOH and NaSH (Figure 8c-f). It is worth noticing that these favorable positions for sodium 
differ from the positions found for potassium.71

 Interestingly, rather the same charge, q, was found for the sodium ion in all structures, 
including the sodium atom. This means that the atomically adsorbed sodium became fully 
ionic, donating its electron to the iron carbide surface. When there are counterions, though, 
part of this charge is taken by the counterions and the donation to the surface decreases. This 
is especially true for NaOH and less so for NaSH since sulfur is less electronegative. For Na2O 
versus Na2S, this difference in charge going to the counterion instead of to the carbide surface 
is less pronounced due to different geometries. However, when Na2O and Na2S are optimized 
in the same geometries, it is again clear that oxygen takes more negative charge than sulfur (in 
the geometry of Figure 8g, qNa2S = +0.74; in the geometry of Figure 8h, qNa2O = +0.51).

 For Na2O and Na2S different favorable structures were found: oxygen binds on top 
of a carbon atom, while sulfur interacts with iron atoms. In fact, the oxygen of Na2O forms a 
very short bond with the carbon of only 1.33 Å, which is longer than in a CO molecule but 
shorter than the single bond in, e.g., methanol. This explains the distorted charge donation to 
the surface.

 Charges in Fe5C2 are not ionic but polar, with typical atomic charges at the surface of 
approximately +0.15 for Fe and −0.15 for C. As already stated in the literature, the effect of 
charge donation by the promoters is rather local:53–55 typically, the charge on nearest neighbors 
of Na is lowered by 0.05 - 0.1 e, while on next-nearest neighbors the effect is at most 0.02 e, 
and on third nearest neighbors it is negligible.

 Effect of Local Charges on H Adsorption. Since the SSITKA results suggest that the 
selectivity depends mostly on H coverage and availability, the focus is on H adsorption (Figure 
2.9). H binds favorably on carbons, with the optimal position being on the same carbon that 
was found elsewhere to be the most active one for CHx and CH4 formation.71 Adsorption on 
the other surface carbons (not shown in Figure 2.9) is weaker by 26, 33, and 44 kJ/mol, so 
these were not studied any further. This fits with the low CHx coverages found with SSITKA: 
apparently, only a fraction of the available carbons are active. Placing the H on Fe atoms, there 
are two Fe positions preferred over the rest of the Fe sites, however with negative binding 
energy with respect to gaseous H2. Alternatively, H can bind on the empty surface by bridging 
between two iron atoms with intermediate adsorption energies. However, on promoted 
surfaces this becomes less stable than binding atop.
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Figure 2.9. H positions that were studied (white dots). Due to the asymmetry introduced by 1 promoter 
species per 4 unit cells, there are 4 inequivalent duplicates of each position (gray dots), which are all 
studied. Color coding: blue is Fe, black is C, and ochre is Na.

 When these H positions and their inequivalent duplicates were studied on the 
promoted surfaces, an excellent correlation was found with the atomic charges of the 
accepting Fe or C (Figure 2.10). The more negative charge promoters donate to an iron atom, 
the stronger the adsorption of H on that iron atom. Note that on Fe(2) the H adsorption is 
more sensitive to this promoter effect than on Fe(1), which means that the effect apparently is 
quantitatively different for different local geometries. For different Fe5C2 surfaces a different 
sensitivity can be expected as well.

Figure 2.10. Effect of local charges on H adsorption: Negative charge donated to the Fe5C2 surface 
increases the H adsorption strength on top of Fe atoms, but weakens the bonding to C atoms. Fe(1) 
and Fe(2) denote the two different Fe sites. Outliers are colored lighter and are explained in the main 
text. Eads H is defined with respect to ½ H2 (g).

 For the energetically second-most favorable NaOH and NaSH structures (Figure 
2.8d and f), upon H adsorption at Fe(2), the sodium ion tends to move somewhat toward the 
adsorbing H. As a result, the charge donation to this iron increases and the H adsorption is 
strengthened even more, explaining the outliers in Figure 2.10. The outliers for Fe(1) are for 
the same NaSH structure, but in this case no explanation was found.

 On a side note, the adsorption energies in Figure 2.10 are rather low for a process 
that is run at 350 °C. This is related to the choice of the rPBE functional: In general, the PBE 
functional gives too strong adsorption, so the rPBE functional was developed to correct for 
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this.63 Typically, this gives a lowering in adsorption energies of roughly 60 kJ/mol. For weak 
adsorbates, however, that may be too much, leading to overcorrection.

 For adsorption on carbon, we see the opposite effect compared to that on iron: 
negative charge donation from the promoter species makes H adsorption on carbon weaker. 
We conclude that this is the determining factor for the improved selectivity caused by adding 
promoters: Due to charge donation to the Fe5C2 surface, the equilibrium between hydrogens 
staying on Fe or binding with carbon changes in favor of staying on Fe. This results in less 
methane formation and more β-H removal leading to olefin formation. With respect to chain 
growth probabilities, it should be realized that while termination to alkanes is decreased, 
the β-H removal termination increases, so there could be little net effect on chain growth 
probabilities for C2+ compounds.

 Differences between Promoters. In a comparison among the different promoter species 
studied (Figure 2.11), the effect on adsorption to Fe is similar between promoters, since 
there is always an Fe site with a Na neighbor. The adsorption on C is more interesting: For the 
most affected C, a complicated trend is found that is determined by exact geometries. For the 
preferred Na position, the charge effect on the active carbons is limited, while for the second-
most favorable Na position the effect is much larger. Interestingly, Na2S combines these two 
positions and has a strong effect in its preferred geometry as well. Na2O also combines the two 
Na positions, but the oxygen blocks the carbon it sits on, and the closest active carbon is far 
away and hardly affected. This may explain the superior qualities of Na2S compared to those of 
the other promoter species studied here.

Figure 2.11. Comparison between promoter species. Results for second-most favorable promoter 
positions are denoted by open symbols, showing that the two Na positions have rather different 
effects on the studied carbons. Na2S is the only promoter for which the actual (favorable) promoter 
position has a strong effect on H adsorption on carbon.

 However, since we have 4 inequivalent duplicates of the active carbon atom (Figure 
2.9), hydrogens can choose to go to one that is hardly affected. Therefore, it is important that 
the promoter concentration is high enough that there are Na neighbors at all active carbons. 
To confirm this, we modeled a doubled concentration of 2 promoter species per 4 unit cells 
for Na2O and Na2S (Figure 2.12). Besides the different local geometry, also the pattern over 
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the surface differs between these promoters, again in favor of Na2S. For Na2S, now all active 
carbon atoms have a direct Na neighbor, stimulating the preferred selectivity.

Figure 2.12. Optimized structures for 2 Na2O (a) or 2 Na2S (b) species per 4 unit cells. With 2 Na2O 
species, still active carbons with no Na neighbor exist; with 2 Na2S species, all active carbons have a Na 
neighbor. Color coding: blue is Fe, black is C, ochre is Na, red is O, and yellow is S.

 The results are summarized in Figure 2.13. Promoters decrease the energy of 
hydrogen atoms on iron sites (increasing the bond strength) but increase the energy on carbon 
sites (decreasing the bond strength). This lowers the H coverage on carbon, as was found 
with the SSITKA work, and lowers the selectivity towards methane. Comparing different sites 
around the Na2S species, the effects vary, but on all positions either the binding on iron has 
strengthened or the binding on carbon has weakened, leading to similar shifts in the equilibrium 
away from methane formation. Hence, on unpromoted Fe5C2 it seems H2 will split on iron 
sites and immediately move to the active carbon positions, forming CHx and ultimately CH4. 
On promoted surfaces the hydrogens have much more chance to come back off the carbon, as 
witnessed by higher olefin formation, lower H coverage, and shorter H residence times.

Figure 2.13. Cartoon of promoter effect by Na2S. Colors of hydrogen atoms denote their energy: red, 
yellow, and green denote high, medium, and low energy, respectively. The blue shapes denote the Na2S 
species. (a) The promoter increases the H adsorption strength on iron and decreases the adsorption 
on carbon, thereby decreasing methane formation and increasing olefin formation. (b) The strength of 
the effect differs per site, but at both sites the equilibrium between binding to iron or carbon is shifted. 
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 Throughout this discussion it should be realized that the amounts of Na2S versus Na2O 
depend on the ratio Na:S on the particle surface. Typically most of the sodium resides on the 
support, and only the rest sits on the particles. When this amount exceeds the stoichiometric 
amount of sulphur, both Na2O and Na2S will be formed. Note that the ratio between support 
and particle surface varies with the iron loading and particle size, so the optimal ratio Na:S will 
also vary.72

 As a final remark, Na2O and Na2S may react with product H2O to form 2 NaOH or 
NaOH and NaSH, respectively. According to Figure 2.11, this would remove the advantage of 
having sulphur, since NaSH is less effective than Na2S. Na2O and NaOH are equally ineffective. 
For Na2O, this reaction is rather likely with a ∆E of −62 kJ/mol (comparing H2O adsorbed on 
top of adsorbed Na2O plus an empty surface with 2 adsorbed NaOH species); for Na2S this is 
much less likely with a ∆E of −4 kJ/mol. Still this suggests again that high promoter coverages 
should be preferred to favor the presence of Na2S species over NaSH and NaOH formation.

2.4 CONCLUSION

 The fundamentals of iron particle size and promoter effects on FTO catalysis were 
studied. Previously, it was found under industrially relevant conditions that increasing particle 
size lowers the apparent turnover frequency. The selectivity, however, increases with increasing 
particle size, but interestingly, this only happens when promoters (Na plus S) are present.7 
In the present paper we show that these trends also hold under the methanation conditions 
needed to perform a SSITKA study.

 Following the isotopic switch from 13CO to 12CO, coverages and residence times of 
CO and CHx were investigated. Extremely low CO coverage was observed for all catalysts, 
suggesting dissociative adsorption of CO. The two distinct gradients of the CH4 response 
curves fitted well to a parallel pool model, interpreted as a main-pool of surface carbon and 
a side-pool of carbon atoms that diffuse from the interior of the carbide nanoparticles. For 
both promoted and unpromoted catalysts, CHx coverage decreased with increasing particle 
size. This is tentatively assigned to the fact that smaller particles have a higher number of 
highly active low coordination sites, which are presumably sites for C-H bond formation. 
CHx surface residence times suggest that CH4 formation occurs equally fast on edges and 
terraces for unpromoted catalysts, but is slowed down on the terraces of promoted catalysts. 
The turnover frequency was established to be directly proportional to the CHx coverage.

 Isotopic switching from H2 to D2 was carried out to study the H coverage and 
residence times. HD response curves were fitted to various models derived from ref 58. The 
estimated H coverage was shown to decrease upon promoter addition, which gives rise to 
less termination via hydrogen addition and thereby lower methane selectivities. H coverage 
appeared to decrease with increasing particle size, which indicated that H atoms are more 
abundant at corners and edges. H coverage displayed a negative correlation with lower olefin 
selectivity but a positive correlation with methane selectivity. This strongly suggests that 
hydrogen coverage is a vital factor influencing product selectivity for FTO.
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In order to comprehend the promoter’s influence on H coverage, DFT modeling was 
performed. In a comparison of Na, NaOH, NaSH, Na2O, and Na2S promoter species, the 
counterions were shown to draw away some of the charge that the Na otherwise donates to 
the iron carbide surface. As S is less electronegative than O, it draws less charge away from the 
Fe5C2 surface, making Na2S a better promoter than Na2O. Also the binding modes of Na2S and 
Na2O differ, which turns out to be an even more important factor in favor of Na2S.

 H adsorption on the Fe5C2 surface was subsequently calculated, and H was found 
to bind preferably to C. On promoted Fe5C2, H adsorption was shown to correlate with the 
atomic charge of the accepting Fe or C. When negative charge donation from the promoter 
species increases, H adsorption becomes stronger on Fe and weaker on C. Thus, while on 
unpromoted Fe5C2 surfaces H atoms bind preferably on C after dissociation on Fe, on promoted 
Fe5C2 surfaces the difference between adsorption on Fe or C becomes smaller. This results in 
less methane formation and more β-H removal leading to olefin formation.
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SUPPORTING INFORMATION

S2.1. CATALYST CHARACTERIZATION

Figure S2.1. TEM images of 2PFeCNF (left) and 20PFeCNF (right).

Figure S2.2. Particle size distribution of promoted catalysts (promoters did not change distribution).
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Table S2.1. The Mössbauer fitted parameters of the promoted Fe/CNF samples

Experimental uncertainties: Isomer shift: I.S. ± 0.01 mm s-1; Quadrupole splitting: Q.S. ± 0.01 mm s-1; 
Line width: Γ ± 0.01 mm s-1; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%; aAverage magnetic 
field.

Sample IS
(mm∙s‐

1)

QS
(mm∙s‐

1)

Hyperfine 
field (T)

Γ
(mm∙s‐

1)

Phase Spectral 
contribution (%)

2PFeCNF 
Fresh

0.35 0.76 ‐ 0.54 Fe3+  100

2PFeCNF 
Ar/H2=2, 
350 °C, 1 bar

0.05
0.01
0.97
1.06
0.37

‐
‐

0.77
1.71
0.84

33.4
‐
‐
‐
‐

0.42
0.56
0.60
0.53
0.61

Fe0  
Fe0
Fe2+ 
Fe2+  
Fe3+  

3
5
21
15
56

2PFeCNF
H2/CO=10,
350 °C, 1.85 bar , 20 h

0.23
1.00
1.01
0.35

0.25
0.71
1.81
0.87

‐
‐
‐
‐

0.34
0.62
0.52
0.56

FexC 
Fe2+ 
Fe2+  
Fe3+  

11
32
17
40

5PFeCNF 
Fresh

0.34 0.73 ‐ 0.63 Fe3+   100

5PFeCNF 
Ar/H2=2, 
350 °C, 1 bar

0.01
1.10
1.03
0.37

0.52
0.33
1.36
0.60

‐
‐
‐
‐

0.30
0.40
0.64
0.46

Fe0  
Fe2+ 
Fe2+  
Fe3+  

3
41
34
22

5PFeCNF
H2/CO=10
350 °C, 1.85 bar , 20 h

0.15
1.07
1.06
0.37

0.51
0.36
1.55
0.59

‐
‐
‐
‐

0.53
0.50
0.59
0.46

FexC
Fe2+ 
Fe2+  
Fe3+  

21
41
16
22

10PFeCNF 
Fresh

0.35 0.82 ‐ 0.73 Fe3+   100

10PFeCNF 
Ar/H2=2, 
350 °C, 1 bar

0.03
0.01
1.08
0.33

‐
‐
‐

0.21

33.0
‐
‐
‐

0.34
0.46
0.74
0.31

Fe0  
Fe0
Fe2+  
Fe3+  

5
7
81
7

10PFeCNF
H2/CO=10
350 °C, 1.85 bar , 20 h

0.20
0.23
1.06

‐
0.42
0.15

19.9
‐
‐

0.43
0.64
0.76

FexC
FexC 
Fe2+  

4
34
62

20PFeCNF 
Fresh

0.37
0.35

‐0.08
0.83

30.2a
‐

0.84
0.76

Fe3+  
Fe3+  

41
59

20PFeCNF 
Ar/H2=2, 
350 °C, 1 bar

0.01
1.08
0.35

‐
‐

0.21

‐
‐
‐

0.48
0.64
0.30

Fe0
Fe2+  
Fe3+  

7
86
7

20PFeCNF
H2/CO=10
350 °C, 1.85 bar , 20 h

0.23
1.08

‐
‐

‐
‐

0.92
0.62

FexC 
Fe2+  

19
81
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S2.2. CATALYTIC PERFORMANCE OF CATALYSTS AT METHANATION   
CONDITION (1.85 BAR, 350 °C, H2/CO = 10)

Figure S2.3. Iron time yield (FTY) against time of stream (TOS) for 2PFeCNF catalyst. Steady state is 
reached after 10 hours. 

Figure S2.4. CO Conversion (TOS = 15 h) against average Fe carbide particle size for promoted and 
unpromoted catalysts. 

S2.3. CO RESPONSE CURVES

Figure S2.5. CO response curves overlapped with inert tracers (1.85 bar, 350 °C, H2/CO = 10).
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S2.4. CHX RESPONSE CURVES

Figure S2.6. CHx response curves of promoted catalysts with various particle size.

Figure S2.7. Schematic representation of models (reproduced from Soong et al.).58

Figure S2.8. Linear scale and logarithmic scale normalized CHx transient response as function of time 
and fitted data using various models. The fit for single pool and pools in series were identical, data was 
shown for catalyst 2PFeCNF.

Figure S2.9. 1/τCHx from SSITKA obtained upon fitting to parallel side-pool model. 
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Figure S2.10. τ2 values obtained upon fitting to parallel side-pool model.

Figure S2.11.  CHx surface coverage obtained upon fitting to parallel side-pool model. 

Figure S2.12.  CH4 selectivity as a function of CHx coverages (350 °C, 1.85 bar, H2/CO = 10).
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Table S2.2. Fit parameters obtained after fitting model C to CHx transient curves.

N 1 N 2 τ 1 τ 2 Rsqr

2FeCNF 0.86 0.14 8.8 38 0.996
5FeCNF 0.80 0.20 9.0 58 0.996
5FeCNF 0.85 0.15 7.8 40 0.991
5FeCNF 0.76 0.24 8.5 36 0.998

10FeCNF 0.76 0.24 8.7 84 0.998
10FeCNF 0.72 0.28 9.1 68 0.997
10FeCNF 0.74 0.26 8.8 64 0.998
20FeCNF 0.74 0.26 11.3 68 0.993
2PFeCNF 0.72 0.28 11.6 51 0.997
2PFeCNF 0.69 0.31 11.8 50 0.997
5PFeCNF 0.67 0.33 13.3 58 0.997
5PFeCNF 0.65 0.35 15.2 74 0.995
5PFeCNF 0.62 0.38 12.9 69 0.998

10PFeCNF 0.65 0.35 19.2 101 0.993
20PFeCNF 0.59 0.41 20.1 122 0.996
20PFeCNF 0.59 0.45 19.1 153 0.989

S2.5. HD RESPONSE CURVES

Figure S2.13. HD formation against time for promoted catalysts (1.85 bar, 350 °C, H2/CO = 10).
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Figure S2.14. HD formation against time for unpromoted catalysts (1.85 bar, 350 °C, H2/CO = 10).

Figure S2.15. Promoter effect on HD formation (1.85 bar, 350 °C, H2/CO = 10).

Figure S2.16. Normalized HD transient response as function of time and fitted data using various 
models. The fit for single pool and pools in series were identical, data was shown for catalyst 2PFeCNF.
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SIZE AND PROMOTER EFFECTS ON STABILITY 
OF CARBON NANOFIBER SUPPORTED IRON-BASED

 FISCHER-TROPSCH CATALYSTS

Adapted from J. Xie, H. M. Torres Galvis, A. C. J. Koeken, A. Kirilin, A. I. Dugulan, M. 
Ruitenbeek, K. P. de Jong, ACS Catalysis, 2016, 6, 4017−4024.
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ABSTRACT

 The Fischer-Tropsch Synthesis converts synthesis gas from alternative carbon 
resources, including natural gas, coal, and biomass, to hydrocarbons used as fuels or chemicals. 
In particular, iron-based catalysts at elevated temperatures favor the selective production 
of C2-C4 olefins, which are important building blocks for the chemical industry. Bulk iron 
catalysts (with promoters) were conventionally used, but these deactivate due to either phase 
transformation or carbon deposition resulting in disintegration of the catalyst particles. For 
supported iron catalysts, iron particle growth may result in loss of catalytic activity over time. 
In this work, the effects of promoters and particle size on the stability of supported iron 
nanoparticles (initial sizes 3 - 9 nm) were investigated at industrially relevant conditions (340 
°C, 20 bar, H2/CO = 1). Upon addition of sodium and sulfur promoters to iron nanoparticles 
supported on carbon nanofibers, initial catalytic activities were high but substantial deactivation 
was observed over a period of 100 h. In situ Mössbauer spectroscopy revealed that after 20 h 
time-on-stream, promoted catalysts attained 100 % carbidization, whereas for unpromoted 
catalysts, this was around 25%. In situ carbon deposition studies were carried out using a 
tapered element oscillating microbalance (TEOM). No carbon laydown was detected for the 
unpromoted catalysts, whereas for promoted catalysts, carbon deposition occurred mainly 
over the first 4 h and thus did not play a pivotal role in deactivation over 100 h. Instead, 
the loss of catalytic activity coincided with the increase in Fe particle size to 20 - 50 nm, 
thereby supporting the proposal that the loss of active Fe surface area was the main cause of 
deactivation.
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3.1 INTRODUCTION

 The Fischer-Tropsch synthesis (FTS) is a catalytic surface polymerization reaction 
which converts synthesis gas (CO and H2) into valuable hydrocarbons, such as lower olefins.1 
Synthesis gas can be produced from a wide array of carbon sources including natural gas, coal, 
and biomass and product selectivity toward chemicals and fuels can be adjusted by catalyst 
design, which makes this a flexible option for industry.2–5

 Iron-based FTS catalysts are favored due to their low cost, high abundance, low 
methane formation, and useful water-gas shift (WGS) activity.6–9 Bulk Fe catalysts (often 
modified with promoters and synthesized via coprecipitation or sintering) were extensively 
studied and displayed promising results, but these suffered from poor mechanical stability.10 
Carbon formation which occurs via the Boudouard reaction (2 CO  C + CO2), leads to 
blocking of active sites and disintegration of catalyst particles. To improve on the mechanical 
properties of Fe-based catalysts, dispersing Fe nanoparticles on supports was attempted. A 
concern for the use of oxidic supports, such as silica and high surface area alumina, is the 
inhibition of critical phase transformation to active Fe carbide species due to strong support-
metal interactions.11 Thus, weakly interacting supports such as nanostructured carbon 
materials and low surface area alumina were preferred for supported Fe FTS catalysts.12–15

 Earlier research showed that sodium and sulfur promoters, as well as the particle 
size of iron nanoparticles supported on the carbon nanofibers (CNF) affect the activity and 
selectivity of lower olefins.16 This breakthrough in increasing the lower olefins selectivity made 
the direct production of lower olefins from synthesis gas (Fischer-Tropsch to olefins, FTO) 
a more attractive option. However, the stability of the improved Fe FTS catalysts remained a 
challenge.

 Deactivation of Fe FTS catalysts could be due to Fe particle growth and/or carbon 
deposition, and/or transformation of active Fe carbide species into inactive Fe carbide/
oxide/metallic species.17–20 Sintering, either via Ostwald ripening or particle migration and 
coalescence, results in loss of active Fe carbide surface area, and thereby loss of catalytic 
activity. Phase transformation and carbon deposition are speculated to be the main causes of 
deactivation for bulk Fe catalysts,21–28 while the surface chemistry of support material dictates 
the deactivation mechanism for supported Fe catalysts. Fe nanoparticles supported on oxidic 
supports were stable due to strong support-metal interactions, hence sintering and phase 
transformations were not expected and C deposition was likely to be the dominant cause for 
activity loss.29,30 Conversely, Fe nanoparticles supported on weakly interacting supports were 
prone to Fe particle growth.31–33 Because the mode of deactivation is affected by the support 
material, there are different strategies to improve catalytic stability by means of proper support 
selection. Carbon supports are widely used and to improve on the catalytic stability, catalyst 
design has been focused on encapsulating Fe nanoparticles to prevent Fe particle growth.34,35

 In this work, the aim is to comprehend the effect of iron particle size and the 
presence or absence of promoters on catalyst stability. Various causes of deactivation, such 
as Fe phase transformations, carbon deposition, and Fe particle growth will be assessed. To 
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eliminate the contribution from oxidic supports, carbon nanofibers were used to support the 
iron nanoparticles. Iron nanoparticles supported on CNF with/without Na and S promoters 
were prepared via incipient wetness impregnation. By varying the loading of iron between 2 
to 20 wt %, iron oxide nanoparticles between 3 - 9 nm were obtained. Catalytic tests were 
performed to determine the catalytic activity, selectivity, and stability. The as-synthesized and 
spent catalysts were characterized ex situ by transmission electron microscopy (TEM). In situ 
Mössbauer spectroscopy was used to characterize the iron phases under FTO conditions. A 
tapered element oscillating microbalance (TEOM) was used to monitor the rate of carbon 
deposited during the FTO process.36

3.2 EXPERIMENTAL METHODS

3.2.1 Catalyst Preparation and Characterization

 Growth of CNF Support. A 5 wt % Ni/SiO2 catalyst (sieve fraction of  425 - 825 μm) 
was synthesized via homogenous deposition precipitation as reported previously.37 5 g of the 
catalyst was reduced under the flow of 190 mL/min H2 and 625 mL/min N2 at a pressure of 
2.8 bar and 700 °C for 2 h (5 °C/min). The temperature was lowered to 550 °C (3.5 °C/min) 
after reduction, and carbon nanofibers with fishbone structure were grown by flowing diluted 
syngas with the composition of 102 mL/min H2, 266 mL/min CO, and 450 mL/min N2 for 
24 h. To remove SiO2, the CNF grown was refluxed thrice in 400 mL of 1 M KOH followed by 
washing with demineralized water to pH 7. To remove Ni and to introduce oxygen-containing 
groups on the surface, the purified CNF was refluxed in 400 mL of 65 % HNO3 for 1.5 h 
followed by washing with demineralized water to pH 7.

 Preparation of Unpromoted Supported Catalysts. Four unpromoted catalysts with different 
iron loadings (2, 5, 10, 20 wt.% Fe) were prepared using incipient wetness impregnation as 
described previously.16 In the initial step, 7.014 g of ammonium iron citrate (Fluka, purum p.a., 
14.5−16 wt % Fe) was dissolved in 25 mL of demineralized water to form a stock solution. 
Depending on the iron loading, different volumes of this stock solution were impregnated 
onto CNF to achieve the desired loading. Except for the 2 wt % Fe-loaded catalyst, every 
catalyst required successive impregnation steps. The samples were dried under static air at 120 
°C between impregnation steps and after the final impregnation step for 1 and 2h respectively. 
Heat treatment was performed at 500 °C for 2 h (5 °C/min; 100 mL/min for 2 g catalyst) 
under nitrogen flow. After it was cooled to room temperature, the catalyst was passivated 
by controlled surface oxidation. The oxygen concentration was increased stepwise (2% v/v 
increase every 30 min) until reaching 20% v/v. The number in the sample code indicates the 
surface area-average particle size of iron nanoparticles measured by TEM.

 Preparation of Promoted Supported Catalysts. Four promoted catalysts with different 
iron loadings (2, 5, 10, 20 wt % Fe) were prepared using incipient wetness impregnation as 
described above. The determined promoter loading is shown in Table 1. Initially, 6.954 g of 
ammonium iron citrate (Fluka, purum p.a., 14.5−16 wt % Fe), 0.199 g of sodium citrate 
tribasic dihydrate (Sigma-Aldrich, > 99.0 %), and 0.056 g of iron(II) sulfate heptahydrate 
(Merck) were dissolved in 25 mL of demineralized water to form a stock solution. Subsequent 
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steps were performed as described above. In addition to the number in the sample code which 
indicates the surface area-average particle size of Fe2O3 nanoparticles measured by TEM, the 
letter P was included to identify promoted catalysts.

 Characterization. TEM was used to determine the iron particle size distribution and 
the spatial distribution of iron nanoparticles on the support. At least 300 iron nanoparticles 
per catalyst were measured to obtain an average particle size. The images were attained 
with a Philips Tecnai-20 FEG (200 kV) microscope equipped with an EDX and HAADF 
detector. Temperature-programmed reduction (TPR) measurements were carried out with 
a Micromeritics AutoChem II equipped with a TCD detector. Relevant reduction conditions 
were used (i.e., 350°C (5 °C/min), 5 % H2 in Ar, 2 h). The composition of the Fe phases before 
reaction, after reduction, and after FTO reaction was determined in-situ with transmission 
57Fe Mössbauer spectroscopy. Transmission 57Fe Mössbauer spectra were collected at 300 and 
4.2 K with a sinusoidal velocity spectrometer using a 57Co(Rh) source. Velocity calibration 
was carried out using an α-Fe foil. The source and the absorbing samples were kept at the 
same temperature during the measurements. The Mössbauer spectra were fitted using the 
Mosswinn 4.0 program.38 The experiments were performed in a state-of-the-art high-pressure 
Mössbauer in situ cell -recently developed at Reactor Institute Delft.39 The high-pressure 
beryllium windows used in this cell contain 0.08% Fe impurity, and its spectral contribution 
was fitted and removed from the final spectra. The Mössbauer transmission cell has a tubular 
reaction chamber with an internal diameter of 15 mm, and the catalyst bed lengths were 1.5 - 
3 mm (catalyst loading of 100 - 300 mg). Although the reactant gases pass through the catalyst 
bed, the Mössbauer cell is not a plug-flow reactor due to a large dead volume (~7 cm3) before 
the catalyst bed. A total flow rate of 100 mL/min was used during treatments, corresponding 
to a gas hourly space velocity (GHSV) of 12 000 - 24 000 h-1. The reaction conditions were as 
described in the catalytic tests below.

3.2.2 Catalyst Performance

 Catalytic experiments were performed using high throughput fixed-bed reactors as 
described elsewhere.40 The catalysts were first reduced in situ at 340 °C (5 °C/min), 3 bar, 
He/H2 = 2, GHSV = 7 200 h-1 for 2 h. Synthesis gas mixture (H2/CO/He = 45/45/10) was 
introduced at 280 °C and 3 bar, and temperature and pressure were subsequently increased 
over 0.5 h to 340 °C and 20 bar. Two different gas hourly space velocities (GHSV) were 
employed, specifically 7 200 h-1 and 54 000 h-1 for mimicking industrially relevant conditions 
and C deposition test conditions, respectively. A blank experiment using CNF support showed 
zero activity under relevant FTO conditions. Catalytic activity, expressed as iron time yield 
(FTY), was expressed as moles of CO converted per gram of Fe per second. CO conversion 
(%) was calculated as  

Where CCO, R and CHe,R correspond to concentration of CO and He at the reactor outlet, 
respectively. CHe,blk and CCO, blk correspond to concentrations of CO and He at the outlet of the 

�H �
�1 �2 �H2

�C	surface	atoms
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blank reactor. The product selectivity to hydrocarbons up to C9 was determined with online 
gas chromatography (GC) and was calculated on a carbon atom basis. Selectivity toward CO2 
was also measured. This analysis method is consistent with previous literature.16

3.2.3 C Deposition

 C deposition was measured using a TEOM (TEOM series 1500 Pulse Mass Analyzer, 
Rupprecht & Patashnick Co.,Inc.).36 The procedure started with flushing the tapered element 
with N2 at room temperature and pressure. The pressure and temperature were increased to 2 
bar and 340 °C (10 °C/min) respectively. The resulting decrease in gas density was reflected 
by a decrease in the mass signal. Upon stabilization of the mass signal which took ~4 h, the 
gas feed was switched to a mixture of N2 and H2, resulting in a sharp decrease in the mass 
signal. Each catalyst was reduced at 2 bar, 340 °C, N2/H2 = 2, and GHSV = 54 000 h-1 for 
2 h, and this reduction step was apparent from the gradual decrease in the mass signal. After 
reduction, the gas feed was switched from N2 and H2 mixture to pure N2 to determine the 
mass loss during reduction. Stabilization of the mass signal was again needed (~0.5 h) before 
synthesis gas feed was introduced. C deposition was monitored for 4 h at 340 °C, 20 bar, CO/
H2 = 1, and GHSV = 54 000 h-1. Finally, the feed was switched back to pure N2 gas feed after 
4 hours of synthesis gas exposure. The CNF support was also tested in a blank experiment and 
no mass difference was observed during reduction and Fischer-Tropsch reaction. To prevent 
accumulation of hydrocarbon products in the catalyst bed, a high GHSV was required. As the 
quartz element may break due to an increase in the catalyst volume from coking, time-on-
stream (TOS) was limited to 4 h.

3.3 RESULTS AND DISCUSSION

 An overview of the fresh catalysts and their properties is presented in Table 3.1. 
More information on elemental loadings and the particle size distributions can be found in 
Supporting Information, SI 3.1 and .3.2.

Table 3.1. Properties of Promoted and Unpromoted CNF-Supported Fe Catalysts.

wt % loading a Average particle size (nm)

Fe Na S Fe2O3 b

3Fe 2 0.03 < 0.005 3

4Fe 5 0.03 < 0.006 4

7Fe 9 0.02 < 0.004 7

9Fe 15 0.03 0.007 9

3FeP 2 0.10 0.02 3

4FeP 5 0.24 0.04 4

7FeP 9 0.41 0.07 7

9FeP 16 0.68 0.11 9
a wt % loading determined using ICP-AES. b Surface area-average determined by TEM. 
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Table 3.2. Catalytic performance of CNF-supported Fe catalysts under FTO conditions (340 °C, 20 bar, 
H2/CO/He = 45/45/10, GHSV = 54 000 h-1, TOS = 12 h).

CO conv. 
(%)

FTY (10-3 
molCO/gFe.s)

CO2 sel. 
(%)

Product Selectivity (% Cat, CO2 free)

CH4
C2 – C4 
olefins

C2 – C4 
paraffins C5+

3Fe 4 0.8 12 52 26 22 0

4Fe 3 0.3 18 50 26 24 1

7Fe 4 0.2 20 47 28 22 3

9Fe 4 0.1 23 46 36 14 4

3FeP 7 1.7 35 20 54 14 12

4FeP 7 0.7 38 11 61 6 22

7FeP 10 0.5 40 8 60 6 25

9FeP 16 0.3 42 8 60 5 27

Table 3.3. Catalytic performance of CNF-supported Fe catalysts under FTO conditions (340 °C, 20 bar, 
H2/CO/He = 45/45/10, GHSV = 54 000 h-1, TOS = 100 h).

CO conv. 
(%)

FTY (10-3 
molCO/gFe.s)

CO2 sel. 
(%)

Product Selectivity (% Cat, CO2 free)

CH4
C2 – C4 
olefins

C2 – C4 
paraffins C5+

3Fe 6 1.3 15 49 25 21 5

4Fe 8 0.7 21 40 31 20 9

7Fe 13 0.5 30 38 36 14 12

9Fe 18 0.4 33 35 36 15 14

3FeP 2 0.8 33 14 72 7 7

4FeP 4 0.3 37 11 66 7 16

7FeP 7 0.3 41 10 62 6 22

9FeP 8 0.2 40 9 62 5 24

 

 Tables 3.2 and 3.3 summarize the activity and product selectivity of these supported 
Fe catalysts at low conversions during the initial period (TOS = 12 h) and steady state (TOS 
= 100 h), respectively. Activity and product selectivity of these supported Fe catalysts at high 
conversions are included in SI 3. Data in Table 3.2 show that the addition of promoters resulted 
in increased activity and product selectivity for CO2, C2-C4 olefins and C5+ hydrocarbons,16 and 
these promoted catalysts exhibited stable product selectivities after 12 hours on-stream (Table 
3.3).  Product selectivities were influenced by various factors, for example, CO conversion 
and Fe particle size at different times on-stream.
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Figure 3.1. Iron time yield (FTY) of (a) unpromoted catalysts and (b) promoted catalysts (340 °C, 20 bar, 
H2/CO/He = 45/45/10, and GHSV = 54 000 h-1).

 Figure 3.1 shows the catalytic activity as a function of time, thereby providing insights 
in the stability of these catalysts at high temperature and pressure. The unpromoted catalysts 
had the lowest catalytic activity during the initial period, whereas the promoted catalysts had 
the highest catalytic activity during the initial period, but catalytic activity decreased over time 
(Figure 3.1b). It is noted that the catalytic activity after 100 hours on-stream of promoted 
and unpromoted catalysts was similar, except for 3Fe(P). Formation of different Fe species, 
carbon accumulation, and Fe particle growth are possible causes of deactivation, and these 
were further investigated.

Figure 3.2. In situ Mossbauer spectra of (a) 4Fe after reduction, (b) 4Fe after 20 h TOS, (c) 4FeP after 
reduction, and (d) 4FeP after 20 h TOS. Reduction: 350 °C, 2 bar, Ar/H2 = 2, 2 h. FTO: 340 °C, 20 bar, H2/
CO = 1, TOS = 20 h. (3 Fe sites for Hägg carbide: magenta, red, and purple; 1 Fe site for ε’ carbide: dark 
cyan; 3 - 4 Fe sites for Fe1-xO: violet, olive, navy, blue).

 In situ Mössbauer spectroscopy determined quantitatively the various Fe species 
present during reduction and FTO conditions. Upon reduction, 25 mol. % Fe carbide species 
were measured for both 4FeP and 4Fe (Figure 3.2a and c; and Table S3.5). It is thus suggested 
that the addition of promoters did not have a significant influence on the reduction step. This 
observation was confirmed by the similar TPR profiles obtained for 4FeP and 4Fe (Figure 
S3.9). To further investigate the reduction behaviour of a promoted catalyst (7FeP), Mössbauer 
spectra were measured after 2 hours and 24 hours reduction  (Ar/H2 = 2, 350 °C, 2 bar). 
Despite the longer reduction duration, incomplete reduction was observed and similar content 
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of Fe carbide phase was measured (Table S3.9 and Figure S3.10). However, after 20 h of FTO 
conditions, 4FeP was fully carburized and 4Fe had only 23 mol. % Fe carbide species (Figures 
3.2b and d; and Table S3.5). The remaining Fe atoms were present as Fe2+ species having 
Mössbauer spectra similar to those of Wüstite and its nonstoichiometric equivalent (Fe1-xO).41 
The promoters induced formation of more Fe carbide species in the initial period, which gave 
higher catalytic activity. Alkali promoters such as Na are known to increase Fe carburization 
rate,42 but the addition of S showed the opposite effect.43 It is noted that 4FeP had four times 
more Fe carbide species but its catalytic activity was only twice higher than 4Fe.

 Carbon deposition over time was monitored in situ using the TEOM equipment. No 
carbon deposition was measured during 4 h for the unpromoted catalysts with different particle 
sizes (Figure S3.11) and it is proposed to be due to the lack of active χ-Fe5C2 phase. This proposal 
was supported by in situ Mössbauer spectroscopy data (Figure 3.2) and catalyst performance 
data. The promoted catalysts showed carbon accumulation over time (Figure S3.12). During 
the early stages (first 30 min approximately), there were two opposite occurrences for mass 
changes which resulted in a negligible net mass change. Further reduction of Fe oxide species 
to Fe carbide species caused a decrease in mass, while carbon laydown due to the Fe carbide 
species already present after reduction caused an increase in mass. Thus, the net effect was a 
lower mass change rate than when the catalyst reached a state where no further reduction took 
place. Subsequently, the coking rate decreased over 4 h. It is believed that the measured mass 
change was caused directly by carbon build-up and not hydrocarbons because of the reaction 
conditions used.36 Carbon laydown rate decreased with increasing particle size initially (1st 

hour), but the rate increased with increasing initial particle size at steady state (4th hour). 
This indicates that the effect of particle size on carbon deposition rate was different when the 
surfaces were relatively clean and after reaction had proceeded for a longer period. Possible 
reasons for this decrease in coking rate include blocking of active sites (surface covered with 
amorphous or graphitic carbon), growth of Fe carbide particles, and phase transformations 
that do not convert CO to carbon. Thus, it appeared that the carbon deposition was most 
severe in the initial period and was not the main reason for deactivation over a longer period 
(10 - 100 h TOS).

 The spent catalysts after carbon deposition studies (TOS = 4 h) and after catalytic 
tests (TOS = 100 h) were characterized with TEM, and images are shown in Figure S3.2 
and Figure 3.3 respectively. It was mentioned earlier that the addition of promoters did not 
lead to a significant change in Fe particle size distribution of the fresh catalysts. However, the 
Fe particle size distributions of spent promoted and unpromoted catalysts were strikingly 
different. The promoted catalysts displayed a higher degree of sintering compared to the 
unpromoted catalysts. In the extreme case (9FeP) depicted in Figure 3.3h, Fe particles of 
approximately 100 nm were observed. In addition, the promoted Fe nanoparticles seemed to 
have a core-shell structure (Figure 3.3e-h). TEM-EDX maps (Figure 3.3i-m) showed that the 
core was rich in Fe and the shell was mainly Fe oxide. The formation of Fe oxide was most 
likely due to exposure to air after reaction. 
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Figure 3.3. TEM images of spent (a-d) unpromoted catalysts and (e-h) promoted catalysts after carbon 
deposition studies (340 °C, 20 bar, H2/CO = 1, GHSV = 54 000 h-1, TOS = 100 h). TEM-EDX maps of spent 
7FeP catalyst (i-m).

 In Figure 3.4, the average iron particle sizes of fresh and spent catalysts are compared. 
The particle size distributions of spent catalysts can be found in Figure S3.3 and S3.4. It was 
thus shown that the promoted Fe nanoparticles produced more carbon and displayed more 
sintering while the unpromoted catalysts showed limited sintering even after 100 h TOS.

Figure 3.4. Iron particle size of (blue-outline ◊) promoted catalysts and (red-outline □) unpromoted 
catalysts after carbon deposition studies, TOS = 4 h. Iron particle size of (blue ♦) promoted catalysts 
and (red ■) unpromoted catalysts after catalytic tests, TOS = 100 h (340 °C, 20 bar, H2/CO = 1, GHSV = 
54 000 h-1).
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Figure 3.5. Catalytic activity as a function of average iron particle size of spent unpromoted catalysts 
(red-outline □) at the initial period, TOS = 4 - 10 h, and (red ■) at steady state, TOS = 100 h (340 °C, 20 
bar, H2/CO = 1, GHSV = 54 000 h-1). Lines were added to guide the eye.

 Figure 3.5 reveals the effects of the particle size on the stability of unpromoted Fe FT 
catalysts. The unpromoted catalysts showed increased catalytic activity and limited sintering 
over time, and it is proposed tentatively that the increased catalytic activity is related to 
increased Fe carbidization.

Figure 3.6. Catalytic activity as a function of average iron particle size of spent promoted catalysts 
(blue-outline ◊) at the initial period, TOS = 4 - 10 h, and (blue ♦) at TOS = 100 h (340 °C, 20 bar, H2/CO = 
1, GHSV = 54 000 h-1). The trend line is fitted to y α x-1 for all data points except the first point.

 Figure 3.6 depicts the effects of the particle size on the stability of promoted Fe FT 
catalysts. The decrease in catalytic activity appeared to be in agreement with the increase in Fe 
particle size over time. The loss of surface area per gram Fe follows the relation: surface area/
volume α 1/Fe particle diameter; thus, FTY was fitted to be inversely proportional to particle 
size (trend line in Figure 3.6). The first data point (smallest average particle size) appeared 
to be an anomaly, and that is attributed to the presence of small particles around 3 and 4 
nm. These small Fe particles were shown previously to be highly active and produced mainly 
methane.16 

 For the promoted catalysts, Fe particle growth was concluded to be the main cause 
of deactivation. Phase transformations, which occurred when water was produced but not 
removed from the catalyst bed, were reported previously to be a reason for deactivation;25–27 
however, it is not expected to be relevant here because of the use of high space velocities and 
low conversion conditions. Carbon deposition rates decreased over the initial hours and were 
not expected to play a significant role over a longer period. The use of sulfur, in the absence of 
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sodium, to increase the resistance against carbon deposition was demonstrated earlier,29 and 
this may be a possibility to explain the relatively low carbon deposition rates when compared 
to other Fe-based catalysts. The sintering of Fe nanoparticles supported on O-functionalized 
CNTs was concluded previously to be more severe due to weak support-metal interactions 
and a low concentration of surface defects for anchoring of Fe nanoparticles.33  Although 
a weakly interacting support CNF was used in this study, very different extents of particle 
growth was observed for the promoted and unpromoted Fe nanoparticles. This proves that 
the severe sintering of promoted Fe nanoparticles was not solely due to weak metal-support 
interaction. Intrinsically, the FTO process would be a high temperature FT route, thus sintering 
is expected to be more prominent than at the less severe conditions of low-temperature FT, 
which is typical for coal-to-liquids (CTL).

3.4 CONCLUSION

 The activity, product selectivity and stability of CNF-supported Fe catalysts under 
industrially relevant Fischer-Tropsch to olefins (FTO) conditions were investigated. It was 
observed that the activity of unpromoted catalysts increased over time, regardless of particle 
size. With addition of promoters, maximum activity was attained in the initial period and 
deactivation was prominent.

 In situ Mössbauer spectroscopy revealed that both promoted and unpromoted 
catalysts attained similar Fe carbidization levels after reduction. However, after 20 h of 
synthesis gas treatment, the promoted catalyst was fully carbided, and the carbidization level of 
the unpromoted catalyst did not increase beyond 25 %. This difference in phase transformation 
upon exposure to synthesis gas resulted in a higher initial activity of the promoted catalyst. 
As the correlation of activity and Fe carbide species was not linear, deactivation via carbon 
deposition and/or Fe particle growth is proposed to occur simultaneously with phase 
transformations.

 A tapered element oscillating microbalance (TEOM) was utilized to measure the 
rate of carbon deposition under industrially relevant FTO conditions. No carbon laydown 
was detected for the unpromoted catalysts, and this was rationalized by the lack of active Fe 
carbide phases. In contrast, the presence of promoters facilitated Fe activation which resulted 
in significant carbon deposition over the first hours of operation. While different particle sizes 
resulted in different coking rates, coking rates decreased over time. This suggests that carbon 
deposition is not the leading cause of deactivation over longer periods.

 Limited sintering was observed for the unpromoted catalysts while severe sintering 
was seen for the promoted catalysts. This indicated that the promoters led to formation of 
mobile and active Fe phases which resulted in a higher degree of particle growth.

 For the unpromoted catalysts, phase transformation was considered to be the leading 
cause for the increase in catalytic activity over time. For the promoted catalysts, catalytic 
activity was shown to be inversely proportional to Fe particle diameter of spent catalysts which 
leads to the conclusion that here Fe particle growth is the main reason for deactivation over 
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time. 

 In this work, the catalytic performance of CNF-supported Fe catalysts under 
industrially relevant FTO conditions were thoroughly and critically assessed. Although the 
activity and C2-C4 olefins selectivity of the promoted Fe catalysts were highly encouraging, 
the stability needs improvement. Carbon deposition for Fe nanoparticles was less significant 
compared to bulk Fe catalysts and is proposed not to play a pivotal role in the deactivation. 
Sintering was, however, the major cause of deactivation, and it is hence believed that sintering is 
a vital factor affecting stability of these highly active and selective promoted Fe catalysts. Thus, 
the direction of future research is on designing highly active and selective Fe catalysts which 
are more resistant to sintering. It is of interest for future studies to unravel the mechanism and 
details of particle growth of promoted and unpromoted Fe nanoparticles.
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SUPPORTING INFORMATION

S3.1. ELEMENTAL LOADING

Table S3.1. Elemental loading of catalysts.

Fe Na S Ni K

Blank CNF 0.03 0.06 < 0.007 0.01 < 0.014

3Fe 1.92 0.03 < 0.005 0.08 < 0.002

4Fe 5.09 0.03 < 0.006 0.09 < 0.003

7Fe 9.24 0.02 < 0.004 0.11 < 0.002

9Fe 15.06 0.03 0.007 0.04 < 0.003

3FeP 2.02 0.10 0.02 0.07 < 0.004

4FeP 4.94 0.24 0.04 0.07 < 0.004

7FeP 9.34 0.41 0.07 0.06 < 0.002

9FeP 15.60 0.68 0.11 0.05 < 0.004
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S3.2. TEM CHARACTERIZATION

Figure S3.1. TEM images of 2PFeCNF (left) and 20PFeCNF (right).

Figure S3.2. Particle size distribution of spent catalysts after carbon deposition studies (TOS = 4 h).

20 nm 20 nm
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Figure S3.3. Particle size distribution of fresh and spent promoted catalysts (black: fresh, grey: after 4 
h, and light grey: after 100 h). 

Figure S3.4. Particle size distribution of fresh and spent unpromoted catalysts (black: fresh, grey: after 
4 h, and light grey: after 100 h).
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S3.3. CATALYTIC PERFORMANCE

Table S3.2. Catalytic performance of CNF-supported Fe catalysts under FTO conditions (340 °C, 20 bar, 
H2/CO/He = 45/45/10, GHSV = 7 200 h-1, TOS = 12 h).

CO conv. 
(%)

FTY (10-3 
molCO/gFe.s)

CO2 sel. 
(%)

Product Selectivity (% Cat, CO2 free)

CH4
C2 – C4 
olefins

C2 – C4 
paraffins C5+

3Fe 9 23 2.9 59 10 28 2

4Fe 8 27 1.0 60 9 30 1

7Fe 9 32 0.6 53 13 28 6

9Fe 9 35 0.3 52 21 20 7

3FeP 31 46 9.5 20 40 28 12

4FeP 50 46 6.0 11 49 8 32

7FeP 61 47 3.7 8 54 6 33

9FeP 73 47 2.2 8 56 6 30

Table S3.3. Catalytic performance of CNF-supported Fe catalysts under FTO conditions (340 °C, 20 bar, 
H2/CO/He = 45/45/10, GHSV = 7 200 h-1, TOS = 100 h).

CO conv. 
(%)

FTY (10-3 
molCO/gFe.s)

CO2 sel. 
(%)

Product Selectivity (% Cat, CO2 free)

CH4
C2 – C4 
olefins

C2 – C4 
paraffins C5+

3Fe 27 35 8.4 44 18 29 9

4Fe 46 42 5.6 34 25 26 14

7Fe 57 40 3.5 38 31 21 10

9Fe 73 47 2.3 38 28 23 11

3FeP 10 39 2.9 28 49 16 7

4FeP 35 46 4.3 12 50 8 30

7FeP 48 47 3.0 9 55 5 30

9FeP 42 46 1.3 9 59 4 28
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S2.3. CO RESPONSE CURVES

Figure S3.5. Iron time yield (FTY) of  (a) unpromoted catalysts and (b) promoted catalysts (340 °C, 20 
bar, H2/CO/He = 45/45/10, and GHSV = 7 200 h-1).
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S3.4 IN SITU MÖSSBAUER SPECTROSCOPY

Table S3.4. The Mössbauer fitted parameters of 4Fe(P) samples, obtained at 300 K.

Figure S3.6. Mössbauer spectra obtained at 300 K with 4Fe (left) and 4FeP (right).

Sample/ 
Treatment

IS
(mm∙s‐1)

QS
(mm∙s‐1)

Hyperfine 
field (T)

Γ
(mm∙s‐1)

Phase Spectral
contribution (%)

4Fe
Fresh

0.33 0.72 ‐ 0.64 Fe3+ 100

4Fe
Ar/H2=2
350 °C, 
2 bar, 2 h

0.25
1.09

0.27
0.39

‐
‐

0.38
0.75

FexC
Fe2+

18
82

4Fe
H2/CO=1
340 °C, 
20 bar, 20 h

0.21
1.08
1.23

0.13
0.30
1.41

‐
‐
‐

0.45
0.55
0.43

FexC
Fe2+
Fe2+

16
71
13

4FeP
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0.34 0.71 ‐ 0.70 Fe3+ 100

4FeP
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0.24
1.11

0.27
0.47

‐
‐

0.41
0.77

FexC
Fe2+

18
82

4FeP
H2/CO=1
340 °C, 
20 bar, 20 h

0.27
0.26
0.18
0.21

‐
‐
‐
‐

16.5
22.2
18.1
9.2

0.49
0.45
0.45
0.45

ϵ’‐Fe2.2C
χ‐Fe5C2 (I)
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χ‐Fe5C2 (III)

47
21
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16
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Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm s‐1; Quadrupole splitting: Q.S. ± 0.02 mm s‐1; 
Line width: Γ ± 0.03 mm s‐1; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%.
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Table S3.5. The Mössbauer fitted parameters of 4Fe(P) samples, obtained at 4.2 K.

Sample/ 
Treatment

IS
(mm∙s‐1)

QS
(mm∙s‐1)

Hyperfine 
field (T)

Γ
(mm∙s‐1)

Phase Spectral 
contribution (%)

4Fe
Ar/H2=2
350 °C, 
2 bar, 2 h

0.23
0.20
0.24
0.46
1.29
1.25
1.08

‐
‐
‐

0.08
‐1.84
‐0.28
1.97

25.7
21.5
11.8
51.0
38.8
37.3
‐

0.60
0.60
0.60
0.46
1.19
1.19
0.52

χ‐Fe5C2 (I)
χ‐Fe5C2 (II)
χ‐Fe5C2 (III)
Fe3+
Fe2+ 
Fe2+
Fe2+

10
10
5
4
27
40
4

4Fe
H2/CO=1
340 °C, 
20 bar, 20 h

0.22
0.20
0.24
0.57
1.18
1.21
1.12

‐
‐
‐

‐0.45
‐1.01
‐0.27
2.10

23.8
19.0
11.3
53.3
39.5
35.3
‐

0.62
0.62
0.62
0.48
1.27
1.27
0.50

χ‐Fe5C2 (I)
χ‐Fe5C2 (II)
χ‐Fe5C2 (III)
Fe3+
Fe2+ 
Fe2+
Fe2+

8
7
5
4
32
40
4

4FeP
Ar/H2=2
350 °C, 
2 bar, 2 h

0.23
0.22
0.24
0.45
1.17
1.22
1.15

‐
‐
‐

‐0.06
‐1.55
‐0.26
1.99

26.1
22.2
10.9
52.0
39.5
37.3
‐

0.80
0.80
0.80
0.49
1.52
1.52
0.60

χ‐Fe5C2 (I)
χ‐Fe5C2 (II)
χ‐Fe5C2 (III)
Fe3+
Fe2+ 
Fe2+
Fe2+

10
9
6
3
31
37
4

FeP
H2/CO=1
340 °C, 
20 bar, 20 h

0.26
0.27
0.15
0.20

‐
‐
‐
‐

18.6
26.1
20.9
10.5

0.48
0.47
0.47
0.47

ϵ’‐Fe2.2C
χ‐Fe5C2 (I)
χ‐Fe5C2 (II)
χ‐Fe5C2 (III)

42
26
17
15

Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm s‐1; Quadrupole splitting: Q.S. ± 0.02 mm s‐1; 
Line width: Γ ± 0.03 mm s‐1; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%.
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Table S3.6. The Mössbauer fitted parameters of 9Fe(P) samples, obtained at 300 K.

Figure S3.7. Mössbauer spectra obtained at 300 K with 9Fe (left) and 9FeP (right)

Sample/
Treatment

IS
(mm∙s‐1)

QS
(mm∙s‐1)

Hyperfine 
field (T)

Γ
(mm∙s‐1)

Phase Spectral 
contribution (%)

9Fe
Fresh

0.34 0.78 ‐ 0.65 Fe3+ 100

9Fe
Ar/H2=2
350 °C, 
2 bar, 2 h

0.16
1.08
1.15

0.22
0.19
1.32

‐
‐
‐

0.45
0.66
0.51

FexC
Fe2+
Fe2+

17
66
17

9Fe
H2/CO=1
340 °C, 
20 bar, 20 h

0.25
1.09
1.11

0.35
0.23
1.58

‐
‐
‐

0.47
0.61
0.55

FexC
Fe2+
Fe2+

17
68
15

9FeP
Fresh

0.00
0.34
0.38
0.38

‐
0.69
0.05
‐

33.0
‐

45.6
‐

0.30
0.66
1.52
1.73

Fe0
Fe3+
Fe3+
Fe3+

7
34
12
47

9FeP
Ar/H2=2
350 °C, 
2 bar, 2 h

0.00
0.28
1.09

‐
0.29
0.33

33.3
‐
‐

0.28
0.41
0.70

Fe0
FexC
Fe2+

50
8
42

9FeP
H2/CO=1
340 °C, 
20 bar, 20 h

0.25
0.22
0.18
0.20

‐
‐
‐
‐

17.1
22.4
18.6
9.1

0.39
0.35
0.35
0.35

ϵ’‐Fe2.2C
χ‐Fe5C2 (I)
χ‐Fe5C2 (II)
χ‐Fe5C2 (III)

72
7
13
8

Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm s‐1; Quadrupole splitting: Q.S. ± 0.02 mm s‐1; 
Line width: Γ ± 0.03 mm s‐1; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%.
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Table S3.7. The Mössbauer fitted parameters of 9Fe(P) samples, obtained at 4.2 K.

Figure S3.8. Mössbauer spectra obtained at 4.2 K with 9Fe (left) and 9FeP (right).

Sample/ 
Treatment

IS
(mm∙s‐1)

QS
(mm∙s‐1)

Hyperfine
field (T)

Γ
(mm∙s‐1)

Phase Spectral 
contribution (%)

9Fe
Ar/H2=2
350 °C, 
2 bar, 2 h

0.24
0.20
0.22
0.37
1.39
1.12
1.12

‐
‐
‐

‐0.07
‐1.38
‐0.35
2.00

25.9
22.2
11.9
52.2
39.5
36.7
‐

0.80
0.80
0.80
0.67
1.17
1.17
0.62

χ‐Fe5C2 (I)
χ‐Fe5C2 (II)
χ‐Fe5C2 (III)
Fe3+
Fe2+ 
Fe2+
Fe2+

11
12
5
5
29
31
7

9Fe
H2/CO=1
340 °C, 
20 bar, 20 h

0.24
0.20
0.22
0.50
1.38
1.17
1.06

‐
‐
‐

‐0.11
‐1.37
‐0.32
2.13

24.8
20.2
12.8
51.9
39.9
36.2
‐

0.79
0.79
0.79
0.36
1.16
1.16
0.55

χ‐Fe5C2 (I)
χ‐Fe5C2 (II)
χ‐Fe5C2 (III)
Fe3+
Fe2+ 
Fe2+
Fe2+

13
9
5
3
25
37
8

9FeP
Ar/H2=2
350 °C, 
2 bar, 2 h

0.00
0.22
1.12
1.18

‐
‐

‐0.57
‐0.90

34.5
19.2*
39.4
35.0

0.33
0.37
1.26
1.26

Fe0
FexC
Fe2+
Fe2+

42
12
24
22

9FeP
H2/CO=1
340 °C, 
20 bar, 20 h

0.25
0.25
0.18
0.20

‐
‐
‐
‐

18.7
25.6
20.4
10.1

0.42
0.40
0.40
0.40

ϵ’‐Fe2.2C
χ‐Fe5C2 (I)
χ‐Fe5C2 (II)
χ‐Fe5C2 (III)

68
11
14
7

0.59

0.60
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Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm s‐1; Quadrupole splitting: Q.S. ± 0.02 mm s‐1; 
Line width: Γ ± 0.03 mm s‐1; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%.
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S3.4 REDUCTION PROFILE

Figure S3.9. Temperature programmed reduction profiles of 4FeP and 4Fe. 

Table S3.8. The Mössbauer fitted parameters of 7FeP sample, obtained at 300 K.

Figure S3.10. Mössbauer spectra obtained at 300 K with 7FeP sample.
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Sample/ 
Treatment

IS
(mm∙s‐1)

QS
(mm∙s‐1)

Hyperfine 
field (T)

Γ
(mm∙s‐1)

Phase Spectral 
contribution (%)

7FeP
Ar/H2=2
350 °C, 
2 bar, 2 h

0.02
0.23
1.07
1.07

‐
0.31
‐

1.47

32.7
‐
‐
‐

0.35
0.51
0.68
0.51

Fe0
FexC
Fe2+
Fe2+

8
18
65
9

7FeP
Ar/H2=2
350 °C, 
2 bar, 24 h

0.01
0.23
1.08
1.06

‐
0.31
‐

1.50

32.8
‐
‐
‐

0.40
0.63
0.67
0.55

Fe0
FexC
Fe2+
Fe2+

24
18
51
7

Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm s‐1; Quadrupole splitting: Q.S. ± 0.02 mm s‐1; 
Line width: Γ ± 0.03 mm s‐1; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%.



79

3

Size and Promoter Effects on Stability                                                                          
of Carbon Nanofiber Supported Iron-Based Fischer-Tropsch Catalysts

S3.5 IN-SITU CARBON DEPOSITION STUDIES (TEOM)

Figure S3.11. C deposition of (a) unpromoted catalysts and (b) promoted catalysts (340 °C, 20 bar, H2/
CO = 1, and GHSV = 54 000 h-1).
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ABSTRACT

 A novel approach towards promoter incorporation in metal nanocrystal (NC) catalysts 
is presented and Fe-based Fischer-Tropsch catalysts were used as a showcase. We developed 
new catalysts in which promoters are adsorbed on the surface of NCs via ligand-exchange. This 
method conveniently eliminates organic ligands, which could interfere in the catalytic process, 
allowing for active catalysts with a controlled amount of promoters to be synthesized. Catalysts 
with different amounts of promoters were tested under industrially relevant conditions (340 
°C, 10 bar, H2/CO = 2), and these NC-based catalysts were more active, selective and stable 
than catalysts with similar composition but synthesized with conventional methods. Notably, Fe 
particle growth was limited when promoters were introduced via inorganic ligand exchange. 
This suggests that the combination of colloidal synthesis, assembly and ligand exchange, is 
a viable and attractive method to fabricate catalysts with superior stability and controlled 
properties which can shed light on composition-related catalytic features. This method could 
be extended to several NC catalyst systems and types of promoters.
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4.1 INTRODUCTION

 Supported metal nanoparticles have a wide range of applications, varying from drug 
delivery to heterogeneous catalysis.1–3 In particular, supported metal nanoparticles pave a route 
to rational catalyst design and design strategies that include optimal metal-support interaction, 
inter-particle distance, uniform particle size, structure, and morphology.4–7 Established 
preparation methods such as precipitation (co-precipitation or deposition precipitation) and 
impregnation (incipient wetness impregnation or wet impregnation) are commonly used, 
though emerging techniques including melt infiltration, colloidal synthesis, atomic layer 
deposition and metal-organic frameworks are increasingly popular.8

 To improve the catalytic performance of supported metal nanoparticles, elements 
are often added and they can be classified as structural, electronic or synergistic promoters.9,10 
Ideally promoters should be in close proximity with the catalytic active metal surface, but 
this is usually not the case as the promoters could also be deposited on the support surface. 
The promoters were typically introduced to supported catalytic systems via impregnation 
(sequential or simultaneous) or co-precipitation with promoter metal salt precursor solution, 
and the drawback is a lack of control over the location of the promoters. However, strong 
electrostatic adsorption and controlled surface reactions (catalytic reduction or direct redox 
reaction) methods were proven to introduce promoters selectively onto catalytically active 
metal surface.11,12

 The increase in global demand for lower olefins (ethylene, propylene, butylenes) 
coupled with the regional diversification of carbon raw materials bring about opportunities 
for emerging technologies.13 The alternative carbon feedstocks, including coal, natural gas, 
and biomass, can first be converted to synthesis gas, a mixture of CO and H2.14,15 Synthesis 
gas can subsequently be used to produce fuels and chemicals, including lower olefins and 
oxygenates.16–18 The commercial production of lower olefins from synthesis gas is via methanol 
(methanol-to-olefins),19,20 but direct routes, namely Oxide-Zeolite (OX-ZEO) 21,22 and 
Fischer-Tropsch to Olefins (FTO),23 offer potentially higher efficiencies in volume, energy, 
materials, plant operations and cost. The Fischer-Tropsch synthesis (FTS), recognized to be 
structure-sensitive and promoter-dependent, is a surface polymerization reaction and its 
product distribution can be described using the Anderson-Schulz-Flory (ASF) model.24,25 
Promoted iron-based catalysts 26,27 at elevated temperature, as well as cobalt-based catalysts,28 
are promising candidates for the Fischer-Tropsch to Olefins (FTO) reaction.

 Typical promoters for Fe-based catalysts include, K, Cu, Mn, Na, and S, and they 
are introduced via co-impregnation or co-precipitation of promoter precursor.29–31 Recently, 
Sasol presented the effects of various promoters on 306 bulk-Fe catalysts prepared via 
precipitation.32 It was concluded that bulk-Fe catalysts with Na/S ≥ 2 performed best in terms 
of activity and selectivity towards lower olefins which is in line with Torres Galvis 26 However, 
the former study was performed on bulk-Fe catalysts and the promotion effects on supported 
Fe-based catalysts require more investigation. As catalysts are synthesized by co-precipitation 
or co-impregnation of the different species, determining the amount of different atoms per 
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nanoparticle and their arrangement within the catalyst nanoparticle remains a challenge. This 
suggests that new strategies are required to incorporate promoters in catalyst nanoparticles in 
a controlled way to obtain nanocrystals (NC) with a homogeneous composition.

NCs, prepared by colloidal synthesis, offer precise control over size, shape, composition, 
crystal structure and surface properties.33 Thus they are promising and appealing building 
blocks for advanced materials and devices, including hydrogen storage, electronics, drug 
delivery and catalysis.34–36 In particular, NCs were used to study structure-sensitivities37,38 and 
metal-support interfaces in catalytic applications.39

We recently demonstrated that colloidal NCs with very narrow size dispersion (10% standard 
deviation) and with a tunable size in the 3-20 nm range, can be successfully used to fabricate 
active heterogeneous catalysts with exceptional stability.40 The performance of these catalysts 
could be improved by the incorporation of promoter species on their surface, but this cannot 
be achieved with conventional methods. The key characteristic of colloidal NCs is that they are 
capped with a layer of surfactants, which are essential to control their growth but hinder their 
implementation in devices and other applications. Therefore, a considerable scientific effort 
is devoted to develop methods to eliminate ligands while preserving NC stability.41,42 On the 
other hand, the presence of ligands makes the NC surface a very versatile platform43 and they 
even can be used as active agents to direct a catalytic process.44 In addition, ligands can be 
advantageously replaced with other species (ligand exchange) to purposely modify the surface 
properties of NCs and make them suitable for specific applications, such as biocompatible 
polymer-coated45 and photocromic cluster-functionalized NCs.46

 Interestingly, it has been demonstrated that it is possible to replace the long-chain 
ligands on the NC surface with inorganic charged species, such as chalcogenides, OH-, and 
amide ions.36,47,48 Thus we propose to use Na2S and NaHS to replace organic ligands and 
to drive Na and S promoter species adsorption on the NC surface. By using the inorganic 
ligand exchange strategy, it is possible to direct promoters onto the catalytically active metal 
surface and provide a route to tune promoter concentration on the metal.49 For this purpose, 
catalysts based on iron NCs supported on CNTs, were treated with a solution of Na2S to 
replace conventional oleate surfactants with Na2S, acting as an inorganic ligand. Replacing 
conventional surfactants with these ligands would give the additional advantage of eliminating 
carbon-rich ligands which could deactivate the catalyst.

In this work our aim is to fabricate catalysts consisting of promoted Fe NCs with homogeneous 
size and composition stabilized on carbon nanotube (CNT) supports. These catalysts consisting 
of iron oxide NCs with uniform size and distribution on the CNT support, as well as controllable 
composition in promoters, were characterized with ICP-AES, XPS, STEM-EDX and in-situ 
Mössbauer spectroscopy. The catalytic performance of these catalysts were compared with 
conventional catalysts at industrially relevant conditions (340 °C and 10 bar).



85

4

Promoted Iron Nanocrystals obtained via Ligand Exchange                                        
as Catalysts for the Production of Lower Olefins from Synthesis Gas

4.2 EXPERIMENTAL METHODS

4.2.1 Synthesis of colloidal NC catalysts

 General procedure. In the first step, iron oxide nanoparticles of different size and 
composition were synthesized according to literature procedures with slight modifications.50–53 
A purified suspension of the particles in an apolar high-boiling solvent was then mixed with 
carbon nanotubes under inert atmosphere and heated up to 200 °C for 30 minutes.54 The dried 
unpromoted catalyst was labelled cFe. To introduce Na and S promoters via inorganic ligand 
exchange, the dried powder cFe was treated with a solution of Na2S•9H2O in formamide at 
room temperature and this catalyst was referred as cFeP. By changing the molar concentration 
of Na2S•9H2O in formamide solution, different promotion levels were attained and these were 
labelled according to the molar ratio of Na2S/Fe used, e.g. cFeP0.5. The catalyst powder was 
then washed with ethanol and acetone and dried. As a reference experiment, Na2S•9H2O in 
formamide solution was impregnated onto cFe and this catalyst was referred as cFeP0.5-iwi.

 Synthesis of 7 nm Fe NCs.40 All chemicals were purchased from Aldrich and were used 
as received. 0.43 g oleic acid (C17H33CO2H or OLAC, 90 %), 0.21 g oleyamine (C17H33NH2 or 
OLAM, 70 %), and 0.35 g 1,2-hexadecanediol (C16H33(OH)2, ≥ 98 %) in 10 mL 1-octadecene 
(C18H36 or ODE, 90 %) were mixed in a 100 mL three-neck round-bottom flask. The flask 
was connected to a Schlenk line through a reflux cooler. The mixture (stirred at 650 rpm) 
was degassed for 30 minutes at 120 °C under vacuum and subsequently purged with nitrogen 
flow. The temperature was lowered to 90 °C before 0.21 g iron pentacarbonyl (Aldrich, 99.99 
%) in 1 mL octadecene was injected. The temperature was then increased to 290 °C and the 
mixture was refluxed for 1 h. The mixture was cooled to room temperature and processed in 
air. The NC suspension was purified by three cycles of precipitation in isopropanol and a few 
drops of toluene; centrifugation was necessary to separate the NCs from organic solution after 
each cycle. 

 Attachment of 7 nm Fe NCs on CNT (approximately 3 wt. % Fe loading).40 The synthesized 
Fe NCs and 800 mg multi-walled CNT (Bayer, Baytubes C 150 HP, from 5 to 30 nm external 
diameter, sieve fraction 212 – 425 μm) were suspended in 10 mL octadecene in a 100 mL 
three-neck round-bottom flask. The mixture (stirred at 400 rpm) was degassed for 30 minutes 
at 120 °C under vacuum and subsequently purged with nitrogen flow. The temperature was 
increased to 200 °C under nitrogen flow and kept at this temperature was kept for 0.5 h. The 
mixture was then cooled to room temperature and processed in air. The Fe NCs supported on 
CNT catalyst was washed 5 times with hexane and acetone (ratio 1:3) and finally dried at 60 
°C for 1 h under static air, 120 °C for 3 h under static air, and 80 °C for 3 h under vacuum.

 Promotion using Na2S inorganic ligand exchange. 0.24 g sodium sulfide nonahydrate (≥ 
98 %) was sonicated in 20 mL formamide (≥ 99.5 %) for 1 h to obtain a 0.05 M stock solution. 
In order to have a molar ratio of Na2S/Fe = 1, 100 mg of synthesized Fe NCs on CNT catalyst 
was added into 1.2 mL of 0.05 M stock solution and stirred at 400 rpm for 10 minutes. Molar 
concentration of Na2S solution was decreased to obtain lower promotion levels of Na2S/Fe = 
0.5, 0.25 and 0.1; and catalyst cFeP0.5 was prepared with Na2S/Fe = 0.5. After the inorganic 
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Na2S exchange step, the following washing procedure was used: 1 x ethanol, 4 x ethanol and 
acetone (ratio 1:3), and 1 x acetone. Finally, the drying procedure was 1 h under static air, 120 
°C for 3 h under static air, and room temperature for 3 h under vacuum.

4.2.2 Synthesis of reference catalysts

 The reference catalysts were prepared using incipient wetness impregnation (IWI). 
To synthesize the unpromoted 3 wt. % Fe reference catalyst , 0.207 g ammonium iron citrate 
(Fluka, purum p.a., 14.5−16 wt % Fe) was first dissolved in 0.5 mL of demineralized water 
and 0.25 mL of methanol (Aldrich, 99.8 %) was then added. This solution was impregnated in 
a single step on to 1.0 g CNT and the sample was dried in static air at 120 °C for 2 hours. Heat 
treatment was performαed at 500 °C for 2 h (5 °C/min; 100 mL/min for 1 g catalyst) under 
nitrogen flow and after the catalyst was cooled to room temperature, it was passivated by 
increasing oxygen concentration stepwise (2% v/v increase every 30 min) until reaching 20% 
v/v. To synthesize the promoted 3 wt. % Fe reference catalyst, 0.202 g ammonium iron citrate 
(Fluka, purum p.a., 14.5−16 wt % Fe), 0.004 g sodium citrate tribasic dihydrate (Aldrich, 
≥ 99 %) and 0.005 g iron(II) sulfate heptahydrate ( Aldrich, ≥ 99 %) were used and the 
procedure was as described above. The reference catalysts were coded iFe and iFeP0.5 which 
indicate unpromoted and promoted Fe nanoparticles on CNT respectively.

4.2.3 Characterization

 The elemental loadings of Fe, Na and S were determined with a Thermo Jarrell Ash 
model ICAP 61E trace analyzer inductively-coupled plasma atomic emission spectrometer 
(ICP-AES). Thermo gravimetric analysis – mass spectrometry (TGA-MS) was used to 
determine the metal loadings and to verify the presence of organic ligands, which give rise to 
a mass loss at 200-300 °C and specific MS peaks. Transmission electron microscopy (TEM) 
was used to determine the iron particle size distribution and the spatial distribution of iron 
nanoparticles on the support, before and after catalytic tests. STEM-HAADF images and EDX 
analyses were obtained with an FEI Talos F200X transmission electron microscope, operated 
at 200 kV and equipped with a high-brightness field emission gun (X-FEG) and a Super-X 
G2 EDX detector. XPS spectra were acquired on a Thermo Scientific K-Alpha spectrometer 
using a Al K (h = 1486.6 eV) monochromatic small-spot X-ray source. Charging effects were 
corrected by using the adventitious carbon C1s (sp3) peak as reference for all samples at a 
binding energy (BE) of 284.8 eV. Fitting of the spectra (BE, FWHM, peak shape, asymmetry, 
number of species) was performed with CasaXPS software, version 2.3.16. The composition of 
the Fe phases before reaction, after reduction, and at various FTO conditions was determined 
in-situ with transmission 57Fe Mössbauer spectroscopy. 57Fe Mössbauer spectra were collected 
at 4.2 K with a sinusoidal velocity spectrometer using a 57Co(Rh) source. Velocity calibration 
was carried out using an α-Fe foil at room temperature. The temperature of the source and the 
absorbing samples were kept identical during the measurements. The Mössbauer spectra were 
fitted using the Mosswinn 4.0 program.55 The experiments were performed identically as the 
catalytic test in a state-of-the-art high-pressure Mössbauer in-situ cell.56 The high-pressure 
beryllium windows used in this cell contain 0.08% Fe impurity whose spectral contribution 
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was fitted and removed from the final spectra.

4.2.4 Catalyst Performance.

 Catalytic experiments were performed using a high throughput 16 parallel fixed-bed 
reactors set-up (Flowrence, Avantium). Each reactor was loaded with 20 mg catalyst (212 – 
425 μm) and 200 mg SiC (212 – 425 μm) as diluent, except iFe in which 80 mg catalyst and 50 
mg SiC were loaded, so as to attain similar catalyst bed lengths and CO conversions of 25 – 45 
% after 100 h. The catalysts were first reduced in-situ at 340 °C (5 °C/min), 3 bar, He/H2 = 
2, GHSV = 3 600 h-1 for 2 hours. The synthesis gas mixture (H2/CO/He = 60/30/10) with 
GHSV = 3 600 h-1 was introduced at 280 °C and 3 bar, and temperature and pressure were 
subsequently increased to 340 °C (2 °C/min) and 10 bar. The product stream was analysed 
using online gas chromatography (Agilent 7890A). Hydrocarbons (C1-C9) were separated on 
an Agilent J&W PoraBOND Q column, detected using an FID detector and quantified against 
the TCD signal of the internal standard He. The permanent gases (CO, H2, He, CO2, and CH4) 
were separated on a ShinCarbon ST (#19043) column and quantified against He as an internal 
standard using a TCD detector.

 Catalytic activity, in terms of iron time yield (FTY), was expressed as moles of CO 
converted per gram of Fe per second. CO conversion (%) was calculated as: XCO = (molCO in 
– molCO out) / molCO in. The product selectivity to hydrocarbons up to C9 was determined with 
online gas chromatography (GC) and was calculated on a carbon atom basis. Selectivity toward 
CO2 was also measured.

4.3 RESULTS AND DISCUSSION

Table 4.1. Elemental loadings determined by ICP-AES of as-synthesized promoted and unpromoted 
Fe-based CNT supported catalysts.

Wt. loading (%) a Atomic ratio

Fe Na S Fe/Na Fe/S Na/S

CNT 0.0 0.06 - - - -

CNT-P 0.0 0.09 0.04 - - -

iFe 2.7 - - - - -

iFeP0.5 2.9 0.13 0.04 0.11 0.02 4

cFe 3.1 0.07 0.01 - - -

cFeP0.1 3.2 0.08 0.03 0.06 0.01 4

cFeP0.25 3.2 0.10 0.03 0.08 0.02 4

cFeP0.5 2.9 0.14 0.06 0.12 0.04 3

cFeP1.0 2.4 0.18 0.08 0.18 0.06 3

cFeP0.5-iwi 2.5 0.16 0.04 0.15 0.03 6

 An overview of the fresh catalysts and their properties is presented in Table 4.1. 
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To check for reproducibility of the inorganic ligand exchange approach, different batches of 
catalysts were synthesized using the identical procedure and their elemental loadings is included 
in Table S4.1. Trace amounts of Na were found in blank CNT support and that might result in 
variations of Na loadings in the catalysts. Despite small differences in the element loadings, 
these catalysts had similar catalytic performances, thereby indicating the reproducibility of the 
inorganic ligand exchange method. This method was also applied on pristine CNT support 
(thereby referred as CNT-P in Table 4.1) and there was a slight uptake of Na and S on the 
support.

 The promotion level was altered by varying molar concentration of Na2S solution 
while keeping other parameters (e.g. duration, stirring rate, volume, temperature) constant. 
An overview of the fresh catalysts and their elemental loadings is presented in Table 4.1. 
The Fe elemental loading suggested leaching of Fe NCs upon promotion. Increasing the 
molar concentration of the Na2S solution to increase the promotion level was successful, as 
determined by the increased Na and S elemental loadings. It is noteworthy to point out that 
after correcting for Na present in the blank CNT, the Na/S molar ratio for all promoted 
catalysts was close to 2, as in the Na2S precursor. This indicates that both Na and S are adsorbed 
at the catalyst surface. XPS measurements proved that there were indeed increased Na and S 
concentration on the surface, as the peak intensities of S2p (Figure S4.4a) and Na1s (Figure 
S4.4b) increased upon increasing promotion. The S2p peak positions indicated the presence of 
oxygenated sulfur species (+IV or +VI, 168.3 eV) as well as reduced S species (0 to -II, 163.8 
eV) for the promoted catalysts, implying the oxidation of reduced S species upon air exposure 
since no oxygenated sulfur species were added.

Figure 4.1. TEM images of cFeP0.5 (a) 7 nm Fe NCs, (b) and (c) 7 nm Fe NCs attached on CNT and 
promoted with Na2S via inorganic ligand exchange at different magnifications

 Representative TEM images of catalyst cFeP0.5 are shown in Figure 4.1. The NC 
distribution on the CNT support and average NC diameter (size statistics from TEM images) 
do not significantly change after Na2S treatment for 10 minutes, thereby demonstrating their 
stability upon inorganic ligand exchange. On the other hand, prolonged mixing of the catalyst 
powder with the Na2S solution (more than 30 minutes) and heating up of the mixture to 50 
°C brought to an aggregation of Fe NCs (Figure S4.1). This indicates that the inorganic ligand 
exchange can impact the stability of Fe-CNT catalysts even in relatively mild conditions.

50nm 100nm50nm50nm
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 Recent work on colloidal NC synthesis and processing shows that organic ligands 
such as oleate could be replaced with charged inorganic species in a ligand-exchange fashion, 
by mixing a suspension of colloidal NCs in apolar solvent with a solution of inorganic ligands 
in a polar solvent with high dielectric constant.47 This procedure can be performed either in 
solution, where Fe NC stability is preserved by the adsorption of charged species or with 
dispersed solids, where NCs after deposition on a substrate, are exposed to a solution of 
the inorganic charged ligands. The latter mode of exchange was applied, since the NCs were 
already homogenously distributed and stabilised on the support.

 As a comparison we used a different procedure by first exchanging oleate with S2- 
ligands in solution and successively assembling the NC on CNTs. The iron oxide NCs can be 
successfully transferred to polar formamide by exchanging oleate with S2- (from Na2S) ligands 
in solution. Nevertheless, Fe NCs formed aggregates rather than assembling homogeneously 
on the CNTs in formamide (Figure S4.2). A possible explanation is that charged species at the 
NC surface shield the van der Waals interaction of NCs with the electron-rich CNT surface, so 
that the NCs just form aggregates upon drying.

 STEM-EDX experiments allowed for mapping C, O, Fe, Na and S through the sample, 
and a representative EDX map is included in Figure S4.3. The CNTs were distinguishable 
by the C mapping, while Fe was present as nanometric iron oxide particles. Oxygen was 
concentrated where the iron oxide nanoparticles were present. Although Na and S were 
detected by the EDX detector, the concentrations were too low resulting in low signal/noise 
ratio.

 Reference catalysts (iFe and iFeP0.5) were prepared via incipient wetness impregnation 
and TEM images of iFe and iFeP0.5 are shown in Figure 4.2a and 4.2b respectively. Figure 4.2c 
and 4.2d display TEM images of colloidal NC catalysts, cFe and cFeP0.5, respectively. Na2S 
impregnated onto Fe NCs on CNT was used to compare with the introduction of Na2S via 
inorganic ligand exchange. The particle size and particle size distribution did not appear to be 
changed upon addition of promoters. Although the surface average Fe particle size of IWI and 
colloidal NC catalysts was similar, the particle size distribution of IWI catalysts was broader 
(Figure 4.2e).

 The catalytic performance of these Fe-based catalysts under industrially relevant 
conditions, i.e. 10 bar, and 340 °C, H2/CO = 2 v/v was investigated. Figure 4.3 displays 
the catalytic activity as a function of time, thereby providing insights in the stability of these 
catalysts at high temperature and pressure. The initial activities of the colloidal catalysts (cFe, 
cFeP0.5, and cFeP0.5-iwi) were higher than the reference IWI catalysts (iFe and iFeP0.5), 
and the addition of promoters increased initial activities too. After activation, the unpromoted 
catalysts (cFe and iFe) were relatively stable over 100 h. On the other hand, iFeP0.5 showed 
increasing activity but cFeP0.5 and cFeP0.5-iwi showed decreasing activities. Although 
both cFeP0.5 and cFeP0.5-iwi deactivated over time, the activity of cFeP0.5 dropped by 
approximately 33 % and that of cFeP0.5-iwi dropped by approximately 50 %. This suggested 
that the inorganic ligand exchange approach resulted in a more stable catalyst.
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cFe cFeP0.5(c) (d)

Figure 4.2. TEM images of reference catalysts (a) iFe and (b) iFeP0.5; model catalysts (c) cFe and (d) 
cFeP0.5; (e)Particle size distributions of iFeP0.5 and cFeP0.5.

 The activities and product selectivities of these catalysts after 100 h are summarized 
in Table 4.2. The product distribution was similar for the unpromoted catalysts, but the 
colloidal catalyst cFe was more active than the reference IWI catalyst iFe. After 100 h, the 
promoted catalysts were more active and more selective towards lower olefins. The catalysts 
with impregnated Na and S promoters (iFeP0.5 and cFeP0.5-iwi) showed similar activities and 
product selectivities. However, the catalyst with Na and S promoters introduced via inorganic 
ligand exchange showed highest activity and selectivity towards lower olefins.
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Figure 4.3. Iron time yield (FTY) of unpromoted (blue) and promoted (red) catalysts at 340 °C, 10 bar, 
H2/CO = 2 (reference IWI catalysts: solid symbols; model colloidal catalysts: open symbols; promoted 
catalysts: blue symbols; unpromoted catalysts: red symbols)

Table 4.2. Catalytic Performance of Fe-based CNT-Supported Catalysts under FTO Conditions (340 °C, 
10 bar, H2/CO = 2, TOS = 100 h)

CO conv. 
(%)

FTY (10-3 
molCO/gFe.s)

CO2 sel. 
(%)

Product Selectivity (% Cat, CO2 free)

CH4
C2 – C4 
olefins

C2 – C4 
paraffins C5+

iFe 26 0.2 32 47 26 21 6

cFe 21 0.5 32 40 27 24 9

iFeP0.5 33 0.8 39 21 31 30 18

cFeP0.5-iwi 27 0.7 37 24 36 26 13

cFeP0.5 46 1.1 43 13 45 17 26

Figure 4.4. ASF plot of model Fe-based CNT-supported catalysts at 340 °C, 10 bar, H2/CO/He = 60/30/10 
(a) cFe and cFeP0.5 and (b) iFeP0.5 and cFeP0.5.

 The improved product selectivity of cFeP0.5 is also evident from the ASF plots (Figure 
4.4) in which the C1 fraction deviates from the ASF statistical distribution. The promoted 
catalysts contained similar level of Na and S promoter loadings but displayed different catalytic 
performances, and this is tentatively proposed to be due to the location of the Na and S 
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promoters. S2- and NaS- ions have a high affinity for Fe cations-rich Fe NC surface and thereby 
they can replace organic ligands, such as oleate, thus justifying Na and S adsorption specifically 
on the catalytic NC surface. Once the solution is removed, all the excess of Na2S and organic 
ligands are simply washed away, so that unspecific Na2S deposition is limited.

Figure 4.5. Effect of promotion level on activity and product selectivity at 340 °C, 10 bar, H2/CO = 2, 
TOS = 40 h)

 Figure 4.5 illustrates the influence of the promotion level on the activity and product 
selectivity at industrially relevant conditions, i.e. 340 °C, 10 bar, H2/CO = 2, GHSV = 3 600 
h−1. Interestingly, there is an optimum level of promotion at 10 bar which is not apparent at 
3 and 5 bar. At 3 and 5 bar, increasing promotion was beneficial for both activity and product 
selectivity. However, at 10 bar, activity was lower for the most promoted catalyst, cFeP1.0, 
albeit producing the highest C2-C4 olefins selectivity. There is further potential to increase 
C2-C4 olefins selectivity by increasing promotion level, if negative effects on the activity are 
omitted.

 The effect of promotion level at varied pressures (3, 5 and 10 bar) on the Fe NC 
catalysts was also evualated. Several observations were made on the effects of promotion level 
and pressures. Firstly, the increase in pressure led to an increase in activity (Figure S4.7). 
Secondly, the increase in promotion level led to increase in an activity at various pressures, 
except for the most promoted catalyst, cFeP1.0 at 10 bar (Figure S4.7). With increasing 
pressure, C2-C4 olefins selectivity decreased while C2-C4 paraffins selectivity increased (Figure 
S4.8). With increasing promotion level, the increase in C2-C4 olefins selectivity corresponded 
to an increase in C5+ selectivity and a decrease in CH4 and C2-C4 paraffins selectivity (Figure 
S4.8). This suppression of methane formation was made evident by the derivation of the C1 
content from the ASF distribution prediction (Figure S4.9). Both increase in pressure and 
addition of Na and S promoters increased α (Figure S4.9).

 In situ Mossbauer spectroscopy was carried out for cFe and cFeP0.5 and detailed 
spectra and fits were included as Figure S4.11 and Table S4.5 respectively. Both cFe and 
cFeP0.5 were partially reduced upon reduction. Upon exposure to synthesis gas at 340 °C and 
higher pressure, cFe was partially carbidized and carbidization increased slightly with increase 
in pressure from 5 to 10 bar. On the other hand, 0.6PFe was significantly carburized after 
exposure to synthesis gas at 340 °C and higher pressure, with increasing carbidization with 
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increase in pressure from 5 to 10 bar. Thus the two key findings from the catalytic tests could 
be explained by the Fe species present upon different conditions. Firstly, catalytic activity of 
cFeP0.5 was higher than cFe and that was suggested to be due to higher concentration of active 
Fe carbide species. Secondly, catalytic activity of cFeP0.5 increased upon increase in pressure 
from 5 to 10 bar, and this is also in agreement with the higher concentration of active Fe 
carbide species.
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Figure 4.6. TEM images and particle size distribution of fresh (lighter colour) and spent (darker colour) 
catalysts (a-b) iFe, (c-d) iFeP0.5, (e-f) cFe. (g-h) cFeP0.5 and (i-j) cFeP0.5

  The spent catalysts after FTO (TOS = 100 h) were characterized with TEM, as shown 
in Figure 4.6. All catalysts had similar average particle size after synthesis as mentioned earlier, 
albeit broader particle size distributions were measured for iFe and iFeP0.5. However, the 
particle size distributions of spent catalysts were remarkably different. For the unpromoted 
catalysts (iFe and cFe), average Fe nanoparticles grew from 7 nm to 11 nm upon FTO reaction. 
Notably, the spent catalyst cFe possessed bimodal particle size distribution in comparison 
to iFe. For the catalysts promoted via impregnation (iFeP0.5 and cFeP0.5-iwi), average Fe 
nanoparticles grew from 7 nm to 18 nm upon FTO reaction, and there were significant number 
of Fe nanoparticles larger than 25 nm. For the catalyst promoted via inorganic ligand exchange 
(cFeP0.5), average Fe nanoparticles grew from 7 nm to 14 nm upon FTO reaction, and no Fe 
nanoparticles larger than 25 nm were observed. In addition, the spent catalyst of cFeP0.5 had 
the narrowest particle size distribution. Thus, growth of Fe nanoparticles appeared to be less 
severe when Na and S promoters were introduced via inorganic ligand exchange.

  The size and promoter effects on stability were previously investigated and Fe particle 
growth was proposed to be the main cause of deactivation for the promoted catalysts. With 
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reference to Figure S4.12, this current study reiterates the preposition that loss of active Fe 
surface area resulted in loss of activity.57

4.4 CONCLUSION

 A novel approach towards promoter incorporation in metal NC catalysts was 
presented and Fe-based FTO catalysts were used as a showcase. Supported colloidal catalysts, 
consisting of 7 nm Fe NCs attached on CNT support, were successfully promoted with Na 
and S via the inorganic ligand exchange method. Synthesis parameters, such as duration, 
temperature and concentration, were shown to influence Fe NC distribution and Na and S 
uptake. The narrow Fe particle size distribution remained after Na and S addition via inorganic 
ligand exchange and good reproducibility of this approach was confirmed by ICP-AES.

 The supported colloidal catalysts were compared with classical impregnated catalysts 
at industrially relevant conditions (340 °C, 10 bar, H2/CO/He = 60/30/10). Sequential 
impregnation of Na and S onto unpromoted colloidal NC catalyst was also studied as a 
reference catalyst. All fresh catalysts have similar elemental loadings and average Fe particle 
size, although particle size distributions of IWI catalysts were broader. The supported colloidal 
catalyst promoted by inorganic ligand exchange was most active, selective towards lower 
olefins, and stable. There appeared to be different optimal promotion level for activity and 
selectivity. In situ Mossbauer spectroscopy measurements suggested that the higher catalytic 
activity of the promoted catalyst was due to increased Fe carbidization which resulted in higher 
concentration of active Fe carbide species. Importantly, this novel approach to promoter 
incorporation appeared to be effective in limiting Fe particle growth which in turn produced 
highly active, selective, and stable catalysts. This suggests that the inorganic ligand exchange 
approach is a viable and attractive method to introduce promoters onto catalytic active metal 
surface.
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SUPPORTING INFORMATION

S4.1. ICP-AES CHARACTERIZATION

Table S4.1. ICP-AES measurements of different batches of catalysts synthesized using identical 
procedure as coded.

Wt. loading (%) a Atomic ratio
Fe Na S Na/Fe S/Fe Na/S

blank CNT 0.0 0.09 <0.01
blank CNT <0.01 0.04 < dl

blank CNT 0.1 0.06 < dl

iFe 2.7 < dl < dl

iFe 2.7 0.05 < dl

cFe 2.7 0.04 < dl

cFe 3.1 0.07 < dl

iFeP0.5 2.9 0.13 0.04 0.11 0.02 4

iFeP0.5 2.7 0.13 0.05 0.12 0.03 4

cFeP0.5-iwi 2.5 0.16 0.04 0.15 0.03 6

cFeP0.5-iwi 2.7 0.18 0.05 0.16 0.03 5

cFeP0.5 2.9 0.14 0.06 0.12 0.05 3

cFeP0.5 2.9 0.11 0.08 0.10 0.04 2

cFeP0.5 2.9 0.06 0.05 0.05 0.03 2

cFeP0.5 28 0.05 0.05 0.04 0.03 1

S4.2. TEM CHARACTERIZATION

Figure S4.1. TEM image showing aggregation of Fe NC after prolonged Na2S mixing.

200 nm
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Figure S4.2. TEM micrographs of iron oxide NCs after ligand exchange with Na2S and successive 
reaction with CNT supports. The NCs form aggregates rather than assembling on the CNTs surface.

Figure S4.3. Qualitative STEM-EDX elemental mapping of cFeP0.5 model catalyst (Fe NC size of 7 nm 
and iron loading of 3 wt%) treated with Na2S.

100 nm 500 nm

(a) (b)
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S4.3. XPS CHARACTERIZATION

Figure 4.4. XPS spectra (a) S2p region, (b) Na1s region and (c) Fe2p region (cFe: black, cFeP0.25: red, 
cFeP0.5: green, cFeP1.0: blue).

Figure S4.5. XPS spectra C1s region of (a) cFeP0.25, (b) cFeP0.5 and (c) cFeP1.0.

Intensity of CH (C sp3) decreases from cFeP0.25> cFeP0.5 > cFeP1.0

Figure S4.6. XPS spectra O1s region of (a) cFeP0.25, (b) cFeP0.5 and (c) cFeP1.0. 

O1 is specific for Fe-oxide; O2 is specific for Fe-hydroxide; O3 may be due to organics present 
in the sample; O4 is due to H2O adsorbed
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S4.4. CATALYTIC PERFORMANCE AT DIFFERENT PRESSURES AND PROMOTION 
LEVELS

Figure S4.7. Effect of (a) pressure and (b) promotion level on activity (FTY); and (c) pressure and (d) 
promotion level on C2-C4 olefins selectivity.

Figure S4.8. Effect of (a) pressure on product selectivity (catalyst cFeP0.5) and (b) promotion level on 
product selectivities (at 10 bar).
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Figure S4.9. (a) derivation of C1 content from ASF prediction which determines α values and (b) effect 
of promotion level and pressure on α values.

Figure S4.10. Catalytic activity over time (340 °C, 3 - 10 bar, H2/CO/He = 60/30/10, GHSV = 3 600 h−1).
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Table S4.2. Catalytic Performance of CNT-Supported Fe Catalysts under FTO Conditions (340 °C, 3 bar, 
H2/CO/He = 60/30/10, GHSV = 3 600 h−1, TOS = 40 h at 3 bar).

CO conv. 
(%)

FTY (10-4 
molCO/
gFe.s)

α CO2 sel. 
(%)

Product Selectivity (% Cat, 
hydrocarbons only)

CH4
C2– C4 
olefins

C2–C4 
para. C5+

cFe 1 0.1 - - - - - -

cFeP0.1 3 0.6 0.29 35 34 38 21 7

cFeP0.25 5 1.1 0.29 40 30 42 18 9

cFeP0.5 6 1.3 0.48 45 18 57 10 15

cFeP1.0 9 1.8 0.58 51 11 61 4 23

Table S4.3. Catalytic Performance of CNT-Supported Fe Catalysts under FTO Conditions (340 °C, 5 bar, 
H2/CO/He = 60/30/10, GHSV = 3 600 h−1, TOS = 40 h at 5 bar)

CO conv. 
(%)

FTY (10-4 
molCO/
gFe.s)

α CO2 sel. 
(%)

Product Selectivity (% Cat, 
hydrocarbons only)

CH4
C2– C4 
olefins

C2–C4 
para. C5+

cFe 2 0.3 0.26 - 47 37 12 4

cFeP0.1 6 1.2 0.33 32 34 38 21 7

cFeP0.25 9 2.0 0.41 37 30 42 18 9

cFeP0.5 12 2.3 0.49 43 18 57 10 15

cFeP1.0 12 2.4 0.60 46 11 61 4 23

Table S4.4. Catalytic Performance of CNT-Supported Fe Catalysts under FTO Conditions (340 °C, 10 bar, 
H2/CO/He = 60/30/10, GHSV = 3 600 h−1, TOS = 40 h at 10 bar)

CO conv. 
(%)

FTY (10-4 
molCO/
gFe.s)

α CO2 sel. 
(%)

Product Selectivity (% Cat, 
hydrocarbons only)

CH4
C2– C4 
olefins

C2–C4 
para. C5+

cFe 8 1.7 0.35 24 46 25 25 5

cFeP0.1 26 5.2 0.46 36 35 30 28 8

cFeP0.25 34 7.8 0.50 38 32 30 28 9

cFeP0.5 44 8.7 0.53 44 19 44 17 19

cFeP1.0 17 3.5 0.64 44 11 56 5 28
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S4.5. IN-SITU MOSSBAUER SPECTROSCOPY

Table S4.5. The Mössbauer fitted parameters of UFe and 0.6PFe samples, obtained at 4.2 K.

Experimental uncertainties: Isomer shift: I.S. ± 0.02 mm s-1; Quadrupole splitting: Q.S. ± 0.02 mm s-1; 
Line width: Γ ± 0.03 mm s-1; Hyperfine field: ± 0.1 T; Spectral contribution: ± 3%. *Mean magnetic 
hyperfine field.

Sample/ 
Treatment

IS
(mm∙s‐1)

QS
(mm∙s‐1)

Hyperfine 
field (T)

Γ
(mm∙s‐1)

Phase Spectral 
contribution (%)

cFe
Ar/H2=2
340 °C, 
3 bar, 2 h

0.24
0.39
1.17
1.49

‐
0.15
‐0.10
‐1.84

21.2*

52.8
36.9
38.4

1.25
0.89
1.69
1.69

FexC
Fe3+

Fe2+ 

Fe2+

24
4
36
36

cFe
H2/CO=2
340 °C, 

3 bar, 40 h
+

5 bar, 40 h

0.24
0.20
0.22
0.39
1.02
1.45
0.96

‐
‐
‐

‐0.03
‐0.05
‐1.32
2.14

27.4
22.4
12.6
51.5
36.6
39.9
‐

0.79
0.79
0.79
0.89
1.04
1.26
0.38

χ‐Fe5C2 (I)
χ‐Fe5C2 (II)
χ‐Fe5C2 (III)

Fe3+

Fe2+ 

Fe2+

Fe2+

11
10
6
10
29
30
4

cFe
H2/CO=2
340 °C, 

10 bar, 40 h

0.24
0.20
0.22
0.45
1.13
1.49
1.09

‐
‐
‐

‐0.21
‐0.27
‐1.37
2.04

24.7
20.3
13.0
52.5
36.4
39.9
‐

0.67
0.67
0.67
0.75
0.81
0.81
0.32

χ‐Fe5C2 (I)
χ‐Fe5C2 (II)
χ‐Fe5C2 (III)

Fe3+

Fe2+ 

Fe2+

Fe2+

15
10
5
5
37
24
4

cFeP0.5
Ar/H2=2
340 °C, 
3 bar, 2 h

0.00
0.32
1.25
1.23
1.02

‐
0.20
0.19
‐0.85
2.20

34.6
45.4
34.4
38.3
‐

0.41
1.80
1.15
1.15
0.62

Fe0

Fe3+

Fe2+ 

Fe2+

Fe2+

34
18
25
18
5

cFeP0.5
H2/CO=2
340 °C, 

3 bar, 40 h
+

5 bar, 40 h

0.27
0.29
0.17
0.19
1.17
1.16

‐
‐
‐
‐

0.49
‐0.93

18.3
25.6
20.7
10.2
35.5
37.1

0.49
0.32
0.32
0.32
0.84
0.84

ϵ’‐Fe2.2C
χ‐Fe5C2 (I)
χ‐Fe5C2 (II)
χ‐Fe5C2 (III)

Fe2+ 

Fe2+

46
8
7
6
14
19

cFeP0.5
H2/CO=2
340 °C, 

10 bar, 40 h

0.26
0.27
0.14
0.18
1.17

‐
‐
‐
‐

‐0.35

18.2
25.8
20.7
10.2
34.0

0.45
0.38
0.38
0.38
0.85

ϵ’‐Fe2.2C
χ‐Fe5C2 (I)
χ‐Fe5C2 (II)
χ‐Fe5C2 (III)

Fe2+ 

57
12
11
9
11
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Figure S4.11. In situ Mossbauer spectra of (a) cFe after reduction, (b) cFe at 340 °C and 5 bar, (c) cFe 
at 340 °C and 10 bar, (d) cFeP0.5 after reduction, (e) cFeP0.5 at 340 °C and 5 bar, and (f) cFeP0.5 at 
340 °C and 10 bar.

S4.6. CATALYTIC PERFORMANCE AT 340 °C, 10 BAR, H2/CO/He = 60/30/10, 
GHSV = 3 600 h−1

Figure S4.12. Catalytic activity as a function of average iron particle size of spent promoted catalysts 
(black symbols were reproduced from earlier research57, and blue symbols were results from current 
study)
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ABSTRACT

 Due to the emergence of shale gas, carbon feedstock for the chemical industry for 
the near future is expected to shift towards lighter feeds, in particular methane. Methane 
may be converted to H2-rich synthesis gas (a mixture of H2 and CO, H2/CO ≥ 2) whereas 
coal and biomass may be converted to CO-rich synthesis gas (H2/CO < 2). The processes to 
produce fuels and lower olefins from methane are termed gas-to-liquids (GTL) and  gas-to-
lower- olefins (GTO) respectively. In the commercialized GTL process, Co-based catalysts 
are highly efficient in converting H2-rich syngas feed to long chain hydrocarbons for fuel and 
energy use. However the development of Co-based catalysts for the GTO process is limited. 
Fe-based FT catalysts were previously reported successful for lower olefins selectivity and 
activity from CO-rich syngas feed derived from coal and biomass. Here we report promoted 
Co-based FT catalysts for the GTO process. At 240 °C, 1 bar, H2/CO = 2, the addition of 
Na2S to Co/MnOx suppressed methane formation,  produced 54 % lower olefins with a C2-C4 
olefin/paraffin ratio of 17. At 240 °C, 10 bar, H2/CO = 2, this Co/MnOx/Na2S produced 
less than 5 % methane and 33 % lower olefins, which is on par with the state-of-the-art Co2C 
FTO catalyst. Most importantly, no CO2 was formed which indicates that Co/MnOx/Na2S is 
inactive for the water-gas-shift (WGS) and demonstrates its potential for the direct production 
of lower olefins from methane-derived syngas feed.
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5.1 INTRODUCTION

   Lower olefins (C2 – C4 olefins) are essential building blocks in the chemical industry 
as they are used for plastics, lubricants, solvents, pharmaceuticals, cosmetics and many other 
products. The traditional route to lower olefins production is largely based on oil fractions via 
steam cracking or catalytic cracking. Processes based on alternative carbon feedstocks such 
as coal, natural gas, biomass and CO2 received significant attention in recent years.1–6 These 
alternative carbon resources are first converted to synthesis gas, a mixture of CO and H2, and 
subsequently to hydrocarbons, including lower olefins.

 There are several direct or indirect routes for the formation of lower olefins from 
synthesis gas. The indirect processes, with the syngas feed typically attained from natural gas,   
include cracking of Fischer-Trospch liquids, and via production of methanol, dimethyl either, 
or lower alcohols.7,8 The direct processes,9 with the syngas feed preferably obtained from coal 
or biomass, are either Fischer-Tropsch to Olefins (FTO)10,11 or Oxide-Zeolite (OX-ZEO).12,13 
The advantages of the direct processes, such as higher efficiencies in volume, energy, materials, 
plant operations and costs, make these potentially more attractive than the indirect processes.

 The state-of-the-art FTO and OX-ZEO reactions show great potential but significant 
challenges remain. The emerging OX-ZEO process (400 °C, 25 bar, H2/CO = 1.5) makes 
use of a bifunctional catalyst (metal oxide, Zn-based and zeolite, SAPO-based) with active 
sites for syngas activation and C-C coupling. This bifunctional catalyst reported selectivity for 
lower olefins to be as high as 80 % (excluding CO2) at 17 % CO conversion which is low. On 
the other hand, Fischer-Tropsch Synthesis (FTS) is a surface polymerization reaction, meaning 
that the hydrocarbon products follow a statistical distribution of the Anderson-Schulz-Flory 
(ASF) type, and thus could be limiting the selectivity towards lower olefins.14,15 According to 
the ASF distribution, maximum C2-C4 fraction (olefins and paraffins) achievable is 58 % and 28 
% methane will be also be produced concurrently. Strategies to deviate from the ASF product 
distribution towards lower olefins production include support functionalities and addition of 
promoters.16–18 Fe-based FTO catalysts (340 °C, 20 bar, H2/CO = 1), promoted with Na 
and S, proved to be effective in suppressing methane formation (<10 %) and produced 60 
% lower olefins (excluding CO2), thereby breaking the ASF distribution.19,20 More recently, 
a new Co carbide nanoprism catalytic system displayed comparable high selectivity towards 
lower olefins (61 %, excluding CO2) while generating little methane (5 %).21  Both OX-ZEO 
and FTO (Fe carbide and Co-carbide) catalysts display high activities for the water-gas shift 
(WGS) reaction, thus they are suitable for CO-rich syngas feed derived from coal or biomass. 
Conversely, the high WGS activity of these catalysts rendered these inefficient for the direct 
conversion of H2-rich syngas feed from natural gas or shale gas, hereafter referred to as Gas-
to-Olefins, GTO.

 The abundant availability of methane feedstock due to the shale gas revolution  
decreases the dependence on crude oil, however new technologies have to be developed to 
utilize its potential.22 Co-based FT catalysts are recognized to be efficient catalysts for the 
Gas-to-Liquids (GTL) process23,24 (typical conditions are 220 °C, 20 bar, H2/CO = 2) and 
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thus could also be useful for the development of new GTO catalysts. Currently the direction 
for Co-based FTO catalysts (240 °C, 10 bar, H2/CO = 2) focuses on using Mn as promoter, 
and they showed up to 42 % lower olefins selectivity without breaking the ASF distribution, 
however.25–28 More importantly, these Co-Mn catalytic systems at relevant conditions showed 
limited WGS activity and thereby produced negligible CO2.29 The effects of Mn on Co-based 
catalysts for GTL were extensively investigated and various parameters, such as synthesis 
conditions, choice of supports, and Co/Mn ratio, were shown to have significant influence 
on the catalytic performance.30,31 Co/MnOx FTO catalysts typically have low Co/Mn ratios 
and are prepared by precipitation, while Co/MnOx FTS catalysts often consist of high Co/Mn 
ratios and are synthesized by impregnation. These differences were expected to change the 
interactions between Co and Mn, thereby tuning product selectivity and activity. 

 The addition of Na and S to Fe-based catalysts suppresses methane formation and 
improves lower olefins selectivity;32–36 and the question is whether this beneficial effect 
of Na and S is apparent on other metal catalysts, such as Co-based FT catalysts. Sulfur is 
generally perceived to be a poison for Co-based FT catalysts in terms of activity and selectivity 
towards long chain hydrocarbons (C5+),37 however it was also shown to decrease chain growth 
probability and improve olefins selectivity depending on its concentration.38–42 The addition 
of sulfate to Co-based catalysts was also reported to improve the catalytic selectivity for the 
propane dehydrogenation reaction, albeit at lower activity.43 Alkali metals, including Na, was 
established to decrease activity for Co-based catalysts and it was proposed to be correlated to 
the element electronegativity.44,45  Interestingly, Borg et al. studied in-situ H2S poisoning on 
Co-based and Na-containing FT catalyst,44 but the possible synergistic effects of Na and S on 
Co-based FTO catalysts have yet to be investigated.

 In this work, the aim is to develop promoted Co-based catalysts for a possible GTO 
process. CoMnOx catalysts were first synthesized via co-precipitation, and Na and S were 
subsequently introduced via impregnation. The catalysts were characterized with ICP-AES, 
N2-physisorption, XRD, TPR, and SEM. Catalytic performance was evaluated at 1 bar and 
low conversion to ensure differential conditions (240 °C, 1 bar, H2/CO = 2, < 10 % CO 
conversion), and at industrially relevant conditions (240 – 280 °C, 10 bar, H2/CO = 2).

5.2 EXPERIMENTAL METHODS

5.2.1 Synthesis of Co/MnOx catalysts via precipitation.26,28

 2 g Co(NO3)2•6H2O (99+%, Acros) and 5.7 g Mn(NO3)2•4H2O (97,5+%, Acros), 
were dissolved in 40 mL deionized water at room temperature in a 100 mL round-bottom 
flask. After 1 hour of stirring at room temperature, the round bottom flask was heated to 60 
°C  in a water bath. 20 mL 1.0 M aqueous NH4(CO3)2 (30+% (NH3), Acros) was added drop 
wise to the mixed nitrate solution using a mechanical pump set at 1 mL/min and pH was kept 
at approximately 8. The resulting pink powder was aged for 30 minutes at room temperature, 
followed by decanting and washing with deionized water thrice. The precipitate was then 
dried at 120 °C under static air for 2 hours with stirring every 0.5 h and calcined at 400 °C 
(2 °C/min) under air flow for 2 hours. The synthesized Co/MnOx was then impregnated 
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with either (NH4)2SO4 or Na2S precursors, and the determined loadings were included in 
Table 5.1. The catalysts were labelled Co/MnOx, Co/MnOx/SO4

2- and Co/MnOx/Na2S to 
indicate unpromoted, sulfate promoted, and Na2S promoted respectively. After impregnation, 
calcination was performed at 400 °C (2 °C/min) under air flow for 2 hours.

5.2.2 Catalyst Characterization.

 Elemental loading of Co, Mn, Na and S were determined with a Thermo Jarrell Ash 
model ICAP 61E trace analyzer inductively-coupled plasma atomic emission spectrometer 
(ICP-AES). N2-physisorption measurements were carried out at -196 °C using a Micrometrics 
Tristar 3000 V6.08 equipment. Prior to analysis, ~100 mg sample was dried at 200 °C (10 
°C/min) under N2 flow for 20 h. X-ray diffraction (XRD) measurements were performed 
using a Bruker-AXS D2 Phaser equipped with a Co Kα  radiation (λ = 1.78897 Å) source 
with 2θ from 20 – 80 °, using an increment of 0.18 °, with a step measurement time of 2 s. 
The XRD samples were measured for 4 hours on autorepeat to enhance the S/N ratio, and 
the detector lower discriminator was set at 0.11 to quench the measured fluorescence. A 
Micromeritics Autochem 2920 apparatus was used for temperature programmed reduction 
(TPR) measurements, with a temperature range from 50 to 750 °C (5 °C/min), under a 50 
mL/min 5 vol.% H2/Ar flow. Scanning electron microscopy (SEM) images were taken using 
a FEI XL30 FEG SEM instrument in backscattering electron mode at an acceleration voltage 
of 15 kV. SEM samples were prepared on carbon grids followed by Pt-coating to improve 
electron conductivity. 

5.2.3 Catalyst Performance at 1 bar

 Low pressure tests were carried out at 240 °C, 1 bar, H2/CO = 2 v/v, < 3 % CO 
conversion. A fixed-bed reactor was loaded with 0.02 g (75 – 150 μm) catalyst and 0.20 g 
SiC (212 – 425 μm) for bed dilution. The catalysts were reduced prior to reaction at 350 °C 
(5 °C /min) under diluted H2 flow (33 vol.% H2, 67 vol.% He, 60 mL/min total flow) for 2 
hours. After reduction, temperature was decreased to 240 °C (2 °C /min) under 40 mL/min 
He flow. At 240 °C and 1 bar, the feed flow was switched to a mixture of H2 and CO (H2/CO 
= 2 v/v, 9 mL/min total flow). Hydrocarbons (C1-C16) from the product stream was analysed 
online with gas chromatography (Varian CP3800), and CO2 was not measured. Activities and 
product selectivities were calculated on a carbon atom basis. Activity is reported as moles 
of CO converted per gram Co per second, and moles of CO converted is based on moles 
of C in the hydrocarbon product stream. Product selectivity was calculated as equivalent of 
carbon atoms in a product with respect to the total carbon atoms present in the hydrocarbons 
produced (% C).

5.2.4 Catalyst Performance at 10 bar

 Medium pressure tests were performed using a high throughput 16 parallel fixed-bed 
reactors set-up (Flowrence, Avantium). Each reactor was loaded with 50 mg catalyst (75 – 150 
μm) and 100 μL SiC (212 – 425 μm) as diluent. The catalysts were first dried at 100 °C (5 
°C /min) under He flow for 2 hours and subsequently reduced at 350 °C (1 °C/min) under 
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dilute H2 flow (25 vol.% H2, 75 vol.% He,)  for 8 hours. After reduction, temperature was 
decreased to 180 °C (1 °C /min) and pressure was increased to 10 bar under H2 flow. At 180 
°C and 10 bar, the feed flow was switched to syngas mixture (H2/CO/He = 60/30/10, 6.6 
mL/min total flow per reactor) and subsequently the temperature was raised to 240 °C (1 °C 
/min).  The product stream was analysed using online gas chromatography (Agilent 7890A). 
Hydrocarbons (C1-C9) were separated on an Agilent J&W PoraBOND Q column, detected 
using an FID detector and quantified against the TCD signal of the internal standard He. The 
permanent gases (CO, H2, He, CO2, and CH4) were separated on a ShinCarbon ST (#19043) 
column and quantified against He as an internal standard using a TCD detector.

 Catalytic activity, expressed as cobalt time yield (CTY), was expressed as moles of 
CO converted per gram of Co per second. CO conversion (%) was calculated as: XCO = 
(molCO in – molCO out) / molCO in. Selectivity for C5+ was calculated as: SC5+ = 100 % - ∑ Si with 
Si being all selectivities of C1 – C4 hydrocarbons. CO2 was also measured. Catalytic activity 
and product selectivities were measured at 240 – 280 °C, 10 bar, H2/CO = 2, 10 – 70 % CO 
conversion.

5.3 RESULTS

5.3.1 Catalyst characterization

Figure 5.1. SEM images of Co/MnOx catalysts.

 SEM images of Co/MnOx in Figure 5.1 showed the morphology of these catalysts, and 
the homogeneity of Co and Mn elemental loadings was confirmed by SEM-EDX (Figure S5.1 
and Table S5.1). Various characterization techniques, namely XRD, TPR, and N2-physisorption 
determined that the synthesized Co/MnOx catalyst was similar to those reported previously 
(Supporting Information, S5.1). 26,28  From the XRD diffractogram (Figure S5.2), the calcined 
Co/MnOx catalyst  precursor consisted of mixed crystal structures but it was predominantly 
CoxMnyO spinel structure. From the TPR profile (Figure S5.3) of Co/MnOx, 2 reduction 
peaks (270 and 370 °C ) and 2 shoulders (240 and 340 °C ) were observed. The reduction 
of Co3O4 to CoO and CoO to metallic Co  were proposed to occur at 240 °C and 340 °C 
respectively, whereas the reduction of Mn3O4 to MnO2 and MnO2 to MnO appeared to take 
place at 270 °C and 370 °C respectively.30 From N2-physisoprtion (Figure S5.4), Co/MnOx 

2 μm5 μm
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had a pore volume (at P/P0 = 0.996) of 0.20 cm3/g and BET surface area of 167 m2/g. An 
overview of the calcined catalyst precursors and their elemental loadings determined by ICP-
AES is presented in Table 5.1.

Table 5.1. Overview of calcined catalyst precursors and their elemental compositions determined by 
ICP-AES.

Wt loading (%) Atomic ratio

Co Mn Na S Co/Mn Na/Co S/Co Na/S

Co/MnOx 14.8 50.1 - - 0.28 - - -

Co/MnOx/SO4
2- 14.8 49.1 - 0.13 0.28 - 0.016 -

Co/MnOx/Na2S 15.2 50.9 0.21 0.13 0.28 0.035 0.016 2

5.3.2 Catalyst performance at 1 bar

Figure 5.2. (a) Activity over time, (b) Product selectivity and (c) ASF distributions after 20 h (240 °C, 
1 bar, H2/CO = 2, < 10 % CO conversion, TOS = 20 h) and α is calculated using the gradient of C3 to C8 
mole fraction.

Table 5.2. Catalytic Performance of Co-based catalysts at 240 °C, 1 bar, H2/CO = 2, < 10 % CO conversion, 
time = 20 h.

CO conv. 
(%)

CTY (10-5 
molCO/gCo.s)

O/P
(C2-C4)

α
Product Selectivity (% Cat, CO2 free)

CH4 C2– C4 = C2–C4 - C5+

Co/MnOx 6.5 3.3 4.1 0.58 27 32 8 33

Co/MnOx/SO4
2- 2.3 1.2 4.7 0.55 31 36 8 25

Co/MnOx/Na2S 0.8 0.4 16.5 0.52 17 54 3 26
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 The catalytic performance at 1 bar of the Co-based catalysts after reduction is 
compared in Table 5.2 and Figure 5.2. With  reference to Figure 5.2a, the catalysts displayed 
increasing activity over 20 h, and Co/MnOx was the most active catalyst. Co/MnOx/SO4

2- was 
less active than Co/MnOx and Co/MnOx/Na2S showed the lowest activity, thereby indicating 
that the addition of SO4

2- and Na2S to Co/MnOx resulted in decreased in activity. The effects of 
S species (in absence of alkali) on Co activity and C5+ selectivity were extensively investigated 
in previous literature.37,40 The addition of alkali, such as K and Na, was also reported to decrease 
activity.46 However, our study also revealed that the presence of Na and S had promoting effects 
on C2-C4 olefins selectivity (54 % C) and C2-C4 olefin/paraffin ratio (Table 5.2). Notably, the 
combination of Na and S resulted in suppression of methane formation, as indicated by the 
small but significant deviation of C1 mole fraction from the ASF distribution in Figure 5.2c. 
The addition of Na2S also appeared to suppress secondary hydrogenation of primary olefins, as 
observed in the higher C2 mole fraction.

5.3.3 Catalyst performance at 10 bar

Figure 5.3. (a) Activity over time, (b) Product selectivity (% C) of Co/MnOx/Na2S over time, no CO2 was 
produced and (c) ASF distributions at similar CO conversion (20 – 25 %) (240 °C, 10 bar, H2/CO = 2).

Table 5.3. Catalytic Performance of Co-based FTO catalysts under FTO Conditions (240 °C, 10 bar, H2/
CO/He = 60/30/10, TOS = 10 h, 20 – 25 % CO Conversion).

CO 
conv. 
(%)

CTY (10-

5 molCO/
gCo.s)

O/P
(C2-C4)

α
CO2 
Sel. 
(%)

Product Selectivity 
(% Cat, CO2 free)

CH4 C2– C4 = C2–C4 - C5+

Co/MnOx 25 4.8 2.6 0.68 0 8 23 8 61

Co/MnOx/SO4
2- 20 3.7 2.6 0.58 0 7 30 12 52

Co/MnOx/Na2S 23 4.3 4.6 0.62 0 4 33 7 56
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 The catalytic performance of these Co-based catalysts under industrially more 
relevant conditions, i.e. 10 bar, and 240 °C, H2/CO = 2 v/v was also investigated. With 
reference to Figure 5.3a, the activity of Co/MnOx decreased in the first 5 h whereas that of 
Co/MnOx/SO4

2- and Co/MnOx/Na2S increased in the first 5 h. After 10 h, both Co/MnOx 
and Co/MnOx/SO4

2- showed stable activities but the activity of Co/MnOx/Na2S decreased 
over time. The comparison of product selectivities is shown in Figure 5.3b. From Figure 5.3c, 
chain growth probability (α) decreased upon the addition of (NH4)2SO4 or Na2S to Co/MnOx 
and the now substantial suppression of methane formation upon Na2S addition is noted.

 Although the increase in α values upon increase in pressure was expected, the 
significant derivations of C1 and C2 fractions at 10 bar were rather surprisingly. This could be 
explained by the individual ASF distributions of paraffins and olefins, as shown in Figure S5.4a 
and b respectively. From Figure S5.4a, the ASF distribution of paraffins appeared to be linear 
for both Co/MnOx and Co/MnOx/SO4

2- while that of Co/MnOx/Na2S showed suppression 
of methane and ethylene selectivity. From Figure S5.4b, the ASF plot of olefins are linear 
except for the ethylene fraction.

 Product selectivity is known to be dependent on CO conversions,31,42 thus product 
distribution at similar CO conversion is summarized in Table 5.3. Further information on 
product selectivity at varied CO conversion was included in Supporting Information, S5.2. 
From Table 5.3, lowest methane selectivity was attained for Co/MnOx/Na2S. The addition of  
Na2S in CoMnOx resulted in highest C2-C4 olefins selectivity and C2-C4 olefin/paraffin ratio. 
Notably, all catalysts did not produce CO2 at 240 °C, 10 bar, H2/CO = 2.

Figure 5.5. Cobalt-time-yield (CTY) after 24 hours at different reaction temperature (240 - 280 °C, 10 
bar, H2/CO/He = 60/30/10).

Table 5.4. Catalytic Performance of Co/MnOx/Na2S under FTO Conditions (240 - 280 °C, 10 bar, H2/
CO/He = 60/30/10, 15 % CO Conversion).

Temp. (°C)
CO 

conv. 
(%)

CTY (10-

5 molCO/
gCo.s)

O/P
(C2-C4)

α
CO2 
Sel. 
(%)

Product Selectivity 
(% Cat, CO2 free)

CH4 C2– C4 = C2–C4 - C5+

240 15 2.9 4.6 0.62 0 4 33 7 56

260 15 2.8 1.9 0.60 0 11 26 14 49

280 15 2.8 1.9 0.56 22 16 31 16 37
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 As shown in Figure 5.5, increase in reaction temperature resulted in higher catalytic 
activities of catalysts except for Co/MnOx/Na2S. Due to the significant differences in CO 
conversion, detailed comparison of product selectivities between the catalysts is not discussed. 
However, the activities and product selectivities of these catalysts at similar TOS were included 
in Supporting Information, SI 2. For Co/MnOx/Na2S, the product distribution at similar 
CO conversion is presented in Table 5.4 and product distribution at varied CO conversion 
was included in Supporting Information, SI 2. The increase in reaction temperature led to 
increase in methane, decrease in C2-C4 olefins, decrease in C5+ hydrocarbons, decrease in C2-
C4 olefin/paraffin ratio and decrease in α values. At 280 °C and 10 bar, 22 % CO2 selectivity 
was obtained.

5.4 DISCUSSION

 At 240 °C and 1 bar, the product selectivity towards C2-C4 olefins was 54 % for 
Co/MnOx/Na2S and this is comparable to the Co carbide nanoprisms developed by Zhong et 
al.21 Although CO2 selectivity of Co/MnOx/Na2S was not measured at these conditions, CO2 
production was not expected because no CO2 was produced at higher pressure. At industrially 
more relevant conditions (240 – 250 °C and 10 bar), hydrocarbon product selectivities of 
Co/MnOx/Na2S and Co carbide nanoprisms catalysts were also comparable. However, Co/
MnOx/Na2S did not produce CO2 and thus is not active for WGS reaction, making it especially 
attractive for conversion of H2-rich syngas from methane. Previous literature showed that CO2 
selectivity of Co/MnOx catalysts was low at low Co/Mn loading27,28 and high at high Co/Mn 
loading,21,46  which is in agreement with Gottschalk and Hutchings that increased Co/Mn ratio 
led to increase in WGS activity.47 Furthermore, the addition of alkali promoters to Co carbide 
catalysts increased WGS activity48 but the addition of S to Co/MnOx resulted in suppression of 
WGS activity.49 Therefore, the lack of CO2 production is tentatively proposed to be due to the 
low Co/Mn ratio and poisoning of WGS activity by sulfur.

 Na and Mn were both present in the catalytic system of Co carbide nanoprisms 
and Zhong et al. suggested that the Na present enhances the formation of Co2C while Mn 
contributes to the formation of nanoprisms. Interestingly, Xiang and Kruse also proposed that 
K stabilized Co2C phase and the intimate interaction between Mn5O8 oxide and a bulk Co2C 
phase were crucial in tuning the selectivity of catalytic CO hydrogenation.46 In their study, Na 
was also evaluated and it was shown that with Na, both metallic Co and Co2C were present. 
Although Na and Mn were also present in our Co/MnOx/Na2S catalyst system, the loadings 
were significantly different. In the Co carbide nanoprisms catalyst of Zhong et al., the atomic 
Co/Mn and Co/Na ratios were 2 and 58  respectively.21 In the CoMnK catalyst of Xiang and 
Kruse, the atomic Co/Mn and Co/K ratios were 2 and 20.46 In our Co/MnOx/Na2S  catalyst, 
the atomic Co/Mn and Co/Na ratios were 0.3 and 28 respectively.

 Co2C phase has attracted significant attention recently due to its possible vital role 
in product selectivity, 21,46 and the addition of alkali appeared to be equally important to 
stabilize this Co2C phase in a CoMnOx catalyst. However, the influence of counterion for Na 
is not taken into consideration. Also, the difference in Co content may mean that different Co 
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particle size is present, and the influence of particle size is not discussed. In our study, detailed 
characterization is ongoing and such characterization will lead to better understanding of our 
catalytic system. 

Table 5.5. Comparison of state-of-the-art processes and catalysts for the direct production of lower 
olefins from synthesis gas 

T 
(°C)

P 
(bar) H2/CO

MTY (10-

5 molCO/
gM.s)

CO2 
sel. 
(%)

Product Selectivity
 (% C, CO2 free)

CH4 C2– C4 = C2–C4 - C5+

Co/MnOx/Na2S 240 10 2 4.3 0 4 33 7 56
Co carbide 

nanoprisms21 250 10 0.5 3.8 47 5 32 6 58

Fe/Na/S/alumina10 340 20 1 2.6 41 17 39 19 25

ZnCrOx/MSAPO13 400 25 1.5 - 45 5 74 14 7

 Table 5.5 compares the state-of-the-art processes and catalysts for direct production 
of lower olefins from synthesis gas. While all catalysts showed favorable selectivity towards 
lower olefins, Co/MnOx/Na2S is the only catalyst which did not produce CO2. This comparison 
suggests that Co/MnOx/Na2S is a new promising catalyst to produce lower olefins directly 
from H2-rich syngas feed, thereby opening up the possibility of a so-called Gas-to-Olefins 
(GTO) process.

5.5   CONCLUSION 

 The effects of Na and S on Co-based FT catalysts for the direct production of lower 
olefins from H2-rich syngas were investigated. Co-precipitated Co/MnOx was characterized 
with ICP-AES, N2-physisorption, XRD, TPR, and SEM and used as reference catalyst. Na and 
S were impregnated into Co/MnOx and the precursor was Na2S. At 240 °C, 1 bar, H2/CO 
= 2, the addition of Na2S to Co/MnOx decreased catalytic activity but increased selectivity 
towards lower olefins to 54 %. Notably, methane formation and secondary hydrogenation of 
primary olefins were largely suppressed, and the C2-C4 olefin/paraffin ratio was 17. At 240 
°C, 10 bar, H2/CO = 2, similar trends on catalytic activity and selectivity were observed upon 
the addition of Na2S to Co/MnOx. No CO2 was produced by Co/MnOx/Na2S at 10 bar, H2/
CO = 2, 240 °C and 260 °C but 22 % CO2 selectivity was attained at 280 °C. It is tentatively 
proposed that the low Co/Mn ratio and presence of S suppressed WGS activity. This lack of 
WGS activity demonstrated the potential of Co/MnOx/Na2S for the direct production of 
lower olefins from H2-rich syngas.
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SUPPORTING INFORMATION

S5.1. CATALYST CHARACTERIZATION

Figure S5.1. SEM image of Co/MnOx and locations where EDX measurements were made.

Table S5.1. Relative elemental loadings determined by SEM-EDX.

Intensity Counts Atomic ratio 
Mn/CoC (K) Pt (M) Pt (L) O (K) Mn (K) Co (K)

1 30.57 84.83 9.83 336.30 180.90 39.67 3.13

2 33.17 78.17 9.13 330.53 176.70 43.90 2.75

3 38.20 88.93 7.97 371.03 178.83 41.43 2.94

4 27.73 65.27 4.60 356.20 191.70 40.20 3.20

NB:  C due to carbon grid used to prepare sample, Pt added to sample to improve electron 
conductivity of sample.

Figure S5.2. XRD diffractogram of fresh Co/MnOx which showed that it  consisted predominantly of 
spinel CoxMnyO crystal structure.
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Figure S5.3. H2-TPR profile of Co/MnOx.

Figure S5.4. (a) N2-physisorption isotherm and (b) BJH pore size distribution from N2-physisorption 
desorption and adsorption isotherms (Sharp peak at 4.4 nm – BJH desorption is due to N2-physisoprtion 
artefact).

S5.2. CATALYST PERFORMANCE AT 260 AND 280 °C

Figure S5.5. ASF distributions of (a) paraffins and (b) olefins at similar CO conversion (20 – 25 %) (240 
°C, 10 bar, H2/CO = 2).
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Figure S5.6. Product selectivities of Co catalysts at varied CO conversions under industrially relevant 
conditions (240 °C, 10 bar, H2/CO = 2).

Figure S5.7. (a – d) Product selectivities (% C, excluding CO2) of Co/MnOx/Na2S at varied CO conversions, 
21 % CO2 selectivity at 280 °C, under industrially relevant conditions (240 – 280 °C, 10 bar, H2/CO = 2).
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Table S5.2. Catalytic Performance of Co-based FTO catalysts under FTO Conditions (260 °C, 10 bar, H2/
CO/He = 60/30/10, TOS = 48 h at 260 °C).

CO 
conv. 
(%)

CTY (10-

5 molCO/
gCo.s)

O/P
(C2-C4)

CO2 
Sel. 
(%)

Product Selectivity (% Cat, CO2 free)

CH4 C2– C4 = C2–C4 - C5+

Co/MnOx 66 12.0 0.2 6 23 3 17 51

Co/MnOx/SO4
2- 37 6.7 1.0 0 13 22 22 43

Co/MnOx/Na2S 13 2.3 2.0 0 11 24 12 53

Table S5.3. Catalytic Performance of Co-based FTO catalysts under FTO Conditions (280 °C, 10 bar, H2/
CO/He = 60/30/10, TOS = 78 h at 280 °C)

CO 
conv. 
(%)

CTY (10-

5 molCO/
gCo.s)

O/P
(C2-C4)

CO2 
Sel. 
(%)

Product Selectivity (% Cat, CO2 free)

CH4 C2– C4 = C2–C4 - C5+

Co/MnOx 75 13.6 9 0.3 33 7 17 43

Co/MnOx/SO4
2- 65 11.8 8 0.1 30 2 25 44

Co/MnOx/Na2S 20 3.7 21 1.9 15 28 15 42
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6.1 Summary

 The increase in global demand for lower olefins (ethylene, propylene, and butylenes) 
coupled with the regional diversification of carbon raw materials bring about opportunities 
and challenges for emerging technologies, as discussed in Chapter 1. Crude oil has been 
the primary carbon feedstock for the past 50 years, but alternative carbon feedstocks, 
including coal, natural gas, and biomass, received considerable attention in recent years. 
These alternative resources could first be converted to synthesis gas, a mixture of CO 
and H2. Natural gas produces H2-rich synthesis gas (H2/CO ≥ 2) while coal and biomass 
produce CO-rich synthesis gas (H2/CO < 2). Synthesis gas could subsequently be used to 
produce fuels and chemicals, including lower olefins and oxygenates. Lower olefins and their 
derivatives are essential chemical building blocks for many industries, ranging from plastics 
to pharmaceuticals. Currently the commercial production of lower olefins from synthesis gas 
is taking place via methanol (methanol-to-olefins), but direct routes, namely Oxide-Zeolite 
(OX-ZEO) and Fischer-Tropsch to Olefins (FTO), offer potentially higher efficiencies in 
volume, energy, materials, and cost.

 Although the Fischer Tropsch (FT) process has been developed for almost a century, its 
main application is liquid fuels instead of chemicals (lower olefins, oxygenates, and aromatics). 
The biggest challenge of the Fischer-Tropsch to Olefins (FTO) process is the product selectivity 
which is governed the Anderson-Schulz-Flory (ASF) distribution. The serendipitous discovery 
of adding Na and S promoters to supported Fe-based catalysts which led to unprecedented 
selectivity towards lower olefins offers a solution to this selectivity problem.

 The goal of this work is to design and develop catalysts for the direct production of 
lower olefins from synthesis gas and a two-pronged approach was used to achieve this. On one 
front, experimental and theoretical methods were used to understand the Fe particle size and 
promoters (Na and S) effects of state-of-the-art Fe-based FTO catalysts in terms of activity, 
selectivity and stability. These insights were then used to rationally design model Fe-based FTO 
catalysts which were highly active, selective and stable for direct conversion of CO-rich syngas 
feed to lower olefins. On the other front, Co-based FTO catalysts were developed to meet the 
need of directly converting H2-rich syngas feed to lower olefins.

 In Chapter 2, complimentary experimental and theoretical methods were performed 
to provide fundamental insights on the Fe particle size and promoter effects in supported Fe-
based catalysts. Steady state isotopic transient kinetic analysis (SSITA), switching from 12CO 
to 13CO and from H2 to D2, determined coverages and residence times for reactive species 
on supported iron carbide particles of 2 - 7 nm with and without promoters (Na + S). CO 
surface coverages appeared to be too low to be measured, suggesting dissociative adsorption 
of CO. CHx coverages decreased with increasing particle size, and this is rationalized by larger 
particles having a lower number of low coordination sites. It was also established that the 
turnover frequency increased with CHx coverage. Hydrogen coverage was suppressed upon 
addition of promoters in line with lower methane selectivity and higher lower olefin selectivity.

 Density functional theory (DFT) was then applied on H adsorption on Fe5C2 surfaces 
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for a fundamental understanding of this promoter effect on the selectivities, with a special 
focus on counterion effects. Several possible promoter species, namely of Na, NaOH, NaSH, 
Na2O and Na2S, were studied and it was shown that all promoter species are donating charge 
to the Fe5C2 (111) surface. Na2S is a better promoter than Na2O due to both a larger charge 
donation and a more effective binding configuration. On the unpromoted Fe5C2 (111) surface, 
H atoms bind preferably on C after dissociation of H2 on Fe. On Na2S-promoted Fe5C2 surfaces, 
adsorption on carbon sites weakens, and adsorption on iron sites strengthens, which fits with 
lower H coverage, suppressed CH4 formation, and increased olefin formation.

 In addition to activity and product selectivity, another critical parameter of a superior 
catalyst is stability. Bulk Fe catalysts (often modified with promoters) were extensively studied 
and displayed promising results, but these suffered from poor mechanical stability. Carbon 
formation which occurs via the Boudouard reaction (2 CO  C + CO2), leads to blocking 
of active sites and disintegration of the catalyst particles. To improve on the mechanical 
properties of Fe based catalysts, dispersing Fe nanoparticles on supports was attempted. A 
concern regarding the use of oxidic supports, such as silica and high surface area alumina, is 
the inhibition of the critical phase transformation to active Fe carbide species due to strong 
support-metal interaction. Thus, weakly interacting supports such as nanostructured carbon 
materials and low surface area alumina were preferred for supported Fe FT catalysts.

 The effects of promoters and Fe particle size on the stability of supported iron 
nanoparticles (initial sizes 3 - 9 nm) at industrially relevant conditions (340 °C, 20 bar, H2/
CO = 1) were studied in Chapter 3. Upon addition of Na and S to Fe nanoparticles supported 
on CNF, initial catalytic activities were high but substantial deactivation was observed over 
a period of 100 h. In situ Mössbauer spectroscopy revealed that after 20 h time-on-stream, 
promoted catalysts attained 100 % carbidization, whereas for unpromoted catalysts, this 
was around 25%. In situ carbon deposition studies were carried out using a tapered element 
oscillating microbalance (TEOM). No carbon laydown was detected for the unpromoted 
catalysts, whereas for promoted catalysts, carbon deposition occurred mainly over the first 4 
h and thus did not play a pivotal role in deactivation over 100 h. Instead, the loss of catalytic 
activity coincided with the increase in Fe particle size to 20 - 50 nm, thereby supporting the 
proposal that the loss of active Fe surface area was the main cause of deactivation.

 The origins of catalytic activity, selectivity and stability were determined to be CHx 
coverage, H coverage, and Fe particle growth respectively. In particular, the addition of Na and 
S were beneficial for activity and selectivity towards lower olefins but detrimental for stability. 
Although these promoters also resulted in carbon laydown and significant Fe particle growth, 
the macroscopic catalyst particles did not disintegrate. As the promoters were typically 
introduced via co-impregnation of precursors, there is a lack of control of on the location of 
promoters and this might be the deciding factor on the effectiveness of the promoters.

 In order to attain precise control on the location of promoters, a novel approach 
towards promoter incorporation in metal nanocrystal catalysts is presented in Chapter 4. 
7 nm Fe nanocrystals with a narrow particle size distribution were first synthesized via a 
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colloidal approach using organic hydrocarbon ligands, and then attached onto pristine 
carbon nanotubes (CNT). To introduce Na and S promoters, the organic hydrocarbon ligands 
were exchanged with inorganic Na2S ligands. The synthesis parameters, such as duration, 
temperature and concentration, were shown to influence Fe nanocrystals distribution and Na 
and S uptake. These catalysts were characterized with ICP-AES, XPS, STEM-EDX, and in-situ 
Mossbauer spectroscopy. At industrially relevant conditions ((340 °C, 10 bar, H2/CO = 2), 
these nanocrystal-based promoted catalysts outperformed catalysts with similar composition 
but synthesized with conventional methods. Importantly, this novel approach to promoter 
incorporation appeared to be effective in limiting Fe particle growth which in turn produced 
highly active, selective, and stable catalysts. This shows that the inorganic ligand exchange 
approach is a novel, viable and attractive method to introduce promoters onto catalytic active 
metal surface.

 Chapter 5 describes a Co-based catalytic system which is highly efficient in direct 
conversion of H2-rich syngas feed to lower olefins. Bulk CoMnO catalysts were synthesized 
via co-precipitation and Na and S were subsequently impregnated. At 240 °C, 1 bar, H2/
CO = 2, the addition of Na2S to Co/MnOx suppressed methane formation, produced 54 
% lower olefins, and had C2-C4 olefin/paraffin ratio of 17. At 240 °C, 10 bar, H2/CO = 2, 
this Co/MnOx/Na2S produced less than 5 % methane and 33 % lower olefins, which is on 
par with the state-of-the-art Co-based FT catalyst (Co2C nanoprisms). Most importantly, no 
CO2 was formed which indicates that Co/MnOx/Na2S is inactive for water-gas-shift (WGS) 
and demonstrates its potential for the direct production of lower olefins from H2-rich syngas 
feed, termed Gas-to-Olefins (GTO). Ongoing characterization (XRD and TEM-EDX) would 
provide more information to improve the design and development of these catalyst.

6.2 CONCLUDING REMARKS AND PERSPECTIVES 

6.2.1 Promoters

 Promoters are elements which are added to a catalyst to improve its catalytic 
performance and they can be classified as structural, electronic, or synergistic. Typical 
promoters were alkali, alkaline earth metals and transition metals, but non-metal promoters 
such as boron, nitrogen and sulfur were also reported. The effects of promoter elements and 
their concentrations on catalytic performance were extensively investigated, however the 
influences of their counterions were unfortunately understated. It is important to point out 
that the metal promoters were most likely not metallic but exist in various ionic forms, such 
as metal oxides and metal hydroxides.

 In this thesis, sodium and sulfur promoters were considered collectively as it was 
hypothesized that sulfur is the counterion for sodium, and theoretical calculations of Na and 
its counterions highlighted the importance of counterions. When counterions are taken into 
consideration, parameters such as location (support, bulk, or surface), proximity between 
promoter and its counterions, molecular structure, and concentration become important as 
well. Not only are these variables difficult to control experimentally, they are also challenging 
to characterize and identify. To control the location of Na and S promoters, a novel approach 
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towards promoter incorporation, inorganic ligand exchange, was proposed. To determine 
the location, proximity and molecular structure of Na and S promoters characterization 
techniques, such as TEM-EDX and XPS, were attempted but unsuccessful due to insufficient 
sensitivity of characterization tools to detect the low concentrations of Na and S. Although 
detailed experimental characterization of Na and S was limited, theoretical calculations 
provided insights and the combination of experimental and theoretical methods was valuable. 

 Catalyst performance refers to activity, selectivity, and stability; with selectivity being 
the most important criteria. Promoters and their counterions ideally improve all three aspects 
of catalyst performance, but this is rarely the case. Na and S promoted activity and product 
selectivity towards lower olefins are enhanced for Fe-based FTO catalysts. The same Na and S 
promoters were found to be detrimental for stability as they also promoted carbon deposition 
and Fe particle growth. Future catalyst design and development could focus on improving 
product selectivity and catalytic stability by decreasing H coverage and limiting Fe particle 
growth respectively. One of the key questions which remains to be answered is the cause of 
Fe particle growth. In-situ characterization, such as XRD and ETEM, could be beneficial in 
identifying the species responsible for Fe particle growth. It appears that the crux of stability 
lies not in the concentration of Na and S promoters, rather the location of these promoters 
seems to be important The addition of Na and S to Co-based FTO catalysts promoted product 
selectivity towards lower olefins, however activity and stability need to be improved.

 It is the intention of this thesis to instill the concept of promoters involving both 
cations and anions. This concept can be evaluated for other catalyst systems, such as methane 
activation and propane dehydrogenation.

6.2.2 Synthesis of Solid Catalysts

 Catalysts are conventionally synthesized in a one-pot synthesis, via either impregnation 
or precipitation. While this makes economic sense, it poses challenges to better understanding 
and optimization of the catalyst. Therefore, model catalytic systems are often designed to study 
complicated catalytic systems, and strategies include simplifying/ limiting number of variables, 
and utilization of flat models and model supports. Nonetheless, these model catalysts are still 
synthesized in a one-pot approach and more control in the synthesis procedure will ideally 
create a more accurate representation of the real catalyst.

 The bottom-up synthesis approach applied in this thesis consists of three separate 
steps: Fe nanocrystals (NC) were synthesized via colloidal approach, subsequently attached 
onto CNT support and finally Na and S promoters were introduced via ligand exchange. NCs 
synthesis via colloidal approach is increasingly popular as it offers delicate control over size, 
shape, composition, crystal structure and surface properties. In particular, NCs were used to 
study structure-sensitivities and metal-support interfaces. The synthesis approach proposed 
in this thesis can be extended to other catalyst systems which are structure-sensitive and 
promoter-dependent, including Co-based FTS, Cu-based methanol synthesis, and Au-based 
hydrogenation reactions.
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 In this thesis, different synthesis approaches were utilized, namely precipitation, 
incipient wetness impregnation and colloidal synthesis. Precipitation and impregnation were 
used as the catalyst development in its initial stage, and rational design of the precipitated 
CoMno catalysts in future will shed light on their working mechanisms. Possible research 
questions, such as Co particle size, Co-Mn interaction, and influence of Na and S promoters 
can be answered by designing model catalyst systems.

6.2.3 FTO

 The FTO process made significant scientific breakthroughs in recent years and 
received considerable attention from both academia and industry. The success of a technology 
is dependent on both internal and external factors: the internal challenges deal with 
product selectivity and stability of the FTO catalysts and technology; whereas the external 
challenges include the global lower olefins market and evolution of competing technologies. 
Simultaneously, these challenges could present opportunities for the progress of the technology. 

 First and foremost, the demand and supply of lower olefins which determines the 
market price of lower olefins is one of the determining factors for the future of lower olefins 
technologies. The current low oil prices may impede the development of technologies using 
alternative feedstocks, but these remain economically competitive and regional diversification 
of raw materials appears to stay. Therefore, there remains a need for technologies which 
produce lower olefins from alternative carbon feedstock.

 Besides the low oil prices, the FTO process competes with technologies, such as 
MTO and OX-ZEO. The deciding factor here between OX-ZEO and FTO is the efficiency of 
the catalyst. The OX-ZEO catalysts are more selective towards lower olefins but activities are 
lower. The FTO catalysts are less selective towards olefins but there are no thermodynamic 
limitation. The design and development of catalysts to overcome the respective problems will 
be important for the future of the technologies.

 In addition to catalyst design and development of Fe-based FTO catalysts which are 
suitable for the direct production of lower olefins from CO-rich syngas feed derived from coal 
and biomass, Co-based FTO catalysts were also explored for the direct production of lower 
olefins from H2-rich syngas feed derived from methane. This concept of gas-to-olefins (GTO) 
is still in its early stages but the potential rewards are exciting in view of the shift of carbon 
feedstocks towards lighter feeds. Co-based FTO catalysts face similar challenges as Fe-based 
FTO catalysts in terms of product selectivity, but they have the advantages of lower water-gas-
shift activity and coke formation. 

 The FT process remains highly relevant in today’s world and could in theory be used 
to produce a wide spectrum of hydrocarbon products, ranging from fuels, gasoline, aromatics, 
oxygenates and lower olefins. This broad range of product spectrum is a double-edge sword, 
as it also means that obtaining high selectivity towards specific product class is not trivial. The 
future of the FTO may ultimately depend on the product selectivity of the catalyst, and this 
thesis focused on this topic and could play a role in shaping the future of the FTO process.
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 De toename in de wereldwijde vraag naar lagere olefines, zoals etheen, propeen en 
butenen, brengen kansen en uitdagingen met zich mee voor opkomende technologieën die 
gebaseerd zijn op alternatieve grondstoffen, zoals besproken in Hoofdstuk 1. Alternatieve 
koolstofbronnen, zoals steenkool, aardgas en biomassa, worden vaak omgezet naar synthesegas, 
wat een mengsel van CO en H2 is. Op basis van aardgas wordt een waterstof-rijk synthesegas 
(H2/CO > 2) verkregen, terwijl steenkool en biomassa koolstofmonoxide-rijk synthesegas 
(H2/CO < 2) leveren. Het verkregen synthesegas kan daarna gebruikt worden voor de 
productie van brandstoffen en chemicaliën, waaronder lagere olefines, zuurstofhoudende 
moleculen en aromaten. Lagere olefines, en derivaten hiervan, zijn belangrijke chemische 
bouwstenen voor veel verschillende producten, variërend van plastics tot medicijnen. De 
huidige commerciële productie van lagere olefines vanuit synthesegas gebeurt door middel 
van methanolsynthese (methanol-to-olefines, MTO), maar directe routes, zoals Oxide-Zeolite 
(OX-ZEO) en Fischer-Tropsch (FTO) bieden een hogere efficiëntie op het gebied van energie, 
materialen en kosten.

 Hoewel het Fischer-Tropsch (FT) proces bijna een eeuw geleden is ontwikkeld, 
zijn er in de laatste jaren enkele significante doorbraken geweest in het onderzoek naar dit 
proces, gevolgd door aanzienlijke aandacht vanuit de industrie en de academische wereld. 
Helaas kan een lage olieprijs de ontwikkeling van deze alternatieve technieken belemmeren 
maar het gebruik van alternatieve grondstoffen voor de productie van chemicaliën blijft 
relevant. FTO concurreert echter ook met de andere directe technieken voor de productie 
van lagere olefines, zoals OX-ZEO. Hierbij is de FTO-katalysator minder selectief, maar heeft 
geen thermodynamische limitatie voor de maximaal te bereiken conversie. Hierdoor blijft 
rationeel ontwerp en ontwikkeling van de FTO-katalysator van belang zodat deze problemen 
overwonnen kunnen worden.

 Ondanks de grote stappen die de laatste jaren zijn gemaakt, blijft de belangrijkste 
toepassing van Fischer-Tropsch de productie van vloeibare brandstoffen in plaats van 
chemicaliën. De grootste uitdaging voor de productie van olefines door middel van het 
Fischer-Tropsch process (FTO) is de selectiviteit, welke een Anderson-Schultz-Flory (ASF) 
verdeling volgt. Om dergelijke problemen te overkomen worden er promotoren toegevoegd 
aan de katalysatoren. Dit zijn toegevoegde elementen die de katalytische prestatie verbeteren. 
Typische promotoren zijn alkali-, aardalkali- en overgangsmetalen, maar ook niet-metalen 
als boor, stikstof en zwavel worden gebruikt. Voor de FTO reactie biedt de ontdekking, van 
een ongekend hoge selectiviteit naar lagere olefines van ijzer-gebaseerde katalysatoren na 
toevoeging van Na en S promotoren, een oplossing voor de problematische selectiviteit.

 Verder wordt er in deze thesis het ontwerpen en ontwikkelen van katalysatoren voor de 
directe productie van lagere olefines vanuit synthesegas besproken, waarin er gebruik gemaakt 
is van een tweezijdige aanpak. Aan de ene kant hebben we experimentele en theoretische 
methodes gebruikt om de effecten van de deeltjesgrootte van ijzer en de promotoren (Na en S) 
op de activiteit, selectiviteit en stabiliteit in moderne, op ijzer gebaseerde FTO-katalysatoren. 
De hieruit verkregen inzichten zijn gebruikt om model FTO-katalysatoren te ontwerpen, 
welke zeer actief, selectief en stabiel zijn in de directe conversie van CO-rijk syngas tot lagere 
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olefines. Aan de andere kant zijn er FTO-katalysatoren op basis van kobalt (Co) ontwikkeld die 
kunnen voldoen aan de vraag naar geschikte katalysatoren voor directe conversie van H2-rijk 
syngas naar lagere olefines.

 In hoofdstuk 2 zijn experimentele en theoretische methodes toegepast om 
fundamenteel inzicht te verkrijgen in de effecten van de deeltjesgrootte van ijzer en de 
promotoren in gedragen ijzerkatalysatoren. Door middel van Steady State Isotopic Transient 
Kinetic Analysis (SSITKA) experimenten waarin na het bereiken van een stationaire toestand, 
de gasstroom wordt veranderd van 12CO naar 13CO en van H2 naar D2, de populaties en 
retentietijden van reactieve oppervlaktecomponenten op de katalysator zijn bepaald. De 
onderzochte katalysatoren waren gedragen ijzercarbidedeeltjes van 2 tot 7 nm met en zonder 
natrium en zwavel. De CO-oppervlaktepopulatie bleek in de katalysatoren te laag om te 
kunnen meten, wat duidt op dissociatieve adsorptie van CO op het ijzercarbide-oppervlak. 
Daarnaast werd de CHx-populatie kleiner naarmate de deeltjes groter werden. Dit kan 
verklaard worden doordat deze grotere ijzercarbidedeeltjes minder, zeer reactieve, laag 
gecoördineerde plaatsen hebben. Verder wordt aangetoond dat de turnover frequency (TOF) 
toeneemt met een toename in de CHx-oppervlaktepopulatie. De oppervlaktebedekking van 
waterstof wordt onderdrukt door toevoeging van promotoren, wat overeenkomt met de 
lagere methaan selectiviteit en hogere selectiviteit voor lagere olefines.

 Hoewel het effect van verschillende elementen met verschillende concentraties als 
promotor voor katalytische reacties uitvoerig is onderzocht, is er weinig bekend over het 
effect van de tegenionen van deze promotoren. Hierbij is het van belang om er op te wijzen 
dat promotoren onder reactieomstandigheden waarschijnlijk in ionische toestand verkeren, 
bijvoorbeeld als metaaloxide of –hydroxide. In een natrium en zwavel gepromoteerd FTO-
katalysator, fungeert zwavel mogelijk als het tegenion voor natrium. Om dit te onderzoeken is 
dichtheidfunctionaaltheorie toegepast op de waterstofadsorptie op een Fe5C2  (111) oppervlak 
voor een fundamenteel begrip van de genoemde promotoreffecten op de selectiviteit, 
waarbij er speciale aandacht was voor het effect van de tegenionen. Hierbij zijn verschillende 
mogelijke promotoren onderzocht, zijnde Na, NaOH, NaSH, Na2O en Na2S, en is aangetoond 
dat alle componenten lading doneren aan het onderzochte Fe5C2  (111) oppervlak. Na2S bleek 
een betere promotor dan Na2O door een grotere mate van ladingsdonatie en door een meer 
effectieve bindingsconfiguratie. Op een niet-gepromoteerd Fe5C2 (111) oppervlak binden 
waterstofatomen zich, na vorming vanuit dissociatieve adsorptie van H2 op Fe, bij voorkeur 
aan koolstof. Op Na2S gepromoteeerd Fe5C2 oppervlakten is de adsorptie op deze koolstof-
sites verzwakt en de binding op ijzer-sites versterkt, wat overeenkomt met de observaties van 
een lagere H-bedekking, minder vorming van methaan en meer vorming van olefines voor 
deze gepromoteerde ijzercarbides.

 Naast de activiteit en de selectiviteit naar de gewenste producten is stabiliteit ook een 
kritische parameter voor een goede katalysator. Bulk ijzerkatalysatoren (vaak met promotoren) 
zijn uitgebreid onderzocht en gaven veelbelovende resultaten, maar hadden een slechte 
mechanische stabiliteit. Vorming van koolstof, via de Boudouardreactie (2 CO  C + CO2), 
leidt tot het blokkeren van actieve sites en het uit elkaar vallen van de katalysatordeeltjes. 
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Om deze mechanische eigenschappen van de ijzerkatalysatoren te verbeteren, hebben we 
ijzernanodeeltjes gedispergeerd over een dragermateriaal. Hierbij zijn oxidische dragers, zoals 
silica en alumina met hoog specifiek oppervlak, problematisch, omdat deze de overgang naar 
het actieve ijzercarbide tegenhouden door de sterke interactie tussen de drager en het ijzer. 
Hierdoor hebben nanogestructureerde koolstofmaterialen en alumina’s met een laag specifiek 
oppervlak de voorkeur voor het gebruik in gedragen ijzerkatalysatoren voor Fischer-Tropsch.

 De effecten van promotoren en deeltjesgrootte op de stabiliteit van gedragen 
ijzernanodeeltjes onder industriële omstandigheden zijn onderzocht in hoofdstuk 3. Na 
toevoeging van natrium en zwavel aan gedragen ijzerkatalysatoren op koolstofnanovezels 
(CNF), toonden deze katalysatoren een hoge katalytische activiteit, maar een substantiële 
deactivatie over een periode van 100 uur. Echter, met in situ Mössbauerspectroscopie kon 
worden aangetoond dat na 20 uur reactie in de gepromoteerde katalysatoren het ijzer volledig 
om is gezet naar ijzercarbide. Voor ongepromoteerde katalysatoren was ongeveer 25% 
omgezet. Met een TEOM (tapered element oscillating microbalance) werd geen depositie 
van koolstof waargenomen voor de ongepromoteerde katalysatoren. Voor gepromoteerde 
katalysatoren vond de koolstofdepositie voornamelijk plaats in de eerste 4 uur van de reactie, 
waardoor het geen belangrijke rol kan spelen in de geobserveerde deactivatie. De groei van de 
ijzerdeeltjes tijdens de reactie, welke na reactie een grootte hadden van 20 tot 50 nm, komt 
goed overeen met het verlies van katalytische activiteit.

 In dit werk hebben we aangetoond dat de geobserveerde katalytische activiteit, 
selectiviteit en stabiliteit voornamelijk worden bepaald door respectievelijk de 
oppervlaktebedekkingsgraad op het ijzeroppervlak door CHx en H en de ijzerdeeltjesgroei. 
De toevoeging van natrium en zwavel zijn voornamelijk bevorderlijk voor de activiteit 
en de selectiviteit naar lagere olefines, maar nadelig voor de stabiliteit van de katalysator. 
Hoewel deze promotoren de koolstofdepositie en de groei van ijzerdeeltjes bevorderen, 
blijven de macroscopische katalysatordeeltjes intact. Gezien de promotoren normaliter 
worden geïntroduceerd door een co-impregnatie van de betreffende precursors, is er weinig 
controle over de locatie waar de promotoren terecht komen (op de drager, in de bulk van het 
ijzerdeeltje of op het ijzeroppervlak), wat een bepalende factor kan zijn voor de effectiviteit 
van de gebruikte promotoren.

 Om meer controle te krijgen over de locatie van de promotoren, is er in 
hoofdstuk 4 een nieuwe aanpak voor de introductie van promotoren in katalysatoren 
besproken. Eerst zijn nanokristallen van ijzeroxide verkregen door middel van een bottom-
up aanpak, in tegenstelling tot de conventionele één-pot synthese. Deze bottom-up aanpak 
maakte gebruik van een colloïdale synthese om ijzerdeeltjes van 7 nm met een smalle 
deeltjesgroottedistributie te verkrijgen. De colloïdale aanpak wint aan populariteit doordat 
het meer controle biedt over grootte, vorm, compositie, kristalstructuur en oppervlakte-
eigenschappen van de nanokristallen. De verkregen nanokristallen zijn na synthese gebonden 
aan koolfstofnanobuizen. Om natrium en zwavel aan de colloïdale deeltjes toe te voegen zijn 
de organische liganden uitgewisseld met anorganische Na2S-liganden. Het is aangetoond dat de 
syntheseparameters, zoals uitwisselingsduur, temperatuur en Na2S concentratie van belang te 
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zijn voor de ijzerdistributie over het drageroppervlak en voor de mate van opname van natrium 
en zwavel. De verkregen katalysatoren zijn gekarakteriseerd met ICP-AES, XPS, STEM-EDX 
en in situ Mössbauer spectroscopie. Onder industrieel relevante condities presteren deze 
gepromoteerde katalysatoren op basis van  nanokristallen beter dan katalysatoren met een 
vergelijkbare samenstelling, maar verkregen via conventionele methodes. Bovendien bleek 
deze nieuwe methode belangrijk om de groei van de ijzerdeeltjes tegen te gaan, waardoor er 
naast een verbeterde activiteit en selectiviteit ook meer stabiele katalysatoren konden worden 
verkregen.

 In hoofdstuk 5 wordt een katalysator op basis van kobalt beschreven, welke 
efficiënt H2-rijk synthesegas via een directe conversie kan omzetten naar lagere olefines. De 
bulk CoMnO katalysatoren zijn verkregen door co-precipitatie, waarna natrium en zwavel 
zijn geïmpregneerd. Bij een temperatuur van 240°C en een H2/CO ratio van 2, produceert 
deze katalysator minder dan 5% methaan en 33% lagere olefines, wat vergelijkbaar is met 
kobaltcarbide gebaseerde FT-katalysatoren gerapporteerd in de literatuur. Bovendien wordt 
geen CO2 gevormd, wat er op duidt dat Co/MnOx/Na2S niet actief is voor de water-gas-shift 
(WGS) reactie en dit toont aan dat dit katalysatorsysteem veelbelovend is voor de directe 
productie van lagere olefines vanuit waterstofrijk synthesegas wat de basis kan zijn van een 
nieuwe route voor Gas-to-Olefins (GTO).
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