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ABSTRACT: The need of nontoxic, cheap, earth-abundant catalysts, which can be sustainably

produced and implemented, is essential to many processes. In this work we present unsupported

iron nanoparticles as an efficient catalyst for selective acetylene hydrogenation under

industrially relevant front end conditions. Additionally, the selectivity and the activity of this

catalyst can be easily moderated by the addition of carbon monoxide. The iron nanoparticles

were prepared in an environment completely free of water or air using condensed ammonia at

-78 °C. State-of-the-art X-ray diffraction and scanning electron microscopy were used to

determine the crystal structure, morphology and purity. The catalyst showed stable performance

over several experiments and beside an agglomeration of the unsupported and unstabilized

particles no changes to the catalyst were detected before and after the reactions.

INTRODUCTION

Ethylene continues to be one of the most important commodity chemicals with a global

consumption of 164 million tons in 2018.l11 A key step in the primary production method via

steam cracking is the removal of acetylene below 1 ppmv.[>>! On an industrial scale, the

selective hydrogenation of acetylene has been an established process for years, with two

common operation methods:?1 front end and tail end hydrogenation, placing the

2
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hydrogenation unit either in front of the de-methanizer or behind the de-ethanizer unit.[®8 The

main difference between these processes is that under front end conditions the feed contains a

higher amount of hydrogen, methane and carbon monoxide rendering the reaction control more

challenging.!>4°! The disadvantage of the front end option is the lower ethylene selectivity due

to the high hydrogen fraction as well as the risk of hot spot formation and hence, a more

challenging process control by means of safety in order to avoid a reactor runaway by an

uncontrolled temperature increase.!> 4% Therefore the tail end process is the most commonly

used and researched process.[> 4! The benefit of front end operations are however, besides a

more efficient process integration, considerably lower green oil (Cy4, by-products) production

resulting in longer catalyst cycles.[? 4 !

The state-of-the-art catalysts for both process options are based on palladium nanoparticles

supported on alumina pellets, which provides unrivalled catalyst activity and selectivity due to

alloying with silver.[> 5 191 The global production of palladium is small however and the

demand, especially for automotive exhaust gas catalytic converters, is high, resulting in soaring

palladium prices.'!l Therefore a lot of studies have been focused on enhancing catalytic

properties for palladium catalysts.[?! Effects of morphology,!!?!4! support interaction,!!>-18]

inorganicl'® 19211 ‘and organicl?>?* selectivity modifiers, bi- and trimetallic palladium
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catalysts[?>-30] have been closely analysed and optimized. Another approach under investigation

is the further optimization of more abundantly available alternatives like nickel,*'-34 copper,!”-

35361 and goldB7-31 as catalysts for selective acetylene hydrogenation in order to compete with

the palladium based ones. Over the last decades nanoparticles have been in the focus for both

approaches and many studies in general.[**-#!l Various results can be optimized!>-*3! through

nanoparticle size**! morphology,“®-#81 surface modifying organic ligands,*3-3° and support

based interactions.!-321 Most recent deployments on acetylene hydrogenation include Pt-Sn

bimetallic nanoparticles confined in mesoporous silica walls,!>3! Pd on fiberglass®* or in

microporous carbon tubes,’d gold nanoparticles supported on Ce-Zr oxides,’8! Cu,O

nanocubes%! and many more. The preparation of iron nanoparticles especially has led to vast

improvements in activity and selectivity for many different reactions.57-%1 For the selective

acetylene hydrogenation iron nanoparticles have been deployed as coating for nanocatalysts>’],

embedded in metal organic frameworksP® and in inter® - and bimetallic!®®! nanocatalysts. In

this work we show for the first time the unprecedented catalytic behaviour of unsupported ultra-

pure iron nanoparticles. Under industrially relevant front end conditions of the gas phase

selective acetylene hydrogenation the prepared nanoparticles exhibit high activity and

selectivity.
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RESULTS AND DISCUSSION

oNOYTULT D WN =

10 SYNTHESIS AND CHARACTERISATION

14 The Fe nanoparticles were synthesised via a method by Zieschang et al.[®!l by the reduction

17 of FeBr, with sodium in liquid ammonia. After evaporating excess of ammonia, the obtained

black powder was annealed at 500 °C. The product was characterized by X-ray diffraction

24 (XRD) measurements (Figure 1 and Table 1) and confirmed crystalline Fe as product. The

27 particle size was calculated with 86.4(9) nm using the Scherrer equation.[6?]

N
o
Intensity [a.u.]

51 Figure 1. X-ray diffraction pattern of iron nanoparticles before catalysis after Rietveld

54 refinement with the crystal structure of Fe (Zm-3m)%3! (green) (black: observed, red: calculated,

blue: difference curve).
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Table 1. Rietveld refinement data for Fe nanoparticles before catalysis.[!

Space group Inm-3m
Crystallite size 86.4(9)
(Lorentzian)/nm

alA 2.8685(8)
VIA3 23.603(2)
Rexp 7.09

Ryp 7.73

GOF 1.09

The STEM image (Figure 2) shows particles with spherical dimensions and some are

elongated. Few of the particles are agglomerated due to their large particle surface and magnetic

behaviour. The calculated particle size according to the STEM analysis is between 80 and

100 nm. This is in good agreement with the crystallite size determined by the Scherrer equation

(86.4(9) nm).
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2 Figure 2. Oriented-dark-field STEM image of agglomerates of iron nanoparticles before

24 catalysis.

31 ACETYLENE HYDROGENATION

34 The prepared iron nanoparticles were tested for their catalytic ability to selectively

hydrogenate acetylene in a laboratory scale fixed-bed reactor setup, which was specially

41 designed for the investigation under the industrially relevant front end conditions for the

44 acetylene hydrogenation. The groundwork and general idea of the plant is based on the work of

Kuhn et al.™* and the flow sheet can be found in the supporting information Figure S1. For all

51 of the experiments displayed in this work a typical feed stock of an acetylene removal unit

54 (ARU) after Gislason et al.[® was used (Scheme 1), the only simplification being that no ethane

was added to the feed. Instead, the methane content was increased accordingly. Both methane

60 7
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and ethane are inert in this reaction. If no ethane is added in the feed, the selectivity of the

ethane formation can be more accurately determined. Additionally, a variation of the carbon

monoxide content from 0 to 250 ppm was carried out to investigate if CO can also be used as a

promoter of selectivity and as an inhibitor of oligomer formation for this new kind of catalyst.

Propane was added to the acetylene gas cylinder as an internal standard for the GC analytics.

Scheme 1. Reaction scheme for the selective acetylene hydrogenation under front end

conditions, with a typical ARU feedstock composition after Gislason et al.[%¥ of 25.00 mol%

H,, 0.40 mol% C,H,, 39.00 mol% C,Hy, 35.25 mol% CH,4 and 0.33 mol% propane as internal

standard. The CO concentration is being varied over the experiments from O ppm to 250 ppm.

Fe nanoparticles 54 » H,C—CH,

HC=CH + H,C=CH, + H, ——— = H,C=CH,

Volume flow: 12 L - h-! 7%’ Green oil (Cy4.)

Total pressure 22.5 bar

The experiments were conducted over a temperature range from 40 °C to 90 °C, which

represents the industrially relevant range.l%! Starting at 40 °C in steps of 10 °C, each

temperature was analysed over the course of 70 minutes reaching steady state behaviour. Then

the temperature was increased by 10 °C at a rate of 1 °C - min! and the next temperature was

monitored. The resulting acetylene and ethylene conversion of the experiment with O ppm CO

ACS Paragon Plus Environment
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is displayed in Figure 3 (For quicker and better comprehension of the experimental data and

trends, averaged bar graph are used in this work. The original measurement data alongside the

calculation of the conversion and reaction rate is shown in the SI). The average acetylene

conversion at 40 °C amounted to about 3.4 % and increased to 14.3 % at 90 °C. The C,

selectivity based on the acetylene conversion, fluctuated around 2 % over the howl temperature

range. The ethylene conversion increased from 0.2 % at 40 °C to 1.1 % at 90 °C. Taken the 100

times higher partial pressure of ethylene in comparison to acetylene, in absolute sum more

ethylene was converted than acetylene. This can be clearly observed in Figure 4 where the

reaction rate is displayed. Therefore three experiments with 50, 100 and 250 ppm CO were

ACS Sustainable Chemistry & Engineering

conducted to see if CO could be used to mediate the reaction.
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Figure 3. Temperature dependent acetylene and ethylene conversion in a temperature range
from 40 °C to 90 °C using 201.9 mg of Fe nanoparticles with O ppm CO. The C4 selectivity is

calculated based on the acetylene conversion.
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Figure 4. Acetylene and ethylene reaction rate in a temperature range from 40 °C to 90 °C using

201.9 mg of Fe nanoparticles.

The complete experimental data of the experiments with 0, 50, 100 and 250 ppm CO is given

in the SI. The comparison of the conversion at a temperature of 90 °C is displayed in Figure 5

the corresponding reaction rate in Figure 6. The results show a huge impact of the CO addition

for the selectivity and activity of the catalyst. Even a relatively small amount of 50 ppm CO

improves the selectivity by 90 % but also halves the acetylene conversion. At 100 ppm CO in

the feed no more ethylene conversion can be observed, however the acetylene conversion is

10
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slightly reduced as well. An increase to 250 ppm brings no benefit but lowers the acetylene

conversion further. Even worse, a very small ethylene conversion is observed again at 250 ppm

oNOYTULT D WN =

CO. In conclusion, the addition of carbon monoxide to the feed leads to a massive improvement

14 in the selectivity of the Fe nanoparticles towards the acetylene conversion, but also to a decline

17 in activity. For the investigated settings, 100 ppm CO deliver the most promising results with

no observable ethane formation and still a reasonable acetylene conversion.
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43 Figure 5. Comparison of the conversion of acetylene and ethylene at 90 °C reactor temperature

in regard to the feed’s carbon monoxide content using 201.9 mg of Fe nanoparticles.
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Figure 6. Comparison of the reaction rate of acetylene and ethylene at 90 °C reactor temperature

in regard to the (feed’s) carbon monoxide content using 201.9 mg of Fe nanoparticles.

A reliable comparison of the catalytic performance of the Fe nanoparticles with state-of-the-

art catalysts is a challenging task, given the various amounts of possible feed compositions,

reaction parameters and reporting preferences. Identical conditions could not be found in

literature. However, a qualitative performance comparison proves the rather good performance

of the Fe nanoparticle catalyst: One of most recent and largest comparisons by Revanchi et.

al.l%®] focuses on all of the possible catalyst with palladium as active metal. This represents also

the current state of the art in industry, with catalyst achieving 90% and above conversion at

90°C. The comparison of Fe nanoparticles in their current to these catalyst under similar

12
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conditions shows room for improvement until industrial relevance is reached (Figure 5).[66-67]

This was excpected of unsupported Fe nanoparticles in a fixed-bed reactor at 90°C but also

shows the pontential of the concept of Fe nanoparticles for the seclective acetylene

hydrogenation. Further in depth research will be carried out for fitting soupports and promotors.

For example compared to Ball et al.l”l SiO, supported AgPd and CuPd bimetallic nanoparticles,

the unsuported Fe nano particles showed similar conversion as AgPdy 15/SiO, and CuPd 4o/SiO;

at the same reaction temperature of 40°C.["]

CATALYST CHANGE AND STABILITY

The resulting Fe nanoparticles were characterized again after the four described experiments.

After a total reaction time of 32 hours no obvious changes and differences can be seen

comparing the powder diffraction patterns of the Fe nanoparticles before and after catalysis

(Figure 2 and Figure 7). But, the difference in the sizes of the particles with 127.7(2) nm

according to the Scherrer equation after catalysis is remarkable (Table 2). The bigger size of

the particles and crystal growth can also be seen in the STEM image (Figure 8). Particle growth

might be caused due to thermal treatment at 90 “C during the catalysis and not necessarily by

the reaction itself, which will be further investigated in further research.

13
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Intensity [a.u.]

Figure 7. X-ray diffraction pattern of the iron nanoparticles after catalysis after Rietveld

261°]

refinement with the structure of Fe (Im-3m)!%3! (green) (black: observed, red: calculated, blue:

difference curve).

Table 2. Rietveld refinement data for Fe nanoparticles before and after catalysis

Pristine Used
Space group Im-3m Im-3m
Crystallite size 86.4(9) 127.7(2)
(Lorentzian)/nm
alA 2.8685(8) 2.8684(8)
VIA3 23.603(2) 23.601(2)
Rexp 7.09 7.25
Rup 7.73 8.40

ACS Paragon Plus Environment

14

Page 14 of 38



Page 15 of 38

oNOYTULT D WN =

ACS Sustainable Chemistry & Engineering

GOF 1.09 1.16

The HAADF STEM images show the Fe nanoparticles before and after catalysis experiments

(Figure 8). An agglomeration of the Fe nanoparticles can be caused by thermal treatment or

ferromagnetic behaviour. For these reasons, the determination of the particle size from the

STEM images was difficult. Nevertheless, the images indicate smaller Fe nanoparticles before

catalysis and bigger agglomerates afterwards. Additionally, an important information on the

feasibility of the formation of Fe carbonyls can be obtained from STEM. In all experiments no

quantitative Fe carbonyl formation was observed nor a catalyst mass loss. If this would have

been the case then a significant surface restructuring and roughening would occur and be visible

in the STEM images. Hence, at least under the applied conditions and experiment durations the

catalysts seemed to be sufficiently stable. Of course, future more detailed investigations are

required on the Fe carbonyl formation and loss via the gas phase in terms of stability for long

periods of time-on-stream.

15
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Figure 8. HAADF-STEM images of representative agglomerates of iron nanoparticles (a)

before catalysis and (b) after catalysis.

CONCLUSION

In this work iron nanoparticles were prepared and used as a catalyst for the hydrogenation of

acetylene under front end conditions. The nanoparticles were highly active and converted both

acetylene and ethylene. By the addition of 100 ppm carbon monoxide the selectivity towards

acetylene could be increased significantly without observable deactivation or carbonyl

formation. These results indicate, that iron nanoparticles can be a suitable alternative catalyst

for the selective acetylene hydrogenation even under industrially relevant reaction conditions.

Overall it is proven that conventional noble metal catalysts such as in this case Pd/Ag can be

16
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replaced by iron as an abundant, cheap and sustainable alternative. This work provides a solid

foundation for further development and knowledge-based optimization of (bi-) metallic iron-

oNOYTULT D WN =

based catalysts for selective gas phase hydrogenation reactions.

17 EXPERIMENTAL SECTION

20 MATERIALS

24 Hydrogen- (H,, N50), hydrogen carbon monoxide mixture (0.15 mol% CO, N18; remainder
27 H,, N30), methane (CH4, N25), ethylene (C,Hy4, N35), the acetylene mixture (1.2 mol% C,H,,
30 N26; 1 mol% C;Hg, N25; remainder CHy, N25) and Argon (Ar, N50) were obtained from Air
34 Liquid. Ammonia (NH3, N50) was purchased from Linde, iron(II)bromide (FeBr,, 98 mol%)
37 from Sigma-Aldrich and sodium (Na, 99.5 mol%) from Riedel-De-Haén. All chemicals were

used as received.

47 SYNTHESIS OF IRON-NANO-PARTICLES
The synthesis was carried out after Zieschang et al.!%!! In order to avoid contact with oxygen
54 or moisture during the reaction, all experiments were carried out under argon atmosphere,

57 including the weighing of the reactants in an argon-filled glove box. Additionally, all glassware

60 17
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was heated under vacuum and purged three times with argon to remove all traces of oxygen and

water. The day before the reaction, ammonia (Linde; N50) was condensed into a cooling trap

at -78 °C and dried over sodium (Riedel-De-Haén; 99.5 %) over the course of 24 hours. FeBr,

(Sigma-Aldrich; 98 %) was stored in a glove box and used without further purification. FeBr,

(3.86 g; 1.00 eq.) was placed in a three-necked flask and dispersed in liquid ammonia. After the

addition of sodium (0.82 g; 1.9 eq.) under flowing argon, the reaction mixture immediately

turned black. The suspension was kept at -78 °C for one hour and stirred every ten minutes.

Afterwards, the reaction mixture was warmed up to room temperature to remove remaining

ammonia residues. The powder was then dried in vacuo for eight hours, subsequently annealed

at 500 °C using a defined temperature program (SI), and washed with dried methanol.>%)

SELECTIVE HYDROGENATION OF ACETYLENE

The experimental setup is displayed in the supporting information. The tubular powder

reactor was fitted with a filter frit with 0.5 um pores as support of the packed powder and an

additional magnet to prevent the contamination with nanoparticles of the reactor setup. For each

experiment 201.9 mg of catalyst were used and inserted under argon atmosphere. The feed

specified in Scheme 1 was realized by adding the gas mixtures listed in MATERIALS over the

18
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mass flow controller network. The composition of the outlet streams was continuously
measured via gas chromatography (Shimadzu GC 2010 Plus with RT-Aluminia BOND/MAPD
column; 30 m; ID 0.53 mm; Film Thickness 10 um; carrier gas Helium) every 11 minutes with
a FID analyser. Before each experiment the exact feed composition was analysed over a bypass
measurement for at least 60 minutes. In each experiment the temperatures 40, 50, 60, 70, 80
and 90 °C were measured for 70 minutes. In between the temperature was ramped at

1°C - minl.

X-RAY POWDER DIFFRACTION

The X-ray powder diffraction data were obtained at room temperature by using a
diffractometer with Debye-Scherrer geometry (STOE Stadi P, position-sensitive detector) with
Moxq; radiation (Ge(111) monochromator, A = 0.70930 A, glass capillary). The crystallite size

was determined based on the Scherrer equation using the program TOPAS.[64]

ELECTRON MICROSCOPY

19
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A scanning transmission electron microscope (ZEISS CrossBeam 350, EHT 30 kV) was used

for characterization of the morphology of the nanoparticles. The system has STEM-in-SEM

capabilities, which can give some basic bright field (BF), dark field (DF) as well some high

angle annular dark field (HAADF) STEM imaging capability. The samples were prepared in a

glove box and carried out on copper grids with perforated carbon films and placed on a STEM

holder.

ASSOCIATED CONTENT

Supporting Information: Additional detail on the experimental plant setup and reactor,

detailed experimental insights and results, temperature program used for the synthesis of Fe

nanoparticles (PDF) are available in the Supporting Information.
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HC=CH + H,C=CH, + H,
\*_.\‘a;»_

H2C:CH2

SYNOPSIS

Substituting a Pd/Ag catalyst by abundant, cheap and environmentally benign iron with a

comparable catalytic performance for an industrial reaction is an essential element for

sustainable chemical process development.

38

ACS Paragon Plus Environment

Page 38 of 38





