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ABSTRACT:

The removal of acetylene traces from ethylene streams coming from the steam cracker is carried
out in the industry on an annual scale of several million tonnes using Pd-Ag/Al>O3 catalysts. The
substitution of palladium containing catalysts with more abundant, cheap and non-toxic materials
is a first crucial step towards a more sustainable chemical industry. Since iron is one of the most
abundant metals and can be mined in almost all regions world wide, it is an ideal catalyst material.
In this work, we present the development of alpha alumina supported iron catalysts with 1 wt%,
5 wt% and 10 wt% iron loading and their application in the selective acetylene hydrogenation
under industrially applied front-end conditions. The catalysts were prepared via simple incipient
wetness impregnation and were analyzed via XRD, XRF, TPR, TEM and N-Physisorption. The
catalysts were subsequently calcined, reduced and tested in the selective acetylene hydrogenation.
After an activation phase, the catalysts show excellent activity and selectivity in the acetylene
hydrogenation at 90 °C without significant ethylene hydrogenation. The excellent catalytic activity
underline the great potential of iron based catalysts as an alternative to conventional Pd-containing

materials.

KEYWORDS: Heterogenous Catalysis, Acetylene Hydrogenation, Front-End Conditions,

Semihydrogenation, Supported Iron nanoparticles.
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1 Introduction
Ethylene is one of the most important platform chemicals due to its application as monomer in
polymer production and as reactant for the production of intermediate products such as

[1.21 The conventional route for the

dichloroethane, ethylene oxide, ethyl benzene and vinyl acetate.
production of ethylene is the cracking of naphta or recently, the production from bioethanol by
dehydration. The cracking conditions mainly favour the formation of olefins as well as the
formation of smaller amounts of multi unsaturated compounds.!'! High purity ethylene streams are
required especially in polymer production to ensure reproducible product qualities. Multi-
unsaturated impurities such as acetylene lead to poisoning of Ziegler-Natta catalysts in
polymerization reactions.*>! Therefore, the generation of ethylene-rich streams with acetylene
concentrations lower than 1 ppm are necessary.”7!

Industrially, two main operating methods are commonly used for acetylene removal, tail-end and
front-end operation. In the first case, the acetylene removal unit is located after the de-ethanizer.
The feed contains only Co-fractions and stoichiometrically added hydrogen.!®"'% The low hydrogen
concentration guarantees a high selectivity for conversion of acetylene to ethylene avoiding the
overhydrogenation to ethane. However, it favors increased oligomer and green oil formation
leading to shorter catalyst lifetimes in the acetylene hydrogenation. Due to the lower risk of reactor
runaway, hydrogenation under tail-end conditions is most widely used in industry and well
researched.[!1°1?1 The hydrogenation under front-end conditions takes place in front of the
demethanizer!®! and therefore, the feed contains high hydrogen concentration as well as carbon
monoxide and methane.>*®1%1213] This carries the risk of overhydrogenation and hot spot

formation.'¥! The key advantage of front-end conditions is the improved process integration
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combined with longer catalyst life cycles and has been studied intensively in the recent years.[*!3
15]

State of the art catalysts for both operation modes are palladium based catalyst systems.[*67:12]

Owing to the low availability of palladium, its mining process consumes large amounts of fresh

16,17 [18,19]

water!'®! and has a low atom economy,'®!”) while producing high amounts of carbon dioxide
due to high electricity consumption.[!®!7-1°1 ]t is therefore important to reduce or substitute the use
of this critical raw material. In order to reduce the amount of palladium required and increase the

20211 and

selectivity of the acetylene hydrogenation reaction, palladium single-atom catalysts!
palladium single sites incorporated into bimetallic systems have been the focus of recent research
in this field. Some examples of bimetallic materials are PdAg!?? 26, PdAu,[?>?>27:28] pdIn,]
PdGal?%3031 a5 well as PdCul?**? and PdZn!*2%?%33] compounds and the incorporation of Pd into
metal-organic frameworks (MOF).*

The substitution of palladium by more abundant metals as active species is even more favorable.
Therefore, intermetallic phases and alloys of bi- and trimetallic palladium-free catalyst systems
such as supported AuAg!®¥), AgNil**! and Niln*"! systems as well as Cu-Ni-Fe systems!*8 have
been tested and show high activity and selectivity in the acetylene hydrogenation. Studt et al.
performed DTF calculations to identify non-precious metal alloys as catalysts for selective
acetylene hydrogenation.**) They predicted and confirmed the suitability of NiZn and NiZn; as
well as FeZn alloys as catalysts with high selectivity and activity.’!

A promising way to replace palladium as catalyst is the use of pure iron catalysts for the selective
acetylene hydrogenation. Zero-valent iron as well as Fe' and Fe'' are known for their

hydrogenation activity.[**%) Furthermore, iron is one of the most abundant metals resulting in a

low carbon foodprint and low water consumption during its production.!!”!
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M_O metal-organic framework as catalyst

Tejeda-Serrano et al. published the application of a Fe
for the acetylene hydrogenation under front-end conditions.[*” The iron-based MOF reduces the
acetylene content from 1.2 % to less than 10 ppm at 150 °C while ethane formation remains below
10 %. The increase of ethane formation over time indicates degradation of the catalyst under
reaction conditions.*!

More recently, Hock et al. published zero-valent iron nanoparticles as a very promising catalyst
under front-end conditions.!'>! The catalyst shows good activity of 14 % acetylene conversion at
90 °C and excellent selectivity. In addition, the selectivity could be improved by adding carbon
monoxide as selectivity directing agent.[!]

Based on these results, the systematic investigation and optimization of the catalytic properties of
the above mentioned iron nanoparticles is of interest. Therefore, we developed supported iron
nanoparticles with different iron loadings as catalysts for the selective acetylene hydrogenation
under industrially relevant front-end conditions. This results in catalysts with smaller iron particle

sizes, higher surface area and improved dispersion, leading to catalysts with excellent performance

and selectivity.

2 Experimental

2.1 Materials

Hydrogen (Hz, N50), methane (CH4, N25), ethylene (C2Ha, N35), an acetylene/propane/methane-
mixture (1.2 mol% CyHz, 1 mol% C3Hsg, N25, remaining CH4, N25) and argon (Ar, N50) were
purchased from Air Liquide. Iron(IIT) nitrate nonahydrate (Fe(NO3)s - 9 H>0, 99 %) was purchased
from Acros Organics, aluminum oxide (a-AlOsz, 99.95 %) from thermo scientific and

iron(Ill)oxide (Fe203, 96 %) from Sigma-Aldrich. All materials were used as purchased.
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2.2 Synthesis of supported Iron Nanoparticles

The synthesis of supported iron nanoparticles was carried out via incipient wetness impregnation.
Catalysts with iron loadings of 1 wt%, 5 wt%, and 10 wt% were synthesized. The respective
quantities of iron nitrate nonahydrate were dissolved in the volume of water corresponding to that
of the pores in the alpha-alumina support. The pore volume of aluminum oxide was determined
through N> physisorption. Subsequently, the iron nitrate solution was added dropwise to the
support, was mixed until a homogeneous paste was obtained and was treated in an ultrasonic bath
for 30 minutes. The paste was dried over night in a vacuum oven at 60 °C. Due to the low pore
volume and surface area of a-Al>Os, the impregnation resulted in inhomogeneous distribution of
iron nitrate as a crust on the surface. Therefore, the impregnated catalyst was mortared in acetone
till all liquid is evaporated to ensure that the Fe-species is homogeneously distributed. The dried
impregnated catalyst was then calcined in air at 600 °C for four hours (ramp: 5 °C min™!, 100 mL
min’! Air). Right before the catalytic testing, the catalyst was reduced in hydrogen at 900 °C for

three hours (ramp: 10 °C min!, 100 mL min™' Hy).

2.3 Catalyst Chraracterization
The catalysts were analyzed with X-ray diffraction, X-ray fluorescence, temperature-programmed
reduction, N>-physisorption and TEM. Detailed information regarding the measurement protocol

of each method can be found in the supporting information.

2.4 Selective semi-hydrogenation of Acetylene
A continuously operated fixed-bed reactor is used for the catalytic testing of the iron-based

catalysts. A filter frit with a pore size of 5 um is inserted into the tubular reactor to position the

powdered catalyst. Prior to the reaction, the reduced catalyst was removed from the reduction
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furnace, exposed to air and 200 mg of catalyst was weighed into the tubular reactor. In each
experiment the temperature was varied between 30 °C and 90 °C at 22.5 bar. The feed composition
corresponds to that of an acetylene removal unit (ARU) under front-end conditions (Table 1). A

scheme of the experimental setup is included in the supporting information (Figure S4).

Table 1: Feed composition and flow rate applied to all experiments.[

Flow 12.5Lh!
x(C2H2) 0.4 mol%
x(Cz2H4) 39 mol%

x(H>) 25 mol%

x(C3Hs)standara | 0.34 mol%
x(CH4) 35.26 mol%

The feed composition was realized by adding the different gas mixtures listed in chapter 2.1
through mass flow controllers. The composition of the output was monitored via GC with a FID
analyzer. Detailed Information regarding the GC Method and the column can be found in the
supporting information (GC program, Table S1). In each experiment the temperature is varied

from 30 to 90 °C in 10 °C steps. Every temperature step was held for 100 min.

3 Results and discussion
The synthesized supported iron nanoparticles were analyzed by XRD, XRF, N2-physisorption,
TEM and TPR measurements. The catalyst with 1 wt%, 5 wt% and 10 wt% iron loading were

tested as catalysts in the acetylene hydrogenation under industrial relevant front-end conditions.
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3.1 Synthesis and Characterization

The catalysts with 1 wt%, 5 wt% and 10 wt% iron loading supported on a-Al,O3; were synthesized
by incipient wetness impregnation using water and acetone as solvents. The catalyst precursors
were calcined at 600 °C. The iron loadings of the resulting iron oxides on a-Al,O3; were determined
by X-ray fluorescence using a calibration (Figure S1). The actual values were close to the target
values, indicating a successful synthesis (Figure S2). Immediately prior to catalytic testing, the
solids were reduced in hydrogen atmosphere at 900 °C. The reduction temperature was determined
by TPR. The reduction profile of the supported iron oxides with 1 wt%, 5 wt% and 10 wt% iron
loading showed the reduction pathway from Fe,Os to Fe® for different iron loadings. It is reported
in the literature, that the reduction of supported Fe,O3 in hydrogen atmosphere follows a two-step
reduction: 46!

3 Fe,03 + H, — 2 Fe30, + H,0
Fe;0, + H, —» 3 Fe+4H,0

The TPR patterns (Figure 1) show two distinct peaks. The catalysts with higher iron loading of
5 wt% and 10 wt% show peaks at about 400 °C and between 630 and 700 °C. The first peak
indicates the reduction of Fe,Os to Fe304. Fe30y4 is further reduced to Fe? at the second peak. The
peak intensities correlate with the hydrogen consumption for each reduction step and the iron
loading. For supported catalysts, the interaction between the metal particles and the support at high
temperatures is reported.'*’”! The peak shoulder at about 800 °C indicates the formation of iron
aluminates. The peaks are shifted for the catalyst with 1 wt% iron loading. The reduction of Fe.O3
to Fe3O4 occurs at lower temperatures of around 300 °C while the reduction to Fe is shifted to
significantly higher temperatures between 800 °C and 1000 °C. In addition, a peak broadening

occurs at high temperatures. The peak broadening and the high reduction temperature are related
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161  to small particle sizes at lower loadings and stronger interactions between the Fe particles and the
162  support favoring the formation of iron aluminates. To ensure complete reduction of the iron

163 catalysts and to maintain the same reduction procedure in all three cases, the reduction temperature

164  was set to 900 °C.

165
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> 801

]
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|—
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0 T T T R T T T T
0 200 400 600 800 1000
Temperature / °C
166

167 Figure 1: TPR pattern of the catalysts with 1 wt%, 5 wt% and 10 wt% iron loading between 30 °C and 1000 °C.

168
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Figure 2 shows the diffraction pattern of the catalysts a) after calcination and b) after reduction.
The calcined catalyst (a) shows a-Al,Os reflexes (gray)*® and Fe,Os reflexes (red)!*”! with lower
intensity. The intensity of Fe2Os3 reflexes increases with increasing Fe loading. No other iron oxide
species were observed. After reduction at 900 °C all Fe;Os reflexes disappear and the diffraction
pattern of Fe’ becomes visible (orange),[50’5” indicating complete reduction. The reflexes of Fe;O3,

a-Al,Os as well as Fe? are in good agreement with literature data.[5%->1:48:49]

a) b) a-Al,O4
0
a-Al,0, Fe
Fe,O
2 A3 10% Fe@Al, O, 10% Fe@Al,O,
A l 2 ASA AA A A
3 3
© «©
= =
-a 'a
c c
2 o 2
= 5% Fe@Al,O,4 = l 5% Fe@Al,O,
- ®~ A ‘ = ~ o S = L3 Ll
1% Fe@Al,O, 1% Fe@Al,O,
- 2 % - - = (S A « -«
T T T T T T T T T T T T T T T T T T T T T T T T

20 30 40 50 60 70 80 90 20 30 40 50 60 70 80 90
Bragg Angle / ° Bragg Angle / °

Figure 2: a) XRD measurements of the calcined catalysts with 1 wt%, 5 wt% and 10 wt% Fe-Loading. b) XRD measurements of
the reduced catalysts with 1 wt%, 5 wt% and 10 wt% Fe-Loading.

The crystallite size of iron oxide and Fe’ nanoparticles on alpha alumina support was determined
using the Scherrer equation. To calculate the crystallite size of Fe2Os, the Scherrer equation was
applied for the (211) reflexes at 23° 20, the (222) reflexes at 32.5° 20, the (510) reflexes at 48.5°

20 and the (440) reflexes at 54.5° 20. The crystallite size of Fe’ for the reduced iron catalysts was

10
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184

185
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187

188

189

190
191
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193

194

determined analogously using the (110) reflexes at 44.5° 20, the (200) reflexes at 65° 2 0 and the
(211) reflexes at 82.5° 20. The average crystallite size of all reflections of Fe,O3 and Fe? for 1 wt%,
5 wt% and 10 wt% iron loading are shown in Table 2. The crystallite size of the reduced iron
particles increases increases in comparison to the Fe;Os particles due to the high reduction
temperature of 900 °C indicating sintering. The crysalite sizes for the alpha alumina support is

added to the supporting information.

Table 2: Crystallite sizes of the unreduced and reduced catalysts with 1 wt%, 5 wt% and 10 wt% iron loading.

Crystalite size ite si
Std. dev / Cryststalite size Std. dev / nm

(calc. cat.) / nm nm (red. cat.) / nm
1 wt% Fe@AI,O3 - - 26.6 0
5 wt% Fe@Al,O3 20.0 1.4 31.2 24
10 wt% Fe@Al,O3 25.2 1.2 48.7 4.2

Transmission electron microscopy was used to identify the iron dispersion and the size of the

reduced iron nanoparticles (Figure 3).
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a) 1wt% Fe@ALl,0,

c) 10 wt% Fe@AL,0,

b) 5wt% Fe@AL,0,

—
200 _nm
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Figure 3: TEM images of the reduced catalysts with a) 1 wt% iron loading, b) 5 wt% iron loading and c) 10 wt% iron loading.

The TEM images show that the iron nanoparticles (darker spots) are deposited on the surface of
the a-alumina support (brighter particles). As the loading increases, the size of the nanoparticles
increases. Lower iron loadings lead to higher interaction between the support and the iron as well

as to a higher dispersion.

N»-physisorption measurements of the unreduced catalysts show that the impregnation of iron has

no significant effect on the specific surface area compared to pure aluminum oxide (Figure S3).

3.2 Acetylene Hydrogenation
Catalytic tests of the above mentioned catalysts with 1 wt%, 5 wt% and 10 wt% Fe loading were
carried out in a fixed bed reactor at temperatures between 30 °C and 90 °C and a pressure of

22.5 bar aiming to model industrial front-end conditions of an acetylene removal unit.'¥ The feed
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composition is given in Table 1. The observed product spectrum and the reaction pathways are
shown below (Scheme 1). In general, catalysts with low selectivity towards ethane and the

oligomerization products are suitable for the acetylene hydrogenation.

Ha
Cat: Fe@AI,O
H,C=——=CH, at: Fe@Al,0;
+
HC=—=cH 2
— Cat: Fe@AI203 H,C —CH, [/ » H,C CHg,
Desired product Overhydrogenation
ethylene product ethane
e O TN\ N A Cyy
Oligomerization
products

Scheme 1: Reaction scheme for the acetylene hydrogenation under front-end conditions including the desired product ethylene, the
undesired overhydrogenation product ethane and the oligomerization products Z-butene, E-butene, 1-butene, butadiene, and
higher oligomerization products Cy+.

Prior to the catalytic testing in the acetylene hydrogenation, the catalysts were reduced at 900 °C
and transferred to the reactor as quickly as possible. At 90 °C under constant reaction conditions,
the activation of each catalyst was observed at the beginning of the catalytic test (Figure 4, left).
The activity shows a steep increase and reaches a plateau after 40 h time on stream. Afterwards,
the temperature was varied between 30 °C and 90 °C in 10 °C steps, with stable activity and

selectivity for each temperature (Figure 4, right).
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Figure 4: Left: Activation behavior, conversion of acetylene under reaction conditions at 90 °C exemplarily shown for the catalyst
with 5 wt% iron loading in the first 40 h time on stream. Right: Acetylene (blue) and ethylene (red) conversion as well as C4-
selectivity (vellow) and ethane make (green) for the 5 wt%oFe@Al>0; catalyst after the activation phase.

The increase in activity with time at constant temperature and feed composition might indicate the

reduction of remaining oxidic species on the surface and the formation of the active species under

reaction conditions. The oxidic species originates from contact with air as the reduced catalyst is

transfered from the reduction furnace to the reactor. The reducing reaction conditions seem to be

able to reduce the catalyst surface in situ at 90 °C. Therefore, the synthesized catalysts with 1 wt%,

5 wt% and 10 wt% iron loading were tested in the acetylene hydrogenation following the same

reaction protocol:

1) Catalyst treated at 90 °C for 40 h under reaction conditions (Table 1)

2) Cooling to 40 °C in methane atmosphere

3) Heating under reaction conditions in 10 °C steps from 40 to 90 °C with a heating ramp of

1 °C per minute and detection of the conversions and selectivities via GC
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The acetylene conversion and the ethane selectivity of the different catalysts after the activation

phase between 30 °C and 90 °C are shown in Figure 5.

60 160
1 % Fe@Al,O, he 1 % Fe@Al,O, R
5 % Fe@Al,O, 1 5 % Fe@Al,O,
50 —*— 10 % Fe@AIl,O,4 _ 140 4—2— 10 % Fe@Al,O4
W, 120
40 2 3
o\o .
§ = 100
= 30 = 2 A
T ¢ § i A R
;3 . i 80 - A a
/ s |
20 s
60 -
g N _
o ] - A
10 o R 40 - A A .
* . A —» "
+ v = "
FN + -
0 T T T T T T T T T T 20 T i T T T T T T T T T
40 50 60 70 80 90 40 50 60 70 80 90
Temperature / °C Temperature / °C

Figure 5: Left: Acetylene conversions between 30 °C and 90 °C for the catalysts with 1 wt% (orange), 5 wt% (green) and 10 wt%
(blue) iron loading. Right: Ethane make between 30 °C and 90 °C for the catalysts with 1 wt% (orange), 5 wt% (green) and 10 wt%
(blue) iron loading.

The acetylene conversion of the catalysts (Figure 5, left) with 1 wt%, 5 wt% and 10 wt% iron
loading increases with increasing temperature, while the activity of the catalyst with 5 wt% and
10 wt% iron loading shows the highest activity. The catalyst with 5 wt% iron loading shows the
highes activity at lower temperatures. The activity of the catalyst with 10 wt% iron loading exceeds
its activity only at 90 °C. When looking at the selectivity to ethane (Figure 5, right), values above
100 % were obtained. This is due to the fact that the ethane selectivity was calculated based on the
acetylene conversion. Since ethane can also be formed by hydrogenation of ethylene, ethane

selectivities above 100 % are possible, but not desirable. The selectivity to ethane shows a similar
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behavior for the catalyst with 5 wt% and 10 wt% iron loading, with a minimum of selectivity to
ethane at around 60 °C and higher selectivity to ethane at higher and lower temperatures. The
catalyst with 5 wt% iron loading shows the highest overall selectivity to ethane. It is noticeable,
that the selectivity of the catalyst with 1 wt% iron loading decreases with increasing temperature.
Therefore, the selectivity seems to be related to iron loading and particle size respectively,
indicating that low iron loadings lead to excellent selectivitys of the catalyst. To evaluate the
activity of the catalysts per gram of active component, the reaction rate for the hydrogenation of

acetylene is determined.

300
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-2 2504 @ 10 % Fe@Al,O, -
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Figure 6: Reaction rate of the acetylene hydrogenation normalized by the mass of iron..

The calculation of the reaction rates show that the catalyst with 1 wt% iron loading has the highest
overall values, followed by the catalysts with 5 wt% and 10 wt% iron loading. While the catalysts

with 5 wt% and 10 wt% iron loading show an approximate linear increase of the reaction rate, the

16
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catalyst with 1 wt% iron loading shows an approximate exponential progression. Therefore, the
catalyst with an iron loading of 1 wt% exceeds the reaction rates of catalysts with 5 wt% and
10 wt% iron loading. The results underline the high catalytic activity of iron catalysts with lower

iron loading.

The results of the catalytic tests of iron-based catalysts with iron loadings of 1 wt%, 5 wt% and
10 wt% show excellent activity and selectivity in the acetylene hydrogenation under industrial
front-end conditions, especially for the catalyst with the lowest iron loading. Furthermore, the
catalytic activity exceeds that of unsupported iron nanoparticles, clearly demonstrating the

improved properties of the supported catalysts.

4 Conclusion

The goal of this work was to improve the catalysts’ properties and the catalytic activity of
monometallic iron catalysts by supporting on alpha alumina and to underline the great suitability
of iron as catalyst in industrial relevant applications. In this work, catalysts with iron loadings of
1 wt%, 5 wt% and 10 wt% were synthesized by incipient wetness impregnation using water and
acetone as solvents. The catalysts were calcined, reduced and tested in the selective acetylene
hydrogenation under industrial front-end conditions. An activation behaviour of the catalysts due
to the contact of the catalysts with air after the reduction is observed. After reaching a plateau in
activity at 90 °C, the supported iron nanoparticles show excellent acetylene conversion of as well
as excellent selectivities towards ethylene. No significant ethylene conversion was observed. This
work demonstrates the great suitability of supported iron nanoparticles, especially for low iron
loadings. The results show the need for further research in the development of iron-based catalysts.

To increase the catalytic activity and enhance the reproducibility of the reduction process, the
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development of a reactor concept with in situ reduction is important. This will shorten the
activation phase and might lead to increased catalytic activity. Furthermore, the resilience of iron
based catalysts against carbon monoxide in the reaction mixture must be tested and the effect on
the activity and selectivity needs to be monitored. This is important to evaluate the suitability as
industrial relevant catalyst. The development of iron-based bimetallic catalyst systems is of interest
for the optimization of the catalytic activity and selectivity. Lastly, testing of different shaped
a-alumina supports for improved flow behaviour should be part of further research and catalyst

development.
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