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A B S T R A C T   

The Fischer-Tropsch-to-Olefins process allows to convert waste stemming CO2 with green hydrogen to olefins. 
Iron can catalyse both core reactions: 1) reverse-water-gas-shift as well as 2) Fischer-Tropsch. Carbon supported 
catalysts were reported to be highly attractive in this context, but until now mainly non technically applicable 
research carbons like nanotubes or ordered mesoporous carbons were studied and long term stability studies are 
missing. Here, beaded carbon blacks, were studied as available and inexpensive support materials for Fe catalysts 
in CO2-based FTO. The most promising support yielded selectivities towards olefins of almost 40% and showed 
for 170 h high stability.   

1. Introduction 

Lower Olefins (C2-C4) are indispensable intermediates in the chem-
ical industry. [1] Approximately 20% of the yearly production revenue 
of the chemical industry is related to the olefin-based polymer industry. 
[2] Traditionally, olefins are produced via steam cracking of fossil 
feedstocks, like crude oil. [1] Due to the growing social and political 
awareness regarding sustainable production, non-fossil based produc-
tion routes and the shift towards a circular economy gain great interest. 
[3,4] While part of the olefine based polymers can be recycled me-
chanically [5] a large portion still needs to be recycled by other means. 
[6] Direct chemical recycling to the olefin monomers is more or less 
impossible as selective breaking of the C–C bond and dehydrogenation 
is difficult. [7] A possible way to close the carbon cycle is i) gasification 
or incineration of the polymer waste and ii) synthesis of ethylene and 
propylene through hydrogenation of the resulting CO/CO2 or solely CO2 
streams. [8] While the incineration of plastic waste is commercialized 
[9] and recently the gasification of these waste is studied intensively 
[10,11], the synthesis of Olefines from the CO/CO2 streams remains the 
more critical challenge in this carbon cycle. Direct electrochemical 
reduction of CO/CO2 to ethylene is an attractive process but still from a 
technical point of view not mature enough. Methanol synthesis and 
subsequent Methanol-to-Olefin (MTO) conversion is a possible route, 

while for the MTO process no large-scale production plant with a ca-
pacity of >1 MTPA is existing. The Fischer-Tropsch-Synthsis (FTS) in 
contrary is commercialized on big scales and it is known that the product 
selectivity for CO as feedstock can be tuned towards high olefine yields 
and in a single process. [1,12] Fischer-Tropsch-to-Olefins (FTO) can thus 
be an important, scalable and readily available process to close the 
carbon cycle for polypropylene and polyethylene recycling. CO2 as 
feedstock, in combination with green hydrogen, would be especially 
interesting, as it cannot only stem from plastic waste incineration, but 
also other sustainable resources as well as from direct air capture. [3] 

As CO2 is not converted into Fischer-Tropsch-products directly, the 
reverse water-gas shift reaction (RWGS) to CO has to be carried out 
prior. The combination of this endothermic equilibrium reaction and the 
highly exothermic Fischer-Tropsch synthesis (FTS) can be realized either 
in two separate or in one combined reactor unit. Due to their opposite 
reaction enthalpies and process intensification aspects, the direct heat 
integration is one main advantage of coupling both reactions in one 
reactor. Additionally, as CO is converted to FTS-products in a series of 
irreversible consecutive reactions, a high CO2 conversion by RWGS can 
be obtained even at low temperatures. However, the coupling of RWGS 
and FTS demands a catalyst system exhibiting activity for both the shift- 
reaction and the FTS, which is met by using Fe as an active metal. [4] 

In this context, especially carbon supported iron catalysts are of 
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increasingly growing interest. [13–15] Compared to the traditionally 
used oxidic support materials, such as SiO2 and Al2O3, iron species on 
carbon materials prove to be reducible more easily, since there is no 
strong metal support interaction (SMSI). This facilitates the conversion 
of Fe species into FT-active carbides, as the carbidisation of elemental 
iron is facilitated on carbon supports. [16,17] Despite the less pro-
nounced interactions between support and active metal, carbon- 
supported iron systems, as demonstrated by the use of carbon nano-
tubes (CNT) as support, showed excellent resistance to sintering. [18,19] 

Regarding the utilization of carbon supported Fe in a CO2 based FTO 
process, Oschatz et al. reported sulfur and sodium as promising promo-
tors for the production of olefins using ordered mesoporous carbon 
(CMK-3) as support route. [20–23] They found that the undesired 
methane formation is inhibited by sulfur doping, while the desired 
β-hydride elimination to short chained olefins is preferred at the same 
time. Addition of sodium supports chain growth and reduces selectivity 
to methane while inhibiting olefin hydration to paraffins. [24] 

Most of the existing studies dealing with Fe/C-catalysts in the FTS 
were carried out using research carbon materials like CNT’s or CMK-3. 
Facing the challenges of an industrial FTS process, these materials 
reveal disadvantages for commercialization of derived catalysts like 
expensive and complicated synthesis, as well as handling on the indus-
trial scale of these small sized powdered materials and the resulting 
severe pressure drop for technical fixed bed reactors. Also, so far, results 
are mainly presented for some hours time on stream and rarely long term 
stability studies for several hundred hours. Overall, both hinders an 
application of Fe/− catalysts in FTO strongly. 

The following study presents the use of beaded carbon blacks (CBs) 
as support for iron based CO2-FT catalyst. CB represents a material 
which is widely available in industrial scale at low price with additional 
formulation procedures to reduce pressure drop for fixed bed reactors e. 
g. through beading also being carried out on an industrial scale. Com-
mercial beaded CBs varying in properties (e.g. specific surface areas 
from 36 m2⋅g− 1 to 380 m2⋅g− 1) were employed for catalyst synthesis. 
The catalyst performance in direct olefin synthesis for CO2 hydrogena-
tion was assessed and for the most promising catalyst a long-term study 
proved stability for 170 h time on stream. 

2. Materials and methods 

2.1. Catalyst preparation 

Five commercially available beaded Carbon Blacks (Orion Engi-
neered Carbons: Printex G, Printex 35, Printex 60, Printex 85, Printex 
90) were used as supports in this study. The preparation strategy was 
modified according to Oschatz et al. [15] Carbon supported catalysts 
were prepared by incipient wetness impregnation, using a solution of 
ammonium‑iron-citrate (1.787 g; 16.5–18.5% Fe; Acros Organics), 
tri‑sodium-citrate dihydrate (0.038 g; 99+ %, Fisher Scientific), and 
iron sulfate heptahydrate (0.026 g; 99+ %; Acros Organics) in 6 mL 
bidistilled water. Concentrations were chosen so that a loading of 10 wt 
% Fe, 0.3 wt% Na and 0.1 wt% S with respect of the carbon support 
results. 3 g of dried carbon support (100 ◦C over night) was impregnated 
with this solution in six to eight steps depending on the capacity of the 
support material. Every impregnation step was followed by a two hour 
drying step at 100 ◦C combined with the homogenization of the sample 
in an achate mortar. After the last drying step, the raw catalyst was 
calcinated in a tube furnace for 5 h at 500 ◦C under constant nitrogen 
flow at atmospheric pressure. This catalyst is referred to as pristine 
catalyst. 

2.2. Catalyst characterization 

Optical emission spectrometry with inductively coupled plasma 
(ICP-OES, Optima 2000DV (Perkin Elmer)) was used to determine the 
loading of Fe, Na and S on the carbon supports. Sample preparation 

included the oxidation of the carbon support at 500 ◦C in a muffle 
furnace, followed by aqua regia digestion of the residues. N2-phys-
isorption measurements (Quadrasorp-MP-30 (Quantachrome In-
struments)) are carried at − 196 ◦C, with samples degassed at 350 ◦C and 
0.1 mbar for 18 h. The multi-point Brunauer-Emmett-Teller method 
(MBET) is used to determine the specific surface area. [25] The pore 
volume is determined by means of density functional theory (DFT) using 
the adsorption isotherm. Oil adsorption is used to determine the degree 
of branching of the carbon blacks studied. The determination is made by 
Orion Engineered Carbons according to ISO 4656 respectively ASTM D 
2414 utilizing dibutyl phthalate as adsorbate. [26] TPD-MS was carried 
out in a STA 409 PC Luxx thermo-balance (NETZSCH) coupled with an 
online mass spectrometer (Omnistar, Pfeiffer Vacuum GmbH). For this 
purpose, 150 mg of the carbon black were initially heated to 80 ◦C at a 
flow rate of 30 NmL min− 1 He with a heating rate of 5 ◦C min− 1 and 
dried for 30 min. The sample was then heated from 80 ◦C to 1000 ◦C at a 
heating rate of 5 ◦C min− 1. X-Ray diffraction (XRD) measurements have 
been performed in a Stadi-P (Stoe GmbH) using a Cu-Kα,1-source. 
Elemental analysis was carried out in a Vario EL III analyzer (Elementar 
Analysensysteme GmbH). All samples were measured five times. The 
determination of the primary particle size was carried out by means of 
dynamic light scattering by Orion Engineered Carbons. [27] The ISO 
1125 respectively ASTM D 1506 standard was used to determine the ash 
content of the carbon blacks used by Orion Engineered Carbons. [28] 
Scanning transmission electron microscopy (STEM) was carried out in a 
JEM 2100F (JEOL) with an accelerating voltage of 200 kV and a spot 
diameter of 0.7 nm. STEM images were used for the determination of the 
iron particle size distribution, by analyzing a minimum of 50 particles 
per sample. Scanning electron microscopy (SEM) was carried out using a 
Philips XL30 FEG electron microscope with an acceleration voltage of 
10–15 kV. X-ray diffraction (XRD) was performed using a Rigaku Min-
iflex exquipped with a D/tex Ultra detector (CuKα, 40 kV, 0.03 mm Ni- 
filter). Temperature programmed reduction (TPR), CO-Chemisorption 
as well as CO- and CO2-temperature programmed desorption (TPD) 
were carried out in a 3Flex (Micromeritics) chemisorption unit. TPR is 
performed up to 400 ◦C with a heating rate of 5 ◦C min− 1 using 0.5% H2 
in Argon. Following an evacuation, static CO-chemisorption is per-
formed at 30 ◦C between 100 mbar and 800 mbar. Afterwards CO-TPD is 
realized between 30 ◦C and 400 ◦C obtaining a heating rate of 5 ◦C 
min− 1. Next a second TPR is performed and the sample is again evacu-
ated. After the CO2-saturation of the sample using 4% CO2 in He at 
30 ◦C, CO2-TPD is performed at a temperature up to 600 ◦C using a 
heating rate of 5 ◦C min− 1. 

2.3. Catalyst activity measurement – support variation 

Catalyst reduction and CO2-FTS activity measurements were carried 
out in the same u-shaped fixed bed reactor. 0.5 g of the pristine catalyst 
were placed into the reactor and fixed with the aid of two glass wool 
plugs. Catalyst reduction was carried out at 300 ◦C for 5 h at 30 bar using 
pure hydrogen. For FTS, a premixed H2:CO2-mixture (3:1 mol mol− 1) 
was used as feed at a mass flow of 0.03 g min− 1 (GHSV = ~8000 h− 1). 
325 ◦C were set as standard temperature. Carbon monoxide and carbon 
dioxide were detected via FT-IR (Bruker alpha), hydrocarbons were 
analysed in a Shimadzu GC-2014 gas chromatograph equipped with two 
FID’s. Separation of C1-C6-hydrocarbons took place at a Rt-QS-BOND 
Plot column (Restek) while higher hydrocarbons were separated at a 
Rtx-column (Restek). Resulting σi values represent the fraction of the 
respective substance class i of the total amount of hydrocarbons and are 
standardized to one. All conversions, selectivities and product distri-
butions shown result from the mean value of three measurements after 
30 h TOS. 

2.4. Long-term-stability measurement 

For the long-term measurement,1.5 g of the pristine catalyst (Printex 
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60) and 3.0 g Printex 60 carbon black as inert dilution were placed into 
the reactor and fixed with the aid of two glass wool plugs. Catalyst 
reduction was carried out at 300 ◦C for 5 h at 30 bar using hydrogen in 
helium (1:2 mol mol− 1). A stoichiometric H2:CO2:CO-mixture 
(2.5:0.5:0.5 mol mol mol) was used for preconditioning of the catalyst 
for the first 48 h TOS at 325 ◦C. After preconditioning, the feed was set to 
a stoichiometric H2:CO2-mixture (3:1 mol mol− 1) using 80.7 NmL min− 1 

H2 and 3.2 g min− 1 CO2 (GHSV = ~3200 h− 1). Product analytics were 
performed using an Agilent GC6890N gas chromatograph equipped with 
one FID and one TCD. Separation of C1-C3-hydrocarbons as well as CO 
and CO2 took place at a Rt-QS-BOND Plot (Restek) column and a Rt- 
Alumina (Restek) column while higher hydrocarbons were separated 
at a Rtx-column (Restek). Resulting σi values represent the fraction of 
the respective substance class i of the total amount of hydrocarbons and 
are standardized to one. 

2.5. Calculations 

Carbon dioxide (XCO2) conversion is calculated dividing the differ-
ence between the initial quantity (ṅ0,CO2 ) and the resulting quantity of 
carbon dioxide (ṅCO2 ) through the initial quantity (eq. 1). 

XCO2 =
ṅ0,CO2 − ṅCO2

ṅ0,CO2

(1) 

Selectivity to carbon monoxide (SCO,CO2) build out of carbon dioxide 
is calculated dividing the resulting quantity of CO (ṅCO) through the 
difference between the initial quantity (ṅ0,CO2 ) and the resulting quantity 
of carbon dioxide (ṅCO2 ) (eq. 2). 

SCO,CO2 =
ṅCO(

ṅ0,CO2 − ṅCO2

) (2) 

Selectivity to hydrocarbons (SHC,CO2) build out of carbon monoxide is 
calculated dividing the product of the resulting quantity of HC (ṅHC) and 
its number of carbon atoms (NC, HC) through the difference between the 
initial quantity (ṅ0,CO2 ) and the resulting quantity of carbon dioxide 
(ṅCO2 ) (eq. 3). 

SHC,CO2 =
ṅHC • NC,HC

ṅ0,CO2 − ṅCO2

(3) 

Yield of product P (YP,CO2) is calculated multiplying the selectivity of 
product P with the carbon dioxide conversion (eq. 4). 

YP,CO2 = SP,CO2 • XCO2 (4) 

Using the selectivities for hydrocarbons (SHC,r), the product fractions 
σHC,r are determined. This calculation (eq. 5) is based on the normali-
zation of the product spectrum and serves the separate consideration of 
the resulting FT product distribution neglecting the WGS equilibrium. 

σHC,r =
SHC,r

∑

HC
SHC,r

(5) 

Since the focus of this work is on the production of short-chain ole-
fins, the olefin fraction in the C2-C6 fraction of the product spectrum is 
introduced as a further measure (eq. 6). 

C2 − C6 − olefin fraction=̂
xC2 − C6 ,olefins

xC2 − C6 ,total
(6) 

Using the logarithmic expression shown in eq. 7 and via linear 
regression, the chain growth probability α is determined graphically. For 
this purpose, log xHC is plotted against the carbon number NC,HC. 

logxHC = NC,HC⋅logα+ log
(1 − α)

α (7)  

3. Results and discussion 

3.1. Carbon support properties and characterization of pristine catalysts 

Carbon blacks are known to be hierarchically build from primary 
particles, forming stable aggregates and loose agglomerates. The 
employed carbon blacks exhibit a wide variety of properties, owing to 
variations in their microstructure. As shown in Fig. 1A, all carbon blacks 
exhibit different primary particle sizes. [27] Starting with Printex G, the 
primary particle size decreases from 51 nm to 14 nm for Printex 90. The 
aggregates built from these primary particles were characterized by oil 
adsorption carried out with dibutyl phthalate (DBP), with the resulting 
DBP number representing a measure for the degree of branching 
(Fig. 1A). [27] With 48 mLDBP 100 g− 1 and 42 mLDBP 100 g− 1, Printex 35 
and 85 have by far the lowest DBP number, and exhibit therefore the 
most linear structure. Printex 60 with 115 mLDBP 100 g− 1 is the carbon 
black with the highest degree of branching. Due to the different primary 
particle sizes and structuring of the aggregates, varying textural prop-
erties result. The N2-physisorption isotherms (Fig. 1B) of Printex G, 35 
and 60 represent isotherms of type III according to IUPAC nomenclature. 
They include almost no uptake in the relative pressure range of 0 to 0.1, 
and furthermore lack desorption hysteresis indicating the absence of 
meso- and microporosity. Since the majority of nitrogen uptake occurs at 
relative pressures above 0.8, and no plateau could be observed, mac-
roporosity is dominant in these materials. In contrast, the isotherms of 
Printex 85 and Printex 90 show a desorption hysteresis (type H3) and a 
low nitrogen uptake in the relative pressure range of 0–0.1 can be 
observed, resulting in a classification as a mixture of Type II and Type IV. 
[25] The specific surface area (SSA, determined by BET) increases with 
decreasing primary particle size from 36 m2 g− 1 (Printex G) to 380 m2 

g− 1 (Printex 90). With high probability, the SSA results from the geo-
metric surface of the particles, with particle interstices as the origin of 
porosity. In consequence, the degree of branching plays an important 
role, as is illustrated by Printex 85 and Printex 90, which both have a 
similar primary particle size, but a clearly different structuring and thus 
a very different SSA. 

These findings are clearly supported by scanning electron micro-
scopy (SEM) and transmission electron microscopy (TEM, Fig. 2). SEM 
imaging of Printex G and Printex 90 illustrates the different morphol-
ogies that result from the difference in primary particle size. Printex G, 
which exhibits a large primary particle size of 54 nm, shows clear 
macroporosity at the agglomerate level, while Printex 90, which has an 
average primary particle diameter of 14 nm, appears to largely lack 
porosity in the μm range (Fig. 2A, B). TEM imaging shows that the ag-
gregates of Printex G and Printex 90 exhibit clear differences in terms of 
particle interstices that reach up to several tens of nanometers for 
Printex G, while they are significantly smaller in case of Printex 90 
(Fig. 2C, D). 

In addition to their structure, the composition of the carbon black 
supports is of interest, which can be described by the carbon content, the 
amount of ash and amount of volatile components (Fig. S1). Carbon 
content of the different carbon blacks ranges from 97 wt% for Printex 85 
to up to 99.7 wt% for Printex 35. In addition to the lowest carbon 
content, Printex 85 reaches the highest values in case of volatiles (1.2 wt 
%) and ash (0.8 wt%). Volatile components are often present in the form 
of oxygen surface groups on the carbon surface. In order to be able to 
identify carbon surface oxides, temperature-programmed desorption 
measurements with coupled mass spectrometry (TPD-MS) were carried 
out (Fig. S2). During TPD to 1000 ◦C, Printex 35 shows no detectable 
mass loss, while the largest loss (1.7 wt%) is observed in case of Printex 
85. Regarding the detected CO, CO2 and H2O emission profiles it must be 
emphasised that the interpretation must be done with caution due to the 
very low amount of surface groups on the soot surface. In addition, due 
to the wide temperature ranges of the desorption of different surface 
species, it is generally difficult to make assignments. For Printex 85, 
three H2O desorption maxima can be observed at 180 ◦C, 300 ◦C and 
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710 ◦C. The detection of water might be assigned to condensation re-
actions, for example of two hydroxyl groups to an ether. The CO2 
emission profile shows desorption maxima in comparable temperature 
ranges. CO2 emission in the range between 200 ◦C and 400 ◦C can be 

assigned to the decarboxylation of carboxylic acids and anhydrides, 
while high temperature CO2 evolution (>500 ◦C) indicates the decom-
position of lactones. CO emission is detected above 600 ◦C. This 
desorption range is characteristic for the presence of hydroxyl groups, 

Fig. 1. (A) primary particle sizes as well as DBP-numbers resulting from of oil adsorption measurements for all pristine carbon black catalyst supports. (B) N2 
adsorption isotherms at 77 K and specific surface areas (BET). 

Fig. 2. Secondary electron micrographs of the pristine (A) Printex G and (B) Printex 90 carbon blacks. Annular darkfield transmission electron micrographs of the 
pristine (C) Printex G and (D) Printex 90 carbon blacks. 
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ethers, ketones or aldehyde groups. [29–31] 
The carbon-supported iron catalysts were prepared by incipient 

wetness impregnation (IWI). As described in detail in the experimental 
section, the target loading was 10 wt% iron (Fe), 0.3 wt% sodium (Na) 
and 0.1 wt% sulfur (S). Fe, Na and S loading was determined by means of 
optical emission spectroscopy with inductively coupled plasma (ICP- 
OES) (Fig. 3A). The mean loading of the samples was found to be 9.75 wt 
% (Fe), 0.66 wt% (Na) and 0.16 wt% (S). It should be emphasised that 
there are clear outliers in the form of the P_85-Fe/Na/S (sodium 0.93 wt 
%) and P_90-Fe/Na/S (sulfur 0.27 wt%) catalysts. On average, the iron 
loading is slightly below the target value of 10 wt%. At the same time, 
the sodium and sulfur loadings clearly exceed the respective target 
value. With regard to the sulfur loading, weighing error might play a 
role, but also the influence of sulfur impurities in the pristine carbon 
black is conceivable, since the industrial carbon blacks used are pro-
duced on the basis of crude oil. The sulfur content in the pristine carbon 
black determined by ICP-OES is up to 0.02 wt%. This form of contami-
nation is also conceivable in the case of sodium loading. The sodium 
content in the pristine carbon black is <0.025% by weight. An important 
source of error arises regarding the sodium content in the sodium citrate 
dihydrate used as a precursor for Na loading. According to the manu-
facturer, this amounts to 16.5–18.5 wt%. In control samples examined 
by ICP-OES, the content was clearly higher at around 24 wt%. 

The pristine carbon black and final catalyst were additionally char-
acterized by X-ray powder diffraction (XRD) (Fig. S3). Due to the high 

content of amorphous domains in the samples, an intensive background 
noise can be observed. The diffractogram of the Printex 60 carbon black 
shows two significant reflections at diffraction angles of 25◦ and 43◦ that 
can be assigned to the 002 and 100 or 101 lattice planes of graphitic 
domains. [32] As expected, for the support loaded with iron, sodium and 
sulfur, additional reflexes appear, that are characteristic for iron oxides 
consisting of different species. Due to the very broad reflections, which 
may be caused by the small crystallite sizes of the supported iron oxide 
particles, an exact assignment of the reflections is not possible. The most 
dominant reflections are at 35◦, 43◦ and 62◦. These can be assigned to 
the 311, 400 and 440 reflections of magnetite (Fe3O4) [33] or the 111, 
200 and 220 reflections of wüstite (FeO) [34]. The low symmetry of the 
reflexes at 35◦ and 43◦ is also an indication of the superposition of at 
least two reflections of different species. Furthermore, the reflex in-
tensities of the powder diffractograms shown do not correspond to the 
reflex ratios of phase-pure Fe3O4 or FeO species. [35] 

As a result of Fe, Na and S loading, changes in texture can occur 
resulting from the deposition of the active phase on the carbon blacks 
and from the restructuring of the agglomerates due to the water 
impregnation process. A comparison of the specific surface area and the 
pore volumes before and after Fe, Na and S loading is shown in Fig. S4. 
Both SSABET and VPore show comparable trends. Printex G and 35 sup-
ported catalysts show slight increases in SSABET and VPore (SSABET: P_G 
to P_G-Fe/Na/S (by 50% from 36 to 54 m2 g− 1), P_35 to P_35-Fe/Na/S 
(by 22% from 59 to 72 m2 g− 1); VPore: P_G to P_G-Fe/Na/S (by 66% 

Fig. 3. (A) Loading of iron, sodium and sulfur determined by ICP-OES for all pristine catalysts. (B) Average iron particle sizes and resulting standard deviations. (C) 
H2-TPR curves in the temperature range between 50 ◦C and 400 ◦C. (D) Specific iron surfaces (SSAFe) as well as the adsorbed CO-amounts resulting from static CO- 
chemisorption. 
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from 0.06 to 0.10 cm3 g− 1), P_35 to P_35-Fe/Na/S (by 69% from 0.16 to 
0.27 cm3 g− 1)). P_60 and P_60-Fe/Na/S include almost constant SSABET 
(~116 m2 g− 1) as well as slightly increasing VPore (by 25% from 0.20 to 
0.25 cm3 g− 1). The values of P_85 and P_90 behave differently, as the 
initial specific surface areas decrease significantly (P_85 to P_85-Fe/Na/ 
S (by 23% from 195 to 150 m2 g− 1), P_90 to P_90-Fe/Na/S (by 24% from 
389 to 297 m2 g− 1)). In addition to that, the loss regarding pore volume 
is also significant, especially for P_85-Fe/Na/S (by 47% from 0.47 to 
0.25 cm3 g− 1). 

Transmission electron microscopy was employed to determine the 
iron particle sizes distribution (Fig. 3B and Fig. 4). All materials show a 
narrow distribution of nanoscale iron oxide particles in the range of 2 to 
15 nm. This is particularly evident from the low standard deviation of 
2.4 nm in the case of P_35-Fe/Na/S. Fe particles larger than 20 nm were 
not found in any of the samples examined. The maximum of the Fe 
particle size distribution for P_90-Fe/Na/S is 3.7 nm. All other supports 
show average particle diameters in the range of 6.5 nm to 7.5 nm. These 
observations correspond well with results of Oschatz et al., who reported 
narrow size distributions of Fe particles deposited on CMK-3 and carbon 
black supported systems with comparable metal loadings and dopants. 
Average particle sizes were reported to be 5.58 nm and 4.2–4.7 nm for 
CMK-3 and carbon black supported catalysts, respectively, with stan-
dard deviations of 1.22 nm and 1.0 nm. [15,22] 

H2-TPR measurements (Fig. 3C) lead to comparable trends. All four 
examined samples include a broad reduction peak with a connected 
shoulder (Onset-Temperature ~ 200 ◦C). The peak temperatures lie in a 
range between 353 ◦C (P_G-Fe/Na/S and P_90-Fe/Na/S) and 388 ◦C 

(P_85-Fe/Na/S). Chew et al. and Ma et al. report two reduction peaks for 
Fe/CNT- respectively Fe/AC-systems in the same temperature range. 
The first peak between 200 ◦C and 300 ◦C is related to the reduction of 
Fe2O3 to Fe3O4. This would indicate that P_90-Fe/Na/S includes the 
highest amount of Fe2O3. The second peak between 300 ◦C and 400 ◦C 
can be assigned to the reduction of Fe3O4 to FeO. [36,37] A third 
reduction peak representing the reduction of FeO to Fe in the temper-
ature range up to 700 ◦C is to be expected but is not investigated here. 
[37] The presence of a low-temperature shoulder due to the absence of 
sharply separated reduction peaks in the case of this study can be related 
to impoverishment effects due to the low H2 concentration of 0.5%. The 
observed differences in the temperature of the H2 consumption maxima 
and the corresponding peak intensities are most likely a consequence of 
differences in the metal support interactions between Fe/Na/S and the 
different carbon black supports. In this context it is well-known that 
support properties influence the reducibility as well as the ratio of FeOx 
species that are obtained after calcination. [36] 

To probe the influence of the carbon support on CO2 and CO 
adsorption properties, CO- as well as CO2-TPD was carried out. Reduced 
catalysts were used in this context, it should be noted, however, that due 
to instrumental limitations the reduction conditions differ from those 
used for the catalytic activity tests. Regarding CO2-TPD of CO2-saturated 
iron catalysts, studies of Cheng et al., Xu, Wang et al. and Xu, Zhai et al. 
show strong dependencies of the support material used. [38–40] All 
three studies report weakly and strongly chemisorbed CO2. This is also 
observable regarding the Fe/C-systems used in this study (Fig. 5A). 
Strongly chemisorbed CO2, desorbed in the temperature range between 

Fig. 4. Scanning transmission electron microscopy images of the pristine (A), (B) P_G-Fe/Na/S, (C) P_60-Fe/Na/S and (D) P_90-Fe/Na/S catalysts.  

S.E. Schultheis et al.                                                                                                                                                                                                                            



Catalysis Communications 175 (2023) 106622

7

200 ◦C and 300 ◦C, is related to the influence of highly basic Na2O- 
species. [40] Desorption in lower temperature regions can also be 
assigned to CO2 adsorbed on plain iron. [40] The resulting CO2 binding 
strength of the carbon black supported catalysts lies between graphene 
oxide and silica supported iron systems. [38,39] In addition to CO2-TPD, 
also CO-TPD was carried out, and shows the influence of alkali metals 
(Fig. 5B). [41] Strong CO chemisorption, caused by the already 
mentioned effect of Na2O leads to a broad shoulder (100–150 ◦C) in 
addition to a desorption maximum at ~82 ◦C. This effect can be seen 
most significantly in case of P_90-Fe/Na/S. A reason for that is delivered 
by the static CO-chemisorption (Fig. S5) conducted prior the CO-TPD. 
P_90-Fe/Na/S includes, by far, the highest amount of reversible chem-
isorbed CO (4.6 mmolCO gFe

− 1, Fig. 3D). Due to the high amount of irre-
versible chemisorbed CO in case of P_60-Fe/Na/S (7.3 mmolCO gFe

− 1), the 
highest specific iron surface area (SSAFe) results (27.1 m2 gFe

− 1). The large 
difference between reversible (0.6 mmolCO gFe

− 1) and irreversible chem-
isorbed CO might be caused by carbonylation and therefore iron 
leaching at low temperature (30 ◦C). [34] In contrast to that P_90-Fe/ 
Na/S exhibits a SSAFe of 12.5 m2 gFe

− 1 while P_G-Fe/Na/S (1 m2 gFe
− 1) 

and P_35-Fe/Na/S (1.9 m2 gFe
− 1) show much lower accessible iron sur-

faces. Table 1 gives a comprehensive summary of the characterization of 
the pristine catalysts. 

3.2. Influence of support on catalytic performance 

Following the comprehensive characterization of the catalysts 
(Table 1) they were tested regarding their CO2-FTS activity. Considering 
both CO2 conversion (Fig. 6A) and CO yield (Fig. 6B), the five catalyst 
systems show considerable differences. While P_G-Fe/Na/S and P_35- 
Fe/Na/S show a FTS-typical start-up behaviour, with an increase of 
the conversion in the first 30 h from 22% and 15% to 25% and 21%, 
respectively, the catalyst supported on Printex 85 deactivates instantly 
after the start of the reaction. P_90-Fe/Na/S also shows a slight decrease 
in CO2 conversion (XCO2) over the course of the reaction time. Only 
P_60-Fe/Na/S shows a true steady state with an almost unchanged de-
gree of CO2 conversion of around 35% and a constant CO yield of 12.5%. 
The Printex G supported catalyst reaches a steady state in terms of CO 
yield (YCO,CO2) While P_35-Fe/Na/S and P_90-Fe/Na/S show largely 
identical YCO,CO2 curves with an increase from 12.5% to around 17%, 
P_85-Fe/Na/S reaches a maximum at 10 h TOS. Beyond activity, the 
product spectrum also differs between the individual catalyst supports 
(Fig. 6C and D). The catalyst supported on Printex 85 shows a hydro-
carbon yield of only 1.4%, followed closely by P_35-Fe/Na/S (4.3%) and 
P_G-Fe/Na/S (6.5%). The catalytic performance of P_G-Fe/Na/S and 
P_35-Fe/Na/S differs only minimally, both in terms of the conversion 

and yield values as well as in relation to the product classes formed, with 
selectivities to methane of 62.7% and 63.0%, to alkanes of 24.0% and 
23.1% to olefins of 6.2% and 8.5% and to alcohols of 7.0% and 9.2% 
with YHC,CO2 values of 15% and 20%, respectively, P_90-Fe/Na/S and 
P_60-Fe/Na/S show the highest FT yields. Strikingly, the two systems 
differ significantly in their product spectrum, which is reflected in both 
the α-values achieved and regarding the olefin fraction. The catalyst 
supported on Printex 90 with α-value of 0.32 tends to form significantly 
shorter carbon chains compared to the system supported on Printex 60 
with 0.43. At the same time, almost exclusively saturated hydrocarbons 
are formed (σMet,CO2 = 48.8%, σPar,CO2 = 41.2%). Only P_60-Fe/Na/S, 
with an olefin content in the C2-C6 fraction of 40%, combined with 
the lowest selectivity to methane (24.6%) and the highest conversion of 
CO2 (33.5%), shows true potential for the use as catalyst in the Fischer- 
Tropsch-to-olefins-reaction (FTO). This is also confirmed by the chain 
length distribution of the different product classes (Fig. S6) as all three 
substance classes, C2+ alkanes, alkenes and alcohols, exhibit maxima at 
low chain length between C2 and C4. Above a chain length of C8, only 

Fig. 5. (A) CO2 and (B) CO-TPD of pristine carbon black supported Fe/Na/S catalysts.  

Table 1 
Summary of ICP-OES, TEM, N2-physisorption, dynamic light scattering, oil 
adsorption and PZC characterization results of pristine Fe/Na/S supported on 
carbon black catalysts.  

Support 
resp. 
Catalyst 

Fe 
/ 
wt 
% 

Na / 
wt 
% 

S / 
wt% 

dP, 

iron 

/ 
nm 

SSAa 

/ m2 

g− 1 

VPore
b 

/ 
cm3 

g− 1 

dP, 

CB
c 

/ 
nm 

DBP 
numberc / 
mL 100 g− 1 

P_G resp. 
P_G-Fe/ 
Na/S 

9.7 0.62 0.15 7.2 54 0.09 51 96 

P_35 resp. 
P_35- 
Fe/Na/ 
S 

9.5 0.63 0.10 7.6 72 0.24 31 42 

P_60 resp. 
P_60- 
Fe/Na/ 
S 

9.9 0.64 0.15 6.5 113 0.22 21 114 

P_85 resp. 
P_85- 
Fe/Na/ 
S 

9.7 0.93 0.12 7.5 150 0.26 16 48 

P_90 resp. 
P_90- 
Fe/Na/ 
S 

9.9 0.45 0.27 3.7 343 0.48 14 95 

aSpecific surface area pristine catalyst. bPore volume pristine catalyst. cPristine 
carbon black catalyst support. 
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very negligible amounts of product are detected. Table 2 gives a 
comprehensive overview of the catalytic performance of all carbon black 
supported Fe/Na/S catalysts. 

3.3. Characterization of the used catalysts 

In order to explore changes in catalyst properties, post mortem 
characterization was carried out by N2 physisorption, TEM and XRD. 
Regarding P_G-Fe/Na/S, P_35-Fe/Na/S and P_85-Fe/Na/S no changes in 

specific surface area can be observed. In contrast, SSABET of P_60-Fe/Na/ 
S and P_90-Fe/Na/S decrease slightly (from 113 m2 g− 1 to 89 m2 g− 1 for 
P_60-Fe/Na/S and 343 m2 g− 1 to 294 m2 g− 1 for P_90-Fe/Na/S). A 
possible cause of this decrease is the sintering of the supported iron 
particles, as a lower number of particles with increased diameter leads to 
a lower specific surface area. Regarding the pore volumes according to 
the DFT method only in case of P_35-Fe/Na/S and P_60-Fe/Na/S a slight 
decrease can be observed (from 0.24 cm3 g− 1 to 0.19 cm3 g− 1 for P_35- 
Fe/Na/S and 0.22 cm3 g− 1 to 0.19 cm3 g− 1 for P_60-Fe/Na/S). The 

Fig. 6. Catalytic performance of Fe/CB catalysts promoted with Na and S using a stoichiometric H2:CO2-feed at 325 ◦C and 30 bar. (A) CO2 conversion (XCO2) over 
time-on-stream and (B) CO yield (YCO,CO2) over 30 h TOS for the different support materials. (C) CO2-coversion (black stars) as well as the yield of CO (grey circle) 
and hydrocarbons (black circles). The coloured columns represent the share of the different product classes in the total amount of produced hydrocarbons. Methane 
(light orange), C2+-alkanes (light blue), alkenes (dark orange), alcohols (dark blue), acids (wine red). (D) α-value as well as olefin-amount in the C2-C6-fraction. All 
data points represent mean values of three measurements after 30 h TOS. (For interpretation of the references to colour in this figure legend, the reader is referred to 
the web version of this article.) 

Table 2 
Catalytic performance of Fe/Na/S supported on different carbon blacks. All data points represent mean values of three measurements after 30 h TOS.   

Xa CO2 

/ % 
Yb 

HC 
/ % 

Yb 

CO 
/ % 

σMethane
c / % σParafins

c / % σOlefins
c / % σAlcohols

c / % σAcids
c / % α 

/ - 
Share of olefins in C2-C6 fraction 

/ % 

P_G-Fe/Na/S 26 6 20 63 24 6 7 – 0.34 18 
P_35-Fe/Na/S 22 4 17 63 23 5 9 – 0.32 16 
P_60-Fe/Na/S 33 21 13 25 32 29 13 1 0.42 40 
P_85-Fe/Na/S 18 1 17 45 21 15 17 1 0.41 29 
P_90-Fe/Na/S 31 15 16 49 41 3 6 – 0.31 7 

aCO2 conversion; byield of hydrocarbons (HC) and carbon monoxide (CO); cshare of different product classes within the hydrocarbon fraction. 
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decrease in pore volume as a result of pore filling by long-chain FTS 
products is known from the literature, especially for cobalt-catalysed 
low-temperature FTS. [42] Due to the low average chain length of the 
products formed in the case of iron-catalysed HT FTS, this explanation is 
not convincing (Fig. S6). In addition, the decrease in pore volume would 
be more pronounced with an increasing rate of hydrocarbon formation, 
which is not the case here. It appears likely that the textural properties of 
the examined supports play a leading role in the activity of the corre-
sponding FTS catalysts, as they significantly influence the resulting 
specific iron surface. The Printex G and Printex 35 supported catalysts 
have the lowest specific surface area, 54 m2 g− 1 and 72 m2 g− 1 respec-
tively, and at the same time the lowest SSAFe (P_G-Fe/Na/S: 1 m2 gFe

− 1) 
leading to a low catalytic activity. In contrast, a higher catalytic activity 
is observed in the case of P_60-Fe/Na/S and P_90-Fe/Na/S. These ma-
terials also include a higher SSABET of 113 m2 g− 1 and 343 m2 g− 1 

resulting in a higher SSAFe of 27.1 m2 gFe
− 1 and 12.5 m2 gFe

− 1. Only P_85- 
Fe/Na/S represents an exception, as the specific surface area of 150 m2 

g− 1 lies between that of P_60-Fe/Na/S and P_90-Fe/Na/S whereas this 
system shows low SSAFe (1.9 m2 gFe

− 1) as well as the lowest FT activity. 
In this context, the specific surface area of the carbon black and its 

degree of branching appear to be the key for the observed differences. A 
high specific surface area in combination with a high degree of 
branching appears to facilitate a good initial dispersion and high specific 
surface areas of FeOx nanoparticles on Printex 60 as well as on Printex 
90. High specific surface areas of the support, a high degree of branching 
as well as a high specific surface area of Fe nanoparticles all contribute 
to a large area of contact between the carbon black support and the FeOx 
nanoparticles. This large contact area might facilitate the carburization 
of FeOx in the first hours TOS to the FT active iron carbide phase, and 
thus the high hydrocarbon productivities of Fe/Na/S supported on 
Printex 60 and Printex 90. The other carbon black supports exhibit 
either a low degree of branching or comparatively low specific surface 
areas and do not facilitate the formation of well dispersed, accessible 
FeOx nanoparticles. In consequence, the area of contact between FeOx 
and carbon black support might be much smaller, leading to a low de-
gree of carburization with the large remaining fraction of iron oxide 
species accounting for a high selectivity to CO. 

Oschatz et al. list sintering as the main reason for the deactivation of 
carbon-supported iron catalysts in the FTS. [15] TEM images of the used 
catalysts confirm the sintering of Fe nanoparticles over the course of 30 
h of FTS (Fig. 7A, B). A broadening of the particle size distribution as 
well as a shift of the maximum of the distribution towards higher par-
ticle sizes is observed (Fig. 7C). This is reflected both in the mean value 
but also in the standard deviation. The largest increase of particle size is 
recorded in case of P_90-Fe/Na/S with an increase of 350% (Fig. 7D). 
Likewise, the averaged Fe particle size of P_60-Fe/Na/S increases by 
299%. This behaviour correlates with the observations of Torres Galvis 
et al., who report increases in Fe particle size of 110–270% for an Al2O3- 
supported Fe/Na/S system after 120 h TOS. [23] It should be noted that 
in this study the time on stream was only 30 h, which led to a similar 
increase in Fe particle size. This observation is probably a consequence 
of different metal-support interactions, with the utilization of carbon 
black as a weakly interacting support leading to an increased sintering 
tendency. Oschatz et al., using carbon supports, also report significant 
increases in Fe particle sizes after 120 h or 140 h TOS. They increase on 
average to 25–28 nm and 16–18 nm, respectively, depending on the 
support material, [15,22] which translates to increases of 400% on 
CMK-3 and 280% on carbon black. It is also noticeable that Fe particle 
growth seems to correlate with catalytic activity: particle growth is 
significantly less pronounced regarding P_G-Fe/Na/S, P_35-Fe/Na/S and 
P_85-/Fe/Na/S, correlating directly with the lower FT activity of these 
systems. 

According to XRD measurements of the used catalysts two significant 
differences are observed (Fig. 7E, F). Additional weakly pronounced 
reflexes appear in the range of 40◦ / 2θ to 60◦ / 2θ. Although challenging 
to assign to individual Fe phases, most likely iron carbides such as the 

Eckstrom-Adcock carbide (Fe3C7), cementite (Θ-Fe3C) or a poorly 
defined iron carbide structure (FexCy) are responsible for these new 
reflexes. [43] Furthermore, it is striking that the iron oxide reflexes at 
30◦ / 2θ, 35◦ / 2θ, 43◦ / 2θ, 57◦ / 2θ and 63◦ / 2θ are clearly narrower 
and more intense in the case of the used catalyst. Due to the intensity 
ratios, a phase pure FeOx species is still not present, however, the ratios 
known from Fe3O4 are clearly approached. Possible reasons for this 
observation are the transformation of FeO to Fe3O4, Fe0 as well as FeCx, 
while the narrowing of reflexes can be attributed to the growth of the 
crystallites, [36] thereby indicating sintering. 

In summary, P_60-Fe/Na/S emerges from the support variation as 
the most suitable industrial carbon black. Accordingly, this material is 
used as the catalyst support for the long-term stability test. 

3.4. Long-term stability testing 

The Printex 60 supported system was additionally tested for its long- 
term-stability over 170 h TOS (Fig. 8A, B). The conversion of CO2 rea-
ches a steady state of about 30% directly with the setting of the oper-
ating conditions after the preconditioning of the catalyst at 48 h TOS. 
Over the entire test period of 170 h TOS, XCO2 fluctuates only within the 
range of 28.2% to 31.5%, while no deactivation is observed. A similar 
behaviour for K/Mn/Fe catalysts on nitrogen-doped CNTs is reported by 
Kangvansura et al.. Following the first 40 h of TOS, which roughly cor-
responds to the duration of the preconditioning performed in the present 
work, they report steady-state CO2 conversions of 25.4% to 31.8% for 
the following 20 h of TOS at 25 bar and 360 ◦C. The group attributes the 
deactivation during the induction period to the growth of the iron par-
ticles. [43] It should be noted that catalyst deactivation might also be 
caused by re-oxidation of FT-active iron carbide species to FeOx species. 
However, in case of CO2 hydrogenation to olefins this connection is non- 
trivial, as the presence of iron oxide species are integral to the desired 
reaction pathway as they catalyse the conversion of CO2 to CO via the 
RWGS equilibrium. As CO2 conversion as well as the yield of CO and 
hydrocarbons remains stable over 170 h TOS, we assume that after 
preconditioning a steady state between iron carburization and oxidation 
is established which results in a constant ratio of FeOx and FeCx species. 
The steady-state yields of hydrocarbons and CO are ~16% in the case of 
YHC,CO2 and ~ 14% for YCO,CO2, corresponding to selectivities of 53% 
and 46%, respectively. Thus, the CO selectivity of 48.5% published by 
Kangvansura et al. on a Mn/Fe/NCNT system is achieved. [43] Signifi-
cant changes over the reaction time occur exclusively with regard to the 
products formed. In this context, from 80 h TOS, an increase in the 
proportion of methane from 22% to 38% can be observed. At the same 
time, the proportion of C2+-alkanes decreases from 23% at the beginning 
to 16%. Alkenes and alcohols show similar trends. Starting from initial 
values of 33% and 15%, respectively, both proportions increase to 42% 
and 18%, respectively, up to a TOS of 62 h, and then decrease. 

Between 100 h and 175 h TOS, both values fluctuate in very narrow 
ranges between 31% and 33% in the case of the alkenes and between 
13% and 14% in the case of the alcohols. Consequently, regarding the 
whole reaction time, no significant changes for these to product classes 
exist. The observations described are also reflected in the chain growth 
probabilities and olefin fractions in the C2-C6 fraction shown in Fig. 5B. 
As a result of the increasing fraction of methane formed, the chain 
growth probability drops slightly from 0.48 to 0.45. However, it should 
be noted that the plotted α-values are subject to a considerable scatter in 
the range of 0.5 to 0.43. At the same time, due to decreasing alkane- 
content, the share of olefins on the C2-C6 fraction rises steadily from 
42% to almost 50% from a TOS of 90 h onwards. At that point addi-
tionally studies are necessary to explain the changes regarding the 
product selectivities. 

4. Conclusion 

Within the present study, iron-based Fischer-Tropsch catalysts were 

S.E. Schultheis et al.                                                                                                                                                                                                                            



Catalysis Communications 175 (2023) 106622

10

Fig. 7. Characterization of the used catalysts after 30 h TOS. (A), (B) TEM micrographs of P_60-Fe/Na/S after 30 h TOS. (C) Particle size distributions of P_60-Fe/Na/ 
S before and after 30 h TOS. (D) Average particle sizes before and after 30 h Fischer-Tropsch synthesis of all carbon black supported Fe/Na/S catalysts. (E), (F) XRD of 
pristine and used P_60-Fe/Na/S. 
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prepared with sodium and sulfur promoters supported on five indus-
trially available, beaded carbon blacks. The carbon blacks exhibited 
different structural parameters, with specific surface areas ranging from 
36 m2 g− 1 to 380 m2 g− 1. As a result of testing these systems regarding 
their suitability as CO2-FTS-catalysts with the target product short-chain 
olefins, clear correlations emerge between the structure of the materials 
and their catalytic activity. Thus, the combination of aggregates with a 
high degree of branching and a specific surface area in the range of 150 
m2 g− 1 proves to be desirable. Using the most promising system (XCO2 =

35%, σC2-C6-Ole,CO2 = 40%), the long-term stability of the Fe/C catalysts 
over 170 h TOS was demonstrated, whereas no decrease in CO2 con-
version was observed. In this study we could demonstrate that inex-
pensive, industrial available beaded carbon blacks can be utilized as 
supports to prepare easy-to-handle Fe based FTS catalysts exhibiting 
high stability along with similar catalytic activity and selectivity 
compared to considerably more expensive carbon nanomaterials such as 
CNT’s. 

List of abbreviations 

Aci acids 
Alc alcohols 
CB carbon black 
CMK-3 ordered mesoporous carbon 
CNT carbon nano tubes 

DBP dibutyl phtalate 
DFT density functional theory 
FID flame ionisation detector 
FT-IR fourier-transform infrared 
FTO fischer-tropsch-to-olefins 
FTS fischer-tropsch-synthesis 
GC gas chromatograph 
GHSV gas hourly space velocity 
STEM scanning transmission elektron microskopy 
ICP-OES optical emission spectroscopy with inductiv coupled plasma 
IWI incipient wetness impregnation 
HC hydrocarbons 
MBET multi-point brunauereEmmett-teller-methode 
Met methane 
MTO methanol to olefins 
O/P olefin− /paraffin ratio 
OEC orion engineered carbons 
Ole olefins 
Par paraffins 
SMSI strong metal support interaction 
TCD thermal conductivity detector 
TPD/TPR temperature programmed desorption / reduction 
(R)WGS (reverse) watergas-shift-reaction 
XRD x-ray diffraction 

Fig. 8. Catalytic performance of Fe/CB 
catalyst promoted with sodium and sulfur 
using a stoichiometric H2:CO2-feed at 325 ◦C 
and 30 bar. (A) CO2-conversion (black stars) 
and yields of CO2 (grey circle) and hydro-
carbons (black circles). The coloured col-
umns represent the share of the different 
product classes in the total amount of pro-
duced hydrocarbons. Methane (light or-
ange), C2+-alkanes (light blue), alkenes 
(dark orange), alcohols (dark blue), acids 
(wine red). (B) α-value and olefin-amount in 
the C2-C6-fraction over 175 h TOS. (For 
interpretation of the references to colour in 
this figure legend, the reader is referred to 
the web version of this article.)   
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List of symbols 

α chain growth propability, – 
dP,cCB/iron carbon black / iron diameter, nm 
QCO,Ads,rev/irrev quantity of reversible / irreversible adsorbed CO, mmol 

gFe
− 1 

Sp,r selecivity to product p from reactant r, mol mol− 1 

σHC,r share of hydrocarbon HC related to all HC’s, mol mol− 1 

SHC,r selecivity to hydrocarbon HC from reactant r, mol mol− 1 

SSABET specific surface area using BET-method, m2 g− 1 

TOS time on stream, h 
VPore pore volume, cm3 g− 1 

wFe,Kat weight fraction of iron related to total catalyst mass, g g− 1 

Xr conversion of reactant r, mol mol− 1 

Yp,r yield of product p out of reactant r, mol mol−
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