
 

Effect of proximity and support material on deactivation of
bifunctional catalysts for the conversion of synthesis gas to
olefins and aromatics
Citation for published version (APA):
Weber, J. L., Krans, N. A., Hofmann, J. P., Hensen, E. J. M., Zecevic, J., de Jongh, P. E., & de Jong, K. P.
(2020). Effect of proximity and support material on deactivation of bifunctional catalysts for the conversion of
synthesis gas to olefins and aromatics. Catalysis Today, 342, 161-166.
https://doi.org/10.1016/j.cattod.2019.02.002

Document license:
CC BY-NC-ND

DOI:
10.1016/j.cattod.2019.02.002

Document status and date:
Published: 15/02/2020

Document Version:
Publisher’s PDF, also known as Version of Record (includes final page, issue and volume numbers)

Please check the document version of this publication:

• A submitted manuscript is the version of the article upon submission and before peer-review. There can be
important differences between the submitted version and the official published version of record. People
interested in the research are advised to contact the author for the final version of the publication, or visit the
DOI to the publisher's website.
• The final author version and the galley proof are versions of the publication after peer review.
• The final published version features the final layout of the paper including the volume, issue and page
numbers.
Link to publication

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            • Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            • You may not further distribute the material or use it for any profit-making activity or commercial gain
            • You may freely distribute the URL identifying the publication in the public portal.

If the publication is distributed under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license above, please
follow below link for the End User Agreement:
www.tue.nl/taverne

Take down policy
If you believe that this document breaches copyright please contact us at:
openaccess@tue.nl
providing details and we will investigate your claim.

Download date: 24. May. 2023

https://doi.org/10.1016/j.cattod.2019.02.002
https://doi.org/10.1016/j.cattod.2019.02.002
https://research.tue.nl/en/publications/f2867665-b028-4535-b24b-20454edde145


Contents lists available at ScienceDirect

Catalysis Today

journal homepage: www.elsevier.com/locate/cattod

Effect of proximity and support material on deactivation of bifunctional
catalysts for the conversion of synthesis gas to olefins and aromatics
J.L. Webera, N.A. Kransa, J.P. Hofmannb, E.J.M. Hensenb, J. Zecevica, P.E. de Jongha,
K.P. de Jonga,⁎

a Inorganic Chemistry and Catalysis, Debye Institute for Nanomaterials Science, Utrecht University, Universiteitsweg 99, Utrecht, the Netherlands
b Laboratory of Inorganic Materials Chemistry, Department of Chemical Engineering and Chemistry, Eindhoven University of Technology, P.O. Box 513, 5600 MB
Eindhoven, the Netherlands

A R T I C L E I N F O

Keywords:
Catalyst stability
Bifunctional catalyst
Fischer-Tropsch to olefins
Proximity
Synthesis gas to aromatics

A B S T R A C T

Synthesis gas conversion to short olefins and aromatics using bifunctional catalysts has gained much attention in
recent years. Here, we study the interaction between the components of bifunctional catalysts to design a more
stable catalyst system. Mixing α-alumina supported iron (-carbide) promoted with sodium and sulfur with an H-
ZSM-5 zeolite to convert synthesis gas to aromatics and short olefins we observed selectivity loss of the iron
(-carbide) catalyst as well as the acid function. This was displayed by increasing methane and decreasing aro-
matics selectivity when the two individual catalysts were mixed in close proximity. We introduced different
approaches to understand this selectivity related deactivation. Larger spatial separation of the iron and zeolite
allowed a more stable system with constant methane and aromatics selectivity. Alternatively, iron supported on
carbon nano tubes mixed with the zeolite in close proximity did not display selectivity related deactivation. We
conclude that the selectivity loss was caused by migration of sodium ions that were used next to sulfur as
promoters on the iron catalyst over the α-alumina support to the zeolite, which was supported by XPS model
experiments. This migration seems hindered on carbon supported iron catalysts.

1. Introduction

Synthesis gas (a mixture of carbon monoxide/carbon dioxide and
hydrogen) can be derived from coal [1] and natural gas [2] as well as
from biomass [3] and can be converted to valuable chemicals such as
short olefins and aromatics. This has received significant interest in the
past years in academia and industry [4,5]. Recent publications have
shown that bifunctional catalyst systems consisting of a metal oxide
catalyst and a zeolite enable direct conversion of synthesis gas towards
chemicals such as short olefins [6,7] and aromatics [8]. The inter-
mediates in this reaction are reported to be oxygenates like methanol
and dimethyl ether [9,10] or ketene [11].
Alternatively, cobalt carbide catalysts with certain crystal facets

exposed or promoted iron (-carbide) based Fischer-Tropsch to olefins
(FTO) catalysts can be used to convert synthesis gas to short olefins
[12–18]. These catalysts show a selective suppression of methane for-
mation next to an increase in olefins to paraffin ratio in the products
and allows to form olefins in the range of C2-C4 beyond the Anderson-
Schulz-Flory (ASF) distribution. In the case of iron (-carbide) based FTO
catalysts, the presence of both sodium and sulfur promoters on the iron

(-carbide) particles is essential for the decrease in methane selectivity
[19–21].
In order to further convert the olefins formed on the iron (-carbide)

based catalyst to aromatics the iron catalyst can be combined with a
solid acid such as H-ZSM-5 zeolites in a single reactor [22–26]. The
group of Ding successfully combined iron catalysts with an H-ZSM-5
zeolite to convert synthesis gas to aromatics with high CO conversion
(85%) and aromatics selectivity (70% in C5+). This was achieved by
either impregnation of the zeolite with iron precursor or powder mixing
of bulk iron catalysts with H-ZSM-5 zeolites [23,26]. Additionally, the
group of Dadyburjor studied the effect of addition of H-ZSM-5 zeolite to
carbon supported iron catalysts in different catalyst bed designs and
observed catalyst deactivation in mixed bed mode, which was assigned
to metal migration [24,25].
Typically, deactivation of supported metal catalysts has been as-

cribed to particle growth, which decreases the number of active sites
but does not change their nature [27–30]. However, in bifunctional
catalysts other deactivation mechanisms might play a role. For instance,
a short distance between the iron (-carbide) and the acid sites of a bi-
functional catalyst system may facilitate migration of alkali metal ions
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from the iron (-carbide) catalyst towards the zeolite [31] due to high
mobility of alkali metal ions [32,33]. This could not only lower the
activity and selectivity of the FTO catalyst but also neutralize the acid
sites of the zeolite with alkali metal ions leading to a decreased se-
lectivity to aromatization of olefins [34].
Here, we want to gain fundamental understanding of the me-

chanism of selectivity loss, with the final aim to allow design of more
stable bifunctional catalysts. Therefore, we combined a Fischer-Tropsch
to olefins (FTO) catalyst based on iron promoted with sodium and
sulfur with an H-ZSM-5 zeolite to convert synthesis gas to aromatics
with short olefins as intermediates [35]. This work focuses on both the
influence of proximity [6,8,36] of the two catalytic functions as well as
of the nature of the support on the stability. We show how the migra-
tion of promoters from the iron catalyst to the zeolite is affected and the
resulting increase in methane selectivity and decreased selectivity to
aromatics.

2. Experimental

2.1. Catalyst preparation

The promoted iron catalyst was prepared via incipient wetness
impregnation of α-alumina (BASF, Al4196E, 7m²/g surface area,
0.4 mL/g pore volume (determined by water wetting). Prior to im-
pregnation, the alumina powder was dried in a two-neck flask equipped
with a vacuum valve adapter and a septum under vacuum at 120 °C for
2 h. After the flask was allowed to cool to 25 °C in vacuum the valve was
closed, and the impregnation solution was added with a syringe and
needle through the septum while stirring. The impregnation solution
was prepared by dissolving ammonium ferric citrate (6.002 g, brown,
Acros), sodium citrate monobasic (380.0mg, Sigma Aldrich) and sul-
furic acid (180.4mg. 10wt.-% solution in demineralized water) in de-
mineralized water (20mL). Three impregnation steps were necessary to
achieve an iron loading of ˜6 wt.-%. Between the impregnation steps the
material was dried under vacuum for 2 h at 60 °C. After the third im-
pregnation step the samples were dried at 60 °C for 16 h in static air
followed by calcination at 250 °C in static air for 4 h. The calcined iron
catalyst was pelletized, ground and sieved to a fraction of 425–630 μm
or 75–150 μm.
For the CNT supported iron catalyst, iron nano-crystals (Fe-NC)

were prepared via colloidal synthesis. 1,2-hexadecandiol (350.9mg),
oleyl amine (214.9mg), oleic acid (433.1mg) and 1-octene (10mL)
were mixed in a 3-neck flask, equipped with a reflux condenser, septum
and vacuum adapter connected to a Schlenk-line. Vacuum was applied,
and the mixture was heated to 120 °C for 30min. A mixture of iron
pentacarbonyl (20.85mg) and 1-octadecene (1mL) was prepared in a
nitrogen glovebox. The 3-neck flask was flushed with nitrogen three
times followed by injection of the iron pentacarbonyl solution at 90 °C.
The mixture was heated to 290 °C and kept there for 1 h. Afterwards the
mixture was allowed to cool to 25 °C, it was transferred to a vial, to
further process in air and mixed with an equal volume of iso-propanol.
The Fe-NC were placed in a centrifuge (2700 rpm, 15min) and the
supernatant was decanted. 5 drops of toluene were added and the
mixture was sonicated for 30 s, followed by a treatment in the cen-
trifuge (2700 rpm, 15min). The toluene-washing procedure was re-
peated. The as-synthesized Fe-NC were suspended in 10mL 1-octade-
cene.
To attach the Fe-NC to the support the support material (CNT, Bayer

BayTubes, 800mg, surface area 230 m²/g, pore volume 1.6mL/g) was
added into a 100mL three-neck flask, which was connected to a
Schlenk line through a reflux condenser. The suspended Fe-NC were
added to the support material by pipetting while simultaneously mag-
netically stirring at 400 rpm. The mixture was brought under vacuum
for 30min at 120 °C to evaporate the toluene, and subsequently purged
with nitrogen. The temperature was increased to 200 °C within 10min
under nitrogen flow and maintained for 30min Afterwards, the mixture

was allowed to cool down to 25 °C and further processed in air. Finally,
the iron Fe-NP supported on the carbon materials were washed five
times with hexane and acetone (hexane/acetone= 1:3 v/v) and dried
at 60 °C for 1 h under static air, at 120 °C for 3 h under static air, and at
80 °C for 3 h under vacuum.
The addition of promoters to the CNT-supported Fe-NC was

achieved using incipient wetness impregnation of the unpromoted Fe-
NC after attachment to the CNT. The unpromoted Fe-NC on CNT were
placed in a two-neck flask equipped with a septum and a vacuum valve
adapter and heated to 60 °C under vacuum for 1 h. Afterwards the flask
was allowed to cool to 25 °C (under vacuum) and the valve was closed.
Sodium sulfide nonahydrate (212.5mg) was dissolved in demineralized
water (5.7mL) and 1mL of this solution was diluted with a mixture of
water and iso-propanol (1:1 v/v, 9mL of mixture). 1.2 mL of the final
solution was added per gram of catalyst. The impregnated catalyst was
dried under vacuum at 25 °C for 16 h and pelletized, ground and sieved
to a fraction of 425–630 μm.
The ZSM-5 zeolite was transformed from the ammonium form (NH4-

ZSM-5, Zeolyst, Si:Al= 15 at/at) to the proton form H-ZSM-5 by cal-
cination at 550 °C for 4 h in static air (the temperature programmed
desorption profile of ammonia can be found in the supporting in-
formation, Fig. S1). Afterwards, the powder was pelletized, ground and
sieved to a fraction of 425–630 μm or 75–150 μm.
The iron catalyst and the zeolite were combined with different

proximities. In the stacked bed configuration (denoted as AFe+Z) the
zeolite was placed downstream of the iron catalyst with a thin layer of
silicon carbide in between. Mixed bed experiments were performed by
physically mixing the iron catalyst and the zeolite in the reactor using
sieve fractions of 75–150 μm (denoted as AFe/Z-100) and 425–630 μm
(denoted as AFe/Z-500), respectively. To prepare composite catalysts
consisting of the iron catalyst supported on alumina (denoted as AFeZ)
and CNT (denoted as CFeZ), respectively, and the zeolite, the powders
of the iron catalysts and the calcined zeolite were mixed in a mortar for
5min to achieve an appropriate distribution within the final grains. The
iron catalyst supported on alumina was mixed with the zeolite in a ratio
of Fe/Al2O3:zeolite= 3:5m/m, whereas the CNT-based iron catalysts
were mixed with a ratio of Fe/CNT:zeolite= 4:5m/m to compensate
for the lower iron loading of the iron catalysts supported on CNT.
Subsequently, the mixed powders were pelletized, ground and sieved to
a fraction of 425–630 μm.

2.2. Characterization

The elemental composition of the calcined alumina-supported iron
catalysts and the dried CNT-supported iron catalysts was determined
with ICP analysis (supporting information, Table S1). Transmission
electron microscopy (TEM) images were acquired using a FEI Talos
F200X transmission electron microscope in bright field mode operating
at 200 kV (supporting information, Figs. S2–S4). To analyze the por-
osity and surface area of the support materials, nitrogen physisorption
was measured at liquid nitrogen temperature using a Micromeritics
TriStar 3000 surface area and porosity analyzer. Prior to physisorption
measurements, the alumina support was dried in nitrogen flow for 16 h
at 300 °C and CNT support at 150 °C, respectively (isotherms and phy-
sisorption data can be found in the supporting information, Fig. S5 and
Table S2).
X-ray photoelectron spectroscopy (XPS) measurements were carried

out on a K-Alpha XP spectrometer (Thermo Scientific) equipped with a
monochromatic small-spot (400 μm) X-ray source operating at 72W, a
180° double focusing hemispherical analyzer with a 128-channel delay
line detector and an Al anode (E(Al Kα)= 1486.6 eV). The background
pressure inside the analysis chamber was kept below 8·10–8 mbar
reaching maximum of 3·10–7 mbar during the measurements due to the
flow of low energy Ar+ ions involved in the charge neutralization
process. Samples were handled in ambient air and were fixed on the
XPS sample holder by conducting carbon tape. High-resolution spectra
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of core levels (Al 2p, C 1s, Fe 2p, Na 1s, O 1s, Si 2p) and wide-range
survey spectra were recorded with a pass energy of 50 eV and 200 eV,
respectively. Binding energy calibration of the spectra was done by
setting the C 1s peak of sp3 adventitious carbon to 284.8 eV.

2.3. Catalytic performance

To analyze the catalytic performance of the α-alumina supported
iron catalyst without zeolite, 15mg of the calcined and sieved iron
catalyst was loaded into a stainless-steel reactor with 2.6mm inner
diameter after dilution with 100mg of silicon carbide. The stacked bed
configuration was achieved by first loading 25mg of calcined and
sieved H-ZSM-5 zeolite diluted with 100mg of silicon carbide into the
reactor followed by a layer of silicon carbide to avoid direct contact
between the iron catalyst and the zeolite. Afterwards, 15mg of calcined
and sieved iron catalyst was diluted with 100mg of silicon carbide and
loaded upstream of the zeolite into the reactor.
Mixed bed configurations were prepared by mixing 15mg calcined

and sieved iron catalyst, 25mg calcined and sieved H-ZSM-5 zeolite and
200mg silicon carbide in a glass vial, followed by loading the mixture
into the reactor.
For the composite experiments of the α-alumina supported iron

catalyst and zeolite, 40mg of the sieved composite mixture was diluted
with 150mg silicon carbide and loaded into the reactor, whereas 45mg
of the composite of CNT supported iron catalyst and zeolite was loaded
after dilution with 150mg of silicon carbide.
The catalysts were tested in a 16-channel high throughput fixed bed

reactor setup (Avantium Flowrence) by in-situ reduction of the calcined
catalysts in a flow of 30% hydrogen in helium (v/v) at 350 °C for 2 h at
1 bar and a gas hourly space velocity (GHSV) of 10,500 h−1 followed by
carburization in synthesis gas (CO/H2= 1 v/v, 5 %vol He as internal
standard) at 290 °C for 1 h at 1 bar and GHSV of 14,400 h−1. The re-
action conditions were 400 °C in synthesis gas (CO/H2= 1 v/v, 5 %vol
He as internal standard), 1 bar and GHSV of 14,400 h−1. The GHSV is
calculated based on the gas flow and the volume of the supported iron
catalyst only. The C1-C9 hydrocarbon products as well as the permanent
gases were analyzed with an online gas chromatograph equipped with a
flame ionization detector (FID) and thermal conductivity detector
(TCD). The reported selectivities were based on carbon atoms (%C)
within hydrocarbon formed and were calculated excluding CO2. The
selectivity to CO2 was in the range of the thermodynamic equilibrium of
˜47% for all experiments.
A heat treatment to simulate a spent catalyst without the formation

of coke on the surface for XPS measurements was performed by heating
the calcined catalysts to 350 °C with 5 °C/min and hold for 2 h in a
nitrogen flow with a GHSV of 10,500 h−1, followed by 290 °C (5 °C/
min) for 1 h in nitrogen flow with GHSV=14,400 h−1 and 400 °C
(5 °C/min) for 15 h in nitrogen flow with GHSV=14,400 h−1.

3. Results and discussion

3.1. Effect of proximity on catalyst stability

The sodium and sulfur promoted iron catalyst supported on α-alu-
mina with an iron loading of 5.75 wt.-% (Na/Fe= 0.097 at/at, S/
Fe=0.0091 at/at) and 6.2 nm iron oxide particles was combined with
an H-ZSM-5 zeolite in different configurations to vary the proximity
between the iron catalyst and the zeolite (Fig. 1A). The iron time yield
(moles of carbon monoxide converted per gram of iron and second) as a
function of time can be found in Fig. 1B. The iron catalyst without
zeolite (AFe) showed an iron time yield of 1.8× 10−5 mol CO
gFe−1 s−1 at the beginning of the reaction decreasing to 1.2× 10−5mol
CO gFe−1 s−1 after 40 h on stream. The experiment performed in the
stacked bed configuration (AFe+ Z) showed similar activity, whereas
the mixed bed configuration with large grain size (AFe/Z-500) had
slightly higher FTY of 2.2× 10−5 mol CO gFe−1 s−1 at the beginning of
the reaction, decreasing to 1.7×10−5 mol CO gFe−1 s−1 after 40 h. In
the experiment of the mixed bed configuration and small grain size
(AFe/Z-100) a higher activity of 3.4× 10−5 mol CO gFe−1 s−1 was
observed in the early stage of the reaction increasing to 3.9×10−5 mol
CO gFe−1 s−1 after 40 h. The composite mixture (AFeZ) showed an even
higher activity in the beginning of 3.8× 10−5 mol CO gFe−1 s−1, de-
creasing to 2.7× 10−5 mol CO gFe−1 s−1 after 40 h.
In this set of experiments, we observed the trend that the initial

activity increased with increasing proximity between the iron catalyst
and the zeolite. In our previous work we found that this is caused by
enhanced carburization of the iron catalyst when the iron catalyst is
mixed with the zeolite in close proximity and observed full formation of
iron carbide after 15 h under similar conditions [35]. The iron catalyst
with the zeolite in a mixed bed configuration with small grains showed
an increase in activity over time, in contrast to the other experiments
that showed a gradual decrease. Using small grains in this experiment
might have led to partial clogging of the catalyst bed due to coke for-
mation under these conditions and therefore a gradual build-up of
pressure of after ˜10 h on stream.
The experiments performed with low proximity (AFe+ Z and AFe/

Fig. 1. A: Illustration of proximity between the iron catalyst and the zeolite. AFe: Iron catalyst without zeolite, AFe+Z: stacked bed with the zeolite downstream of
the iron catalyst and a layer of silicon carbide between the two catalysts, AFe/Z-500 and AFe/Z-100: mixed bed configuration with the iron catalyst and the zeolite
being mixed as a physical mixture with and average grain size of 500 μm and 100 μm, respectively and AFeZ: composite mixture of the iron catalyst and the zeolite. B:
Iron time yield (FTY) of the iron catalyst as function of time on stream for samples with variable proximity between iron catalyst and zeolite. The higher the
proximity between the iron catalyst and the zeolite, the higher the initial iron time yield. Reaction conditions: 400 °C, 1 bar, CO:H2=1 (v/v), GHSV: 14,400 h−1.
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Z-500) showed a selectivity to C2-C4 olefins of 49–59 %C, similar to the
iron catalyst without zeolite (Fig. 2A). On the other hand, the experi-
ments with higher proximity (AFeZ and AFe/Z-100) had lower C2-C4
olefin selectivity of 41–49 %C. The composite mixture of iron catalyst
and zeolite showed a low selectivity to C6-C8 aromatics of only 5–6 %C
(Fig. 2B). The stacked bed and mixed bed experiments performed with
lower proximity (AFe+ Z and AFe/Z-500) displayed a decrease in se-
lectivity to C6-C8 aromatics from 12 %C to 9 %C and 11 %C to 8 %C in
the first 40 h of the experiment, respectively. The iron catalyst mixed
with the zeolite in a mixed bed configuration and small grain size (AFe/
Z-100) showed a strong decrease in C6-C8 aromatic selectivity from 10
%C to 6 %C in the first 18 h followed by further decrease to 5 %C after
40 h on stream. The methane selectivity of the iron catalyst without
zeolite (AFe), the stacked bed configuration (AFe+ Z) and the mixed
bed with large grain size (AFe/Z-500) was between 14 %C and 19 %C
throughout the whole experiment (Fig. 2C). The composite mixture
(AFeZ) had high methane selectivity of 31 %C to 35 %C, whereas the
methane selectivity of the mixed bed mixture of iron catalyst and
zeolite with small grain size (AFe/Z-100) increased from 15 %C to 25
%C after 40 h.
In Fig. 2D and E the ASF-distribution for (aliphatic) C1-C5 hydro-

carbons as a function of time on stream of the mixed bed experiment
with small grain size (AFe/Z-100) and the stacked bed experiment
(AFe+Z) can be seen, respectively. Here, the natural logarithm of the
molar product fraction per carbon number was plotted versus the

corresponding carbon number as a function of time on stream. The ideal
ASF distribution would show a straight line. However, the presence of
sodium and sulfur on an iron catalyst can break the ASF-distribution by
selectively suppressing the methane formation as well as increase the
olefin/paraffin ratio in the product distribution [19,37].
The mixed bed experiment with small grain size (AFe/Z-100)

showed this suppression of methane formation in the beginning of the
reaction. As the reaction progressed, the product distribution converged
towards the ideal ASF-distribution. The experiment with the stacked
bed configuration (AFe+Z) showed the altered product distribution
with suppressed methane formation throughout the whole experiment.
These data show that the proximity between the iron catalyst and

the zeolite has a limited influence on the selectivity of the bifunctional
catalyst for olefins whereas the effects on aromatics and methane se-
lectivities are significant. The ASF-distribution as function of time on
stream for the mixed bed experiment with small grain size (Fig. 2D)
suggests a gradual loss of the effect of sodium and sulfur promoters on
the iron catalyst over time, whereas this loss of promoter effect was not
observed for the spatially separated stacked bed experiment (Fig. 2E).
This is in line with the selectivity of methane and C2-C4 olefins over
time, where the stacked bed experiment showed stable selectivities in
the range of the iron catalyst without zeolite for methane as well as for
C2-C4 olefins and the mixed bed experiment with small grains displayed
an increasing methane selectivity over time as well as a lower C2-C4
olefin selectivity. Furthermore, the decrease over time in selectivity to

Fig. 2. A: Selectivity to C2-C4 olefins as function of time on stream (TOS) for the alumina supported iron catalyst mixed with the zeolite in different proximities. B:
Selectivity to C6-C8 aromatics as function of time on stream for the alumina supported iron catalyst mixed with the zeolite in different proximities. C: Selectivity to
methane as function of time on stream for the alumina supported iron catalyst mixed with the zeolite in different proximities. D: Anderson-Schulz-Flory distribution
as function of time on stream for the iron catalyst mixed with the zeolite in a mixed bed configuration with small grain size (AFe/Z-100). E: Anderson-Schulz-Flory
distribution as function of time on stream for the iron catalyst mixed with the zeolite in a stacked bed configuration (AFe+ Z). Reaction conditions: 400 °C, 1 bar,
CO:H2= 1 (v/v), GHSV: 14,400 h−1. The selectivity to C2-C4 paraffins as a function of time can be found in Figure S6 in the supporting information.
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C6-C8 aromatics for AFe/Z-100 indicates a gradual migration of sodium
ions from the iron catalyst to the zeolite resulting in neutralization of
acid sites in the zeolite. The composite mixture of the iron catalyst and
the zeolite displayed a low selectivity to C6-C8 aromatics from the be-
ginning of the reaction, which suggests fast migration of sodium ions
from the iron catalyst to the zeolite due to the close proximity of the
iron and the zeolite. This is also in agreement with the high methane
selectivity for the composite mixture from the beginning of the reac-
tion.
To provide spectroscopic evidence for the migration of sodium ions

from the iron catalyst to the zeolite, we performed X-ray photoelectron
spectroscopy (XPS) measurements on the calcined iron catalyst without
zeolite and the mixed bed mixture of the iron catalyst and zeolite with
small grains after heat treatment. The catalysts were treated using the
same temperature profile as for the catalytic performance measurement
(5 °C/min to 350 °C, 2 h; 5 °C/min to 290 °C, 1 h; 5 °C/min to 400 h,
15 h). However, we used an inert nitrogen flow to avoid carbon for-
mation on the surface of the catalysts during catalysis, which would
interfere with the XPS measurement due to screening of photoelectrons.
A sodium ion exchanged ZSM-5 zeolite (denoted as Na-ZSM-5) was
analyzed as a reference for sodium ions being located in the zeolite. The
calcined iron catalyst initially showed a Na 1 s signal in XPS at
1071.4 eV, whereas the position of this peak did not change upon
performing the heat treatment (Fig. 3). However, the mixed bed mix-
ture of the iron catalyst and the zeolite after the heat treatment showed
a shift of the Na 1 s signal to 1073.0 eV, which is in the range of the
sodium ion exchanged zeolite (1072.8 eV). This shift towards higher

binding energy of the signal for the Na 1 s electrons after the heat
treatment supports our hypothesis of migration of sodium ions from the
iron catalyst to the zeolite, resulting in loss of promotion effect on the
iron catalyst as well as decreased acidity of the zeolite.

3.2. Effect of support material on catalyst stability

To study the effect of support material on the stability, an iron
catalyst supported on carbon nano-tubes (CNT) was prepared by at-
taching colloidal iron nano-crystals (Fe-NC) onto CNT [38,39], fol-
lowed by incipient wetness impregnation with a solution that contained
sodium and sulfur promoters (resulting in 2.96 wt.-% Fe, Na/S= 0.073
at/at, S/Fe=0.036 at/at, 8.4 nm iron oxide particles). The iron loading
was limited to 3 wt-% to avoid fast deactivation due to sintering of Fe-
NC [39]. This CNT supported iron catalyst was used to prepare a
composite mixture with the H-ZSM-5 zeolite (denoted as CFeZ). This
composite catalyst demonstrated a lower overall stability (supporting
information, Fig. S7) but constant selectivity to methane of 19 %C
throughout the runtime of 50 h (Fig. 4A). In comparison, the alumina
supported iron catalyst in a mixed bed configuration with the zeolite
and small grain size showed that the methane selectivity increased from
15 %C to 27 %C. The ASF distribution of these two experiments after
50 h on stream for the alumina supported iron catalyst in a mixed bed
configuration with the zeolite and small grains and after 100 h on
stream for the composite with the CNT-supported iron catalyst and
zeolite can be seen in Fig. 4B, respectively. The CNT-supported iron
catalyst as composite with the zeolite showed a strong deviation from
the ASF distribution with lower methane selectivity, whereas for the
alumina supported iron catalyst in a mixed bed with the zeolite this
deviation was much less pronounced. This constant selectivity of the
composite mixture of the CNT-supported iron catalyst and the zeolite
indicates that the migration of sodium ions over the surface of the
support towards the zeolite is hindered, despite the close proximity of
iron and zeolite. We hypothesize that the migration of sodium ions over
the CNT surface was hindered due to the limited capability of the CNT
material for charge compensation of the sodium ions moving from the
iron (-carbide) to the zeolite.

Fig. 3. X-ray photoelectron spectra of the Na 1 s core level region of (a) the α-
alumina supported iron catalysts without zeolite, (b) the α-alumina supported
iron catalysts without zeolite after heat treatment, (c) α-alumina supported iron
catalysts and zeolite in mixed bed configurations with 75–150 μm grains size
after heat treatment, and (d) sodium ion exchanged ZSM-5 zeolite.

Fig. 4. A: Methane selectivity of the sodium and sulfur promoted iron catalyst
supported on CNT in a composite mixture with the zeolite (CFeZ) and the α-
alumina supported sodium and sulfur promoted iron catalyst in a mixed bed
configuration with the zeolite and 75–150 μm grain size (AFe/Z-100) as a
function of time on stream, B: Anderson-Schulz-Flory distribution for the so-
dium and sulfur promoted iron catalyst supported on CNT in a composite
mixture with the zeolite (CFeZ) after 100 h on stream and the α-alumina sup-
ported sodium and sulfur promoted iron catalyst in a mixed bed configuration
with the zeolite and 75–150 μm grain size (AFe/Z-100) after 50 h on stream.
Reaction conditions: 400 °C, CO/H2= 1, GHSV=7200 h−1, 1 bar.
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An increased methane selectivity due to the loss of promotion effect
on the iron (-carbide) function as well as decreased selectivity to C6-C8
aromatics caused by neutralization of acid sites of the zeolite by sodium
ions was observed when the iron catalyst was mixed with the zeolite in
close proximity. The migration of sodium ions from the iron catalyst to
the zeolite was confirmed using XPS. Mixing the iron catalyst and the
zeolite in lower proximity prevented this loss of promotion effect and
decrease in acidity of the zeolite, due to the spatial separation of the
two catalysts. Furthermore, our hypothesis of sodium ion migration
from the iron catalyst to the zeolite was supported by using carbon as
support material for the iron catalyst, which is suggested to lack the
capability of charge compensation for diffusing sodium ions.

4. Conclusions

We combined an α-alumina supported iron catalyst promoted with
sodium and sulfur with an H-ZSM-5 zeolite to convert synthesis gas to
olefins and aromatics in a single reactor. The presence of both sodium
and sulfur on the iron catalyst led to a deviation from the Anderson-
Schulz-Flory distribution with decreased methane selectivity. However,
when the iron catalyst was mixed with the zeolite in close proximity,
the deviation from the ASF-distribution vanished over time and the
selectivity to methane increased, whereas the selectivity to aromatics
decreased. We attributed this behavior to the migration of sodium ions
from iron to zeolite, resulting in a loss of promotion effect of iron and
neutralization of acid sites in the zeolite. The migration of sodium ions
as a result of heat treatment was confirmed using XPS. Catalysis with
lower proximity of iron and zeolite circumvented the migration of so-
dium ions. Furthermore, using carbon material as support for the iron
catalyst supported our hypothesis of sodium ion migration. Possibly due
to limited capability of charge compensation of moving sodium ions,
their migration was hindered over the carbon support. These findings
are important for future development of more stable bifunctional cat-
alyst systems.
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