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Abstract

In the combat against global warming methods to reduce carbon dioxide (CO,) emissions are of high
interest. The reverse water-gas shift reaction (rWGS) not only allows to reduce CO, emissions but also
converts CO; into carbon monoxide (CO) which is a useful chemical used to produce many base
chemicals.

Novel perovskites (i.e. NdosCapsFeo9C00103.s — NCF-Co) proofed to be very active rWGS catalysts on
the lab scale [1]. Thus, an up-scaling of this catalyst should be tried.

The perovskite material was prepared via the Pechini route. Besides of the NCF-Co phase, the
formation of a brownmillerite phase was observed in X-ray diffraction (XRD) measurements for batches
of larger size.

For up-scaling, pellets with the porogens starch and graphite which were sintered at different
temperatures were prepared and tested in the reactor for their catalytic activity. It was found that
higher porogen content and lower sintering temperature increase the activity. Pellets with Al,O3 as
binder also performed well in the catalytic tests.

For pellets produced with alumina hydrates and NCF-Co it was found that pellets which contain more
boehmite exhibit a higher mechanical stability. The reactor testing was done close to the
thermodynamic equilibrium (close to real conditions). A higher activity compared to pure alumina was
confirmed but it was difficult due to the problem of condensing water to distinguish between the NCF-
Co containing catalysts.

Furthermore, it was tried to prepare composites with zeolites. First a pure zeolite was prepared (ZSM-
5 “Si/Al=35"). This zeolite and two other ZSM-5 zeolites (ZSM-5 “pure Si” and ZSM-5 “Si/Al=140") were
tested for their stability via in-situ XRD in hot water vapor atmosphere. Two of these three zeolites
were relatively stable (ZSM-5 “Si/Al=35" and ZSM-5 “Si/Al=140") whereas for the zeolite ZSM-5 “pure
Si” the formation of B-cristobalite was found.

For the preparation of composites two approaches were chosen:

e Zeolite added to the Pechini synthesis
e NCF-Co added to zeolite synthesis

For the approach “zeolite added to the Pechini synthesis” the formation of B-cristobalite and an almost
completely destroyed zeolite was found for ZSM-5 “pure Si”, whereas for ZSM-5 “Si/Al=140" only
partial destruction of ZSM-5 and the forming of various other phases apart from ZSM-5 and NCF-Co
were found.

For the approach “NCF-Co added to zeolite synthesis” it was found in the XRDs that reflexes from both
phases are present. A reduction of the brownmillerite phase was observed, when NCF-Co was added
early in the course of the zeolite synthesis.

In the catalytic tests the same problems as described above arose. Nevertheless, the qualitative
assessment that an early addition of NCF-Co to the zeolite synthesis leads to a flattening of the activity
curve can be made.

For all investigated NCF-Co catalysts, exsolution was confirmed via ex-situ XRD.
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Kurzfassung

Im Kampf gegen die Klimaerwarmung sind Methoden zur Reduktion von Kohlenstoffdioxid (CO,)
Emissionen von hoéchstem Interesse. Die reverse Wasser-Gas Shift (rWGS) Reaktion ermdglicht nicht
nur eine Reduktion von CO, Emissionen, sondern auch die Umwandlung in eine niitzliche Verbindung
namens Kohlenstoffmonoxid (CO) welche fiir die Produktion von Grundchemikalien bendtigt wird.

Neuartige Perowskite (z.B. Ndo.sCao.4Fe0.9C00.103.5s — NCF-Co) stellten sich bei Tests im LabormaRstab als
sehr aktiv heraus [1]. Deshalb soll ein Up-Scaling dieses Katalysators versucht werden.

Der Perowskit wurde Uber die Pechini Synthese hergestellt. Neben der NCF-Co Phase wurde bei
Rontgenbeugungsmessungen (XRD) auch eine Brownmillerit Phase gefunden.

Flr den Up-Scaling Prozess wurden zuerst Pellets mit den Porogenen Starke und Graphit, gesintert bei
verschiedenen Temperaturen, hergestellt und in einem Reaktor die katalytischen Aktivitaten getestet.
Es wurde festgestellt, dass sowohl ein hoherer Gehalt an Porogenen als auch eine niedrigere
Sintertemperatur die Aktivitdt erhohen. Pellets mit Al,O; als Binder lieferten eine gute katalytische
Performance.

Fiir Pellets hergestellt aus Alumina Hydraten und NCF-Co wurde gefunden, dass Pellets mit hoheren
Bohmit Gehalten eine hohere mechanische Stabilitdt aufweisen. Fiir die Reaktortests sollte nahe am
thermodynamischen Limit (nahe an reellen Bedingungen) gearbeitet werden. Eine erhohte Aktivitat zu
reinem Alumina konnte belegt werden, aufgrund des Problems von kondensierendem Wasser kann
jedoch nicht zwischen den verschiedenen Katalysatoren welche NCF-Co enthalten unterschieden
werden.

Weiters wurde versucht Komposite mit Zeolithen herzustellen. Dazu wurde zunachst ein reiner Zeolith
synthetisiert (ZSM-5 ,,Si/Al=35“). Dieser und zwei weitere ZSM-5 Zeolithe (ZSM-5 ,,pure Si“ und ZSM-5
,Si/Al=140“) wurden via in-situ XRD in HeiBwasserdampfatmosphare auf Stabilitat geprift. Zwei der
drei getesteten Zeolithe waren relativ stabil (ZSM-5 ,,Si/Al=35“ und ZSM-5 ,,Si/Al=140“) wohingegen
bei Zeolith ZSM-5 ,,pure Si“ die Bildung von B-Cristobalit beobachtet wurde.

Flr die Herstellung von Kompositen wurden zwei Ansdtze gewahlt:

e Zeolithe zur Pechini Synthese zugegeben
e NCF-Co zugegeben zur Zeolith Synthese

Beim Ansatz ,,Zeolithe zugegeben zur Pechini Synthese” wurde fiir Zeolith ZSM-5 ,,pure Si“ die Bildung
von B-Cristobalit und eine beinahe vollstdndige Zerstérung von ZSM-5 beobachtet. Fiir ZSM-5
,Si/Al=140" wurde eine geringere Zerstérung und Bildung von weiteren Phasen, abgesehen von ZSM-
5 und NCF-Co, festgestellt.

Beim Ansatz ,NCF-Co zugegeben zur Zeolith Synthese” wurde in den XRDs gefunden, dass Reflexe
beider Phasen vorhanden sind. Eine Reduktion der Brownmillerite Phase konnte beobachtet werden,
wenn NCF-Co friih im Verlauf der Zeolith Synthese zugegeben wurde.

Die katalytischen Tests waren wiederum von dem oben bereits genannten Problem Uberlagert.
Allerdings konnte die qualitative Beobachtung gemacht werden, dass sich eine friihe Zugabe von NCF-
Co zur Zeolith Synthese in einer Abflachung der Aktivitatskurve dufRert.

Exsolution wurde mittels ex-situ XRD fiir alle in den Reaktortests eingesetzten
Perowskitkatalysatoren bestatigt.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Danksagung

Ich méchte mich bei Christoph Rameshan, seinen Arbeitsgruppenangehérigen und Noelia Barrabés
meiner Co-Betreuerin einerseits daflir bedanken, dass ich meine Diplomarbeit hier abfassen durfte
und andererseits dafiir, dass ich bei meiner Arbeit tatkraftig unterstitzt wurde.

Weiters mochte ich mich bei Laura Kronlachner fiir die ICP-OES Messungen, bei Johannes Zbiral fir die
XRF-Messungen und bei Werner Artner vom XRD-Zentrum, welcher mir bei Fragen immer mit Rat und
Tat zur Seite stand, bedanken.

Auch bei den Zugehorigen des Instituts flr Technische Elektrochemie, an welchem ich die Synthesen
der Perowskite durchgefiihrt habe, mochte ich mich fiir ihre Gastfreundschaft bedanken.

Zu guter Letzt, aber definitiv nicht gering geschatzter, mdochte ich mich bei meiner Familie und
Freunden bedanken, die mich in dieser Zeit unterstitzt haben.



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Eidesstattliche Erklarung

Ich erklare hiermit, dass ich die vorliegende Diplomarbeit selbstindig angefertigt habe und keine
anderen Hilfsmittel verwendet worden sind als die von mir als Quellen angegebenen. Wortliche und
sinngemalie Zitate sind entsprechend gekennzeichnet worden.

Wien, am 10.01.2023

Richard Buchinger



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Table of Contents

Y o1 o - [ot AT TP PUTOVRRPRO i
QU4 = YU T o V=R SURS iii
DT ] Y= 1= {0 oYU PR iv
Eidesstattliche EFKIGIUNG ....c.eveie ettt e st e e e et e e e e s ar e e e e nsbeeeennnaeeas v
R [ ) {0 o [F o1 T o SO O PO PTOPPTOPPRPRRPPRRPPO 1
1.1 Reverse Water-Gas Shift REACLION ...c...eiiiuiiiiiiiiie e 1
1.2 PEIOVSKITES ..ttt ettt ettt e s e b e et e e st e e sabe e e sat e e s b e e s abeeeneeesabeesaneean 2
1.3 Process Of UP-SCaliNg [8] ...ueeiicuuiiiiiiiie et ettt ettt e e e ette e e et e e e are e e e earae e s entaeeennnees 3
1.4 P4 =To] 1= £ ] U USRSt 3
1.5 ATUMING HYdrates [13] ..ttt e et e e e e e e ettt e e e e e s esnatsaeeeeeeeesnnrsaneaaeean 4

P Y/ =1 Lo Yo E O TSP PO PPTOTRRTP 5
2.1 (0 Y - |V (ol 1V [T T VT =] 0 d =Y o SR RSRU 5
2.2 ScanNiNg ElECtroN MICIOSCOPE .. .uvviiiiiiiieieiie ettt e ettt e e e e st e e et e e e s e e e e e aaeeeeensaeeesnnnaeeas 7
2.3 Brunauer EMMEtt TIEI ....coiiiiiieeeeee et s 7
2.4 XRD & iN-SITU XRD ceeiiiiiiiiiieee ettt ettt e ettt e e e e e sttt e e e e s e s saabbbeeeaeeseannbsnaeaeeesannnne 7

I o] a1 o IRV 1 4 ST XSRSt 9
B PRIIELS ettt ettt b e st e be e e s bee s be e e be e e ehee e s be e s beeeaneeennteesree et 18
4.1 =T 0T 1 =1 [0 [OOSR PP PPPPPPPPPPPPPPPR 18
4.2 XRDS Of the PEIIELS ...ttt st 23
4.3 BET MEASUFEMENTS ..eeiiiiiiiiiiieeeeteee ettt ettt e e st e e s s e e s e e s smee e e s sneneesemneeeesnneeeenane 26
4.4 MeEChaniCal SEABITITY ..veeieceiiee e e st e e e e e s sbaeeeeaes 27
4.5 (07 =1 Toll 1V T F T =Y 0 =Y o PR 27
45.1 EXPerimental Parameters......ccuiiiiciiie e cciiee ettt ettt e et eet e e e srta e e eraaeeens 27
4.5.2 RESUILS @Nd DiSCUSSION...ccutiiiiriieitiiieieeteete ettt s 28

5  Pellets With AUMING HYArates .....oiiiiiiiiiiiiiceiiee ettt e e e e e e s e e s snraeees 29
51 Preliminary @XPEIriMENTS ....ciii ittt e e et e e s sbe e e e sertaeessbteeesenbaeeesans 29
5.2 Preparation of Pellets for Catalytic TESTING ....ccuveeieiiiie i 33
5.3 (071 =1 1V ol =T PSP 37
531 EXPerimental Parameters. . ..o uiiiiiiiiee ettt e st e s sntn e e s raaeeens 37
5.3.2 RESUIES & DISCUSSION ..eeutiiiiiieiiiie ettt sttt ettt sbee e st e sbe e s b e e snbeesabeesneeeas 38

5.4 Material Preparation for Catalytic Tests at Pilot Scale.........ccuvveeeeieiiciiiieeeeeeeecceeeee e, 42

B ZEOITES ettt b et ettt e bt bt e bt e b e nbeenneenarenane e 43
6.1 SYNThEsis Of PUIE ZEOIILES .....ueeeeiiiie et ae e e 43
6.1.1 1YY OO PO P PO PP PP PO PPPPPPPPPPPPPRE 43
6.1.2 ZSIMI-5 ettt e e e ettt e e e e e e e e bareete e e e e e ntateeeeeeeaannee 45



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

10
11
12

6.2 Stability Tests Of PUre ZEOIILES ......eeeieiiiieeceee e 49

6.2.1 ZSM=5 “SI/AIZTAD” ..ottt ettt e et e et e et e e be e be e be e ba e raenreans 49
6.2.2 ZSM-5 hOMEMAE ...ciiiieieieetee ettt et e bt e e be e e sareesaneeeanes 51
6.2.3 ZSIMI=5 “PUFE SI” .ttt st st st st st r et e b en 52
6.3 Zeolites added to Pechini SYNthesis ........cocciiiiiiiiii e 55
6.3.1 XRD of zeolites added to Pechini Synthesis.......cccccuviiiiiiiiiiiiiiecciee e 56
6.3.2 Catalytic Measurements and XRD after Reaction .........ccccveeveiieiciiiiieee e, 58
6.4 NCF-Co added to Zeolite SYNthesis .........uuiiiiiiiieeeee e e e 60
6.4.1 XRD of NCF-Co added to Zeolite Synthesis.......cccccvuiiiiiiiieiiiiiee e 62
6.4.2 SEM MEASUIEMENTS ..cveeiiiiiiiiiiiiic e 69
6.4.3 X-ray Fluorescence of NCF-Co added to Zeolite Synthesis......cccccceeeciiieeieeieccciiiieeeen, 69
6.5 Catalytic Measurements of COMPOSILES........uuviiiieiiiiiiiiiiie e e e e 71
6.5.1 EXPerimental PArameEters. ... ittt e aaeeens 71
6.5.2 RESUILS @Nd DiSCUSSION...ceittitieiieiiieitiecite ettt 71
SUMMATY & DISCUSSION ..uuutiiiieeeeeeiiiiittete e e eessiiir et e e e e s sstrreeeeeeeesaasbaaeeeeessassatsaeaaeesessssssaseeeesssnssssssnees 76
OULIOOK ettt ettt e s e ettt e bt e e s at e sabe e e bt e e s ab e e sa bt e e bt e e sabeesabeeebeeennreesareean 77
FAY o7 0 1=] o Vo | PRSP SR 78
9.1 Experimental Details of Catalytic Measurements .......cccccuvveiecieeeciiiee s 78
9.2 Zeolite and zeolite NCF-CO SYNTNESIS .....ccoccuiiiiiiiiie ettt e e 80
[ o) B Y= U LSRR 101

LIST OF TaBIES ..ttt ettt et e st e e sat e s e s be e s ene e e sabeesnee s 104
REFEIENCES ...t ettt et e s e st e e sbe e e s b e s b e e e anee e sabeesaree s 104



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

1 Introduction

One hot topic of our modern society is the combat against climate change due to emissions of
greenhouse gases like carbon dioxide (CO,). Efficient ways to reduce CO, emissions as well as the
fixation of already emitted CO, and the conversion into something useful are urgently needed. One
way of CO; conversion is the reverse water-gas shift reaction (rWGS). In this reaction CO, and hydrogen
(H2) are reacted to carbon monoxide (CO) and water (H,0). CO; is a very stable molecule, hence much
energy and a catalyst are required for high conversions. If H; is used in excess, then H,:CO with ratios
in the order of 2:1 can be achieved. This gas mixture, called syngas, can be reacted to useful chemicals
like hydrocarbons in Fischer-Tropsch reactions [2] or methanol and other alcohols [3].

Novel perovskites (i.e. Ndo.sCaoaFeo.9C00.103-5) proved to be very active in the reverse water-gas shift
reaction (rWGS) at lab-scale [4]. These perovskites are stable until high reaction temperatures and also
cheap. Because of these very promising tests on the lab-scale, a scale-up of this catalyst should be
tried.

1.1 Reverse Water-Gas Shift Reaction
The reverse water-gas shift reaction can be described by the chemical equation given in Equation 1:

CO, + H, = CO + H,0 (1)

The rWGS is an endothermic and endergonic reaction as it can be seen from the thermodynamic data
in Table 1.

Table 1: thermodynamic data of rWGS at 298 K [5]

AH, (k]'molt) | AS: (J-mol-1-K-1) AG; (K]-mol-1)
36.2 42.0 23.7

In Figure 1 the conversion versus temperature for rWGS can be seen. From the viewpoint of
thermodynamics, a high temperature would be favorable for high conversion.
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Figure 1: thermodynamically maximum possible rWGS conversion, thermodynamic values used for calculation of the rWGS
conversion from [5]
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A possible side reaction of rWGS is the formation of methane. This happens preferentially at lower
temperatures, because this is an exothermic reaction, hence higher yields are possible from the
viewpoint of thermodynamics [6].

1.2 Perovskites

The general formula of oxide-type perovskites is ABOs. The crystal system is often orthorhombic or
cubic, depending on the radii of the cations A and B and the stability of the perovskites can be
determined by the Goldschmidt’s tolerance factor:

___tho 2)
V2 (15 +10)
T radius of the A cation (pm)
TR ceerreenene radius of the B cation (pm)
1O cenreennene radius of the anion (pm)

The A-site of the perovskites that was investigated for the upscaling was filled with Nd**-ions and was
doped with Ca*-ions. These cations have rather large radii. The B-site sublattice was formed by Fe3*-
ions. The B-Site was doped with Co? ions. The B-site ions have smaller radii than the ones on the A-
site. In Figure 2 the crystal structure of the perovskite NdosCao.sFe09C00.103-5 can be seen.

Figure 2: crystal structure of Ndo sCap.4Fep.9C00.103.5

Because of the A-site doping with cations with the charge +2, charge neutrality of the perovskite has
to be achieved via different possible mechanisms: The first possibility is a partial oxidation of Fe-ions
on the B-site (Fe** and Fe** are both present). Another possibility to achieve net neutral charge would
be the formation of oxygen vacancies. Which of the two effects is dominant depends on the
temperature and reaction conditions. Therefore, an unknown amount of oxygen vacancies is indicated
in the formula as ABOs.s.

Another phenomenon that can occur with these investigated perovskite is called exsolution. Under
reductive conditions (reductive gases or electrochemical polarization), the B-site ions can get reduced,

2
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causing them to migrate to the surface, where they form small metallic nanoparticles. These
nanoparticles can catalyse chemical reactions like water gas shift [7] or reverse water gas-shift[4].

1.3 Process of Up-Scaling [8]

On the lab scale catalysts are often investigated in pure forms (e.g. as powders) or with a support
material at best. When doing a scale-up, other factors such as mechanical, thermal and chemical
stability play an important role. On a big scale it is also important to bring the catalyst into a suitable
form that the pressure drop in the reactor does not exceed certain limits. Thus, it is necessary to
prepare catalyst pieces in the range from millimeters or even bigger. Pelleting and extrusion are often
used to get to this formed catalyst pieces. To meet all these requirements and to allow the forming
process to function properly, catalysts are not used in pure forms anymore, instead various additives
are used. Some additives only assist the forming process to get to formulations that can be pelletized
or extruded but are eliminated from the final catalyst body later in a calcining or sintering process via
decomposition of these additives. Other additives stay in the catalyst body to ensure proper operation
in the catalytic reaction. In Figure 3 the typical tasks in the development of a technical catalyst can be
seen.

@
(3]
=
=
o
&
primary
screening
active site crystal agglomerate particle powder
1¢em structuring

research additives

Figure 3: typical tasks in the development of a catalyst [8]

1.4 Zeolites [9]

Zeolites are made of Si-Al-oxide networks and very versatile materials. A very important parameter is
the Si/Al ratio which can vary over a broad range for many zeolites. The introduction of Al into the
network leads to a negative charge at the Al-site. Via cations like H" or Na* and some others a charge
neutrality can be achieved. Besides Al, also other elements like Fe (but many others as well) can be
introduced into the network [10, 11]. A key characteristic of zeolites is a well-defined pore structure.
This pore structure leads to very high internal surface areas but also the external surface areas are
typically relatively high. Zeolites are very stable and can be used up to high reaction temperatures.
Typical applications of zeolites are:

e Adsorbents
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e (Catalysts (Petroleum Refining, Synfuels Production)
e Detergents

In Figure 4 the crystal structure of ZSM-5, a widely used zeolite, with the formula NanAl,Sige.n0192:16H,0
can be seen.
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Figure 4: crystal structure of ZSM-5

The typical course of zeolite preparation is the following:

e Silica, alumina (or other metals) sources, a structure directing agent (SDA), basic reagents and
water are mixed to form an aqueous gel

e Crystallization in an autoclave at increased temperature (100-200 °C)

e Separation of the zeolite from the aqueous phase via filtration or centrifugation

e Drying & calcination

Zeolites with higher Si content exhibit higher stability in hot water vapor since they have a higher
hydrophobicity [12].

1.5 Alumina Hydrates [13]

Boehmite - y-AIO(OH) - and bayerite - a-Al(OH)s - are so called alumina hydrates, (precursors of alumina
- Al;0s3). When sintering alumina hydrates, physiosorbed and crystal water can be eliminated from the
structure and various polymorphs of alumina are formed. In Figure 5 it can be seen, which sintering
temperature leads to which polymorph for the two before mentioned alumina hydrates. When the
precursors are compacted before sintering, bodies with increased mechanical strength are the result.
By mixing catalysts with the alumina precursor catalyst bodies with certain mechanical stability can be
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obtained. These alumina hydrates are often used as supports or binders for catalysts used in refinery
and chemical processes.

BN — I E N
B — I B

I 1
0 200 400 600 800 1000 1200
Temperature (°C)

Figure 5: phase changes of alumina hydrates at the respective temperatures [13]

2 Methods

2.1 Catalytic Measurements

For the catalytic measurements, a tubular fixed bed reactor was used. To hold the perovskite powder
in place, some glass wool was put in a quartz glass tube (outer diameter 6 mm, inner diameter 4 mm).
After the catalyst was weighed in, the fixed bed reactor was inserted into the measuring equipment
The gas feeds (all gases were provided by Messer Group GmbH, Bad Soden, Germany) were controlled
by mass flow controllers (Bronkhorst, Ruurlo, Netherlands), which use the calorimetric principle. The
gas flow was not recorded, but regularly checked. The gas mixture can either flow through the reactor,
which is situated in a heating unit, or through a bypass. The temperature was controlled with a PID
controller (EMSR EUROTHERM GmbH, Vienna, Austria): The temperature was measured using a type
K thermocouple and was recorded every second. The tip of the thermocouple was positioned outside
of the catalyst bed. After the reactor, the composition of the gas mixture was analyzed by a Micro-gas
chromatograph (Micro-GC; Fusion 3000A, Inficon, Bad Ragaz, Switzerland). The Micro-GC had two
columns. Column A uses a Rt-Molsieve 5A with Ar as carrier gas and backflush injection. Column B uses
a Rt-Q-Bond with He as carrier gas and variable volume injection. The detection for all gases (H,, CO,
CH4, and O; in column A, CO; in column B) was done via a thermal conductivity detector. The Micro-
GC took a measurement every 4 minutes. A scheme of the measurement setup can be seen in Figure
6
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Figure 6: scheme of the measurement setup for catalytic measurements [14]

The yield was derived from Equation 3:

X
Yield = —<2

Xc0,,0

Xco,,0-----molar ratio of CO2 before the reactor (—)
XCQ oreenren molar ratio of CO after the reactor (—)

The specific activity a was derived from Equation 4:

_xCO'p'Vsum

R-T-m
e T specific activity (mol - g=1 - s71)
Do pressure (p = 101,300 Pa)
Vo «oveeene overall volumetric flow (m? - s71)
R, ideal gas constant (R = 8.314 ] - mol™! - K™1)
[/ A absolute temperature (T = 273.15 K)

(3)

(4)
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Mo, mass of catalyst (g)

The selectivity was derived from Equation 5:

.. Xco
Selectivity = ———— (5)
Xco t XcH,

XCHy oeeeer molar ratio of CHa after the reactor (—)

2.2 Scanning Electron Microscope

All Scanning Electron Microscope (SEM) images were recorded using secondary electrons on a Quanta
250 FEGSEM microscope (FEI Company, Hillsboro, OR, USA). For the voltage (HV...high voltage) and the
working distance (WD) variable values were used. The values for WD and HV for each image can be
found in the captions. All images were taken at room temperature.

The imaging process uses electron-sample interactions: When focusing a beam of electrons (primary
electrons) on a solid sample, electrons of the outer shells of the sample are removed, leading to the
so-called secondary electrons. These electrons have energies of just a few eV. A detector measures the
number of secondary electrons. Due to the low energy of secondary electrons, only the ones of the
outermost layer can reach the detector. The number of secondary electrons is proportional to the
volume of which they originate from. Consequently, the intensity of secondary electrons for sloping
surfaces is higher than for even surfaces. Therefore, SEM images give information about the
topography of the specimen.

To record a picture of the whole sample, the electron beam scans over the surface, hence scanning
electron microscopy.

2.3 Brunauer Emmett Teller

Gas molecules can adsorb on the surface of solids. Sorption isotherms describe the loading of the
sorbent with sorbate in dependence of the equilibrium concentration of sorbate, for a given
temperature. Different models exist to describe these isotherms. The model according to Brunauer-
Emmett-Teller [15] is based on the assumption that sorbate can form monolayers (binding to the
surface) as well as multilayers (binding to an already adsorbed gas molecule).

The isotherms were recorded using a Micrometrics ASAP 2020 system. The samples were degassed at
300 °C under vacuum for 4 hours, followed by the measurement of full N, adsorption-desorption
isotherms at-196 °C (liquid N3). According to the BET-model the specific surface area can be calculated
from the adsorption-desorption isotherms.

2.4  XRD & in-situ XRD

The XRD measurements were performed at room temperature with a PANalytical XPert Pro
Diffractometer (Malvern Panalytical, Malvern, UK) in Bragg-Brentano geometry using a mirror for
separating the Cu-Kq1 ; radiation and an X'Celerator linear detector (Malvern Panalytical, Malvern, UK).

The in-situ XRD measurements were performed in the temperature range from 25-700 °C with a
PANalytical X"Pert Pro Diffractometer (Malvern Panalytical, Malvern, UK) in Bragg-Brentano geometry
with an in-situ cell XRK 700 using a mirror for separating the Cu-Kq1,; radiation and an X"Celerator linear
detector (Malvern Panalytical, Malvern, UK). The atmosphere was either He or Ar as inert gas, bubbled
through water at room temperature to get about 3 % humidity of the inert gas.
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Data analysis was done with the HighScore Plus software (Malvern Panalytical, Malvern, UK) and the
PDF-4+2019 Database (ICDD-International Centre for Diffraction Data, Newtown Square, PA, USA)

XRD is used to determine the structure of crystals (e.g. atomic positions and lattice parameters). An X-
ray beam hits the specimen under a certain diffraction angle and gets diffracted at electron shells of
the ions or atoms of the crystal. A detector located on the other side of the sample (same angle
between X-ray source and sample and between sample and detector) measures the intensity of the
diffracted X-ray beam, depending on the diffraction angle. A schematic depiction of this geometry can
be seen in Figure 7.

At certain angles, constructive interference occurs due to the periodic crystal structure of solids and a
reflex can be observed in the diffractogram.

The connection between wavelength, lattice parameters, and the diffraction angle is given by Bragg’s
Law (6):

n-A=2-d-sin(0) (6)
Moo, order of diffraction (—)
Ao, wavelength of the X-ray beam (4)
doeeeeenn, spacing between diffraction planes (A)
O Bragg angle (°)

Figure 7: measurement setup of Bragg-Brentano geometry [16]
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3 Pechini Syntheses
The preparation of the pure catalyst (NCF-Co) that should be used for up-scaling was done via the Pechini route. If not indicated differently, the typical workflow
of a Pechini synthesis was always the same: The proper amounts of the precursors were dissolved in distilled water, with the solvation being facilitated by the
addition of some nitric acid and heating. The respective solutions were combined in a quartz glass flask. In the next step, citric acid (excess of 20 % with regards
to cations) was added to the solution. Citric acid complexes the cations and allows the co-precipitation of the ions. On a hot plate the water was evaporated,
while formation of an orange sponge-like product could be observed. Further decomposition of organic material was performed over the Bunsen burner flame.
After this step, the color of the intermediate changed to brown. Then the flasks were put in a muffle furnace for calcination (under normal atmospheric
conditions). In Table 2 and Table 3 the reagents used for the syntheses can be seen.

Table 2: reagents used for the syntheses

very old)

Nd0s CaCoOs Fe Co(NOs),6H,0
Designation | Description | Designation Description Designation Description Designation Description
- ch =99, o — 50
A REO, 99 % A Sigma Aldrich, >99 ?95 )% trace A Thermoscientific, 9‘? 8% A Roth, >98 %
metal basis metal trace basis
Strategic Mixture of Sigma Aldrich
B eIemer?ts B From Noelia Barrabes lab, purity B 99,98 % trace metal basis B Sigma Aldrich
! unknown and Sigma Aldrich 99,99 % 99.999 %
99.9 % .
trace metal basis
c CaCOs precipitated, purissum (reagent




Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Table 3: reagents used for the syntheses

Citric acid HNO; H.O
Designation | Description | Designation Description Designation Description
o i .
PanReac Chemlab 65 % a.r. In-house, doubly distilled
. Always used; not extra
Applichem, . .
A A designated in tables
pure, pharma
later
grade
B Slgr;;g\édg/lch B Sigma Aldrich, >= 65% orderd in-house/
’ 0 from electrochemistry department
(metals basis)

Table 4 shows details about the syntheses like weighed in amounts, sintering program and yields for the first batches that were prepared.

Table 4: details about prepared batches of NCF-Co

Sintering program (heating rate
Used reagent for: | in °C/min — holding temperature
Nd,0s; CaCOs3, Fe; in °C — holding time in h -
Amount Amount | Amount Amount Amount C . . i in° in- i
Batch Date Co(NO;),-6H,0 _Amou 0(NOs),:6H,0; heating rate in °C/min — holding Yield (g)
Ndz0; (g) | CaCOs(g) | Fe(g) () citricacid (g) | citric acid; HNO; | temperature in °C — holding time
in h — cooling rate in °C/min)
19.04.2022 | 2.4542 0.9685 1.2157 0.7037 11.3 B;A;B;B,B;B /-/-/-5-800-5-5 4.54
22.04.2022 | 2.4418 0.9685 1.2158 0.7040 12.5 B;A;B;B,B;B 5-350-0,5-5-800-5-5 4.47
28.04.2022 | 2.7104 0.9685 1.2157 0.7040 12.5 B;A;B;B,B;B 5-350-0,5-5-800-5-5 4.71
23.05.2022 | 4.3363 1.5495 1.9451 1.1263 19.5 B;A;B;B,B;B 5-350-0,5-5-800-5-5 7.63
03.06.2022 6.504 2.3238 2.9173 1.6893 29.5 B;A;B;B,B;B 5-350-0,5-5-800-5-5 11.43
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The XRDs of the first synthesized batches can be seen in Figure 8. Besides reflexes of NCF-Co also reflexes of a brownmillerite phase and sometimes of Fe;0s;
appear. Fe;03; appears due to a lack of Nd on the A-site and could be avoided by 9 % excess of Nd,0s. The most dominant reflex from the brownmillerite phase
can be seen at an angle at 33.4° and is indicated in the XRD. All other reflexes correspond to NCF-Co. For bigger batches some reflexes corresponding to NCF-Co

interestingly appear more intense.

#+ Fe,O4
> Si from sample holder
A Brownmillerite
@ increased intensity for bigger batches
3- A ‘ ‘
© 03.06.2022 (doubly calcined)
> . e
e X
2 “ 03.06.2022
- - ety A vanterit?
l 23.05.2022
1 A  tiaa T
‘ 28.04.2022
WA S T Py - ad v PO, v
|\ = 22.04.2022
19.04.2022
tt Hrio Pt ot Nt
{ T T T T T T T T T { T T T T T T T T T { T T T 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 40 60 80 100 120

Diffraction Angle 20 / °

Figure 8: XRDs of first prepared NCF-Co batches, reflexes other than the ones from NCF-Co are indicated
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Due to reproducibility reasons, and because the proper equipment (flame spray pyrolysis apparatus) for producing larger amounts of perovskite was not yet
available, it was decided to make many Pechini synthesis and combine all batches to a big one. For the preparation of these batches cheaper reagents with lower
purity should be used. To still get a good stoichiometry two batches were prepared, one where stochiometric amounts of the educts were used, and one with
10 % excess of Nd,0Os, because this reagent is hygroscopic and previous synthesis often showed a deficit of Nd and thus formation of Fe,0s. Then ICP-OES
measurements were conducted by Laura Kronlachner and the new amounts that should be weighed in were calculated. To account for water and other impurities
in the educts, 4.85 % excess of Nd,0s, 1.46 % deficit of CaCO; and 12.3 % excess of Co(NOs),-6H,0 were used. The details about these two syntheses can be
seen in Table 5, the XRDs in Figure 9 and the results of the ICP-OES measurement in Table 6.

Table 5: synthesis details of the batches used for calculation of the amounts of educts

Used reagent Sintering program (heating rate
for: Nd,Os; in °C/min — holding temperature
CaCoO;, Fe; in °C — holding time in h — heating
Amount | Amount | Amount Amount Amount Co(NO3),-6H.0; te in °C/min - holdi
Batch name | \,0, (g) | cacos (g) | Fele) | “OMNOI8H0 | itricacia(e) | citrie soid, rarein Tmm N0 TINE | Yield (g)
(g) citric acid; temperature in °C — holding time
HNO3 in h — cooling rate in °C/min)
29'0.6'2022. 3.9066 1.5495 1.9453 1.1272 19.6 AAAAAA 5-350-0,5-5-800-5-5 7.59
stochiometric
29.06.2022
10 % Nd»03 4.2974 1.5494 1.945 1.1271 19.7 AAAAAA 5-350-0,5-5-800-5-5 8.13
excess

Table 6: results of ICP-OES measurements used for calculation of the amounts of educts, mol% only refer to the A-site (for Nd and Ca) or the B-site (for Fe and Co)

Batch name Fe (mol%) Co (mol%) Nd (mol%) Ca (mol%) Ratio (Nd+Ca)/(Fe+Co)
stochiometric | 0.910 £0.001 | 0.090 £0.001 0.585 £0.002 0.415 £0.002 0.989 £0.004
10;:!23;03 0.911 £0.001 | 0.089 +£0.001 0.607 £0.001 0.393 +£0.001 1.0400 £0.003

12
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Intensity / a.u.

29.06.2022 10% Nd,O4 excess

29.06.2022 stochiometric amounts

A Brownmillerite

20 40 60 80

Diffraction Angle 26 / °

Figure 9: XRDs of first batches prepared with new reagents of less purity, reflexes other than from NCF-Co are indicated
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In the next step 17 Pechini syntheses were carried out. The details about the syntheses can be seen in Table 7 and the XRDs in Figure 10.

Table 7: synthesis details of the batches used for combination to one big batch

Ufs:: I:lilaj)e:t Sintering program (heating rate in °C/min —
A CaCo, Fe-’ holding temperature in °C — holding time in
Batch mount Amount | Amount Amount '_°‘“?°u“_t Co(NO) '-GH’O' h — heating rate in °C/min — holding .
name Nd0; CaCos (g) Fe (2) Co(NOs),r | citric acid e 2 ’ temperature in °C — holding time in h— Yield (g)
(g) 6H:0 (g) (8) citric acid; cooling rate in °C/min)
HNO;

220705 8.7035 3.2441 4.1332 2.6882 41.6 AAAAA 5-350-0,5-5-800-5-5 16.8
220706_A | 8.7035 3.2442 4.1334 2.6881 41.5 AAAAA 5-350-0,5-5-800-5-5 16.7
220706_B | 8.7032 3.2442 4.1334 2.6882 41.5 AAAAA 5-350-0,5-5-800-5-5 16.7
220707_A | 8.7034 3.2443 4.1333 2.6881 41.5 AAAAA 5-350-0,5-5-800-5-5 16.7
220707_B | 8.7033 3.2443 41332 2.6881 41.5 AAAAA 5-350-0,5-5-800-5-5 16.8
220708_A | 9.7287 3.6262 4.6193 3.0046 46.4 AAAAA 5-350-0,5-5-800-5-5 18.7
220708_B | 9.7284 3.6260 4.6195 3.0046 46.5 AAAAB 5-350-0,5-5-800-5-5 18.9
220711_A | 9.7285 3.6260 4.6196 3.0045 46.7 AAAA;B 5-350-0,5-5-800-5-5 18.8
220711_B | 9.7284 3.6263 4.6195 3.0041 46.4 A;B;AA;B 5-350-0,5-5-800-5-5 18.6
220712_A | 9.7285 3.6264 4.6197 3.0048 46.6 A;B;A;A;B 5-350-0,5-5-800-5-5 18.8
220712_B | 9.7280 3.6258 4.6193 3.0039 46.8 A;B;AA;B 5-350-0,5-5-800-5-5 18.2
220713_A | 9.7286 3.6266 4.6193 3.0048 46.7 A;B;A;A;B 5-350-0,5-5-800-5-5 18.5
220713_B | 9.7288 3.6259 4.6195 3.0040 46.7 A;B;A;A;B 5-350-0,5-5-800-5-5 18.7
220714_A | 9.7298 3.6267 4.6197 3.0041 46.9 AAAAB 5-350-0,5-5-800-5-5 18.8
220714_B | 9.7285 3.6263 4.6195 3.0045 46.4 AAAA;B 5-350-0,5-5-800-5-5 18.8
220715_A | 9.7285 3.6264 4.6193 3.0041 46.7 A;CAAB 5-350-0,5-5-800-5-5 18.7
220715_B | 9.7286 3.6266 4.6198 3.0045 46.4 A;C;A;A;B 5-350-0,5-5-800-5-5 18.6

14
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As already seen in previous syntheses a complete phase purity was not reached. A brownmillerite
phase could be observed. Reflexes of Fe,03; were absent.

A Brownmillerite
220715_B

220715_A
220714_B
220714 A
220713_B
220713_A
220712_B
220712_A
220711_B
220711_A
220708_B
220708_A
220707_B
220707_A
220706_B
220706_A
220705

L I . e s s B B B B B BB B B B B B By B B B B B B B B B

20 40 60 80 100 120
Diffraction Angle 26 / °

Intensity / a.u.

.

A

Figure 10: XRDs of batches that were combined to one big batch, reflexes other than from NCF-Co are indicated

In the next step all batches were combined to one big batch and a sieve fraction with grain sizes
between 212-425 pm was prepared. The grains that were too big were further ground until mostly all
of the batch was in the desired range of the grain size.

The results of an ICP-OES measurement after combination of all batches can be seen in Table 8. The
results are not perfect but considering the purity of the used reagents the result is fine. The BET surface
area of the combined batch is 4,63 m? - g'1.

Table 8: results of an ICP-OES measurement of the combined batch, mol% only refer to the A-site (for Nd and Ca) or the B-site
(for Fe and Co)

Fe (mol%) Co (mol%) Nd (mol%) Ca (mol%) ratio (Nd+Ca)/(Fe+Co)
0.890 +0.006 0.107 £0.000 | 0.601 +£0.006 | 0.399 £0.006 1.002 £0.002

To roughly determine the wt% of NCF-Co and brownmillerite phase, Rietveld refinements were
performed. From the uncombined batches only two Rietveld analyses were performed. For the batch
220706A (Figure 11) the presence of the brownmillerite phase was clearly visible from the XRD. For
batch 220706B (Figure 12) it was not clearly apparent that a brownmillerite phase is present, however
the Rietveld analysis revealed this phase is present too. Another Rietveld refinement was performed
for the combined batch (Figure 13). Measured and refined intensities coincide well.

The following phases were used as a starting point for the Rietveld refinement:

e NdFeOs (PDF-Code: 04-014-5430) modified to Ndo.sCao.4Fe0.9C00.103
e CaFe;0s (PDF-Code: 04-008-6821)

15
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For the combined batch a Rietveld analysis was performed as well. The parameters that were fitted in

the Rietveld refinement are:

Global Parameters:

e Specimen Displacement
NCF-Co:

e Scale Factor

e Boverall

e Cell Parameter: a, b, c

e Nd: occupancy (0.5-0.7), Ca: occupancy (0.2-0.3)
e Bisotropic of all atoms

e Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, Peak Shape 1, Peak Shape 2, Peak Shape 3

Brownmillerite Ca,Fe,0s:

Scale Factor
B overall

Cell Parameter: a, b, c

Rietveld NCF-Co 220706A

A Brownmillerite

Intensity / a.u.

—— Background

—— Calculated Profile
—— Intensity Difference
—— Measurement

Rwp=2.67
80.5% NCF-Co
19.5% Brownmillerite

Diffraction Angle 26/ °

LA B B S B B B B

100

Figure 11: XRD & Rietveld fit of batch 220706A, reflexes other than from NCF-Co are indicated

Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, Peak Shape 1, Peak Shape 2, Peak Shape 3
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Rietveld NCF-Co 220706B

—— Background

—— Calculated Profile
—— Intensity Difference
—— Measurement

Rwp=2.55
88.7 %
11.3 %

NCF-Co
Brownmillerite

Intensity / a.u.

20 40 60 80 100
Diffraction Angle 26 / °

Figure 12: XRD & Rietveld fit of batch 2207068, reflexes other than from NCF-Co are indicated

Rietveld NCF-Co 22070515

—— Background

—— Calculated Profile
—— Intensity Difference
—— Measurement

Rwp=2.70
85.2%
14.8 %

.J)LAMKL //\_‘AL AL NN

A Brownmillerite

NCF-Co
Brownmillerite

Intensity / a.u.

20 40 60 80 100
Diffraction Angle 26/ °

Figure 13: XRD & Rietveld fit of combined batch 05-15.07.2022, reflexes other than from NCF-Co are indicated
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4  Pellets

4.1 Preparation

For the preparation of a shaped material that can be used in reactors of larger scale, pelleting and
subsequent sintering was employed. To enhance the porosity, which means increased surface area,
the porogens graphite and starch were used. It was tried to use Al,0O3 as a carrier for the catalyst. The
mixture used for pelleting was ground in a mortar. For pressing the pellets 300 mg material was used
in total and the pellets were compressed with 0.5 tons for 10 minutes. The diameter of the matrix
was 8.9 mm. Before sintering the pellets were split into smaller pieces with a blade so that the split
pellet pieces could fit in the tube of the reactor. The pellet presses that were used can be seen in Figure
14, the matrix used for tableting in Figure 15.

Figure 14: used presses for the preparation of the pellets

AR
A
Figure 15: used matrix for the preparation of the pellets
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The reagents used for the preparation of the pellets can be seen in Table 9.

Table 9: reagents used for preparation of the pellets

Reagent Description Supplier
Al,O3 PURALOX SBa200 Sasol
Aluminumoxide 90 active
Acid (activity level )

Al,0s Grain size 0.063-0.200 mm Merck
70-230 mesh
for column chromatography
Starch Starch soluble A.R. Riedel de haén
Graphite Graphite, powder 1‘-2 microns, Sigma Aldrich
synthetic

The non-organic educts were characterized with XRD before and after sintering at 1150 °C, the organic
educts just before sintering and it was checked if they are present after calcining.

In Figure 16 the XRDs of Al,O; “PURALOX SBa200” before and after heat treatment can be seen. This
reagent was only used for one pellet, because previous work of a colleague on pellet preparation was
done with a different Al,Os and for reasons of comparability another reagent was used instead (see
below). Before heat treatment the Al,0; was identified to be in the y-phase with apparently small
particle size, hence the broad reflexes. The Al,O; phase after heat treatment could be identified as ©-
A|203.

Al,O5 Sasol PURALOX SBa200

Intensity / a.u.

Al,O5 after heat treatment (1150 °C 3 h)

|

% from Si sample holder

Al,O3 without heat treatment

A e B B e e L e e e e e e e e e
20 40 60 80 100 120
Diffraction Angle 26 / °

Figure 16: XRDs of Al,O3 “Sasol PURALOX SBa200” before and after heat treatment

In Figure 17 the XRDs of Al,03 “90 active” before and after heat treatment can be seen. Before heat
treatment the Al,O; was identified as a mixture of y-phase with apparently small particle size, hence
the broad reflexes, and ©-Al,0; (narrow reflexes). The Al,Os; phase after heat treatment could be
identified as ©-Al,0s.
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Al,0, "90 active"

% from Si sample holder

Al,O4 after heat treatment (1150 °C 3 h)

Intensity / a.u.

Al,O5 without heat treatment

20 40 60 80 100 120
Diffraction Angle 26 / °

Figure 17: XRDs of Al,03 “90 active” before and after heat treatment

The colors of both Al,Os; before heat treatment were white. After heat treatment at 1150 °C for 3
hours the color of Al,O; “90 active” changed to yellow. This happened most likely due to an iron

impurity.

Figure 18: left: Al,O3 “Sasol PURALOX SBa200” after heat treatment (1150 °C) without change of color; right: Al,03 “90 active”

after heat treatment (1150 °C) with clearly visible yellow coloring
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In Table 10 and Table 11 an overview of all prepared pellets can be seen. The holding time at 550 °C for pellets with organic additives was always 0.5 hours and
as heating and cooling rates always 5 °C/min were used.

Table 10: overview of the prepared pellets, continued on next page

Starting Date | Pellet Name Composition Sintering Program
11.04.2022 | PEL_012 60 % NCF-Co (Batch 06.01.2022) 40 % Al,Os (Sasol PURALOX SBa200) 1150 °C, 3H (11.04.2022)
. . 1150 °C, + holding at 550 °C, 3H
0 - 0 ’ ’
14.04.2022 PEL_013 80 % NCF-Co (Batch 30.11.2021 Stelios) 20 % Graphite (14.04.2022)
20042022 | PEL 014 60 % NCF-Co (Batch 30.11.2021 Stelios) 40 % Al,0s (90 active) 1150 °C, 3H (20.04.2022)
20.04.2022 | PEL 015 60 % NCF-Co (Batch 30.11.2021 Stelios) 40 % Al,0s (90 active) 1100 °C, 12H (22.04.2022)
. . 1150 °C, + holding at 550 °C, 3H
0 - 0 ’ ’
21.04.2022 PEL_016 70 % NCF-Co (Batch 30.11.2021 Stelios) 30 % Graphite (25.04.2022)
21.042022 | PEL_017 90 % NCF-Co (Batch 30.11.2021 Stelios) 10 % Graphite -
29.04.2022 | PEL 018 90 % NCF-Co (Batch 30.11.2021 Stelios) 10 % Graphite 1150°C, + holding at 550 °C, 3H
(02.05.2022)
02.05.2022 | PEL 019 60 % NCF-Co (Batch 28.04.2022 Richard) 40 % Al,0s (90 active) 1150°C, +( (;'20 'S;"zgoaztjso C, 3H
03.05.2022 | PEL_020 80 % NCF-Co (Batch 28.04.2022 Richard) 20 % Starch 1150°C, + holding at 550 °C, 3H
(04.05.2022)
03.05.2022 | PEL 021 70 % NCF-Co (Batch 28.04.2022 Richard) 30 % Starch 1150°°C, + holding at 550 °C, 3H
(05.05.2022)
05.05.2022 | PEL 022 90 % NCF-Co (Batch 28.04.2022 Richard) 10 % Graphite 1150°°C, + holding at 550 °C, 3H
(05.05.2022)
05.05.2022 | PEL 023 70 % NCF-Co (Batch 28.04.2022 Richard) 30 % Graphite 1150°C, + holding at 550 °C, 3H
(05.05.2022)
09.05.2022 | PEL_024 80 % NCF-Co (Batch 28.04.2022 Richard) 20 % Graphite 1150°°C, + holding at 550 °C, 3H
(13.05.2022)
09.05.2022 | PEL 025 90 % NCF-Co (Batch 28.04.2022 Richard) 10 % Starch 1150°°C, + holding at 550 °C, 3H
(13.05.2022)
27.05.2022 | PEL_026 90 % NCF-Co (Batch 23.05.2022 Richard) 10 % Graphite 700°C, + 8‘;";':%8;25)50 ¢ 3H
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Table 11: overview of the prepared pellets, continuation from previous page

Starting Date | Pellet Name Composition Sintering Program
27.05.2022 | PEL 027 90 % NCF-Co (Batch 23.05.2022 Richard) 10 % Starch 700 gH +(23,'§er§ 5’;25)50 °C
30.05.2022 | PEL_028 80 % NCF-Co (Batch 23.05.2022 Richard) 20 % Graphite 700 gH +(g;'gi£§ ;;25)50 C
31.05.2022 | PEL_029 80 % NCF-Co (Batch 23.05.2022 Richard) 20 % Starch 700 gH +(g;'gi6f§ ;;25)50 °C
15.06.2022 | PEL_030 70 % NCF-Co (Batch 23.05.2022 Richard) 30 % Starch 700 gH +(2;,Igi;§ ;;25)50 °C

Figure 20: blue coloring of the alumina crucible after sintering pellets at 1150 °C in it

When sintering pellets in a new alumina crucible, a blue coloring of the crucible
was observed (Figure 20). Since cobalt is part of the perovskite, it is most likely
cobalt blue. In Figure 19 an example of a pellet can be seen.

Figure 19: example of some pieces of a pellet (PEL_027)
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4.2 XRDs of the Pellets

The pellets were characterized with XRD. In Figure 21, Figure 22 and Figure 23 the XRDs of pellets 012,
013 and 014 can be seen. Reflexes of a phase that do not correspond to Al,Os or the pure NCF-Co
powder appeared most dominantly. This phase was identified to be CaCOs, but is not part of the
pellets. This phase comes from the kneading mass used for the sample preparation in XRD. The XRD
samples for these three pellets were prepared by putting the pellets into the kneading mass. As it was
found out later, CaCOs is used as a filler in the kneading mass and is thus visible in the XRDs.

PEL_012 60 % NCF-Co 40 % Al,O4

3
©
2
)
c
)
£

J Pellet 012

Al,O5 after heat treatment (Sasol)
pure NCF-Co
e M A~ o~
L e e e B L e e B B s e B e e e B L B B s S B B
20 40 60 80 100 120

Diffraction Angle 26 / °

Figure 21: XRD of Pellet 012, besides NCF-Co and Al,O3 reflexes all reflexes of the pellet correspond to CaCO3

In the XRD of Pellet 013, additionally to the Al,O; reflexes another small reflex at 26.8° appears which
could be from graphite or some impurity of the kneading mass.

PEL_013 80 % NCF-Co 20 % Graphite

Intensity / a.u.

L' Pellet 013
A BTN A

Graphite

j\ pure NCF-Co
A
B L e e e e e L B e e e e S B e B e S B e B B B B

20 40 60 80 100 120
Diffraction Angle 26 / °

Figure 22: XRD of Pellet 013, besides NCF-Co and graphite reflexes all reflexes of the pellet correspond to CaCO3
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PEL_014 60 % NCF-Co 40 % Al,O5 ("active 90")

Intensity / a.u.

Pellet 014
N

Al,O5 "active 90" after heat treatment

pure NCF-Co
T m e e e e e B e L s By B B s B B m B

20 40 60 80 100 120
Diffraction Angle 26 / °

Figure 23: XRD of Pellet 014, besides NCF-Co reflexes all reflexes of the pellet correspond to CaCO3

Because of the dominant presence of CaCOs in the XRDs the sample preparation was changed. With a
spatula some small particles were scratched off the pellet and put on the Si single crystal sample
holder. In Figure 24 the XRD of Pellet 013 can be seen. Only reflexes of NCF-Co are visible, graphite is
not visible. It must be kept in mind, that only small signals were obtained by scratching some small
particles off the pellet. As it can be seen in Figure 22 a small reflex from graphite may still be left.

PEL_013 80% NCF-Co 20 % Graphit X ffom Si sample holder

Pellet 013

Intensity / a.u.

, Graphite
k A ﬂ J pure NCF-Co
T T [ T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T T
20 100 20
D|ffract|on Angle 26 / °

Figure 24: XRD of Pellet 013, all reflexes correspond to the phase as designated, Pellet 013 consists only of the NCF-Co phase

In Figure 25 XRDs of pellets 014, 015 and 019 can be seen. The most dominant reflexes come from
NCF-Co, besides these reflexes, there are reflexes of another phase, but not the same as the ones of
Al O3 after heat treatment. Since later it was decided not to continue the work on pellets like this, the
identification of this phase has not been done.

24



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

X unknown

Lﬂ .Mm*“’ Pellet 019:3

PEL_014 & PEL_015 & PEL_019 60% NCF-Co 40 % Al,O4

h heat treatment)

[

AN A

Intensity / a.u.

Pellet 014 (3
V‘-wJ .

% from Si sample holder
Ld i | Pellet 015 (12 h heat treatment)

h heat treatment)
. o~

Al,Oj after heat treatment

J L L ___,_}\._J_.A_A_A_,A__,}\ M P VN
pure NCF-Co
“Ww A . oot P -
e B A E T e e S el 5SS i
20 40 60 80 100 120

Diffraction Angle 26 / ©

Figure 25: XRDs of pellets 014, 015 and 019, reflexes correspond to the phase as denoted, pellets consist of NCF-Co and other

unidentified phases

In Figure 26 the XRD of Pellet 016 can be seen. Only reflexes of NCF-Co are visible, graphite, as

expected, is not present anymore.

Intensity / a.u.

PEL_016 70 % NCF-Co 30 % Graphite

Pellet 016

A ey .M
bl e~
L | Graphite
A Il
km ﬂ J \ pure NCF-Co
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Diffraction Angle 26 / ©

Figure 26: XRD of pellet 016, reflexes correspond to the phase as denoted, pellet 016 consists only of NCF-Co

In Figure 27 the XRDs of pellets 020, 021 and 025 can be seen. Reflexes of NCF-Co are visible, graphite,
as expected, is not present anymore, however for pellet PEL_023 (80 % NCF-Co 20 % Graphite) CaCOs
is visible at 29.5°. The reflexes of the pellets are shifted a bit to the left. This indicates smaller lattice
parameters which could be a result of less oxygen vacancies and more Fe**.
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NCF-Co Pellets with Graphite

+ CaCO,

% from Si sample holder
70 % NCF-Co 30 % Graphite
A.A...‘_‘. ..A.
80 % NCF-Co 20 % Graphite

b

Intensity / a.u.

90 % NCF-Co 10 % Graphite

pure NCF-Co powder
- " Py

" ey

Graphite
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Diffraction Angle 26/ °

Figure 27: XRDs of pellets 022, 023 and 024, reflexes correspond to the phase as denoted, pellets consist only of NCF-Co if not
indicated differently

In Figure 28 the XRDs of pellets 020, 021 and 025 can be seen. Reflexes of starch are not visible. Hence
full decomposition of starch can be assumed. For pellets with 30 % starch also CaO and Fe are visible
which means that Fe of NCF-Co is reduced to its metallic form and Ca is eliminated from the structure
and can be seen as Ca0 in the diffractogram.

NCF-Co Pellets with Starch

% from Si sample holder

Ca0O

Fe 70 % NCF-Co 30 % Starch

80 % NCF-Co 20 % Starch

o sngdition,

90 % NCF-Co 10 % Starch

h pure NCF—Co‘powder

Intensity / a.u.

l

S Oy

Starch

LN B I B B B BB B S B B B B B By N B B B B R B S B B B B B B B

20 40 60 80 100 120
Diffraction Angle 26 / °

Figure 28: XRDs of pellets 020, 021 and 025, reflexes correspond to the phase as denoted, reflexes of the pellets correspond
to NCF-Co if not indicated differently

4.3 BET Measurements

Measurements of the BET surface area of the pellets were tried but not successful due to the lack of a
turbo pump, the lack of proper maintenance of the BET-device and probably low surface area of the
pellets. Since it was decided not to continue the work with this type of pellets, measurements were
not repeated and as normalization in the catalytic tests just the mass of the catalyst was used.
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4.4 Mechanical Stability

A proper device for testing the mechanical stability of the pellets was not available. Nevertheless, when
testing the hardness of the pellets with a spatula it was found that higher content of NCF-Co and higher
sintering temperatures increased the stability. Generally speaking, the mechanical stability was very
low without the use of a binder, whereas pellets with Al,O5; were generally of higher hardness.

4.5 Catalytic Measurements
Catalytic measurements were carried out with the equipment as described in the method section.

4.5.1 Experimental Parameters
About 20-40 mg of a catalyst pellet were used for the catalytic experiments (exact values can be seen
in the appendix). Prior to the catalytic test itself, an oxygen pretreatment was conducted.

4.5.1.1 Temperature Program

For the oxidation prior to the catalytic experiment a temperature of 600 °C was used (30 min holding
time). For the catalytic experiment a ramp from 400-700 °C with a heating rate of 1 °C/min was
applied.

4.5.1.2 Volumetric Flows
During the oxidation, a flow of 10 NmL - min-! of O, was used.

The following volumetric flows of the gases were used during the reactions:

e (CO,: 6 NmL - mint
e H: 6NmL-mint?
e Ar: 12 NmL - min!

For flushing the reactor, a flow of 10 NmL - min-1 of Ar was used.
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4.5.2 Results and Discussion

In order to compare the results, the specific activity was used. The specific activity was calculated
according to formula 4. As normalization the mass of weighed in catalyst was used. The results of all
measured pellets can be seen in Figure 29.
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PEL_022 90 % NCF-Co 10 % Graphite, 1150 °C
—— PEL_023 70 % NCF-Co 30 % Graphite, 1150 °C
—— PEL_020 80 % NCF-Co 20 % Starch, 1150 °C
PEL_026 90 % NCF-Co 10 % Graphite, 700 °C
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Figure 29: results of the catalytic experiments, specific activity and temperature versus reaction time, the specific activity was
calculated from produced CO

As expected, with increasing temperature the specific activity also increases. This is due to better
kinetics and better thermodynamics at higher temperatures. Furthermore, it was revealed that a
higher content of organic material in the starting material used for the preparation of the pellets and
a lower sintering temperature increase the activity. The reason for both trends might be the surface
area. A lower sintering temperature as well as a higher content of organic material lead to higher
surface areas. The activity of the pellet with Al,O3; seems to be better than the one of pellets without
this binder (but sintered at the same temperature) even when the total mass was used as
normalization. If only the mass of NCF-Co is used as normalization for the alumina pellet then it
performs even better than the pellets sintered at 700 °C.
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5 Pellets with Alumina Hydrates

For the preparation of pellets with alumina hydrates, the alumina hydrates boehmite and bayerite,
which were provided from Sasol, were used. Technical details of these reagents can be seen in Table
12.

Table 12: chemical and physical properties of the used alumina hydrates [13]

Typical chemical PURAL PURAL
and physical properties SB (Boehmite) BT (Bayerite)
Al,03 (%) 74 64
Na,O (%) 0.002 0.002
Loose bulk density (g/1) 600-850 500-700
Packed bulk density (g/1) 800-1100 600-800
Particle size (d50) (um) 45 5-10
Surface area (BET)! (m?/g) 250 3602
Pore volume® (ml/g) 0.50 0.30?
Crystallite size (120) (nm) 5.0 403

5.1 Preliminary experiments

At first experiments with pure alumina precursors were made. XRDs of the precursors were measured.
The results and performed Rietveld refinements can be seen in Figure 30 and Figure 31 for bayerite
and boehmite respectively. Measured and calculated diffractograms do not coincide so well. A better
agreement could be obtained by using more fitting parameters, but the intention here was only the
identification of the phase itself. The following phases were used as a starting point for the Rietveld
refinement:

e Boehmite (PDF-Code: 01-074-2898)
e Bayerite (PDF-Code: 01-074-1119)

The parameters that were fitted in the Rietveld refinement are:

Global Parameters:

e Specimen Displacement

Alumina hydrate phase:

e Scale Factor

e Boverall

e C(Cell Parameter: a, b, c

e Bisotropic of all atoms

e Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, Peak Shape 1, Peak Shape 2, Peak Shape 3

1 After activation at 550 °C for 3 hours
2 After activation at 350 °C for 3 hours
3(331) reflection
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Figure 30: XRD with Rietveld refinement of bayerite
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Figure 31: XRD with Rietveld refinement of boehmite

For pelleting, the same matrix as before with a diameter of 8.9 mm was used. The pellets were only
pressed for 20-30 seconds this time. The thickness of the pellets was measured in dependence of the
pressure and the mass. The results can be seen in Figure 32 and Figure 33. In general, lower pressure
leads to thicker pellets. This is especially pronounced for boehmite pellets pelleted with 0.125 tons.
Furthermore it can be said that from 100 up to 400 mg the thickness correlates linearly with mass
except for 0.125 tons with bayerite, here the 400 mg pellets are thicker. The reason for that might be
an inhomogeneous pressure distribution in the material.
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Figure 32: dimensions of bayerite pellets for different pressures
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Figure 33: dimensions of boehmite pellets for different pressures

For the further pelleting always a pressure corresponding to 0.5 tons and a mass of 400 mg was used.
Due to reasons of the time-consuming pelleting process and not infinite availability of NCF-Co only 3-
5 pellets were prepared, which does not give a very good statistic. With the device depicted in Figure
34 the hardness of the pellets was tested for the green pellets (no sintering, 25 °C) as well as for pellets
sintered at different temperatures.
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Figure 34: tablet hardness tester type: , Pfizer”

In Figure 35 and Figure 36 the results of the hardness tests are graphically depicted in the way of
minimum and maximum value that was measured. Only the pellets made from boehmite gave
reasonable strength (Figure 35). The strength after sintering was higher, with the best values at
sintering temperatures of 700 °C. Bayerite pellets on the other hand were even weaker after sintering
(Figure 36). This is probably because for these pellets more water is eliminated from the structure
hence more shrinkage and not sufficient contact between the particles. Higher pelleting pressures,
which would probably lead to better contact between particles, than 0.5 tons were not possible due

to safety reasons but would have probably given higher strengths of the pellets.
20 -
1 Hardness of Boehmite Pellets

Hardness / kg
S
P
—

‘ 25 ‘ 500 ‘ 600 ‘ 700 ‘ 800 ‘

Temperature of heat treatment / °C

Figure 35: hardness of boehmite pellets after sintering at different temperatures
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Figure 36: hardness of bayerite pellets after sintering at different temperatures

After testing with pure alumina hydrates it was tried to mix boehmite with NCF-Co and again test the
hardness of the pellets before and after sintering. As sintering temperature 700 °C was chosen. Pellets
with weight ratios boehmite/NCF-Co of 0/100, 20/80, 50/50, 80/20 and 100/0 were prepared for
the hardness tests. The results of the hardness tests can be seen in Figure 37. It was found that higher
boehmite content increases the strength of the green as well as the strength of the sintered pellets.
Some green pellets 100/0 also showed minor strength.

20

Hardness vs Boehmite content

b sintered pellets (700°C)

Hardness / kg
>
|

i { Green pellets (25 °C) I

L L e e s e B e e s s e s e e e LA s s e s s s s s s B B
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Figure 37: hardness of boehmite/NCF-Co pellets versus boehmite content for green pellets and sintered pellets (700 °C)

5.2 Preparation of Pellets for Catalytic Testing
For catalytic testing, sieve fractions (212-425 um) of pellets with weight ratios boehmite/NCF-Co of
0/100, 50/50, 80/20 and 100/0 were prepared via crushing the pellets with a pistill in a mortar
before sintering and subsequent sieving with a sieve tower (Figure 37). Some examples of how the
sieve fractions look like can be seen in Figure 39 and Figure 40.
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Figure 39: sieve fraction 212-425 um; left: 0/100 boehmite/NCF-Co; right: 80/20 boehmite/NCF-Co

Figure 38: sieve tower used for preparation of the sieve fractions
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Figure 40: sieve fraction 212-425 um of 100/0 boehmite/NCF-Co

The specific surface area was determined via BET. The results of the BET-measurents can be seen in
Table 13 and in Figure 41. It is clearly visible, that with increasing boehmite content also the surface

area increases.

Table 13: BET surface area of the prepared sieve fractions

Date Composition (boel'.nmite/NCF-Co; wt- | o surface area (m*g?)
ratio)
17.08.2022 0/100 4.7
11.08.2022 50/50 92.4
18.08.2022 80/20 158.8
18.08.2022 100/0 207.8
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2ooi Influence of Boehmite content on specific surface area of NCF-Co & Boehmite pellets
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Figure 41: influence of the boehmite content on the specific surface areas of boehmite/NCF-Co pellets

In Figure 42 the XRDs of the prepared sieve fractions can be seen. For pure boehmite pellets a Rietveld
refinement that is depicted in Figure 43 was prepared. As expected from the reference of the supplier,
the boehmite transformed into y-Al,Os. Pure NCF-Co pellets only show reflexes of this phase. For the
50/50 and 80/20 the NCF-Co reflexes can be seen clearly, the y-Al,0s slightly.

% from Si sample holder

All Pellets

0/100 17.08.2022

50/50 11.08.2022 ﬂ L\‘
o " . P

80/20 18.08.2022

w 100/0 18.08.2022

Diffraction Angle 26 / ©

Intensity / a.u.

Figure 42: XRDs of the prepared sieve fractions
The parameters that were fitted in the Rietveld refinement are:

Global Parameters:

e Specimen Displacement

Alumina phase (00-010-0425):

e Scale Factor
e Boverall
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e Cell Parameter: a, b, c
e Bisotropic of all atoms
e Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, Peak Shape 1, Peak Shape 2, Peak Shape 3
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Figure 43: XRD and Rietveld refinement of pellet 100/0 boehmite/NCF-Co after calcining at 700 °C

5.3 Catalytic Tests

5.3.1 Experimental Parameters

The catalytic tests of the pellets with alumina hydrates were performed together with Hedda Drexler.
The amount of sieve fraction was chosen such that 20 mg of pure NCF-Co were in the reactor (exact
values can be seen in the appendix). For the alumina reference 80 mg were used. During sintering the
pellets lose weight due to the elimination of water. To account for that, the theoretical relative mass
loss of 15 % was assumed when calculating the amount of catalyst that should be weighed in. As
dilutant of the catalyst, a sieve fraction in the range from 212-425 pum of quartz glass was used. The
catalyst was filled up with quartz glass to 250 mg (catalyst + quartz glass). Prior to the catalytic test
itself, an oxygen pretreatment was conducted. The condensation of the water formed during the
reaction was tried to avoid with heated gas lines. However, this could not be achieved fully. After the
catalytic test XRDs of the catalysts were recorded.

5.3.1.1 Temperature Program

For the oxidation prior to the catalytic experiment, it was heated to 400 °C in oxygen flow. For the
catalytic experiment a ramp from 400-800 °C with a heating rate of 2 °C/min was applied. At 800 °C
the temperature was held for 15 min. Furthermore, to the heating ramp also a cooling ramp from 800-
400 °C with a cooling rate of 2 °C/min was used for some catalytic tests.

5.3.1.2 Volumetric Flows
During the oxidation, a flow of 20 NmL - min-! of O, was used.

The following volumetric flows of the gases were used during the reactions:
e (O, 20 NmL - min?
e H;: 50NmL - mint
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For flushing the reactor, a flow of 50 NmL - min-1 of Ar was used.

5.3.2 Results & Discussion

In Figure 44 the results of the catalytic measurements can be seen. For all experiments an increase of
the yield for increasing temperature can be seen. This is as expected from literature due to reasons of
kinetics and thermodynamics. A clear difference of the catalysts to the blank measurement (glass wool
and quartz glass) and pure boehmite pellets can be seen. Very interestingly the 1. catalytic test with
pure NCF-Co performed significantly better than the 2. and 3. test even though the same, but fresh,
catalyst was used. A reason might be that for the 1. test there was to too much water condensing in
the gas lines hence a higher CO concentration in the gasphase and hence the higher activity, but it
cannot be explained completely so far. In Figure 45 it can be seen how differently the water peaks
appeared in the chromatograms for the three runs. Besides that, all the catalysts show similar
behavior. The reason for the similarities of the catalysts might be because the test was performed close
to the thermodynamic equilibrium. For the ramp down, smaller yields at the same temperature were
observed, so apparently deactivation processes take place.

— 800
—— 0/100 Boehmite/NCF-Co (1) [
~~~~~~~~~~ 0/100 Boehmite/NCF-Co (2)
- 0/100 Boehmite/NCF-Co (3)
—— 50/50 Boehmite/NCF-Co [
—— 80/20 Boehmite/NCF-Co F
—— 100/0 Boehmite/NCF-Co L 700

blank r

0.8

0.6

Yield / -

0.4

Temperature / °C

0.2

TR RO S TS T B S IV T A T

V7T T 17— 400
0 100 200 300 400
Reaction Time / min

Figure 44: yields of the catalytic tests of all catalysts; yield of CO with respect to CO,, calculated according to formula 3
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Figure 45: water formation during catalytic tests of catalyst 0/100 boehmite/NCF-Co

As a byproduct only CH,s was detected by the GC and taken into account for the calculation of the
selectivity (see formula 5). The selectivities towards CO, especially at higher temperatures where riWGS
should be performed, of all catalysts are very high as it can be seen in Figure 46. It remains unclear
why the runs with only ramps up performed much better at low temperatures in the selectivity.

1.00

800

E =T 3
E Z= i
0.98 /7 5
0.96 E 700
3 o O
\; 094 Selectivity Comparison r 5
£ o S
2 E Fe00 &
g 0927 , : 5
[} 3 L
® 3 —— 0/100 Boehmite/NCF-Co b g
0.90 —— 50/50 Boehmite/NCF-Co = =
3 —— 80/20 Boehmite/NCF-Co [
3 —— 100/0 Boehmite/NCF-Co L 500
0.883 —— Temperature r
3 blank r
0.86 7 r
-3 400
0 100 200 300 400

Reaction Time / min

Figure 46: selectivities of the catalytic tests of all catalysts; selectivity towards CO, byproduct was CH,

After the reaction exemplarily XRDs were measured. The SiO; sieve fraction used as a dilutant could
not be properly separated because it was the same sieve fraction as the catalyst hence the large SiO,
reflex, but for just a qualitative assessment of the occurrence of the iron reflex this should be enough.
For both, the pure NCF-Co sieve fraction (Figure 47) and for the sieve fraction with NCF-Co with the
highest alumina content (Figure 48) iron reflexes appear. They are shifted slightly to the left. This hints
that an alloy between iron and cobalt (reflex of pure cobalt would be at a lower diffraction angle) is
exsolved. For pellet 80/20 it was found that four new reflexes were formed. These reflexes cannot be
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interpreted so far. XRD of pellet 100/0 did not show these four reflexes hence these four reflexes
probably correspond to a new phase formed between elements from NCF-Co and alumina or SiO..

Intensity / a.u.

Pellet 0/100 17.08.2022 after reaction (30.09.2022)

A
# Iron —— before reaction
A SiO, —— after reaction
PR
vvvv‘vvvvyvvvvyvvvvyvvvvyvvvvyvvvv‘vvvvyvvvvyvvvvyv'vvv
20 40 60 80 100 120
Diffraction Angle 26 / °

Figure 47: XRD of pellet 0/100 boehmite/NCF-Co after reaction (30.09.2022), not indicated reflexes are discussed above

Intensity / a.u.

Pellet 80/20 18.08.2022 after reaction (29.09.2022)

—— before reaction
—— after reaction

# Iron

A SiO, (broad reflex)
® unknown

PEN) g, —

T T T

T
20

T T T

T

T B A e e T B o e e T L LA A A S e e et b S e
40 60 80 100 120
Diffraction Angle 26 / °

Figure 48: XRD of pellet 80/20 boehmite/NCF-Co after reaction (29.09.2022), not indicated reflexes are discussed above
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For pellets without NCF-Co no significant changes could be observed via ex-situ XRD (Figure 49).

Pellet 100/0 17.08.2022 after reaction (29.08.2022)

—— before reaction
—— after reaction

A Sio,

Intensity / a.u.

20 40 60 80 100 120
Diffraction Angle 26 / °

Figure 49: XRD of pellet 100/0 boehmite/NCF-Co after reaction (29.08.2022), not indicated reflexes are discussed above
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5.4 Material Preparation for Catalytic Tests at Pilot Scale

The preparation of the catalyst for the pilot scale reactor was done with the tableting press depicted

in Figure 50. The pressure at which the tablets were pressed could not be measured.

Figure 50: picture of tablet press TPD O [17]

A mixture according to Table 14 was prepared and tableted. Calcination was performed for 12 hours

at 700 °C, heating and cooling was done with rates of 5 °C/min.

Table 14: weighed in amounts for mixture used for tableting, for
graphite and boehmite the reagents according to Table 9 and 12 were

used
Reagent Mass (g) Content (wt%)
NCF-Co 22070515 99.2 77.5
Graphite 4.0 3.1
Boehmite 24.8 19.4

The tablets after calcination can be seen in Figure 51.

Figure 51: tabletted material after calcination
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6 Zeolites

As another approach it should be tried to prepare composites between zeolites and NCF-Co to combine
the properties of both phases (e.g. high surface area of zeolites) and get to catalyst bodies with good
properties. The zeolites MCM-22 (because of its high surface area) and ZSM-5 (due to its common use
in industry) should be used.

6.1 Synthesis of pure Zeolites

At first the syntheses of pure zeolites were tried. The maximum value of the Si/Al ratio at which MCM-
22 is still stable is 35 [18]. The water steam stability of zeolites is better for higher Si/Al ratios, hence
a Si/Al ratio of 35 was chosen. ZSM-5 would also be stable completely without Al, but due to reasons
of comparability with MCM-22 the Si/Al ratio was chosen to be 35 too.

In Table 15 the reagents used for the zeolite syntheses can be seen.

Table 15: reagents used for preparation of zeolites

Reagent Description Supplier
Distilled water 18.2 M{Q)-cm-! resistance In-house
NaOH Puriss 98-100.5 % Sigma Aldrich
KOH =85 % flakes Roth
Aluminium hydroxide hydrate,
Al(OH); powder, Dried gel 50-57.5 % as Sigma Aldrich
Al,O;
Hexamethylenimine (HMI) =98 % TCI
Silicon(IV) oxide, amorphous
Fumed Silica fumed, S.A. 85-115 m2/g 325 Alfa Aesar
Mesh Powder SiO»
Ethanol 96 % In-house
Tetrapropylammoniumhydroxide 20-25 % in solution TCl
solution (TPAOH)
Tetraethylorthosilicate (TEQOS) 98 % Sigma Aldrich
N-Cetyl-N,N,N-
trimethylammoniumbromide pro analysi Merck
(CTAB)
NaAlO; Technical, anhydrous Sigma Aldrich
6.1.1 MCM-22

The general course of the synthesis was always the same and is described below. Details about the
batches like weighed in amounts can be seen in the appendix.

The synthesis of MCM-22 was done following the recipe of Quintela et al. [19] with the modification
of the Si/Al ratio to 35. At first distilled water was filled in a beaker. Then NaOH and KOH were added
and dissolved during 15 min. After the addition of Al(OH); 15 min were waited. Then HMI was added
dropwise. After adding fumed silica, the gel was aged under magnetic stirring for 24 hours at room
temperature. Then the gel was transferred into a teflon-lined autoclave and it was crystallized at
150 °C for 10 days. The product was vacuum filtrated and washed with distilled water until pH was
below 8. The product was dried in an oven at 60 °C overnight. After that, the white product was ground
to powder and heat-treated at 550 °C for 6 hours in a muffle furnace.

Since the first prepared batch (MCM-22 220412) failed (see XRD in Figure 52), another batch (MCM-
22 220519) was prepared with more water to allow better stirring of the gel.

43



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

The XRD of batch MCM-22 220519 clearly showed reflexes in the XRD (Figure 52). In a Rietveld
refinement the phase was matched with good agreement with MCM-22 (see Figure 53).

The following parameters were refined in the Rietveld refinement:

Global Parameters:

e Specimen Displacement

MCM-22 (PDF-Code: 00-049-0627):

e Scale Factor
e B-overall
e Cell Parameter: a, b, c

e Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, Peak Shape 1, Peak Shape 2,

Peak Shape 3

MCM-22

— 220519
— 220412

Intensity / a.u.

A

e oy i mee

LI e e e I B s B O B R B B B BB B B B
10 20 30 40 50

Diffraction Angle 20/ ©

Figure 52: XRDs of the prepared MCM-22 batches, reflexes are matched below in a Rietveld refinement
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Figure 53: XRD and Rietveld refinement of batch MCM-22 220519
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Because MCM-22 is not so commonly used in industry compared to ZSM-5 no attempts for synthesizing
composites with NCF-Co were tried. Instead composites with ZSM-5 should be tried.

6.1.2 ZSM-5
At first again a pure zeolite was prepared. The general course of the synthesis was always the same
and is described below. Details about the batches like weighed in amounts can be seen in the appendix.

The synthesis of ZSM-5 was done following the recipe of Chen et al. [20] except that fumed silica mixed
with water was used instead of silica sol bought as a whole, that in general more water was used and
that the Si/Al ratio was adjusted to 35. For the preparation of the seeding solution, distilled water,
ethanol, TPAOH solution and dropwise added TEOS were stirred for 2 hours and subsequently
hydrothermally treated for 96 hours at 100 °C in a teflon-lined autoclave.

The gel was prepared by filling water into a beaker and adding NaOH, NaAlO, and CTAB. After that it
was stirred for 0.5 hours. Then the seeding solution, fumed silica and water were added dropwise.
After stirring for 2 hours (see Figure 54) the gel was aged for 12-14 hours at 120 °C in a teflon-lined
autoclave with subsequent crystallization at 170 °C for 24 hours. The product was centrifuged and
washed with distilled water until pH was about 7. The product was dried in an oven at 60-100 °C,
ground to powder and calcined at 550 °C for 6 hours in a muffle furnace. The product was a white
powder. In Figure 55 an example of a prepared zeolite is shown.

NGRS  a

Figure 54: typical appearance of the gel from which ZSM-5 is crystallized
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Figure 55: appearance of ZSM-5 batch 220609

“L” and “R” in the names of batches 220429L and 220429R only denote that different heating plates
were used for crystallization (the same gel was used). After measuring XRD, Rietveld refinements were
prepared of the products. The agreement with the reference is good except for smaller reflexes, but
all intense reflexes can be explained. The following parameters were refined:

Global Parameters:

e Specimen Displacement

ZSM-5 (PDF: 01-080-4532):

e Scale Factor
e B-overall
e Cell Parameter: a, b, c

e Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, S/L Asymmetry, D/L Asymmetry,

Peak Shape 1, Peak Shape 2, Peak Shape 3
e Occupancy of 027-038

ZSM-5 220429L

Intensity / a.u.
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Figure 56: Rietveld refinement of ZSM-5 220429L
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Figure 57: Rietveld refinement of ZSM-5 220429R
ZSM-5 220609
—— Background

—— Calculated Profile
—— Intensity Difference
—— Measurement

Rwp=10.24

Intensity / a.u.

Jq A A PO A %AA e ,:5

L L s e B s B ey s B N S L L B s s s |
10 20 30 40 50 60
Diffraction Angle 26/ °

Figure 58: Rietveld refinement of ZSM-5 220609

As result from a BET surface area measurement a value of 443 m2- g was received for batch 220429L,
but it must be noted that the C parameter from the BET equation which should always be positive was
negative. Hence this is only a rough value, but the order of the surface area is a reasonable value for a
zeolite.

Besides the self-prepared samples also samples gotten from colleagues of Noelia Barrabés were
characterized via XRD. These samples are:

e ZSM-5 “pure Si (Zeocat PZ-2 1000Na)”
e 7ZSM-5 “Si/Al=140 (Zeolyst CBV28014)”; NH4* cation
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Figure 59: Rietveld refinement of ZSM-5 “pure Si PZ-2 1000Na”
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Figure 60: Rietveld refinement of ZSM-5 “Si/Al=140 CBV28014”

Additionally, to XRD also ICP-OES measurements were conducted by Laura Kronlachner to determine
the Si/Al ratio of the self-prepared zeolites. As it can be seen in Table 16 the Si/Al ratio was too low for
MCM-22 and too high for the ZSM-5 batches, but the values for batches 220609 and 220429 are
similar. Reasons for the deviations in the Si/Al ratio might arise from hygroscopic reagents and thus
the right amount was not weighed in.

Table 16: results of the ICP-OES measurements of zeolites

Batch name Na (mol) K (mol) Al (mol) Si (mol) Si/Al (-)
MCM-22
2920519 0.010 0.024 0.045 1.309 28.9
ZSM-5 220609 0.036 - 0.033 1.320 39.6
ZSM-5220429R 0.028 - 0.028 1.137 40.9
ZSM-5 220429L 0.041 - 0.036 1.425 39.2
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6.2 Stability Tests of pure Zeolites
The stabilities of the zeolites were tested via in-situ XRD. Different temperature programs up to 700 °C
were used. At each temperature three XRDs were recorded. As gas atmosphere hot water vapor (3 %
humidity) in inert gases like He or Ar was chosen. The humidity of the gas was achieved via bubbling
inert gases through a water filled bubbler.

As samples the self-prepared zeolite ZSM-5 220429L as well as the zeolites gotten from Noelia
Barrabés’ colleagues from Spain were investigated. If only one XRD at a certain temperature is shown,
then the other two XRDs recorded at the same temperature do not differ significantly from the first
one.

6.2.1 ZSM-5 “Si/Al=140"

The results of the first conducted in-situ measurement from 25-700 °C can be seen in Figure 61. For
this experiment it was forgotten to conduct a measurement at 25 °C in He atmosphere. Nevertheless,
some observations can be made. Due to the different atmospheres (temperature and gas composition)
the signal-to-noise ratio can be different, hence reflexes might appear less intense at different
atmospheres. Another observation was the transition from two reflexes to one at about 24.1° which
changed back to two when it was cooled down. Also a small reflex at 26.2° was formed beginning at a
temperature of 500 °C. If the curves before and after heating are compared, only minor changes in the
intensities and broadness of reflexes can be seen, hence the zeolite is stable. For this zeolite the
positions of the reflexes seem to remain more or less unshifted when heating up.

ZSM-5 Si/Al=140, NH," cation, Water steam stability in He (3%)

# 2 reflexes changed to 1 reflex
x  formation of a small reflex

He /H,0 700 °C

He /H,0 500 °C

1
u ” He /H,0 40 °C (after heating)
He /H,0 25 °C
L e e e e L e e o e e e e B L e e e e s e L s s e e e LA e o B e e

T T T
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Angle 20/ °

(L

T
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Figure 61: results of in-situ XRD for ZSM-5 “Si/Al=140 CBV28014” in the temperature range from 25-700 °C
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Because in the experiment before it was forgotten to measure in He atmosphere at 25 °C another in-
situ experiment was conducted (Figure 62). But in this experiment another problem of unknown origin
arose, namely that there was a big change in reflex positions and intensities just when it was switched
to He/H,0. One explanation might be that the sample did not stay in place. The change from two
reflexes to one was observed again. Interestingly it did not change back to two reflexes after cooling
down. Regarding the still missing proper comparison between inert gas atmosphere and water vapor
atmosphere two more measurements were performed anyway.

ZSM-5 Si/Al=140, NH," cation, Water steam stability in He (3%)

hm 4
4 2reflexes changed to 1 reflex He/H,O 700 °C
N

w He/H,0 500 °C
e

He/H,0 300 °C

Intensity / a.u.

He/H,0 40 °C (after heating)

He/H,0 25 °C
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Figure 62: results of in-situ XRD for ZSM-5 “Si/Al=140 CBV28014” in the temperature range from 25-700 °C
In a further experiment (Figure 63) the change from two reflexes to one also occurred but a change

back could also be observed. To closer check when this change happens also measurements at lower
temperatures were performed. It was confirmed that the change even happened before 100 °C.

ZSM-5 Si/Al=140, NH," cation, Water steam stability in He (3%)
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Figure 63: results of in-situ XRD for ZSM-5 “Si/Al=140 CBV28014” in the temperature range from 25-300 °C
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To check when the formation of a new reflex at 26.2° happens the following measurements (Figure
64) were performed. Since it was run out of He, Ar was used instead as inert gas. It can be seen that
the signal-to-noise ratio is not very good hence not much assessments of what happened can be made
except that the two peaks here changed again to one and changed back after heating.

ZSM-5 Si/Al=140, NH," cation, Water steam stability in He (3%)
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Figure 64: results of in-situ XRD for ZSM-5 “Si/Al=140 CBV28014” in the temperature range from 25-500 °C

6.2.2 ZSM-5homemade

In Figure 65 the XRDs of the self-prepared zeolite ZSM-5 220429L can be seen. When heating up there
are no big changes in the structure. Only small difficile changes like the reflex at 30.5° that appears
more dominant can be seen. The positions of the reflexes seem to remain unshifted when heating up.

ZSM-5 Si/Al=35 Water steam stability in He (3%)
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Figure 65: results of in-situ XRD for ZSM-5 “Si/Al=35 (220429L)” in the temperature range from 25-700 °C
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6.2.3 ZSM-5 “pure Si”

In Figure 66, Figure 67, Figure 68 and Figure 69 the XRDs of sample ZSM-5 “pure Si (Zeocat PZ-2
1000Na)” can be seen. The formation of a new Si-O-phase (B-cristobalite) was observed when reaching
a temperature of 700 °C in the first experiment (Figure 66). A drastic change in the reflex positions can
be observed. In the next experiments (Figure 67 and Figure 69) this was not observed. Since the first
steps are the same for each experiment, this change was probably not a result of any changes of the
material itself, but from the alignment of the sample stage. Another change in the XRD was the change
from two reflexes at 24.0° and 24.2° to one at 24.4° when changing to He/H,0 atmosphere. After
heating this change remained. It is interesting to note that B-cristobalite is normally not formed at such
low temperatures and is not stable down to room temperature. The reason these phenomena
happened is probably due to the special structure of the zeolite. For a better overview here only one
XRD of each temperature is shown, but as described in the next experiment the B-cristobalite reflex
was getting more intense with time.

ZSM-5 pure Si, Water steam stability in He (3%)
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Figure 66: results of in-situ XRD for ZSM-5 “pure Si (Zeocat PZ-2 1000Na)” in the temperature range from 25-700 °C
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An experiment with a smaller step size (Figure 67) in the temperature revealed that the formation of
cristobalite starts at 650 °C. It was found that the main reflex of B-cristobalite appears at a smaller
angle at higher temperatures. This can be explained with the Bragg Equation and the thermal
expansion of B-cristobalite. Very interestingly the change from two reflexes to one happened only
when it was heated up compared to the experiment before. When cooling down to 40 °C, a split into
two reflexes was observed. For this experiment also the temporal appearance of a reflex at 26° was
observed when reaching a temperature of 600 °C. For this zeolite the positions of the reflexes seem
slightly shifted towards smaller angles when heating up. The reason might be the thermal expansion
of the zeolite.

ZSM-5 pure Si, Water steam stability in He (3%)
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Figure 67: results of in-situ XRD for ZSM-5 “pure Si (Zeocat PZ-2 1000Na)” in the temperature range from 25-700 °C
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If all three measurements that were conducted for each temperature from 650-700 °C are depicted,
it can be seen, that the reflex corresponding to B-cristobalite is getting more intense over time (Figure

68).
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Figure 68: results of in-situ XRD for ZSM-5 “pure Si (Zeocat PZ-2 1000Na)” in the temperature range from 650-700 °C; time

dependence

To check, when the two reflexes become one, lower temperatures were tested as it can be seen in
Figure 69. It seems that this transition starts to occur at 50 °C and is finished at 100 °C.
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ure Si (Zeocat PZ-2 1000Na)” in the temperature range from 25-150 °C
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6.3 Zeolites added to Pechini Synthesis
As first approach for composite preparation it was tried to add zeolites to a classical Pechini synthesis (as described above in “3 Pechini Syntheses”). This was
tried with the zeolites ZSM-5 “pure Si (PZ-2 1000Na)” and ZSM-5 “Si/Al=140 (CBV28014)”. The composites were prepared using a weight ratio of 50/50
zeolite/NCF-Co. Details about the synthesized batches can be seen in Table 17, the reagents that were used refer to Table 2 and Table 3. As products, grey
powders were obtained.

Table 17: synthesis details of the batches where zeolites were added to the Pechini synthesis

Sintering program (heating
Used reagent rate in °C/min — holding
for: Nd,0s; temperature in °C —
CaCoOs;, Fe; holding time in h — heating
Amount Amount Amount Amount o . . .
Batch name Nd,0; Amount | - Amount Co(NOs)2:6H;0 | citricacid | eolite (g) Co(NO;)»6H,0; |  rate in °C/min — holding Yield
) CaCOs (g) Fe (g) (©) ) citric acid; temperature in °C - (g)
HNO; holding time in h — cooling
rate in °C/min)
18.05.2022
ZSM-5
“oure Si 1.0840 0.3874 0.4862 0.2818 4.95 2.0004 B;A;B;B,B;B 5-350-0,5-5-800-5-5 3.82
PZ-2/1000Na”
18.05.2022
ZSM-5
“5i/AI=140 1.0842 0.3875 0.4863 0.2816 4.99 2.0006 B;A;B;B,B;B 5-350-0,5-5-800-5-5 3.27
CBV28014”
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6.3.1 XRD of zeolites added to Pechini Synthesis

As characterization of the products XRDs were measured. For ZSM-5 “Si/Al=140" it was found that the
zeolite structure is partly destroyed as it can be seen in the XRD (Figure 70), but still ZSM-5 and NCF-
Co phases can be seen. The minor details are discussed next, when a Rietveld refinement was

prepared.
Zeolite added to Pechini Synthesis
*
A
A
A
A
* *
3
[v]
2
2 A Zeolite
g @& NCF-Co
\J ZSM-5 Si/Al=140
k Ndy ¢Cag 4Feg 9C0p.103.5
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Diffraction Angle 26 / °

Figure 70: XRD of composite with zeolite ZSM-5 “CBV28014 (Si/Al=140)" added to a Pechini synthesis

Except for some very small reflexes, phases corresponding to the intense reflexes could be found and
with these phases a Rietveld refinement was prepared of the product. The following parameters were

refined:

Global Parameters:

Specimen Displacement

ZSM-5 (PDF: 01-080-4532):

Scale Factor

B-overall

Cell Parameter: a, b, ¢

Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, S/L Asymmetry, D/L Asymmetry A, Peak
Shape 1, Peak Shape 2, Peak Shape 3

Occupancy of 027-038

NCF-Co (04-014-5430):

Scale Factor

B-overall

Cell Parameter: a, b, c

Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, Peak Shape 1, Peak Shape 2,
Peak Shape 3
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Calcium Oxide Silicate (04-025-8090):

e Scale Factor
e B-overall
e Cell Parameter: a, b, c

e Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, Peak Shape 1, Peak Shape 2,

Peak Shape 3

Coesite (01-072-1601):

e Scale Factor
e B-overall
e Cell Parameter: a, b, c

e Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, Peak Shape 1, Peak Shape 2,

Peak Shape 3

Maghemite (00-025-1402):

e Scale Factor
e B-overall
e Cell Parameter: a, b, c

e Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, Peak Shape 1, Peak Shape 2,

Peak Shape 3

The wt-% of the phases are given in Table 18. Here it can be seen, that a rather big amount of the

zeolite is transformed into other phases.

Table 18: composition of composite ZSM-5 “Si/Al=140" added to Pechini synthesis

Phase Content (wt%)
ZSM-5 Silicon Oxide Hydrate 22.9
NCF-Co 47.7
Calcium Oxide Silicate 22.5
Coesite 0.0
Maghemite (Fe;03) 7.0
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Rietveld of Composite ZSM-5 (Si/Al=140) added to Pechini
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Figure 71: Rietveld refinement of XRD of composite with zeolite ZSM-5 “Si/Al=140 CBV28014” added to the Pechini synthesis,
intense reflexes are discussed above

For composite preparation with ZSM-5 “pure Si” it was found that the zeolite structure is mostly
destroyed and as already observed in the in-situ XRDs the formation of B-cristobalite was observed
again (Figure 72). In the range from 27-29 ° changes of the zeolite or the formation of the zeolite to
new phases (coesite) were observed but not further investigated.
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Figure 72: XRD of composite with zeolite ZSM-5 “pure Si” added to a Pechini synthesis

6.3.2 Catalytic Measurements and XRD after Reaction
Catalytic measurements with the composites were performed. The same parameters as for the pellets
were used (see chapter “4.5.1 Experimental Parameters”). Again, an increase of the activity with
increasing temperature due to reasons of thermodynamics and kinetics can be seen. For pure zeolites
the specific activity is very low. For the composite with ZSM-5 “Si/Al=140" the specific activity is lower
compared to the composite with ZSM-5 “pure Si”, but it has to be kept in mind, that the measurement
of ZSM-5 “Si/Al=140" was very close to the thermodynamic equilibrium. The measurement of ZSM-5
“pure Si” added to Pechini synthesis was done with a lower amount of catalyst (12.8 mg), hence farther
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away from thermodynamic equilibrium and a higher specific activity was reached. Further
measurements were conducted with the parameters used for catalytic measurements of the

boehmite/NCF-Co sieve fractions and can be seen below.
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Figure 73: results of catalytic measurements, specific activity versus reaction time, the specific activity was calculated from

produced CO and as normalization the mass of the catalyst (total) was used

After the reaction, XRDs of the catalysts which can be seen in Figure 74 and Figure 75 were recorded.
Reflexes corresponding to iron are clearly visible for both composites. The other reflexes are already

discussed above.

Zeolite ZSM-5 (pure Si) added to NCF-Co after reaction

A ron —— after reaction

Intensity / a.u.

M
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Figure 74: XRD of batch “NCF-Co/ZSM-5 pure Si 220518” after reaction
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Zeolite ZSM-5 (Si/Al=140) added to NCF-Co after reaction

—— after reaction
—— before reaction

A lron

Intensity / a.u.

Diffraction Angle 26/ °

Figure 75: XRD of batch “NCF-Co/ZSM-5 CBV28014 (Si/Al=140) 220518” after reaction

6.4 NCF-Co added to Zeolite Synthesis

For the 2. approach of composite preparation it was tried adding the perovskite at different stages of
the synthesis of the ZSM-5 zeolite. As a weight ratio 50/50 for ZSM-5 (without crystal water)/NCF-Co
was chosen. When adding the NCF-Co to the gel it was calculated how much solids are remaining after
calcining for calculation of the amount of NCF-Co that should be added. For batch 220609A just a
50/50 mixture of the masses of ZSM-5/NCF-Co was prepared. For batch 220922A a weight loss of
16.7 % as a result of loss of organic template and crystal water was assumed. In Figure 76 the prepared
batches and when NCF-Co was added to the zeolite synthesis can be seen. In blue the typical course of
the zeolite preparation as already described before can be seen. In black the different times where
NCF-Co was added can be seen. The preparation of the zeolite was the same as already described
before. As products grey powders, as it can be seen in Figure 77 exemplarily, were obtained.
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220623B

NCF-Co (23.05)

Gel preparation Crystallisation Centrifugation

220721D 220623C 220721E

NCF-Co (05- NCF-Co (23.05) NCF-Co (05-
15.07) 15.07)

220922D

NCF-Co (05-
15.07)

Calcination

220609A

NCF-Co (23.05)

220922A

NCF-Co (05-
15.07)

Figure 76: overview of classic zeolite preparation (blue), black boxes indicate the batches of the composites and at wich step

NCF-Co was added to the zeolite synthesis

Figure 77: appearance of product of composite synthesis: batch 220623C
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6.4.1 XRD of NCF-Co added to Zeolite Synthesis

XRDs of the composite materials were measured. As it can be seen in Figure 78, reflexes of both NCF-
Co and zeolite appear in the diffractograms for all batches. Hence it can be concluded that the NCF-Co
does not affect the zeolite formation in that manner that no zeolite would have formed at all.
Furthermore, it was found that the reflex corresponding to the brownmillerite phase gets smaller when
NCF-Co was added at an earlier stage in the zeolite synthesis. At a closer look one can also see, that
the reflexes seem a bit shifted. To check if these shifts are random or consistently, Rietveld refinements
were prepared.

Perovskite added to Zeolite Synthesis
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Figure 78: XRDs of different batches with NCF-Co added to the zeolite ZSM-5 synthesis, reflexes are from pure NCF-Co and
ZSM-5, most intesive reflexes are indicated with vertical lines
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For the Rietveld refinements the following parameters were refined:

Global Parameters:

Specimen Displacement

NCF-Co (PDF-Code: 04-014-5430):

Scale Factor

B overall

Cell Parameter: a, b, ¢

Nd: occupancy (0.5-0.7), Ca: occupancy (0.2-0.3)

B isotropic of all atoms

Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, Peak Shape 1, Peak Shape 2, Peak Shape 3

Brownmillerite Ca,Fe,0s (PDF-Code: 04-008-6821):

Scale Factor

B overall

Cell Parameter: a, b, c

Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, Peak Shape 1, Peak Shape 2, Peak Shape 3

(PDF-Code: 01-080-4532):

Scale Factor

B-overall

Cell Parameter: a, b, c

Profile Variables: Cagliotti u, Cagliotti v, Cagliotti w, Peak Shape 1, Peak Shape 2,
Peak Shape 3

Occupancy of 027-038

The Rietveld refinements can be seen in Figure 79 and Figure 80 and coincide in principle well with the
measurement. Deviations can be seen for the reflex of brownmillerite.
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Figure 79: Rietveld refinements for batches a):220609A, b): 220922A, c): 2206238, d): 220623C
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Figure 80: Rietveld refinements for batches e): 220721D, f): 220721E, g): 220922D
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The cell parameters of NCF-Co gotten from the Rietveld refinement can be seen in Figure 81. The cell parameters of ZSM-5 can be seen in Figure 82. A relationship
between time of NCF-Co addition to the synthesis and lattice parameter cannot be seen.
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Figure 81: cell paramaters and volume of unit cell of the NCF-Co phase of the prepared batches; a): cell parameter a of NCF-Co; b): cell parameter b of NCF-Co; c): cell parameter ¢ of NCF-Co; d):
volume of the unit cell of NCF-Co; error bars from Rietveld refinement
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Figure 82: cell paramaters of the ZSM-5 phase of the prepared batches; a): cell parameter a of ZSM-5; b): cell parameter b of ZSM-5; c): cell parameter c of ZSM-5; error bars from Rietveld refinement
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In Figure 83 the volume of the unit cell and the additional oxygen atoms per unit cell can be seen.
Additional oxygen atoms mean, that crystal water is refined, but since H does not contribute much to
the diffraction anyway only O were in the model used for the refinement. The volume of the unit cell
seems random. Regarding the water content it might be the case, that the composites contain more

crystal water compared to the pure zeolites.
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Figure 83: volume of unit cell of the zeolite and additional oxygen atoms per unit cell of the prepared batches; error bars from

Rietveld refinement

For quantification of the brownmillerite content, the wt% brownmillerite were normalized to the wt%
of NCF-Co phase to account for changes in different wt% between zeolite and the non-silica phases
NCF-Co + brownmillerite. The results can be seen in Figure 84. As expected a decline of the
brownmillerite content can be seen the earlier NCF-Co was added to the zeolite synthesis. Especially a
big difference can be seen for the batches where NCF-Co was added during crystallization or earlier to
the three batches where NCF-Co was added later. If NCF-Co was added before crystallization or even

before ageing seems not to make a difference.
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Figure 84: ratio of brownmillerite/NCF-Co for the different batches
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6.4.2 SEM Measurements

The SEM images were recorded by Florian Schrenk. In Figure 85 SEM images of composites 220609A
and 220922D can be seen. A NCF-Co phase (bigger particles) as well as a zeolite phase (small spherical
particles) can be seen. The zeolite phase is also on top of the NCF-Co particles. Conclusions on the
strength of interaction between both phases cannot be drawn.

Figure 85: SEM images of: left: composite 220609A parameters: HV: 5 kV, mag 10k, WD 7.6 mm; right: composite 220922D,
parameters: HV: 5 kV, mag 10k, WD 7.7 mm

6.4.3 X-ray Fluorescence of NCF-Co added to Zeolite Synthesis
The composition of the composites was determined by performing a borate pulp and subsequent X-
ray fluorescence (XRF) analysis by Johannes Zbiral.

The results of the XRF measurements were given in wt% oxides normalized to 100 % for all elements
that could be measured with XRF (raw data are given in the appendix).

Since the composite also contains elements that cannot be measured with XRF this has to be corrected.
To do that at first the wt% were transformed into mol% for the metal oxides Me,On, that are part of
the composite:

wt%;
Ti n
mol%i = ZVVT (7)
P —_— n
l Mi 2
wt%; ....... weight percent of component i (—)
mol%,; .....molar percent of componenti (=)
M; ............ molar weight of component i (ﬁ)
Tfeeerernenne subscript of metal i in formula MenOm (—)
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Then the following assumptions were made:

0.6
mol%yqg = (Mmol%cq + mol%g, + mol%,) 12
1
mol%p zeo = (Mol%yg; + mol% ;) 3
NH,0

mol%op zeo cw = (Mol%s; + mol%y;) - 12

mol%g ncr—co = (Mol%yg + mol%cq + mol%p, + mol%ic,) 7

mMol%o zeo cw +ovveeer

mol%o ncr—co -ovveeer

MOol%y 7eo cveerreenens

mMol%y zeo ey +oovveeer

mOZ%H,Zeo = (mOI%H,Zeo + mOZ%H,Zeo cw) §

Ny,o0

mol%g zeo cw = (M0l%g; + mol%y,) -

(10)

(11)

(12)

(13)

molar percent of O from the zeolite structure itself including two water molecules bound as

crystal water (—)

molar percent of O from crystal water (—)

molar percent of O from NCF-Co (—)

molar percent of H from two water molecules bound as crystal water (—)

molar percent of H from additional crystal water (—)

number of additional water molecules in the zeolite structure according to XRD Rietveld

refinements (—)
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In the end it was again normalized:

iy mol%;

mol%:; [

Lnew Zlmol%l (14)
MOl%; po cvveereenens molar percent of component i after consideration of elements not measured with XRF and

new normalization (—)

And the wt% were calculated:

0/ . - M.
mOZ/Ol,new M;
Zi moz%i,new ! Mi

Wt%i,new = (15)

WEYD; oy eenreeeeennnenns weight percent of component i after consideration of elements not measured with XRF and
new normalization (—)

Then all wt% of the zeolite (Si, Al, Oz, Na, Hzeo) and NCF-Co (Nd, Ca, Fe, Co, Oncr-co) Were summed up
and the wt% of NCF-Co in the composite could be calculated. The results can be seen in Table 19. For
an unknown reason batch 220721E deviates strongly from the other batches whereas the other ones
seem to be in an acceptable range considering the method of preparation of the composites
(evaporating water of the gel and difficulties weighing in fumed silica) and also uncertainties in the
preparation of the samples for the XRF measurements and in the XRF measurement itself especially
for low concentrations.

Table 19: results of XRF-measurements

Batch Name Content NCF-Co (wt%)
220922D 43.2
220721D 39.9
220623C 39.8
2206238 421
220721E 46.6
220609A 44.3
220922A 40.8

6.5 Catalytic Measurements of Composites

6.5.1 Experimental parameters
The same experimental parameters as in “5.3 Experimental Parameters” were used.

6.5.2 Results and Discussion

Contrary to the measurements of the pellets with alumina hydrates, here about the same amount of
the composite was used (=38 mg). The exact ratio of zeolite/NCF-Co of the composites where NCF-Co
was added to the zeolite synthesis was unknown at the time the reactor measurements were
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conducted because no results from ICP-OES measurements were obtained due to the insolubility of
the composites and the results from the XRF measurements were only gotten afterwards. It was tried
to use the specific activity for comparison (Figure 86) but this deviations in the activity cannot be
explained by these small differences as it can be seen in the XRDs. It was also the intention to measure
at high yields and at high volumetric flows of H, and CO, which means high water production and this
led to the already mentioned problems.

1 Specific Activity Comparison
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—— Composite "During Crystallization" (220623B)
——Composite "Before Ageing" (220922D)

—— Composite "Before Centrifugation" (220721E)
—— Composite "ZSM-5 (Si/Al=140) added to NCF-Co"
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Figure 86: comparison of specific activity for composites of ZSM-5 and NCF-Co, specific activity was calculated from produced
CO and normalized with the mass of the catalyst (only NCF-CO)

In Figure 87 the yields of the catalytic measurements can be seen. For the calculation of the yields no
normalization is used. Due to the closeness to the thermodynamic equilibrium, the yield probably
describes better how active a catalyst is. Anyhow the problems with condensing and later evaporating
water was still there. Hence not much quantitative assessments can be made besides that catalyst
“ZSM-5 (Si/Al=140) added to NCF-Co” is performing better than the rest in the temperature range of
550-650 °C. Other than that, only qualitative analysis can be made. It can be seen that for batches
where NCF-Co was added early to the zeolite synthesis (batches 220623B and 220922D) the yields are
flattened at a certain temperature (=520 °C). Probably the zeolite blocks the NCF-Co and does not
allow higher yields.
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Figure 87: comparison of yields for composites of ZSM-5 and NCF-Co; yield of CO with respect to CO,, calculated according to
formula 3

Only CHswas detected by the GC as byproduct and considered for the calculation of the selectivity (see
formula 5). In Figure 88 the selectivities towards CO of the composite batches can be seen. “ZSM-5
(pure Si) added to the Pechini synthesis” only exhibits a high selectivity at higher temperatures.
Composites where NCF-Co was added to the zeolite synthesis showed high selectivities even at lower
temperatures. Composite “ZSM-5 (Si/Al=140) added to NCF-Co synthesis” showed a different behavior.
The selectivity is high for low temperatures decreases and reaches a minimum at about 520 °C and
then rises till the end of the experiment.
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Figure 88: comparison of selectivity for composites of ZSM-5 and NCF-Co; selectivity towards CO, byproduct was CH,

For the composites where zeolites were added to the Pechini synthesis exsolution was already
confirmed (see 6.3.2). For NCF-Co added to the zeolite synthesis, XRDs after the reaction were
measured (Figure 89, Figure 90 and Figure 91). This XRDs are again an overlap with SiO, because it was
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hard to separate the two phases completely due to some smaller particles of SiO.. A clear reflex
corresponding to iron can be seen and exsolution is thus confirmed. Furthermore a calcium oxide
silicate phase and in the range from 25-30° additional changes which cannot fully be explained, due
to the fact that these phases only amount to low wt% and due to the general complexity of the mixture.
It is probably a change of the zeolite itself but also changes to other phases like coesite for instance is
a possibility. Changes in the range from 50-52° cannot be explained so far. A loss of brownmillerite
phase for batches 220623B and 220721E was observed.
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Figure 89: XRD recorded after reaction of composite 220721E
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Figure 90: XRD recorded after reaction of composite 220623B
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7 Summary & Discussion

For the pellets prepared with the porogens starch and graphite, which were sintered at different
temperatures, it was found that higher porogen content and lower sintering temperatures increase
the activity. This is a reasonable result since these pellets would be the ones for which high surface
areas are expected. Pellets with Al,03 as binder performed well in the catalytic tests.

For pellets produced with alumina hydrates and NCF-Co it was found that a higher boehmite content
results in higher mechanical stability. A higher activity compared to pure alumina was confirmed but it
was difficult to distinguish between the NCF-Co containing catalysts due to the problem of high water
formation (condensing water in gas lines).

The preparation of pure MCM-22 and ZSM-5 zeolites with Si/Al=35 was successful, and the structures
were confirmed with XRD. The ZSM-5 zeolite and two other ZSM-5 zeolites (ZSM-5 “pure Si” and ZSM-
5 “Si/Al=140") were tested for their stability in hot water vapor atmosphere via in-situ XRD. Two of
these three zeolites were relatively stable (ZSM-5 “Si/Al=35" and ZSM-5 “Si/Al=140") whereas for the
zeolite ZSM-5 “pure Si” the formation of B-cristobalite was found. It is not fully clear why the “pure Si”
zeolite is least stable because the water steam stability normally increases with higher Si/Al ratio. It is
also worth to mention that it is not clear if the phase transformation happened because of the water
vapor or just the temperature. One explanation for the formation might be because of different
morphologies of the zeolites. Furthermore, it is interesting to note that B-cristobalite is normally not
formed at these temperatures but due to the preordered structure of a zeolite it seems that its
formation is possible.

For the preparation of composites two approaches were chosen:

e Zeolite added to the Pechini synthesis of NCF-Co
e NCF-Co added to zeolite synthesis

For the approach “Zeolite added to the Pechini synthesis” the formation of B-cristobalite and an almost
completely destroyed zeolite was found for ZSM-5 “pure Si” whereas for ZSM-5 “Si/Al=140" a partly
destruction of the ZSM-5 structure and formation of calcium oxide silicate was found. Besides these
dominant phases also minor changes which cannot fully be confirmed like the formation of coesite and
changes in the zeolite structure were found in the XRDs.

For the approach NCF-Co added to zeolite synthesis it was found in the XRDs that reflexes from both
phases are present. A reduction of the brownmillerite phase was observed, when NCF-Co was added
early in the course of the zeolite synthesis. The strength of the interaction between these two phases
is still unclear.

In the catalytic tests the same problem as described above arose. Nevertheless, the qualitative
assessment that an early addition of NCF-Co to the zeolite synthesis led to a flattening in the activity
curve can be made. Ex-situ measurements of composites after the reaction were performed and
revealed that calcium oxide silicate was formed for catalysts where NCF-Co was added to the zeolite
synthesis. Furthermore minor changes in the zeolite structure and formation of other phases (like
coesite) were observed.

For all catalysts which contain NCF-Co that were used in activity tests, exsolution was confirmed via
ex-situ XRD.
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8 Outlook

The composites must be analysed by other techniques to clarify the degree of interaction between
zeolite and perovskite. Possible analysis methods would be solid-nuclear magnetic resonance (NMR)
and infrared spectroscopy (IR).

In general, the approach of composite preparation where the zeolite is added to the Pechini synthesis
would be more interesting in regards of getting to higher surface areas. The NCF-Co does not dissolve
if added to the zeolite synthesis thus the surface area cannot really be increased. In regards of other
properties like mechanical stability this preparation method still has some merit if it is possible to
produce NCF-Co with higher surface area. If the composite preparation is done via adding zeolites to
the NCF-Co synthesis, an increase in surface area could possibly happen if the zeolite acts as a
nucleation point to the perovskite and this way of composite preparation is thus a reasonable
approach if reaction conditions of the Pechini synthesis can be changed to less harshness. Possible
approaches would be the synthesis using a deep eutectic solvent or in general reagents that dissolve
in water could be used.

Shaping methods like extrusion or pelleting have to be performed with the composites.

Stability tests need to be performed with the composites, ideally even after the shaping process, and
under humidity conditions closer to “real” rWGS conditions.

The catalytic activity has to be checked in a pilot scale reactor and very importantly the problem with
condensing and later evaporating water has to be fixed.
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9 Appendix

9.1 Experimental Details of Catalytic Measurements

The details about the catalytic measurements can be found in Table 20, Table 21 and Table 22.

Table 20: experimental details of catalytic experiments of pellets

Date Sample Amount (mg)
06.05.2022 PEL_019 27.9
11.05.2022 PEL_022 271
12.05.2022 PEL_023 26.7
13.05.2022 PEL_020 24.2
02.06.2022 PEL_026 33.4
07.06.2022 PEL_027 33.4
08.06.2022 PEL_029 221
09.06.2022 PEL_028 26.9
15.06.2022 PEL_026 37.4

Table 21: experimental details of catalytic experiments of zeolites and composites

Date Sample Amount (mg)
04.05.2022 ZSM-5 CBV28014 19.0
05.05.2022 ZSM-5 PZ-2/1000Na 20.6
24.05.2022 Composit NCF/Co CBV28014 (18.05.2022) 20.3
27.05.2022 Composit NCF/Co PZ-2/1000Na (18.05.2022) 12.8
13.06.2022 ZS5M-5 220429 19.6
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Table 22: experimental details of catalytic experiments of pellets with alumina hydrates and composites

(18.05.2022)

Amount Amount Total
Date Sample Catalyst quartz glass Amount
(mg) (mg) (mg)
23.08.2022 blank: quartz glass - 0.2257 0.2257
25.08.2022 0/100 Boehmite/NCF-Co 0.0204 0.2336 0.2540
26.08.2022 80/20 Boehmite/NCF-Co 0.0896 0.1602 0.2498
29.08.2022 100/0 Boehmite/NCF-Co 0.0820 0.1676 0.2496
29.08.2022 50/50 Boehmite/NCF-Co 0.0368 0.2132 0.2500
01.09.2022 Composite ZSM-5/NCF-Co 2220721E 0.0380 0.2118 0.2498
29.09.2022 80/20 Boehmite/NCF-Co 0.088 0.1623 0.2503
30.09.2022 0/100 Boehmite/NCF-Co 0.0198 0.2303 0.2501
29.11.2022 Composite ZSM-5/NCF-Co 220623B 0.0383 0.2119 0.2502
29.11.2022 Composite ZSM-5/NCF-Co 220721D 0.0383 0.212 0.2503
Composite ZSM-5 (Si/Al=140)/NCF-Co
30.11.2022 P (18.05(.2{)22) / 0.0379 0.2119 0.2498
01.12.2022 50/50 Boehmite/NCF-Co 0.0369 0.2131 0.25
02.12.2022 0/100 Boehmite/NCF-Co 0.0200 0.2302 0.2502
05.12.2022 Composite ZSM-5 (pure) NCF-Co 0.0396 0.2105 0.2501
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9.2 Zeolite and zeolite NCF-Co synthesis
In Figure 92- Figure 111 the digitalized notes from the lab journal as weighed in amounts can be found for zeolite and composite preparation.

Recipe Zeolite MCM-22 SiO,/Al,0; = 70 V1
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Start Date: 12.04.2022

Batch: 220412 MCM-22

Prepared by: Richard Buchinger

Working Step ?ea:jed (@ (agc}tual s Start Time |End Time '(i;(z:r;’lperature pH (-)
Fill distilled water into beaker 66.9022 66.906 12:55 -
Dissolve NaOH 0.5237 0.518 13:00 -
and/ or KOH during 15 minutes 0.4606 0.4566 13:05 13:15

Gradually add Al(OH); 0.3205 0.334 13:15 13:20 -
Wait 15 minutes - = 13:20 13:35 -
Add HMI dropwise 5.3689 5.25 13:40 13:45 -
Add Fumed Silica 6.6781 6.79 13:50 13455 -
Age at room temperatur for 24 hours under

magnetic stirring i i 14:00 14:00 i
Transfer mixture in teflon-lined autoclave and 13.04 25.04

heat to 150 °C for 10 days i i 15:30 7:40 150 °C i
Vacuum filtrate the product - - 09:00 -
Wash with distilled water until pH below 8 - - 11:00 7-8
Dry filtrate in an oven overnight at 60 °C - - 26.04 60 °C -
Calcine in muffle furnace at 550 °C with ) i _
heating rate 5 °C/min and hold for 6 hours 27.04 550°C6h

Figure 92: digitalized notes from the lab journal of batch 220412 MCM-22
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Recipe Zeolite MCM-22 SiO,/Al,03 =70 V1

Start Date:

19.05.2022

Batch:

220519 MCM-22

Prepared by:

Richard Buchinger

Working Step nmea;;ed (@ ?gc)tual R Start Time |[End Time |Temperature (°C)|[pH (-}
Fill distilled water into beaker 83.6278 83.71 14:20 -
Dissolve NaOH 0.6546 0.6546 14:25 -
and/ or KOH during 15 minutes 0.5757 0.560 14:27

Gradually add Al(OH); 0.4007 0.401 14:45 -
Wait 15 minutes “ - 14:45 15:00 -
Add HMI dropwise 6.7111 6.74 15:00 -
Add Fumed Silica 8.3476 8.3 15:10 -
add water - 13.35

Age at room temperatur for 24 hours under 20.05

magnetic stirring i i 19.05 15:20 [15:20 i
Transfer mixture in teflon-lined autoclave and 30.05

heat to 150 °C for 10 days i i 20.05 16:00 |16:00 i
Vacuum filtrate the product = . 31.05 -
Wash with distilled water until pH below 8 - - 31.05 7-8
Dry filtrate in an oven overnight at 60 °C - - 31.05 2.06|120°C -
Calcine in muffle furnace at 550 °C with ) } }
heating rate 5 °C/min and hold for 6 hours 02.06.2022 550 °C 6h

Figure 93: digitalized notes from the lab journal of batch 220519 MCM-22
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Recipe Zeolite ZSM-5 SiO,/Al,0; =70 V1

Start Date:

29.04.2022

Batch:

ZSM-5 220429

Prepared by:

Richard Buchinger

Working Step nmeaesdsed (@ ?gc)tual mass Start Time |End Time '(I;(z:r)nperature pH (-)
Seed suspension S-1:

Fill distilled water into beaker 4.9664 4,968 08:34 .
add EtOH 3.2149 3.2179 08:36 -
add TPAOH solution 3.4335 3.43 08:38 -
add TEOS dropwise while stirring 3.6354 3.652 08:40 -
homogenize at roomtemperature for 2

hours ) i 08:45 10:45 ’
transfer into teflon lined autoclave - -
treat hydrothermally at 100 °C for 96 hours 29.04 10:50 (05.0512:45 |100°C

cool down to room temperature - - -
nano-sized ZSM-5 aggregates:

Fill distilled water into beaker 47.8401 47.84 15:50 -
Dissolve NaOH in water 1.0815 1.085 16:10 -
dissolve NaAlO2 in water 0.3048( 0.3054 16:15

dissolve CTAB in water 1.0589 1.0588 16:20 -
stir for 0,5 hours 5 - 16:20 16:50 -

Figure 94: digitalized notes from the lab journal of batch 220429 ZSM-5 part 1
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add 5-1 gel dropwise 10.1668 10.17 16:50 17:05

Working Step mass: - .::lc‘tual mass Start Time  [End Time "I;(ir"r'nperature
needed (g) |(g) {"C)

prepare silica sol: silica 7.8192 7.822 17:05

water and add silica sol dropwise 11.7288 20.42 17:10

stir for 2 hours 17:10 19:10

transfer into teflon lined autoclave and age

for 12-14 hours at 120 °C 09.05 18:20 10.058:00 120°C

crystallize at 170 °C for 24 hours 10.059:00 |11.059:00 |[170°C

centrifuge and wash with distilled water

untii pH about 7 11:00 14:00 7

dry at 60 °C for 12 hours 11.05 15:30 60 °C

calcine at 550 °C for 6 hours 12.05 550 °C

Figure 95: digitalized notes from the lab journal of batch 220429 ZSM-5 part 2
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Recipe Zeolite ZSM-5 Si0,/Al,0; =70 V1

Start Date:

09.06.2022

Batch:

ZSM-5 220609

Prepared by:

Richard Buchinger

Working Step nmeaesjed (@) ?gc)tual e Start Time |End Time '(Eir;perature pH (-)
Seed suspension S-1:

Fill distilled water into beaker 4.9664 4.97 13:13 -
add EtOH 3.2149 3.217 -
add TPAOH solution 3.4335 3.445 -
add TEOS dropwise while stirring 3.6354 3.645 13:25 -
homogenize at roomtemperature for 2

hours ] i 13:30 15:30 ]
transfer into teflon lined autoclave - -
treat hydrothermally at 100 °C for 96 hours ’ i 15:3815:40 (13.06)|100 °C ’
cool down to room temperature - - -
nano-sized ZSM-5 aggregates:

Fill distilled water into beaker 47.8401| 47.885 15:55 -
Dissolve NaOH in water 1.0815 1.09 -
dissolve NaAlO2 in water 0.3048 0.302

dissolve CTAB in water 1.0589 1.063 -
stir for 0,5 hours - - 16:07 16:37 -
add S-1 gel dropwise 10.1668 10.179 -

Figure 96: digitalized notes from the lab journal of batch 220609 ZSM-5+NCF-Co part 1
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Working Step nmeaesjed () ?gc)tual A Start Time |End Time '(Etacr;qperature pH ()
prepare silica sol: silica 7.8192 7.843 =
water and add silica sol dropwise 11.7288 20.53 16:49

stir for 2 hours 16:49 18:59

transfer into teflon lined autoclave and age

for 12-14 hours at 120 °C 13.06 19:20 |14.06 8:33

crystallize at 170 °C for 24 hours 14.06 9:21 |15.069:23

centrifuge and wash with distilled water

until pH about 7 15.06

dry at 60 °Cfor 12 hours 15.06 16.06

calcine at 550 °C for 6 hours 16.06 17.06

Figure 97: digitalized notes from the lab journal of batch 220609 ZSM-5+NCF-Co part 2
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Recipe Zeolite ZSM-5 SiO,/Al,0; =70 V1

Start Date: 09.06.2022
Batch ZSM-5 220609A
Prepared by: Richard Buchinger
. mass actual mass , . Temperature
Working Step NP | Start Time |End Time o pH (-)
needed (g) |(g) (L)
Seed suspension S-1:
Fill distilled water into beaker 4.9664 497 13:13 -
add EtOH 3.2149 3.217 13:15 -
add TPAOH solution 3.4335 3.445 13:20 -
add TEOS dropwise while stirring 3.6354 3.645 13:25 13:30 -
homogenize at roomtemperature for 2
hours ] i 13:30 15:30 ]
transfer into teflon lined autoclave - -
treat hydrothermally at 100 °C for 96 hours ) i 09.06 15:38 |15:40 13.06 |100 °C i
cool down to room temperature - - -
nano-sized ZSM-5 aggregates:
Fill distilled water into beaker 47.8401 47.885 15:55 -
Dissolve NaOH in water 1.0815 1.09 16:00 -
dissclve NaAlQ2 in water 0.3048 0.202 16:03
dissolve CTAB in water 1.0589 1.063 16:07 -
stir for 0,5 hours - - 16:07 16:37 -
add S-1 gel dropwise 10.1668 10.179 16:40 16:43 -

Figure 98: digitalized notes from the lab journal of batch 220609A ZSM-5+NCF-Co part 1
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mass

actual mass

Temperature

Working Step needed (2) |(g) Start Time |End Time C) pH (-)
prepare silica sol: silica 7.8192 7.843 -
water and add silica sol dropwise 11.7288 20.53 16:49

stir for 2 hours 16:49 18:59

transfer into teflon lined autoclave and age

for 12-14 hours at 120 °C 13.06 19:20 |14.068:33 [120°C

crystallize at 170 °C for 24 hours 14.06 9:21 |15.069:23 [170°C

centrifuge and wash with distilled water

until pH about 7 15.06

dry at 60 °Cfor 12 hours 15.06 16.06|60 °C

Prepare mixture of Perovskite and 1.539

Zeolite 1.539

calcine at 550 °C for 6 hours 16.06 17.06|550 °C 6h

Figure 99: digitalized notes from the lab journal of batch 220609A ZSM-5+NCF-Co part 2
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Recipe Zeolite ZSM-5 SiO,/Al,0; =70 V1

Start Date:

23.06.2022

Batch:

ZSM-5 2206238

Prepared by:

Richard Buchinger

Working Step nmeaesjed (@ Z;:)tual wess Start Time |End Time '(Eeg)nperature pH (-)
Seed suspension S-1:

Fill distilled water into beaker 4.9664 5.022 13:50 -
add EtOH 3.2149 3.215 -
add TPAOH solution 3.4335 3.516 -
add TEOS dropwise while stirring 3.6354 3.642 14:10 -
homogenize at roomtemperature for 2

hours ] ] 14:10 16:10 )
transfer into teflon lined autoclave - -
treat hydrothermally at 100 °C for 96 hours ) i 16:13 16:15|100°C ’
cool down to room temperature - - -
nano-sized ZSM-5 aggregates:

Fill distilled water into beaker 23.9200( 23.978 16:00 -
Dissolve NaOH in water 0.5408 0.539 -
dissolve NaAlO2 in water 0.1524 0.163

dissolve CTAB in water 0.5294 0.534 -
stir for 0,5 hours e - 16:10 16:40 -
add S-1 gel dropwise 5.0834 5.08 -

Figure 100: digitalized notes from the lab journal of batch 220623B ZSM-5+NCF-Co part 1
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Working Step ?ea:;ed (@ ?;:)tual e Start Time |End Time '(I;ecr)nperature pH (-)
prepare silica sol: silica 3.9096 4,195 -
water and add silica sol dropwise 5.8644 12.3 16:55

stir for 2 hours 16:55 18:55

transfer into teflon lined autoclave and age 15.54

for 12-14 hours at 120 °C ' 19:01 08:00({120°C

crystallize at 170 °C for 24 hours 08:00 10:00{170°C

add Perovskite 1.449

centrifuge and wash with distilled water

until pH about 7 7
dry at 60 °Cfor 12 hours 60 °C

calcine at 550 °C for 6 hours 550 °C 6h

Figure 101: digitalized notes from the lab journal of batch 220623B ZSM-5+NCF-Co part 2
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Recipe Zeolite ZSM-5 Si0,/Al,0; =70 V1

Start Date:

23.06.2022

Batch:

ZSM-5 220623C

Prepared by:

Richard Buchinger

mass

actual mass

Temperature

Working Step el |1 Start Time |End Time °C) pH (-)
Seed suspension S-1:

Fill distilled water into beaker 4.9664 5.022 13:50 -
add EtOH 3.2149 3.215 -
add TPAOH solution 3.4335 3.516 -
add TEOS dropwise while stirring 3.6354 3.642 14:10 -
homogenize at roomtemperature for 2

hours ] i 14:10 16:10 ]
transfer into teflon lined autoclave - -
treat hydrothermally at 100 °C for 96 hours ’ i 16:13 16:15|100°C ’
cool down to room temperature - - -
nano-sized ZSM-5 aggregates:

Fill distilled water into beaker 23.9200( 23.978 16:00 -
Dissolve NaOH in water 0.5408 0.539 -
dissolve NaAlO2 in water 0.1524 0.163

dissolve CTAB in water 0.5294 0.534 -
stir for 0,5 hours - - 16:10 16:40 -
add S-1 gel dropwise 5.0834 5.08 -

Figure 102: digitalized notes from the lab journal of batch 220623C ZSM-5+NCF-Co part 1
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Working Step nmeaesjed () :)tual s Start Time |End Time '(EcaCTperature pH (-)
prepare silica sol: silica 3.9096 4,195 -
water and add silica sol dropwise 5.8644 12.3 16:55

stir for 2 hours 16:55 18:55

transfer into teflon lined autoclave and age 15.37

for 12-14 hours at 120 °C ’ 27.06 19:00 |28.068:00 (120°C

add Perovskite 1.435

crystallize at 170 °C for 24 hours 28.069:00 |29.0610:30 (170°C

centrifuge and wash with distilled water

until pH about 7 29.06 7
dry at 60 °Cfor 12 hours 29.06 30.06(60 °C

calcine at 550 °C for 6 hours 30.06 550 °C6h

Figure 103: digitalized notes from the lab journal of batch 220623C ZSM-5+NCF-Co part 2
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Recipe Zeolite ZSM-5 Si0,/Al,0; =70 V1

Start Date:

21.07.2022

Batch:

ZSM-5220721D

Prepared by:

Richard Buchinger

Working Step nmeaesjed (&) ?gc)tual e Start Time |End Time '(Eez:r;perature pH (-)
Seed suspension S-1:

Fill distilled water into beaker 2.4832 2.506 13:10 -
add EtOH 1.6075 1.61 -
add TPAOH solution 1.7167 1.713 -
add TEOS dropwise while stirring 1.8177 1.821 13:20 -
homogenize at roomtemperature for 2

hours ] i 13:20 16:00 ]
transfer into teflon lined autoclave - -
treat hydrothermally at 100 °C for 96 hours ’ i 16:30 16:30|100°C ’
cool down to room temperature - - -
nano-sized ZSM-5 aggregates:

Fill distilled water into beaker 23.9200 24.02 14:50 -
Dissolve NaOH in water 0.5408 0.54 -
dissolve NaAlO2 in water 0.1524 0.158

dissolve CTAB in water 0.5294 0.53 -
stir for 0,5 hours - - 15:00 15:40 -
add S-1 gel dropwise 5.0834 5.16 -

Figure 104: digitalized notes from the lab journal of batch 220721D ZSM-5+NCF-Co part 1
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Working Step nmeaesjed (&) ?gc)tual s Start Time End Time '(Etzr;perature pH (-)
prepare silica sol: silica 3.9096 3.98 -
water and add silica sol dropwise 5.8644 12.3 15:45

stir for 2 hours 15:45 17:30

Gel and 16.2

Perovskite 1.44

stir for 20 min 17:30 17:50

transfer into teflon lined autoclave and age

for 12-14 hours at 120 °C 18:10 07:35(120°C

crystallize at 170 °C for 24 hours 26.07 8:35 |27.078:35 |170°C

centrifuge and wash with distilled water

until pH about 7 27.05 7
dry at 60 °Cfor 12 hours 27.05 28.05

calcine at 550 °C for 6 hours 28.05 29.05|550 °C 6h

Figure 105: digitalized notes from the lab journal of batch 220721D ZSM-5+NCF-Co part 2
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Recipe Zeolite ZSM-5 SiO,/Al,0; =70 V1

Start Date:

21.07.2022

Batch:

ZSM-5 220721E

Prepared by:

Richard Buchinger

mass

actual mass

Temperature

Working Step meededtd |1 Start Time |End Time ) pH (-)
Seed suspension S-1:

Fill distilled water into beaker 2.4832 2.506 13:10 -
add EtOH 1.6075 1.61 -
add TPAOH solution 1.7167 1.713 -
add TEOS dropwise while stirring 1.8177 1.821 13:20 -
homogenize at roomtemperature for 2

hours ] ] 13:20 16:00 ]
transfer into teflon lined autoclave - -
treat hydrothermally at 100 °C for 96 hours ’ i 16:30 16:30|100°C ’
cool down to room temperature - - -
nano-sized ZSM-5 aggregates:

Fill distilled water into beaker 23.9200 24.02 14:50 -
Dissolve NaOH in water 0.5408 0.54 -
dissolve NaAlO2 in water 0.1524 0.158

dissolve CTAB in water 0.5294 0.53 -
stir for 0,5 hours - - 15:00 15:40 -
add S-1 gel dropwise 5.0834 5.16 -

Figure 106: digitalized notes from the lab journal of batch 220721E ZSM-5+NCF-Co part 1
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Working Step nmeaescjed (@ ?;:)tual ez Start Time |End Time '(Eecr)nperature pH (-)
prepare silica sol: silica 3.9096 3.98 -
water and add silica sol dropwise 5.8644 12.3 15:45

stir for 2 hours 15:45 17:45

transfer into teflon lined autoclave and age 18.3

for 12-14 hours at 120 °C ’ 18:10 07:35|120°C

crystallize at 170 °C for 24 hours 26.07 8:35 |27.078:35 |170°C

add Perovskite 1.63

centrifuge and wash with distilled water

until pH about 7 27.05 7
dry at 60 °Cfor 12 hours 27.05 28.05(60 °C

calcine at 550 °C for 6 hours 28.05 29.05|550 °C 6h

Figure 107: digitalized notes from the lab journal of batch 220721E ZSM-5+NCF-Co part 2

95



Die approbierte gedruckte Originalversion dieser Diplomarbeit ist an der TU Wien Bibliothek verfligbar

The approved original version of this thesis is available in print at TU Wien Bibliothek.

M Sibliothek,
Your knowledge hub

Recipe Zeolite ZSM-5 SiO,/Al,0; =70 V1

Start Date:

22.09.2022

Batch:

Z5M-5 220922A

Prepared by:

Richard Buchinger

mass

actual mass

Temperature

Working Step -y Start Time |End Time ) pH (-)
Seed suspension S-1: RT

Fill distilled water into beaker 2.4832 2.483 14:10 RT -
add EtOH 1.6075 1.6231 RT -
add TPAOH solution 1.7167 1.7212 14:15|RT -
add TEOS dropwise while stirring 1.8177 1.8231 14:17 14:20|RT -
homogenize at roomtemperature for 2 ) i B )
hours 14:20 16:20

transfer into teflon lined autoclave - RT -
treat hydrothermally at 100 °C for 96 hours ) i 22.0916.30 [26.09 16.30 |[100°C ’
cool down to room temperature - - RT -
nano-sized ZSM-5 aggregates:

Fill distilled water into beaker 23.9200( 23.922 16:00 -
Dissolve NaOH in water 0.5408| 0.5405 -
dissolve NaAlO2 in water 0.1524| 0.1521

dissolve CTAB in water 0.5294| 0.5291 16:10 -
stir for 0,5 hours e - 16:10 16:40 -
add S-1 gel dropwise 5.0834 5.037 17:00 17:05 -

Figure 108: digitalized notes from the lab journal of batch 220922A ZSM-5+NCF-Co part 1
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Working Step nmeaesdsed () :)tual s Start Time |End Time '(Eeg;perature pH (-)
prepare silica sol: silica 3.9096 3.93 -
water and add silica sol dropwise 5.8644 12.3 17:15

stir for 2 hours 17:15 19:15

transfer into teflon lined autoclave and age 15 15.023

for 12-14 hours at 120 °C ’ 26.09 19:20 |127.097:30 [120°C

crystallize for 24 hours at 170 °C 27.098:30 |28.098:30 (170°C

centrifuge and wash until pH 7 28.09 7
dry in oven overnight 60-120 °C 28.09 29.09(100 °C

Weigh in Zeolite 0.673

NCF-Co 0.5774 0.578

calcine at 550 °C 6 hours 29.09 30.09(550 °C 6h

Figure 109: digitalized notes from the lab journal of batch 220922A ZSM-5+NCF-Co part 2
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Recipe Zeolite ZSM-5 Si0,/Al,0; =70 V1

Start Date:

22.09.2022

Batch:

ZSM-5 220922D

Prepared by:

Richard Buchinger

Working Step nmeaesjed (&) ?gc)tual e Start Time |End Time '(Eez:r;perature pH (-)
Seed suspension S-1: RT

Fill distilled water into beaker 2.4832 2.483 14:10 RT -
add EtOH 1.6075 1.6231 RT -
add TPAOH solution 1.7167 1.7212 14:15|RT -
add TEOS dropwise while stirring 1.8177 1.8231 14:17 14:20|RT -
homogenize at roomtemperature for 2 ) i RT ]
hours 14:20 16:20

transfer into teflon lined autoclave - RT -
treat hydrothermally at 100 °C for 96 hours ’ i 22.09 16.30 [26.09 16.30 |100 °C ’
cool down to room temperature - - RT -
nano-sized ZSM-5 aggregates:

Fill distilled water into beaker 23.9200( 23.922 16:00 -
Dissolve NaOH in water 0.5408| 0.5405 -
dissolve NaAlO2 in water 0.1524| 0.1521

dissolve CTAB in water 0.5294| 0.5291 16:10 -
stir for 0,5 hours - - 16:10 16:40 -
add S-1 gel dropwise 5.0834 5.037 17:00 17:05 -

Figure 110: digitalized notes from the lab journal of batch 220922D ZSM-5+NCF-Co part 1
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Working Step nmeaesjed (&) ?gc)tual s Start Time End Time '(Etzr;perature pH (-)
prepare silica sol: silica 3.9096 3.93 -
water and add silica sol dropwise 5.8644 12.3 17:15

stir for 1.5 hours 17:15 18:45

prepare Zeolite 19.99 10:48

Perovskite (05-15.07.22) mixture 2.08 18:50

stir for 0.5 hours 18:50 19:20

transfer into teflon lined autoclave and age

for 12-14 hours at 120 °C HBERAS Boan 26.09 19:20 |27.097:30 (120°C

crystallize for 24 hours at 170 °C 27.098:30 (28.098:30 ([170°C

centrifuge and wash until pH 7 28.09 7
dry in oven overnight 60-120 °C 28.09 29.09

calcine at 550 °C 6 hours 29.09 30.09

Figure 111: digitalized notes from the lab journal of batch 220922D ZSM-5+NCF-Co part 2
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The raw data from the XRF measurements can be seen in Table 23.

Table 23: Raw Data from XRF analysis, n.n. means below detection limit

wt% 220922A 220721E 220721D 220623C 220922D 220623B 220609A
MoOs3 n.n. n.n. n.n. n.n. n.n. n.n. n.n.

Nb,Os n.n. n.n. n.n. n.n. n.n. n.n. n.n.

ZrO; n.n. n.n. n.n. n.n. n.n. n.n. n.n.

SrO n.n. n.n. n.n. n.n. n.n. n.n. n.n.

As,0; n.n. n.n. n.n. n.n. n.n. n.n. n.n.

PbO n.n. 0.02% | n.n. 0.01% 0.01% | n.n. n.n.

Zn0O n.n. 0.02% | n.n. n.n. n.n. n.n. n.n.

CuO 0.05% 0.05% 0.05% 0.01% 0.04% 0.02% 0.03%
NiO 0.03% 0.03% 0.04% 0.02% 0.04% 0.02% 0.02%
Co304 2.87% 3.16% 2.86% 2.44% 3.05% 2.71% 2.83%
Fe,03 20.02% 23.01% 20.53% 19.11% 22.45% 20.99% 22.52%
MnO 0.11% 0.13% 0.10% 0.08% 0.13% 0.08% 0.08%
Cr,03 0.03% 0.06% 0.04% 0.04% 0.03% 0.03% 0.03%
V,05 n.n. 0.02% | n.n. n.n. 0.02% | n.n. n.n.

TiO; 0.03% 0.09% 0.05% 0.03% 0.02% 0.05% 0.05%
Cao 7.43% 8.84% 5.85% 6.91% 6.14% 7.29% 8.33%
K20 0.07% 0.08% 0.02% 0.08% 0.17% 0.10% 0.03%
Cl 0.26% 0.07% 0.10% 0.59% 1.02% 0.45% 0.07%
SOs 0.13% 0.42% 0.14% 0.13% 0.23% 0.15% 0.06%
P20s 0.02% 1.25% 0.23% 0.03% 0.04% 0.03% | n.n.

SiO, 64.03% 58.86% 66.39% 64.46% 58.10% 63.07% 62.37%
Al,0s 2.08% 2.46% 1.87% 1.77% 2.03% 1.63% 1.99%
MgO 0.19% 0.31% 0.17% 0.17% 0.29% 0.12% 0.16%
Na,O 2.65% 1.10% 1.58% 4.11% 6.21% 3.26% 1.44%
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