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Abstract

The direct conversion of carbon dioxide into dimethyl ether (DME)
with the intermediary use of methanol (MeOH) holds significant
potential for realizing the Power-to-X concept. In the frame of this
dissertation, the conversion of CO2 into DME (Dimethylether) is done
in decentralized plants via a two-stage reaction with methanol as an
intermediate, where a Cu/ZnO-based catalyst (CZ) either promoted
with ZrOz (CZZ) or with CeO: (CZC) is used for methanol synthesis
and a solid acid catalyst (HZSM-5) for methanol dehydration. With
this purpose, two different Cu-based catalysts were synthesized via
flame spray pyrolysis (FSP) method with a semi-continuous process,
which now allows the preparation of larger amounts of the methanol
synthesis catalyst. The influence of two different promoters,
specifically ZrO: and CeOz, on the CZ catalyst was investigated. The
catalysts were characterized for their physical and chemical
properties, as well as their activity, both individually (CZZ and CZC
catalysts) and in combined configurations for the (CO2-to-DME) CTD
reaction. The results demonstrated that the addition of the proper
amount of promoter positively affects the dispersion of copper, and
enhances the catalyst's activity. The screen-printing method was
employed to integrate the catalysts into microchannel reactors,
ensuring the formation of sufficiently porous, uniform, and well-
adherent catalyst layers. With the intention of achieving this goal,
pastes were formulated by the adjusting rheological parameters

using various percentages of catalyst and additives. The screen-



printing method was optimized and utilized to create coatings in the
form of layers within a microchannel reactor, serving a bifunctional
purpose. The integration of CZZ, CZC, and HZSM-5 (Z) catalysts
involved arranging them in different configurations, including
double layer, hybrid, and face-to-face arrangements. Various
operating conditions such as temperature, GHSV, and pressure were
explored to achieve higher DME yield. The results indicate that the
CZC catalyst outperforms the CZZ in both methanol and direct DME
synthesis. Additionally, the close contact between the two catalysts
(Cu/ZnO-based catalyst and HZSM-5) causes rapid deactivation of
the catalysts. Among the different configurations, the double layer
structure (CZZ-Z-DLA and CZC-Z-DLA) were identified as the most
favorable catalyst configurations in microchannel reactors, exhibiting

high potential for CO: conversion and DME selectivity.



Zusammenfassung

Die direkte Umwandlung von Kohlendioxid in Dimethylether (DME)
unter Zwischenschaltung von Methanol (MeOH) birgt ein
erhebliches Potenzial fiir die Verwirklichung des Power-to-X-
Konzepts. Im Rahmen dieser Dissertation erfolgt die Umwandlung
von CO: in DME in dezentralen Anlagen {iber eine zweistufige
Reaktion mit Methanol als Zwischenprodukt, wobei ein
Kupfer/Zinkoxide (CZ)- basierter fiir die Methanolsynthese und ein
fester Sdurekatalysator (HZSM-5) fiir die Methanoldehydratisierung
eingesetzt verwendet wird. Zu diesem Zweck wurden zwei
verschiedene Kupfer/Zinkoxide (CZ)- basierter Katalysatoren mittels
Flammenspriihpyrolyse (FSP) in einem halbkontinuierlichen Prozess
synthetisiert, der die Herstellung groflerer Mengen des
Methanolsynthese Katalysators ermdglicht. Es wurde der Einfluss
verschiedener Promotoren, namentlich ZrO: und CeQO, auf den CZ-
Katalysator untersucht. Die Katalysatoren (CZZ und CZC) wurden
sowohl einzeln als auch in kombinierten Konfigurationen fiir die
COz2-zu-DME-CTD-Reaktion analysiert, um ihre physikalischen und
chemischen Eigenschaften sowie ihre Aktivitdt zu charakterisieren.
Die Ergebnisse zeigen, dass die Zugabe einer geeigneten Menge an
Promotor die Dispersion von Kupfer positiv beeinflufit und die
Aktivitat des Katalysators erhoht.

Die Katalysatoren = wurden im  Siebdruckverfahren in
Mikrokanalreaktoren integriert, wodurch die Bildung ausreichend
poroser, gleichméafliger und gut haftender Katalysatorschichten

gewahrleistet wurde. Dafiir wurden Pasten entwickelt, in denen die



rheologischen Parameter durch verschiedene Konzentrationen von
Katalysatoren und Additiven geeignet eingestellt wurden. Das
Siebdruckverfahren konnte somit optimiert und zur Herstellung von
mehrlagigen Beschichtungen innerhalb eines Mikrokanalreaktors
eingesetzt werden, die einen bifunktionalen Zweck erfiillen. Bei der
Integration von CZZ, CZC und HZSM-5(Z)-Katalysatoren wurden
diese in verschiedenen Konfigurationen angeordnet, darunter
Doppelschicht-, Hybrid- und gegentiberliegende Anordnungen. Es
wurden verschiedene Betriebsbedingungen wie Temperatur, GHSV
und Druck untersucht, um eine hohere DME-Ausbeute zu erzielen.
Zudem fithrt der enge Kontakt zwischen den Katalysatoren
(Cu/ZnO-basierter und HZSM-5) zu einer schnellen Deaktivierung
beider. Unter den verschiedenen Konfigurationen wurden die
Doppelschichtstrukturen (CZZ-Z-DLA und CZC-Z-DLA) als die
glinstigsten Katalysatorkonfigurationen in Mikrokanalreaktoren
identifiziert, da diese ein hohes Potenzial fiir die CO2-Umwandlung

und DME-Selektivitiat aufweisen.
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Chapter 1: Motivation

1. Motivation

It is indisputable that the excessive use of non-renewable energy
sources such as coal, oil, and natural gas results in adverse effects on
the climate as a result of the significant emission of greenhouse gases
such as methane and CO:z that are not effectively [1]. The consensus
is that there is an urgent need to significantly decrease CO2 emissions
to reach a net-zero or even net-negative level during the latter half of
the 21st century, in order to mitigate the effects of human-caused
climate change. The latest assessment report by the
Intergovernmental Panel on Climate Change (IPCC) has highlighted
that without substantial cuts to carbon dioxide in the upcoming
years, global warming could exceed 1.5°C as early as 2030s [2]. To
minimize the adverse effects of human-induced climate change, it is
imperative to swiftly transition from the current energy system that
heavily relies on fossil fuels to one powered by renewable energy
(RE) sources. This shift will not only transform the electricity sector,
making solar and wind power the primary energy sources, but also
impacts the transportation and the chemical industry [3]. Although
the chemical industry will continue to rely on chemical energy
carriers and hydrocarbon-based feedstocks to some extent, sector
coupling between green electricity and chemistry is necessary.
However, by nature, corresponding renewable sources (e.g., from
solar and wind power) are fluctuating in their availability and
usually not accessible in large quantities (rather up to the MW than
GW scale) at a certain location [4, 5]. To convert renewable electricity

1



Chapter 1: Motivation

into chemical compounds that can be easily transported, stored, and
utilized in various applications, the use of load-flexible Power-to-X
(PtX) technologies is a feasible solution. PtX products may be
gaseous, potentially liquefied, such as hydrogen, synthetic methane,
and DME, or liquid, such as Fischer-Tropsch hydrocarbons and
methanol [6]. Adhering to the principles of PtX, it is feasible to
manufacture COz-neutral synthetic fuels and chemicals by utilizing
green hydrogen produced through water electrolysis powered by
renewable electricity, and CO: derived from sources like unavoidable
industrial process gases, biogas, or other renewable sources. CO2 can
also be extracted from the atmosphere through Direct Air Capture
(DAC) technology, especially in regions where it is available in high
concentrations [7].

Given the various conceptual factors at play, methanol and DME
exhibit potential as PtX-products for the chemical industry and
heavy-duty transportation. They can be utilized in various
applications, including direct methanol fuel cells, blended with
gasoline for combustion engines, and as a replacement for diesel fuel
[8]. In decentralized Power-to-Fuel (PtF) methods, it is essential to
have streamlined and effective processes. Decentralized plants utilize
a two-stage reaction process with methanol as an intermediate to
convert CO:2 into DME. Methanol synthesis involves the use of a Cu-
based catalyst, while methanol dehydration utilizes a solid acid
catalyst. DME can be efficiently liquefied at moderate pressure and
transported to a centralized plant where it can be transformed into
fuels through conventional large-scale processing. DME is an ideal

intermediate for this process due to its favorable physicochemical
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Chapter 1: Motivation

properties such as being non-toxic and easy to liquefy, as well as its
ability to be synthesized under milder conditions (more energy-
efficient) compared to methanol. The latter is due to the fact that by
formation of DME methanol is removed from the equilibrium-
restricted methanol synthesis step before, which then enables higher
synthesis gas conversion. However, for small-scale DME synthesis
plants to be economically viable, a highly efficient plant design that
employs effective catalysts and optimal plant technology is required.
Figure 1.1. illustrate the conversion of CO: from renewable sources in

to DME and in two stage and one stage of DME production [6, 9].

Renewable electricity

Centralized

Centralized

A \“ W " Gasoline
p — B

o <
@3‘ d /JQ\‘\
Methano! DME Jet fuel

Methanol-synthesis ~ DME Synthesis MTG Route

renewable carbon sources

Figure 1-1 Illustration of centralized versus decentralized process for DME
synthesis.



Chapter 1: Motivation

1.1 Objective of this Dissertation

The primary objective of this dissertation is to investigate the one-
stage synthesis of DME in a microstructured reactor using an
optimized catalyst configuration. The aim is to demonstrate process
intensification through catalyst optimization and optimal catalyst
integration. There are several unresolved scientific challenges that
need to be addressed in each aspect of the study.

Firstly, it is crucial to identify, prepare, and extensively characterize
an efficient catalyst or catalyst combination with high activity for
converting COz/Hz mixtures into methanol. The effect of promoters
such as Zr and Ce should be studied to enhance the catalyst's activity.
Furthermore, previous investigations have indicated that layer
thicknesses exceeding 10 pum do not impose limitations on
performance due to mass transport. Therefore, coating strategies for
microstructured reactors, specifically based on screen printing, need
to be developed. Optimization of paste rheology and screen-printing
parameters is important to ensure good adhesion and homogeneous
catalyst layers.

To achieve the best synergistic effect and high DME yield, the
implementation of two catalysts is necessary: a solid acid catalyst for
methanol dehydration and a methanol synthesis catalyst. Different
catalyst layer configurations, including hybrid layers, double layers,
and Face-to-Face layers, should be designed and evaluated (Figure
1.2).

The optimal conditions for DME synthesis need to be determined by

considering the influence of temperature, pressure, and gas space
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Chapter 1: Motivation

velocity. Experimental design should be employed to identify the
operating conditions that yield high methanol and DME production.
Additionally, the interaction between the synthesized CTM (Carbon
dioxide to Methanol) catalysts (CuO/ZnO/ZrOz and CuO/ZnO/CeO2)
and the MTD (Methanol to Dimethyether) catalyst (zeolite-HZSM-5)
in the integrated system should be analyzed.

Overall, this dissertation aims to address these scientific challenges
and provide insights into the efficient synthesis of DME by
optimizing catalyst configurations and operating conditions in a

microstructured reactor.

Catalyst Preparation and testing in
individual reaction
Modified catalyst for RWGS and methanol reaction

Optimization pf coating process and
rheology for different catalsyts
Mechanical stability and reproducibility
Catalyst activity

Determination of optimal catalyst
configuration for one step DME synthesis
from CO2/H2 (laboratory reactor)
Optimization of operation condition for

£ higher DME yield

Fe T

CO; + H2 = CO + H20 L ke i,
3C0 + 3H2 = CH30CH3 + CO2

Figure 1-2 Outline of the study on one-stage integrated CTM-MTD process
in microchannel reactor.
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2. Introduction and Background

2.1 MeOH Synthesis

The conventional process for producing methanol involves using a
copper-zinc-based catalyst and synthesis gas streams consisting of
CO/Hoa. The reaction occurs based on the stoichiometric reaction (R1,
STM: syngas to methanol). This process entails the creation and
refinement of syngas, the synthesis of methanol, and the distillation

of crude methanol [6].

COcg) + 2 Hy) = CH30H (g (R1)
AHJog 15k = —90.6 K] - mol™*

AGog 15k = —25.2k] - mol ™

Currently, the annual production of methanol is approximately 110
million metric tons, with the majority being produced through the
oxidation and/or reforming of natural gas [10], as well as coal
gasification using low and medium pressure processes [2]. Syngas
can also be derived from various other sources such as crude oil,
residual oil, and bio-waste products, which are widely available
globally, including agricultural residues, forestry or landscaping
waste, and paper waste [11]. Recently, there has been a growing
interest in using CO: from the air or from inevitable industrial

emissions (e.g. steel industry) as a carbon source for methanol
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Chapter 2: Introduction and Background

production. This approach allows for a significant reduction in the
environmental impact of greenhouse gases and offers the
opportunity to use low cost carbon source [11-13]. The utilization of
green hydrogen, which is generated from renewable sources through
electrolysis, enhances the efficacy of producing synthetic fuels from
CO: [14, 15]. The conversion of CO: to methanol through
hydrogenation (R2) is a less exothermic process than the production
of methanol from pure syngas. Moreover, it necessitates the

implementation of the water-gas-shift reaction (RWGS, R3).

AHYog 15 = —49.4 K] - mol ™!

AGg 15k = +3.5k] - mol™!

COg) + H20(g) 2 COzg) + Hag (R3)

AH3gg15 ¢ = —41.2Kk] - mol™*

AGog15x = —28.6 K] - mol ™

When CO:is used as a feedstock in the production of methanol, it can
lead to additional challenges, such as the loss of catalyst activity due
to water formation [16]. The deactivation could be due to different
reasons like blocking active sites for CO2 and producing carbonate or
formate species or blocking of hydrogen adsorption sites,
morphology changes of Cu [17, 18]. Researchers are currently

working on developing catalysts with higher service lifetimes,
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particularly under high COz-rich syngas conditions. Several studies
are being conducted to address this challenge and improve the
performance of the catalysts used in the process which will explained
in the next sections [16, 19, 20].

The conversion of syngas into methanol through the hydrogenation
of CO and CQO: is limited by the kinetics and thermodynamic
equilibrium of the reversible and strongly exothermic reactions
involved. Therefore, it is necessary to maintain an optimum process
temperature of 200-300°C through effective heat removal. To enhance
the CO and CO: conversion and increase the process yield, new
techniques such as once-through process with interstage [19] and in
situ methanol removal [21] have been suggested, which eliminate the

need for gas recycling [6, 21].

2.1.1 Recent Developments in Catalyst Design

There are many review articles on catalysts for methanol synthesis,
reflecting its great importance. The following sections summarize the
latest developments in the most important catalyst groups for use in
fundamental research and process development for methanol

synthesis.

Transition Metal-based Catalysts

Commercially available catalysts containing CZA (CuO/ZnO/AlL20s)
typically possess a metal distribution that falls within the range of 60
wt.% Cu, 30 wt.% Zn, and 10 wt.% Al This category of catalysts was
developed by Imperial Chemical Industries (ICI) in the 1960s to allow

for methanol synthesis under more moderate reaction conditions (5-

8
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10 MPa, 220-300°C) [22, 23]. The impact of ZnO in multi-component
catalysts based on Cu typically arises from the combination of
advantageous stoichiometry and optimized production methods,
resulting in two main benefits. Firstly, ZnO acts as a geometric spacer
between the Cu centers in the nanometer size range, leading to an
enhancement in Cu dispersion and increased accessibility of the
specific Cu surface [24, 25]. Secondly, ZnO has a modulating effect on
the electronic properties due to specific metal/support interactions
(SMSI). Conversely, Al20s serves as a structural promoter, promoting
a homogeneous distribution of Cu and improving the mechanical
stability of the catalyst. Promoters, such as ZrO2:[26], TiO2[27], MgO
[28], or Ga205[29] also are used to improve the catalytic performance.
Amongst the aforementioned metal oxides, ZrO2 has been one of the
most extensively researched modifiers for enhancing the CZ
(CuO/ZnO) catalyst [30-32]. The improved performance of the CZZ
(CuO/ZnO/ZrOz) system can be attributed to the weak hydrophilic
nature of zirconium oxide, which prevents the strong adsorption of
water, as well as the rise in surface basicity, which promotes CO:
adsorption and, consequently, the productivity of methanol.
Furthermore, ZrO: promotes the creation of oxygen vacancies during
reduction, which enhances Cu dispersion and, thus, multiplies Cu-
ZnO interactions [33]. Both the improvement in Cu dispersion and
the rise in Cu-ZnO contacts are explained by the increase in the
stability of the Cu+ sites caused by interaction with zirconia [34].
CeOzis another promising promoter due to its weaker hydrophilic
characteristic than alumina, which may boost the dispersion of

copper as it interacts strongly with Cu and the basicity of the surface.

9
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Due to its distinctive structural characteristics, which include oxygen
vacancies and reversible valence changes (Ce* and Ce®), CeO:
exhibits tremendous potential. It can serve as an active site for CO:
activation of oxygen-containing bonds as well as a carrier for
immobilizing catalytically active [35]. Arena et al. investigated the
influence of various oxide carriers on regulating the catalytic
functionality of the Cu-Zn catalyst for hydrogenation of carbon
dioxide [36]. They discovered that ceria significantly enhances the
Cu-ZnO system's ability to adsorb CO:z and function. As the methanol
dehydration reaction directly benefits from the zeolite's acid
characteristics, including the acid type and acid sites, this has an
impact on the selectivity of DME in the methanol-to-DME conversion
process [37, 38]. Shuai Chang et al. looked into the effect of Zn/Ce
ratio of Cu/Zn/CeO: catalyst which was synthesized through co-
precipitation method. They found that a higher amount of Ce content
improves the dispersion of Cu which led to a rise in oxygen
vacancies. More basic sites and oxygen vacancy concentrations
develop on the catalyst as the CeO: level rises, facilitating CO2
activation [35]. Gao and colleagues prepared Cu-ZnO-based catalysts
using hydrotalcite-like precursors and observed that the
incorporation of CeOz resulted in a rise in the copper surface area and
the proportion of highly basic sites. Consequently, the promoted
catalyst exhibited greater CO: conversion and CHsOH selectivity
than the unpromoted catalyst [39].

Active Sites and Structure-Activity Relationships

Essentially, two possible active sites at the interface are discussed.

10
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One possibility (a) results from the synergy between Cu and ZnO at
their interface [40]. The second possibility (b) is the presence of Cu-
Zn surface alloy sites, [41] which is related to the partial reduction of
ZnO particles towards a Zn** state or favours the modification of the
surface Cu by metallic Zn [42—45]. Recent research results regarding
the aforementioned “possibility (a)” have been published indeeding
experimental data and simulations, which give clear indications
about the nature of the top layer of the catalyst surface in Cu/ZnO
catalysts [46, 47]. “Possibility (b)” is supported by findings
suggesting that Cu steps occupied by Zn atoms are the active sites
where coexistence of defined bulk defects and surface species exists
[20] . The SMSI-induced formation of a metastable ZnOx phase on the
Cu active sites has also been demonstrated on reduced industrial Cu-
ZnO-ALlOs catalysts [42]. The adsorption strength of relevant
intermediates such as HCO*, H2CO* and H3CO* is also enhanced via
Cu-Zn interaction according to DFT calculations [20]. Control of the
nanoscale properties of catalysts for methanol synthesis is therefore
generally an essential element in catalyst development.

Recently, inverse oxide/metal catalysts with metastable "graphite-
like" ZnO layers in Cu/ZnO/AlOs catalysts have also attracted
considerable interest due to the metal-support interaction, [42, 46—48]
with ZnO sites being considered as hydrogen reservoirs to favour

methanol formation.

Preparation Methods
Out of numerous methods available to optimize the catalytic activity,

the co-precipitation process is the most commonly employed

11



Chapter 2: Introduction and Background

technique, which involves mixing metal salt precursors with a
precipitating agent in an aqueous medium, followed by aging,
calcination, and reduction [49, 50]. It is crucial to control the synthesis
conditions such as temperature, pH value, mixing, and aging
procedure for effective results [51]. Many modifications have been
made to avoid metal agglomeration and sintering during the
calcination process, which is necessary for proper metal dispersion
and catalytic performance. These modifications include nitrate-free
synthesis using a basic formate or acetate precursor, surfactant-
assisted coprecipitation, reverse co-precipitation, reverse co-
precipitation with ultrasound irradiation, and continuous co-
precipitation [19, 33, 52-57]. Apart from co-precipitation, there are
various other synthesis methods such as deposition-precipitation,
sol-gel synthesis, citrate decomposition, combustion synthesis, solid-
state synthesis, ammonia evaporation, organometallic synthesis, and
flame-spray pyrolysis [58-65].

Flame spray pyrolysis (FSP) is a potential technique for producing
catalysts for methanol synthesis due to its ability to provide benefits
such as adaptability, efficiency, and scalability. Flame spray pyrolysis
enables the production of uniform and well-formed particles due to
the high temperature and rapid particle growth through sintering
and coalescence. Despite this, the particles retain their nanoscale
characteristics because of the short residence time and substantial
temperature gradient during the synthesis process [66]. Controlling
certain properties of multi-component particles produced (such as
size, composition, and morphology) in a single nozzle configuration

can be challenging. For the production of a catalyst system with a
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specific particle configuration, it may be more beneficial to use a
multi-nozzle (where the precursor solution is sprayed from two
different nozzle with the specific angle) FSP system to regulate the
formation of particles and the injection rate of different metal
precursor solutions. For instance, Strobel etal synthesize
BaCOs/ALQO:s particles with two nozzle flame without formation of
BaAl:0Os4 [67]. The formation of particles in FSP can occur through
either the droplets-to-particle route or the gas-to-particle route,
depending on the precursor formulation (metal concentration and
combustion enthalpy). The droplets-to-particle route can result in
micron-sized particles due to incomplete droplet evaporation, while
the gas-to-particle route, which occurs due to the supersaturation of
metal vapor, is preferred in this method because it ensures particle
size in the nano range as well as homogeneity. Therefore, the
selection of metal precursors and solvents with suitable combustion
enthalpies, melting/decomposition temperatures, miscibility, and
chemical stability is critical to the overall particle formation in the
flame, which determines the resultant particle properties. The
particle size and crystal structure of FSP-produced particles are
determined by their reaction temperature and residence time.
Additionally, the feeding rate and choice of solvent can affect the
homogeneity of particle size and shape, as well as the BET surface
area [65, 66]. Jensen et al. showed that it is possible to produce
Cu/ZnO/AL0Os catalysts with a specific surface area greater than 100
m?/geat by utilizing a flame combustion technique [68]. A series of
Cu/ZrO: catalysts was prepared by Copéret et al. using a two-nozzle

spray pyrolysis method, where only the Cu particle size was changed
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with higher dispersion gas flow (O2) for the Cu nozzle spray. The
researchers observed that the catalysts with smaller Cu particle size
exhibited higher activity and selectivity towards CHsOH in CO:
hydrogenation [69].

Precious Metal-Based Catalysts

Cu-based catalysts have some unfavourable factors, such as the
increased mobility of ZnO when water is formed, the limited stability
due to sintering and agglomeration, and partly pyrophoric properties
[70, 71]. As an alternative to Cu-based catalysts, precious metal-
based catalysts are often used because they have high stability and

better resistance to sintering and poisoning.

Monometallic Catalysts

Pd and Pt supported catalysts have been found to be effective in
catalyzing methanol formation through CO hydrogenation at low
temperatures [72] . The use of Pd catalysts on supports such as La20s,
Nd:0s, and CeO: have been found to be highly selective in the
formation of methanol [73]. Supports with existing oxygen vacancies,
such as CeO:z and In20s, have been found to facilitate CO2 adsorption
or activation in Pd-based catalysts [74, 75] . Additionally, Au-based
catalysts on various supports [76, 77] as well as Pt-based catalysts [74]

have demonstrated catalytic activity in the formation of methanol.

Alloy Catalysts
Pd and Pt form various alloys with metals that are active themselves
in CO/CO:z hydrogenation. In such alloys, the surface properties are

altered compared to the pure metals, so that new active sites can be
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created, [78] such as in Pd-Cu, Pd-Zn and Pt-Co alloys, among others.
In Pd-Zn alloys, the SMSI effect between metallic Pd and ZnO at high
temperatures ensures the formation of a stable alloy, although the
nature of the active sites is the subject of scientific debate [79]. On the
one hand, the formation of PdZn alloys often correlates with catalytic
activity and methanol selectivity [80-83]; however, Pd nanoparticles
decorated with ZnOx islands are partly discussed as active sites [84].
In this context, PdZn alloys could stabilise formate intermediates and

inhibit the RWGS reaction at the same time [84, 85].

Other Catalysts

In20s and Ga-based Catalysts

In recent years, In2Os-based catalysts have emerged as a highly
selective catalyst for methanol production, with a key effect being the
suppression of the reverse water-gas shift reaction pathway [86-88].
These catalysts have shown good long-term stability when combined
with suitable support materials such as monoclinic zirconia, which
enhances the CO2 adsorption capacity [89-91]. To increase the rate of
H: cleavage, which is limited in bulk In20s, doping with
hydrogenation-active metals such as palladium [92, 93], platinum
[94], rhodium [95] or nickel [92] has been explored. Gallium has also
been used in various methanol synthesis catalysts [96], including
Ga20s supported Pd catalysts, where it is believed to promote CO:
adsorption, and Pd catalyses the dissociation of H2 resulting in
hydrogen spill-over to the oxide surface and the formation of formate
[97]. Among various alloys, NisGas has been found to be particularly

active and selective in terms of methanol synthesis [98].
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MOF/ZIF-based Catalysts

Metal-organic frameworks (MOFs) and zeolitic imidazolate
frameworks (ZIFs) are considered highly attractive materials for
methanol catalysts due to the structure sensitivity of the reaction.
These materials offer tailored surface accessibility, pore
functionalities, and reactive open metal sites [99]. The unique feature
of these frameworks is the ability to confine catalytically active metal
nanoparticles (NPs) within their structures, thereby minimizing the
possibility of their aggregation or agglomeration [100]. Different
methods can be used to prepare MOF/ZIF- based catalysts for
methanol synthesis, which can be broadly classified into two types:
Bottom-up and top-down approaches. In the bottom-up approach,
the catalyst is prepared by impregnation, similar to the preparation
of the composite ZIF-8-supported Pd catalyst [81]. For example, a
ZIF-8-supported Cu catalyst has been synthesized using this
approach [101]. which showed considerable methanol productivity.
On the other hand, in the top-down approach, NPs are encapsulated
in the framework by selecting appropriate precursors. A highly active
MOF-supported Cu/ZnOx catalyst was prepared using the top-down
method [31], along with a ZrOx-supported Cu/ZnOx catalyst [102].
Another method involves the MOF directed synthesis of a Cu catalyst
highly dispersed in graphene [103].

2.1.2 Process Modeling of Methanol Synthesis
For many years, researchers have investigated the synthesis of
methanol. Despite this, they have not yet fully grasped the reaction

mechanism and the recovery processes associated with the typical
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Cu-based catalyst. Gaining a complete understanding of the
mechanism would enable experts to fine-tune input parameters and
reaction conditions accurately, leading to improved process
efficiency and economic viability [104]. Over the years, multiple
formal kinetic models have been suggested for methanol synthesis
[105-109]. Each model has its unique factors to consider, such as rate
determining steps (RDS) and lumped parameters fitted to
experimental data at various conditions. As a result of these
assumptions and fitting of unknown parameters, various effects may
blend with the kinetic model, leading to its deviation from the
experimental data.

Theoretical models based on first principles Density Functional
Theory (DFT) calculations have been suggested for methanol
synthesis, incorporating different surface reaction pathways where
all reactions may be rate limiting [110-116]. These models are deemed
more appropriate for extrapolation purposes than empirical models,
which rely on numerous experimentally fitted parameters [114, 117].
Despite their advantages, implementing theoretical models for
methanol synthesis is more complicated and computationally
demanding than using simplified kinetic models [118]. Earlier
theoretical [19, 44, 98] and experimental research [119-121]
conducted on methanol catalysts revealed a synergistic impact of
metallic components in the catalyst, resulting in reversible structural
changes reaction conditions. This also significantly affects the active
sites on the catalyst surface, which influences catalytic activity.
Despite the understanding of these alterations, modeling their

dynamic behavior remains difficult and incomplete [122]. This
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underscores the significance of transient mechanistic investigations
paired with fundamental in situ catalysis research in developing
kinetic models. Advanced analytical techniques such as X-ray
diffraction and absorption spectroscopy (XRD, XAS) [119] and
diffuse reflectance IR-spectroscopy (DRIFTS) [123, 124] are now more
accessible for in situ and operando analysis. These methods allow for
the creation of more sophisticated models based on a fundamental
understanding of individual steps. However, as pointed out by Fehr
and Krossing [124], particular attention must be paid to correctly
assigning IR bands (CO: gas molecule versus adsorbate) when
studying technically relevant conditions using IR spectroscopy. This
is because several combination bands and overtones of CO:
molecules can lead to misinterpretations.

Recently, multi-scale modeling has been employed to create more
comprehensive models that accurately describe the chemistry
involved in methanol synthesis [108, 114, 125]. These models
incorporate surface reaction kinetics, significant intermediates,
diverse active sites, and in some cases, structural modifications (an
example is illustrated in Figure 2.1). However, there is still a need for
further enhancements to improve the accuracy of kinetic and surface

activity models in describing the behavior of methanol catalysts.
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Figure 2-1 Reaction network of the carbon-containing species in the methanol
synthesis and the WGSR. Adapted from Ref. [114] with permission from the
Royal Society of Chemistry.

2.2 DME Synthesis
221 Two-step Synthesis of DME

The main method for producing DME on a large scale involves the
dehydration of methanol (MTD: methanol to dimethyl ether). The
initial step in this process is the production of methanol from
synthesis gas, which occurs on Cu/ZnO-based catalysts at
temperatures between 240 and 280°C and pressures ranging from 3
to 7 MPa, as described by reaction equation (R1). After the methanol
is purified in a subsequent reactor, it is converted into DME using an

acid catalyst, as described by reaction equation (R4) [126].
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2+ CH30Hg) & CHyOCHs ) + Ho 0 (R4)
AHYog 15k = —23.4K] - mol™*

AGog 15 = —16.8K] - mol™*

The indirect process involves the production of methanol from
synthesis gas, followed by its conversion into DME through an acid
catalyst. The composition of the synthesis gas depends on the carbon
content of the carbon source and ideally corresponds to the
stoichiometry of methanol synthesis. Technical synthesis gas
compositions usually contain proportions of COz2and CHs of <5%
each. Methanol dehydration in the indirect process is exothermic and
takes place at lower temperatures of around 200°C to avoid the
formation of by-products. However, the thermodynamic limitation
of methanol formation results in low gas conversion per pass (15-
25%), leading to high capital and operating costs at increased

recirculation rates.

2.2.2 Direct Synthesis of DME

The direct process, also known as the one-stage process or STD
(syngas to dimethyl ether), is an alternative to the indirect process. In
this process, both methanol synthesis and the dehydration of
methanol to DME occur in the same reactor using a bifunctional
catalyst system. The process is designed to favor primary methanol
formation, and it has been described in previous literature [127, 128].
The direct process is currently being tested on an experimental scale

up to a pilot demonstration level, and it is not yet commercially
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available. The economic benefits of the direct process are often
discussed, as it requires only one reactor, and the conversion during
methanol formation can be increased through the parallel process of
methanol dehydration, as shown in Figure 2.2. As a result, lower
pressure is needed, and methanol synthesis can occur at higher
temperatures, resulting in a higher reaction rate. However, higher
reaction temperatures are not ideal for DME formation. In the direct
DME synthesis process, water is generated during dehydration,
which causes the RWGS reaction (reverse reaction (R3)) to occur. As
a result, the direct process requires a lower Hz/CO ratio for DME
production than for methanol synthesis alone, and it is especially

suitable for converting biomass-produced syngas [129].

AH34g415 ¢ = —246.0 K] - mol ™!
AGP9515x = —95.7 K] - mol™?

The direct process is less favorable for the direct hydrogenation of
CO: or the conversion of COq-rich synthesis gas, resulting in lower
DME yield [130]. However, reducing the carbon footprint of peak
power generation from CCU fuels is a key driver in current process
technology development through the use and recycling of COz. In the
synthesis of methanol or DME from COq-rich synthesis gas, the
reverse water gas shift reaction (R3), CO2 or CO hydrogenation (R1,
2), and methanol dehydration (R4) are involved, resulting in a net
reaction (R6) for the direct synthesis of DME from CO:/H: synthesis

gas.
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2C0,y + 6 Hy ) 2 CH30CH; ) + 3 Hy0 (R6)
AH3sg,5 = —122.2 k] - mol~!
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To achieve maximum DME yield, COz hydrogenation should ideally
be performed near equilibrium by either operating at high pressure
or at lower temperatures [131]. However, higher temperatures can
lead to increased consumption of CO2 and H: through the RWGS
reaction, resulting in higher H2O content which can hinder DME
formation. This can occur due to the competing adsorption on the
active centers of the methanol catalyst [132] and on the acidic centers

of the dehydration catalyst [133].
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Figure 2-2 Thermodynamic equilibrium conversion of CO2 as a function of
temperature and pressure for methanol and direct DME synthesis from
CO2/H2=3/1.
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2.2.3 Process Development

To increase the efficiency of the direct synthesis of DME from
H2/CO/CO2, various reactor designs have been suggested and
studied. This review will specifically concentrate on two process
intensification methods, microstructured and membrane reactors,

which have shown promise for the direct synthesis of DME [134].

Microstructured Reactors

To describe reactor concepts with tailored structuring of the reaction
and/or cooling section, the term "microstructured reactor” is used.
This type of reactor is designed to improve heat and mass transport
characteristics through microstructuring. It is important to note that
the term "microstructured”" does not refer to the size of the reactor,
and structures in the dimension of 10 m are also commonly referred
to as microstructured [135]. Although microstructured devices are
typically created by stacking pre-fabricated foils, recent advances in
additive manufacturing have allowed for more flexibility in
designing the internal structure of these devices. This is not possible
with traditional microfabrication techniques like milling, slotting, or
etching.

Generally, there are two main approaches to incorporating catalysts
into microstructured reactors. One approach involves packing the
catalyst into the microchannels, while the other involves coating the
inner walls of the microchannels with catalysts. Tailored coatings,
which may be multifunctional, are used in the latter approach to
achieve a low pressure drop and improved heat transfer [136], and

may provide additional features to the reactor system. A third
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approach involves constructing the entire reactor from the
catalytically active material, such as Rh [137], Cu or Ag [138]. To
convert H2/CO/ CO2, microstructured reactors have been used to
synthesize hydrocarbons such as methanation [139] Fischer-Tropsch
synthesis [140] and oxygenates, such as methanol synthesis [95] and
DME [141], through the application of tailored cooling concepts.
Allahyari et al, [142] investigated microreactors coated (wash-
coating) with CZA-HZSM-5 catalysts with varying thicknesses of 20
pm to 60 pum. They found that increasing the catalyst loading resulted
in a less uniform morphology. They found that the performance of
the microreactor is hindered as the thickness increases (60 pm),
despite the larger number of active sites, due to the decreased
availability of these sites caused by the greater diffusion distance. At
high feed flow rates, the microreactor experiences a substantial
decrease in residence time, resulting in a significant decline in

performance when a thick layer of catalyst coating is present.

Membrane Reactor

A membrane reactor combines a chemical reaction and product
separation within a single unit. The “in situ”” removal of the product
or by-product from the reaction zone through a membrane provides
several benefits. It allows for an increase in conversion by modifying
the thermodynamic equilibrium through the withdrawal of the
(by)product. Moreover, in the case of selective product separation, it
enables the collection of the product with enhanced purity.
Additionally, selective product separation can improve product

purity [143, 144]. Incorporating a membrane (whether porous,
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organic, or inorganic) into a reactor while maintaining high
selectivity (i.e., a defect-free membrane) under reaction conditions is
a common challenge. Typically, tubular membrane systems or planar
systems with the catalyst inside are used to address this challenge
[145, 146]. For methanol and direct DME synthesis, the removal of the
byproduct water using a membrane is discussed to increase product
yield by increasing and decreasing the partial pressure of the
reactants and the inhibiting byproduct water, respectively, which
helps to protect the catalyst from deactivation], [147, 148].

A zeolite-based membrane reactor was reported to have achieved
improved CO:2 conversion and high methanol yield compared to a
conventional reactor at different H2/CO: feed ratios and temperatures
[149, 150].

Gorbe et al. [151] conducted an experiment to measure the
permeation of a mixture of Hz, CO2 and H20O through a zeolite A
membrane in the temperature and pressure range suitable for
methanol synthesis (160-240°C, 10-27 bar). They focused on the
membrane's ability to selectively separate water and methanol by
comparing the water partial pressure in the permeate and retentate
sides. The experiment was conducted with a retentate side
temperature range of 160-260°C and a feed water pressure of 10-18
kPa. The authors found that there was a surprisingly high-water
partial pressure in the permeate, which they attributed to the radial
temperature in the experimental system.

Li et al. [148] incorporated a Na+-gated water-conducting membrane
into the direct DME synthesis reactor to create a dry reaction

environment. This allowed for a 4- and 10-fold increase in the
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activities of the CO: hydrogenation catalyst (CZA) and methanol
dehydration catalyst (HZSM-5), respectively, due to the absence of
water. The authors reported single-pass CO: conversion rates of up
to 73.4%, which is well beyond the thermodynamic equilibrium of the
bare methanol synthesis, and DME yields of up to 54.5%.
Furthermore, they demonstrated a reduction in catalyst deactivation.
Brunetti et al. [152] used ZSM-5 type zeolite membranes supported
on TiOz2andy-Al:Osas catalytic membrane reactors for DME synthesis
via MeOH dehydration. They investigated the effect of two different
support structures on the zeolite membrane as a function of
temperature and feed pressure, covering a wide range of accessible
feed compositions. The researchers found that the ZSM-5 supported
on y-Al2Os had higher methanol conversion than the TiO2supported
membrane (as shown in Figure 2.3), indicating that the membrane
support had an influence on the process. This was attributed to an
enhancing effect induced by y-AlOs, which increased methanol
dehydration. Both membrane reactors showed exclusive formation of
DME.
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Methanol conversion (%) as a function
of WHSV at different temperatures
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Figure 2-3 Methanol conversion as a function of temperature and WHSV in
a catalytic membrane reactor with the zeolite ZSM-5 membrane supported
on TiO:2 (a) and Al0s (b). Dashed lines connect the equilibrium MeOH
conversion at the temperatures indicated. Feed pressure=120 kPa. MeOH
concentration =100% molar. Reproduced with permission [152]. Further
permission related to the material excerpted should be directed to the ACS.

Rodriguez-Vega et al. [153] investigated the performance of a packed
bed membrane reactor (PBMR) for direct synthesis of dimethyl ether
(DME) via the hydrogenation of CO:2 and CO/CO mixtures. A
hydrophilic LTA zeolite membrane was employed to remove water
from the reaction mixture, as it was found to have superior
permeation properties compared to other zeolites (LTX and SOD).

The PBMR was equipped with a mechanically mixed catalyst system
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comprising CZZ/SAPO-11, and both the feed and sweep gas
(permeate side) had the same composition and flow rate. The results
showed that the CO2 conversion achieved with the PBMR was higher
than that of the conventional packed bed reactor (PBR) without the
membrane by up to 37% at 325°C.

To learn more about the current state of separation and the reaction
mechanism in catalytic membrane reactors, readers can refer to a
recent review by Li et al. [154]. This article discusses different types
of high-temperature water and gas separating membranes and their

applications in membrane reactors for CO: utilization.

2.2.4 Process Modeling DME

To improve the overall efficiency of the DME synthesis process, it is
crucial to identify and quantify the relationships between process
parameters and performance using an appropriate mathematical
description and precise predictions derived from all relevant
chemical and physical processes [155].

Researchers have conducted numerous investigations to describe and
simulate the impact of variable CO/ CO: content feeds and different
catalyst bed compositions based on thermodynamic and kinetic data.
As aresult, models have been proposed to quantitatively describe the
direct DME synthesis process and generate predictions [130, 155,
156]. Studies on optimizing the composition of the dual catalyst bed
using models have shown that an optimized distribution with a
higher quantity of methanol catalyst improves catalytic performance,
resulting in a substantial shift towards equilibrium CO or CO:

conversion [155-157].
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Various modeling techniques have been utilized to simulate the
direct DME synthesis process. One of the initial approaches involved
coupling models for methanol formation [105, 106, 109] with models
for its dehydration [158, 159]. However, in recent years, lumped
kinetic models have been developed based on prior knowledge of the
direct CO/CO:2 conversion to DME [155, 156, 160]. The simplified
models have certain limitations due to possible model deficiencies
caused by assumptions and uncertainties in the mathematical
description, particularly outside the fitted operational conditions.
Although formal kinetic models have been extensively used, their
inability to describe significant changes on the catalyst during time
on the stream has prompted a microkinetic modeling approach [118,
161]. While some microkinetic studies have been conducted for
methanol dehydration to DME [161-164], none have been found for
direct DME synthesis. However, recent studies have utilized artificial
neural networks (ANNSs) due to their flexibility and robustness [165-
169], as traditional models such as formal kinetic models may have
limitations in describing catalyst changes during operation outside of
fitted conditions. The use of ANNs to optimize process conditions
and predict the performance for the direct DME synthesis has been
studied [165, 170-172]. The ANN-based models are flexible in
adapting new data, their accuracy is higher, and they proved to be

applicable to extrapolations outside known experimental conditions.
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2.2.5 Concepts on Catalyst Application for Direct DME
Synthesis

As discussed earlier, combining methanol synthesis with its
dehydration can result in a higher conversion of CO and CO:z than
the equilibrium conversion achieved through methanol synthesis
alone. However, to achieve this synergistic effect, the two catalysts
involved (methanol synthesis catalyst, and solid acid catalyst for
methanol dehydration) must be properly implemented. Figure 2.4

illustrates various concepts related to this.

Consecutive bed Hybrid system Hybrid system Consecutive order
on reactor level on catalyst level

Proximity of

the catalysts Hierarchical system
Synergetic - o
effect on STD esp. high selectivity
Complexity

Figure 2-4 Schematic depiction of different catalyst integration strategies for
the direct synthesis of DME.

As the two catalysts involved in the methanol synthesis and its
dehydration are brought closer together, the potential synergy as
well as the design and preparation of the catalyst system are affected.
One of the simplest ways to combine the two catalysts is to mix the
particles or pellets on the reactor level, which is referred to as a hybrid

catalyst bed. This approach has been reported in several studies [132,

30



Chapter 2: Introduction and Background

173, 174]. A mixture on the catalyst bed level increases the proximity
of the active sites for the two reactions and, thus, decreases the
probability for the intermediate (MeOH) to leave the reactor without
getting dehydrated to DME. Combining the two catalysts on the
particle level increases the closeness of the active sites involved in the
two reactions, resulting in a further decrease in the likelihood of the
intermediate (MeOH) escaping the reactor without undergoing
dehydration to form DME. This has been supported by various
studies [175-180]. The previously mentioned approach can be
achieved by combining the dried STM- and MTD-catalysts through
mixing [176, 179, 180]. This can be done by preparing a suspension of
the two catalysts, filtering, washing, drying and calcination before
pelletizing [177, 181]. Additionally, it has been reported that co-
precipitation of the STM catalyst in a suspension containing MTD
catalyst [174] and self-assembly of the metallic and acidic
functionalities are also possible methods [182]. These methods enable
improvement and customization of the proximity of the two
components. However, the specific arrangement of the two catalysts
within the pellet cannot be precisely controlled, even though these
preparation approaches can adjust the desired weight ratio of the
STM-/MTD-catalyst. To overcome the imprecise arrangement of the
two catalysts within a pellet, synthesizing hierarchically structured
bifunctional catalysts is a promising alternative. This approach aims
to achieve a desired arrangement of the two catalysts by synthesizing
at least one catalyst in the presence of the other, for example, in a
core@shell system, such as STM-@MTD-catalyst. The core@shell

system, where one catalyst is synthesized in the presence of the other,
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is a promising alternative for achieving a desired arrangement of two
catalysts. This arrangement has been found to increase DME
selectivity significantly, as methanol formed at the core has to diffuse
through the shell with dehydration functionality. It should be noted
that the hybrid bed, hybrid particle, and core@shell particle concepts
described for particulate systems are also applied to planar

counterparts, resulting in bifunctional wall coatings. [142, 183].

2.2.6 Synthesis Methods and Performance of Advanced
Bifunctional Catalyst Systems

While physically mixing and pelletizing a combination of the two
catalysts on the reactor or particle level is relatively straightforward,
producing hybrid catalysts involves considering a wide range of
parameters that may impact both the individual catalysts and the
interaction between them. Various techniques have been
investigated, including co-precipitation, impregnation,
coprecipitation-sedimentation, sol-gel, sol-gel impregnation, and
liquid-phase synthesis [184, 185]. More advanced methods, such as
colloidal approach [177, 186] and ultrasound-assisted co-
precipitation, have been reported for STD synthesis in recent years
[187].

The hybrid configuration at the catalyst level holds significant
importance as it allows for precise customization of the intimate
contact between the active sites responsible for methanol synthesis
and methanol dehydration. One potential drawback of the hybrid

catalyst configurations is that it may become deactivated during the
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reaction due to the proximity of the methanol synthesis catalyst and
the acidic sites of the dehydration catalyst. This issue has been
observed in various studies, with examples including the migration
of Si to a CZA catalyst, pore blockage resulting from the deposition
of carbonaceous species, and the sintering of Cu nanoclusters as a
result of contact with aluminosilicates. [186, 188-193]. According to
Migliori et al. [194], the interaction between metal and acid plays a
crucial role in the methanol dehydration process over hybrid CZZ-
zeolite (FER and MFI) catalysts. The authors found that the
dehydration catalyst exhibited a higher level of deactivation during
the reaction, which resulted in a decrease in DME selectivity and the
formation of byproducts such as methyl formate and
dimethoxymethane. The authors attribute these effects to two factors:
(1) the migration of active metal from the methanol synthesis catalyst
to the acidic sites of the dehydration catalyst, and (2) sintering, which
is promoted by the water produced during the dehydration reaction.
To circumvent the issues discussed earlier, the most straightforward
approach is to minimize the contact between the active metallic and
acidic phases, which can be achieved by using a mixture on the
reactor level. However, this also reduces the potential synergistic
effect that could be obtained from a bifunctional system,
Nevertheless, it has been reported that this approach improves CO:
conversion in direct DME synthesis [195].

The application of hierarchically structured catalysts has been
viewed as a promising method for enhancing catalyst performance in
the direct STD reaction. This method achieves the aim of combining

the two catalysts involved while minimizing the negative effects
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discussed earlier. Both configurations of DME synthesis function in
the core and methanol synthesis function in the shell, or vice versa,
have been synthesized, characterized, and thoroughly examined
[133, 196-199]. Furthermore, to prevent direct contact between the
two active phases in the core@shell configuration, an inactive layer
can be added [200].

Sanchez-Contador et al. [133] synthesized a bifunctional catalyst with
a Cu/ZnO/ZrOz-core@SAPO11-shell structure. This catalyst exhibited
superior CO and CO: conversion, as well as DME selectivity,
compared to the hybrid reference catalyst formed by physically
mixing the individual components. Phienluphon et al. [201]
introduced a novel approach called the physical coating method,
which eliminates the need for hydrothermal synthesis, to prepare
core-shell CZA-SAPO11, and they found improved performance
regarding CO conversion and DME selectivity. To create planar
bifunctional systems in microstructured reactors, techniques such as

wash-coating [142] or screen printing [183] have been proposed.

2.2.7 Modeling of Different Catalyst Configurations
Numerous investigations have focused on examining the impacts of
the configuration and design approach in bifunctional catalyst
systems, including hybrid beds, pellets, and hierarchical structures,
in both particulate and planar applications from a theoretical
perspective [183, 202-205].

Through using mathematical modeling, Gufftani et al. [203]
concluded from investigations on the active phase distribution at the

pellet scale in catalytic reactors that a significant impact of the
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different spatial distribution of the active phases on the reactor
performance exists. According to the authors, intraparticle diffusion
limitations within the catalyst bed result in lower DME yield
compared to hybrid systems on the pellet level. However, for the
latter system the authors found a more pronounced hotspot
formation. This effect in turn was less pronounced in STM-catalyst
core@MTD-catalyst shell systems, which showed comparable yields
of DME as the hybrid catalyst system. A micro-kinetic model has
been proposed by Ateka et al. [205] to explain the DME synthesis
process over a CZZ-based core@SAPO11-shell catalyst. This model
allows for the quantification of the impact of particle size on the
performance of the reaction and predicts that an increase in catalyst
particle size up to 4 mm (which is relevant for use in larger-scale fixed
bed reactors) has minimal impact on DME yield and CO: conversion.
Ding et al. [204] employed a one-dimensional heterogeneous model
to simulate the reactions and diffusion occurring in a catalyst
comprising a CZA based core and a zeolite shell. Their findings
revealed that the thickness and activity level of the shell play a crucial
role in determining the catalyst's overall performance. Baracchini et
al. [183, 202] conducted a comparison between hybrid catalysts and
two catalyst configurations: close or medium proximity, and double
layer. Through simulation analysis of the investigated catalyst
configurations, it was observed that the hybrid system, where the
catalysts are in close proximity, achieves significantly higher CO
conversions compared to the double layer system. However, the
DME selectivity remains comparable between the two

configurations. The lower conversion rate observed in the core@shell
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system was attributed to the highly intergrown zeolite shell, which
creates mass transport limitations while maintaining high selectivity

towards DME.
2.3 State of the art of Screen Printing

Part 1.3.6 outlines that the implementation of the planar bifunctional
catalyst in microchannels can be achieved through various coating
methods, such as wash-coating and screen printing. Coating can be a
challenging process for heterogeneously catalyzed reactions.
Different techniques have been published for coating various layers,
including (photo)-catalytic, photovoltaic, and electrode materials on
different substrates. These methods can be divided into two
categories: those in which the slurry, suspension or paste preparation
and the coating process are separated, and those in which the
substance to be coated is directly applied to the substrate. The slurry
can be prepared first using shear method [206], ball milling method
[207, 208], homogenization method [209] and ultrasonic method [210,
211], and then coated using techniques such as spray coating [212],
spin-coating [213], inkjet [214], and screen printing. Screen printing
[215] works similarly to the spreading approach but is more
adjustable during the loading phase. It is widely used in electronics
production, specifically surface-mount device procedures. The
loading process for the catalyst is fast and stable, and the layer can be
created in a single step. Unlike the spraying process, the paste used
in screen printing does not need to be stirred as frequently, but
solvent evaporation must be taken into account. For mass
production, screen-printing is considered the best approach for

loading catalysts due to its speed, stability, and ability to handle
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various pastes and contaminants.

However, the quality of the printed layers can be affected by various
parameters, including resolution, adherence to the substrate, and
thickness. Patterning resolution is determined by the number and
materials of the meshes used in the screen-printing process. Figure
2.5 is a summary of various factors that can impact the outcome or
success of the printing process. Ink rheology also affects the precision
of the edges and whether the pre-patterned area is dispensed. Surface
tension and wettability of the printable pastes to the substrate affect
the adherence of the printed film, which can be controlled by the
solvents and binders used. The mesh number, screen fabric thickness,
and paste composition all play a role in the thickness of printed films.
Since standardized production processes are used to make displays,
there is little room for variation in their attributes. Therefore, research
efforts in screen-printed film improvement primarily focus on paste
modulation, including active compounds, solvents, binders, and
conductive additives. The rheology of the paste is analyzed using two
methods: flow curve test and thixotropic test. The flow curve test
measures the viscosity and shear rate of a liquid and identifies its
yield point. On the other hand, the thixotropic test assesses how a
liquid behaves when subjected to a sudden change or stress.
According to Lin et al., for screen printing, the viscosity of the paste
preferentially should be in the range between 10 and 20 Pa. s at a
shear rate of 100 s [216]. Somalu et al. claimed a viscosity in the range
15 - 45 Pa. s at the same shear rate as appropriate for the printing,
similar ranges were reported in the works of Ried et al. [217] and

Sanson et al. [218]. Performing a shear jump experiment can help
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identify the thixotropic behavior of a material, where a sudden
increase in shear rate is applied to the material. Poor thixotropic
behavior is often caused by inadequate particle dispersion in the ink,
which can result in low particle network strength and the formation
of cracked films after sintering. The shear jump test is crucial as it
simulates the printing conditions and provides information on how
the material will behave during the printing process. It is important
to ensure that the viscosity of the paste is within a suitable range that
allows it to move through the printing sieve during the printing
process, but also high enough to prevent it from moving when there

is no shear stress applied.

Quality of the layer
I
Paste | Substrate | Printing I

_| Rheology I _| F squeegee

Mesh per pum I Surface

_| Solid content I Layout I Contaminants ™| Squeegee
geometry,
Particle size and Emulsion . hardness,
IS . Surface tension
distribution thickness angle,..

Homogeneity Snap-off
distance

Additives Velocity
squeegee

Figure 2-5 Set of screen-printing parameters for the quality of the layer.

A steel mesh or synthetic fiber screen is used in the process of screen
printing (shown in Figure 2.6). Applying a design or pattern to the
screen prepares it for applying printable materials to the substrate
using squeegee pressure through the mesh. As a result, the pattern is

transferred to the substrate with a distinct image. The design is
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created by coating the regions of the screen that shouldn't transfer the
printing materials with an emulsion that is impervious to ink or
paste. The printing parameter (Figure 2.5) can have effect on the

thickness of the layer [219, 220].
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Sq: squeegee

Figure 2-6 The elements that play a role in the process of screen printing.

The squeegee's force F is determined by the interaction of its speed
Usq, the paste's viscosity, a squeegee angle function, and a factor f (Q)
which depends on the amount of the paste in front of the squeegee
(Equations 2.1 and 2.2). Any parameter used in screen printing that
causes an increase in hydrostatic paste pressure will result in an

increase in the thickness of the deposited layer [221].
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3. Experimental Procedure and Catalyst

Characterization Method

3.1 Synthesis of CZZ and CZC Catalyst via Flame Spray
Pyrolysis

CZZ and CZC catalysts of different molar ratio (Cu: Zn: Zr, Ce) have
been prepared by flame spray pyrolysis (FSP). In order to prepare the
precursor solution for FSP, metal nitrates were dissolved in ethanol.
Copper (II) nitrate tri-hydrate Cu (NOs)2 -3 H20 (Carl Roth GmbH,
99%), zinc nitrate hexa-hydrate Zn (NOs)2 -6 H20 (Carl Roth GmbH,
99%), Zirconyl (IV) nitrate hydrate (ACROS Organics GmbH, 99.5%)
and cerium (III) nitrate hexahydrate (Acros Organics, 99.5%) were
used. Precursor solutions of different molar ratio (Cu: Zn: Zr or Ce
equal to 6:3:0, 6:3:1, 6:3:2) were prepared, with total molar metal
concentration being 0.5 M for all precursor solutions. In general, after
adding the metal nitrates to ethanol, the obtained solution was stirred
(magnetic stirrer) until the salts were completely dissolved. For FSP,
the metal precursor solution was fed to the flame generator
(NanoPowderNozzle®, Tethis Spa, Milan) using a syringe pump
(PHD Ultra™, Harvard) with a flow rate of 5 mlmin!. The
supporting flame was fed by CHs4 (0.5 L min') and Oz (1.9 L min™).
Additional dispersion gas (O, 3.5 L min”, pressure at the nozzle: 2
bar) was fed through the space around the precursor solution nozzle.
Sheath gas (O2, 5L min?) was dosed through a sinter-metal ring
surrounding the flame in order to maintain a stable flame. The
schematic of the FSP is shown in Figure 3.1, and Figure 3.2 shows the

description of CTM powder synthesis steps via FSP.
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Compressed Air Vacuum

Bag Filter

Bag cage

4 Catalyst collection

1 Sheet gas (0;)

2 Supporting flame gas (CH,4, O2)
3 Dispersion gas (O5)

4 Precursor solution

Figure 3-1 Illustration of the a) FSP system and b) baghouse filter used
for the preparation of the different CZZ and CZC catalysts.

The powder produced was collected semi-continuously via a bag-
house filter (Wegner Consulting, Ziirich. 4 PTFE filter-bags, pulsation
0.05 s every 5 s). The FSP cylinder was linked to a bag-house filter
that contained four polytetrafluoroethylene (PTFE) filters supported
by metallic cages, all of which were housed in a stainless-steel casing.
The powder-rich air was suctioned to the bag-house filter and the
particles were captured at the surface of the filters. The air that had
been cleaned of particles was then directed to the hood. To prevent
the temperature at the entrance of the housing from exceeding the
maximum-operating temperature of 200°C, the synthesis was
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stopped when the temperature reached 180°C, and the air vacuum-
cleaning continued. Typically, the maximum temperature was
reached after one hour of synthesis, which is referred to as the time
of synthesis run in this thesis. The resulting product gathered at the
bottom of the housing through the use of pulsing. Thanks to the bag-
house collection system, there was no restriction on the synthesis
time due to the limited capacity of the glass fiber filter. Additionally,
there was no need for any treatment, such as sieving, of the product.
In the following, powder samples from FSP are denoted CZZ/C-6:3:x-
(x=0,1, 2).
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Figure 3-2 The flowchart, nomenclature, and color coding used for the
standard CTM (carbon dioxide to methanol) powder synthesis.

(@)

Preparation of the precursor solution, (b) Details with regard to synthesis
condition (dosing of the solution, flow of gas and collection of the powder).
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3.2 Optimization of Catalyst Paste and Screen Printing

The different planar catalyst layer configurations considered in this
work were prepared by subsequent coating of microstructured foils
with the accordant catalysts via screen printing. In particular,
stainless steel foils containing 50 semicircular micro-channels created
by chemical etching (Atztechnik Herz GmbH & Co.KG) were coated
by the different FSP-CZZ/CZC catalysts and Zeolite HZSM-5 catalyst,
respectively. The latter was obtained by calcining as received NHa-
ZSM-5- (S5i0O2:Al20s molar ratio 80:1 (Alfa Aesear GmbH)) at 550 °C
for 12 h. According to previous research conducted at IMVT [222]
terpinol was first utilized as a solvent while ethyl cellulose was used
as a binder. The viscosity of the ethyl cellulose was reported to be 100
cP (5% in toluene/ethanol 80:20) from Sigma Aldrich. However, it was
discovered that the terpinol solvent reacts with the zeolites in the
MTD catalyst. As a result, water was used as an alternative solvent.
Initially, methyl cellulose was used as the binder, since ethyl cellulose
is insoluble in water. However, the viscosity of methyl cellulose
(ranging from 300-560 cP at 2% concentration in water from Sigma
Aldrich) was found to be too low, causing issues with achieving the
desired viscosity of the screen-printing paste without altering the
proportion of ethyl cellulose in the mixture. Subsequently, 2-
hydroxyethyl cellulose was selected as an alternative binder due to
its water solubility and higher viscosity compared to methyl
cellulose. Nonetheless, working with water-based screen-printing
pastes presented challenges due to the rapid evaporation of water in
comparison to solvents with higher boiling points. This resulted in

changes to the composition and viscosity of the screen-printing
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pastes during production and printing, ultimately affecting the
reproducibility of the pressure applied. Therefore, for the accordant
catalyst pastes, first a suspension consisting of a glycol-based
dispersant Decoflux WB110 (Tschimmer und Schwarz, 50-75% 2,2-
oxydiethanol, <0.01% Bronopol) and 2-Hydroxyethylcellulose (Sigma
Aldrich, average molecular weight 1,300,000, viscosity 3,400-5,000 cP
(Ist % in water)) as binder was prepared by mixing. The suspension
was stirred (propeller stirrer) for 20 minutes at room temperature
until the catalyst powder was blended homogenously in the solvent.
Table 3.1 summarizes the composition of the individual pastes
prepared. To further increase the homogeneity, and to break
potential agglomerates of the catalyst powder in the suspension, the
suspension was further treated using a three-roll-mill (EXAKT 50;
EXAKT Technologies, Inc., USA). The three-roll mill's role in
homogenizing the screen-printing paste is critical to the production
of uniform coatings with consistent layer thickness. Achieving
homogeneity in the paste is a crucial step in ensuring the desired
outcome. For this, the distance between the rolls as well as the
rotation speed was stepwise decreased resp. increased until a
homogeneous suspension was achieved, meeting the requirements
for further printing (characterized using a rheometer). The two rear
rollers, through which the paste was initially conveyed, were set at a
distance twice as large as the distance between the two front rollers.
Optimal settings for the CTD and MTD screen printing pastes varied
due to the influence of several factors on paste viscosity, such as
solids content, particle size, particle shape, and surface properties.

The CTD screen printing paste was homogenized at a distance of 6/3

45



Chapter 3: Experimental Procedure and Catalyst Characterization Method

and a speed of 8 rpm, while the MTD screen printing paste was
homogenized at a distance of 2/1 and a speed of 8 rpm. For the
coating, a screen printer (E2, ERKA screen printing technologies
GmbH) with an 80-mesh sieve and a mask opening of 100 um
(Koenen GmbH) was used. As previously mentioned, various coating
arrangements were suggested for one-stage CTM-MTD integration in
micro-channel reactors. For face-to-face patterns, CIM and MTD
catalysts were printed independently and then combined using a foil
arrangement. In the double-layer pattern, the initial layer that was
printed was the CTM catalyst, which was subsequently covered by a
layer of the MTD catalyst. To create the hybrid pattern, a paste
containing both the CTM and MTD catalysts was formulated. The
printing process was repeated multiple times to ensure that there was
an adequate amount of catalyst present on the foil as well as desired
thickness and ratio between the two catalysts. In general, directly
after printing, the accordant layer was dried at 120 °C for 12 h before
the next printing step was conducted. In order to remove all of the
dispersant and to increase adhesion, coated layers were further heat
treated (2h at 300 °C, 2 K min’ heating/cooling rate). Figure 3.3,
provides a depiction of the paste preparation process for CZZ/CZC,
zeolite, and hybrid catalysts, along with a detailed explanation.
Similarly, Figure 3.4 illustrates the procedure for creating planar
catalyst configurations with multiple layers, which is explained in
detail in this section. Furthermore, the mechanical stability of the
coated foils was evaluated through a drop test that enables the
determination of adhesion quality of the coated catalyst by weighing

the foils before and after the test. This test was based on a previous
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study by Zapf et al. [223] on the adhesion of wash-coats on stainless
steel microchannels. In the test, a coated foil was fixed to a metal pole
positioned 0.5 meters above a stainless-steel plate. The foil was then
dropped onto the plate, achieving a velocity of 3 m/s upon contact.
The foil was dropped five times, and the weight loss of the coated foil
was calculated to determine the reference value for the mechanical

stability of the coated catalyst.

Table 3-1 Composition of prepared pastes for screen printing.

2-Hydroxylethyl Solid
Paste for Deco uxwb110
cellulose content
84.9-89.9-74.9 10-15-25
Czz/CZC 0.1 wt.%
wt. % wt. %
Hybrid 84.9-89.9-74.9 10-15-25
0.1 wt.%
(CTM+MTD) wt.% wt%
HZSM-5 749 wt.% 0.1 wt.% 25 wt.%

The screen-printing parameters for coating of different pastes (Hybrid,
Zeolite and CZZ and CZC) also can be found in the Table 3.2.

Table 3-2 The optimized screen-printing parameter use in this research.

Screen printing parameter

Squeegee speed 30 mm/s
Squeegee pressure 69 bar/N
Snapp off 1 mm
Squeegee angle 45°
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Figure 3-3 Flowchart, nomenclature, and color coding used for paste
preparation and screen-printing: Paste optimization procedure.
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49



Chapter 3: Experimental Procedure and Catalyst Characterization Method

3.3 Characterization Method

X-ray diffraction (XRD) measurements were carried out using a
Bruker D8 Advance (Bruker-AXS, Knielingen, Germany) equipped
with a position sensitive detector (PSD) Lynxeye® in 0-0 geometry,
variable divergence slit, 2.3° Soller-slits on both sides, at Cu Kaiz-
radiation (A= 0.154018 nm). XRD data were acquired from 5 to 85 °20
(step width: 0.015 °20, 3 s per step, i.e. due to the usage of a PSD the
total measurement time per step is 576 s).

Reducibility of the CuO phase of the CZZ catalysts was studied via
temperature programmed reduction (TPR) measurements with a
ChemBet TPR/TPD Chemisorption Analyzer (Quantachrome
Instruments). After outgassing the sample at 250 °C for 2 h, the
reduction was performed by ramping the sample with 5 K min to
500 °C under a flow of 5% H: in Ar. The Hz-consumption was
followed using a thermal conductivity detector (TCD).

Nitrogen adsorption and desorption isotherms were measured by a
Quantachrome Instruments Nova Station A at 77 K after outgassing
the sample at 110 °C for 12 hours. The specific surface area of the
samples was computed using the Brunauer-Emmett-Teller (BET)
method in the range of 0.05- 0.1 p/po. The pore size distribution was
derived using the Barrett-Joyner-Halenda (BJH) model (desorption
isotherm).

N:0 chemisorption was used to derive the specific Cu surface area.
Approximately 1 g of the sample was placed in a fixed bed reactor.
The sample was first outgassed (He, 140 °C) before being reduced in-
situ (heating up to 240 °C with Hz: He = 1:4, followed by Ha: He = 4:1
for 1 h at 240 °C). After reduction, the sample was cooled down to 60
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°Cin pure He. N2O chemisorption was conducted using 827ppm N2O
in He and was continuously followed using an IR gas analyzer
(Leybold-Heraeus, Binos). From the overall consumption of N2O
derived from IR measurements, and assuming a stoichiometry of
N20 +2Cu — Cu20 + N2, the specific copper surface area was
calculated following the method of Chinchen et al [224].

In order to determine the quantity and strength of acid centers on a
surface using temperature-programmed ammonia desorption (NHs-
TPD), a ChemiSorb 2750 device from Micromeritics® was employed.
The measurement process involved introducing approximately 0.25
g or 0.45 g of the catalyst sample to be analyzed into a U-shaped
quartz glass reactor (with an internal diameter of 10 mm) along with
0.1 g of quartz glass wool. The sample bed was arranged so that the
measuring device's thermocouple was positioned in the middle of the
bed. The reactor with the sample was then inserted into the device
and flushed with 25 ml min of an inert gas (such as N, or He) for an
hour before undergoing thermal pretreatment. The sample was
heated at a rate of 10 °C per minute to a maximum temperature of 680
°C, which was held for 3 hours before cooling to 40°C. After cooling
to 40°C, the sample underwent a flow of 10 vol at this temperature.
Next, the reactor and all lines were flushed with an inert gas at a rate
of 25 ml min™ for 90 minutes to remove any residual ammonia from
the gas phase. Under the same stream of inert gas, the temperature
was then gradually increased by 10° C to 200°C, followed by 450°C
and 680°C, with each temperature being maintained for 90 minutes.
The amount of desorbed ammonia was determined by comparing the

area of the signal from the thermal conductivity detector with the
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calibration performed using a 1 ml sample loop, which resulted in an
area to NHs mole ratio of 0.154x10-¢ mol-!, the amount of desorbed
ammonia can be determined.

The primary particle size of the CZZ powder obtained from FSP was
determined via transmission electron microscopy (TEM) image
analysis. High-angle angular dark-field scanning transmission
electron microscopy (HAADEF-STEM) imaging combined with
energy-dispersive X-ray spectroscopy (EDXS) was further used for
semi-quantitative analysis of the chemical composition and the metal
dispersion on the nanometer scale. For characterization, a FEI Osiris
ChemiSTEM microscope operated at 200 keV, equipped with a
Bruker Quantax system (XFlash detector) for EDXS measurements
was used. TEM sample preparation was performed by mixing CZZ
particles with ultra-pure water and dispensing one droplet of the
solution onto a TEM grid using an ultrasonic nebulizer.

Using an Electron Probe Microanalyzer (EPMA, JXA-8530FPlus,
JEOL), back-scattered electron (BSE) and wavelength-dispersive
spectroscopy (WDS) images were collected for the cross-section of
coated channels to analyze the element distribution and thickness of

the catalyst layers.

3.4 Direct DME Synthesis

Experiments on the performance of the layer catalyst system
prepared in the direct DME synthesis were carried out using an in-
house fabricated microreactor made of nickel-chromium-iron alloy
(1.4876) (Figure A.5) which can be loaded with a stacking of 150 mm

long microstructured foils, Figure A.3 (49 semi-oval channels per foil,
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each channel: width = 250 um, depth = 130 um) individually coated
with the catalyst. In order to achieve a reasonable catalyst loading,
the reactor was loaded with a stack of 30 coated foils (Figure A.4). The
stack is to some extent compressed when closing the reactor, so that
bypass flow can be ruled out. Besides, as will be discussed in more
detail in future chapters, catalyst loading per foil and, thus, layer
thickness, was quite reproducible, so that a uniform distribution of
the flow through each of the 30x49 channels can be assumed. The
temperature of the reactor is regulated using 16 electrical heaters
situated in the lateral holes. These heaters have a power output of 300
W per unit and are capable of producing a maximum temperature of
750°C. To monitor and regulate the temperature of the reactor, a set
of thermocouples with a diameter of 0.5 mm were inserted into the
2.5 mm deep slits of the reactor cover along the flow direction. Before
the actual catalyst performance test the reactor was purged with an
N2-flow at 100 °C for 1 hour. After purging, the catalyst was reduced
by feeding 4 vol.% H: in Nz Temperature was ramped to 230 °C
within 10 h (0.22 K min") and held for another 5 h at 230 °C. After this
initial reduction phase, the flow was switched to pure H: and the
temperature was further increased to 250 °C (0.33 K min?) and kept
for 4 h. The actual reaction was conducted at p = 30, 35 and 40 bar(g),
220 °C £ T <280 °C, at constant feed composition of H2: CO2=3:1 v/v.
In general, N2 (10 vol.%) was co-fed as an internal standard for the
GC analytics, in order to account for the gas volume changes
occurring during the methanol synthesis and methanol dehydration
reactions when calculating conversion and selectivity (see Equations

(3.1) -(3.4)). To check the effect of the space velocity on the catalyst
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performance, three different total feed flow rates were compared (i.e.,
9700, 7400 and 5250 Nmlweag h?' ger!. Volume flow rate includes
reactants, catalyst mass considers the mass of both catalysts of the
layer arrangement). A gas chromatograph (GC 7890A, Agilent
Technologies) was used to analyze the effluent gas, which included a
methanation unit, two columns (HP-Plot Q (30m x 0.530mm x
40.00m) and HP-Molesieve (5m x 0.530mm x 25.00m)), and two
detectors (thermal conductivity detector (TCD) and flame ionization
detector (FID)). The conversion X, selectivity S and yield Y reported
herein were calculated based on the mean value of the last 4 GC
measurements of each operating point after reaching stable
conditions after 4h time on stream. Flow diagram of the experimental

setup for the CTM-MTD integration study is shown in Figure A.6.

7=z My _ Vny @3.1)
YN,  NNyo  VNgo
_ yCOz 0,
Xcoz—l—Z-O—X 100% (3.2)
vyt
Vil\ZYi~Yi
S = ————2 x 100% 3.3
L ngZ_Z'yCOZ 0 ( )
Yi == XC02 . Si X 100% (34)

with i being the reaction products MeOH, DME, CHs or CO.
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4. Characterization Results and Integration in the
Micro-reactor

4.1 Physical Properties of FSP CZZ/CZC- Powder Catalysts

The XRD patterns of the catalysts with different metal ratios
produced by FSP are shown in Figure 4.1 for CZZ-PO and CZC-PO
catalysts with different molar ratios. The samples show the typical
diffraction peaks of copper oxide, zinc oxide and - if present —

zirconium oxide and cerium oxide, respectively.

I l I CZC-632
W

I ﬂ CZZ-632
CZZ-631

I | | f 1 Ref. CuO (ICCD 00-002-1040)

Ret, C-Ce0, (ICSD 98-002-8709)
Ref. t-ZrQ, (ICSD 98-000-9993)

! Illlll ——tr .I.Ill. ; .|.'I,!. — —l
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Position / °20

Intensity / a.u.

Figure 4-1 XRD patterns of the different CTM samples prepared via FSP
with different ratios and accordant references.
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The two reflections at 35.56 °20 and 38.8 °20 in the XRD pattern are
assigned to the (002) and (111) plane of tetragonal CuO,
respectively [ICCD 00-002-1040], the two peaks at 34.41 °20 and
36.25 °20 originate from the (110) and (002) lattice planes of
wurtzite ZnO [ICCD 00-001-1136]. In addition, the reflection at
30.25 °20 can be attributed to the (1 0 1) diffraction peak of tetragonal
ZrO: (t-ZrO2), reflexes for monoclinic ZrO: (m-ZrO:2) were not
observed in the diffraction patterns of the CZZ catalysts investigated
in the present study. The t-ZrO: diffraction peak shows an increase
in relative intensity with increasing ZrO: content which was also
described by Wang et al. (¢f. samples CZZ-631 vs. CZZ-632) [ICSD
9993, [225]. Witoon et al. found that the catalyst with t-ZrO: has a
higher catalytic activity than the catalyst with monoclinic ZrOz (m-
ZrQz) for CO:2 hydrogenation to methanol [226]. According to
Grabowski et al., the oxygen vacancies of t-ZrO: are essential for
generating the active sites for the reaction [227]. The CuO and ZnO
peaks of the samples CZZ-631 and CZZ-632 are less pronounced and
wider than the CuO peaks of the CZZ-630 catalysts without any
zirconium oxide. This is an indication that the presence of zirconium
oxide improves the dispersion of copper and zinc oxide, which can
also be seen in the average crystallite size computed using the
Scherrer equation using the CuO (11 1) reflection (see Table 4.2).
Moreover, the reflections at 28.6 °20, 47.7 °26, 56.20 °20 correspond
to the cubic structure (11 1), (22 0) and (3 1 1) [ICCD 98-002-8709].
Intensity rise with increasing CeO: content (cf. sample as CZC-631
vs.CZC-632). The presence of cerium oxide in CZC-631 and CZC-632

samples leads to weaker and wider CuO and ZnO diffraction peaks
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compared to CZ and CZZ catalysts. This suggests that the dispersion
of copper and zinc oxide is improved with the addition of cerium
oxide, as evidenced by the average crystallite size calculated using
the Scherrer equation with the CuO (111) reflection in Table 4.2.
Additionally, it can be inferred that cerium oxide is more effective
than zirconium oxide because it has a higher surface area, providing
more active sites for copper and zinc deposition, and promoting
greater interaction between the metals and the oxide support. This
ultimately leads to better metal dispersion. With an increase in the Zr
and Ce contents from 0 to 10% mol% in the FSP synthesis mixture
(CZ-630 vs. CZZ-631 and CZC-631), the average size of the CuO
crystallites slightly decreased from 14.3 nm to 10.6 nm and 7.63 nm,
respectively. However, increasing the Zr content from 10 mol% to
18.18 mol% in the FSP synthesis mixture did not have an effect on
crystallite size. Additionally, the increase in Ce amount (10% to
18.18%) did not enhance the dispersion of CuO as the crystal size of
CuO increased by a factor of 1.09. However, the results suggest that
adding appropriate amounts of Ce and Zr can impede the growth of
CuO crystals, leading to smaller CuO crystallites and improved
dispersion of the catalysts [228].

To catalyze methanol synthesis, copper oxide needs to be reduced to
metallic copper. Consequently, the CZZ catalysts' reducibility was
investigated via TPR. The accordant TPR profiles are shown in Figure
4.2.
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Figure 4-2 TPR profiles of the different CZZ and CZC samples prepared via
FSP. Solid line: TCD-signal measured, dashed lines: peak fitting (Gaussian).
For reduction range and peak position see Table 4.1.

The different reduction peaks are resulting from the reduction of
solely copper oxides occurring in different stages as ZrO2 and ZnO
are not reducible within the temperature range investigated (100
450 °C) [229]. The shoulders of the peaks can be assigned to the
reduction process of first Cu* to Cu'* and then further to metallic
copper Cu’. After deconvolution of the profile (Gaussian peak fitting,
see Table 4.1), each sample shows at least two reduction peaks (Tred)
related to Cu? reduction. The reduction of well distributed small
CuO clusters (lower temperature, cf. Peak 1 in Table 4.1), which is

ascribed to the one at lower temperature (approx. 180 °C), is followed
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by the reduction of more bulky CuO [230-232]. CZZ-630 shows an
additional peak (higher temperature, cf. Peak 3 in Table 4.1) which is
related to the reduction of larger clusters (see also TEM, below) at
higher reduction temperature resp. after longer reduction time
compared to the smaller clusters. By comparing CZZ-630, CZZ-631
and CZZ-632, the addition of ZrO: to the CuO-ZnO material
enhances copper oxide reducibility and lowers the main reduction
temperature from 210 °C to 186 °C (cf. Peak 1 in Table 4.1) being well
below the reduction temperature of standard bulk CuO (ca. 280 °C)
[233].

Table 4-1 Reduction range and peak temperatures of the CZZ samples
prepared via FSP.

Sample Tred.,range/oc Tred.,max/ °C TPR peak position

(Temperature / °C)

Peak1 Peak2 Peak 3

CZZ-630  142-235 210 178 192 210
CZ7Z-631 115-216 196 180 196 -
CZZ-632  148-202 186 186 - -
CZC-631 119-165 167 112 167

CZC-632 117-177 172 140 174
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The TPR results are in good agreement with the XRD results: With
increasing ZrO: and CeO: content, the reduction profile shifts to
lower temperatures since the crystallite size of CuO decreases when
adding zirconium/cerium to the synthesis via FSP. Similar reduction
temperatures have been reported in literature by Witoon et al., who
measured Trd. in the range of 180-260 °C for a CZ catalyst and
showed with changing the CZZ catalyst composition and addition of
Zr from 20 to 40 mol% that the reduction temperature was decreased
from 226 °C to 206 °C [229]. Kriprasertkul et al. measured Tred. in the
range of 150 — 360 °C for different catalysts (CZZ, CZ, CZZA and
CZA). The reduction temperature of the CZZ catalyst was lower in
comparison to the other catalysts tested. The authors conclude that
the addition of ZrO2 causes a reduction of CuO at lower temperature
because it assists in reducing the size of the CuO crystallites, while
the addition of Al>Os results in an increase in CuO crystallite size and,
thus, higher reduction temperature [234]. The main reduction
temperature decreased from 210°C to 167°C and 174°C for CZC-631
and CZC-632, respectively (Figure 4.3). This is much below the
reduction temperature of standard bulk CuO [230]. It is also possible
to draw the conclusion that because the CZ catalyst has a higher Cu
loading (66.7%), the reduction peak has shifted to a higher
temperature because the Cu particles are larger than that for
CZC/CZZ catalysts, which is also in good agreement with the TEM
and XRD results. Zhu et al. also, through comparison of the Cu
(45)/ZnO-CeO:2 and Cu (5)/ZnO-CeO;, found that higher amount of

Cu caused higher reduction temperature [235].
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Figure 4-3 TPR profiles of the different CZC with different ratios samples
prepared via FSP.

The physicochemical properties of the synthesized catalysts with
different ratios of copper, zinc and zirconium/cerium are
summarized in Table 4.2. It can be seen that the binary CZ catalyst
possesses the lowest BET surface area of 41.65 m2g. By addition of
Z1r02/Ce0: as a structural promoter (CZZ/CZC-631, 10 wt % of ZrO:
and CeO2 based on FSP precursor solution), the surface area increases
t0 60.32 m2g?! and 72.05 m? g, respectively. Similar BET surface areas
have been reported in literature by Angelo et al., who measured
61 m? g for the CZZ catalyst investigated (19 wt.-% of ZrOz) [236].
The increase in specific surface area is in accordance with findings
from XRD, showing that ZrO: and CeO: plays a role in CuO nano-
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structuring. However, while CuO crystallite size (XRD) and specific
surface area (BET) decreased resp. increased with addition of ZrO:
(CZZ-630, CZZ-631), a further increase of ZrO2 (CZZ-632) did not
have a significant effect on CuO crystal size and surface area.
Reduced CeO: particle size in the CZC catalyst due to the 4f orbit and
Ce structural relaxation will also increase the surface area and
concentration of defects such as oxygen vacancies [228]. Moreover,
CeO: can also produce greater BET surface area than CuO [237].
According to Zhou et al., increased loading of CeO: (from 3 to 4 wt%)
results in a decrease in surface area, which may be related to the
growth of the crystallites as the CeO: concentration increases [228].
As the Zr/Ce content increases, the pore diameter decreases,
indicating that the addition of Zr/Ce hinders the growth and
crystallization of the new phase, leading to smaller metal oxide sizes.
Moreover, the incorporation of Zr/Ce into the space of the new phase
(Cu-Zn) is suggested reduction in pore volume (see Table 4.2) [229].
In contrast to the specific surface area determined by BET, CZZ-632
and CZC-632 shows a significantly smaller value of the specific
copper surface area Scu (from N20 chemisorption, see Table 4.2) as
compared to CZZ-632 and CZC-631, while CuO crystallite sizes are
comparable (XRD). Witoon et al. also found that with increasing the
percentage of Zr from 30 mol% to 40 mol%, there is no significant
effect on the crystal size which was about 7 and 6.8 nm, respectively,
in their case however, the copper surface area differs by a factor of
1.6 [229]. This indicates that a high BET surface area resp. small
crystallite size is not necessarily related to a high specific copper

surface area but is dependent upon how metallic Cu interacts with
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the support [238]. As it can be concluded from the results presented,
an increase of the Zr/Ce content in CZZ/CZC material does not only
have a significant effect on the specific surface area, crystal size and
Tred but at some point seems to have a negative effect on the specific
copper surface area which is an important factor for the catalytic

activity as reported ,e.g., in Refs [33, 239, 240].

Table 4-2 Chemical composition, specific surface area (SBET), specific pore
volume (vpore) and CuO crystallite size (Dcuwo) and Cu surface area (Scu).

Sample @Metal Composition (b)Sger 9Dcuo  ©Scu
/ mol% / m2g1 ©Vpore /nm / mag
Cu Zn Zr /Ce Jemigr

CZZ-630 66.7 33.3 0 41.65 0.2 14.3 17.59

CZZ-631 60 30 10 60.32 0.159 10.6 18.93

CZZ-632 5454 2728 18.18 63.61 0.09 10.7 10.88

CZC-631 60 30 10 72.05 0.158 7.63 25.46

CZC-632 5454 27.28 18.18 76.85 0.17 8.37 12.06
(a) As used in precursor solution

(b) N2 sorption isotherm (BET)

(c) From Nz sorption isotherm at p/po=0.99

(d) Via Scherrer equation from diffraction peak at 38.8 ©2©

(e) From N20O chemisorption

CZZ-63x-PO particle morphology and elemental distribution was
investigated using HAADEF-STEM/EDXS. From TE-micrographs
(Figure 4.4.a) it can be concluded that all samples contain discrete,
separated CuO and ZnO. According to EDXS image analysis (Figure
4.4.b), both Cu and Zn are distributed homogenously all over the
sample and are well dispersed in the nanometer range within the

catalyst aggregate: as-synthesized primary nanoparticles are
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polygonal in shape with a particle size of around 5 to 20 nm.
However, Zr is partly also aggregated as larger spherical particles
with a size of up to 230 nm. Literature studies on the flame synthesis
process of Cu-Zn-alumina (CZA) systems report that Zn aluminate
and copper aluminate spinel are formed at high temperature, while
the formation of copper or zinc oxides is favorable at lower
temperatures [68]. In the present work, spinel formation could not be
fully excluded but based on the STEM/EDXS investigations it can be
assumed that zirconium oxide forms prior to zinc and copper species
and aggregates to larger clusters. Such observation was also reported
by Lee et al. [65] and Jensen et al. [68] for CZA-systems. In other
words, low diffusion rate throughout the FSP-process can lead to
solidification of zirconium oxide and thereby to the formation of the
separated larger particles observed. However, based on the analyses
discussed above, small copper and zinc oxide clusters are
predominantly separated from the accumulated larger clusters of
zirconia. Moreover, in the sample CZZ-632 a bigger Cu enrichment
can be seen which causes the reduction of the specific copper surface
area. The average particle size of the CZ catalyst is also demonstrated
to be significantly greater than that of the Ce-containing, which is
consistent with the specific surface area. Additionally, all three
components (Cu, Zn, and Ce) are homogenously and finely
distributed, according to the EDXS image analysis (Figure 4.4b). It is
obvious that CeO2 in the support can promote Cu dispersion. There
is no doubt that CeO: in the support can enhance Cu dispersion.
However, it is evident that a higher percentage of Ce (CZC-632)

results in a greater Cu enrichment, an increase in the size of copper
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oxide, which is consistent with XRD, and a decrease in the copper
surface area (Table 4.2). In conclusion, it has been shown that FSP is
a viable approach for creating catalysts with scattered Cu particles
supported on a mixture of CeO2 and ZnO oxide, and that Ce can be
advantageous for dispersed Cu when added in the appropriate
amounts.

CZz-630 CZz-631 CZZ-632 CZC-631 C2C-632
- # TR ol -

40 nm == i}

Figure 4-4 TEM-images (top row) and EDXS maps (bottom line) of the
different CZZ materials synthesized via FSP: CZZ-630 (a), CZZ-631 (b) and
CZZ-632 (c).

In conclusion, the physico-chemical characterization of the CZZ/CZC
catalysts of different molar ratios synthesized via FSP investigated in
this study revealed that composition of Cu:Zn:Zr= 6:3:1 and
Cu:Zn:Ce= 6:3:1 (i.e., sample CZZ-631 and CZC-631) results in a
catalyst material of the most promising combination of specific
surface area (BET and Scu), CuO crystallite size, particle size
homogeneity within the sample and reduction behavior. Therefore,
in order to assess the potential of a different configuration of catalyst
layer system for direct DME-synthesis, CZZ-631 and CZC-631 were

chosen for further investigations.
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4.2 Characterization of Screen-Printing Pastes

The hybrid planar catalyst system (CZZ/C-Z-HLA) and structured
double layer configuration (CZZ/C- Z-DLA) and face to face (CZZ/C-
Z-FLA) were prepared using the microchannel coating method with
pastes whose compositions are outlined in Table 3.1 and described in
Section 3.2. The success of the screen-printing process used for
coating is highly dependent on the rheology and thixotropy of the
pastes, as discussed in Sections 2.3 and 3.2. The pastes' rheology and

thixotropy properties were characterized for all preparations.

4.2.1 Rheology

The rheology and thixotropy of the pastes applied for screen printing
are both important factors for achieving homogeneous layers. The
relevant characteristics of the pastes were evaluated by
measurements using a rotating disk rheometer (Rheostress 1, Thermo
Scientific, Haake, cone geometry C60/1° (diameter 60 mm, angle 1°))
at 25 °C). The paste was placed between the holder and the cone with
a side angle of 1°. The flow plot was obtained running a shear stress
linear ramp from 0.1 Pa up to 1200 Pa, and the resulting shear rate
was recorded. The thixotropic behavior was determined by
measuring the viscosity of the pastes at different shear rates applied
as a step function (0.1 s* — 100 s — 0.1 s!). Figure 4.5.a, 4.6.a show
the shear stress and viscosity of the individual pastes prepared as a
function of the shear rate. Both pastes show a shear thinning
behavior. Besides, starting from a share rate of approx. 100 s7, in
comparison to the zeolite paste, the CZZ pastes show lower shear

stress and higher viscosity values, respectively. Somalu et al. also
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mentioned that it is essential to consider the paste behavior in the
shear rate regime occurring throughout the screen-printing process
[241]. In order for a successful screen-printing process, the pastes
applied should exhibit low viscosity at high shear rate (actual
printing) and vice versa (distribution of the paste on the sieve) [216].
Thus, a 3-interval thixotropic test was conducted to mimic the
conditions during screen printing. In particular, the shear rate was
originally fixed at 0.1 s (first 240 s) and then abruptly increased to
100 s (next 45 s) before being reduced to 0.1 s again (for the last 200
s). Figure 4.5.b and 4.6.b shows the results of the thixotropic test for
each of the pastes considered. While the zeolite paste follows the
typical shear thinning and thixotropic behavior, the CZZ/CZC pastes
show a strong increase in viscosity when stress is initially applied —
however, once the CZZ-paste is equilibrated after initial stress, it
likewise shows shear thinning with only minor thixotropic behavior
(see second set of the 3-interval test). Again, at low shear rate, the
CZZ/CZC catalyst pastes have a significantly higher viscosity than
the zeolite paste. However, when the shear rate is increased
(mimicking the actual printing), the viscosities of the pastes are
similar and — even if not exactly within the range suggested in
literature (see above) — have been shown to result in satisfactory
layers and, thus, can both be considered as suitable for coating using
screen printing. Additionally, as it is mentioned in Section 3.2, solid
content, particle size, surface area of the particle and also binder
content have effects on the quality of the layer. The amount of binder
used in a paste for screen-printing has a significant impact on its

rheological properties. Using too much binder can cause the paste to

67



Chapter 4: Characterization Results and Integration in the Micro-reactor

become excessively sticky, leading to poor printability and reduced
quality of the resulting catalyst layer. Conversely, using too little
binder can result in cracking of the green films during drying due to
weakened particle networks within the ink. Therefore, achieving an
optimal balance between solid and binder content is crucial to
controlling the ink's rheology [241]. Consequently, the amount of
binder was maintained at a constant level, which was found to be
adequate in previous IMVT research to produce high-quality layers
and the amount of catalyst was optimized [242]. Furthermore, when
preparing screen-printing pastes using powders of a nano-sized
scale, the resultant paste may have a low solid content owing to the
high surface area of the powders. This, in turn, may enhance inter-
particle interaction within the powder, leading to greater viscosity
and viscoelastic properties in the inks, even at low solid contents.
These effects are more pronounced in comparison to commercial
powders that have a lower surface area (less than 10 m?/g). As a
result, as it can be seen in Figure 4.5a the CZZ-25%-PA and CZC-15%-
PA yield stress and viscosity of the catalysts are even higher than the
limited range of printability and it is the reason that with 15% of the
CZC catalyst the viscosity is higher, however, for CZZ 15% catalyst
the viscosity is in the range. The viscosity of the catalysts, CZZ-25%-
PA and CZC-15%-PA, as illustrated in Figure 4.5a, exceed the
acceptable range of printability. Additionally, it can be observed that
the yield stress of both pastes exceeded 1000 Pa, but decreased as the
amount of catalyst was reduced. It was imperative to lower the yield
stress values in order to obtain a paste that is suitable for printing.

Notably, the viscosity of the CZC catalyst at 15% is higher compared
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to that of the CZZ catalyst at the same percentage. This is the likely
cause of the higher viscosity for CZZ-25%-PA, whereas the viscosity
is within the acceptable range for the CZZ 15% catalyst.
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Figure 4-5 Rheological properties of the CTM-pastes applied: (a) Shear stress
and viscosity vs. shear rate (b) 3 intervals thixotropy test.

However, the particle size of the commercial zeolite was not in the
range, therefore, the viscosity of the HZM5-25%-PA resulted in lower
viscosity in comparison with CZZ/CZC. Despite having a higher
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surface area, the HZSM-5-25%-PA (Figure 4.6) catalyst had a lower
viscosity than CZZ/CZC due to the fact that the particle size of the
commercial zeolite was not within the nano-size range. This implies
that the preparation of the paste and the quantity of its components
can be extrapolated when the starting material has comparable
structural properties. This finding is consistent with Somalu et al.'s
research [241], which found that the paste viscosity is determined not
only by the loading of the solvent and binder, but also by the
powder's surface area to be printed. Sun and Kirsch observed that a
zeolitic hydrocracking catalyst (Pt-ZSM-5) displayed thixotropic
behavior, where the viscosity returned to a similar level within 50
seconds of applying a shear rate of 100 s [242, 243]. This finding
could potentially enhance the success of the screen-printing process.
Although CZZ-10%-PA was within the acceptable range, CZZ-15%-
PA was selected for CZZ-Z-DLA layer and CZZ-Z-FLA to increase
the amount of catalyst used during printing, minimize the number of
printing cycles required to achieve the desired catalyst thickness and

weight, and prevent surface layer cracking due to lower solid content.
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Figure 4-6 Rheological properties of the MTD paste applied: (a) Shear stress
and viscosity vs. shear rate (b) 3 intervals thixotropy test.

Both hybrid catalysts (CZZ-Z-HLA and CZC-Z-HLA) were also
subject to rheological measurements. The behavior of the hybrid
catalysts displayed a comparable pattern, as depicted in Figure 4.7.
Consequently, 15% hybrid catalysts were chosen for the printing
process. The 25% paste exhibited viscosity and shear rate values that
were outside the acceptable range for printing, while the 10% paste
contained a lower amount of catalyst, leading to an increased number

of printing instances.
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Figure 4-7 Rheological properties of hybrid pastes applied: (a) Shear stress
and viscosity vs. shear rate (b) 3 intervals thixotropy test.

Previous simulation studies conducted at IMVT investigated the
impact of the catalyst ratio on different configurations through 3D-
crystallite pore network model (3D-CPNM) which allows for an
evaluation of the influence of the zeolite properties like (porosity,
layer thickness). The CO conversion and DME yield as a function of
CZA/zeolite weight ratio was investigated. The studies revealed that

the maximum carbon monoxide conversion in the p-CR reactor for
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the three configurations (hybrid medium and close proximity, and
double layer) was maximum when the ratio of the catalysts was
40%wt approximately. Moreover, it was found that for the coated
system, the maximum yield could be achieved at around 40% weight
percent for the double-layer configuration and 50% weight percent
for the both hybrid-layer configuration. Therefore, a 1:1 ratio of the
two catalysts was used in various planar configurations to compare

the results [222].

4.2.2 Calcination of Coated Foils

Calcination of the coated foils was required to eliminate the solvent,
binder, and paste constituents. To confirm that the suspending agent
and binder used in the production of the screen-printing paste would
decompose during calcination at 300°C, a Thermal gravimetric
analysis (TGA) was conducted. The TGA analysis was performed on
a screen-printing paste containing 15 wt% CZZ and hybrid (CZZ- Z-
HLA), 0.1 wt% 2-hydroxyethyl cellulose, and 84.9 wt% Decoflux WB
110. The measurement first was conducted using a TGA instrument
at IFG of the KIT, where the sample was heated in air to 400°C with
a heating rate of 2°C/min. Initially, the sample was heated at a
uniform heating rate to a temperature of 100°C, followed by a dwell
time of 30 minutes to ensure complete removal of any residual
moisture. Subsequently, the temperature was gradually increased to
300°C followed by a hold time of 2 hours, which served as the
(calcination time and temperature). Due to the well-known impacts
on Cu-based systems at temperatures over 300°C, extra caution was

required. Additionally, previous studies in literature have suggested
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that the abrupt exposure of the coated layers to elevated
temperatures could potentially cause harm to the integrity of the
layer. The mass loss of the sample was recorded, and the absolute of
the sample mass and relative mass loss against the temperature is
presented in Figure 4.8. According to the data presented in the figure,
the mass losses observed at various temperatures were ascribed to
the constituent components of the screen-printing paste. Notably, the
proportion of Bronopol present in the paste was too minuscule to be
detected. However, the residual mass, constituting around 15% and
17% of the original mass for hybrid (Figure A.1) and CZZ catalyst,
respectively, was roughly equivalent to the mass fraction of
CZZ/CZZ-Z-HLA present in the paste. This suggests that the
complete decomposition of the suspending agent and binder can be
achieved by calcination at a temperature of 300°C as no additional
loss of mass was observed beyond 300°C for all samples. Thus, this

temperature was selected for the calcination treatment.
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Figure 4-8 Plot of absolute CZZ-15%-PA sample mass versus temperature
obtained from TGA analysis of screen-printing paste. The experiment was
conducted in air at a heating rate of 2 °C/min, with a hold time of 2 hours at
300°C, and a maximum temperature of 400°C.

4.2.3 Mechanical stability of coated foils

The evaluation of mechanical stability, as described in section 3.2,
involved conducting drop tests. The outcomes of the drop test, as
depicted in Table 4.3, reveal the weight loss of the coated catalysts
CZC10%, CZC-Z-10%-HLA, and CZZ-Z-15%-HLA to be low, with
values of only 0%, 4.4%, and 5.8% respectively. Weight loss below 5%
indicates excellent adhesion and remarkable mechanical stability of
the coated catalysts. These findings demonstrate the successful
coating procedure and the optimal composition of the paste, as

evidenced by the results presented in Table 3.1.
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Table 4-3: Mechanical stability result for three different catalyst after
calcination through drop test.

Sample Meat Mbetore  Mafter Mait Maits
(g) (g) (g (g (%)
CZC-10%-PA 0.019 74975 74975 0 0
CZC-Z-10%-HLA 0.016 7.5858  7.5851 0.0007 44
CZZ-Z-15%-HLA 0.026 7.6319  7.6304 0.0015 5.8

4.2.4 Physical Properties of CTM and MTD Pastes

In this section, two distinct copper-based catalyst pastes (CZZ and
CZC) were utilized to coat surfaces, both intended for use in
methanol synthesis and direct DME synthesis through CZZ/C-Z-
DLA and CZZ/C-Z-FLA layers. The physicochemical characteristics
of the calcined CZZ, CZC, and zeolite were compared to FSP-powder
(see Section 4.1) and the morphology of the resulting layer from CZZ
for methanol is presented. Moreover, as previously mentioned,
various coating designs were suggested for integrating one-stage
CTM-MTD in micro-channel reactors. To create face-to-face patterns,
CTM and MTD catalysts were separately printed and then merged
through the foil configuration. On the other hand, the dual-layer
pattern involved the initial printing of CTM catalyst and
subsequently covering it with a layer of CTD catalyst. The
morphology of each configuration will also be discussed.

Figure 4.9a displays the XRD patterns of the coated CTM catalysts
after calcination which reveals the presence of distinct and well-
defined diffraction peaks that correspond to CuO and ZnO, as

compared to the powder samples. This observation suggests the
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existence of crystalline species with larger crystallite sizes within the
paste samples. By applying the Scherrer equation using CuO [111], it
was observed from the XRD analysis that the CuO crystallite size of
CZZ-15%-PA_c and CZC-10%-PA-c increased after calcination, with
a size range of 12.9 nm and 10.4 nm, respectively. The trend observed
in the study indicates that the crystallite sizes of both CuO and ZnO
increase in the order CZC < CZZ. The results imply that CeOz can be
considered as better promoter in comparison with ZrO: as it
facilitates greater dispersion of CuO and ZnO [244]. In addition, the
disappearance of diffraction peaks at 39.82° and 45.79° was observed
after the calcination process for both catalyst which can be assigned
to CuO. The thermal treatment resulted in a significant decrease in
the BET surface area of CZC-PA-C and CZZ-PA-C, from their
respective initial values of 72.05 and 60.3 m? g-! to 28.36 and 18.49 m?
g, coupled with the reduction in the pore volume. This can be
attributed to the rise in crystallinity and the clustering of the
nanoparticles CuO, ZnO, and ZrO: as seen by the XRD data
mentioned above. Furthermore, a comparison of CZZ-PA-C and
CZC-PA-C revealed a reduction of 78.16% and 60.33% in copper
surface area, respectively. These findings suggest that cerium is more
effective in stabilizing the copper in the catalyst [245, 246]. The
comparison of zeolite powder and paste calcined samples yielded no
observable differences. Therefore, it can be inferred that the process
of making paste using a three-roll mill and also calcination
(comparison of dry and calcined sample) did not cause any adverse
effects or crystal breakage or physical properties of zeolite as can be

seen in Table A.1.
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According to the Figure 4.9b, the reduction of the calcined paste CZZ-
PA commences at a temperature of 180°C and culminates at 300°C,
with a maximum peak at 251°C. However, the CZC calcined paste
exhibited a reduction in temperature at a lower temperature, [244]
with a maximum peak at 229°C, which is consistent with the BET and
XRD characterizations, and concluded at 261°C which shows easier

reducibility in comparison to CZZ-PA.
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Figure 4-9 (a) XRD and (b) TPR profile patterns of the prepared CZZ-CZC
and HZSM-5 calcined paste samples and accordant references.
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4.2.5 Physical Properties of Hybrid Pastes

This section focuses on discussing the characterization of the hybrid
catalyst paste for hybrid planar configuration. As it is mentioned, the
hybrid catalysts were mixed of CTM (CZZ or CZC) and MTD
(HZSM-5) with a rough ratio of 50/50 wt/wt. Table 4.5 provides an
overview of the physicochemical properties of the hybrid systems
that were prepared, including information on composition, texture,

and metallic properties.

Table 4-4 Physico-chemical characteristic of the calcined prepared hybrid
catalyst

Sample Sper / m2g! Viiro femg:? ©Scu / m2gt
CZZ-Z-HLA-C 211.78 0.059 2.5
CZC-Z-HLA-C 214.23 0.061 6.63

Table 4.4 displays a noteworthy reduction of approximately 43% in
micropore volume compared to the bare zeolite. The hybrid catalysts
exhibit a decline in micro-porosity, which implies that the mixed
oxides were uniformly distributed on the external surface of the
zeolites during the paste preparation process which also can be
confirmed by TEM (Figure 4.11). Thus, given the remaining
microporosity of each catalyst, it is suggested that the effectiveness of
active sites for the one-step hydrogenation of CO2 to DME should
primarily be investigated at the mesopore level. Bonura et al.
synthesized a CZZ hybrid catalyst system via co-precipitation using

various types of zeolite. They determined that the textural properties
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of the hybrids are notably influenced by the type of zeolite utilized,
resulting in a distinct reduction of surface area compared to the
"parent" zeolites [189, 247]. Figure 4.10 a display the XRD patterns of
the hybrid pastes following calcination. By comparing the pattern of
the sample to the references, it is confirmed that both the MFI and the
CZZ/C structures are present. The crystallite size of CuO in the CZZ-
Z-HLA and CZC-Z-HLA materials was determined to be 14.71 nm and
10.79nm, respectively, using the Scherrer equation based on the CuO
[111] reflection at 20 = 38.8. Furthermore, it can be inferred that CZZ-Z-
HLA has a larger crystal size based on the higher intensity of the CuO
peak at 20 = 38.8° compared to the other samples.
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Figure 4-10 (a) XRD and (b) TPR profile patterns of the prepared hybrid
catalyst (CZZ-Z-HLA and CZC-Z-HLA) calcined paste samples and
accordant references.

80



Chapter 4: Characterization Results and Integration in the Micro-reactor

Upon analyzing the reduction pattern of both catalysts (refer to
Figure 4.10 b), the TPR profiles exhibit a primary peak below 300°C,
which corresponds to the gradual reduction of CuO to metallic
copper. However, similar to CZZ-PA and CZC-PA, the reduction
temperature of CZC-HZSM-5-HLA is lower and it starts from 146°C
with a main peak at 206°C. The higher reduction temperature
observed in the CZZ hybrid catalyst relative to the CZZ catalyst is
possibly attributed to the existence of an extra zeolite phase in the
former. This may lead to a more intricate reduction process,
culminating in an elevated reduction temperature. Moreover, the
way in which the metal-oxide clusters are distributed and interact
with the zeolite framework in the hybrid catalyst might also impact
the reduction temperature.

Figure 4.11, related to TEM image illustrate the distribution pattern
of metal-oxide clusters (consisting of copper, zinc, and zirconia) on
the external surface of zeolite. The formation of either smaller or
larger agglomerates is observed, resulting in distinct texture,
morphology, and catalytic properties. The crucial point is that the
preparation procedure promotes a relatively uniform distribution of
mixed oxides on the outer zeolite framework, which guarantees
intimate surface contact among the phases and suggests minimal
limitations in terms of transport phenomena during the reaction for
the powder catalyst [189]. However, since we have a layer, the

homogeneity of the layer will be discussed in the following sections.
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Cu-Zn-Zr

L

Figure 4-11 TEM-images and EDXS maps of the calcined CZZ-Z-HLA hybrid
catalyst after calcination at 300°C.

To perform the CTM only reaction test, two distinct CZ-based pastes,
namely CZZ-PA and CZC-PA, were utilized for coating. A
comparative analysis of the physico-chemical attributes of the
calcined CZZ-PA-C and CZC-PA-C was conducted and detailed in
Section 4.2.4. The depiction of the morphology of the final coating
layer formed by CZZ-PA-C is illustrated in this section. Since the
CZC layer has an identical morphology to that of CZZ-PA-C, in this
part, we only present the morphology of the CZZ-PA-C layer.
However, the information about the thickness and amount of the

CZC-PA-C catalyst will be discussed in this section.

82



Chapter 4: Characterization Results and Integration in the Micro-reactor

4.3.1. Structural Characterization of CTM Layers

It has been observed in Figure 4.12 that the catalyst layers are evenly
distributed within the channel, and their thickness is uniform
throughout, so that a uniform distribution of the flow through
channels can be assumed. The top view (Figure 4.12a-A) shows that
the layer of the catalyst is crack-free. In order to obtain the desired
quantity of CZZ-15%-PA-C catalyst, the printing process was carried
out three times. However, due to the lower loading of CZC catalyst
in the paste (CZC-10%-PA-C), a greater number of printing iterations
(5 times) were necessary (See Figure 2.3 for more details). Table 4.6
shows that the printing process is reproducible with respect to the
thickness and weight of the catalyst, as evidenced by the example of
CZZ-15%-PA-C. Furthermore, Figure 4.12b-A depicts noticeable
increase in layer thickness with each successive printing iteration (as
indicated in Table 4.5) through the use of colored arrows at the end
of each layer. In summary, the total mass of CZZ-15%-PA-C and
CZC-10%-PA-C in 30 foils were 1.51g after calcination with a
thickness of 16.41 pm and 1.54g with a thickness of approximately
17.01 um, respectively (Figure 4.12.B).
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Figure 4-12 (a) SE-micrographs, (b) cross-sectional analysis of the layer via
EPMA/BSE and (c) elemental map via EPMA/WDX for A. CZZ layer
obtained from the paste CZZ-15%-PA-C and B. CZC layer obtained from
the paste CZC-15%-PA-C.
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Table 4-5 Properties of different catalyst layers in each step of screen-
printing.

Sample Thickness (pum) Mass (mg)

st 2nd 3rd st 2nd 3Id

CZZ-15%-PA-C 560 11.6 17.01 17+1.5 35+1.8 54.2+14

4.3.2 CO: Hydrogenation to Methanol over CZZ and CZC
Catalyst Layers
In the production of methanol, it is common practice to maintain
strict reaction conditions with high pressure (at least 5.0 MPa) in
order to increase the conversion of COz and minimize the formation
of CO [248, 249]. A techno-economic evaluation by Perez-Fortes et al.
revealed that in a typical methanol CCU-plant, the compressors
required to increase the system pressure account for 45% of the total
equipment cost, and the energy consumed in gas compression
represents 66% of the total electricity cost [250]. To address these
issues, researchers have been working on modifying and developing
catalysts that can perform under moderate reaction pressures.
However, the current catalytic performance under such conditions is
still suboptimal. General copper-based catalysts, including CZ, CA,
and CZA, have demonstrated an average methanol selectivity of only
40-60% when tested at 30 bar and 250°C. Wang and co-authors
studied the CZZ catalyst's ternary interaction for CO2 hydrogenation
to methanol, finding that adjusting the ZnO and ZrO: interaction is a
crucial factor for designing high-performance catalysts. By using
smaller ZnO particles in the CZZ catalyst, they achieved around 80%
selectivity at 493 K and 30 bar for methanol production from CO2[32].
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Consequently, the utilization of various promoters such as ZrO: has
a beneficial impact on the copper-based catalyst. In this section, the
effectiveness of utilizing layered catalysts CZZ-PA-C and CZC-PA-C
in facilitating the conversion of CO: to methanol is evaluated.
Catalytic tests were performed under controlled conditions, with a
pressure of 30 bar, a temperature range of 200-240°C, a Hz/ CO: ratio
of 3:1, and an internal standard of 10 vol.-% N2. The gas hourly space
velocity (GHSV) was constant at 7400 Nmlreaz h' gearl. COo-
conversion (Xcoz) and product selectivity (Si) were calculated using
Equations 3.2 and 3.3. In particular, the catalytic performance of both
CTM catalysts is affected by changes in reaction temperature. The
findings depicted in Figure 4.13 highlight that raising the reaction
temperature from 200°C to 240°C leads to a marked increase in the
overall conversion of COz, from 4.7% to 10.67% for CZZ-PA-C and
from 5.7% to 12.67% for CZC-PA-C. It is widely recognized that the
CO: hydrogenation process occurs via two competing reactions,
namely methanol synthesis and reverse water-gas shift (RWGS). The
fraction of CO: that undergoes conversion into CO displays a steady
rise with increasing temperature, attributable to both the favorable
thermodynamics of the endothermic RWGS reaction at higher
temperatures and the enhanced reaction kinetics facilitated by the
increased temperature. Furthermore, the CZC-PA-C catalyst
demonstrates a higher level of conversion and greater selectivity in
comparison to the CZZ-PA-C catalyst. Specifically, at a higher
temperature of 240°C, the methanol selectivity for CZC-PA-C
remains at 79.9% with an Smeon/Sco ratio of 3.9, while the CZZ-PA-C

catalyst under the same conditions shows a selectivity of
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approximately 67.3% and an Swmeon/Sco ratio of only 2.05.
Additionally, a decrease in reaction temperature has been observed
to promote the selectivity to methanol, albeit at the expense of a
reduction in CO2 conversion. Both catalysts demonstrated an increase
in methanol vyield, with CZC-PA-C exhibiting a superior
performance, achieving a yield range of 5.14% to 10.12%. Conversely,
the CZZ-PA-C catalyst displayed a lower activity towards methanol
synthesis, achieving a maximum yield of 7.2% at 240°C. The results
presented in this investigation, combined with the characterization
data, provide a plausible explanation for the variances in activity and
product distribution observed during the CO:-to-MeOH reaction.
The dissimilarities in the copper surface area of the prepared systems
(See Table 4.2) could be responsible for the disparate catalytic
performance. However, in agreement with previous research
conducted by several other authors [251], this is merely one of several
factors that can influence catalyst activity. These other factors
include, but are not limited to, the creation of an intimate bond
between metallic copper and oxide carriers [252], the stabilization of
low-valence state copper species (Cu®) on oxygen surface vacancies
[253], and a change in the morphology of the metallic sites. These
observations suggest that the three oxides present in the CZC-PA-C
catalyst may have a more effective synergistic effect compared to
CZZ-PA-C due to their closer contact. In a related study, Fang et al.
also examined CO: conversion under moderate pressure (30 bar), and
observed a selectivity of 68% for the CZZ catalyst at 250°C. However,
the researchers promoted their catalyst, a hybrid catalyst/adsorbent
consisting of CZZ supported with hydrotalcite, and found that under
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the same operating conditions, the Smeor/Sco ratio was equal to 5, but
CO2 conversion rate was only about 4.5% [254]. In a previous study
at IMVT, the conversion of CO:z to methanol was investigated using
CZA and CZZ catalysts with various precursor solutions in a micro-
berty reactor. The results showed that for CZA, the main product was
CO, and the maximum methanol production was about 40% at 230°C
[222]. Other literature reported that while good activity has been
achieved, the stability of CZA for CO: hydrogenation has not been
sufficient due to the hydrophilic nature of Al in the catalyst, which
can adsorb water generated in CO: hydrogenation to methanol and
reverse water gas shift reactions, thus reducing activity [255, 256].
Prasnikar et al. conducted a study on the deactivation mechanisms of
CZA catalysts during CO2 reduction to methanol, exploring the
underlying processes involved in the reaction. Based on their
findings, they determined that the primary reason for catalyst
deactivation is the acceleration of Al2Os sintering when exposed to
water. When the molar fraction of H2O is raised, the surface area of
AlOs tends to decrease, which in turn leads to an augmentation in
the size of Cu particles. They observed that the impact of H20 on Cu
form and AlLQOs phase was clear-cut. However, the size of ZnO
particles was found to be affected by multiple factors including CO:
and other reaction products. They conducted various analytical
methods and verified that exposure to high concentrations of CO and
CHs0H led to the ZnO phase covering the copper particles [257]. On
the other hand, for CZZ, the use of different precursor solutions in
FSP synthesis resulted in different outcomes, with the maximum

methanol selectivity at 210°C being approximately 75% [222].
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Figure 4-13 Effect of reaction temperature on CO:z conversion, and product
selectivity at a reaction pressure of 30 bar(g), GHSV=7400 Nmlreag h" gear.
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4.4 Planar Catalyst Layers for Direct DME Synthesis

Different coating arrangements were proposed for the integration of
CTM-MTD in micro-channel reactors, including face-to-face patterns,
double-layer patterns, and hybrid patterns. In the face-to-face
patterns, CTM and MTD catalysts were printed on independent foils
and then combined using foil a face to face arrangement. In the
double-layer pattern, the CTM catalyst was printed first and
subsequently covered by a layer of the MTD catalyst. A paste
containing both CTM and MTD catalysts was developed for the
hybrid pattern. The preparation methodology for the pastes and their

compositions are explained in Section 3.2 and Table 3.1, respectively.

Figure 4-14 Coated Foils (left to right: empty, hybrid coating, double layer
coating).

4.4.1 Structural Characterization of Hybrid Layer Systems

To achieve maximum cooperative effects, it may be advantageous to
position the metal oxides and acid components in close proximity to
each other, as this should allow for an effective interaction coupling

of the two reactions. Therefore, in this section, the characteristics of a
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hybrid planar configuration consisting of CZC-Z-HLA-C and CZZ-
Z-HLA-C are examined. The SE-micrographs and cross-sectional
analysis of the layer via EPMA and elemental distribution are
presented in Figure 4.15A and Figure 4.15B, respectively. The hybrid
catalyst paste was prepared using a 1:1 ratio by weight of the two
catalysts, as explained in Section 4.2.1. A 15% powder hybrid paste
was selected for both catalysts, as per the guidance provided in
Section 4.2.1 with regard to the rheology of the pastes. In all catalyst
layers, the top view shows (a) the absence of cracking and (b) a
uniform distribution of the catalyst along the foils and within each
micro-channel. This also allows assuming that each microchannel
contained about the same amount of catalyst and, further, that each
channel caused a similar pressure drop, i.e., the flow velocity and
residence time in all channels was similar. Therefore, it is justified to
assume that the microreactor can be considered as a system of 30x49
parallel plug-flow reactors [258]. After coating the hybrid paste, each
of the 30 foils was found to contain an average of 29+4 mg of CZC/Z-
Z-HLA-C catalyst per individual screen-printing run. In order to
achieve a sufficient quantity of catalyst on the foils, the printing
process was repeated twice, resulting in a total of 2.02 g and 2.29 g of
CZC-Z-HLA and CZZ-Z-HLA catalyst on all 30 foils, respectively.
Based on the results of image analysis, it could be determined that
the thickness of the coating at the center line of the channels was
approximately 18.85 um for CZC-Z-HLA and 22.35 pm for CZZ- Z-
HLA.
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Figure 4-15 (a) SE-micrographs, (b) cross-sectional analysis of the layer via
EPMA/BSE and c) elemental map via EPMA/WDX for the CZZ/C-Z-HLA
layer obtained from the paste (A) CZC-Z-HLA15%-PA-C and (B) CZC-Z-
HLA-15%-PA-C.

4.4.2 CO: Hydrogenation to DME over Hybrid Catalyst
Layers

Recently, the development of novel hybrid multi-metallic/zeolite
systems has gained attention through researchers in the technology
of direct DME from COz. Various researchers have conducted studies
on hybrid catalysts prepared through different methods such as
physical mixing, co-precipitation, etc. for direct DME synthesis. [259-
262]. This section focuses on the investigation of hybrid layer
catalysts for direct DME synthesis in a microchannel reactor in
accordance with the details provided in Section 3.4, the experiments
were carried out using different operating conditions for both

catalysts. The initial experiment was conducted with the CZZ-Z-HLA

92



Chapter 4: Characterization Results and Integration in the Micro-reactor

catalyst at varying temperatures as can be seen in Figure 4.16.
Unexpectedly, the conversion was less than 2% with no detectable
DME at a temperature of 220°C. Moreover, the CO: conversion
remained low even at higher temperatures. Specifically, at 240°C, the
conversion was only 3.2%, and it increased to 8.8% at 280°C.
Unexpected results were obtained regarding selectivity as well, as at
all these temperatures, the selectivity towards DME was very low,
whereas methanol was the dominant product. The highest
percentage of DME was obtained at 280°C, but even then, the primary
product was CO. In addition to the anticipated products of methanol,
DME, and CO, there was also an increase in the concentration of
methane observed as a byproduct with increasing temperature,
similar to that of CO. The previous study at IMVT [222] also observed
this phenomenon, but did not achieve any significant conversion of
syngas with coated hybrid catalyst (CZA-HZSM-5) until a
temperature of 240°C, and the conversion was less than 1% at
temperatures between 260°C -280°C. As discussed in Section 3.2, the
presence of terpinol was found to affect the activity of the zeolite
paste. Based on the explanation provided in the previous study, it can
be inferred that the proposed method for deactivating zeolite
involves the participation of protons in the HZSM-5 structure. As a
result of this reaction, there is a decrease in acidity and activity for
the dehydration of MeOH. Thus, the reason for the acid catalyst's low
activity can be attributed to its degradation [222]. However, it should
be noted that the solvent used in this study the same as another
previous studies at IMVT which they used HZSM-5 as hydrocracking

catalyst in research , where there was no observed deactivation effect
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on the zeolite paste [242]. It can be concluded that the zeolite paste is
not affected by the solvent in this study.
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Figure 4-16 Activity of the CZZ- Z-HLA catalyst system in terms of Xcozand
Siin the CTD reaction at reaction pressure of 30 bar(g), GHSV=9700 Nmlreag
h1 gearl.

The experimental conditions for the CZC-Z-HLA catalyst involved
varying temperatures, and the results showed (Figure 4.17) that the
CO2 conversion increased from 7.2% at 220°C to 13.24% at 280°C
which was comparable to CZZ-Z-HLA. In the case of methanol
dehydration, a similar trend was observed. At 220°C, the methanol
selectivity was around 73.6%, but it decreased to 26.1% with
increasing temperature, as the RWGS reaction become more
favorable at higher temperatures, as previously discussed.
Furthermore, the selectivity of DME was only around 13% to 15%. By
comparing both catalysts, it can be concluded that the methanol

selectivity was higher, as evidenced in the methanol synthesis
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section, and the CO selectivity was lower at higher temperatures. As
discussed in the paste characterization section (see Section 4.2.4), the
inclusion of cerium led to higher stability of the copper surface area,

resulting in increased activity and conversion in the direct DME

synthesis.
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Figure 4-17 Activity of the CZC- Z-HLA catalyst system in terms of Xcozand
Si in the CTD reaction at reaction pressure of 30 bar(g), GHSV=9700 Nmlrcag
ht gcat'l.

The hybrid catalyst was observed to have a reduction in micro-
porosity compared to the pure zeolite, along with a higher reduction
temperature, as explained in Section 4.2.4. However, in order to gain
insight into the potential impact on the paste, TPD measurements
were conducted using ammonia as a small probe molecule. This
allowed for the detection of acid sites, even in the narrow pores of the
catalyst, as pore accessibility is a critical factor that needs to be
considered. Figure 4.18 illustrates that the pure zeolite paste displays

three peaks in different regions, indicating the presence of three types
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of acid sites. The first peak, between 100°C and 250°C, is typically
attributed to the desorption of weakly bound ammonia from the
zeolite framework's Lewis acid sites. The second peak falls within the
range of 250°C - 400°C and is usually associated with the desorption
of ammonia from medium-strength extra framework aluminum
oxide/hydroxide species. The third peak, above 400°C, is attributed
to the desorption of ammonia from strong Brensted acid sites [263].
Obviously, the hybrid systems show changes not only in the relative
distribution of the acid sites but also demonstrates that a reduction in
the intensity of the third peak and the population of medium acid site

is increased.
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Figure 4-18 Comparison of NHs-TPD profiles for HZSM-5-PA and hybrid
CZZ-Z-HLA and CZC-Z-HLA with the ratio of (CZZ/C-Z=1:1) catalyst after
calcination.

From a quantitative point of view (see Table 4.6), the pure zeolite

paste has the highest acid capacity which is 0.91 mmolnss /geat, which
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is about 0.1 mmol/getis for strong Brensted acid sites.

Table 4-6 Quantitative values of NHs-TPD of investigated pure zeolite and
hybrid paste samples after calcination

Sample aNHs Tdi PTd2 PTds °m1  m2  “ns
uptake
(mmol/gcat)
HZSM-5_PA 0.91 1579 4062 629.6 0.6 029 0.11
CZZ-Z-HLA 0.68 1489 335 - 04 057 0.03
CZC-Z-HLA 0.66 141.8 318.9 - 041 0.56 0.03

a. Cumulative acidity in the range of 100-600°C
b. Temperature of maximum desorption of NHs (Td)

c. Fractional population of acid sites

It is expected that the number of acid sites on the hybrid catalysts
should be theoretically 50% lower than the bare zeolites, with an
approximate 1:1 ratio between the two powdered catalysts. Despite
the reduction in total acidity due to the deposition of CZZ on the
zeolites, the NHs uptake on the hybrid catalysts is observed to be
even higher than expected. Upon employing the CTM and CTD
catalysts to formulate the paste, a noticeable redistribution of the acid
population among the medium and strong acid sites was observed.
This indicates the formation of new Lewis sites, possibly due to ion
exchange of zeolite protons by metallic species during the paste
preparation [264]. However, it is important to take into account

possible alterations in the structure of zeolites under steaming
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conditions, which could lead to dealumination and the formation of
non-acidic aluminum species, ultimately resulting in a reduction in
the volume of micropores [265]. It must also be taken into account
that the decrease in the Breonsted acidity in the copper containing
catalysts could be due to the migration of unreduced copper ions in
the zeolite channels during the reduction and reaction can happen
[266]. Ordomsky et al. and colleagues analyzed the deactivation of
the CZA/HZSM-5 catalyst during DME synthesis. Over time, the
hybrid catalyst's effectiveness decreased due to multiple factors,
including copper sintering, copper oxidation, and ion exchange with
zeolite hydroxyl groups. As a result of copper sintering, the number
of metal active sites declined, and the ion exchange of Cu?  ions with
the hydroxyl groups of the zeolite resulted in fewer acid sites for
methanol dehydration [193]. According to Garcia-Trenco and
colleagues, the syngas-to-DME reaction results in Cu? species and
Zn* cations occupying exchange positions within the HZSM-5
zeolite. This action leads to a reduction in the number of Brensted
sites and the formation of Lewis sites in the CZA/HZSM-5 hybrid
system, which ultimately causes deactivation [267]. The identification
of this cause could have been achieved through analyzing the sample
post-reaction. However, due to the catalyst being coated onto the
foils, it was not feasible to separate the catalyst from the foil,
rendering such analysis impossible in this study. Moreover, Bonura
et al. studied the interaction between CZZ and various zeolite types
and found the deactivation of their catalyst in few hours. Their
findings indicated that while an excess of acid sites did not improve

process performance, having an appropriate density of acid sites was
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crucial in promoting the methanol-to-DME dehydration rate, as well
as shifting the position of CO2 conversion (CO2 — MeOH — DME).
This finding is significant in terms of the observed deactivation trend
and should be carefully considered [247]. Moreover, through
research, it has been established that the effectiveness of the methanol
dehydration reaction catalyst is heavily influenced by the strength of
its acid sites, as well as the presence of Brensted acid sites. It has been

observed that more active catalysts have stronger acid sites [268, 269].

4.4.3 Structural Characterization of Double Layers

As previously indicated, the two catalysts involved, namely the
methanol synthesis catalyst CZZ/CZC and the methanol dehydration
catalyst zeolite HZSM-5, are implemented in a double layer
configuration within the channels of micro-structured foils using
screen printing. Figure 4.19 shows the top-view resp. cross-sectional
view of a double layer printed to a microchannels. The micrographs
indicate that with the printing procedure applied, layers without
cracks were achieved (Figure 4.19a). Especially the zeolite layers
show a thickness distribution which follows the shape of the channel.
This is due to gravity effects after screen printing. However, as
exemplarily depicted in Figure 4.19b, all channels show a similar
thickness distribution and total double layer thickness. Further, the
elemental distribution (Figure 4.19c) shows a homogeneous
distribution of the two catalysts within the channel with the zeolite
layer completely covering the CZZ-layer as intended. By coating the
CZZ paste, each of the 30 coated foils contained on average 19+5 mg

of CZZ catalyst per individual run of screen printing. As mentioned,
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to reach a larger thickness resp. catalyst mass, the CZZ catalyst was
consequently printed twice resulting in 38+8 mg of CZZ per foil on
average. For ZSM-5, due to the higher catalyst amount in the paste
(see Table 3.1), a single run of printing was sufficient to achieve the
same mass of catalyst printed resulting in the 1:1 mass ratio CZZ:
zeolite within the double layer configuration (zeolite: 33+6 mg on
average per foil of the set of 30 foils). Determined via image analysis,
the overall thickness at the center of the channel is about 31 um (CZZ
catalyst layer thickness approx. 10 um, zeolite layer thickness approx.
21 pum due to the differences in density). Consequently, for the
performance test using the 30 coated foils, a total mass of 2.20 g
double layer catalyst (1.12 g CZZ catalyst + 1.10 g zeolite catalyst) was
loaded in the reactor. Figure A.2 also shows the cross-sectional and
the elemental distribution of the CZC-Z-DLA catalyst. The total
amount of the catalyst for the double layer was about 1.93 g (0.98 CZC
catalyst+0.95 g of zeolite) and thickness about 21.
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Figure 4-19 Characterization of the CZZ-Z printed double layer: Top-view (a)
SE-micrograph (b) cross-sectional analysis of the layer via EPMA/BSE, (c)
elemental map via EPMA/WDX.

4.4.4 CO:2 Hydrogenation to DME over Double layer
Catalyst

As in the previous sectioned mentioned, the primary obstacle facing
hybrid catalysts in direct DME synthesis from CO: is the issue of
deactivation, which is heavily influenced by the interaction between
the catalyst's metal and acid sites. As such, designing an effective
catalyst requires careful consideration of how to achieve optimal
synergy between these two functionalities by controlling their nature,
balance, contact, and proximity. To address this problem, earlier
investigations have shown that the CZA@Z and CZA-Z-DLA catalyst
configurations exhibit different activity levels, owing to their distinct
characteristics. The differences in intercrystalline porosity between
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CZA@Z and CZA-Z-DLA are responsible for the variation in their
activity levels. The former has a HZSM-5 shell with micropores that
hinder the transport of reactants due to its low porosity, whereas the
latter has randomly oriented crystals that allow for higher Xco by
preventing transport limitations. As a result, the double-layer
structure was considered a promising configuration for DME direct
synthesis [202, 270]. In this section, the performance of two CTM
catalysts coated with MTD, as discussed in Section 3.4, was analyzed
under various operating conditions. The catalytic performance of the
CZZ-zeolite double layer was studied in the combined CO:
hydrogenation to methanol and methanol dehydration to DME first
at a reaction pressure of 30 bar(g) at different reaction temperatures.
As can be seen in Figure 4.20, CO:-conversion increased with
increasing reaction temperature as to be expected. However, with
increasing temperature, CO selectivity increased obviously due to a
promoted reverse water-gas shift reaction (endothermic, see reaction
eq. (3)) [271], while methanol and DME selectivity decreases from
16.9% to 7.4% and from 48.6% to 23.9%, respectively, between 220°C
and 280°C. In parallel, methane formation, being a side reaction, is
likewise increased with increasing reaction temperature. Eventually,
at 30 bar(g), the highest yield of DME of about 3% was achieved at
240°C at a COz conversion of 6.37% and the main product was CO at
a temperature of 260°C. It is evident that the implementation of the
double-layered configuration results in a significant improvement in
the synergistic effect of the two catalysts, yielding in a substantial
ratio of 2.9 in dimethyl ether selectivity at 240°C compared to the

hybrid layer catalyst where the two components are mixed at the
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powder scale for paste production. The observed phenomenon can
be attributed to the fact that, although both hybrid catalyst and
double-layer configurations have the same ratio of CTM/MTD
catalyst, the total NHs uptake is higher for the pure zeolite catalyst.
This higher uptake enables us to take advantage of the remaining
Bronsted acid sites and greater quantity of Lewis acid sites present in
the pure zeolite layers (see Figure 4.20). It means that the double-
layer configuration effectively restricts the direct contact of the two
components to the interfacial region, thereby minimizing any
negative interactions between them and causes the deactivation to
happen after longer time. Chen et al. also investigated a monolithic
supported bifunctional catalyst recently, coated onto a channel
surface of metallic monolith substrate as two layers (wash-coating
method), to facilitate direct CO: synthesis to DME, recently. They
discovered that a layered catalyst configuration significantly
improved the synergistic effect of its two components. This led to a
20% increase in DME productivity at 240°C, in comparison to a
catalyst with different levels of proximity (CZZ on FER<l um,
CZZ+FER<10 um and CZZ+FER> 250) which pelletized and sieved to
250-500 um. They also found that the CO productivity for the layered
catalyst was slightly higher than the pelletized catalyst at
temperature higher than 240°C, however, the layered catalyst
exhibited improved durability [272]. As a result, this design
successfully overcomes the durability issues commonly associated

with typical bifunctional catalysts.
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Figure 4-20 Effect of reaction temperature on CO2 conversion and product
selectivity at reaction pressure of 30 bar(g), GHSV=9700 Nmlreag h! gear! for
CZZ-Z-DLA catalyst layer.

Moreover, Jung et al. investigated how the catalytic activity of DME
is affected by the surface area of copper and the presence of acidic
sites [273]. Their findings revealed a significant correlation between
these factors and the catalytic activity on the reactions. As it can be
seen in the Figure 4.21, the activity of CZC-Z-DLA catalyst is higher
than the CZZ-Z-DLA. It can be inferred that the higher copper surface
area of the CZC catalyst, combined with constant amount of acidic
site in the second layer (zeolite layer), resulted in a higher conversion
of carbon dioxide and a greater yield of DME. Specifically, at a
temperature of 240°C, the CZC-Z-DLA catalyst demonstrated
approximately 23% and 20% higher conversion and DME yield,
respectively, relative to the CZZ-Z-DLA catalyst.
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Figure 4-21 Effect of reaction temperature on CO2 conversion and product
selectivity at reaction pressure of 30 bar(g), GHSV=9700 Nmlreag h! gear! for
CZC-Z-DLA catalyst layer.

Additionally, to improve the conversion resp. to check the effect of
residence time, the influence of the space velocity GHSV on the
conversion-selectivity pattern of the CZC-zeolite double layer
catalyst was examined by altering the space velocity from 9700 to
5250 Nmlreag h' gea! at 240°C, which seemed to be the optimum
temperature in terms of yield at 30bar(g). The comparison is
summarized in Figure 4.22. As to be expected, the CO2 conversion
increases for lower GHSV (Xco2= 8% at 9700 Nmlreag h! gear! versus
Xco2=14.9% at 5250 Nmlreag h! gear?). Consequently, the reduction in
the GHSV has a positive impact on the dimethyl ether yield.
However, it is crucial to note that this decrease in GHSV is also
accompanied by an approximately four-fold increase in the
formation of byproducts, such as methane. It is also worth noting that

although the catalyst double layer was exposed to various operating
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conditions (GHSV, pressure, and temperature) no noticeable
deactivation after 42 hours of reaction was observed: from the initial
resp. final reference operating point (9700 Nmlreag h! gear, 220 °C, 30
bar(g)), COz-conversion decreased by about 2.3% to 5.9 % and DME
selectivity decreased by about 4% to 48.3%. This demonstrates that
the CZC-zeolite double layer catalyst is quite stable even though
long-term experiments would be needed in order to quantify

potential deactivation behavior.
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Figure 4-22 Effect of space velocity on CO2 conversion, product selectivity at
a reaction pressure of 30 bar(g) and a reaction temperature of 240 °C for CZC-
Z-DLA.

Figure 4.23 presents the influence of gas hourly space velocity on the
performance of the CZZ-Z-DLA catalyst. Decreasing GHSV resulted
in an increase in the conversion of COy, albeit it is important to note
that CO can be considered as a secondary product, as the yield of
DME surpassed that of CO by approximately 2%. Moreover, a

comparison between the two catalysts not only demonstrated that the
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conversion of CZC-Z-DLA was approximately 20% higher than that
of CZZ-Z-DLA, in line with the previously discussed expectations,
but also exhibited an improvement in the DME yield and a lower CO
percentage of around 18% at a GHSV of 5250 Nmlreag h'! geat'.
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Figure 4-23 Effect of space velocity on CO2 conversion product selectivity at
a reaction pressure of 30 bar(g) and a reaction temperature of 240 °C for
CZZ-Z-DLA.

To investigate the influence of pressure on the dimethyl ether (DME)
yield, the effect of pressure was examined for the CZZ-Z-DLA
catalyst. As the overall reaction stoichiometry of DME synthesis from
CO2/Hz> mixtures results in a strong decrease in volume, higher
pressure favors MeOH and DME formation. As shown in Figure 4.24,
with increasing reaction pressure from 30 bar(g) over 35 bar(g) to
40 bar(g), CO:z conversion increases by a factor of 1.8 (from 12.8% at
30 bar(g) to 23.4 % at 40 bar(g)) at the reference reaction temperature
of 240 °C and GHSV=5250 Nmlreag h! gearl. Besides the increase in

107



Chapter 4: Characterization Results and Integration in the Micro-reactor

conversion, the selectivity is likewise positively affected by a higher
reaction pressure: at 40 bar(g) the DME yield of 12.27% is by a factor
of about 2 higher than at 30 bar(g), while the selectivity to CO and
CH4 decreases with increasing reaction pressure. Furthermore, at
240 °C, the average ratio of DME/MeOH selectivity is 6.7 at 40 bar(g)
compared to 5.7 at 30 bar(g), demonstrating that high reaction

pressure promotes further methanol dehydration to DME.
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Figure 4-24 Effect of reaction pressure on CO:z conversion, product selectivity
at a reaction temperature of 240 °C and GHSV=5250 Nmlreagh! geat! for CZZ-
Z-DLA.
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4.4.5 Structural Characterization of Face-to-Face Layer

To construct the catalytic foil stack, 30 parallel foils are arranged in a
facing position, resulting in the formation of 15 layers of circular
channels. The printing process for CZZ and CZC catalysts were
explained in the methanol section, which was the same for both
catalysts. The amount of catalyst used was approximately 1 g, and
the printing process for zeolite was performed twice with a catalyst
amount of around 1.1 g. The thickness of zeolite was observed to be
36 pm, as shown in Figure 4.25. However, the thickness of the CTM
catalyst was comparatively lower, as previously mentioned (see
section 4.3). The catalyst layer exhibits the presence of blisters on its
surface; however, the metallic active components are uniformly

distributed throughout the channels.

SOMM  m—
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Figure 4-25 Characterization of the printed double layer: Top-view (a) SE-
micrograph (b) cross-sectional analysis of the layer via EPMA/BSE, (c)
elemental map via EPMA/WDX.
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4.4.6 CO:2 Hydrogenation to DME over Face-to Face Catalyst
The reactor test was performed under identical operating conditions
for both catalysts, similar to the other two configurations (double
layer and hybrid layer). However, the product distribution differs
between the two catalysts. Figure 4.26 shows that with the CZZ
catalyst, even at 220°C, the selectivity towards CO is notably higher,
by about 14%, compared to DME. Additionally, the increase of
conversion is more pronounced for CZZ than for CZC as well as that
of the selectivity of CO, especially at higher temperature (Figure 4.27
for CZC results). There exist several hypotheses for the CZZ catalyst
that may account for the prevalence of CO as the primary product in
face-to-face configuration. This is related to the CO: activation
reaction mechanism on copper catalyst which is shown in Figure A.7
and also to the methanol dehydration reaction pathways which is
shown in Figure A.8 (Appendix).

As it is discussed, the catalyst which is produced with cerium
promoter has higher activity with regard to production of DME,
therefore, one can conclude the cerium can promote the formate
mechanism in which CO: is hydrogenated via formate as an
intermediate to produce methanol [274]. However, zirconia may
promote the RWGS mechanism in which CO:z is first reduced to CO
and then hydrogenated to produce methanol. Additionally, the CZZ
catalyst might possesses low energy adsorption sites for CO, causing
the rapid desorption of CO and facilitating improved RWGS, and the
CO may not have enough time to convert to methanol and goes out
of the reactor. Also, the presence of a gap between the two catalysts

impedes the proper diffusion of methanol to the zeolite surface and
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methanol is not produced fast enough, resulting in reduced DME
selectivity. Consequently, CO: is utilized to generate higher
quantities of CO and methane, rather than methanol and DME.
Moreover, parallel reaction can happen easier as the synergic effect
between the two catalyst is lower, therefore, more methane is
produced in comparison to double layer. Methane can be produced
from methanation of CO or CO: [275]. Formaldehyde also can be
produced from CO which is adsorbed on the catalyst (Figure A.7).
However, formaldehyde reacts very fast further to produce methanol
or methane, methane being the final product [276]. Due to the rapid
reaction rate of formaldehyde, the peak associated with
formaldehyde either did not manifest or was underestimated because
of limit of detection.

Regardless of the specific reaction conditions, both mechanisms
(associative and dissociative pathway for methanol to DME
mechanism Figure A.8) involve the cooperation of Brensted acidic
sites located on the dehydration component during methanol
condensation [277-280]. Wang et.al also mentioned that the surface
methoxy species in the conversion of methanol to DME on acidic
zeolite play and important role [281]which could be the reason of
different product distribution in double layer and face-to face layer.
Nevertheless, it would need more specific investigations like (CO2-
TPD, methanol-TPD and CO-TPD) to prove which of the
explanations is valid. Due to technical issues this was not possible at

the institute during the respective time.
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Figure 4-26 Effect of reaction temperature on CO2 conversion and product
selectivity at reaction pressure of 30 bar(g), GHSV=9700 Nmlreag h! gear! for
CZZ-Z-FLA catalyst layer.

Figure 4.27 demonstrates that the CZC catalyst produces more DME
at lower temperatures (220°C and 240°C) and exhibits a higher
conversion of methanol to DME compared to the CZZ catalyst. One
possible explanation could be attributed to the increased partial
pressure of methanol, resulting from the higher activity of the CZC
catalyst. Consequently, the adsorbed methanol molecules attain a
state of stabilization by means of dimerization, thereby undergoing
subsequent dehydration to yield dimethyl ether (DME) [164].
Furthermore, the CZC catalyst produces less CO than the CZZ
catalyst, which can be attributed to its higher energy desorption sites
for CO and associative pathway that exhibits higher selectivity
towards methanol dehydrogenation to the desired product. A
comparison of the CZC-Z-DLA and CZC-Z-FLA configurations

reveals that the face-to-face configuration exhibits lower conversion
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of carbon dioxide, likely due to insufficient contact between the two

catalysts. Additionally, when the temperature is reduced, methanol

conversion is lower in the CZC-Z-FLA as opposed to the CZZ-Z-DLA

arrangement, implying distinct reaction mechanisms between the

two catalysts when they come into contact as in double layer, the

layered catalyst structure guarantees that CH3OH (and H:0)

molecules produced will have the chance to react on the zeolite

catalyst, therefore, the synergic effect between the catalysts and the

pathway of the reaction could be different from face-to-face.
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Figure 4-27 Effect of reaction temperature on CO2 conversion and product
selectivity at reaction pressure of 30 bar(g), GHSV=9700 Nmlreag h! gear? for

CZC-Z-FLA catalyst layer.
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4.4.7 Comparison of Layers at Higher Pressure

As previously demonstrated in the double layer section, it is well
established that lower gas hourly space velocity (GHSV) leads to
higher conversion of CO: to DME. Furthermore, from a
thermodynamic perspective, higher pressure is more favorable for
the desired product. Hence, the experiments were conducted under
the conditions of GHSV = 5250 Nmlwag h? gcat?, temperature of
240°C, and pressure of 40 bar, to investigate the DME yield for
different layers under high-pressure conditions for CZC catalyst (see
Table 4.7). The experimental results demonstrate that increasing
pressure causes a decrease in the selectivity of carbon monoxide
about 20% in comparison to 30 bar (Figure 4.22) for double layer
configuration, while the selectivity of dimethyl ether (DME)
increases. This finding reinforces the preference for elevated pressure
conditions in the synthesis of DME via CO:z hydrogenation, which is
known to exhibit a molar decreasing reaction. Furthermore, the
configuration with a double layer exhibits the highest conversion
compared to the other configurations, indicating an increased
interaction between CTM and MTD catalyst. The distance between
the catalysts is found to play a role in the parallel reaction to produce
methane, which is accelerated by an increase in CO production (Scrs-
HLA< Schs -DLA< Scws-FTF). The experimental findings clearly
demonstrate that various catalyst configurations exhibit distinct

synergistic effects on the yield of dimethyl ether (DME).
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Table 4-7 Comparison of the conversion and selectivity of different layers
for CZC-Z at T=240°C and GHSV=5250 Nmlreag h'! gecar’! P=40 bar.

Sample Xco2%) SmeoH(%) SDME(%) Sco(%) Scha(%)  Yield
DME
Hybrid 22.1 55.1 16.9 22.8 52 3.7
Double layer  26.6 9 53 27.6 10.4 14
Face-to-Face 18 7.5 44.2 34.5 13.8 8
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5. Outlook and Summary

The present study explores the direct synthesis of dimethyl ether
(DME) from carbon dioxide (CO2) through the CTD reaction, using
various catalyst configurations suitable for application in
decentralized compact plants as part of the Power-to-X concept. To
this end, two distinct nano-structured CTM catalysts (CZZ and CZC)
have been synthesized via FSP and thoroughly characterized. Planar
(coated) catalyst systems have been investigated for CZZ and CZC
catalysts for methanol synthesis and also with combining with zeolite
HZSM-5 (Z) for the subsequent dehydration, respectively. To ensure
successful coating via screen printing for the planar systems, pastes
containing the nano-powder (FSP-CZZ and/or C) were prepared, and
their printability was evaluated by analyzing their rheological
behavior. By optimizing the paste formulation, it was ensured that
the coating process was carried out efficiently, resulting in high-
quality coatings with good adhesion and uniformity. This step was
crucial for achieving the desired catalytic activity and selectivity in
the subsequent reactions. The use of FSP for the synthesis of the
CZZ/C catalysts appears promising, as it satisfies the criteria outlined
in the existing literature for nanoparticle structure, specific surface
area, copper surface area and reducibility. Regarding the
characterizing, it is showed that CZZ-631 and CZC-631 exhibits the
most promising combination of specific surface area (BET and Scu),

CuO crystallite size, particle size homogeneity within the sample,
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and reduction behavior. Additionally, CZC shows higher stability
during paste preparation as the copper surface area decreased lower
after calcination in comparison to the CZZ. Therefore, CZC also
shows higher activity during both CTM and CTD reactions in
comparison to the CZZ catalyst. For the CTM-MTD integration,
various configurations planar systems, such as the CZZ/C-Z-HLA,
double layer (CZZ/C-Z-DLA), and face-to-face CZZ/C-Z-FLA layers,
to be utilized in a micro-channel reactor (u-CR).

The hybrid configuration of CTM and MTD catalysts (close contact)
during paste preparation led to the degradation of Brensted acid sites
in zeolite catalysts, resulting in changes in the relative distribution of
acid sites, ion exchange of Cu?*, and dealumination. This
transformation ultimately favored the production of CO and
methanol as the major products. However, the double layer
configuration (CZZ/C-Z-DLA) exhibited notable advantages as it
effectively enhanced the synergistic effects between the two catalyst
components. This double layer planar configuration demonstrated
exceptional promise for the COxto-DME (CID) reaction in
microchannel reactors (L1-CR), with high CO2 conversion and yield of
dimethyl ether. These findings suggest the potential of the CZC-Z-
DLA system for efficient and selective dimethyl ether (DME)
production as the yield of DME at 40 bar, 240 °C and GHSV= 5250
Nmlreag h! gcat! was higher than CZZ-Z-DLA about 14% with lower
percentage of byproducts. The face-to-face structure of CTM catalyst
showed different production distribution due to lower catalytic
activation of CZZ catalyst and different reaction mechanism between

the two catalysts. It is noteworthy to mention that the selectivity of
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dimethyl ether at lower temperatures and higher GHSV for the face-
to-face configuration is comparable to that of the double layer
configuration. However, the conversion of CO2 to DME was lower for
the face-to-face arrangement. Moreover, the distance between CTM
and MTD catalysts caused different results compared to the double
layer as MeOH was forced to pass through the zeolite catalyst,
resulting in lower parallel reactions and lower percentage of CO and
methane in the double layer catalyst. This study sets the foundation
for future investigations to delve into a more detailed study of the
reaction mechanism of various layer configurations through in situ
characterization techniques such as TPH, XPS, SSITKA, and IR
spectroscopy. These techniques can provide valuable insights into the
interactions between the catalysts and the reactants, allowing for
optimization of the layer configurations and catalysts to achieve
higher DME product yields and avoiding the deactivation of the
catalyst. Such studies are crucial for advancing the understanding
and development of effective and efficient catalyst systems for the
direct synthesis of DME from COz, contributing to the wider field of
Power-to-X technology.
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ANN

Artificial neural network
Calcined

CuO/ ALl20s

Carbon dioxide to methanol
Carbon dioxide to dimethylether
CuO/ZnO

CuO/ZnO/ZrO2
CuO/ZnO/CeO2
CuO/ZnO/Al0s

Core shell

Density functional theory
Double layer
Dimethylether

Flame ionization detector
Face to face layer

Flame spray pyrolysis

Gas hour space velocity
Hybrid layer

Infrared spectroscopy
Methanol

Metak-organic framework
Membrane reactor
Methanol to DME

Pressure

Packed bed membrane reactor
Packed bed reactor

Power to Fuel

Power-to-X

Powder

Paste
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STM
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T
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Specific metal/support interaction
Syngas to dimethyl ether
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Selectivity of component
Steady-state isotopic transient kinetic analysis
Temperature

Thermal conductivity detector
Thermal gravimetric analysis
Total petroleum hydrocarbon
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Conversion of component
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Micro channel reactor

Change in Gibbs free energy
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Figure A-1 Plot of absolute CZZ-Z-HLA-15%-PA sample mass versus
temperature obtained from TGA analysis of screen-printing paste. The
experiment was conducted in air at a heating rate of 2°C/min, with a hold
time of 2 hours at 300°C, and a maximum temperature of 400°C.
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Figure A-2 Characterization of the CZC printed double layer: Top-view (a)
SE-micrograph (b) cross-sectional analysis of the layer via EPMA/BSE, (c)
elemental map via EPMA/WDX.
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Figure A-3 Scheme and the dimension information of the foils used in

the micro-channel reactor.
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Figure A-4 30 stacked foils used in microchannel reactor.
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Figure A-5 Scheme of the Microchannel reactor.

161



Appendix

H7

/TIC,
,—J—

H6
Calibration

/

TIC
\ extra2 /
.

H9

= T (=}

Figure A-6 Flow diagram of the experimental setup for the CTM-MTD
integration study.
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Figure A-7 CO2to methanol mechanisms: RWGS + CO hydrogenation vs

formate pathway [273].
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Figure A-8 Associative and dissociative routes of the methanol dehydration
on acid sites.

Table A-1 Physico properties of zeolite (powder, paste and calcined paste).

Zeolite (HZSM-5)
Powder | Paste (dry) | Paste(calcined)
BET surface area (m2/g) 398.8 376.3 377.8
Total pore volume (Cm?/gr) | 0.23 0.22 0.22
Micro pore volume 0.1 0.1 0.1
(Cm?/gr)
Average pore width (nm) 8.2 9.04 8.8
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