
 
 

Delft University of Technology

Bifunctional Catalysis for the Conversion of Synthesis Gas to Olefins and Aromatics

Weber, J.L.; Dugulan, Iulian; de Jongh, Petra E.; de Jong, Krijn P.

DOI
10.1002/cctc.201701667
Publication date
2018
Document Version
Final published version
Published in
ChemCatChem

Citation (APA)
Weber, J. L., Dugulan, I., de Jongh, P. E., & de Jong, K. P. (2018). Bifunctional Catalysis for the Conversion
of Synthesis Gas to Olefins and Aromatics. ChemCatChem, 10(5), 1107-1112.
https://doi.org/10.1002/cctc.201701667

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.

This work is downloaded from Delft University of Technology.
For technical reasons the number of authors shown on this cover page is limited to a maximum of 10.

https://doi.org/10.1002/cctc.201701667
https://doi.org/10.1002/cctc.201701667


Bifunctional Catalysis for the Conversion of Synthesis Gas
to Olefins and Aromatics
J. Lennart Weber,[a] Iulian Dugulan,[b] Petra E. de Jongh,[a] and Krijn P. de Jong*[a]

Introduction

In the past few years the conversion of synthesis gas to chemi-
cals has often been aimed at the production of lower olefins

from a wide range of feedstocks other than crude oil. Recent
publications have shown that Fischer–Tropsch to olefins (FTO)

allows the formation of lower olefins with high selectivity,
using promoted iron-based and cobalt-carbide-based catalysts,

which give rise to deviation from the Anderson–Schulz–Flory

(ASF) distribution.[1–3] Another approach to form olefins and/or
aromatics with high selectivity is the combination of a metha-

nol synthesis catalyst with an acid function of a SAPO34 or H-
ZSM-5 zeolite in a single reactor[4–8] or multiple reactors.[9, 10] To

extend the product spectrum of the Fischer–Tropsch synthesis,
acid sites can be appended to the metal catalyst, and the prox-
imity of those two sites can have a major effect on selectivity

and activity.[4, 5, 11] Cobalt-catalyzed low-temperature Fischer–
Tropsch synthesis provides a wide range of products from
methane (C1) to waxes (C20 +).[12, 13] The supplement of an H-
ZSM-5 zeolite facilitates cracking of the C12+ fraction to hydro-

carbons in the gasoline range (C5–C12) with a total carbon se-
lectivity of close to 60 %.[14–16]

Combining an unpromoted iron-based FTS catalyst forming

olefins with a zeolite enables the formation of aromatics to a

certain degree[17, 18] related to the higher reactivity of olefins
compared with paraffins and the variability in reaction temper-

ature of iron catalysts.[19–21] According to the hydrogen transfer
mechanism, three paraffin molecules are produced from olefins

for every aromatic molecule that is formed.[9, 17, 22–24] This de-
creases the carbon utilization towards valuable chemicals.

In this study, we will show that extending the product spec-

trum of the FTO process by aromatics by the combination of a
promoted FTO catalyst with an H-ZSM-5 zeolite not only in-

creases the activity of the former but also the selectivity to aro-
matics compared with an iron-based FTS catalyst. Furthermore,

we will show the influence of reactor bed configuration and
composition of synthesis gas on the catalytic performance and

the product spectrum. Moreover, the formation of paraffins

from olefins during aromatization was negligible and we intro-
duce an alternative pathway for the aromatization of FTO ole-

fins that involves dehydrogenation rather than hydrogen trans-
fer.

Results

We prepared an unpromoted (5.6 wt % iron on alpha-alumina,
Na/Fe = 0.015 at/at, denoted as Fe) and a promoted iron cata-

lyst (5.5 wt % iron on alpha-alumina, Na/Fe = 0.144 at/at, S/Fe =

0.0093 at/at, denoted as FeP) by incipient wetness impregna-

tion (Table S2 in the Supporting Information). The calcined iron
catalysts were than combined with the pelletized H-ZSM-5 zeo-

lite (Si/Al = 15 at/at) in different volumetric ratios of zeolite to

iron catalyst in a quartz fixed-bed reactor. Here, experiments
were conducted in different reactor configurations, namely

mixed bed and stacked bed.
To investigate the influence of proximity of the zeolite to

the iron catalysts on activity and selectivity, mixed bed experi-
ments were conducted. All catalysts first were tested under the
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The conversion of synthesis gas (a mixture of hydrogen and
carbon monoxide) to value-added chemicals has attracted sig-

nificant attention in the past few years. Strong emphasis has

been placed on enabling a process that allows the production
of short olefins from synthesis gas, which can be derived from

coal, biomass, or natural gas. Here, we introduce bifunctional
catalysis to tailor the selectivity towards aromatics next to ole-

fins by combining an iron-based Fischer–Tropsch to olefins cat-
alyst with the acid function of a zeolite. Olefins were formed

from synthesis gas on an iron-based catalyst and partly con-
verted to aromatics on the acid sites of the zeolite. Surprising-

ly, this aromatization did not follow the pathway of hydrogen

transfer, whereby three paraffin molecules are produced for
every aromatic molecule formed, which allowed us to obtain

carbon selectivity towards chemicals (sum of lower olefins and
aromatics) of 70–80 % at 1 bar reaction pressure. Increasing the

partial pressure of hydrogen led to substantial hydrogenation
of olefins towards paraffins.
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reaction conditions 400 8C, 1 bar, CO/H2 = 1 v/v, CO conver-
sion<5 % to introduce a benchmark for the experiments in

which the iron catalysts were mixed with the zeolite. The pro-
moted iron catalyst (FeP) showed higher activity compared

with unpromoted (Fe; Figure 1 a), whereas the selectivity to
methane was decreased (Figure 1 c). Furthermore, the C2–C4

fraction (olefins and paraffins) of the promoted catalyst was
higher than expected based on the limitation by the ASF distri-
bution (maximum selectivity of C2–C4-fraction: 58 %C

[1]) with
63 %C (61 %C olefins and 2 %C paraffins). This was not the case
for the unpromoted catalyst (49 %C olefins and 2 %C paraffins).
When mixed with the zeolite in a ratio of Vzeolite/Viron catalyst = 2 v/
v as a physical mixture of the pelletized catalyst particles, the

activity of the mixture of the promoted iron catalyst and the
zeolite (FeP-2Z) was enhanced significantly, whereas the activi-

ty for the mixture of the unpromoted iron catalyst and the

zeolite (Fe-2Z) decreased slightly (Figure 1 a). In the first 15 h
on stream, the selectivity towards methane of both iron cata-

lysts was not influenced strongly by the addition of the zeolite.
In the case of the promoted iron catalyst mixed with the zeo-

lite, the total selectivity to chemicals is 68 %C (51 %C C2–C4 ole-
fins and 17 %C aromatics), whereas the promoted iron catalyst

alone showed 61 %C C2–C4 olefins without aromatics formed.
The mixtures of both iron catalysts with the zeolite showed

similar selectivities towards C2–C4 paraffins (2 %C for Fe-2Z and
4 %C for FeP-2Z) compared with the iron catalysts only (2 %C

for Fe and FeP). Figure 1 b shows that the selectivity to olefins
within the C5+ fraction decreased when the zeolite was added
(from 8 %C for Fe to 2 %C for Fe-2Z and from 12 %C for FeP to

3 %C for FeP-2Z), whereas the selectivity towards paraffins in
this fraction remained constant (2 %C for Fe, 1 %C for Fe-2Z,
3 %C for FeP, and 3 %C for FeP-2Z).

This behavior is not consistent with the hydrogen transfer

mechanism, in which the formation of aromatics coincides
with the formation of paraffins from olefins with comparable

carbon selectivity. The carbon selectivity towards aromatics

was three times higher than towards total paraffins (4–5 times
higher compared with C2–C4-paraffins). Furthermore, we

expect paraffins to be inert under these reaction conditions
and not to be converted to aromatics.[25] These observations

led to the following questions: does the proximity of the zeo-
lite have an influence on the activation and performance of

the iron catalysts,[9] and does the aromatization of olefins

follow the hydrogen transfer pathway?
To investigate the differences in activity of the iron catalysts

when mixed with the zeolite, Mçssbauer spectroscopy was
performed, which is shown in Figure 2 a–c. The presence of the

zeolite enhanced the reduction in a more pronounced way
than the presence of promoters (Figure 2 b), whereas promo-

tion showed a greater influence on the carburization (Fig-

ure 2 a). After 15 h time on stream, the unpromoted iron cata-
lyst with and without the zeolite present were not fully carbu-

rized, whereas we observed a large fraction of superparamag-
netic FexC (56 %Fe at/at) for FeP-2Z and H-gg carbide (c-Fe5C2,

67 %Fe at/at) for FeP. It is not yet fully understood to what
extent the different iron phases contribute to the catalytic per-
formance.[24–26] However, it was shown that the degree of car-

burization has a major influence on the activity and selectivity
of iron catalysts in the Fischer–Tropsch to olefins reaction.[29]

Hereafter, experiments were performed in a stacked-bed con-
figuration to exclude this influence of the zeolite on the iron
carbide function.

To investigate the pathway of aromatization of olefins, the

promoted iron catalyst was combined with the zeolite in a
stacked-bed configuration with the zeolite downstream of the
iron catalyst. The activity of the promoted iron catalyst (FeP)
alone was comparable with the activity of the stacked-bed ex-
periments (FeP-xZ-SB, x represents the ratio of zeolite to FTO

catalyst, v/v), which shows that the iron catalyst is not influ-
enced, owing to the spatial separation to the zeolite (Figure S1

in the Supporting Information). The zeolite to iron catalyst
ratio was varied from Vzeolite/Viron catalyst = 2–20 v/v (denoted as
FeP-2Z-SB, FeP-10Z-SB, and FeP-20Z-SB). When combining the

FTO catalyst with a low amount of zeolite in stacked-bed con-
figuration (FeP-2Z-SB), aromatics were formed with 18 %C selec-

tivity, whereas olefins remained with 55 %C selectivity
(Figure 3). This gives a total selectivity to chemicals of 73 %C.

Figure 1. Activity and product distribution for the mixed-bed experiments.
a) Activity during the initial phase of the reaction for the two iron catalysts
with and without zeolite present in a physical mixture at 400 8C, CO/H2 = 1,
GHSV: 7200 h@1, total pressure: 1 bar with CO conversion levels of 0.50 %
(Fe), 0.26 % (Fe-2Z), 1.1 % (FeP), and 2.0 % (FeP-2Z). The addition of the zeo-
lite has an influence on the activity of the iron catalysts. b) Distribution of
olefins and paraffins within the C5 + fraction of mixed-bed experiments at
400 8C, CO/H2 = 1, GHSV: 7200 h@1, total pressure: 1 bar, and after 4 h on
stream. C5 + olefins are also converted to aromatics. c) Carbon selectivity in
the hydrocarbon products for the mixed-bed experiments at 400 8C, CO/
H2 = 1, GHSV: 7200 h@1, total pressure: 1 bar, and after 4 h on stream. Aro-
matics were formed from C2–C4 and C5 + olefins.
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Surprisingly, paraffins were formed with only 4 %C selectivity.
With ascending quantity of zeolite, the selectivity towards aro-

matics remained constant, whereas the selectivity to olefins
decreased from 55 %C to 29 %C. At the same time, more paraf-

fins were formed and the selectivity increased from 4 %C to
25 %C. Increasing the amount of zeolite downstream of the
FTO catalyst resulted in a decrease of selectivity to chemicals

from 73 %C to 47 %C. Subsequently, the composition of synthe-
sis gas was altered from hydrogen-rich (CO/H2 = 0.5) to carbon-

rich (CO/H2 = 3) for the FeP-10Z-SB experiment (Figure 4). Here,
the methane selectivity dropped from 28 %C to 13 %C, whereas

olefins selectivity increased from 29 %C to 41 %C. Surprisingly,

the selectivities for paraffins and aromatics behaved contrary.
The paraffin selectivity decreased from 27 %C to 10 %C, whereas

aromatics selectivity increased from 12 %C to 27 %C. By raising
the CO/H2 ratio of the synthesis gas, the total selectivity to

chemicals was increased from 41 %C (CO/H2 = 0.5) to 68 %C

(CO/H2 = 3). Seemingly, the formation of paraffins and aromat-

ics were not linked. The ratio of hydrogen and carbon of the
total hydrocarbon products (C1–C16) as function of the zeolite

to iron catalyst ratio shows a decrease of hydrogen content in
the products for a low quantity of zeolite in respect to the FTO
catalyst (Figure 3). For higher quantities of zeolite, the hydro-

gen/carbon ratio increased.

Discussion and Conclusion

The low selectivities towards paraffins when the iron catalysts

were mixed with the zeolite implies that the pathway of aro-
matization of FTO olefins does not follow the hydrogen trans-

fer pathway. According to the hydrogen transfer mechanism,
lower olefins oligomerize to form olefins in the range C6–C10.

Hydrogen from these longer olefins is passed on to another
olefin molecule (hydrogen transfer), resulting in dienes and

Figure 2. Degree of reduction and carburization of mixed-bed experiments.
a) Degree of carburization of the two iron catalysts with and without zeolite
present in a physical mixture after the in situ carburization step at 290 8C for
1 h in CO/H2 = 1 with GHSV: 7200 h@1, at 400 8C, CO/H2 = 1, GHSV: 7200 h@1,
and total pressure of 1 bar after 5 h and at 400 8C, CO/H2 = 1, GHSV:
7200 h@1, and total pressure of 1 bar after 15 h. The presence of promoters
and zeolite enhance the carburization. b) Degree of reduction of the two
iron catalysts to Fe0 with and without zeolite present in a physical mixture
after in situ reduction at 350 8C for 2 h in H2/N2 = 2 with GHSV: 18 000 h@1,
and total pressure of 1 bar. The presence of zeolite has a greater effect on
the reduction than the promoters. c) Fraction of Fe2 + oxide and iron car-
bides within the total iron atoms after 15 h at 400 8C, CO/H2 = 1, GHSV:
7200 h@1, and total pressure of 1 bar. The presence of the zeolite has an in-
fluence on the iron carbide phases for the promoted iron catalyst. For de-
tailed data, see Tables S3–S6 in the Supporting Information.

Figure 3. Atomic ratio of hydrogen and carbon in the hydrocarbon products
(C1–C16) and selectivity towards olefins, paraffins, and aromatics as a function
of zeolite/FTO catalyst ratio at 400 8C, CO/H2 = 1, GHSV: 7200 h@1, total pres-
sure: 1 bar, and after 4 h on stream with CO conversion levels of 1.2:0.1 %.
The lower hydrogen/carbon ratio at zeolite/FTO of two indicates dehydro-
genation. The selectivity towards aromatics stayed constant independent of
the amount of zeolite added, whereas olefins were hydrogenated to form
paraffins with increasing amounts of zeolite present. This resulted in an in-
crease of the hydrogen/carbon ratio.

Figure 4. The product distribution of FeP-10Z-SB with variation of the feed
composition from CO/H2 = 0.5–3 at 400 8C, GHSV: 7200 h@1, total pressure:
1 bar, and after 4 h on stream. Even though the hydrogen/carbon ratio of
the hydrocarbon products at CO/H2 = 1 corresponds to the ratio of the pro-
moted iron catalysts (Figure 3), it can be seen that the selectivities of paraf-
fins and aromatics behave in opposite manners.
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paraffins. The dienes cyclize, forming cyclic olefins, which un-
dergo two consecutive hydrogen transfer steps resulting in

cyclic dienes and aromatics, respectively [Eq. (1)] . For each of
these hydrogen transfer steps, one paraffin molecule is

formed,[22] which would lead to a decrease in carbon utilization
in terms of formation of desired chemicals (C2–C4 olefins and
aromatics).

6 C2H4 ! C6H12 þ 3 C2H4 ! C6H6 þ 3 C2H6 ð1Þ

However, the selectivity to paraffins was surprisingly low for
twice the volume of zeolite added to the iron catalysts in both
mixed-bed (2.2 %C for Fe-2Z and 3.7 %C for FeP-2Z, Figure 1 c)

and stacked-bed configurations (3.7 %C for FeP-2Z-SB, Figure 3),
whereas aromatics were formed with a substantial selectivity

(9.4 %C for Fe-2Z, 17.4 %C for FeP-2Z, and 18.3 %C for FeP-2Z-

SB). In the stacked-bed experiments, a lower hydrogen/carbon
ratio of the hydrocarbon products was found for a zeolite/FTO

ratio of two (H/C = 2.23 at/at) than the FTO catalyst without
zeolite (H/C = 2.43 at/at), which suggests dehydrogenation

takes place. The selectivity towards aromatics showed an inde-
pendent behavior from the amount of zeolite downstream of

the FTO catalyst, however, increasing the zeolite/FTO catalyst

ratio led to an increase in hydrogen/carbon ratio. This increase
can be attributed to the hydrogenation of olefins to paraffins

with increasing zeolite/FTO ratio (Figure 3). The selectivities to-
wards paraffins and aromatics even showed an opposite be-

havior when the synthesis gas composition was altered from
hydrogen-rich to carbon-rich for an experiment with zeolite/

FTO ratio of 10 v/v (Figure 4). This led to less extensive hydro-

genation of olefins next to a shift of the equilibrium of dehy-
droaromatization to the side of aromatics and hydrogen (Fig-

ure S2 in the Supporting Information) and shows that the in-
crease in hydrogen/carbon ratio in the hydrocarbon products

to the initial value of the promoted iron catalyst cannot be at-
tributed to the hydrogen transfer pathway. Therefore, we pro-

pose that the aromatization does not follow the hydrogen

transfer pathway, but rather dehydroaromatization, which in-
volves dehydrogenation instead of formation of paraffins

[Eq. (2), Figure 5]. However, increasing the partial pressure of
hydrogen led to more extensive hydrogenation of olefins to-
wards paraffins [Eq. (3)] . This could be shown in experiments
at 1 bar by altering the synthesis gas composition (Figure 4) as
well as performing experiments at a pressure of 5 bar, where a

significant fraction of olefins was hydrogenated whereas aro-
matics were formed with low selectivity of up to 3.1 %C

(Table S7 in the Supporting Information).

3 C2H4 ! C6H12 ! C6H6 þ 3 H2 ð2Þ
C2H4 þ H2 ! C2H6 ð3Þ

This pathway of olefin aromatization allows us to convert
synthesis gas to chemicals with selectivities as high as 73 %C

(55 %C lower olefins and 18 %C aromatics for FeP-2Z-SB) with-
out giving rise to the formation of undesired paraffins at low

pressure. By adjusting the reaction conditions, the fraction of
aromatics within the chemicals can be altered from 25 %C

(mixed bed, CO/H2 = 1, zeolite/FTO = 2 v/v, 1 bar) to 40 %C

(stacked bed, CO/H2 = 3, zeolite/FTO = 10 v/v, 1 bar).

Furthermore, the decrease in selectivity to C2–C4-olefins
(from 61 %C for FeP to 51 %C in FeP-2Z) as well as olefins within

the C5 + fraction (from 12 %C for FeP to 3 %C in FeP-2Z) when
the zeolite was present shows that aromatics (17 %C for FeP-

2Z) are not exclusively formed from C2–C4 olefins but also from

C5 + olefins. Mixing the iron catalysts in close proximity with
the zeolite, the catalytic activity was influenced. The activity of

the unpromoted iron catalyst decreased slightly in the initial
phase of the reaction, whereas the addition of zeolite to the

promoted iron catalyst enhanced activity by a factor of two.
This behavior can be attributed to the degree of reduction and

carburization of the iron catalysts, which is influenced by the

presence of the zeolite. Also, the type of iron carbide formed
during activation and reaction depends on the presence of

promoters[27] and zeolite and has an influence on the catalytic
activity.

The addition of sodium and sulfur as promoters to an iron-
based Fischer–Tropsch synthesis catalyst led to enhancement

of activity and selectivity to lower olefins.[1, 2, 29] Now, we show

that the combination of such a catalyst with a zeolite shows in-
creased selectivity to chemicals of up to 73 %C, whereas the

product spectrum is extended to aromatics. Furthermore, the
proximity of two functions in a bifunctional catalyst can have a

significant influence on the activity and selectivity, which also
applies in fields other than synthesis gas conversion.

Experimental Section

The iron catalysts were prepared by using incipient wetness im-
pregnation of a-Al2O3 (BASF, AL4196E, 7 m2 g@1, pore volume:
0.4 cm3 g@1) with a solution that contains ammonium ferric citrate
((NH4)xFeyC6H5O7, 34.880 g) per 100 mL for the unpromoted iron
catalyst and ammonium ferric citrate ((NH4)xFeyC6H5O7, 34.880 g),
ammonium sulfate ((NH4)2SO4, 0.165 g), and trisodium citrate dihy-
drate (Na3C6H5O7·2 H2O, 1.225 g) per 100 mL for the promoted iron
catalyst. The support was dried under vacuum at 120 8C for 2 h.
Three impregnation steps were necessary to achieve an iron load-
ing of 5.5 wt %. The subsequent calcination was performed at
250 8C for 4 h in static air. Inductively coupled plasma (ICP) analysis
showed an iron loading for the unpromoted catalyst of 5.60 wt %

Figure 5. Proposed pathway for the conversion of synthesis gas to aromat-
ics : Conversion of synthesis gas to olefins on the FTO catalyst, dehydroaro-
matization of olefins to aromatics on the zeolite.
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with a Na/Fe ratio of 0.015 at/at, owing to impurities in the iron
precursor, whereas the promoted iron catalyst featured an iron
loading of 5.51 wt % with Na/Fe ratio of 0.144 at/at and S/Fe ratio
of 0.0093 at/at (Table S2 in the Supporting Information). The cal-
cined catalysts were pelletized, ground, and sieved to a fraction of
75–150 mm. The iron particle sizes of the calcined catalysts were
measured by transmission electron microscopy (TEM, Figure S3 in
the Supporting Information), which showed an average iron oxide
particle size of 10 nm, whereas FeP displayed 14 nm iron oxide par-
ticles after calcination. To determine the crystal phase of the cata-
lysts, X-ray diffraction (XRD) patterns (Figure S4 in the Supporting
Information) were recorded with a Bruker D2 Phaser powder dif-
fractometer (CoKa source: 1.79 a). After calcination at 250 8C, the
crystal structure of both Fe and FeP was maghemite (g-Fe2O3). To
transform the commercial zeolite (NH4-ZSM-5, Zeolyst, Si/Al ratio:
15) from the ammonium form to the proton form, calcination was
performed at 500 8C for 4 h in static air. Ammonium temperature-
programmed desorption (TPD) data are shown in Figure S5 in the
Supporting Information. Afterwards, the zeolite was pelletized,
ground, and sieved to a fraction of 75–150 mm. The iron catalysts
were either mixed with the zeolite in a mixed bed or placed in a
stacked-bed configuration with the zeolite downstream of the iron
catalyst. The catalyst bed was diluted with silicon carbide in a
volume ratio of VSiC/Vtotal catalyst = 2 to avoid heat transfer limitation
phenomena. Prior to being subjected to the reaction conditions,
the iron catalysts were reduced in situ in a stream of hydrogen
and nitrogen (H2/N2 = 2 v/v, GHSV = 18 000 h@1, gas hourly space
velocity (GHSV) was always normalized for the volume of the iron
catalyst only) at 350 8C for 2 h, in which the space velocity is based
on the volume flow per volume of iron catalyst. A consecutive car-
burization was performed at 290 8C in a stream of synthesis gas
(CO/H2 = 1, 1 bar, GHSV = 7200 h@1) for 1 h. The catalytic testing
was performed at 400 8C in a stream of synthesis gas with a GHSV
of 7200 h@1 at ambient pressure, in which the CO/H2 ratio of the
synthesis gas was varied between CO/H2 = 0.5 and 3. The CO con-
version was kept below X(CO) = 5 %. The products were analyzed
with an online gas chromatograph (GC) equipped with a flame ion-
ization detector (FID). The activity was determined based on iron
time yield (FTY), which represents CO converted to hydrocarbons
per second and gram of iron. Selectivities were calculated on the
basis of carbon atoms within hydrocarbons formed (CO2 free). CO
conversions in the low pressure experiments were based on CO
converted to hydrocarbons (CO2 free). The selectivity to CO2 is ex-
pected to be according to the thermodynamic equilibrium of CO,
H2, H2O, and CO2 in the water-gas shift reaction (S(CO2)&47 %C). Ex-
periments at elevated pressure were performed in a Avantium
Flowrence 16-port parallel fixed-bed reactor setup. Prior to being
exposed to the reaction conditions, the iron catalysts were reduced
in situ in a stream of 30 %vol hydrogen in helium (GHSV =

15 000 h@1) at 350 8C for 2 h at 3 bar. A consecutive carburization
was performed at 290 8C in a stream of synthesis gas (CO/H2 = 1,
3 bar, GHSV = 28 000 h@1) for 1 h. The catalytic testing was per-
formed at 400 8C in a stream of synthesis gas with a GHSV of
24 000 h@1 at a pressure of 5 bar, where the CO/H2 ratio of the syn-
thesis gas was varied between CO/H2 = 0.5 and 2. The products
were analyzed with an online gas chromatograph (GC) equipped
with a flame ionization detector (FID) and thermal conductivity de-
tector (TCD). The activity was determined based on iron time yield
(FTY), which represents CO converted to hydrocarbons per second
and gram of iron. Selectivities towards hydrocarbon products were
calculated on the basis of carbon atoms within hydrocarbons
formed (CO2 free). Transmission 57Fe Mçssbauer absorption spectra
were collected in situ at 300 K with a conventional constant-accel-

eration spectrometer using a 57Co(Rh) source. Velocity calibration
was performed by using an a-Fe foil.
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