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a b s t r a c t 

The Fischer–Tropsch to olefins (FTO) process is a method for the direct conversion of synthesis gas to 

lower C 2 –C 4 olefins. Carbon-supported iron carbide nanoparticles are attractive catalysts for this reaction. 

The catalytic activity can be improved and undesired formation of alkanes can be suppressed by the ad- 

dition of sodium and sulfur as promoters but the influence of their content and ratio remains poorly 

understood and the promoted catalysts often suffer from rapid deactivation due to particle growth. A se- 

ries of carbon black-supported iron catalysts with similar iron content and nominal sodium/sulfur load- 

ings of 1–30/0.5–5 wt% with respect to iron are prepared and characterized under FTO conditions at 1 

and 10 bar syngas pressure to illuminate the influence of the promoter level on the catalytic properties. 

Iron particles and promoters undergo significant reorganization during FTO operation under industrially 

relevant conditions. Low sodium content (1–3 wt%) leads to a delay in iron carbide formation. Sodium 

contents of 15–30 wt% lead to rapid loss of catalytic activity due to the covering of the iron surface with 

promoters during particle growth under FTO operation. Higher activity and slower loss of activity are 

observed at low promoter contents (1–3 wt% sodium and 0.5–1 wt% sulfur) but a minimum amount of 

alkali is required to effectively suppress methane and C 2 –C 4 paraffin formation. A reference catalyst sup- 

port (carbide-derived carbon aerogel) shows that the optimum promoter level depends on iron particle 

size and support pore structure. 

© 2016 Science Press and Dalian Institute of Chemical Physics, Chinese Academy of Sciences. Published 

by Elsevier B.V. and Science Press. All rights reserved. 
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. Introduction 

Lower olefins (C 2 –C 4 ) are crucial components for the produc-

ion of plastics, solvents, coatings, or synthetic textiles [1] . Tradi-

ionally, these molecules are produced by steam cracking of naph-

ha or fluid catalytic cracking of vacuum gas oil [2] . In recent

ears, production routes based on alternative feedstocks reached

onsiderable attention. Especially synthesis gas (a mixture of H 2 

nd CO) is attractive for lower olefins production because it can

e produced from coal, natural gas, or biomass. Syngas can be

onverted to C 2 –C 4 olefins by indirect routes via dimethyl ether

r methanol intermediates [3,4] . Direct methods for their produc-

ion from H 2 /CO mixtures involve bifunctional catalysts [5,6] or the

o-called Fischer–Tropsch to olefins (FTO) process with iron-based

atalysts [7–9] . 
✩ This work was supported by a PostDoc grant of the German Academic Exchange 

ervice ( Deutscher Akademischer Austauschdienst , DAAD grant no. 91552012 ) and 

y the European Research Council (EU FP7 ERC advanced grant no. 338846 ). 
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In FTO, iron(carbide)-based catalysts induce the dissociation of

he reactants followed by the formation of CH x species which as-

ociate and form hydrocarbons via chain growth [1,10] . Chain ter-

ination can occur either via hydrogenation or β-hydride abstrac-

ion, leading to the formation of alkanes or alkenes, respectively.

esides sufficient activity, minimum selectivity toward low-value

ethane and C 2 –C 4 paraffins as well as stable operation under in-

ustrially relevant conditions are the most important requirements

or iron-based FTO catalysts. The iron nanoparticles are often dis-

ersed over nanostructured inorganic support materials to avoid

xcessive growth and mechanical breakdown [11] . Because iron

arbide is the catalytically active phase, weakly interactive carbon

upports lead to higher catalytic activity as compared to strongly

nteracting high surface area oxides due to the likely formation

f hardly reducible iron species in the latter during catalyst calci-

ation [12] . Numerous approaches for the synthesis of iron-based

TO catalysts on carbon supports have been reported [9,13–17] . The

ize of the iron particles, the strength of their encapsulation into

he support, and the textural properties of the supports are crucial

actors for the properties of the catalysts as well [18–22] . Func-

ionalization of the support surface [23–25] as well as the addition
y of Sciences. Published by Elsevier B.V. and Science Press. All rights reserved. 
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of promoters [7,26,27] can suppress the formation of methane and

increase selectivity toward lower olefins as well as the catalytic ac-

tivity. Especially a combination of sodium and sulfur as the pro-

moters enhances the catalytic properties. Particle size investiga-

tions as well as theoretical studies have been carried out to illu-

minate their binding state on the iron carbide particles and effects

on product formation in the FTO process [18,28,29] . Sulfur can re-

strict the termination of carbon chain growth through hydrogena-

tion thus favoring the β-hydride abstraction pathway. However,

such promoted catalysts suffer from rapid deactivation due to par-

ticle growth, especially under industrially relevant conditions [18] .

It is generally known that iron and the promoters can undergo sig-

nificant structural changes and reorganization during catalyst oper-

ation [30] . 

Although the overall advantage of the use of combined

sodium/sulfur promoters has been shown in multiple studies

[18,28,29,31] , no systematic variation of their ratio was carried out

for carbon-supported iron catalysts. Zhou et al. and Xu et al. var-

ied the sulfur content for α-Al 2 O 3 -supported iron catalysts but at

constant sodium content or without alkali [32,33] . Torres Galvis

et al. showed the effect of a promoter ratio variation for Fe/ α-

l 2 O 3 cat alyst s but no systematic investigation was carried out

[29] . For carbon supports, no systematic study over a sufficiently

wide range of promoter levels was reported so far at constant iron

loading. Recently, it could be shown for iron on ordered meso-

porous carbon supports, that the additional presence of sulfur on

sodium-promoted iron-based catalyst increases the catalytic activ-

ity and suppresses methane formation but no optimization of the

promoter ratio was carried out. Within the investigated range of

sulfur contents, the catalytic activities and selectivities showed no

significant changes [34] . 

In this study, we systematically investigate the interplay be-

tween the ratio of sodium and sulfur promoters for iron particles

of comparable size and loading on a carbon black support. Nom-

inal loadings of 1–30 wt% sodium and 0.5–5 wt% sulfur with re-

spect to iron are applied. All catalysts show significant initial cat-

alytic activity after iron carbide formation. The latter is accelerated

at higher sodium loadings. Catalyst deactivation occurs mainly by

particle growth leading to a lowering of the catalytically active sur-

face area. In the presence of large amounts of sodium and sulfur

this leads to a complete loss of activity, likely due to covering of

the active sites with promoters. Low sodium loadings cause higher

initial activity after carbide formation and higher activity can be

maintained over time on stream. However, a minimum amount

of sodium seems needed to ensure efficient suppression of hydro-

genation by sulfur. Finally, we show that a similar promoter ratio

leads to significant differences depending on the iron particle size

and the support pore structure. 

2. Experimental 

2.1. Catalyst synthesis 

Iron-based FTO catalysts were prepared by the incipient wet-

ness impregnation (IWI) technique. Porous carbon black (CB) with

a specific surface area of 1100 m 

2 /g was used as the support ma-

terial. 270 mg of the carbon was impregnated in a mortar with

1 ml of an aqueous solution of 187.5 mg ammonium iron(III)citrate

(Fluka, 14.5–16 wt% iron) to achieve a nominal iron loading of

∼10 wt%. For the catalysts with sodium/sulfur promoters, sodium

citrate dihydrate (99%, Sigma Aldrich) and iron(II)sulfate heptahy-

drate (99%, Sigma Aldrich) were added to the impregnation solu-

tion. Sodium loadings of 30, 15, 3, and 1 wt% were targeted with

respect to iron and nominal sulfur loadings were 5, 3, 1, and

0.5 wt% with respect to iron. After impregnation, the catalysts were

dried overnight at 120 °C under static air. Calcination was carried
ut at 500 °C (heating rate 2 °C/min) for 2 h in a glass tube in a

ubular furnace under nitrogen flow. Catalysts are labeled accord-

ng to their theoretical sodium and sulfur ratios (in wt%-with re-

pect to iron). For example, the catalysts with a theoretical sodium

ontent of 30 wt% and a theoretical sulfur content of 5% with re-

pect to iron is labeled as “Fe/CB–Na 30 –S 5 ”. The catalyst without

xtra addition of sodium and sulfur is labeled “Fe/CB-unpromoted”.

he synthesis of the carbide-derived carbon (CDC) aerogel support

aterial used for the reference catalyst was carried out at 700 °C
s described elsewhere [35] . The as-obtained CDC underwent a

ost-synthesis oxidation treatment under air atmosphere at 400 °C
or 1 h in a muffle furnace to enhance the wetting of the highly

ydrophobic CDC surface with the aqueous impregnation solution.

therwise, the synthesis of the Fe/CDCAero–Na 3 –S 1 catalyst was

arried out similar to the Fe/CB–Na 3 –S 1 . ICP-OES analysis of the

eference catalyst shows a content of 7.8 wt% iron, 0.3 wt% sodium,

nd 0.09 wt% sulfur. 

.2. Catalyst characterization 

Iron, sodium, and sulfur contents of the calcined catalysts

ere determined with inductively coupled plasma-optical emission

pectroscopy (ICP-OES). The measurements were performed with a

PECTRO ARCOS ICP-OES instrument after aqua regia extraction of

he samples. 

Nitrogen physisorption isotherms were measured at −196 °C at

 Micromeritics TriStar 30 0 0 apparatus. The specific surface area

f the support was calculated with the multi-point BET equa-

ion (0.05 < p / p 0 < 0.25). The total pore volume was determined at

 / p 0 = 0.995. The t-plot method was used for the determination of

he micropore surface area. 

Transmission electron microscopy (TEM) and high angle annu-

ar dark field (HAADF) scanning transmission electron microscopy

STEM) measurements were performed using an FEI Tecnai 20 FEG

nstrument, operating at 200 kV. Prior to the measurements, the

amples were ground into fine powders, dispersed in ethanol, son-

cated for ∼30 s, and drop-casted on a carbon-coated copper TEM

rid. 

.3. Catalytic testing at 1 bar 

Catalytic testing under Fischer–Tropsch conditions at 1 bar was

erformed at 350 °C, H 2 /CO ratio of 1/1 by volume, and a GHSV

f ∼3600 h 

−1 . The FTO reaction was carried out at low conver-

ions of CO ( < 1%) to minimize the extent of secondary reactions

nd heat transfer limitations. Calcined catalysts were sieved to a

article size fraction of 75–212 μm. 100 μL of catalyst were mixed

ith 100 μL silicon carbide (212–425 μm) and transferred to a plug

ow fixed-bed reactor. Prior to Fischer–Tropsch reaction, catalysts

ere reduced in situ for 2 h at 350 °C (heating rate 5 °C/min) in

5 mL/min of a H 2 /He mixture (1/2 by volume) followed by cool-

ng to 290 °C. Then, the flow was changed to 6 mL/min of a H 2 /CO

ixture (1/1 by volume) to allow carbide formation under mild

onditions for 1 h. For the FTO reaction, the temperature was in-

reased to 350 °C again (time on stream; TOS = 0 h when tempera-

ure reached 350 °C). The C 1 –C 16 products were analyzed with an

nline gas chromatograph Varian CP3800 equipped with an FID de-

ector. The product selectivity in % Carbon was calculated as equiv-

lent of carbon atoms present in a product fraction in relation

o total carbon atoms present in the formed hydrocarbons. The

O 2 selectivity was not measured for the experiments at 1 bar.

he activity of the catalysts is expressed as iron time yield (FTY)

n moles of converted CO to hydrocarbons per gram of iron per

econd. 
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.4. Catalytic testing at 10 bar 

Testing of the FTO catalysts under industrially relevant con-

itions was performed in a 16 reactor catalytic testing setup

Flowrence, Avantium) at 10 bar, 340 °C, H 2 /CO ratio of 2/1 by vol-

me, and a GHSV of ∼3600 h 

−1 . Calcined catalysts were sieved

o a particle size fraction of 75–212 μm. ∼20 mg of catalyst were

iluted with 100 μL silicon carbide (212–425 μm) and transferred

o a tubular fixed-bed reactor. The catalysts were dried in a He

ow at 280 °C for 20 min at 3 bar followed by subsequent change

o a flow of H 2 /CO mixture (2/1 by volume) at 280 °C and 3 bar

or 10 min. Then, the temperature was increased to 340 °C (heat-

ng rate 2 °C/min) and after 10 min, the pressure was increased to

0 bar (TOS = 0 h). The products were analyzed using online gas

hromatography (Agilent 7890A). The permanent gases and CO 2 

ere separated on a ShinCarbon ST column and quantified against

e as an internal standard using a TCD detector. CO conversions

ere calculated as X CO = (mol CO, in − mol CO,out )/mol CO,in . Hydrocar-

ons (C 1 –C 9 ) were separated on an Agilent J&W PoraBOND Q col-

mn, detected using an FID detector and quantified against the

CD signal of the internal standard He. As for the FTO measure-

ents at 1 bar, product selectivity in the formed hydrocarbons

as calculated based on a carbon atom basis. For FTO at 10 bar,

ith the exceptions of the Fe/CB–Na 1 –S 1 (32%) and Fe/CB–Na 1 –S 0.5 

47%), all selectivities are reported at CO conversions of 20%–30%.

t the end of the catalytic testing experiment, the reactors were

ooled down to room temperature under a flow of He. 

. Results and discussion 

The used support material is a porous carbon black (CB) com-

osed of agglomerated and branched carbon particles with near-

pherical morphology. In addition to the pores originating from the

nter-particular space, some hollow carbon particles can also be

bserved the TEM images ( Fig. 1 ). The CB material provides a high

pecific surface area of 1100 m 

2 /g and the total pore volume (for

ores < ∼350 nm in diameter) is 2.34 cm 

3 /g. The step increase of

he nitrogen physisorption isotherm (Fig. S1, Supporting Informa-

ion) at relative pressures p / p 0 > 0.9 shows that the pore volume

s mainly provided by a distinctive meso- and macropore system

s it is typical for highly branched CBs with broad pore size dis-

ribution. T-plot analysis shows the presence of a small micropore

pecific surface area of 71 m 

2 /g in the CB support. Especially the

odium ions are expected to have particular affinity to adsorb in

hese narrow cavities. Since the same support material was used

or all catalysts, the porosity will have the same influence on the

istribution of iron and the promoters in all cases. 

ICP-OES measurements of the calcined catalysts ( Table 1 ) show

hat the IWI impregnation technique allows precise control over

he compositions of the catalysts. The iron contents are in the

ame range for all catalysts but slightly below the targeted val-
able 1. ICP-OES data of the calcined promoted FTO catalysts. 

Catalyst Fe (wt%) Na (wt%) S (wt%) 

Fe/CB–Na 30 –S 1 7.3 2.3 0.22 

Fe/CB–Na 30 –S 3 7.7 2.4 0.39 

Fe/CB–Na 30 –S 5 7.5 2.1 0.49 

Fe/CB–Na 15 –S 1 7.4 1.2 0.25 

Fe/CB–Na 15 –S 3 7.9 1.2 0.40 

Fe/CB–Na 15 –S 5 8.2 1.2 0.53 

Fe/CB–Na 3 –S 0.5 8.6 0.3 0.22 

Fe/CB–Na 3 –S 1 8.4 0.3 0.26 

Fe/CB–Na 3 –S 3 7.9 0.3 0.40 

Fe/CB–Na 3 –S 5 7.9 0.3 0.52 

Fe/CB–Na 1 –S 0.5 8.6 0.1 0.21 

Fe/CB–Na 1 –S 1 8.4 0.2 0.23 

Fe/CB-unpromoted 9.5 0.1 0.20 

t  

a  

f

 

u  

1  

o  

c  

C  

m  

i  

l  

v  

w  

r  
es of 10 wt% due to the ill-defined stoichiometry of the ammo-

ium iron(III)citrate precursor and/or traces of water. The amount

f sodium promoter in relation to iron is well controllable and in

he same range for the catalysts with the same targeted amount

f alkali. The trend in sulfur distribution within the catalyst series

lso matches the targeted tendencies. Despite the low over-all sul-

ur content and hence high uncertainty of the ICP-OES analysis, it

hould be noticed that the sulfur content of all promoted catalysts

s slightly above the targeted loadings. Traces of sulfur and sodium

ere also detected in the catalyst Fe/CB-unpromoted, likely origi-

ating from the pristine CB support and/or the iron precursor salt.

rom the elemental compositions of the catalysts, it can be con-

luded that the catalyst synthesis with the IWI method followed

y drying and calcination allows precise control over the catalyst

omposition. Differences in the catalytic properties will not result

rom inaccurate variations in the catalyst compositions in terms of

ron loading and/or promoter levels, rendering this series of cat-

lysts qualified to investigate the influence of different promoter

evels on iron-based FTO catalysts. 

Previous studies have shown that the size of the metal parti-

les has significant influence on the catalytic properties of iron-

ased FTO catalysts [19] . TEM investigations of calcined catalysts

ith high (Fe/CB–Na 30 –S 5 ) and low (Fe/CB–Na 3 –S 1 ) promoter level

nd without promoters (Fe/CB-unpromoted) show the presence of

ell-dispersed iron particles over the surface of the carbon sup-

ort ( Fig. 1 ). No larger agglomerates or iron particles can be ob-

erved. The average size of the iron particles was determined to

e 5.6 ± 1.4 nm in the Fe/CB-unpromoted catalyst after calcination.

he promoted catalysts investigated exhibit slightly lower particle

izes of 4.7 ± 1.0 nm (Fe/CB–Na 3 –S 1 ) and 4.2 ± 1.0 nm (Fe/CB–Na 30 –

 5 ) (Fig. S2). Since these catalysts have different promoter content

nd show comparable iron particle sizes, it can be expected that

he initial particle sizes will only have a minor influence on the

ifferences in the catalytic properties of the catalysts with similar

etal loading on the same support. It is noted that these initial

article sizes are above the range where significant particle size

ffects are apparent [18,19] . 

Selected CB-supported catalysts were first tested under FTO

onditions at 1 bar, 350 °C, H 2 /CO = 1, and a GHSV of 3600 h 

−1 (Fig.

3 and Table S1). Stable catalytic activity is achieved after activa-

ion at 350 °C under diluted hydrogen, followed by carburization

f the iron at 290 °C under syngas. Previously reported iron-based

TO catalysts with ordered mesoporous CMK-3 carbon as the sup-

ort showed constant increase of the catalytic activity after the

rst hours of time on stream after comparable activation treat-

ents [34] . Carbide formation seems to be enhanced in case of

he CB support, facilitating the reactivity of the iron species with

yngas. No significant decrease of the catalytic activity is observed

ithin the first 18 h of time on stream (TOS) (Fig. S3). However,

ue to the low CO conversions (and hence relatively high experi-

ental error) and the generally higher stability under FTO condi-

ions at 1 bar, the influence of the promoter levels on the activities

nd stabilities of the different catalysts will be discussed in detail

or the FTO experiments at 10 bar. 

In contrast, the influence of sodium and sulfur on the prod-

ct selectivity can be investigated in a straightforward way at

 bar because heat transfer limitations within the reactor and sec-

ndary reactions between FTO products are minimized at low CO

onversions. All promoted catalysts show a higher formation of

 2 –C 4 olefins (up to 67% C of the formed hydrocarbons), lower

ethane selectivity (8–14% C ), and higher chain growth probabil-

ty ( α = 0.57–0.80) as compared to the catalyst without additional

oading of sodium and sulfur (Table S1). In agreement with pre-

ious studies, the higher olefin/paraffin ratio in the C 2 –C 4 area as

ell as the lower methane selectivity of the promoted catalysts is

esulting from the addition of sulfur, leading to preferred chain ter-
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50 nm50 nm 20 nm
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(d) (e) (f)

(g) (h) (i)

Fig. 1. TEM and HAADF-TEM images of the Fe/CB-unpromoted catalyst (a–c) and the promoted Fe/CB–Na 30 –S 5 (d–f) and Fe/CB–Na 3 –S 1 (g–i) catalysts. 
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mination by β-hydride abstraction by blocking hydrogenation sides

of the catalysts [28,29] . In tendency, α decreases with decreasing

sodium content for catalysts with similar sulfur loading and the

C 5 + product fraction is smaller for the catalysts with low sodium

content. Although no significant effect of the sulfur promoter on

the chain growth probability and the C 2 –C 4 olefin formation is ob-

served in the range of investigated loadings, it can be seen that

the catalysts with the lower sulfur contents tend to have higher

methane selectivities and lower olefin/paraffin ratios in the C 2 –C 4 

range. This supports the hypothesis that sulfur blocks the hydro-

genation sides of the iron particles. However, for CB-supported iron

particles of the investigated size, further increase of the sulfur con-

tent to 3 or 5 wt% related to iron leads to only moderate decrease

of methane and C 2 –C 4 paraffin formation. 

While catalytic testing at 1 bar and low CO conversion is most

suitable for the profound investigation of the selectivity, the cat-

alysts were also tested at 10 bar syngas pressure, 340 °C, and

H 2 /CO = 2, to investigate their properties at higher maximum CO

conversions between 27% and 76% ( Fig. 2 , Table S2, and Fig. S4).

In terms of activity and stability, it can be seen that the Fe/CB-

unpromoted catalyst increases in activity during the first 40 h TOS

and then operates at nearly constant CO conversion with very slow

deactivation ( Fig. 2 b). Our group recently studied a series of pro-

moted and unpromoted carbon fiber-supported FTO catalysts and it

was shown that iron carbide formation is slow in absence of pro-

moters [18] , leading to ongoing activation of the catalysts during

high-pressure FTO operation. Also in agreement with this study, all

promoted catalysts decrease in activity in the first 100 h of TOS. In-

terestingly, the catalysts with low sodium content of 3 and 1 wt%

related to iron show a longer “induction period” during the first

hours of FTO operation which is not required at higher sodium

contents ( Fig. 3 a, b and Fig. S4A, B). Sodium hence accelerates
he formation of iron carbide species in agreement with previous

ndings. For catalysts with similar sodium content, the duration

f this activation period increases with increasing sulfur content.

lthough sodium facilitates iron carbide formation, catalysts with

ower promoter content provide higher initial catalytic activity af-

er the induction period ( Fig. 3 a, b). Sodium and sulfur can block

atalytically active sites of the iron carbide particles and thus re-

uce the activity. After reaching a maximum, the activity of all cat-

lysts decreases. However, the decrease is significantly slower at

ow sodium contents. For similar sodium content, the loss of ac-

ivity is slower for the catalysts with low sulfur content. With the

xception of the Fe/CB–Na 3 –S 3 catalyst, the CO conversion of all

amples with sulfur contents of 3 and 5 wt% go down close to zero

ithin the first 40 h of TOS. Considering this rapid deactivation,

he iron particles with this particular support and metal content

e considered as being “overpromoted” with sulfur because an in-

rease of the sulfur content leads to more rapid decrease in activity

ut does not lead to enhancement of the catalyst selectivity. 

Comparable to the experiments under FTO conditions at 1 bar,

he differences in the selectivities for catalysts with sodium con-

ents of 15 and 30 wt% remain low. At CO conversions of 20%–30%,

ll catalysts show methane selectivities of ∼12% C , C 2 –C 4 olefin se-

ectivities of ∼58% C , and C 5 + selectivities of ∼24% C (Table S2). All

atalysts deviate from the Anderson–Schulz–Flory (ASF) distribu-

ion in terms of C 1 and C 2 production (Fig. S4C, D) and show com-

arable chain growth probability ( α = 0.54–0.56) (Table S2). 

Further lowering of the sodium content to 3–1 wt% related to

ron has more distinct effect on the selectivity values ( Fig. 2 c, d

nd Table S2). The Fe/CB–Na 3 –S 1 catalyst still exhibits compara-

le C 2 –C 4 olefins selectivity (57.6% C ) as compared to the catalysts

ith higher promoter content. Similar as at 1 bar, the C 2 –C 4 paraf-

n selectivity (7.9% C ) and the methane selectivity (14.4% C ) increase
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Fig. 2. Iron-weight based activity (FTY) over TOS (a, b), product selectivity based on the formed hydrocarbons (c, d), and corresponding Anderson–Schulz–Flory (ASF) plots 

of the C 1 –C 8 product fractions with chain growth probability ( α) based on the C 3 –C 8 products (e, f) of the Fe/CB catalysts with sodium contents of 1 and 3 wt% and the 

Fe/CB-unpromoted catalyst under industrially relevant FTO conditions at 10 bar. 
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hereas the C 5 + selectivity (20.1% C ) and the chain growth proba-

ility ( α = 0.46) decrease with decreasing sodium content at sim-

lar sulfur loading. With the exception of α, the same changes

re observed if the sulfur loading is increased to 3 or 5 wt% at

 constant sodium content of 3 wt%. Lowering of the sulfur con-

ent to 0.5 wt% has neither large effect on catalytic activity, nor

n the selectivity. Only an increase of the chain growth probabil-

ty to α = 0.54 occurs. In contrast, lowering of the sodium content

o 1 wt% leads to a significant increase of the methane and C 2 –C 4 

araffin formation and decrease of lower olefins and C 5 + selectivity

or the Fe/CB–Na 1 –S 1 catalyst ( Fig. 2 d). The same effect occurs if

oth sodium and sulfur ratios are lowered to 1 and 0.5 wt%, respec-
ively. However, although the enhancement of the selectivity at low

oncentrations of sodium and sulfur gets smaller and although the

lemental compositions determined by ICP-OES are comparable,

he Fe/CB–Na 1 –S 1 and Fe/CB–Na 1 –S 0.5 still show lower methane

ormation, higher C 2 –C 4 olefins selectivity, and higher C 5 + forma-

ion as compared to catalyst Fe/CB-unpromoted. 

For this series of catalysts it can be concluded that the activ-

ty of the catalysts increases at lower amount of sodium and sulfur

ue to the higher number of available catalytically active sites as

ompared to catalysts with higher promoter levels and enhanced

arbidization as compared to the Fe/CB-unpromoted catalyst. Fur-

hermore, there is a certain amount of sodium required to sup-
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Fig. 3. TEM images of the spent catalysts Fe/CB–Na 3 –S 1 (a, b), Fe/CB–Na 30 –S 5 (c, d), and Fe/CB-unpromoted (e, f) after ∼140 h of TOS under industrially relevant FTO 

conditions at 10 bar. 
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press the formation of methane by sulfur addition. For the applied

carbon black support and iron loading, optimum promoter levels

are present on the Fe/CB–Na 3 –S 0.5 and Fe/CB–Na 3 –S 1 catalysts be-

cause they combine high initial catalytic activity after the activa-

tion period and slower deactivation as compared to the catalysts

with higher sodium and/or sulfur contents. At the same time, they

show higher selectivity to lower olefins and suppressed methane

formation in comparison to the catalysts with lower alkali content.

The catalysts with 3 wt% sodium significantly deviate from the ASF

product distributions in the C 1 and C 2 range independent of the

sulfur ratio. In contrast, the catalysts with 1% sodium show a ASF

distribution which is comparable to the Fe/CB-unpromoted cata-

lyst ( Fig. 2 e, f). In a recent study on sodium/sulfur promoted iron-

based FTO catalysts on carbon supports it was shown that sodium
alone in combination with oxygen) cannot suppress methane for-

ation significantly below the ASF predictions [34] . Sodium plus

ulfur seems necessary to suppress methane formation but appar-

ntly needs a certain concentration for effective operation. 

The CO 2 selectivity of all promoted catalysts is in the range of

0–45% C . It does not change significantly or follows a trend with

hanging promoter concentration but decreases to 35% C without

xtra addition of promoters. This indicates that this promoter com-

ination does not only change the activity and product selectivity

f the CO hydrogenation process but also influences the water-gas-

hift activity of the iron catalysts. 

The most likely reason for deactivation of the catalysts during

TO operation is particle growth ( Fig. 3 ). The average particle size

f the spent Fe/CB–Na 3 –S 1 and Fe/CB–Na 30 –S 5 catalysts increases
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Fig. 4. Product selectivity distributions of the Fe/CB–Na 3 –S 1 catalyst over TOS un- 

der FTO conditions at 10 bar (a) and 1 bar (b). 
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o 16 ± 5 nm and 18 ± 4 nm, respectively after 140 h of TOS under

ndustrially relevant FTO conditions (Fig. S5). The iron particles are

ignificantly larger in size as compared to the calcined catalysts

nd show a typical shape and core-shell structure due to the for-

ation of an iron oxide passivation layer on the iron carbide sur-

ace after exposure of the spent catalysts to air. Although the iron

article sizes in both spent catalysts are comparable, the sample

ith the lower promoter level still showed significant iron time

ield after FTO operation whereas the catalyst with high promoter

evel shows no catalytic activity anymore after only ∼40 h of TOS.

 likely reason is the complete coverage of catalytically active iron

arbide surface with sodium and sulfur in the Fe/CB–Na 30 –S 5 . Dur-

ng particle growth, the available surface area decreases and hence

n increasing coverage with promoters can occur. Although the

vailable iron surface of both spent catalysts is comparable due to

omparable particle sizes, the increasing coverage of the particles

ith promoters during particle growth leads to a complete loss of

he catalytic activity of the Fe/CB–Na 30 –S 5 . In contrast, Fe/CB–Na 3 –

 1 still shows significant activity at similar iron particle size. After

100 h TOS, the GHSV was decreased from ∼3600 to ∼1800 h 

−1 

nd the CO conversion increases for the Fe/CB–Na 3 –S 1 at nearly

nchanged FTY whereas the Fe/CB–Na 30 –S 5 shows no response to

he lower gas flow due to the complete blocking of the catalytically

ctive surface (Fig. S6). 

The Fe/CB–Na 1 –S 1 and Fe/CB–Na 1 –S 0.5 catalysts show higher

nitial activity but comparable deactivation behavior as compared

o Fe/CB–Na 3 –S 1 ( Fig. 2 a, b). This suggests that particle growth is

he main reason for the decreasing activity in these catalysts as

ell and their activity remains higher over TOS due to the lower

romoter concentration on the iron surface. However, a generally

lower growth of the particles leading to slower catalyst deacti-

ation at lower promoter concentrations cannot be ruled out. In

greement with a previous study on carbon nanofiber-supported

TO catalysts, the Fe/CB-unpromoted catalyst shows a lower aver-

ge iron particle size of 11 ± 3 nm as compared to the promoted

atalysts after 140 h of TOS under industrially relevant FTO condi-

ions ( Fig. 3 e, f and Fig. S5). 

After the carbide formation in the initial activation period, the

electivity of the Fe/CB–Na 3 –S 1 catalyst changes with iron particle

ize and promoter distribution. At the high initial CO conversion, a

arger iron particle surface area is available and the low promoter

ontent leads to higher C 2 –C 4 paraffin formation which then de-

reases over time ( Fig. 4 a). In contrast, the C 2 –C 4 olefins selectiv-

ty increases with TOS due to proceeding particle growth associ-

ted with the decrease of the number of corners and edges and

igher surface concentration of the promoters. Under FTO condi-

ions at 1 bar, the catalysts show more stable activity because less

article growth occurs at low CO conversion ( Fig. 4 b) [34] . Accord-

ngly, after the first 2–4 h of TOS, stable selectivity is observed due

o rather constant iron particle size and promoter concentration on

heir surface. 

The influences of the promoter levels on activity, selectivity, and

tability of the iron-based FTO catalysts will vary significantly with

ron particle size and support pore structure. As a reference cata-

yst, we introduce a Fe/CDCAero–Na 3 –S 1 with a nominal elemental

omposition similar to Fe/CB–Na 3 –S 1 . It should be noticed that the

ulfur content of this catalyst (estimated with ICP-OES) is slightly

ower as compared to the carbon black-supported analogue, likely

ue to the presence of traces of sulfur in the pristine CB. The

arbide-derived carbon (CDC) aerogel support also consists of ag-

lomerated carbon nanoparticles with high inter-particular poros-

ty ( Fig. 5 a, b). In contrast to the carbon black, this material pro-

ides a much larger micropore surface area of ∼1034 m 

2 /g (Fig.

1). This leads to different distribution of iron and the promoters

ver the support. Some iron particles in the same size range as

or the CB support can be observed in the TEM images after cal-
ination but the different pore structure of the CDC aerogels can

lso lead to the presence of smaller particles in the micropores

f the CDC. Under industrially relevant FTO conditions, the CDC

erogel-supported catalyst also shows the typical induction period

nd FTY comparable to the Fe/CB–Na 3 –S 1 catalyst. However, slower

oss of catalytic activity is observed over time on stream for the

e/CDCAero–Na 3 –S 1 ( Fig. 5 c). This is likely caused by the distribu-

ion of promoters over the high support surface area and there-

ore lower blockage of iron carbide particle surface and by slower

rowth of iron particles with lower promoter concentration on the

urface. The higher surface area of the CDC aerogel support might

lso provide a stronger physical binding of the iron carbide parti-

les, leading to slower deactivation. Similar as for the CB-supported

atalysts with lower promoter level, the Fe/CDCAero–Na 3 –S 1 shows

igher formation of C 2 –C 4 paraffins instead of olefins as compared

o the Fe/CB–Na 3 –S 1 ( Fig. 5 d). The relatively high C 5 + selectivity of

he CDC aerogel-supported catalyst is likely caused by the higher

O conversion facilitating secondary reactions between the prod-

cts. This comparison of two different support structures shows

hat the effect of promoter content is strongly influenced by the

ron particle size and the support pore structure. 

. Conclusions 

The influence of sodium/sulfur promoter levels on the prop-

rties of carbon black-supported iron-based Fischer–Tropsch to

lefins catalysts was investigated by systematic variation of the

ominal promoter loading between 1 and 30 wt% sodium and 0.5

nd 5 wt% sulfur related to iron. Selectivity investigations under

TO conditions at 1 bar show that the chain growth probability

nd the C 5 + selectivity decrease at lower sodium content and that
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sulfur addition slightly suppresses methane and C 2 –C 4 paraffin for-

mation. Under industrially relevant FTO conditions, the iron car-

bide formation is accelerated for catalysts with higher sodium lev-

els. Iron particle growth during catalyst operation leads to rapid

and complete deactivation of the catalysts with 15 or 30 wt%

sodium. We refer this to the decrease of available iron carbide sur-

face during particle growth and complete blocking of the active

sites with promoters. In general, particle growth occurs indepen-

dent of the promoter level but seems to be slower with decreas-

ing sulfur content. Despite the comparable particle growth rate as

for samples with higher promoter level, catalysts with 3% or 1%

sodium maintain significant activity over time on stream because

active sites remain available at low promoter contents. For higher

sodium contents, the decrease of the iron surface area due to parti-

cle growth leads to blocking of the active sites with promoters. Ef-

fective suppression of alkane formation by sulfur similarly requires

a minimum amount of sodium. For the elevated carbon black sup-

port and iron loading, the optimum promoter loadings are 3 wt%

sodium and 0.5–1 wt% sulfur with respect to iron. The resulting

catalysts combine high catalytic activity and slow deactivation with

sufficient suppression of methane formation and high selectivity to

C 2 –C 4 olefins. A hierarchical CDC aerogel reference support shows

that the pore structure of the carbon has significant influence on

the distribution of the promoters and hence the optimum concen-

tration depends on iron particle size (iron loading), and support

pore structure. 
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