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Abstract

It is a long-term goal of modern heterogeneous catalysis research to understand,
model, and predict complex phenomena that occur inside catalytic reactors in
space and time. This is a challenging task due to the complicated interplay be-
tween mass transport, heat transport, catalytic reactions, and catalyst dynamics.
A crucial step towards reaching this goal is to resolve the strong gradients found in
fixed-bed reactors and further to combine catalyst activity with catalyst property
measurements under realistic operation conditions by means of operando tech-
niques. Due to the high experimental complexity of combining spatial profiling
methodologies with operando techniques, most studies measure either catalyst ac-
tivity or catalyst properties in a spatially-resolved manner. Only in a limited num-
ber of studies, both sides of the chemical system were measured spatially-resolved
(operando profiling). To date, operando profile experiments are mainly restricted
to laboratory-based characterization techniques such as Raman spectroscopy.

In this work, the catalyst characterization portfolio for operando profile studies
was extended to X-Ray Absorption spectroscopy (XAS) as well as X-Ray Diffrac-
tion (XRD) using synchrotron radiation. Both techniques provide highly com-
plementary information, representing a beneficial combination to obtain detailed
structural information about the catalyst during operation. While XAS spectra
reveal bulk average metal oxidation states of the probed catalyst, XRD patterns al-
low to deduce crystalline phases in a qualitative and quantitative manner. For the
synchrotron-based operando profile experiments, a lab-scale catalytic profile reac-
tor setup is presented, capable of simultaneously measuring spatially-resolved tem-
perature, concentration, and catalyst structure in transmission geometry. Since
operando profile measurements coupled to XRD and XAS are not feasible with
laboratory-based X-ray sources, a significant unexploited potential in spatially-

resolved operando catalysis research was accessed in this work.



To validate the new methodologies, the oxidative dehydrogenation of ethane to
ethylene over a MoOj3/~-Al,O3 catalyst was used as a test system. This system was
chosen because the catalyst has a dynamic and reversible reduction/reoxidation
behavior with pronounced changes in color, performance and structure. Species
concentration profiles show how the catalyst changes its reaction mechanism from
oxidation to steam reforming and water-gas-shift reactions with increasing reaction
progress along the catalyst bed. In combination, the bulk molybdenum oxidation
state deduced from XAS and the crystalline phase composition obtained from XRD
reveal distinct structural changes due to catalyst reduction.

This work demonstrates the strengths of operando profile studies at synchrotron
radiation facilities by providing a comprehensive insight into the catalytic reactor
under operation. This newly gained knowledge can have major beneficial implica-
tions for the development of detailed reactor models, resulting in a more accurate,

efficient and sustainable optimization of catalytic processes in the future.
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1 Introduction

Catalytic fixed-bed reactors are among the most commonly utilized reactors in
the chemical and petrochemical industry [1-3]. In fixed-bed reactors, the reaction
mixture flows through and around solid catalyst particles, which are fixed in space.
The purpose of the catalyst is to accelerate the rate of the desired reaction path the
system is capable of. To achieve a high efficiency of industrial catalytic reactors,
usually an optimization process is performed, in which high-throughput screening
experiments are applied [4-6]. In those sets of measurements, the catalyst activity,
selectivity, and deactivation behavior are examined by correlating the in- and
outlet flows of the reactant and product phase (“end of pipe”), respectively, under
a wide range of process conditions, e.g., temperature, pressure, gas flow rate, and
different feedstocks. Consequently, the screening requires a large number of trial
and error experiments and is therefore very time consuming. Furthermore, the end
of pipe analysis treats the reactor itself and the catalyst as a black box, resulting in
a deficiency in the fundamental understanding of catalysts and the actual processes
inside the reactor. This unsustainable conventional optimization approach is still
considered the state of the art in industrial chemistry.

A major goal in modern heterogeneous catalysis research is to promote a time
and resource-efficient development and optimization of catalytic reactors and cat-
alysts. A crucial step towards this goal is to unravel complex catalyst structure-
activity relationships in order to tune the material properties and change the
process conditions for the required chemical outcome [7,8]. The field of operando
research techniques evolved to meet this crucial challenge [9-12], aiming to gain
an in-depth understanding of the underlying processes through multimodal exper-
imental approaches [13-17] and detailed modeling [18,19].

Operando measurement concepts in catalysis combine catalytic activity measure-

ments (gas composition and temperature analysis) with structural characterization
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(spectroscopic and scattering techniques) under industrially-relevant reaction con-
ditions, i.e., in the relevant working state of the catalyst. The latter is of particular
importance due to the dynamic behavior of catalytic materials, demonstrated in
various in-situ and operando studies [20-22]. In simplified terms, this means that
the chemical composition, surface or bulk structure, type and number of active
sites and defects, as well as electronic properties of a catalyst are strongly in-
fluenced by temperature, pressure, flow velocity, and composition of the reaction
mixture. Since structural changes on the atomic level also induce changes in chem-
ical properties, catalyst dynamics have a direct impact on catalytic performance.
Hence, it is crucial to derive catalyst structure-function relationships in relevant
and well-defined reaction conditions. This is where the field of operando measure-

ments separate themselves from ex-situ and in-situ ones.

Multimodal operando measurement concepts aim to combine multiple techniques
within the same reactor covering as much relevant information as possible on var-
ious space and time scales [13-17,23]. This includes the simultaneous application
of catalyst characterization methods that provide highly complementary infor-
mation and the combination with spatially-resolved measurement techniques to
address spatial heterogeneity within catalytic reactors. Spatially-resolved mea-
surements are implemented as a relatively common tool in operando catalysis re-
search, providing localized information throughout the entire catalyst bed [24-26].
Most operando reactor systems allow the measurement of catalyst properties in
a spatially-resolved manner. Concentration and temperature information are ob-
tained at both the reactor in- and outlet. One example is the standard quartz
Capillary Micro-Reactor (CMR). The small sample sizes of CMRs, typically less
than 1.5 mm diameters, make this reactor system compatible with various X-ray
characterization tools [27-30] and almost universally applicable to study small
powder samples. Larger reactor diameters (> 4 mm) are predominantly applied
in operando studies using high-energy X-rays [31-35]. High-energies are required
to provide sufficient penetration power to measure reliably through rather thick
reactor diameters. However, compared to CMRs, it is obvious that larger reactor
diameters provide a more realistic sample environment and also offer the oppor-
tunity to apply the capillary sampling technique developed by Horn et al. [36,37].

Here, a sampling capillary runs through the center of the catalyst bed, allowing to



resolve concentration and temperature information along the catalyst bed. The si-
multaneous measurement of spatially-resolved gas composition, temperature, and
catalyst property profiles is referred to as operando profiling in this work. Nor-
mally, due to the high experimental complexity involved in the development of
appropriate operando profile reactor systems and implementation of operando pro-
file experiments, most studies measure either catalyst activity or catalyst property
in a spatially-resolved manner, hence addressing only one side of the chemical

system in a given experiment.

In the last decade, laboratory studies have demonstrated the strengths of operando
profile measurements using spectroscopic methods, e.g., Raman-spectroscopy [22,
38] and laser-induced fluorescence spectroscopy [39]. In these studies, measure-
ments are carried out in reflection mode or through spectroscopic fibers. The
use of synchrotron radiation and the versatile tools available at synchrotron light
sources could significantly expand the characterization portfolio of such experi-
ments, because measurements through rather thick reaction tubes in transmission
can be carried out. This technique has gained traction in the last decade, string
with the pioneer work conducted by Stewart et al. [40], in which X-ray absorption
spectroscopy (XAS), concentration, and temperature profiles through a powdered
catalyst bed under industrial conditions was simultaneously determined for the
first time. The applied heating technique has the drawback that a uniform heat-
ing along the catalyst bed cannot be achieved, as described by Newton et al. [41].
This is especially problematic for larger reactors and sample sizes, because it can
result in unrealistic or unrepresentative structural and chemical gradients due to
non-uniform process conditions. To date, there is still a lack of kinetically well-
defined and established operando profile reactor systems at synchrotron radiation
sources, which can be considered untapped potential with respect to operando
catalysis research.

The aim of this work is the extension of the operando profiling methodology with
powerful synchrotron-based characterization methods by a proof of principle and
highlighting their potential at the same time. For this purpose, a catalytic profile
reactor setup in lab-scale was developed that allows the simultaneous acquisition
of local catalyst activity and structural information by means of synchrotron-based

X-ray techniques in transmission mode. The new operando profiling methodologies
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were developed for XAS and X-ray diffraction and validated using the oxidative
dehydrogenation of ethane to ethylene (ODH) over a supported molybdenum ox-
ide catalyst as a test reaction system. The chosen chemical system shows distinct
catalyst dynamics in color, performance and structure as well as structural re-
versibility as a function of the reaction environment. Furthermore, the system
combines the advantages of being relatively well understood, having a comparably
low degree of complexity due to only one transition metal of interest, and easy
to handle gas phase species. While the system serves as a model system, gaining
a fundamental understanding of different oxygen species on selectivity along with
the development of highly-selective catalysts play a decisive role in optimizing

selective oxidation catalysis processes.



2 Theoretical Background

This chapter gives an overview of spatial profiling in operando catalysis research
and the methods used in this thesis. Firstly, an introduction to heterogeneous
catalysis with a focus on Oxidative Dehydrogenation (ODH) of hydrocarbons is
given. Thereafter, the state of the art of profile reactors for catalyst activity pro-
filing and operando structure-activity profiling are reviewed. Subsequently, syn-
chrotron radiation sources are introduced, followed by explaining the fundamentals
of synchrotron-based X-ray Absorption Spectroscopy (XAS) and X-ray Diffraction
(XRD). Finally, details on Gas Chromatography (GC) and Mass Spectrometry
(MS) are briefly described.

2.1 Introduction to Heterogeneous Catalysis

In heterogeneous catalysis, the phase of the catalyst differs from the phase of
reactants and products. In this section, the focus lies on gas-solid phase reactions,
where the catalyst is present in the solid phase while the reactants and products
in the gas phase, due to its relevance in this work. Heterogeneously catalyzed
reactions play a key role in the economic and ecologic efficiency of many industrially
relevant processes [1,3,7,42]. Catalysts that contain transition metals are utilized
for the production of fuels, energy carriers, and important base chemicals [42]. For
instance, in the Haber-Bosch process the hydrogenation of nitrogen to ammonia is
catalyzed by iron oxide catalysts [42,43], in the Ostwald-process Pt-Rh catalysts
are used for ammonia oxidation to form nitric acid [42,44], in steam reforming
Ni catalysts are applied to produce synthesis gas [42,45], from which methanol
is generated using Cu catalysts [42], and in the contact process sulfuric acid is
produced by V-oxide catalysts [42]. An overview of the reactions of these processes

is given in Eq. 2.1 — 2.5.
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N, + 3 H, = 2 NH; (2.1)
ANH; + 505 — 4NO + 6 H,0 (2.2)
CH, + HyO == CO + 3H, (2.3)
CO + 2 H, — CH;0H (2.4)
250, + Oy = 2504 (2.5)

The above-mentioned reactions are carried out in catalytic fixed-bed reactors.
In this type of reactor, a solid catalyst remains fixed in space and the reaction
mixture flows through and around the catalyst. The catalyst can either be in the
form of particles, which are randomly packed into a catalyst bed, as is the case in
steam reforming over supported nickel catalysts, or structured, as in the case of
gauzes applied in ammonia oxidation [3,42]. There are various modifications to
fixed-bed reactors to suit the individual process requirements that overall aim to
maximize the target variables conversion, selectivity, and yield under safe process
operation. For instance, multitubular reactors are used for strongly exothermic or
endothermic reactions, enabling a high rate of heat removal or supply, or fluidized

bed reactors that allow removing the catalyst for regeneration from the reactor.

To design a fixed-bed reactor the rate law must be derived from experimental
observations. The rate law is a mathematical description that correlates the reac-
tion rates of reacting species with the reaction conditions (temperature, pressure,
species concentration, catalyst). The rate law allows us to obtain the design equa-
tion, which expresses the reaction rate of component i as a function of conversion
(-r; = f(X)), that is required to size any reactor [46] (Eq. 2.6).

1, Meat 2.6
71 E) ca mcat dt ( )

The presence of strong concentration and temperature gradients as well as trans-
port effects within catalytic reactors result in a varying reaction rate with the po-
sition in the reactor. In order to obtain the pure rate law of a catalytic reaction,
kinetic measurements are performed in laboratory kinetic test reactors that pos-

sess a well-defined mixing behavior and reaction conditions. Furthermore, good
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contact between catalyst and gas phase reactants, as well as the absence of trans-
port effects, must be ensured [3,47,48]. A common kinetic test reactor is the
differential plug flow reactor, which is often used in high-throughput screening
experiments [4-6]. The latter, as their name implies, are measurement concepts
consisting of a large number of test reactors, designed to screen the performance
and deactivation behavior of catalysts as a function of operating conditions. In
this way, the best catalyst is selected from several hundred catalytic materials.

However, a major drawback of this catalytic testing approach, also known as
the “black box approach”, is that only the reactor in- and outlet flows are cor-
related. The catalytic processes occurring within the fixed-bed remain hidden,
leaving a lack of fundamental understanding of the actual processes inside the re-
actor. Therefore, new measurement concepts and research reactors are developed,
aiming to resolve the strong gradients inside the catalytic reactor under operation,
introduced in Subsection 2.2.1.

Further, complex experimental concepts come strongly into focus which combine
catalyst activity with structural investigations of the catalyst, known as operando
measurements (Subsection 2.2.2). By using operando methodologies, the reaction
mechanism or catalyst dynamics can be analyzed in response to temperature, total
pressure, or composition of the reaction mixture. Nowadays, the importance of
catalyst dynamics is widely known and the subject of modern catalysis research,
aiming to unravel the structure-activity relations of catalysts. The rather dynamic
behavior of catalysts applied in selective oxidation catalysis research for producing

olefins and proposed reaction mechanisms are part of the next subsection.

2.1.1 Oxidative Dehydrogenation of Alkanes

Light olefins such as ethylene and propylene are base chemicals, which are con-
sidered as basic building blocks in the manufacture of important chemical prod-
ucts [49,50]. The main process for the production of ethylene and propylene is
steam cracking of hydrocarbons [51,52]. The process consists of several steps, in-
cluding the mixing of a hydrocarbon feed with steam, then heating the mixture
for milliseconds to around 850 °C, followed by rapid cooling of the mixture [51,53].

The strong heat treatment splits or “cracks” the hydrocarbons into smaller compo-
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nents. Steam cracking is carried out in large tubular reactors heated by furnaces,
called steamcrackers. Conventional hydrocarbon feedstocks are fossil naphtha or
natural gas. [51,53]

Steam cracking is one of the most energy-intensive processes in the chemical
industry due to the highly endothermic nature of the thermal cracking and the
high process temperatures required for operation [54]. The high temperature is
realized by burning fossil fuels. This, in addition to the fossil-based feedstock
inputs, makes stream cracking responsible for more than 300 million tonnes CO,
global emissions per annum [55]. Under consideration of reaching the goals of the
Paris Agreement for climate neutrality of the European Union by 2050 [56], the
replacement or modification of existing energy and fossil raw material intensive
processes such as steam cracking is crucial for the chemical industry.

Strategies to replace fossil feedstock inputs with renewable or recycled feedstocks
are planned, as well as to implement a more sustainable energy supply of steam-
crackers [55], currently tackled by a cooperation of BASF, SABIC, and Linde for
the development of electrically heated steam cracker furnaces [57]. When electric-
ity is generated from renewable sources, the new technology has the potential to
reduce COy emissions by as much as 90 % [57].

A more selective alternative route of olefin production, compared to thermal
catalytic cracking applied in steamcrackers, is the direct catalytic dehydrogenation
of alkanes [51,58,59].

CnH2n+2 — CnHQn + H2 (27)
0 0
_RT ln Kp — AGCnHQn - AG nH2n+2 (2.8)
However, alkanes are very unreactive and as is the case for cracking reactions,
also alkane dehydrogenation reactions are endothermic reactions. The thermody-
namic equilibrium is on the alkane side at low temperatures which induce the need
of high process temperatures for obtaining economically attractive olefin yields. By
introducing a hydrogen acceptor such as oxygen the dehydrogenation reaction be-
comes strongly exothermic, reducing the energy required in operation, and further

shifting the thermodynamic equilibrium far to the alkene side, which allows to con-
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sider the reaction as irreversible [58]. Additionally, the presence of oxygen largely

eliminates coke deposition [58]. This catalytic reaction is known as ODH (Eq. 2.9).

CnH2n+2 + 05 02 : CnH2n + HQO (29)
—RTIn K, = AGY, y, + AGY,0 — AGY (2.10)

nHanyo

ODH processes are not industrially implemented yet. Besides facing technical
challenges related to the process, e.g., temperature control at high heat formation
rates, sufficient heat removal to prevent run-away, flammability and explosivity
of the hydrocarbon-oxygen mixture, severe constraints are imposed for producing
alkenes selectively [58,60,61]. To illustrate this point, a reaction mixture of hy-
drocarbons mixed with oxygen provides a complex network of possible consecutive
and parallel reaction pathways, forming oxygenates as aldehydes, acids, or total
oxidation products. Concerning the ODH of ethane to ethylene, used as a test
reaction in this work, the direct oxidation of ethane or further oxidation of ethy-
lene is likely to occur, both reducing ethylene selectivity. Especially, due to the
higher reactivity of ethylene compared to ethane, consecutive reactions of ethylene
are prone to take place. Ethylene is an intermediate, obtained by kinetic control,
since thermodynamics favor carbon dioxide and water formation. Therefore, cat-
alysts that are tailored for accelerating the desired reaction pathways, i.e., the
abstraction of hydrogen to form alkenes (k;) as target product, and at the same
time hinder other pathways towards oxygenates or carbon oxides (ks, k3), plays a

decisive role for process efficiency, simplified illustrated in Figure 2.1 [58,59].

Figure 2.1: Simplified reaction scheme of ethane ODH.
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Transition metal or transition metal oxide catalysts based on Mo and V, sup-
ported on oxides of alumina, silica, and titania, have shown promising performance
in selective oxidation catalysis with distinct catalyst dynamics [51,62]. These cata-
lysts actively participate in hydrocarbon oxidation reactions and show considerable
changes in their redox states. The oxide ions in the catalyst lattice are in equilib-

rium with the gas phase oxygen, i.e., each having the same chemical potential [58].

Hechem,02 = Hchem,0—2 = lughem,Oz + RT lnpOQ (211)

A change in the chemical potential of oxygen in the gas phase induces a change

in the stoichiometric composition of the catalyst [58].

(metal:oxygen)oxiqe = f(P0,) (2.12)

Therefore, distinct oxygen concentration gradients along a catalyst bed affect
and directly change the structural composition.
In catalysis research, particular focus is given to the role of different oxide species
on catalytic performance, including lattice, catalyst surface, and bulk phase oxy-
gen [63,64]. A basic understanding of selectivity in selective oxidation catalysis
was given by Haber’s concepts of electrophilic and nucleophilic oxidation reac-
tions [64,65]. Here, reactions proceeding via initial oxygen activation result in the
formation of strongly electrophilic oxygen species that attack C-C bonds and favor
total oxidation reactions, whereas nucleophilic oxidation reactions start with hy-
drocarbon activation favor selective hydrogen abstraction and nucleophilic oxygen
insertion [65]. Mars-Van Krevelen (MVK) proposed a mechanistic description for
selective oxidation reactions over transition metal oxide catalysts [66], in which
all hydrocarbon reactions occur via lattice oxygen. In this reaction process, the
hydrocarbon molecule must first absorb on the catalyst surface. The catalyst pro-
vides lattice oxygen for hydrocarbon oxidation, which creates an oxygen vacancy
and in turn reduces the catalyst. The oxygen vacancy is refilled by gaseous oxygen
and thereby re-oxidizing the catalyst.

In this work, ODH of ethane was performed on a supported molybdenum oxide

catalyst. This catalyst possesses poor performance in terms of ethylene selectiv-

10
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ities, but presents a good model system for method development due to its dis-
tinct catalyst dynamics [22] and its reduced chemical complexity. The knowledge
obtained from this model system builds the framework to study more complex,
multi-element molybdenum oxide catalytic materials with outstanding catalyst
performance in selective oxidation catalysis [62,67,68]. A prominent example is

the M1 phase catalyst [68-70], consisting of an MoV Te oxide phase.

2.2 Profile Reactors in Heterogeneous Catalysis

The development of improved catalysts and catalytic processes requires knowledge
of the involved processes within catalytic reactors. Catalytic profile reactors have
been established to meet this challenge, allowing to resolve the strong gradients in
fixed-bed reactors. In this section, the current states of research in the development
and application of profile reactors for measuring spatially-resolved concentration
and temperature information along the catalyst bed as well as operando profile

reactors, that add structural information about the catalyst, are described.

2.2.1 Profile Reactors for Catalyst Activity Profiling

In order to follow the chemical evolution along the catalyst bed (e.g., concen-
trations of reactants, intermediates, products as well as temperatures), spatial
resolution techniques have been developed [24,25]. Compared to the black box ap-
proach, the accessible information content in the catalytic process is significantly
enlarged by using spatially-resolved measurement techniques. To illustrate this
point, inlet and outlet concentrations measured in the black box approach provide
a single kinetic data point for a set of reaction parameters, whereas spatially-
resolved approaches scan over a broad range of kinetic data points within one
experiment.

To obtain spatially-resolved reactor data novel reactor concepts such as the
Zapfstellenreaktor [3] were developed. These novel reactor concepts are capable
of measuring the gas composition and temperature information at discrete points
along the catalyst bed. The gas samples are withdrawn through a fixed number of

lateral sampling ports (typically less than ten). The same sampling ports allow to

11
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insert a thermocouple for obtaining local temperature information. Major draw-
backs of the Zapfstellenreaktor are the fixed and low number of sampling points,
often resulting in insufficiently resolved axial gradients in between the sampling
points. Furthermore, gas samples are taken close to the reactor wall, a region that
is affected by flow channeling in packed beds due to higher void fractions as well
as by heat transfer processes to the reactor walls. As a consequence, sampled gas
compositions are not representative of the radially averaged gas composition at
the actual bed position [3].

To overcome the drawbacks of the Zapfstellenreaktor, Horn et al. [36,37] devel-
oped the capillary sampling technique which allows us to measure species profiles
with significantly higher resolution in addition to taking gas samples from the
center of the catalyst bed. A schematic representation describing the working

principle of the capillary sampling technique is shown in Figure 2.2.

(D Front heat shield

(2)Sampling orifice

(3)Catalyst bed
(@) Back heat shield

(&) Thermocouple

(6) Connection to MS

(7) Sampling capillary I ~®

Figure 2.2: Working principle of the capillary sampling technique developed by
Horn et al. adopted from [36].

In this case, a small orifice is drilled into a capillary. Through the orifice,
gas samples are continuously extracted and analyzed by various analytical de-
vices like gas chromatography [71], MS [36], and Fourier-transform infrared spec-
troscopy [72]. The capillary and thus the orifice is positioned at any axial position

within the catalyst bed with um resolution through the centerline of the catalyst

12
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bed by using a translation stage [36]. The diameter of the sampling orifice is a com-
promise between spatial resolution, the sampling flow rate, and the transfer time to
the analytical instrument. A thermocouple [36] or pyrometer fiber [71,73] located
within the sampling capillary, tip-aligned with the sampling orifice, enables the
simultaneous measurement of gas phase or solid phase temperature profiles. No-
tably, since the profile technique uses a physical probe, i.e., the capillary within the
reactor, it is important to consider the invasiveness of the sampling methodology.
For example, by reducing the invasiveness on the hydrodynamic flow conditions
by adjusting a low sampling flow rate from the reactor. However, so far the usage
of physical probes located outside of the reactor provides no adequate alternative

for resolving species concentration and temperatures within fixed-beds.

The introduced profile methodology was the basis for the development of many
highly-specialized profile reactor setups and the founding of Reacnostics GmbH, a
spin-off from TUHH, in the working group of Horn. For example, a bench scale
profile reactor was developed, coping with extreme process operation conditions
up to 1300 °C and up to 45 bar, for investigating the Catalytic Partial Oxidation
(CPO) of methane to synthesis gas on different randomly packed or shaped cata-
lysts, among other reactions [73,74]. Another profile reactor setup in bench scale
was developed, tailored for studying ammonia oxidation under industrial condi-
tions as part of the Ostwald process [75]. Here, profile experiments were combined
with detailed CFD simulations for gaining a deeper understanding of the mea-
sured phenomena. The capillary sampling technique was further adopted to other
profile reactor systems at Queen’s University Belfast and Karlsruhe Institute of
Technology (KIT). At Queen’s University Belfast the Spatially Resolved Capillary
Inlet Reactor System for Fixed Beds (SPACI-FB) was developed. Spaci-FB is a
laboratory-sized profile reactor, whose working principle was demonstrated by the
oxidation of carbon oxide promoted by hydrogen over a Pd catalyst [76-78]. This
principle of the spatial profile measurement technique with the Spaci-FB reactor
is similar to that described earlier in this subsection. The main difference is that
the catalyst bed is translated vertically, instead of a roto-translational movement
of the capillary, illustrated in Figure 2.3. The probe volume, formed by sampling

orifice and thermocouple, remains fixed in space. The reactor tube containing

13
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the catalyst bed is shifted laterally along this probing volume with micrometer

resolution.

fixed bed sampling orifice

Eaginy F, . .
(out) m
therlnocouple sa p“ng Caplllary

.

. . .

movable reactor tube

B —
R —

—
B —
B —

Figure 2.3: Working principle of the spatial profile measurement technique by
moving the reactor tube while the capillary and thereby the sampling orifices remain
fix in position. F denotes the molar flow rate of a chemical species in the reaction
mixture.

One drawback of this reactor design involves the use of hot air blowers as heating
systems. Even though the applied hot air blower was equipped with a specially
designed nozzle [77], Newton et al. demonstrated that uniform heating along the
catalyst bed employing hot air is difficult to achieve [41]. This is especially prob-
lematic with larger reactors and sample sizes, and can feasibly result in unrealistic
or unrepresentative chemical gradients due to non-uniform process conditions.

A further example for lab-scale profile reactor setups was introduced by Serrer
et al. [79] from KIT to study axially resolved profiles of gas phase composition
and temperature along a Ni/y-Al;O3 and a NiFe/~-AlyO3 catalyst during carbon
dioxide methanation. Here, the combination of local temperature and gas com-
position analysis revealed a hotspot in the first-third of the fixed-bed, which led
to CO formation as an undesired by-product. To achieve uniform heating of the
catalyst bed, an oven unit encloses the fixed-bed. However, the reactor design
is not tailored for flexible and fast setup assembly. This aspect was tackled by
Reacnostics GmbH who introduced the Compact Profile Reactor (CPR) onto the

market, capable of simultaneously measuring spatially-resolved gas composition
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2.2 Profile Reactors in Heterogeneous Catalysis

and temperature information through catalytic fixed beds. As the name implies,
the CPR design is tailored to provide a compact as well as integrated profile re-
actor in laboratory size, enabling flexible and straightforward reactor integration
for various applications. The CPR is already widely used in various research fa-
cilities and applications. A pioneering example for studying and further revealing
new insights into the complex reaction mechanism of iron-based Fischer-Tropsch
synthesis by concentration profiles is shown by Wolke et al. [80]. The application
portfolio was further extended to liquid phase reactions in the master thesis of
Andrés Aquino from TUHH [81], who studied propylene epoxidation to propylene
oxide on titanium silicalite (HPPO-Process).

Overall, spatial gradients resolved by the profile measurement technique by Horn
et al. provide valuable kinetic and mechanistic information about the reaction un-
der study. In combination, several studies demonstrated the particular synergy
effects between spatially-resolved catalyst activity data and theoretical investiga-
tions through the development and validation of more detailed models and CFD
simulations [75,82,82,83]. Such detailed theoretical models of a reaction system
give, for instance, insight to why there is a change in the performance of a cata-
lyst and are therefore essential for gaining a deeper understanding of the actual
processes within fixed-bed reactors.

The measurement of catalyst performance via spatially-resolved gas phase com-
position and temperature analysis, described to this point, considers only one part
of the chemical system. Since catalytic performance and structure are insepara-
bly linked, the simultaneous measurement of catalyst structure-function relations
represents a promising approach for revealing complex reaction mechanisms. Such
measurement concepts require highly-specialized reactor setups, which is the focus

of the next subsection.

2.2.2 Operando Profile Reactors for Structure-Activity
Profiling

The field of in-situ and operando research evolved to answer challenging questions
about the interplay of the chemical evolution and the catalyst structure [9-12].

Questions that can be answered using these techniques are: How do change cat-
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alysts their structure according to local reaction conditions, how do structural
changes influence catalytic performances, and how can catalytic processes be sys-
tematically optimized for a given application.

The terms in-situ and operando have no clear definition. In this work the terms
are defined as follows: in-situ measurements comprise experiments that are con-
ducted in specific atmospheres different from the reaction, e.g., switching between
artificial oxidative or reductive gas atmospheres such as oxygen or hydrogen in
nitrogen. Here, structural changes in the catalyst are induced and measured, and
at the same time, the gas atmosphere and temperature are precisely monitored.
In contrast to in-situ, operando experiments cover the simultaneous measurement
of catalyst performance and catalyst structure during industrially relevant and
kinetically well-defined reaction conditions. In other words, operando experiments
represent a holistic approach to study the chemical system in its relevant work-
ing state by revealing structure-activity relations of interest for the process under
investigation.

In the last two decades, operando research has been established as a substan-
tial field in catalysis research [8-12], going hand-in-hand with the development
of new operando reactor concepts that enable optical access to the reactor bed
for various characterization techniques combined with catalyst activity measure-
ments. Prominent examples of operando reactor concepts are reactor cells [84,85],
Capillary Micro-Reactors (CMRs) (ID < 1.5 mm) [29,86], larger tubular fixed-bed
reactors (ID > 4 mm) [31-35], and profile reactors [22,38-40] — all having unique
strengths and limitations. Hence, the choice of an appropriate operando reactor
strongly depends on the goals of the study, the requirements of the characterization
technique as well as the operating conditions of the process.

Reaction cells are typically designed for a certain or multiple spectroscopic,
scattering, or related catalyst characterization techniques and thus, are highly
specialized with rather no limit to the application of available techniques. Each
characterization technique captures certain information about a given chemical
system. Since catalytic phenomena occur on various space and time scales the
usage of different techniques, as well as their combination, is often preferred to gain
a deeper understanding. In most reaction cells, catalyst properties are obtained at

one measurement point within the catalyst bed, while the temperature information
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is measured close to the catalyst bed and gas compositions are analyzed at the
reactor in- and outlet flows. However, apart from the informative value of operando
data by using different characterization techniques, the quality of the data plays
a decisive role in deducing meaningful correlations of the system. Many reaction
cells are optimized towards the spectroscopic method, but are restricted to specific
reaction atmospheres (field of in-situ) and often kinetically ill-defined. The latter
results in non-uniform process conditions and can easily lead to falsified structure-

activity correlations [87].

The abovementioned limitations of many spectroscopic cells were overcome with
the development of CMRs, which have plug flow geometry. CMRs are widely used
in operando catalysis research [27-30]. The small sample sizes are heated via one
or two hot air blowers. Hot air blowers enable easy access to the reactor for
spectroscopic analysis and make high process temperatures up to 900 °C feasible.
Consequently, CMRs are compatible with diverse characterization techniques and
are therefore widely used with X-ray techniques at synchrotron radiation facilities.
A recent extension of the standard CMR setup is the aRCTIC setup [86], which
utilizes a rotatable CMR. By adding the rotation dimension hard X-ray tomog-
raphy measurements become feasible. Additionally, both systems allow studying
the catalyst in spatially-resolved manner, simply by moving the entire reactor
system in pum ranges along the catalyst bed. The increased information content
achievable in this way and the rather straightforward use of the CMR coupled
to spatial profiling and comparable operando profile reactor systems have led to
their implementation as a relatively common tool in operando catalysis research.
However, the small sample sizes of CMRs allow us to measure only the catalyst in
a spatially-resolved manner, while concentration and temperature measurements
are restricted to the reactor in- and outlet.

In this work, the simultaneous measurement of concentration, temperature, and
catalyst property information in a spatially-resolved manner is carried out, referred
to as operando profiling or spatially-resolved structure-activity profiling. Operando
profiling methodologies involve high experimental complexity. To illustrate this
point, such experiments require to insert a (moveable) gas sampling device (e.g.,
capillary sampling technique) in the catalyst bed, to make the reactor bed optically

accessible for various characterization techniques, and at the same time to enable
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well-defined reaction conditions of larger reactor diameters along the entire catalyst
bed. A comparison between typical reactor sizes applied in CMRs versus operando
profile reactors is illustrated in Figure 2.4. As a result of these demands on the
reactor setup, most studies measure either catalyst activity (see Subsection 2.2.1)
or catalyst properties in a spatially-resolved manner, hence addressing only one

side of the chemical system in a given experiment.

Capillary Microreactors ID < 1.5 mm

E, A(in) F, A(out)
Iy |

catalyst bed

w* spatially-resolved information: catalyst structure

Profile Reactors ID > 4 mm

Fainy Faour)
—_ | —
catalyst bed sampling capillary

% spatially-resolved information: gas composition, temperature,
catalyst structure

Figure 2.4: Typical sizes of CMRs (top) compared to operando profile reactor
systems (bottom). F denotes the molar flow rate of a chemical species in the reaction
mixture.

Few laboratory studies have demonstrated the strength of combined spatially-
resolved operando measurements, combining the profile measurement technique
developed by Horn et al. [36,37] with spectroscopic methods. A schematic overview
of this operando methodology is shown in Figure 2.5.

By placing spectroscopy fibers inside the sampling capillary, spatial concen-
tration, temperature, and spectroscopic reactor profiles were measured along the
centerline of the catalyst bed. Using this approach, spatially-resolved operando
Raman spectroscopy [22], pyrometry [71,73], and laser-induced fluorescence spec-
troscopy [39] were performed. An additional approach is to combine the profile
measurement technique with an electromagnetic probe located outside of the re-
actor. The CPR, introduced in the previous Subsection 2.2.1, is equipped with an

external optical window allowing to direct Raman light from the outside onto the
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Figure 2.5: Extension of the spatial profile measurement technique by measuring
localized structural information using spectroscopic fibers located inside the sam-
pling capillary to transmit laser light onto the sample, or by passing the laser/X-ray
beam from the outside on the sample through the reactor tube wall. F denotes the
molar flow rate of a chemical species in the reaction mixture.

sample through the reactor tube and collecting the reflected light on the same way
back. This measurement configuration is known as reflection mode and was carried
out to study propane dehydrogenation over gallium—platinum supported catalyti-
cally active liquid metal solutions [38]. The catalytic performance profiles showed
an enhanced deactivation of the catalyst at the end of the catalyst bed. Raman
spectroscopy complemented this observation by revealing an increased formation

of carbon deposits in this bed range.

The rather thick reactor diameters (4 — 6 mm Inner Diameter (ID)) applied
so far restrict spatially-resolved operando profiling to measurements in reflection
mode or using spectroscopic fibers. For measurements in other configurations
such as transmission mode an intense X-ray source is required, as provided by
synchrotron radiation facilities (see Section 2.3). Furthermore, the environment of
experts and the versatile tools available at synchrotron light sources significantly
improve the development of new measurement concepts. However, in addition to

the high experimental complexity, synchrotron studies have strict time constraints
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for setup assembly and performing the actual experiment, as well as usually limited

space for the accommodation of large setups at the beamline.

Therefore, a quasi-simultaneous or sequential approach to study CO, methana-
tion over Ni-based catalysts was used by Serrer et al. [79]. In this study, Serrer
et al. compared concentration and temperature profiles obtained in a lab-scale
profile reactor (Subsection 2.2.1) with local structural information obtained by
quick-XAS in a CMR. Similar reaction conditions were achieved in the two reac-
tor systems that differed in scale, heating concepts, contact times, and gas dosing
systems. However, in order to correlate reactive structure observations from mul-
tiple sources, it is optimal to conduct experiments under the very same reaction

conditions.

The SPACI-FB reactor system, introduced in the previous chapter, was extended
to SPACI-FB-XAFS and for the first time used to perform the simultaneous mea-
surement of XAS, concentration and temperature profiles through a powdered cat-
alyst bed under industrial conditions at the Diamond Light Source, UK [40]. The
combined spatial profile approach provided previously unobserved insights into
the nature of the promotional effect of Hy on the oxidation of CO. Related to the
heating system, also the SPACI-FB-XAFS system applies only one hot air blower
and thereby does not overcome earlier drawbacks of the SPACI-FB system (Sub-
section 2.2.1), resulting most likely in non-uniform temperature conditions and
thereby unrealistic or unrepresentative structural and chemical gradients [41]. To
illustrate the impact on data quality in operando profile experiments: For precise
catalyst structure-activity correlations, fixed-bed tubular reactors need to fulfill
plug flow behavior and the reaction temperature needs to be known along the
entire length of the catalyst bed, excluding the presence of significant radial gradi-
ents in temperature or concentration. In contrast, in kinetically ill-defined systems
with non-uniform process conditions resulting from channeling, bypass flows, dead
volumes or insufficient heat removal or supply, the kinetic parameters are non-
uniform. In turn, the catalyst sees different local reaction conditions and adapts
its performance and structure accordingly. Concentration and temperature infor-
mation are measured in the center of the catalyst bed, representing the values
for a given axial position in radial direction, equal to the X-ray technique that

produces radially averaged data at a fixed axial position. The presence of strongly
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varying local reaction conditions hinders obtaining meaningful data in operando
measurements. One further drawback of the SPACI-FB reactor system, as of other
contemporary reactor setups, is the number of individual parts, which need to be
assembled and integrated at the beamline.

In conclusion, utilizing the profile measurement technique combined with syn-
chrotron X-ray techniques is a promising approach to significantly expand the
characterization portfolio. The drawbacks of current setups stimulated the devel-
opment of a flexible spatial profile reactor setup for synchrotron measurements
using a more sophisticated heating concept, which was addressed in this work
by developing a synchrotron CPR in collaboration with Reacnostics GmbH and

experts from different fields.

2.3 Introduction to Synchrotron Light Sources

Synchrotron light sources are research facilities that represent a particular type
of cyclic particle accelerator used to produce intense X-rays, also known as syn-
chrotron light. The special characteristics of synchrotron light combined with the
dedicated research infrastructure found at synchrotron facilities provide a unique
tool for studying the structure of materials. To give the reader a clearer picture of
synchrotron radiation, the first Subsection 2.3.1 begins with a brief outline of the
properties and generation of synchrotron radiation.

At present, there exist more than 50 synchrotron facilities around the world.
The capabilities and constraints of the numerous synchrotron facilities differ and
depend on various technical factors. Since all synchrotron studies presented in this
work were carried out at the PETRA III synchrotron radiation source at DESY
(Hamburg, Germany), the following Subsection 2.3.2 describes the design and
functional principle of this synchrotron light source. A comprehensive overview
of the versatile subjects related to synchrotron light sources is beyond the scope
of this work. The reader is referred to [88] for obtaining information on different
synchrotron facilities worldwide or to the respective synchrotron website. Further,
specialized Journals such as the Journal of Synchrotron Radiation show the diverse
research landscape employing synchrotron radiation, and books as [89,90] provide

a detailed description of underlying physics.
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2.3.1 Synchrotron Radiation

Synchrotron-produced X-rays are a form of electromagnetic radiation with high-
energies and short-wavelengths, ranging from about 0.001 to 10 nm, corresponding
to energies of 124 eV to 1240 keV [91]. The range relevant for catalysis research
using synchrotron X-ray techniques covers approximately a few keV up to 100 keV.
The wide and tunable energy range combined with the unique properties of syn-
chrotron radiation has established a broad field of various spectroscopic, scattering,
and imaging techniques applied in catalysis research [92-94], enabling to study the
structure at atomic scale. Key interactions for this are X-ray absorption, as X-rays
provide sufficient energy to ionize atoms, as well as X-ray scattering since X-ray
wavelengths are on the order of interatomic distances.

The underlying physical principle that enables the production of synchrotron light
is that moving electrons emit energy as they change direction [89,90]. In syn-
chrotron machines, electrons are accelerated near to the speed of light and are
circulated in a synchrotron ring. As the extremely fast-moving electrons change di-
rection, the emitted energy is at the desired short-wavelength range. X-ray tubes in
laboratory machines or hospitals are able to produce short-wavelength radiation as
well. However, synchrotron radiation facilities generate X-ray beams that are ap-
proximately 10 trillion times brighter compared to laboratory machines [95]. The
brightness, as well as the flux, flux density, and brilliance, are interrelated quanti-
ties that are typically used for quantifying the quality of an X-ray beam [89, 96].
The photon flux describes the number of X-ray photons emitted per second, while
the flux density is synonymous with concentration or intensity, described by the
flux per unit area. The brightness of a beam describes the photon flux per unit
solid angle, which defines the cone in space into which the beam spreads out.
Hence, the brightness considers the angular divergence of the beam, whereas the
last quantity, the brilliance or spectral brightness, additionally takes into account
the beam size, defined as brightness per cross-sectional area of the beam.

photons

[Brilliance] = (2.13)

s-mrad?-mm?2 0.1 %
All quantities — flux, flux density, brightness, brilliance — are defined to as the
photons that fall within 0.1 % of the central photon wavelength. This wavelength
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or frequency range is described by the Bandwidth (BW) of 0.1 %, and thus consid-
ering monochromaticity of the beam. The brilliance, more specifically the product
of angular divergence and beam size, cannot be changed by optical means [96].
Therefore, the optimization of the brilliance represents the driving force behind
developing new synchrotron light sources, aiming to provide a maximum number
of X-ray photons of a specific wavelength concentrated on a sample per unit time.
New and major technical achievements have led to different synchrotron genera-
tions. There is currently the fourth generation synchrotron light source. The first

one of this generation is the European Synchrotron Radiation Facility (ESRF) in

photons

Grenoble, France, having a brilliance value above 10%! onotons
’ ’ s-mrad?-mm?2 0.1 %’

approxi-
mately 100 times brighter than its predecessor [95]. At present, a similar upgrade
is planned for the synchrotron radiation source PETRA III to IV at DESY [97].

2.3.2 PETRA IIl - Deutsches Elektronen-Synchrotron DESY

Synchrotron work was carried out at the PETRA III synchrotron radiation source
at DESY (Hamburg, Germany), a shared research center chiefly supported by the
Federal Government (90 %) and the city Hamburg (10 %) [98]. In the following,
the working principle of a synchrotron radiation facility is explained based on this
example.

PETRA III is the so-called storage ring, which is a closed tube maintained un-
der vacuum. The electrons are circulated for hours around the PETRA III ring
that has a considerable length of 2304 m [99]. This length makes PETRA III
the biggest storage ring in the world, and at the same time, one of the bright-
est storage-ring-based X-ray light sources, providing a brilliance greater than
102 photons [99]. Figure 2.6 shows an aerial view of PETRA III, de-

s-mrad?-mm? 0.1 %

noted in orange, as well as the three experimental halls, denoted in blue. The

experimental halls are ‘Ada Yonath’ (left), ‘Max von Laue’ (curved building in the
middle), and ‘Paul P. Ewald’ (right) [99].

Before electrons are injected and stored at a particle energy of 6 GeV in the
PETRA III ring, they undergo an injector chain consisting of several sections [101].
A schematic overview is shown in Figure 2.7, left. First, electrons are generated

in an electron gun and directed into a pre-buncher, which packs the electrons
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Figure 2.6: Aerial view of the PETRA III storage ring and the three experimental
halls at Deutsches Elektronen Synchrotron DESY, Hamburg, Germany. Picture is
adopted from [100](modified). Copyright: DESY, Britta Liebaug Illustration, Reimo
Schaaf Picture.

in “bunches”. The electron bunches are pre-accelerated to 450 MeV in a linear
accelerator, called Linac II. Subsequently, the electron bunches are stored in the
small storage ring PTA with a length of 29 m. In the final step, before the electrons
reach PETRA III, they are transmitted to a circular accelerator, known as the
booster ring DESY II. The booster ring has a length of 293 m and accelerates the
electrons to 6 GeV.

As the electrons move in the PETRA III ring, synchrotron radiation is pro-
duced whenever the electron bunches are transversely accelerated. In second-
generation synchrotrons, this was achieved by powerful bending magnets, while
third-generation sources such as PETRA III utilize special insertion magnet de-
vices as undulators. Synchrotron radiation used in this work is provided by un-
dulators [104] that are the most powerful generators of synchrotron radiation at
storage rings. Undulators are installed in the straight sections of the ring, which
are composed of small magnets of opposite polarity, forcing the electrons to follow
an undulating wave path. In this way, emitted X-rays from each bend overlap and
interfere, creating a highly brilliant beam by constructive interference at tuned
energies [101].

Radiation branches off the storage ring and enters experimental facilities, known

as beamlines. 26 beamlines (including inline branches) are distributed over the
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Figure 2.7: Overview of the DESY facility from electron generation, electron stor-
age and produced radiation from the storage ring entering specialized beamlines
(left) as well as of the main hutches in a beamline (right). Illustration, left adopted
from [102] (modified). Copyright: DESY, Britta Liebaug. Illustration, right adopted
from [103] (modified).

three experimental halls [105]. A beamline consists of the optics, experimental
and control hutches, aligned in a row (Fig. 2.7, right). First, the raw X-ray beam
provided by the undulators is refined in the optics hutch that comprises several
devices as monochromators, selecting a particular photon energy, and focusing op-
tics (i.eg. lenses, mirrors). Second, the experimental hutch provides space and
infrastructure to put the sample in the X-ray beam, including custom-designed
chambers and reactors for ex-situ, in-situ and operando experiments, as well as
different types of detectors. Third, from the control hutch sample positioning by
motors, beam alignment, and data acquisition are controlled.

External scientists can apply for beamtime to carry out experiments at allocated
beamlines at PETRA III twice a year (regular procedure). The application is in
form of a proposal that gives a detailed description of the experiment and its sci-
entific value for the community and society, reviewed by an external peer-review
panel. The choice of a beamline is determined by the experiment and the sci-
entific question to be answered since beamlines are highly specialized for certain
techniques. The next section describes two prominent synchrotron techniques of

relevance for this work.
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2.4 Synchrotron Catalyst Characterization

Techniques

There are various spectroscopic, scattering, and imaging X-ray techniques com-
monly established to analyze structural properties of the catalyst. Each technique
captures a certain information of the catalyst and the choice of the respective
technique highly depends on the scientific questions to be answered as well as on
the requirements of the given application. A comprehensive overview of devel-
oped synchrotron techniques is beyond the scope of this work. Hence, the reader
is referred to [16,89,92-94, 106, 107] for more detailed information on the wide
field of synchrotron techniques and related research. Prominent techniques are
XAS [108-111] and XRD [91,112,113]. Both techniques were used in this work

and are presented in the following subsections.

2.4.1 Fundamentals of X-Ray Absorption

XAS presents a versatile and practical technique for structural analysis of mate-
rials, applied in a wide range of scientific fields. From XAS spectra, information
on the chemical state, coordination chemistry, and on the local structure from
materials that possess long or no long-range order are obtainable. As the name
suggests, in XAS experiments X-ray photons are used to bombard a sample mate-
rial in order to probe the amount of absorption as function of energy. The X-ray
photons must be of a defined energy, which is changed to scan over a range of
approximately 1000 eV with sufficient resolution in energy (=~ 1 eV) [109]. This
requires an energy-tunable and intense X-ray source, making XAS a technique
which is preferable and often essential to perform at synchrotron radiation light
sources (see Section 2.3).

At specific energies characteristic for the elements in the material, an X-ray
photon is absorbed, known as photoelectric absorption [109, 110]. A simplified
schematic illustration of the photoelectric absorption event, exemplified for a Mo
atom with three shells (K, L, M), is shown in Figure 2.8. An incoming X-ray
photon is absorbed (i.e., destroyed) when its energy is equal or greater than the

binding energy of a core electron, causing the excitation or ejection of the core
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electron as photoelectron [109,110]. Core electron binding energies of Mo atoms
are listed in Table 2.1. For example, in order to liberate an electron from the
K-shell the incident X-ray photon must possess a minimum energy of 20 keV [114].
The energy difference between the X-ray photon and core electron is given to the
ejected photoelectron (E — Ey;,) [108,109].

M-shell

L-shell

ZN

Figure 2.8: A simplified schematic representation of the photoelectric absorption
event occurring at the K-shell of a Mo atom.

Table 2.1: Edge energies of shells in Mo atoms [114].

Shell Edge energy

K 19.9995
L, 2.8655
Ly 2.6251
Ly 2.5202

After the X-ray absorption event, the atom is in an excited state with a core
hole on the particular orbital present. The excited state decays typically within
femtoseconds because the core hole is refilled by X-ray fluorescence or the Auger-
effect [109,110]. X-ray fluorescence occurs when a core electron from a higher

energy shell drops into the core hole on the deeper energy shell, producing an

27



2 Theoretical Background

X-ray with a well-defined energy. For example, if the core hole on the Mo K-shell
is refilled by an electron from the L shell, the fluorescence energy of a K, line
is emitted. The Auger-effect takes place when an electron drops from a higher
electron shell and a second electron is ejected. In XAS experiments, absorption
can be quantified by all three effects [109, 110], while the focus in the following

section is on the first absorption event, as it was used in this work.

The physical quantity measured in XAS is the absorption coefficient p(E), which
expresses how many X-ray photons are absorbed by a sample material as a function
of X-ray energy. By measuring the incident X-ray energy (upstream of a sample)
and the exiting X-ray intensity (downstream of a sample), p(E) can be derived

according to Beer’s law [110]:

I = Iyexp #P) (2.14)

where Ij is the incident X-ray intensity, x is the sample thickness, and [ is
the transmitted intensity through the sample. This measurement configuration
is called transmission geometry, where commonly ion chambers are utilized as
detectors (Figure 2.9).

ly sample thickness x l4
C—

X-rays sample

Figure 2.9: Schematic of XAS measurements carried out transmission geometry.

p(E) has strong dependencies on the sample density p, the atomic number Z,

atomic mass A, and the X-ray energy £ [109].

pZ*
AE?

S (2.15)

The number of absorbing atoms present in a given sample thickness (i.e., den-

sity) is directly proportional to p(E). In order to compare p(E) between different
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elements, the normalized mass absorption coefficient p,,(E) is used. p,,(E) is

obtained by dividing p(E) with the density [110].
w(E
pm(E) = iE) (2.16)

The mass absorption coefficient y,, (E) is well tabulated for chemical elements [114],

illustrated in Figure 2.10 for Pt, Mo, and Ni as function of energy.
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Figure 2.10: Mass absorption coefficients for Pt, Mo, and Ni as function of energy,
emphasizing corresponding edge jumps [114].

One basic property of X-rays interacting with matter is illustrated by the smoothly
decreasing trend of ju,, with increasing energy (1 oc E73), i.e., X-rays become more
penetrating through materials with higher energies [109]. Due to the strong depen-
dence of p on oc Z* (Pt = 78, Mo = 42, Ni = 28), most elements have very different
i values, enabling to distinguish many elements. A sudden rise in pu,, occurs at
energies characteristic to the different elements. For example, Pt at 78.4 keV,
Mo at 20.0 keV, and Ni at 8.3 keV, corresponding to the onset of photoelectric
absorption at the respective K-edges [114]. In case of Pt, the three L-edges are
found additionally within the illustrated energy range (Fig. 2.10). The difference
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between the edge energies is large and varies strongly with the atomic number o

Z? [109]. Most elements can be measured with X-ray energies between 5 — 35 keV/,

making use of K-,

L-, and M-shells, depending on the atom type.

Figure 2.11 presents an experimental XAS spectrum of MoOj (prepared as pel-

let) measured in transmission geometry around the Mo K-edge (20,000 e¢V). The
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Figure 2.11: A XAS spectrum of MoO3 measured around the Mo K-edge energy.

absorption coefficient is shown as a function of the incident X-ray photon energy

over a scan range of 19,000 — 21,000 eV. The spectrum illustrates several common
features to most XAS spectra [110]. The features are described for MoO3 below.

1. The sudden and sharp rise in the absorption coefficient observed at 20,000 eV

is known as the absorption edge, i.e., Mo K-edge.

2. A small peak on the rising edge at 20,006 eV, denoted as edge feature.

3. Oscillations in the u(E) above the absorption edge (= 50 — 1000 eV from the

edge).

4. The pu(E) decreases smoothly as energy increases, (see Eq. 2.15), referred to

as the background.
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The term XAS comprises several different techniques, including X-ray Absorp-
tion Near Edge Spectroscopy (XANES) and Extended X-ray Absorption Fine
Structure Spectroscopy (EXAFS). The techniques refer to two different regions in
the spectrum, denoted in yellow (XANES) and blue (EXAFS) in Figure 2.11 [109,
110]. The transition between the two regions is smooth. While XANES cor-
responds to the region where low-energy photoelectrons are produced, EXAFS
refers to the region with high-energy photoelectrons. Both techniques have the
same physical origin, but contain different information. XANES describes the fea-
tures near or on the edge (19,980 — 20,050 V), allowing to determine the oxidation
state and coordination (e.g., tetrahedral coordination) of the absorbing atom, while
EXAFS describes the oscillations above the edge (20,050 — 21,000 €V), enabling
to deduce type, number, and distance of atoms surrounding the absorbing atom.
XANES cannot be described mathematically in a simple equation, as it is possible
for EXAFS [109,110]. In turn, XANES analysis is more straightforward compared
to EXAFS, allowing to fingerprint phases and oxidation states by comparing the
spectra of a sample to spectra from known reference compounds. For instance,
the shape and position of the absorption edge, as well as the heights and positions
of pre-edge peaks, are evaluated. Related to EXAFS, the energy-dependent oscil-
lations in the pu(E) value represent a characteristic interference pattern, obtained
by describing the ejected photoelectron from the absorbing atom as a wave. The
ejected photoelectron waves are scattered by neighboring atoms and the scattered
waves return to the original, absorbing atoms. As a result, the photoelectron can
interfere constructively and destructively with itself. The probability of absorption
(measured quantity p(E)) oscillates due to this constructive and destructive inter-
ference and is enhanced with constructive [109,110]. The obtained interference
pattern results from the sum of contributions from backscattered photoelectron
waves, which individually correspond to different types, numbers, and bonding
configurations of neighboring atoms. Therefore, the measured frequencies and
amplitudes yield a characteristic interference pattern for the structure of a mate-
rial, mathematically described by the function x(k), also known as the EXAFS
equation [110].
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kD?
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where k is the wavenumber, S? is the amplitude reduction factor, A(k) is the
mean free path, o7 the mean square radial displacement (thermal or static disorder
in the neighbor atom). Important structural parameters such as distance, num-
ber, and type of neighboring atoms are deduced from D;, the distance between
absorbing and neighboring atom, that influences the spacing (frequency) of the
oscillations. Further, from N;, the number of scattering atoms nearby, as well as
from the two scattering parameters f(k) and §(k), which depend on Z and thereby
on the type of the neighboring atom. N; and the scattering factors have impact
on the amplitude of the oscillation. For a more detailed derivation of the EXAFS

equation and meaning of the parameters the reader is referred to [110].

2.4.2 Fundamentals of X-Ray Diffraction

In heterogeneous catalysis, XRD is a prominent characterization method to de-
termine the average bulk structure on solid catalysts in powder form that possess
a long-range order, i.e., crystalline substances above a minimum crystallite size.
XRD analysis standardly includes the identification and quantification of crys-
talline phases in a mixture. XRD does not belong to the spectroscopic methodolo-
gies since diffraction is a geometric phenomenon, having signals measured as a func-
tion of angle compared to wavelength (or related parameters) as in spectroscopy.
XRD results from a fundamental interaction of X-rays with a crystalline material,
known as elastic scattering. As an incoming X-ray (electromagnetic wave with a
high frequency) interacts with an electron (charged particle) of an atom shell, the
electron starts oscillating with the same frequency. Through this oscillation the
electron itself becomes a source of electromagnetic radiation, emitting a spheri-
cal electromagnetic wave with the same frequency as the incoming wave [112]. In
short, incident X-rays are scattered elastically by electrons of atoms. Crystals have
an ordered arrangement of atoms in space, each having (several) electrons around
the nucleus, functioning as a scatterer respectively. The individual scattered waves

interfere constructively and destructively with each other, producing a character-
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istic interference pattern for a certain material. It is this interference pattern in
which the information of atomic spacing and positions is encoded. At constructive
interference, intense signals of the outgoing radiation in specific directions occur,

described by the fundamental law of diffraction, namely the Braggs’ law [91,112].

n-A=2-d-sin(0) (2.18)

where n is a positive integer number (1, 2, 3,..n), d is the spacing between
crystal lattice planes, @ is the Bragg angle, and A is the wavelength of the beam.
Figure 2.12 shows the derivation of Bragg’s law geometrically with a simplified

crystal structure in 2D and two incoming X-ray waves as green lines.
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Figure 2.12: Geometrical derivation of Bragg’s law adopted from [112] (modified).

Here, three lattice planes parallel to one another, having a crystal plane distance
d and five atoms each, are illustrated. The incoming X-ray waves, having the same
wavelength and being in-phase, are diffracted by two different lattice planes. The
angles are equal between the incident beam and the lattice plane as well as between
the diffracted beam and the lattice plane. Bragg’s law is fulfilled, i.e., constructive
interference occurs, when the path-length difference between the upper and lower
wave (2 -d -sin (f)) equals an integer multiple of the incident X-rays (n - \).

Since distances between atoms are in the order of magnitude of a few angstroms
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(1 A=1 =107 m), X-rays are required to determine crystal lattice structures via
diffraction. A crystal has a periodic arrangement of atoms in space and different
sets of parallel lattice planes, each causing constructive interference at a certain
angle. Noteworthy, a set of lattice planes is clearly defined in space by the so called
Miller indices [91,112].

A typical powder XRD pattern of a solid catalyst sample is shown in Figure 2.13.
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Figure 2.13: A typical XRD pattern of a solid catalyst sample showing several
Bragg peaks and ways of peak analysis.

The pattern shows the intensity of various diffraction signals referred to as Bragg
peaks (also called diffraction peaks, lines, reflections) as a function of the diffrac-
tion angle 26. Information can be deduced from the peak position, intensity, and
shape (e.g., peak width and profile) [91,112], marked in color in Figure 2.13. From
the position of each reflection the distance between parallel planes of atoms in a
crystal, referred to as the d-spacing according to Bragg’s law, as well as lattice pa-
rameters can be obtained. Shorter plane distances occur at larger angles and vice
versa. Peak intensities provide information on crystallinity as well as number and

type of atoms present on a given crystal plane set. A high crystallinity results in

34



2.4 Synchrotron Catalyst Characterization Techniques

narrow, intense peaks due to a high number of parallel, diffracting crystal planes
that enhance wave amplitudes at constructive interference. In addition to this,
the scattering power of a certain crystal plane set correlates with the number of
electrons, and thus with the number of atoms present on a crystal plane and corre-
sponding atomic numbers. Furthermore, from intensities, the amount of a certain
phase in a phase mixture can be revealed. Intensities are evaluated in two ways,
either using the peak height (maximum intensity) or, more precisely, the peak
area (integral intensity). Peak shapes, e.g., Gaussian, Lorentzian, Voigt, as well
as peak widths (Full Width at Half Maximum (FWHM)) tell us something about
crystallite sizes and defects, which are present in real crystal structures [91,112].
When the crystallite size becomes too low, materials are XRD amorphous and
contribute to XRD patterns through diffuse scattering, generating a background
signal without identifiable peaks. Phase identification is conducted by comparing
measured XRD patterns with references from databases, while phase quantifica-
tion is determined by comparing relative peak intensities or by fitting a calculated
XRD pattern to an experimental, known as Rietveld refinement.

In order to obtain an XRD pattern as shown in Figure 2.13, different experimental
geometries are feasible. Commonly applied experimental geometries are Bragg-
Brentano in reflection mode or Debye-Scherrer in transmission mode [91, 112].
The latter is further described due to its relevance in this work. In transmis-
sion mode, the X-ray beam passes through a powder sample with a defined and
fixed energy. Cone-shaped diffraction signals, known as Debye-Scherrer cones, are
obtained from the diffraction of the X-ray beam by the randomly orientated crys-
tals in the powder sample. In Figure 2.14 (left) two Debye-Sherrer cones (dy, da),
formed in transmission XRD, are illustrated. The diffracted signal is collected on a
large area detector, located downstream of the sample. The signals are observed in
the forms of several Debye-rings on the detector (Figure 2.14, right). The number
and position of the Debye-rings are characteristic to the material, corresponding

to the number and position of Bragg reflections shown in Figure 2.13.

For evaluating observed Debye-rings on the detector, the energy of incoming
X-rays and experiment geometry must be precisely defined, including positions in
space of the sample, beam and detector. For example, Debye-ring positions on the

detector depend on the distance between sample and detector, and ring shapes on
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Figure 2.14: Debye-Scherrer cones formed during transmission XRD (left) and
corresponding Debye-Scherrer rings measured on an area detector (right). Figure,
left adopted from [115] (modified).

the angular position of the beam to the detector surface, aiming to be orthogonal
to obtain circle-shaped signals.

For the interpretation of formed Debye-rings two concepts are in combination
beneficially to use: the reciprocal lattice and the Ewald sphere [91,112]. As the
name suggests, the reciprocal lattice is inversely proportional to the signal in real
space, providing an alternative view on the crystal lattice. The reciprocal lattice
consists of a number of Reciprocal Lattice Points (RLP) on a regular grid. The
advantage of this concept is the relation to the crystallographic planes and Miller
indices. Each RLP has a certain Miller index, which corresponds to a family of
crystallographic planes, and thus each representing a diffraction possibility. The
second concept is the Ewald’s sphere, typically being a sphere with a radius of %,
where A is the set wavelength of the X-rays in the experiments. The combination

of both concepts is illustrated in 2D in Figure 2.15.

As both concepts are combined, it allows to deduce the occurrence of diffraction
during a given experiment according to Bragg’s law. The criterion of Bragg’s law
is fulfilled whenever a RLP (other than the origin O) intersects with the circum-
ference (surface of the sphere in 3D) of the Ewald sphere [91,112]. By rotating the
incident beam with respect to the crystal and thereby the Ewald’s sphere around

the origin, all RLP will eventually fulfill the diffraction condition. Powder sam-
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Figure 2.15: The Ewald sphere in reciprocal space adoopted from [112] (modified).

ples consist of numerous crystallites of identical reciprocal lattices but randomly
oriented in space and with respect to each other. Hence, the signal appears as a
ring instead of a single point.

Since the size of the Ewald’s sphere depends on the wavelength applied in the
measurement, accessible Bragg peaks vary with the wavelength. Likewise, the
same Bragg reflection varies in its angular position in a XRD pattern (Fig. 2.13).
Since energies can be chosen flexible at synhcrotron radiation sources, compared to
lab-based X-ray instruments, powder diffraction experiments carried out at syn-
chrotron light sources often plot XRD data as a function of the length of the
reciprocal lattice vector q (A1), providing an independent scale [112]. In other
words, Bragg reflections occur at the same ¢ position, no matter at which wave-
length the measurement was conducted. The angular range can be converted into

q and vice versa, according to Eq. 2.19.

q= 4; - sin () (2.19)
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2.5 Gas Analysis

The qualitative or quantitative gas analysis of sampling streams is another impor-
tant task in catalysis research. Various analytical techniques are implemented to
analyze gas samples. The choice of the respective technique highly depends on the
research question and the requirements of the chemical system under study. In
this section, two of the most commonly used analytical techniques, GC and mass

spectrometry (MS), are briefly described due to their relevance in this work.

2.5.1 Gas Chromatography

GC is a common analytical technique to determine the composition of a gas mix-
ture by separating the compounds based on a different partitioning behavior be-
tween mobile and stationary phases. Among the various types of GC, in this
work, the term GC is referred to as gas-solid chromatography, where the mobile
phase is a gas and the stationary phase is a solid. The following subsection briefly
summarizes basic aspects related to this type of GC based on comprehensive lit-
erature [116-118]. A schematic representation of the basic instrumentation of a
GC is shown in Figure 2.16, consisting of a carrier gas, a sample injection port,
columns, ovens, heaters, detectors, and a data acquisition system.

The mobile phase, also known as the carrier gas, is an inert gas such as helium
or argon that serves the purpose of carrying the analytes through the columns.
In order to mix and carry the sample with the mobile phase, the sample must
be in a gaseous state. The gas sample is injected into columns, where the actual
separation process takes place due to different interactions of each component with
a stationary phase.

Capillary columns have been established as the predominant column type, con-
sisting of a long open tube (& 15 — 100 m, ID 0.1 — 0.53 mm) made of fused silica
and coated with polyimide [119]. The stationary phase is immobilized on the inner
capillary tubing walls or supported onto a solid inert packing. The latter column
type, so-called Porous Layer Open Tubular (PLOT) capillary columns, is of rel-
evance for this work. The PLOT column has a porous layer of a solid material

(e.g., alumina, molecular sieves, Porapak) attached to the capillary inner wall that
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Figure 2.16: Schematic overview of the main components of a GC system.

serves as the adsorbent. PLOT columns are suited for separating light hydrocar-
bons, CO; and H,O based on differences in polarity as well as permanent gases
based on size (molecular sieves) [119]. The retention time of each component on
the column is determined by the strength of interaction and thus, by the structure
and functional groups of each component. By tuning physical column parameters
(internal diameter, length, stationary phase) and conditions (temperature and flow

velocity), the separation is optimized for a given process.

Detectors are used to measure the separated components eluted from the col-
umn. The time at which the detector signal is produced corresponds to the reten-
tion time (qualitative analysis), whereas the signal amount (peak area, intensity)
corresponds to the concentration of the compound. Widely established detector
types are the Thermal Conductivity Detector (TCD) and the Flammable Ion-
ization Detector (FID). The TCD measures the gas sample non-specifically and
non-destructively based on the difference in thermal conductivities between the
carrier gas flow (reference channel) and the eluent flow (sample channel), i.e.,

carrier gas mixed with the sample components. The channels are temperature-
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controlled cells with a heated filament placed inside. A temperature difference
between the filament and cell is adjusted in order to enable a heat flow from the
filament to the cell wall. Applied carrier gases have higher thermal conductivities
than most analytes. As a result, the heat flow rate is decreased in the sample
channel causing a higher filament temperature and a different electrical resistance
compared to the reference channel. The difference in resistance of the filaments is
often measured by a Wheatstone bridge circuit, producing a measurable voltage.
The voltage signal is proportional to the resistance difference in the channels and
thus, to the gas concentration. The chromatographic signal produced is in uV
as a function of time. The thermal conductivities of most organic and inorganic
compounds are different from the carrier gases (He, Hy, Ar), making the TCD a
universal detector for the detection of many different components.

One drawback of TCDs is their lower sensitivity up to ~ 1 ppm compared to other
detectors as the FID. FIDs provide large linear dynamic detection ranges up to
~ 1 ppb [120], but in turn, destroy the gas sample during analysis and restrict
the measurement to organic (C-H bonds) components. The operating principle of
FIDs is based on the generation and detection of cations. A hydrogen-air flame
is used to ionize the organic compounds in the gas sample stream. The formed
positive cations are attracted and collected at electrodes, called collector plates,
and produce a measurable current. This signal is amplified in an electrometer and
proportional to the number of molecules ionized, i.e., species concentration in the

gas. The obtained chromatographic signal is in pA as a function of time.

2.5.2 Mass Spectrometry

Another common analytical device to analyze the composition of gas samples are
MSs. In comparison to GCs, MSs have the advantage of significantly faster data
acquisition and higher flexibility. In MSs gas samples are separated and analyzed
according to the mass-to-charge ratio m/z. In general, the processes inside MSs
can be divided into four steps: In the first step, the sample is transferred into a
high vacuum chamber. Subsequently, the sample is ionized and then the ions are
separated according to their mass-to-charge ratio. Finally, the ions are detected by

an ion detector, recording the measured signal. In this work, a Hiden Analytical
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HPR 20 was used. Thus, the working principles of the basic components of this
MS are explained in this subsection. For a more detailed review of the various
types of MSs the reader is referred to [121-123].

In the Hiden Analytical HPR 20 gas is dosed effusively through a heated inlet
capillary into a vacuum chamber. The gas sample is subsequently ionized by elec-
tron impact ionization using a beam of high-energy electrons at 70 eV. The sample
molecules are bombarded with electrons with high kinetic energies, exceeding the
energy required for ionization of a species I F, resulting with a certain probability

P; in the formation of positively charged ions.

S+e — ST +2e (2.20)
Pz(E < IES) =0, ‘PI(E > IES) = fl(E)

In addition to the formation of singly positively charged ions, also ions with a
charge number z greater than one and fragmentation of molecules occur. For the
fragmentation of a molecule not only the ionization energy but also the dissociation
energy DIxy of a bond between two parts of the molecule X-Y needs to be exceeded

in order to generate the fragmented molecule with a probability Py [121].

XY +e - XT+Y 42 (2.21)
Py(E < IExy + DIxy) =0, Py(E > I Exy + Dixy) = fa(E)

Signal contributions of single charged, multiple charged, and molecule fragments
sum up to a characteristic fingerprint pattern of a species, which allows for iden-
tification [121].

The positively charged ions are accelerated by a focus electrode, directing the
ion stream toward a mass separation filter. In the case of the Hiden Analytical
HPR 20 a quadrupole mass filter is used. Quadrupole mass filters are composed
of four hyperbolic or cylindrical rods arranged in an equidistant, quadratic order.

A potential composed of a direct current DC voltage U and radio frequency RF
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voltage V is applied to the rods. Two opposing rods form a pair to which the same
potential is applied, while the antipodal potential is applied to the second rod pair

as shown in Figure 2.17.

Figure 2.17: Cylindrical rod pairs with antipodal potentials forming a quadrupole
mass filter, adopted from [121] (changed).

The rods form an oscillating field, which interacts with the positively charged
ions, resulting in a helical flight path of the ions through the quadrupole. Only
ions with the correct mass-to-charge ratio m/z for a given applied potential have

a stable trajectory and thus, pass the quadrupole [122].

After separation, ions passing the quadrupole are detected in the Hiden Ana-
lytical HPR 20 using a Faraday cup. A Faraday cup is composed of a conductive
metal, the so called collector electrode, that is connected to an amplifier with a
high impedance using a large feedback resistance. The ion beam, which passes
the quadrupole and hits the Faraday cup, charges the collector electrode, and re-
sults in a voltage drop across the resistance directly proportional to the amount
of ions hitting the detector. This voltage is measured to provide the signal of the

MS [122]. Due to the direct proportionality of the measured voltage and thus, the
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resulting signal, Faraday cups provide stable signals, but come at the cost of slower

response times compared to other alternatives like secondary electron multipliers.
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3 Materials and Methods

In this chapter the material and methods used in this work are introduced. First,
catalyst synthesis is described followed by an overview of the experimental setup
used for measuring spatial gradients inside fixed-beds. In the next sections details
on catalytic activity investigations as well as kinetic modeling are given. The used
operando profile methodologies (XAS and XRD) are presented individually in two
subsequent sections, each including a description on a general methodological ap-
proach, setup integration at the respective beamline, gas analysis, experimental
details of conducted profile measurements, and data evaluation. Finally, pro-
cedures for gas quantification and deriving the target variables (conversion and

selectivity) are described.

3.1 Materials

In this section preparation of the catalyst material and gases utilized in this work
are given. It should be emphasized that catalyst synthesis was conducted by

Christina Laarmann who is working as chemical-technical assistant at TUHH.

3.1.1 Catalyst Synthesis

The MoOj3 supported on v-Al,O3 catalysts were prepared by wet impregnation
according to [22]. Different target weight loadings of MoO3 were produced, com-
plying with the methodological requirements. Alumina spheres were provided by
Sasol with a diameter of 1 mm and a specific surface area of 160 m?/g [124]. The
spheres were crushed and sieved to the desired particle size, before impregnation
with the molybdenum precursor solution. As a molybdenum precursor Ammo-
nium Heptamolybdate Tetrahydrate (AHM) (NH,)gMo7O94 x 4 Hy0, 99.0 %) from
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Merck was used. The required mass of AHM was dissolved in deionized water at
a pH of 5.2. The support was impregnated with the precursor solution in 15 — 20
steps. The solvent was removed in a rotary evaporator (40 °C, 100 mbar, 5 h) in
between each impregnation step. After impregnation, the catalyst was dried at
120 °C overnight. Catalyst calcination was carried out in the profile reactor at a
maximum temperature in the range of 540 — 550 °C for 3 h in synthetic air flow,
prior to starting profile measurements.

Details on the utilized MoOj3 weight loadings and particle sizes are given in the

experimental details of the respective sections.

3.1.2 Gases

The gases listed in Table 3.1 were either used for the feed mixture, calibration or
gas analytics. Gas purity of the same gas type was kept uniform throughout all

experiments.

Table 3.1: Information about gases utilized for the reaction or gas analytic.

Species Purity Application
CyHg 3.5 reactant, calibrant
Os 5.0 reactant, calibrant
CyHy, CHy, CO, COq 3.5 product, calibrant
H, 5.0 product, calibrant
Ny, Ar, He 5.0 carrier gas (GCs),

internal standard, inert

3.2 Overview Experimental Setup

In this work, an experimental setup was developed to obtain spatial gradients inside
the catalytic fixed bed during ethane ODH over a MoOj3/v-Al,O3 catalyst. An
overview of the experimental setup is shown in Figure 3.1. The setup consisted
of four main parts: (i) gas dosing system; (ii) spatial profile reactor; (iii) gas

analytics, and (iv) characterization technique.
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Figure 3.1: Schematic overview of the main parts of the experimental setup used
for spatial profile measurements. (i) gas dosing system; (ii) spatial profile reactor;
(iii) gas analytics; (iv) catalyst characterization technique.

The gas dosing system comprised several thermal from the EL-Flow Select
Series by Bronkhorst High-Tech B.V (Fig. 3.1, i) that allowed to dose precisely the
feed mixture into the reaction tube. The feed mixture consisted of two reactants
(ethane, oxygen) and one inert component as diluent. Since the inert component
was additionally used as internal standard, the gas type varied depending on the
requirements of the applied gas analytic. An in-line filter was used to properly mix
the feed compounds before entering the reactor tube. In order to prevent bypass
flows the reactor and the reactor tube within were vertically mounted and the flow

was directed from top to bottom.

Spatial gradients inside the catalyst bed during the reaction were measured by
the CPR, developed by REACNOSTICS GmbH (Fig. 3.1, ii). The CPR utilizes
the capillary sampling technique to obtain local information within the catalyst
bed. The working principle of this technique is thoroughly described in Section 2.2.
A schematic overview of the inside of the CPR is presented in Fig. 3.2, illustrating

an enlarged view of the heating block which covers the reactor tube and contains
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a slit-shaped optical access window (Fig. 3.2, A), the reactor tube filled with the
catalyst bed and the sampling capillary in the center (Figure 3.2, B), as well as the
sampling capillary with the thermocouple located inside (Fig. 3.2, C). The green
line represents the incident laser or X-ray signal, aligned with the sampling orifice,

the thermocouple tip and the opening of the reactor block.
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Figure 3.2: llustration of the Compact Profile Reactor (CPR, left) and components
inside (A — C). This figure is included in an article submitted to [125].

The reactor tube had a length of 180 mm and was made of fused silica (Ilmasil
PN, QSIL GmbH). While the Outer Diameter (OD) was fixed to 6.0 mm, reactor
IDs varying in between 4.0 — 5.6 mm depending on the applied wall thickness. The
catalyst bed was packed inside the reactor tube and fixed in position with quartz
wool. A stainless steel sampling capillary (OD 700 pm, ID 520 pm) was placed in
the center of the catalyst bed. The capillary had four side sampling orifices (50 —
100 pm), illustrated in Figure 3.3. The sampling orifices were laser drilled and
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arranged with an angular offset of 90° at the same axial position (LaserMicronics
GmbH).

B stainless steel capillary

- By
sampling orifice

Figure 3.3: Photograph of a sampling orifice laser-drilled in a stainless steel sam-
pling capillary.

The sampling capillary was fixed in space while the reactor tube was movable,
allowing to probe a 6.0 cm long catalyst bed. Small gas samples were continuously
extracted through the side orifices and analyzed by GC or MS, (Fig. 3.1, iii).
In order to reduce the invasiveness of the sampling method on the hydrodynamic
conditions inside the reactor, sampling flow rates were controlled to approximately
5 % of the total flow rate by a gas control valve. A micrometering needle valve
(Valco Instruments Co. Inc. Vici AG International) was used, enabling precise
gas control in the range of 2 — 175 ml/min with a maximum tolerable temperature
of 315 °C. The needle valve could be heated and installed either in the sampling
or reactor outlet line, depending on the applied gas analytic, reaction conditions
(total flow rate, pressure, temperature, catalyst bed length, particle size), and the
size of the sampling orifices. Furthermore, for the actual profile measurements, gas
samples were taken against the flow direction, i.e., the catalyst bed was positioned
upstream of the sampling orifice, fixed in position, while the catalyst bed was
moved stepwise in the downstream direction. In this way, a constant total flow
rate upstream of the sampling orifice was guaranteed.

To ensure a uniform radial temperature profile for larger reactor diameters
(ID 4.0 — 5.6 mm), the reactor tube was heated via an oven. The oven was in

direct contact with the reactor tube and covered the reactor tube almost com-
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pletely, except for the optical access. Reaction temperatures up to 550 °C can
be achieved. The oven allowed further to heat a rather long catalyst bed in the
axial direction (maximum bed length 6 cm) and to heat the dosed feed mixture
to the desired reaction temperature before reaching the beginning of the catalyst
bed through a long preheating zone of 4 cm. Notably, two thermocouples were
installed, which are relevant for the reaction temperature in the catalyst bed. One
thermocouple controlled the heating block temperature, referred to the set temper-
ature (maximum 550 °C). The other one was located inside the sampling capillary,
with the tip aligned to the orifice, and thus in the center of the catalyst bed. In
this way, temperature profiles were measured in the center of the catalyst bed. A
sheath-thermocouple type K using Inconel as sheath material (OD 250 pm, TMH
GmbH) was used.

In addition to the reactor oven, a sophisticated and easily to handle heating
system up to 200 °C was implemented to prevent water condensation, ensure quick
setup assembly, and enable the usage of other chemical systems with condensable
compounds. The heating system included a heated reactor housing, transfer lines
(heating pipes, Hillesheim GmbH), sampling needle valve (heating jacket, Horst
GmbH), and analytical inlet systems.

Structural changes were measured by using catalyst characterization techniques
(Figure 3.1, iv), in this work, by means of XAS and XRD. X-rays were directed onto
the sample at the very same position as the sampling orifice and thermocouple tip.
In this way, the probe volume, formed by the sampling orifices, thermocouple, and
X-ray beam remained fixed in space while the reactor tube containing the catalyst
bed was shifted laterally along this probe volume with micrometer resolution. The
original CPR was designed for Raman-spectroscopy, allowing measurements in
reflection mode by directing laser light through the reactor tube onto the sample
and collecting the reflected signal on the same way back. In this work, the CPR
was modified to enable synchrotron-based measurements in transmission mode.

The experimental setup (i — iv) can be fully automated due to the CPR con-
trol system (REACNOSTICS GmbH). For example, flow rates, gas compositions,
including periodically modulated inlet concentrations, reactor positioning, tem-
peratures, and heating rates can be controlled. Furthermore, external triggers can

be used to start individual GC runs, or, during operando experiments, to trigger
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scattering or spectroscopic measurements at the beamline. A photograph of the

control surface is displayed in Figure 3.4.

COMPACT PROFILE REAC

Figure 3.4: Photograph of the reactor control surface.

3.3 Catalyst Activity Investigation

The ODH test reaction system was explored in a systematic catalytic performance
study through 38 concentration and temperature profiles measured under various
reaction conditions. For this purpose, three experimental plans were designed,
which are presented in this section. This part has been conducted by Diego Es-

pinoza and was firstly published in his master thesis as well as in [126].

3.3.1 Experimental Design Plans

The catalyst performance study can be divided into two parts. The first part con-
sists of one and the second part of two experimental design plans. The first part
investigates the influence of the main reaction parameters e.g., the effect of feed
concentrations (CoHg, O) and reaction temperature on catalytic performance.
Key objectives were to test for catalyst stability and reproducibility of the sam-
pling technique through the catalyst bed as well as to define scan ranges of the
aforementioned parameters. Based on the previous tests, the second part includes
two face-centered central composite design plans with each two factors. Both plans

include the variation of Oy feed concentration as a factor. The second factor is
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to test for variations in either CoHg or CoH, as feed component. Reactor tem-
peratures were varied in five steps from 480 to 530 °C for each hydrocarbon, but
were not included as a parameter in the measurement plan. The goal is to provide
the experimental basis for reliable profile measurements and the development of a
kinetic model (Section 3.4).

Before starting each profile run, the catalyst was pretreated to a reference state
for one hour in a mixture of O:inert = 20:80 at 480 °C. After that, the reactant
feed mixture was adjusted according to the experimental kinetic plan, and a time
of 90 minutes was given to reach steady state. Reaction temperatures were mea-
sured in the reactor heating block and in the center of the catalyst bed. Measured
temperatures in the catalyst bed are 10 — 15 K below the set temperatures de-
pending on the level of conversion. Temperatures in the heating block were used
as reference points in all measurement plans.

As described above, temperature and inlet compositions are variable parameters
in the design plans. An overview of the experimental parameters, maintained
constant throughout all profile runs per experimental design plan, are listed in
Table 3.2, divided into the design plans from the first and second experimental

part.

Table 3.2: Overview of the experimental parameters which are kept constant per
design plan.

Design plans 15 part CoHg 2% part CoHg 274 part CoHy
reactor tube diameter [mm] OD 6.0, ID 4.0 OD 6.0, ID 4.0 OD 6.0, ID 4.0
catalyst 30 wt% MoOs; 30 wt% MoO3; 30 wt% MoOs
support ~v-Aly O3 ~v-Aly 03 v-Aly O3
catalyst particle size [um] 200 — 400 300 — 400 300 — 400
catalyst bed length [mm] 30 32 32
total flow rate [ml/min] 30 30 40
pressure [bar] 1 1 1
maximum GHSV* [h™!] 4714 4399 5944

* measured at reactor outlet

Notably, due to a high CoH, reactivity, the flow rate was increased from 30 to

40 ml/min in the second experimental part for the CoH, measurement plan.
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15t part: An overview of the experimental plan is shown in Figure 3.5. Ten
profile runs were performed, including eight individual runs (P1 — 8) and two
replicates (R1 + R8). Inlet concentrations of Oy (factor 1) and CoHg (factor 2)
ranged from 7.5 to 12.5 % or 75 to 125 mbar, respectively. The temperature as
the third factor was varied from 480 to 530 °C in two levels.

replicate R8 run | vol%of wvol%of Tin°C
st { P8 ) C,He 0,
P1 |75 7.5 480
v P2 |75 12.5 480
5 (2 \M
X P3 | 125 7.5 480
£ 12.5
5 P4 | 125 12.5 480
-
g Ps | 7.5 7.5 530
£ P6 | 7.5 12.5 530
b3
= P7 | 125 7.5 530
o]
2 Pg | 125 12.5 530
) R1 7.5 7.5 480
R8 | 125 12.5 530

Figure 3.5: Schematic representation of the two-level, three-factor experimental
design plan with 23 = 8 spatial profile measurements. Factor 1: Vol% of O in the
reaction mixture from 7.5 — 12.5 %; Factor 2: Vol% of CoHg in the reaction mixture
from 7.5 — 12.5 %; Factor 3: Reactor target temperature from 480 — 530 °C. Reaction
conditions: 1 bar, catalyst bed length 30 mm, 30 ml/min.

274 part: An overview of all experiments performed in the second part is given
in Figure 3.6. The left picture shows 13 profile runs (P5 — 13) that were performed
to study the effect of Oy and CyHg. The four profile runs at the cube corners
(P5 — 8) were measured in the 1% part. To obtain the face-centered central com-
posite design, all axial measurement points projected on the surfaces (P9 — P12)
and the central point (P13) were measured in addition. Further, four replicates
of the central point (R13a — d) were made. Replicates were uniformly distributed
through the campaign to test for stable operation. The effect of CoHy was stud-
ied within 13 profiles (P14 — 22) and again four replicates of the central point
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(R18a — d). At the end of each measurement plan, four more runs were subse-
quently conducted at the central point at different temperatures 480, 500, 520, and
540 °C (T'13a — d and T18a — d), respectively. Concentration profiles were mea-
sured at 19 positions along the catalytic bed, with steps of 3 mm between sampling
points. A higher point density of 1 mm was used in the first 6 mm of the catalytic
bed in order to properly measure the initial rate of consumption/production of

relevant compounds.

(1)

g /P;o\ ( rs ) £ P22

= 12.5 . =125 .

£ replicates E replicates

15 lR13a-d 5 / R22a-d

© 3]

© m

= (5 rp;a £ o) 619

T h 3 S

\% temperature \O‘i temperature

S 75 runs T13a-d 3 75 runs T22a-d

1o

© 7.5 12.5 © 2.5 7.5
C,Hgin vol% of the reaction mixture C,H, in vol% of the reaction mixture

Figure 3.6: Schematic representation two three-level, two-factor experimental de-
sign plans with 32 = 9 spatial profile measurements. Factor 1: Vol% of O in the
reaction mixture at 7.5, 10, 12.5 %; Factor 2: Vol% of CoH,, in the reaction mixture
from 7.5, 10, 12.5 % (left) and 2.5, 5, 7.5 % (right). Reaction conditions: 530 °C,
1 bar, catalyst bed length 32 mm, CoHg: 30 ml/min; CoHy: 40 ml/min.

3.3.2 Gas Analysis via MS

The gas phase composition of the sampled stream was analyzed using a Hiden HPR
20 MS, equipped with a heated capillary inlet to prevent water condensation. A
Faraday detector, operating in Multiple Ton Detection (MID) mode, was used to
monitor the mass-to-charge ratios m/z listed in Table 3.3.

Signal contributions from other reaction components to peaks 27 and 28 were
corrected by subtracting the contributions of hydrocarbons and carbon dioxide to

these signals. Gas quantification via MS is further described in detail in Section 3.7.
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Table 3.3: Analyzed mass-to-charge ratios m/z used for gas analysis of the sampling
stream.

Species  Analyzed m/z-ratios

CyHy 27
CO 28
CyHg 30
O, 32
Ar 40
CO, 44

3.4 Kinetic model

Profile experiments presented in the previous section were used for developing a
kinetic model that predicts the species profiles in the oxidation zone of the reactor
correctly. The kinetic model development, including the applied reactor model, the
procedure of fitting complete reactor profiles, considered reactions, and assumption
in the MVK mechanism are presented in the following section. The content of this

section was also part of the master thesis by Diego Espinoza and published in [126].

3.4.1 Reactor Model

A 1D pseudo-homogeneous plug flow reactor with constant density, constant tem-
perature and constant pressure was modeled in order to perform parameter esti-

mation:

dC’L _ (Ri,net . pbad)
dz U,

(3.1)

Where C; is the molar concentration of component ¢, R; ¢ is the weight base
net rate of consumption / production of component i, pyeq is the bed bulk density,
z is the axial position along the catalytic bed and U, is the gas velocity in axial

direction. Finally, the net rate of species ¢ was determined by:

Ri,net = Z Vij - T (3-2)
J
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Where v;; is the stoichiometric coefficient of species ¢ in reaction j, and r; is

their respective rate.

3.4.2 Profile Data Fitting

The general fitting problem consists of solving a set of Ordinary Differential Equa-
tions (ODEs) derived out of Eq. 3.1 for all components involved in the reaction
system. Thus, in this work a Matlab script (Matlab®, v2019a) was developed to
perform an integral data analysis of the concentration profile measurements pre-
sented in Section 3.3. The Matlab script solved a set of ODEs with molar concen-
trations as response variables by an already implemented solver ode23s. Once the
ODEs were solved, the optimization algorithm lsqcurvefit was used to evaluate the
difference between the experimental data and the currently predicted data. The
optimization algorithm included a nonlinear fitting procedure according to Eq. 3.3
that calculated the difference between predicted molar concentration F'(p, pdata;)
and its experimental values cdata from the profile measurements. The goal was to

find the kinetic parameter p that minimizes Eq. 3.3.

mpin | F(p, pdata) — cdatal|; = n%inz (F (p, pdata;) — cdata;)’ (3.3)
p

Additionally, a constrained nonlinear optimization algorithm was applied in the
program in order to ensure that estimated kinetic parameters were non-negative
numbers. As soon as the algorithm found a reasonable solution, the optimization
stopped and the final values of kinetic parameters (fitting parameters) as reaction
order, pre-exponential factor and activation energies were obtained.

Initial guesses of pre-exponential factors and activation energies were important
in the fitting procedure because they allowed to find the global minimum of the
system instead of local minimum points. Activation energy guesses were obtained
from Arrhenius plots by using concentration profiles obtained from the tempera-
ture runs P14 — 17 (CoHg) and P27 — 30 (CyHy) in the range of 480 — 540 °C. The
experimental concentration profiles were fitted simultaneously as complete reactor
profiles in the developed script. In simple terms, each species concentration profile

included eleven data points measured through the catalyst bed (eleven distin-
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guished conversion levels). The optimization algorithm minimized in an iterative
process (predicted vs. experimental) the sum of squares of all data points within
one species concentration profile for five different species (CyHg, CoHy, CO, COq
and Oy) at four temperatures together (in total 20 profiles). Hence, the profile data
at 480 — 540 °C were not evaluated successively which as a result provided only
one set of fitting parameters. In the present work, the set temperature was used
for fitting the profiles but in principle it is possible to incorporate the temperature
profile in the fitting. This will be subject of further work.

In order to avoid parameter correlation between the pre-exponential factor and
activation energy of the Arrhenius equation, a reparametrized form of this equation

was employed.

—F (1 1

Where k,.; represents the specific reaction rate at the reference temperature

T,ey which for this study is represented as the average temperature in the range
of 480-540 °C.

—F
krey = Ao exp [R-T f] (3.5)

3.4.3 Mars-Van Krevelen Mechanism

In order to obtain a deeper physical insight into our reaction system, a MVK
approach was followed. The kinetic model developed in this work considers a set
of reactions presented in Table 3.4. The main reaction is the ODH of ethane to
ethylene (Reaction step 1). Additionally, the network includes the partial and
total combustion of ethane and ethylene to CO, as shown in Reactions 2 — 5.
Finally, the reoxidation of the catalyst by gas phase oxygen is taken into account
and represented by Reaction step 6. Here, the reaction constant is represented by
k;, the molar fraction of component i in the gas phase by y; and the fraction of
oxidized catalyst sites by 6,,. From a chemical point of view, the latter is defined
in the way that 6,, = 1 represents the catalyst in its fully oxidized state und
thus MoOs. Inversely, if the catalyst is reduced, corresponding to MoOs. Further,
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each reaction has two fitting parameters (4p and E,). In addition, Reaction 6
contains the reaction order n as fitting parameter, describing how sensitively the

reoxidation depends on the partial pressure of oxygen.

Table 3.4: Considered reaction steps in the MVK model for ODH of ethane.

Step Reaction equation Rate expression
1 CoHg + O =15 CoHy + HoO + 1 7y = kiye, i Bos
2 CoHg+50;, =25 2C0+3H0 + 51 1y = koyc, 11,000
3 OHe 470, =25 2C05 +3H0 + 71 13 = ksyc, 11, 0os
4 CoHy4+40, 25 2C0+2H0+41 1y = kaycy 1,000
5 CoHy+60; =25 2C05 + 2H,0 + 61 15 = ksyc, 1,000
6 14 0.5 Ogg) ~25 0Oy Fow = Koz, Ored

To derive the modeling equations for each one of the fitted components in Eq. 3.1,
the following assumptions were made in the MVK approach:

1. Only one active lattice oxygen species exists.

1 =05+ 0rea (3.6)

2. The catalyst is in steady state, meaning that the rate of catalyst oxidation

equals the rate of catalyst reduction. This can expressed by the following equation:

Ro:p = RRed (37)

By considering the aforementioned assumptions and the site balance equation,
the following equation for the determination of the oxidized sites coverage was
derived.

kox : y?)Q

0,, — 3.8
kom . y& + (]{31 + 5]€2 + 7]{33) Yoo, Hg + (4]64 + 6]{35) Yoo Hy ( )

3.5 Operando Profiling using X-Ray Absorption

The focal point of this work is the development of new operando profile methodolo-

gies that allow us to measure simultaneously local gas compositions, temperatures,
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and structural information of the catalyst. One of the developed measurement con-
cepts focuses on coupling spatial profiling with XAS. For this, experiments were
carried out at PETRA III, DESY using the photon beamline P64. This section
describes briefly the methodological approach (Subsection 3.6.1), setup integration
at P64 (Subsection 3.5.2), experimental details on the conducted profile measure-
ments (Subsection 3.6.3), gas analysis via micro GC (Subsection 3.5.4), as well as
XRD data reduction and analysis (Subsection 3.5.5).

3.5.1 Methodological Approach

This subsection aims to provide a brief overview of the methodological approach
for operando profile experiments using XAS. In contrast to catalyst activity inves-
tigation experiments (see Section 3.3), operando experiments were performed until
full conversion of gas phase oxygen. As in detail described in Section 3.2, the setup
comprised (i) gas dosing system; (ii) spatial profile reactor; (iii) gas analytic; and
(iv) characterization technique. More specifically with respect to the performed
experiment at P64, (i) three MFCs; (ii) synchrotron CPR-XAS; (iii) micro GC;

and (iv) XAS instrument with ionization chambers as detectors (Figure 3.7).

The CPR was modified to enable XAS measurements in transmission mode
(iv). For technical details on the reactor modification, the reader is referred to
Subsection 5.1.1. The XAS measurements were carried at the Mo K-edge around
20 keV during ethane ODH conditions and within one beamtime, allocated at
P64, PETRA III in October 2019 (Proposal No. 1-20190246). One of the main
challenges in absorption experiments was to measure a sufficient number of photons
downstream of the sample, and thus to ensure that enough photons transmitted
through the rather thick CPR reactor tubes. In order to fulfill this condition, the
weight loading of Mo on the catalyst as well as the wall thickness of the fused silica
reactor tube were optimized, having both strong influence on photon absorption. A
detailed description of requirements, considerations, and limitations for operando
XAS experiments with the CPR-XAS is presented in Subsection 5.1.2. For gas

quantification a micro GC was used (Subsection 3.5.4).
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reactor inlet gas sampling

i) MFCs l | > iii) micro GC
ii) CPR-XAS
X-
ber::{"' ly iv) XAS instrument
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reactor outlet

Figure 3.7: Schematic of the experimental setup used to measure temperature,
concentration and XAS profiles in transmission geometry by means of the modified
CPR-XAS system.

3.5.2 Reactor Setup Integration at Beamline P64

XAS spectroscopy has developed hand in hand with synchrotron radiation facili-
ties, resulting in commonly established beamlines dedicated to XAS experiments.
However, many material studies are carried out ex-situ or in much smaller setups
compared to the introduced catalytic profile reactor setup. Since beamlines have
usually limited space for the accommodation of large setups and a restricted num-
ber of gases simultaneously usable, technical compatibility of the CPR-XAS setup
and involved gases must be taken into consideration during the planning phase.
Beamline P64 enables EXAFS and QEXAFS experiments in the energy range of
4 — 44 keV and offers space and infrastructure to integrate the CPR setup. A

picture of the experiment is shown in Figure 3.8.

The beam height is fixed in space with 383 mm above the experimental table or
285 + 25 mm above a breadboard with an X95rail. The reactor was positioned
on the provided X95 rail with a specifically developed adapter system, tailored to

easily mount and align the reactor window with the beam position (Figure 3.9).
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1

Figure 3.8: Photograph of the experimental setup installed at beamline P64, PE-
TRA III.

a) reactor height adjustment b) adapter design

CPR .
‘ Adapter Plate 1
beam __ |

beam

»

XT95RC4/M %‘@'

==

Figure 3.9: Adapter system used to mount and align the reactor at beamline P64.
(a) Adjustment of the reactor window in height with the fixed position of the X-ray
beam. (b) Overview of adapter design components. Figure 3.9b is included in an
article submitted to [125].
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The adapter design comprised in total ten parts, one specifically designed adapter
plate built by the workshop of the TUHH, as well as nine parts purchased from
Thorlabs GmbH. The adapter plate had the function to adjust the reactor to
the proper beam height (Adapter Plate 1, Figure A.1. The Thorlabs parts were
compatible with the X95 rail and with the Adapter Plate 1. The Thorlabs parts
included three single-axis translation stages that each provided a travel distance
of 50 mm on the respective axis with high precision. In this way, a more flexible
reactor positioning was given at different beamlines and precise vertical position-
ing between the reactor sample window and the beam could be enabled by laser
alignment.

Noteworthy, the cooling plate of the reactor was mounted with a slight offset
on the reactor to match the openings in the cooling plate, reactor housing, and
heating block for X-ray transmission, illustrated in Figure 3.10. Since the adapter
design was mounted to the cooling plate, the sample position in the horizontal
direction shifted slightly by 10 mm.

67 mm

47 mm

SOLLSONDATE

cooling plate

Figure 3.10: New position of the reactor window in horizontal direction by mount-
ing the cooling plate on the reactor with a horizontal shift of 20 mm.

As denoted in Figure 3.8, P64 provides three ionization chambers, enabling
measurements of the sample and the reference spectra simultaneously. The reactor
was positioned between the first and second ion chamber and a reference sample

between the second and third.
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Gas infrastructure was available for flammable, toxic, oxygen, and inert gases
with stainless steel lines (OD 6 mm) and quick-connection valves from Swagelok
(product series QC4). Pressurized air was supplied with 6 bar by flexible tubing
and fitting connections from Festo. Cooling water supply at low pressures was of-
fered by a Julabo Chiller with quick-connectors (coupling series male-female, type:
NS4D22006). All connections, required to integrate the setup with existing quick-
connectors, were provided by the users. Furthermore, for experiments involving
gases, high safety standards (gas detectors, high air exchange in the hutch, effluent
gas) were ensured, as well as a gas dosing system, and gas analysis via MS was
provided upon request. To conclude, P64 is an adequate beamline for complex
operando experiments in the field of heterogeneous catalysis.

For further information on general specifications, optics (monochromators, mir-
rors), and the end station (detectors, measurement modes, control and data anal-
ysis) is referred to the webpage of P64, DESY [127].

3.5.3 Experimental Details

During the beamtime at P64, one profile run was conducted with the simultane-
ous measurement of spatially-resolved gas compositions, temperatures, and XAS
spectra.

The profile experiment was carried out with a 10 wt% MoO3/v-Al,O3 catalyst
and a particle size of 200 — 400 pm. In contrast, a 30 wt% MoOj3/~-Al,O3 catalyst
was applied throughout all profile measurements in this work. Additionally, the
catalyst was packed in a reactor tube with an ID of 4.8 mm. The wall thick-
ness was reduced from 1000 pm, applied in the catalyst performance studies, to
600 pm. Both parameters, weight loading of Mo and reactor tube wall thickness,
were chosen according to the results obtained from optimizing photon absorption
(Subsection 5.1.2).

Prior to recording the profile, several alignment steps were conducted. First,
the thermocouple tip was aligned with the sampling orifice. Second, alignment of
the X-ray beam and the sampling orifice in the sampling capillary was ensured by
laser alignment in combination with micrometer precision stages. Finally, the X-

ray beam was positioned next to the capillary by moving the reactor in horizontal
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direction. Next, it was verified that the X-ray beam did not hit the stainless steel
sampling capillary at any sampling position throughout the entire catalyst bed by
evaluating the absorption behavior. At the same time, the start and end position
of the catalyst bed were determined.

Due to the particular importance for sophisticated method development of achiev

ing 100 % gas phase oxygen conversion, reaction conditions were chosen accord-
ingly, aiming to find optimal values for total flow rates, gas compositions, and
reaction temperatures. The reaction was performed under steady state conditions
at a constant inlet feed, consisting of ethane, oxygen and as diluent a mixture of
8 % helium in argon with gas compositions of CoHg/O3/inert:10/10/80. The reac-
tion conditions were 515 °C, ambient pressure, and a total flow rate of 20 ml/min
corresponding to a Gas Hourly Space Velocity (GHSV) of 1646 h~!. Notably, in
the standard CPR a set temperature of 515 °C equals the temperature measured in
the center of the catalyst bed. The synchrotron CPR-XAS has additional openings
that required to set higher temperatures in the heating block (530 °C) to reach
similar temperatures (515 °C). Prior to recording the profile run, the reaction was
running for 90 min to reach steady state.

XAS measurements were carried out in transmission geometry around the Mo K-
edge (20 keV) with three ionization chambers in series. The incident beam energy
was selected by a Si(111) double crystal monochromator and higher harmonics
were rejected by a pair of Rh-coated mirrors. Spectra were recorded in continuous
mode (1300 eV in 300 s). The beam size was approx. 0.5 mm?. Spectra of a Mo foil
placed between the second and third ionization chamber (reference channel) were
measured simultaneously with operando sample spectra for energy calibration.

An overview of the corresponding experimental parameters is listed in Table 3.5

below, divided in reactor specifications, operation conditions, and XAS.

3.5.4 Gas Analysis via Micro-GC

The gas phase composition of the sampling flow was determined using a micro GC
from Agilent GmbH, providing the advantages of a fast gas analysis and a compact
design compared to traditional GCs. The micro GC was equipped with four gas

channels. Three channels utilized helium as carrier gas and one argon. Helium
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Table 3.5: Overview experimental parameters used for operando profile measure-
ments at P64.

Experimental parameters Beamline P64 October 2019
Reactor tube diameter [mm] OD 6.0, ID 4.8
Sampling capillary [pm] OD 700, ID 520
Sampling orifices [pm] 4 x 100
Catalyst 10 wt% MoOg3/v-Al,O5
Catalyst bed length [mm] 35
Catalyst particle size [um] 200 — 400
Flow rate [ml/min] 20
Temperatures [°C] 515 (capillary), 530 (set)
Pressure [bar] 1
GHSV [h!] 1646
Inlet composition CoHg/O2/inert [vol%] 10/10/80
Beam size [mm] 0.5x0.5
Energy [eV] 19700 - 21000

was used as internal standard, evaluating the helium signal on the argon channel.
In order to obtain comparable signals in magnitude between the internal standard
and the reaction mixture, a bottle containing 8 vol.% helium in argon was used. A
MolSieve column was used to separate the permanent gases He, Hy, O5, CO and a
Plot Q column to separate CoHg, CoHy and CO,. A TCD measured the separated
components eluted off the columns. Water and CO were calculated with the atom
species balance of the reaction mixture. The procedure for gas quantification is

described in detail in Section 3.7.

3.5.5 XAS Data Analysis

XAS measurements were carried out with three ionization chambers in series, pro-
viding signal outcomes in current I. All three signal measurements were combined
to obtain two pairs of transmission data. The first transmission data pair was
from the sample, measured between Iy and I;, while the second pair was from the
corresponding reference, measured between I; and I. By using Beer’s law (see
Eq. 2.14), the raw data were converted to pu(E) - z as a function of energy. Prior

to detailed analysis, several data processing steps were performed, known as data
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reduction steps. An overview of this procedure is illustrated in Figure 3.11, in-
cluding three steps: calibration and alignment (1% step), choosing Eq (2" step),

and normalization (3™ step).
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Figure 3.11: Overview of data reduction steps for processing XAS data prior to
analysis.

The 1% step involved choosing and calibrating a standard, in this case, a Mo foil.
The calibration was performed by selecting the Ej position, i.e., commonly the first
inflection point in the spectrum, and setting this position to a tabulated value for
the Mo K-edge energy (19.9995 keV). The Mo foil was further used as reference
material, together measured with each sample spectrum. This measurement con-
figuration has the advantage that instrument-related effects such as an unstable
behavior from the monochromator can be canceled out from each spectrum. Each

reference measurement was aligned to the standard by shifting the spectrum in
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energy. The same shift in energy, required for each reference scan, was applied to

the corresponding sample scan, which was simultaneously measured.

In the 2"¢ step, the Ey value for the sample measurements was chosen, again by

taking the maximum of the first peak of the first derivative.

The 3'¢ and last step aims to put the spectra in a standard and normalized
form in order to make the spectra independent of other sample or setup-related
factors, e.g., sample thickness, gains on amplifiers, type of gas filled within the
ionization chamber, and thus comparable quantitatively within one profile run or
to other references standards. The normalization performed is known as edge-jump
normalization. The spectrum was divided by its edge jump, resulting in Au(E) =

1, and shifted for obtaining a rising edge from 0 to 1.

The normalized spectra allowed more detailed analysis as performed in this work
by Linear Combination Analysis (LCA).

LCA of the XAS profile was performed in the range of 19,980 to 20,030 eV using

as internal references spectra measured at the beginning (2 mm) and end (34 mm)
of the catalyst bed.

w - Pos 2 (E)+ (1 —w)Pos 34 (E),w € [0, 1] (3.9)

Error bars from the fits with internal references were within +0.4%. Athena soft-

ware was used for calibrating and normalizing all spectra as well as for performing

LCA [128].

3.6 Operando Profiling using X-Ray Diffraction

The second focal point of this work is to extend the previously developed operando
profile methodology by means of XAS to XRD. For this purpose, experiments were
carried out at PETRA III, DESY using the photon beamlines P07 and P21.1 with
one beamtime allocated respectively. In this section, details on the methodological
approach, setup installation at both beamlines, conducted profile measurements,

as well as gas and XRD analysis are given.
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3.6.1 Methodological Approach

As an amendment to Section 3.2, the experimental setup used for spatially-resolved
operando XRD measurements consisted of (i) three MFCs; (ii) synchrotron CPR-
XRD; (iii) GC or MS; and (iv) XRD instrument with an area detector (Fig. 3.12).
For meaningful method development, it was again important to achieve full gas
phase oxygen conversion during ethane ODH and to choose reaction conditions

accordingly (see next Subsection 3.6.3).

§) MFCs eactor inlet l |—gas sampling ;. jii) s (P07), GC (P21.1)
i) CPR-XAFS
iv)XRD
X'ray XRD area Instrument
beam detector

4 i

——

reactor outlet

Figure 3.12: Schematic of the experimental setup used to measure temperature,
concentration, and XRD profiles in Debye-Scherrer geometry by means of the mod-
ified CPR-XRD reactor system.

The CPR-XAS was further modified to the CPR-XRD (ii), capable of performing
XRD measurements in transmission geometry (iv). In contrast to the CPR-XAS,
stronger reactor modifications were required to collect scattered X-ray signals over
a defined angular range (see Subsection 6.1.1). Method development was addressed
in two beamtimes. First, an in-house beamtime at P07 in March 2021 was used
to test technical feasibility with the modified CPR-XRD coupled to the XRD
instrument (Proposal No. 1-20010075). Furthermore, the in-house beamtime was
used to implement a link between the reactor and beamline control systems for

running the entire experiment fully-automized by starting the XRD measurements
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3.6 Operando Profiling using X-Ray Diffraction

from the reactor control unit via an external trigger. For fast gas analysis at P07
a MS, the same one as for the catalytic performance studies (Subsection 3.3.2),
was used. Fast analysis was important to focus on method feasibility, including to
identify potential sources of errors and improvements, in the given time of two to
three days, and further, to follow transient reaction conditions.

In the second beamtime, a similar experiment to P07 was conducted at beamline
P21.1 in August 2021 to gain experience with the combined techniques and to
test for applicability of the operando profile reactor setup with other beamlines
(Proposal No. 1-20210520). For gas quantification at P21.1 a GC was used (see
Subsection 3.6.4). More details on the procedure followed for method development

are given in Section 6.1.

3.6.2 Reactor Setup Integration at Beamlines P07 and P21.1

Beamlines for high-energy XRD experiments are commonly established at syn-
chrotron radiation facilities. Examples are the beamlines P07 and P21.1 (PETRA
III, DESY), which are optimized for high-energy material science. While P21.1
is specialized for XRD and TS, offering various 2D area detectors, P07 satisfies
scattering and imagining techniques, providing a wider range of detection modes,
detector types, as well as smaller beam sizes.

The experimental hutches from P07 and P21.1 were very similar and well-
designed for operando catalysis measurements. For example, both beamlines of-
fered space and infrastructure to integrate the CPR-XRD setup, flexible reactor in-
stallation and positioning, a large number and type of gas connections (flammable,
toxic, oxygen, and inert), pressurized air, water cooling via a Julabo Chiller, high
safety standards (gas detectors, high air exchange in the hutch, effluent gas), as
well as gas analysis via MS upon request. Line connections were designed with
6 mm and festo. A photograph of the installed setup at P07 with different views
is shown in Figure 3.13 (representing P21.1).

The beam positions at P07/P21.1 were fixed in space to the same beam height
of 3155 mm above the sample stages. Sample stages were installed as standard
equipment for high-load capacities and multi-axis motions with high accuracy.

In addition, the sample stages were equipped with a uniform hole pattern that
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Figure 3.13: Photograph of the experimental setup installed at beamline P07,
PETRA III. The same experimental setup was used for measurements at beamline

P21.1.

enabled identical reactor installation at P07/P21.1. For positioning the reactor
window in the horizontal and vertical directions according to the respective beam
position, the adapter design introduced for P64 (Subsection 3.5.2) was used as a

basis. Figure 3.14a shows the slightly modified adapter design.

a) reactor height adjustment b) laser alignment

—=T

CPR

320 mm

Fey—— = e o

4 q,‘ [

1 1 II_ = |
i‘ \/— Adapter Plate 2 |\l

Figure 3.14: (a) Lateral and back view of the assembled adapter system used to
mount the reactor and align the reactor window in horizontal and vertical directions
according to the fixed position of the beam in space. (b) Photograph showing the
reactor front and the laser light used for alignment.

The Adapter Plate 1 (see Subsection 3.5.2, Fig. A.1) was designed with several
hole patterns to match beam positions at different beamlines, including P07/P21.1.
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3.6 Operando Profiling using X-Ray Diffraction

The main difference, compared to the reactor installation at P64, was the installa-
tion of the reactor on the beamline sample stage at PO7/P21.1. For this purpose,
Adapter Plate 2 was designed and built by the workshop of the TUHH (Fig. A.2).
The Adapter Plate 2 had the function to mount the reactor centered on the beam-
line sample stage, considering the different position of the reactor opening imposed
by the shifted cooling plate. The Thorlabs assembly provided again a flexible po-
sitioning in x-y-z directions, and thus precise vertical alignment of the reactor
window and the beam stop to the beam, illustrated in Figure 3.14b.

For further information about the beamlines, the reader is referred to the web-
page of P07 [129] or P21.1 [130].

3.6.3 Experimental Details

In the following subsection details on the operando XRD experiments carried out
at beamline P07 in March 2021 and P21.1 in August 2021 are presented.
A packed reactor tube after running the reaction is shown in Figure 3.15, exem-

plary for experiments at P07 and P21.1.

reactor tube c_atalyst bed Iengtp sampling capillary

MoOz3/y-Al203 y-Al203 l

Flow direction

Figure 3.15: Reactor tube loaded with catalyst (MoOg/v-AlyO3), support material
(v-Al20O3), sampling capillary, as well as Quartz Wool (QW) to hold the packing in
place. « (yellow dotted line) marks a change in color of the catalyst, referred to as
the Color Inflection Point (IP).

The reactor tube was loaded with a 30 wt % MoO3/v-Al,O3 catalyst, v-AlyO3
(support material), sampling capillary, as well as quartz wool (QW) to hold the
packing in place. Since each diffractogram from the catalyst sample had signal
contributions from the reactor tube (fused silica) and support material (7-Al,Os3),

XRD measurements of the individual materials allowed precise signal assignment.
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a (yellow dotted line) marks the IP. Corresponding information on the reactor
tube dimensions, sampling capillary, catalyst, and catalyst bed length are given in
Table 3.6.

Table 3.6: Reactor specifications applied during experiments at P07 and P21.1.

Experimental parameter Beamline P07 Beamline P21.1
Reactor specifications March 2021 August 2021
Reactor tube diameter [mm] OD 6.0, ID 5.6 OD 6.0, ID 5.0
Sampling capillary [pm] OD 700, ID 520 OD 700, ID 520
Sampling orifices [pm] 4 x 50 4 x 50
Catalyst 30 wt% MoO3/7-Al,05 30 wt% MoOs/v-Aly O3
Catalyst bed length [mm)] 38 30
Catalyst particle size [pm] 300 — 400 300 — 400
Position o [mm] 18 18

The main difference between the two experiments was the applied wall thickness
of the reactor tube (P07: 200 pm; P21.1: 500 gm). A thinner wall is preferable in
terms of lower signal contributions from fused silica, and improving particle statis-
tics by having more catalyst particles probed at constant reactor ODs. However,
reactor tubes with a lower walls thickness are more fragile and only compatible
with lower reactor pressures. In order to provide the basis for more complex,
high-pressure reaction systems a thicker reaction tube was utilized in the second
beamtime at P21.1.

Prior to measuring the first profile, a similar alignment procedure as described
for operando XAS at P64 (Subsection 3.6.3) was followed at P21.1. Here, the
beginning and end of the catalyst bed was determined by evaluating the Debye-
Scherrer rings obtained from the different materials (QW, support, catalyst bed).
In contrast, P07 had the technical possibility to use the X-ray eye that enabled to
track the sampling orifice position and thermocouple tip by recording images. In
this way, the difference in position between the thermocouple and sampling orifice
was precisely determined, resulting in deviations of 1.6 mm at reaction conditions.
Furthermore, the X-ray beam was aligned exactly to the target position.

Further experimental parameters providing information on operation conditions
are listed in Table 3.7.
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Table 3.7: Reaction conditions applied during experiments at P07 and P21.1.

Experimental parameter Beamline PO7 Beamline P21.1
Reaction conditions March 2021 August 2021

Flow rate [ml/min] 15 12
Temperature [°C] 515 5151
Pressure [bar] 1 1
GHSV [h™!] 978 1248
Inlet composition 10/10/80 10/10/80

CoHg /O /inert [vol%)

The reactions were operated under steady-state conditions at a constant in-
let feed of CyHg/Ogy/inert:10/10/80 and a reaction temperature of 515 °C. The
reaction was hold 90 min time on stream before measurements were begun, en-
suring constant catalytic performance. Notably, the stronger reactor modification
for the CPR-XRD (see Subsecion 6.1.1), compared to the CPR-Raman or CPR-
XAS, required a higher set temperature in the heating block (550 °C) to reach
similar inlet temperatures (515 °C) measured in the center and upstream of the
catalyst bed. Overall, during operando XRD experiments at P07 one individual
profile run(1_SS) with one additional replicate profile run (2_SSR) were con-
ducted, while at P21.1 only one profile was measured. The gas analysis differed in
both experiments, using an MS at P07 and a GC at P21.1. Details on gas analysis

are provided in Subsection 3.6.4.

Table 3.8 and Table 3.9 show an overview of the XRD settings in the experiment
at P07 and P21.1.

XRD measurements were performed in transmission mode. The energies of
the incident X-rays were chosen by Si(111) single-bounce monochromators with
fixed angles corresponding to 101.6 keV, A = 0.1220 A (P21.1) and 103.6 keV,
A = 0.1199 A (P07). The beam sizes were reduced and square-shaped by slits to
0.8 x 0.8 mm? (P21.1) and 0.5 x 0.5 mm? (P07) to prevent hitting the stainless
steel capillary during translation of the reactor bed. XRD patterns were recorded
in transmission mode over a 260 range from 1.3 to 11° using a 2D 410 x 410 mm?
Perkin Elmer XRD1621 detector with a pixel size of 200 x 200 pm? (P21.1) and

a 2D 432 x 432 mm? Varex Imaging XRD 4343RF detector with a pixel size of
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Table 3.8: Experimental parameters concerning XRD at P07.

Experimental parameter Beamline P07
XRD settings March 2021
Beam shape by soller slits 0.5x 0.5
Energy [keV] 101.6
Wavelength [A] 0.1220
Monochromator Si(111)
XRD detector[mm?] 2D 432 x 432 Varex Imaging
XRD 4343RF detector
Pixel size [pm] 150 x 150
Calibrant CeO,
Sample to detector distance [mm)] 1170

150 x 150 m?. The large area detectors accessed a large g-space at once and have
a large sensitive area of millions of pixels with high spatial resolution. Process
automation for running the entire experiment fully automized was successfully
implemented, utilizing the reactor control system to trigger an automated XRD
measurement script, in which recording dark and sample images, exposure times,
and repetitions were defined. In this way, at each sample position within the
catalyst bed, first, a dark image was recorded, and afterward 15 sample images
with an exposure time of 60 s each. The 15 sample images were averaged for further
analysis. The calibration of the sample to detector distances was performed using
LaBg (P21.1) and CeO, (P07) as standards, giving 1255 mm (P21.1) and 1170 mm
(P07). XRD data evaluation is described in Subsection 3.6.5.

Furthermore, in addition to the profile runs obtained at P07 in steady-state
(1_8SS, 2-SSR), two individual profiles (3__PP, 5 PP) and one replicate profile each
(2_SSR, 4 PPR, 6_PPR) were measured at periodic reactor operation, using a
sinusoidal inlet feed of either oxygen or ethane. The numbers in the profile run
from 1 to 6 denote the sequence in which the profiles were recorded within the
total measurement time of 28 h. In order to analyze periodic reactor operation in
terms of catalyst performance and structure, fast data acquisition was required.
Thus, time-resolved XRD analysis was used, recording 180 diffractograms with
a short exposure time of 1 s each. The time-resolved XRD patterns measured

in periodic reactor operation were averaged for each position. In this work, the
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Table 3.9: Experimental parameters concerning XRD at P21.1.

Experimental parameter Beamline P21.1
XRD settings August 2021
Beam shape by soller slits 0.8 x 0.8
Energy [keV] 103.6
Wavelength [A] 0.1199
Monochromator Si(111)
XRD detector [mm?] 2D 410 x 410 Perkin Elmer
XRD 1621 detector
Pixel size [pm] 200 x 200
Calibrant LaBg
Sample to detector distance [mm)] 1255

focus is on steady state reaction conditions. Hence, no further information on
periodic experiments are provided and for more details, the reader is referred
to [131]. However, to verify beamline stability and reproducibility of the profile
methodology, as well as catalyst structure with long times on stream, patterns

measured at positions -10, -2, 0 and 16 mm are compared in the Subsection 6.2.1.

3.6.4 Gas Analysis via MS and GC

P07 profile measurements were conducted in two reactor operation modes, steady
state and periodic, during a two days in-house beamtime. In order to analyze
gaseous species in both reactor operation modes, as well as to focus on coupling
the CPR with XRD in the given time, fast data acquisition was required. Goal of
the gas analysis during this beamtime was to ensure overall catalytic performance
as expected, as well as to correlate the IP with the onset of structural changes
in the catalyst. For this purpose, only qualitative MS gas analysis was carried
out, utilizing the same Hiden HPR 20 MS and masses scanned as for the catalytic
performance study (Subsection 3.3.2).

Quantitative gas analysis using a GC (Agilent 7890B) was performed in the sec-
ond beamtime at P21.1 with the goal to correlate precisely local gas compositions
with the catalyst structure along the entire catalyst bed. The GC used in this

study was equipped with two columns for compound separation. The first column
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was a Plot Q column with a bonded divinylbenzene stationary phase, applied for
separating hydrocarbons, carbon oxides, air and water. The second column was
a zeolite molecular sieve column called Molsieve that allowed to separate air in
nitrogen and oxygen. For species detection a TCD connected in series with a FID
were utilized. A corresponding valve system diagram is attached (Fig. A.3). Ni-
trogen was used as internal standard. Since the reaction mixture was composed of
80 vol.% nitrogen, the accuracy by evaluating peak areas of known gas mixtures
referenced to nitrogen was verified in preliminary tests. Other internal standards
were not suitable in the installed GC configuration, as helium was used as carrier
gas and argon had the same retention time as oxygen (peak overlap). Since hy-
drogen has a very similar thermal conductivity as helium, it could not be detected
and was calculated from the H-atom species balance of the reaction mixture. Wa-
ter was calibrated using a one-point calibration obtained from the O-atom species
balance. By using this methodology, the carbon balance was closed with average
deviations of 2 % under oxidative and of 5 % under non-oxidative conditions. The

quantification of gaseous species is described in Section 3.7.

3.6.5 XRD Data Analysis

XRD data were acquired with large 2D area detectors, which enabled to record
Debye-Scherrer rings in the q range of 1.3 — 11 A~! at once within exposure times
of seconds. In the used automated XRD measurement scripts, first, a dark image
was recorded, and afterward a defined number of sample images (Subsection 3.6.3).
After dark-current subtraction and flat-field correction, the obtained XRD images
were transformed in XRD curves using pyFai [132]. An overview of the data
processing steps in pyFai is illustrated in Figure 3.16.

As a first step a .mask and Point Of Normal Incidence (.poni) files were created
via pyfai-calib2, implemented as calibration tool in pyFAI (Figure 3.16a). In the
mask file outlier pixels, e.g., resulting from dead pixels or non-sample related
scattering such as the beam stop shadow, were defined. The .poni file contained
the geometry of the experimental setup, including six refinement parameters (dist,
Poni 1, Poni 2, rotl, rot2, rot3), as well as specifications on the applied detector

and energy. The refinement parameters describe the position in space of the area-
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Figure 3.16: Overview of XRD data processing steps in pyFai prior to phase com-
position analysis.

detector through the defined positions of the sample and the incident X-ray beam.
In transmission mode, the incident beam should be orthogonal to the surface of
the detector, which is the case if all rotations are zero. For this purpose, the
diffraction setup geometry was calibrated using the Debye-Scherrer rings of LaBg
(P21.1) or CeO, (PO7) as standards. Notably, standard materials were filled in
equal reactor tubes as in the respective profile measurement and measured in the
same setup configuration. Next, in order to convert the XRD images, azimuthal
integration was performed in pyFAI (Figure 3.16b). Here, X-ray intensities along
each Debye-Scherrer ring were averaged. The .mask and .poni file were applied
consistently across all images. An overview of the input and output information,

according to the description in Figure 3.16, is given in Table 3.10.

For qualitative phase analysis HighScore Plus software [133] and the ICDD

database were used.
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Table 3.10: Input and output information using pyFAI for XRD data processing.

Experimental Beamline P07 Beamline P21.1
parameter March 2021 August 2021
Detector type  Varex Imaging XRD 434RF 2D Perkin Elmer XRD1621
Array size 150 x 150 pm? 200 x 200 pm?
Pixel size 2048 x 2048 2048 x 2048
Energy [keV] 103.6 101.6
Wavelength [A] 0.1199 0.1220
Calibrant CeO, LaBg
Poni 1 0.2252 0.2097
Poni 2 0.2190 0.1901
Rot 1 -0.0037 -0.0121
Rot 2 -0.0034 -0.0035
Rot 3 0 0
Distance [mm] 1170 1255

An example of structure refinement was performed for patterns recorded in
the absence of gas phase oxygen using the FullProf software based on the MoO,
oxide structure (ICSD collection code 23722) [134]. It should be clarified that the
refinement was performed by Ida Nielsen at DESY.

3.7 Target Variables from Gas Analysis

The purpose of gas analysis, whether using MS or GC, was to determine gas
compositions qualitatively and, if necessary, quantitatively. From quantitative gas
analysis, catalyst performance was evaluated in terms of conversion and selectivity
(target variables), which is described in this section. In order to achieve the
target variables, measured peak signals were first clearly assigned to a certain
component (qualitative gas analysis) and subsequently calibrated (quantitative gas
analysis). In GC measurements, components are identified based on peak retention
times, while in MS measurements peaks of the target components are obtained
at their corresponding m/z ratios. Noteworthy, since most components have a
characteristic fragmentation pattern in a MS spectrum, i.e., signals occur at several

masses, non-overlapping, intense signals with respect to other components in the
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reaction mixture were the preferred choice for easy quantification and required for
the internal standard. The same applies for GC analysis, but was considered during
GC method development, where retention times of all components were adjusted
(mainly by varying column temperatures) to have no peak overlap. Peak analysis
for quantification differed slightly for MS and GC, whereas the actual calibration
procedure, following the internal standard method, was very similar. Peak areas
were evaluated in GC chromatograms and peak heights in MS spectra. Based on
peak areas or peak intensities, a known gas mixture, consisting of an inert (internal
standard) and a species (calibrant), was dosed to the device. Subsequently, the
signals were measured and area (GC) or intensity (MS) ratios were calculated. In

this way, volumetric flow rates were obtained for GC:

Ac Qe * ‘/c
= — 3.10
Arg Vis (3.10)
and for MS:
e _ ac-Ve (3.11)
Is Vis

Where A. represents the peak area of the component ¢ and A;g of the internal
standard, a. is the calibration slope, V. and Vg are the volumetric flow rates of
component ¢ and internal standard, respectively. Analogous to this, I. represents
the signal intensity of the component ¢ and so on. By alternating the calibrant con-
centration (minimum of seven concentrations) a calibration curve was recorded.
This procedure was repeated for all species of interest in the reaction mixture.
From the obtained slopes unknown concentrations in a sample stream were deter-
mined. By using the ideal gas law volumetric flow rates were converted into molar

flow rates.

In order to evaluate overlapping peak heights of involved components in the
reaction mixture via MS, caused by the above-mentioned fragmentation pattern of
each component, one additional step (signal correction) was required in comparison
to GC analysis. For this, first, the signal contribution of the fragment at the

analyzed m/z ratio I.,,/. was calculated according to:
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Ioys = 12 e
em/z — T ¢ main (312)

main

Cc
mawmn

Where af, /2 glves the slope of the calibration curve of the fragment, a is

main

is the pure signal intensity of the component ¢ at the components main peak.

the slope of the calibration curve at the main peak of the component, and I

Subsequently, the contribution of all fragments I ,,/. was substracted from the
measured total signal intensity I,,,. to yield the corrected signal intensity of the
target component.

Components that could not be measured with a certain gas analytic, e.g., water,
CO (micro-GC) or Hy (GC 7890B), were calculated from the atomic species balance
(H, C, O) of the reaction mixture according to Eq. 3.13, where 74, is the inlet

molecular flow and 7n4 is the molecular flow at the actual bed position of atoms A
(CaHg; O2).

D iain — > na=0 (3.13)

In the same way, atom balance closures were checked for all profile runs, having
average deviations in the range of 5 -10 %.

Finally, based on the previous steps, the target variables were calculated from
molecular flow rates. Conversion was determined of the feed components i (CoHg;
O3) between the molar flow rate n;;, entering the reactor bed and at the actual
bed position 7n; according to Eq. 3.14.

Niin — Ty
Xil%) = T in

Selectivities of by-products P (CoHy; CO; COy, CHy) were determined using

Eq. 3.15.

=100 (3.14)

Sp(%) = e = im0 (3.15)

Niin — Ny - Vg

80



4 Species Concentration and

Temperature Profiles

The aim of this thesis is the development of new operando profile measurement
concepts to study structure-activity relationships of various catalytic reaction sys-
tems under realistic operation conditions. For this purpose, a rather simple re-
action system, namely ethane ODH over a 30 wt% MoOs3/~-Al,O3 catalyst, was
intentionally chosen as a test system for systematic method development. In a
first step toward this goal of operating reliably new operando profile experiments,
a set of concentration and temperature profiles was performed, decoupled from the
catalyst characterization technique. This approach reduces experimental complex-
ity at the beginning. In this way it is possible to ensure reliable operation of the
profile measurement technique and reactor system as well as to gain experience
with the reaction system. Results obtained from these concentration and tempera-
ture profiles experiments are presented in this chapter. Firstly, a brief overview of
the ODH reaction system, involving a qualitative description of ongoing gas phase
reactions in the presence and absence of gas phase oxygen is given. This sec-
tion is part of an article submitted to the Journal of Synchrotron Radiation [125].
Secondly, effects of feed and temperature variations on catalyst performance are
analyzed, considering catalyst behavior in the presence of gas phase oxygen. The
obtained species and temperature profiles were used to significantly speed up the
development and accuracy of kinetic models required for any reactor design by fit-
ting complete reactor profiles, which is the content of the last section. These last
two parts, Section 4.2 and Section 4.3, have been conducted by Diego Espinoza
and firstly published in his master thesis [135], as well as in [126].
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4.1 Overview Ethane ODH Reaction System

Figure 4.1 shows a picture of the catalyst bed (top) with the inlet flow (£} ;,) from
left to right, as well as an overview of the activity profiles obtained within one
profile run during ethane ODH over a 30 wt% MoOs3/7-Al,O3 catalyst.

The profile measurement effectively allows for discrimination between the dif-
ferent gaseous reactants and products and their concentrations at each internal
position of the catalyst bed. Species concentration profiles of CoHg, Oy, CO, HyO
(Fig. 4.1a), CoHy, Hy, CO2 and CH, (Fig. 4.1b) are shown in molar flow rates,
and corresponding conversion (Fig. 4.1e), and selectivity (Fig. 4.1f) profiles in per-
cent. Enlarged views of H,O, CO (Fig. 4.1¢), COs and CHy (Fig. 4.1d) profiles
are illustrated to emphasize characteristic profile shapes before and after the point
of full gas phase oxygen conversion. The latter matches with the position of the
IP (o, 18 mm), and is further referred to as well. The catalyst bed begins at
position 0 and ends at position 30 mm, marked with black lines and illustrated by
the corresponding pictures of the catalyst bed. Notably, precise calibration of the
reaction system is observable in Fig. 4.1a by almost equimolar inlet compositions
(CyHg:O2 = 1:1). In the regions upstream (-7 — -5 mm) and downstream (31 —
34 mm) of the catalyst bed only minor changes in educt consumption or product
formation (Fig. 4.1a,b) are visible (flat profiles), while steep gradients are evident
along the catalyst bed (1 — 30 mm), confirming that ethane ODH only occurs in
the presence of the catalyst at the chosen reaction conditions. Close to position
0 mm (-4, -3, -2, -1), small changes are observable due to a mixed zone between
QW and catalyst, resulting from bed packing (likewise at 30 mm), as well as dif-
fusional effects. The latter has a stronger influence on profile shapes of lighter

molecules as Hy, which is discussed in more detail later in this section.

Measurements performed behind the catalyst bed (positions > 30 mm) are equiv-
alent to the information obtained by conventional integral reactor analysis (reactor
outlet measurements). However, gas concentration and temperature information
within the reaction zone (0 — 30 mm) are not accessible using integral reactor
analysis. In contrast, by using the demonstrated capillary sampling technique,
differential gas and temperature measurements through the catalyst bed (within

the range of the black lines) could be acquired. This allows following a broad con-
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Figure 4.1: A picture of the catalyst bed (top) with the inlet molar flow rate
of each species (Fj;,) and corresponding catalyst activity profiles (a — f). Species
concentration profiles of CoHg, O2 (a), HoO, CO (a, c¢), CoHy, Hy (b) CO2, CHy
(b, d); conversion profiles of CoHg and Og (e); selectivity profiles of CoHy, CO,
CHy4, COgq (f); and the temperature profile measured in the center of the catalyst
bed (e). « (black line, 18 mm) marks the position of full gas phase oxygen con-
version with different catalyst performance before and after. Reaction conditions:
CyoHg/02/N3:10/10/80, 515 °C, 1 bar, OD 6 mm/ID 5.0 mm, 30 mm catalyst bed,
12 ml/min, 30 wt% MoQO3/7-AlsO3. The catalyst activity profiles were simultane-
ously measured with XRD (see Chapter 6).

version range of CoHg (0 —50%) and O (0 — 100%) within one profile measurement

(Fig. 4.1a). A combination of local sampling and reactor outlet measurements (dif-
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ferential and integral analysis) is particularly favorable during long profile runs to
ensure an overall stable catalytic performance (e.g., catalyst deactivation) of less
well-known reaction systems.

By evaluating the course of entire species profiles within the reaction zone, rapid
identification of ongoing reactions and pathways can be obtained. As an example,
the used catalyst system can be distinguished in two reaction regimes, before and
after position 18 mm, illustrated with a black line and denoted as «. The latter
corresponds to the point of full gas phase oxygen conversion (Fig 4.1e) and IP from
grey to dark blue/black of the catalyst (picture of the catalyst bed, Fig. 4.1, top).
In the presence of gas phase oxygen (0 — 18 mm) ODH (Eq. 4.1) and oxidation
reactions (Eq. 4.2 — 4.5) are predominant. Oy and CyHg are readily consumed
(Fig. 4.1a,e), while mainly CO and H,O (Fig. 4.1a), as well as small amounts of
CoHy and COs (Fig. 4.1b), are formed.

CyoHg 4 0.5 0y <— CyHy + Hy0 AH%g « = —105 Hlf)l (4.1)
CyHg + 504 +— 3CO + 2H,0 AHYg = —T731 Hliil (4.2)
CyHg + 709 +— 2COy + 3H,0 AHYg 1 = —1428 nﬁgl (4.3)
CoHy + 40y «— 2CO + 2H,0 AHYg = —T57 nl;f)l (4.4)
CyHy + 6 Oy +— 2COy + 2H,0 AHg = —1323 rigl (4.5)

The product selectivity profile of ethylene (Fig. 4.1f) decreases with an increase
in ethane conversion (along the catalyst bed, (Fig. 4.1e)) while selectivity towards
the undesired carbon oxides CO and CO, increases. These profile shapes are
as expected since the direct oxidation of ethane or further oxidation of ethylene
is likely to occur, both reducing ethylene selectivity at higher ethane conversion
levels.

By evaluating initial formation rates (initial profile slopes mipg) of CoHy, CO
and COy at the very beginning of the catalyst bed from -3 to 1 mm, information
of primary (CyHy, COmpps > 0) and secondary (COq,mips = 0) products are

obtained.
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4.1 Overview Ethane ODH Reaction System

In addition to CoH4 and COsg, hydrogen occurs in minor quantities in the oxi-
dation zone (Fig. 4.1b), viz. upstream of point «, where gas phase oxygen is still
present. As discussed below, H, is chemically produced downstream of o and dif-
fuses rapidly against the flow direction. Hs is a lightweight molecule and because
the diffusion coefficient of a molecule scales with the square root of one over the
molecular weight, hydrogen diffuses more than three times faster than all other
components present in the reaction mixture. At the applied low total flow rate
inside the catalyst bed, the reactor Péclet number of Hs is as low as about ten,
taking the bed length as a characteristic dimension. In fixed bed reactors, a low
reactor Péclet number indicates that axial dispersion cannot be neglected com-
pared to convection resulting in considerable back mixing. Even though the H,
concentration profile shown in Fig. 4.1b was calculated from the H-atom species
balance and sums up measurement errors from all other species, the effect that hy-
drogen diffuses upstream of the point a was also confirmed experimentally, shown
later in this work (see Subsection 5.2.1). In agreement with the calculated profile
in Fig. 4.1b, the measured profiles show an increase in Hy flow rate way upstream
the point of complete O, conversion and a distinct increase in slope beyond that
point. Close inspection of the photograph of the catalyst bed displayed on top of
each flow rate panel in Fig. 4.1 shows a faint darkening of the catalyst bed from
the point where Hs is first detected in the catalyst bed until the IP o where the
catalyst turns dark violet, almost black. In this second reaction zone (18 — 30 mm,
downstream of «) the overall reaction mechanism changes. In the absence of gas
phase oxygen ODH and oxidation reactions stop. As seen by the formation of a
new species CHy (Fig. 4.1b,d), an increasing slope of the H, profile (Fig. 4.1b),
continued COy formation (Fig. 4.1b, d) and the occurrence of maxima in the pro-
files of CoHy (Fig. 4.1b), HoO and CO (Fig. 4.1¢), the chemistry in the oxygen-free
zone of the catalyst bed is entirely different from the zone in which gas phase oxy-
gen was present. The fact that CoHy, HoO and CO pass each through a maximum
close to point « is because these species are formed upstream of a and consumed
downstream of a. The species profile shapes are the result of several, overlap-
ping reactions that, in combination, can explain the observed trends. The profiles
provide evidence that Water-Gas Shift Reaction (WGSR) (Eq. 4.6) occurs.
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4 Species Concentration and Temperature Profiles

kJ

COy is the only carbon species increasing towards the end of the catalyst bed
(Fig. 4.1b, d) with a smaller formation rate in comparison to the first reaction
zone, further indicating a different formation reaction. In addition, Hs is formed
(Fig. 4.1b) while CO and HyO are decreasing with a sharp onset at 18 mm
(Fig. 4.1¢).

Another reaction taking place in the oxygen-free zone of the catalyst bed is most
likely ethylene steam reforming, indicated by the decreasing CoHy molar flow rate
combined with profile shapes of HyO, Hy and CO (Eq. 4.7).

kJ
2H,0 + CoHy +— 4Hy +2CO AHjgg i = 210 — (4.7)

Finally, at position a methane production is observable, which suggests that CO

or COy methanation (Eq. 4.8 — 4.9) start as soon as Hy is formed.

kJ

CO + 3H, «+— CHy + H,0 AHY x = —206 — (4.8)
mo
kJ

COy + 4 Hy +— CHy + 2H,0 AHYg « = —165 — (4.9)
mo

The spatially-resolved carbon balance closure evaluated over the entire reaction
zone (0 — 30 mm) demonstrates an upward trend from 0 to 6 %, indicating the
occurrence of additional minor side reactions, resulting in unidentified gas species
or C deposits. The latter might originate from CO (Boudouard reaction) (Eq. 4.10)
or CoHy (Eq. 4.11).

kJ

2CO — C+ COy AHdg 1 = —173 — (4.10)
kJ
CoHy — 2H, +2C AHYg = —52 — (4.11)

With regard to the temperature profile (Fig. 4.1e), the profile measurement

was conducted at 515 °C, which corresponds to the temperature measured in the
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4.2 Catalyst Activity Investigation

center and upstream of the catalyst bed. The temperature rises slightly within
the catalyst bed with a maximum value of 522 °C around , confirming exothermic
oxidation reactions taking place (Eq. 4.1 — 4.5).

In conclusion, measurements performed under ethane ODH conditions over
MoO3/v-Al;O3 have common characteristics and compare well with all spatial
concentration profiles performed in this work as well as with a spatial profile study
described in literature [22]. The combined local temperature and gas phase anal-
ysis demonstrate their potential through a high information content over a wide
conversion range within one single profile run. The spatial profile results reveal a
change in catalyst activity at the point of full gas phase oxygen conversion («) from
reactions involving gas phase oxygen to steam reforming and WGS. The results
allowed to propose a first reaction mechanism, considering the change in catalyst
activity at «, based on identified species as well as on respective consumption
and formation rates. However, one experimental profile provides only a superficial
understanding of the reaction network. To illustrate this point, it cannot be con-
cluded if either CoHg or CyH, is the main contributor toward the undesired CO,
production, or if COs is produced in a consecutive reaction from CO. In order to
gain a deeper understanding of the reaction system, additional concentration and
temperature profile measurements were performed under various reaction condi-
tions, which are the focus of the next Section. Furthermore, the change in catalyst
performance is in line with the change in color that indicates the reduction of
MoO3 to MoQOs, which in turn creates a different phase composition with different
catalytic properties. As example, MoOs has metallic properties. According to
literature, MoQ, is suitable to catalyze steam reforming [136] and WGSR [137].
This is in agreement to our species profile observations described above. Operando
measurements are required to unravel structural changes around «, which is the
focus of Chapter 5 and Chapter 6.

4.2 Catalyst Activity Investigation

This section presents the results obtained from the catalyst activity tests (Sec-
tion 3.3). First, stable catalytic performance as well as stable and reproducible

operation of the profile reactor and the profile measurement technique are ad-
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dressed by comparing original and corresponding replicate profiles from the ex-
perimental design plans. In the next two subsections, the influence of reactant
concentration as well as reaction temperature on catalyst performance are ana-
lyzed. Notably, the profile measurements presented in this section are performed

with maximum oxygen conversion levels of 60 %.

4.2.1 Stability and Reproducibility Tests

In all experimental design plans replicate runs were evenly distributed throughout
the measurement plan. The first experimental design plan comprises eight profiles
(P1 — P8) and two replicates (R1, R8). In between the original profile and its
replicate was approximately a measurement time of 40 h. The second experimental
part consists of two experimental design plans, one feeding ethane and the other
one ethylene, with four replicates each. Both design plans were consecutively
performed with in total 26 profiles over a measurement time of ten days. Results
across all design plans compare well with each other in terms of catalyst stability
and reproducibility, which is the focus in this subsection. Thus, results obtained
from the replicate runs in the first design plan are presented exemplary, while
results from the replicate profile runs in the second experimental part are shown
in the supplementary material (Figure A.4, Figure A.5).

The profile (P8) and its replicate (R8) at 530 °C are displayed for all components
in Figure 4.2.

The catalyst bed position is illustrated with black lines (0 — 30 mm). The
feed components CoHg and Oy (Fig. 4.2a), the main products ethylene and wa-
ter (Fig. 4.2b), as well as the undesired carbon oxides CO (Fig. 4.2¢) and CO,
(Fig. 4.2d) show a good match between replicates and original data. Minor devia-
tions are observable in CO that contains mass contributions from CyHg, CoHy and
COg in quantification with MS. HoO was the only species calculated from mass
balance. The replicate experiments allow to deduce stable catalyst performance
through various reaction conditions in the measurement campaign. Additionally,
they demonstrate stable and reproducible operation of the spatial profile reactor
(precise positioning, heating) and of the profile measurement technique. Thus,

strong impacts on catalytic performance by strongly varying sampling flow rates
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Figure 4.2: Profile runs measured in the 1*® measurement design plan are shown of
the original profile (P8) and its replicate (R8) measured at the central point. a-d)
Profiles of all species in molar flow rates; e) Conversion profiles of CoHg and Og;
e) Selectivity profiles of CoHy and CO,. Reaction conditions: CoHg:02=12.5:12.5,
530 °C, 1 bar, 30 mm catalyst bed, 30 ml/min, 30 wt% MoOs3/y-Al2O3.

or on the catalyst bed by repetitive moving of the sampling capillary through the
catalyst bed can be excluded. For example, the latter could have led to changes
in the catalyst particle size by crushing catalyst particles. As a result smaller

particles could block the sampling orifice resulting in variations of sampled gas
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4 Species Concentration and Temperature Profiles

amounts which in turn disturb hydrodynamic conditions of the reactor. Further,
smaller particles compact the bed leading to different catalyst mass per sample
position. The aforementioned effects have strong impacts on profile shape and

would be clearly observable if they had occurred.

MS analytical deviations at low conversion levels (< 5%) disturb the shape of the
selectivity profiles in the very beginning of the catalyst Fig. (4.2f). For example,
the ethylene profile shows a maximum at position 6 mm, which is an analytical
artifact. At early bed positions, the molecular flow of reactants tends to zero,
therefore minor deviations of these values lead to a large impact on selectivity. In
the same way, selectivity profiles of CO and COs are affected. The parameter field
of CoHg and O, inlet concentrations with 7.5 and 12.5 %, respectively, were in a
good range to separate conversion profiles clearly from each other. Temperature
studies revealed that further tests should not be performed below 480 °C since
conversion levels of CyHg and O, less than 10% were obtained. The results of
P1 and its replicate R1 at 480 °C are shown in supplementary information (Fig-
ure A.6). In addition, precise calibration of the reaction system is observable by

almost equimolar inlet compositions.

The impact of conversion on temperature is well seen by comparing temperature
profiles measured upon feeding ethane or ethylene. Therefore, temperature profiles
obtained in the two design plans of the second experimental part are shown in

Figure 4.3. The corresponding replicate runs are indicated by error bars.

Temperature replicates show a good match with minor deviations in the range of
1 °C indicated by error bars. The experimental set temperature assigned to both
experiments was 530 °C. The measured temperature in the capillary in the center of
the catalyst bed is about 10 °C lower (0 mm) than the set temperature. Depending
on the degree of conversion and involved reactions, the temperature raises slightly
within the catalyst bed. Temperature raises are below 5 °C feeding CoHg or below
10 °C feeding CoH4 and hence, fair isothermality is observed. Temperature profiles

obtained at different temperature levels are presented in Subsection 4.2.3.

Overall, profile results demonstrate that the profile reactor setup and the profile
measurement technique is capable of producing meaningful results. Furthermore,

stable catalytic performance over rather long time periods was ensured, which is
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Figure 4.3: (a) Averaged temperature profiles of the central point for the
CoHg (P13) and CoHy (P18) measurement plan. Error bars are derived from
the replicates by calculating the standard error. Reaction conditions: 530 °C,
CoHg /O3 /inert:10/10/80; CoHy/02:5/10, 1 bar, 32 mm catalyst bed, 30 ml/min
(CoHg-plan), 40 ml/min (CoHy-plan), 30 wt% MoO3/v-Al2Os3.

essential for spatial profiling in general, and the basis for all experiments in this

work.

4.2.2 Variation in Feed Concentrations

In order to test for feed effects ethane, ethylene and oxygen were varied in the
second experimental part on three concentration levels using two face centered
central composite design plans, one for each hydrocarbon (Section 3.3). Each
concentration level represents one individual profile run.

Figure 4.4 shows an overview of the profile runs in the second measurement plan
performed with variation in Oy (1%° row) and CoHg (2" row) from 7.5 to 12.5 %
for each species.

Apparently, no effect of Oy feed variations on CyHg consumption (a) or CoHy
production (c) are observable. These observations indicate that CoHg consumption
rate has a low reaction order with respect to O, concentration. Thus, processes
related to oxygen can be considered as fast. When looking at species concentration
profiles performed with different CoHg feed compositions (Fig. 4.4, 2% row), a clear
impact on O5 and CsHy are observed. An increasing CoHg concentration enhances

O, consumption (e) and olefin formation (f) along the catalytic bed. The increase
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Figure 4.4: Feed variations of Oy (1% row) and CoHg (2nd row) at reactant con-
centrations of 7.5, 10 and 12.5 % (P9 — 13). All percentage values are in a molar
base. (a,d) CoHg; (b,e) Og; (c,f) CoHg concentration profiles. Reaction conditions:
530 °C, 1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt% MoOs/~-Al2O3.

in Oy consumption slows down with increasing CoHg concentration as seen by
comparing the 7.5, 10 and 12.5 % CyHg profiles in Fig. 4.4e.

Figure 4.5 shows an overview of CoHg (a, d) and O (b, e) conversion profiles as
well as CoHy, CO, CO;y selectivity profile runs with variation in Oy (1°* row) and
CoHg (2" row) from 7.5 to 12.5 % for each species. As expected, product selectivity
of CoHy within one profile decreases with an increase in ethane consumption (along
the catalyst bed), while selectivity towards the undesired carbon oxides CO and
CO, increases. In response to the applied feed variations, no clear change on

selectivity in between the different profile runs is observable.

Similar observations are made varying CoHy and O, feed compositions. Changes
in oxygen feed composition from 7.5 up to 12.5 % showed no effect over ethylene

and CO,, concentration profiles stating that CoHy consumption rate is of low reac-
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Figure 4.5: Feed variations of Oy (1% row) and CoHg (2,4 row) at reactant concen-
trations of 7.5, 10 and 12.5 % (P9 — P13). All percentage values are in a molar base.
(a,d) CoHg; (b,e) Og conversion profiles. (c,f) CoHy, CO, COg2 selectivity profiles.
530 °C, 1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt% MoOs3/y-AlO3.

tion order with respect to Oy concentration. This result points out to the fact that

CyH, side reactions involve a similar mechanism as in the case of ODH of ethane.

Whereas an increase in feed CoH, from 2.5 to 7.5 % leads to an increase on its

rate of consumption from 34.5 to 45.3 % and oxygen conversion levels from 19.8

to 73.1 %. Ethylene is rapidly and mainly converted to CO resulting in almost

unchanged selectivity profiles above 85 %. Again, in response to the applied feed

variations of CoHy and O, no change on selectivity in between the different profile

runs is observable. The previous described results of the CoH4 measurement design

are shown in supplementary material in Figure A.7 and A.8.

To summarize, spatially-resolved ethane and ethylene concentration profiles re-

veal a low order kinetic behavior in oxygen, suggesting a similar rate determining

step related to ethane or ethylene activation. Furthermore, profile measurements
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feeding different ethylene concentrations suggest ethylene as main contributor to-

ward carbon oxides production.

4.2.3 Variation in Temperature

In the end of the two measurement campaigns presented in the previous subsection,
additionally four profile runs (CyHg:O9 = 10:10) at 480, 500, 520 and 540 °C were
performed. In this way, initial values for the activation energy required in kinetic
modeling (see Section 4.3) was obtained.

Figure 4.6 and 4.7 present the effect of an increasing reaction temperature on
reactant consumption and (by)-product formation. Spatial profiling demonstrates
well the expected impact of this variable over the rate of consumption/production
of all species. Figure 4.6 shows in molar flow rates, that higher reaction tempera-
tures enhance reactant consumption of CoHg (a) and Oo (b), while increasing the
production of the target compound CoHy (c) as well as side (d) and undesired (e,
f) products.

In addition, Figure 4.7 shows the corresponding conversion profiles of CoHg (a)
and Oy (b) as well as selectivity profiles of CoHy (c¢), CO (d) and COs (e). Selectiv-
ity profiles reveal clearly the effect of reaction temperature on product selectivity.
Ethylene selectivities decrease strongly with higher temperatures (c), while selec-
tivities of CO, increase (d, e). As already discussed in Subsection 4.2.1, the shape
of selectivity profiles is disturbed in the beginning of the catalyst bed due to an
analytical artifact. A linear regression analysis at positions above 10 mm allows to
estimate the expected selectivity at zero contact time. By using this methodology,
product selectivities of CO, COy and CyH, add up to approximately 100 % at
the inlet of the catalyst bed. Furthermore, Figure 4.6f shows the corresponding
temperature profiles from 480 — 540 °C.

Similar observations are made in feeding CoH, and varying reaction tempera-
tures (Figure A.9). As described previously in Subsection 4.2.2, CO is produced
with selectivities higher than 85 %. Reaction temperature shows only minor effect
on changing reaction rates towards CO, (Figure A.10).

In conclusion, 26 profiles were measured under well-defined and various reaction

conditions within two weeks, demonstrating the strength of the profile method-
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Figure 4.6: Species concentration profiles for all components measured at 480
(T13a), 500 (T13b), 520 (T13c), 530 (P13) and 540 °C (T13d) obtained in the
CyoHg measurement plan. Reaction conditions: CoHg/O2:10:10, 1 bar, 32 mm cata-
lyst bed, 30 ml/min, 30 wt% MoOg3/~-AlsOs.

ology in reducing the experimental workload required for the same information,
as compared to the traditional end-of pipe analysis. Such data sets are highly

beneficial for developing kinetic models, which is the content of the next section.

4.3 Kinetic Model Development

Since it is well established in research of ODH that reactions over transition metal
oxides proceed usually by the MVK mechanism, it is used to macroscopically model
the chemical system under investigation. The experimental data obtained in the
catalyst activity studies (see Section 4.2) served as basis to develop the kinetic
model. Experiments were performed solely in the presence of gas phase oxygen up

to 60 % oxygen conversion. Therefore, the kinetic model includes only reactions
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Figure 4.7: CoHg (a), Oz (b) conversion profiles and CoHy (c), CO (d), CO2 (e)
selectivity profiles measured at 480 (T13a), 500 (T13b), 520 (T13c), 530 (P13) and
540 °C (T13d) (f) obtained in the CoHg measurement plan. Reaction conditions:
CyHg/02:10:10, 1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt% MoQOj3/y-Aly0s3.

with gas phase oxygen (Section 4.1). Furthermore, the goal is to derive a rate law
that describes the observed data as simple as possible. For this, it is of central
importance that the reactor is in steady state, because then all reaction steps have
to be in steady state. Stable and reproducible operation within the time of the
measurement campaign was observed (Subsection 4.2.1). Figure 4.8a-c) shows the

modeled and the measured concentration profiles (P13) for all species at 530 °C
and CoHg/Og/inert:10/10/80.

Visual inspection of the results suggests that the fitting procedure was successful
throughout all species except of CO,. An evaluation of the goodness of fit was
addressed by parity plots and calculating the Mean Absolute Percentage Error
(MAPE). Results are shown in supplementary material (Figure A.11).
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Figure 4.8: Measured species profiles of all components (P13) and the correspond-
ing modeling results are shown. Reaction conditions: CsHg/Os/inert:10/10/80,
530 °C, 1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt% MoOs3/~v-Al2O3.

Table 4.1 shows the results of the kinetic model parameters obtained from the

fitting process.

Table 4.1: Considered reaction steps in the MVK model for ODH of ethane. The
reaction order of oxygen involved in the reoxidation of the catalyst is 0.3 £+ 0.04
(Reaction Step 6).

Reaction E4 [kJ/mol] Ay [mol/(kg s)]
CoHg + O; =15 CyHy + Hy0 + 1 102 + 3 15.4 E-03 & 0.53 E-03

CoHg + 50, =25 2CO + 3H,0 + 51 118 £ 6 0.96 E-03 + 0.50 E-03
CoHg + 70, =25 2C0, + 3H,0 + 71 123 £ 6 0.31 E-03 + 0.34 E-03
CoHy + 40, 245 2C0O + 2H,0 + 41 04 £ 2 50.9 E-03 + 5.66 E-03
CoHy 4+ 60; =25 2C0, + 2H,0 + 61 89 £ 4 7.03 E-03 £+ 3.60 E-03

1+ 0.5 09y LINYGY 69 =+ 3 248.0 E-034 40.50 E-03

The main reaction of ethane ODH shows an apparent activation energy of
102.4 kJ - mol~!. The partial and total combustion of CoHg towards CO and CO,
show high activation energies of 117.9 kJ - mol~! and 123.3 kJ - mol~!. Lower acti-
vation energies of the entire reaction network are related to ethylene side reactions
and the reoxidation of the catalyst. The relative low energy barrier determined
for the reoxidation step of the catalyst structure suggests that this step is not rate

determining, indicating that the structure is able to rapidly provide and incorpo-
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4 Species Concentration and Temperature Profiles

rate oxygen. An analysis of the magnitude of reaction rates involved in the process

indicates that indeed the reoxidation of the catalyst (r6) is the fastest process in

the whole proposed reaction scheme (4.9a).
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Figure 4.9: Evaluation of the rate determining step in the proposed MVK reaction
scheme (a) and oxygen reaction order over ethane and oxygen consumption rate (b).

Previous results supporting this idea have been reported as it is in the case
of Ressler et al. [138] who determined that reduction and reoxidation of MoO,
proceeds rapidly, i.e., solid state reaction is in the same order as gas phase reac-
tions, at temperatures in the range of 773 K. With regard to side reactions, the
partial oxidation of ethylene requires 53.6 kJ - mol~! while the energy required
for total combustion is 88.8 kJ - mol~!. These estimated values seem to be in
agreement with profile observations shown in the previous Section 4.2. A com-
parison of activation energies and reparametrized exponential factors of individual
reaction pathways that produce CO, from hydrocarbons suggests that ethylene
is the main contributor towards carbon monoxide in the range of operation con-
ditions evaluated. This observation is congruent with results of previous studies
where only minor parallel formation of carbon oxides coming from ethane was
reported [22,139].

Finally, in relation to the reaction order of oxygen involved in the reoxidation
of the catalyst, a value of 0.3 was obtained. Hence, in this model the amount of
oxygen in the gas phase has indeed a minor effect on the rate of reoxidation of the

catalyst. A closer look at the magnitude of the kinetic parameters involved in this
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reaction step indicates that the process of providing oxygen through the catalyst
is fast in comparison to other steps in the reaction mechanism.

The observations suggest that CoHg consumption rate has a low reaction order
with respect to Oy concentration. An evaluation of the reaction order of O, as a

function of its molar fraction, by using Eq. 4.12, is presented in Figure 4.9b.

8 ln rnet,CQ Hg

412
o, (4.12)

nNo, = Yo,

Spatially resolved measurement data provide insights into the reaction mecha-
nism immediately upon application as shown in the example above. Initial con-
sumption/production rates can be easily obtained from a simple linear regression
analysis of the profiles at zero contact time. In combination with a reliable gas an-
alytic system, this feature can be easily used to obtain experimental estimations of
apparent activation energies as well as primary and secondary product formations.
In a typical kinetic study setup under differential conditions, eleven parallel reac-
tors would be needed in order to be able to reproduce one of the profiles obtained
using the spatial profile measurement technique with the CPR. This advantage
makes it possible to propose a kinetic model in a relatively short time interval
(two weeks) and to reduce the required amount of experimental work heavily.

The results presented so far are only derived from gas phase analysis. Thus,
information obtained are limited to a macroscopic understanding of the catalytic
system under steady-state conditions. Further knowledge about the catalyst itself,
apart from the theoretical parameter 6,, that describes the percentage of oxidized
sites, remains unknown. However, the observed changes in the reaction mechanism
and in the color of the catalyst are inseparably linked to the structural changes in
the catalyst. To unravel this interrelation of the reaction network and changes in
the catalyst, both aspects are studied simultaneously in operando studies, repre-

senting the main focus of this thesis and the following chapters.
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5 Spatially-Resolved Operando
X-Ray Absorption Spectroscopy

In spatially-resolved operando XAS experiments local gas compositions, tempera-
tures, and structural information along the catalyst bed are simultaneously mea-
sured. Structural information obtained from XAS add an additional information
domain and allow us to unravel the changes in the catalyst structure along the cat-
alyst bed and, in particular, around the IP («) (see Section 4.1). In the first part
of this chapter important considerations for method development are explained.
After the relevant aspects for method development were provided, the second part
examines the reactor profiles measured at P64, PETRA III. While this chapter
provides a detailed explanation of the method development, the results shown
in Section 5.2 have been previously published in [126]. The project was a col-
laboration between the groups of Raimund Horn (TUHH, Reacnostics GmbH),
Michael Schmidt (Reacnostics GmbH), Thomas Sheppard (DESY, KIT), Dmitry
Doronkin/Jan-Dierk Grunwaldt (KIT), and Christian Schroer (DESY, UHH).

5.1 Method Development

In the following section actions are described to adapt the CPR for enabling mea-
surements in transmission mode (Subsection 5.1.1) as well as to optimize trans-
mission values through the rather thick CPR reactor tube (Subsection 5.1.2).

5.1.1 Synchrotron CPR-XAS

Originally, the CPR was designed for spatially-resolved operando measurements

using Raman spectroscopy [38]. For this methodology, only one optical access is

101



5 Spatially-Resolved Operando X-Ray Absorption Spectroscopy

needed, allowing to direct the laser light on the sample and to collect the reflected
Raman signal on the same way back. Hence, only parts on the front of the CPR
were designed with an opening, including three parts in total, namely: (1) lid
CPR housing; (2) lid heating block (Fig. 5.1, left); (3) lid reactor tube. The
latter encloses the reactor tube inside the heating block. These three parts remain
unchanged for the CPR-XAS compared to the original CPR.

CPR front view CPR back view

4——— reactor tube =—p

heating block

front slit

back slit

60 mm

Figure 5.1: Schematic of the sample heating block in the CPR-XAS version showing
the standard opening on the front (left) and the new slit on the back (right) to
allow X-rays passing through the reactor tube. This figure is included in an article
submitted to [125].

Method extension to XAS requires to collect X-rays downstream of the sample
(transmission mode) or perpendicular to the incident beam (fluorescence mode)
and thus, two optical accesses, one for the incident and one for the exiting X-
rays. An opening perpendicular to the incident beam is not compatible with the
integrated electronics of the CPR. Therefore, the CPR was modified to enable
XAS measurements in transmission configuration. In this experimental geometry,
signals are measured at the same position up- and downstream of the sample

(0° between incident and exiting X-ray photons). For this purpose, parts on the
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5.1 Method Development

reactor back were technically modified, including vertical slits (60 mm long) in the
heating block parts (Fig. 5.1, right), and two more spherical openings (4 mm in
diameter) in the lid of the reactor housing as well as in the cooling plate.

Since the reactor tube and the heating block are moved, while the capillary
and the beam remain fixed in position, the heating block parts downstream of
the sample were cut slit-shaped in order to provide access along the entire reactor
bed. The openings were tested by moving the empty heating block, i.e., without
a reactor tube installed, and monitoring transmission of the X-ray beam. This
evaluation shows an actual measurement length of 55 mm instead of 60 mm, which
is important to consider for packing a suitable catalyst bed length and to position
the bed inside the reactor tube.

5.1.2 Sample Preparation

For the preparation of the rather thick reactor tube filled with catalyst (OD 6 mm,
ID 4 mm) as XAS sample, it is essential to consider the total absorption just above
the Mo K-edge energy (20.05 keV), the edge jump (Ap- x), as well as sample uni-
formity. The total absorption is the sum of absorption contributions from each
material present, and crucial to take into account for estimating photon transmis-
sion. In case of the CPR reactor tube, the total absorption is determined by the
wall thickness of the fused silica reactor tube, the MoOs weight loading on the
catalyst support, the v-AlyO3 support, and the catalyst bed porosity, illustrated
in Figure 5.2.

Equation 5.1 was used to approximate transmission values (I,/Iy) through the

CPR tube according to Beer’s law.

i = exp (_ptot,SiOg 550, * Y Pisios  H(E)mi — Protved  Toed * P Piped - N<E>ml)
(5.1)

Here, the first part of the exponential term describes absorption by the fused
silica tube and the second by the catalyst particles within the reactor tube. In each
term, the density of the sample material (p;), the mass fraction of each element

i (¢;) in the material, as well as the corresponding u(E),,; value for the specific
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Top view reactor tube

reactor tube e :
* ‘3 empty space

particles

Figure 5.2: Illustration of the beam pathway passing through a CPR reactor tube
filled with catalyst particles and a stainless steel capillary placed in the center.

energy above the edge energy, in our case around 20.05 keV, must be known. An

example is given later in this subsection.

By using the same reaction conditions, i.e., reactor tube wall thickness 1 mm,
30 wt% MoO3/~-Al,03, as applied in the catalyst activity investigation study
(Section 4.2), basically none of the X-ray photons will get through the reactor tube.
Therefore, the reactor sample had to be adjusted to allow XAS measurements at
the Mo K-edge. Parameters to optimize are the MoOj weight loading (number
of absorbing Mo atoms present), particle size (smaller particles result in a more
densely packed catalyst bed), as well as the wall thickness of the reactor tube.
With regard to the reactor tube, the OD of the reactor tube is fixed (6 mm) since
it ensures direct contact with the heating block and thereby appropriate sample
heating. In case of an empty reactor tube with a reactor tube wall thickness of
1 mm and a density of 2.2 g/cm?® the X-ray intensity is attenuated to ~ 33 %.
Notably, this value corresponds to the transmitted fraction when the beam passes
two times 1 mm as the beam enters and leaves the reactor tube. Thus, as a first
step the reactor tube diameter was reduced to 600 ym resulting in approx. 51 %
photon transmittance. The utilization of a thinner reactor tube wall results in a

larger ID of 4.8 mm, filled with catalyst, which is preferable in terms of sample
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5.1 Method Development

uniformity. To illustrate this point, it is key that the sample is as uniform as
possible over the beam size as a result of the log dependency according to Beer’s
law. To take the log of sums, as it should be the case for XAS experiments
to obtain meaningful spectra, is not the same as the sum of logs. Supported
catalyst samples tend to be heterogeneous by nature. In our case, having different
particle shapes caused by grinding and sizes due to the sieve fraction between
200 and 400 pum (Fig. 5.2), as well as most likely a non-uniform impregnation.
Furthermore, the packed bed has irregular air spaces between the particles and
the sampling capillary methodology requires to choose a measurement point (beam
position) next to the capillary, which in combination with the circular reactor tubes
contributes to uneven sampling. Therefore, larger inner reactor diameters allow
to measure more particles at once, preventing spectra distortions as consequence
of an uneven sample. As a counter effect, an increased number of Mo atoms at a
given weight loading is present, which was addressed in the next step.

By using Eq. 5.1, the transmitted fraction through the CPR tube with a fixed
wall thickness of 600 um was estimated for different MoO3 weight loadings in the
range from 1 — 30 wt%. An overview of the used parameters and corresponding

values, exemplified for a weight loading of 5 wt% MoQs, is given in Table 5.1.

Table 5.1: Parameters used to caclulate transmission percent through the CPR
tube, exemplified for 5 wt% MoO3.

Reactor tube Catalyst

Component SiO, MoO3/v-Aly03
Beam pathway [mm] 1.2 4.8
Density [g/cm?] 2.2 ~ 1
Element mass ratio [%] Si: 46.74 Mo: 3.33
O: 53.26 Al: 50.28
0O: 46.39
1(20.05 keV) [em?/g] Si: 4.431 Mo: 79.046
0: 0.86 Al: 3.417
0O: 0.86

In Figure 5.3 photon transmission through the CPR tube as a function of MoOj
weight loading is shown. The curve progression reveals that already at low MoOs

weight loadings only a few percent of the incident photons transmit, pointing out
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the central question of how many photons are required for measuring meaningful

spectra.

14 |

10 -

recommended number of absorption lengths < 3

Transmission [%]

0 5 10 15 20 25 30
wt% MoO,/y-Al,O4

Figure 5.3: Photon percent transmittance through the CPR tube as function of
MoO3 weight loading.

As a simple rule of thumb, XAS community refers to ideal transmission values
in terms of absorption lengths (p-x). The recommended range is between one and
three absorption lengths which corresponds to 37 — 5 % of photon transmittance.
In Figure 5.3, the value of three absorption lengths is marked with the horizontal
line in black at 5 % transmission, revealing that MoOs weight loadings below 6 %
are required to fulfill the absorption length criterion. At these low transmission
values, spectra distortions resulting from a weak sample signal, i.e., very few de-
sired photons left downstream of the sample due to high total absorption values,
might occur. Therefore, preliminary, ex-situ tests were performed to examine spec-
tra quality of six catalysts with different MoOs weight loadings (2.5, 5, 7.5, 10, 15,
20). The catalyst samples were run under ODH operation conditions for several
hours until full oxygen conversion. In this way, spectra quality in both regions
(up- and downstream of position «) could be evaluated. The tests demonstrate

applicability of catalysts up to 10 wt% MoOs3. Since from reaction point of view
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MoOs3 weight loadings above 5 % are preferred to ensure that MoOs covers the
support, which is not inert, the 10 wt% MoOs catalyst was chosen for the operando

XAS experiments.

In summary, transmission could be optimized by tuning the wall thickness of
the fused silica reactor tube as well as the MoO3 weight loading on the catalyst
support. However, thin wall thicknesses make the reactor tube rather fragile which
restricts operation pressures to a lower value (= < 5 bar), while optimizing the
weight loading is solely feasible with supported catalysts, if at all. Bulk catalysts
can be mixed with inert materials, which requires careful examination of other
parameters. For example, by mixing the catalyst with inert particles the contact
time is reduced (lower GHSV) resulting in lower conversion values at the same
total flow rate. The reduction of the total flow rate, to test a relevant range of
reaction conditions or to reach a sufficiently high conversion level at all, requires
careful evaluation of transport limitation as well as sampling flow rates through
the orifice. To conclude, applicability of XAS with the CPR for a certain reaction
system must be individually and carefully examined and will be restricted to edge
energies above 15 keV. In the future, another opportunity is the usage of reactor
tubes made of glassy carbon, making the absorption by the reactor tube material
basically neglectable and thereby broaden flexibility of the catalyst material in the
sample. A major drawback is that the tubes are very costly with ~ 1000 € per
tube.

5.2 Spatial Profile Results

After careful optimization of the reactor sample for spatially-resolved operando
XAS measurements with the CPR-XAS system, profile experiments were carried
out using a 10 wt% MoOs3/7-Al,O3 catalyst. In the following section the concen-

tration profiles and the simultaneously measured XANES profile are shown.
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5.2.1 Species Concentration Profiles

In Figure 5.6 species concentration profiles of the feed components CoHg and O,
the main products CoH, and HyO as well as the undesired carbon oxides CO and

CO, are presented.
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Figure 5.4: Species concentration profiles measured simultaneously with the XAS
profile. Reaction conditions: CoHg/O2/inert:10/10/80, 530 °C, 1 bar, 35 mm cat-
alyst bed, 20 ml/min, 10 wt% MoOg3/~-Al;03. The sample is mounted vertically
during the measurements.

The measurement compare well with the species concentration profiles presented
thoroughly in Section 4.1 as well as reported in literature [22], having common char-
acteristics, e.g., profile shapes, species present, . For a detailed description of the
concentration profiles, the reader is referred to Chapter 4. With regard to this mea-
surement, CO and H,O concentration profiles are calculated from species balance
and sum up measurement errors contributing from all other species. Therefore,
very small changes in HoO and CO are difficult to evaluate. The hydrogen con-
centration profile presented in Figure 5.6 is measured, confirming experimentally
that hydrogen diffuses upstream point «, which was observed in the calculated
hydrogen profile 4.1.

Furthermore, due to the particular relevance of the bed position « for the method

development in this entire work as well as with respect to the XAS profile results in
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the next subsection, it is noteworthy that the position of « is at 16 mm. Distinct
changes in the color and performance of the catalyst are likewise observed around

a as described previously in Section 4.1.

5.2.2 XAS Profiles

Seventeen XAS spectra at the Mo K-edge were recorded under ODH reaction
conditions through a 35 mm long and 4.8 mm thick catalyst bed. The spectra
were taken at the same positions as the sampling points of the species concen-
tration profiles discussed in the previous Subsection 5.2.1. Figure 5.5 shows the
normalized Mo K-edge XAS spectra (XANES region) measured as a function of
position (Fig. 5.5, left) and LCA reveals the bulk Mo average oxidation state
(Fig. 5.5, right). Noticeable is the sharp decrease in the average Mo oxidation
state at position 16 mm («), whereas the spectra before and after this position are

almost constant.
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Figure 5.5: operando XANES measurement atthe MoK-edge. Normalized XANES
spectra as a function of the catalyst bed position (left); Linear combination analysis
using spectra at the beginning (2 mm) and end (34 mm) of the catalyst bed as
internal references and fraction of oxidized sites over catalyst surface obtained from
the kinetic model (right). Reaction conditions: CaHg/O2/inert:10/10/80, 530 °C,
1 bar, 35 mm catalyst bed, 20 ml/min, 10 wt% MoOs3/~v-Al2O3.

To evaluate average oxidation states from the measured XAS profile, orthorhom-
bic MoO3 and monoclinic MoOy corresponding to Mo(VI) and Mo(IV) were used
as references. In Figure 5.6a, the sample spectra at position 2 mm and position

34 mm as well as the bulk MoO3 and MoQO, reference spectra are shown.
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Figure 5.6: Normalized XANES spectra measured operando atMoK-edge at the
beginning (2 mm) and end (34 mm) of the catalyst bed. a) Reference spectra of
orthorhombic MoO3 and monoclinic MoOg corresponding to Mo(VI) and Mo(IV)
illustrated by dotted lines. b) Linear combination analysis of the spectrum at po-

sition 16 mm (position «, full oxygen conversion) between the spectra at position
2 and 34 mm.

The discrepancy between the reference spectra and sample spectra reveals a
different structure of the supported MoO, species relative to the bulk reference
compounds. The spectrum measured at 2 mm is identical to the one of the calcined
catalyst (not shown) and shows the same features and the same energy position
Eo, allowing an assignment to Mo(VI) oxidation state. The spectrum at position
34 mm reveals the rising edge position and the white line shape (strongly absorbing
feature(s) just above the rising edge) similar to the MoO, reference spectrum,
however with a small contribution of an edge feature at 20006 ¢V as in the Mo(VI)
spectra. To determine the exact oxidation state of this internal reference state
the spectrum was fitted in the rising edge region (20008 - 20030 eV) to a linear
combination of 2 mm (best available Mo(VI) reference) and the MoO, reference
spectrum. This resulted in an average oxidation state of +4.5 at the end of the
catalyst bed.

Transition metal oxide catalysts, as MoQOg, are able to exchange readily lat-
tice with gas phase oxygen and provide lattice oxygen for ODH reactions, as in
more detail described in the theory part (Subsection 2.1.1). This is observed by
a quick change in color from yellow to gray of the calcined MoOj3 catalyst at the

very beginning of the catalyst bed upon reaction since optical properties of the

110



5.2 Spatial Profile Results

catalyst are interrelated to its structure. Optical properties of molybdenum ox-
ides change strongly as a function of the oxygen vacancy concentration, indicating
that the gray color results from induced oxygen defects in the catalyst material.
The oxygen vacancy concentration is thermodynamically determined by the oxy-
gen partial pressure and increases with decreasing oxygen partial pressure. Thus,
the MoQOj catalyst is reduced to a certain degree in response to the local gas
phase composition and temperature. Although the oxygen partial pressure de-
clines rapidly until position 16 mm («), the average bulk oxidation state of Mo
remains almost unchanged, showing only a minor gradual decrease until a.. This
indicates that only a low concentration of oxygen vacancies is formed in the deep
bulk. Reduction and reoxidation are obviously restricted to a near-surface region.
Another possible explanation, reported in literature, is that the increasing oxy-
gen vacancy concentration in steady-state at each position with the declining gas
phase oxygen concentration could have lead to the formation of different suboxides
like Mo1gOs2, MogOs3, Mo5014 and MosOq;, that have average oxidation states
around 5.6 — 5.8 [140]. The formation of only near-stoichiometric MoO3_, (x close
to 0) compounds are able to compensate for oxygen vacancies in the bulk without
that the average Mo oxidation state changes. It is further speculated in literature
that one of the well-defined molybdenum suboxides constitutes the active phase in
ODH [141]. The gradual reduction of such a molybdenum suboxide phase could
explain the slight decrease in the average Mo oxidation state upstream of position

Q.

Below a certain oxygen partial pressure, the structure cannot compensate for
oxygen vacancies anymore and structural changes are induced rapidly, occurring
between positions 14 and 18 mm. Linear combinations of spectra at the beginning
(2 mm) and end of the catalyst bed (34 mm) show that the spectrum at position
16 mm can be created by mixing of the two. Therefore, position 16 mm is a
weighted average of the two. Consequently, two isosbestic points arise, illustrated
in Figure 5.6b. This shows that no stable or new intermediate phase can be
detected with XAS. This observation is in line with studies performed by Ressler
et al. [140], who showed that reaction temperatures above 700 K make a fast and

complete transition of MoOj3 into MoQOs feasible through the participation of a
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considerable amount of lattice oxygen in combination with a rapid formation and
growth of MoO, nuclei.

Beyond «, the catalyst possesses a dark blue color, characteristic for MoO,, that
turned even darker towards the end of the bed. The average Mo oxidation state
stabilizes close to Mo(IV).

In summary, obtained information agree with catalytic performance studies
(Chapter 4) as well as with the kinetic model (Section 4.3) and complements
it with a mechanistic understanding of underlying physico-chemical phenomena.
This chemical understanding can be used to derive and tune models more effi-
ciently, and also to validate them. While data quality is strongly determined by
the reactor system, among others, the type of structural information is deduced and
thus determined by the applied catalyst characterization technique. Hence, a con-
siderable motivation exists to expand the characterization portfolio for operando

spatial profiling methodologies, which is presented in the next chapter.
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XRD represents a commonly established catalyst characterization technique for
crystalline phase composition analysis, applied in various catalysis studies whether
at laboratory or synchrotron radiation facilities. Therefore, the operando profil-
ing methodology using XAS (Chapter 5) was extended to spatially-resolved high-
energy XRD, which is the subject of this chapter. The goal is to measure spatially-
resolved operando XRD data that allow deducing how the catalyst adapted in its
crystalline phases along the catalytic bed in response to the strongly changing reac-
tion environment. Essential considerations for method development are described
first. After establishing the basic requirements of this methodology, experimental
operando profile results are presented. The results shown in Subsection 6.2.1 have
been previously published in [131] and the results in Subsection 6.2.2 in [125]. Fur-
ther, the Rietveld fit shown in Subsection 6.2.2 has been conducted by Ida Nielsen,
who belongs to the DESY cooperation group. The project was a collaboration be-
tween the groups of Raimund Horn (TUHH, Reacnostics GmbH), Michael Schmidt
(Reacnostics GmbH), Thomas Sheppard (DESY, KIT), and Ann-Christin Dippel,
Marina Sturm, Olof Gutowski, Ida Nielsen from P07/P21.1 (DESY).

6.1 Method Development

In this section technical modifications of the CPR-XAS to obtain the modified
CPR-XRD version are described. Crucial for the CPR-XRD design was to adapt
the size of the reactor window for enabling measurements of scattered X-rays in

transmission mode, and at the same time to keep the reactor window size as small
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as possible in order to ensure uniform reaction temperatures, which is explained

subsequently.

6.1.1 Synchrotron CPR-XRD

Reactor modifications required for the CPR-XAS (Subsection 5.1.1) focused on
enabling the beam to pass through the reactor without hitting another reactor
part except of the CPR reactor tube filled with catalyst particles. Since the signal
in XAS measurements is collected at the same position downstream and upstream
of the sample, experiments can be conducted from both directions of the reactor.
Furthermore, the measurement position (beam position) can be chosen on the right
or the left side of the capillary, as long as the beam does not hit the stainless steel
capillary. In contrast, XRD measurements with the CPR-XRD are direction and
beam position dependent. Since a scattered X-ray signal is collected downstream
of the sample over a defined angular cone, corresponding reactor modifications are
not symmetric. The incident X-ray beam is directed from the back of the CPR on
the sample (Fig. 6.1a) and, with a view in beam direction, positioned on the right
side of the capillary (Fig. 6.1b).

area detector reactor tube

| CPRtube
capillary

incident X-ray beam !

(from CPR back) o

incident X-ray beam
(from CPR back)

Figure 6.1: Schematic of the X-ray beam pathway through the reactor tube. (a)
The X-ray beam passes the reactor tube from the back of the CPR and the scattered
signal is collected on the front. (b) The X-ray beam is positioned next to the
capillary.

Compared to XAS, the X-ray signal differs only downstream of the sample.

Hence, solely the parts on the reactor front (downstream of the sample) were cut
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6.1 Method Development

to allow measurements of scattered X-rays in transmission mode with a maximum
solid angle of 26 up to 32°. The modifications include the reactor cover (Fig. 6.2,
A) as well as two covers of the heating block (Fig. 6.2 B, C).

Al ‘ :

opening lid1: B . opening lid 2:
reactor front heating block reactor tube
i I |

Figure 6.2: Enlarged openings in the parts of the reactor front for the development
of the CPR-XRD version to allow measurements of scattered X-rays in transmission
mode with a maximum solid angle of 26 up to 32°.

The correct position of the openings next to the capillary was verified by moving
the reactor relative to the X-ray beam in the horizontal direction, as shown in
Figure 6.3. The measurement position, marked in red, was chosen at the signal
intensity plateau between 136.75 — 135.75 mm, originating from the sample. The
three higher intensity peaks correspond to metal signals from the heating block or

sampling capillary.

6.1.2 Sizing the CPR Reactor Window

Spatially-resolved powder diffraction analysis of the catalyst during the reaction
requires to pass through the CPR reactor tube (OD 6.0 mm, ID 4 — 5.6 mm)
with a sufficient number of photons scattered from the catalyst sample, and at
the same time to record the transmitted, scattered X-ray photons over an opening
angle large enough to measure relevant structural information from most catalytic
materials. In this regard, the usage of high photon energies is very beneficial

because it strongly reduces beam attenuation as the X-ray beam traverses sample
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heating block, left heating block, right

sampling capillary
stainless steel
OD 0.7 mm

|

catalyst bed
1mm |

intensity [a.u.]

measurement position

139.5 138.5 137.5 136.5 135.5 134.5 133.5 132.5
horizontal translation stage [mm]

Figure 6.3: X-ray intensity monitored through the CPR in measurement configu-
ration, while the CPR is moved horizontally using the beamline sample stage.

materials, and thus facilitates transmission experiments on thicker samples. In
lab-based X-ray systems the highest penetration depths of X-rays into or through
sample materials are obtained by utilizing anode materials such as Ag or Mo
that generate X-rays with photon energies of 17.5 keV and 22.2 keV. However,
in this photon energy range beam attenuation is still significantly high resulting
in similar optimization problems as described for XAS in Subsection 5.1.2. In
addition, the flux provided by lab-based X-ray systems is too low in order to achieve
diffraction signals from the catalyst sample distinguishable from noise, whether
XRD experiments are carried out on the CPR tubes in reflection or transmission.
Alongside these reasons, the usage of photon energies above 50 keV is practical
for conducting XRD experiments on the CPR since divergence of the exit beam
is minimized and a wider d-value range within a fixed (small) angular cone can
be measured. Thereby, a smaller sample window size in the reactor is required for
obtaining the same information in XRD experiments carried out with high energies
compared to low energies. To illustrate this point, a full pattern with a 26 range
of 140° at 8.05 keV (Cu radiation) is equivalent to approximately 15° at 103 keV
(Fig. 6.4a).
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high energy, MoO4/y-AlLO,4 a MoO,/y-Al,O, b
103.41 keV
* *
100 keV
e £l
£, o,
= | = * >
2 | 2 85 keV
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£ =
low energy,
rJ 8.05 keV (Cu)
52 keV
0 20 40 60 80 100 120 140 5 10 15 20
2 theta [°] 2 theta [°]

Figure 6.4: Diffraction pattern illustrated at different energies. (a) Pattern at high-
energy (pink) and low-energy (green). (b) Pattern at energies available at beamline
P21.1.

Small opening angles are crucial since optical access for the exiting, scattered
X-rays must be technically realized by cutting the covers of the sample oven (Sub-
section 6.1.1), which as a consequence affects sample heating, reaction tempera-
tures, and potentially isothermicity in the radial and axial direction of the catalyst
bed. To conclude, in order to perform operando XRD measurements through the
CPR reactor tube require X-rays with high-energies (> 50 keV) and high flux,
as available at dedicated beamlines at synchrotron radiation facilities. For sizing
the reactor window, relevant 26 ranges determined by catalyst samples as well as
commonly available photon energy ranges at several beamlines were considered.
The beamlines P07 and P21.1 provide X-rays with tunable energies in the range of
30 to 200 keV (P07) or fixed energies at 52, 85, 100 keV (P21.1). Important details
on setup integration at both beamlines are given in Subsection 3.6.2. Figure 6.4b
shows the same pattern as in Figure 6.4a at the three different energies feasible at
P21.1. As a result, already small reactor windows with a solid angle of 10 — 20°
are suitable for most catalyst materials. In order to test the feasibility of total
scattering techniques (PDF analysis), a slightly larger 20 range of approximately
30 — 35° was cut, although 10 — 20° are preferable in terms of uniform reaction

temperatures.
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6 Spatially-Resolved Operando X-Ray Diffraction

Prior to modifying the CPR, data quality was tested and verified via ex-situ mea-
surements for different reactor IDs (4.0, 4.8, 5.2, 5.6 mm), particle sizes (50 — 100,
100 — 200, 200 — 400 pm) and catalyst materials (10 - 30 wt% MoOj3/~-AlyO3,
M1 (MoVTeNDb oxide). Patterns measured through a CMR tube (OD 1 mm /
ID 0.98 mm) and the CPR tube (OD 6 mm / ID 5.6 mm), one each, are shown
in Figure 6.5. The signal at 3.5° was used for intensity normalization. The pat-
terns are very similar in terms of the main reflections and demonstrate that no
significant peak broadening occurs by measuring through the larger CPR reactor

diameters.

CPR:OD6/ID5.6 CMR:0OD1/1D 0.98

normalized peak intensity

intensity [a.u.]

2 theta [°]

Figure 6.5: Patterns acquired in two different reactor systems. The pattern in red
was measured in the rather large reactor tube diameter of the CPR and the pattern
in black in a small reactor tube diameter of a CMR.

In summary, the reactor was successfully modified to enable XRD measurements
in transmission mode, and ex-situ measurements verified feasibility of the new
measurement, concept. XRD results obtained with the CPR-XRD operando are

the content of the following section.

6.2 Spatial Profile Results

Profile experiments were carried out at beamlines P07 and P21.1 (PETRA III,
DESY) using a 30 wt% MoO3/v-AlyO3 catalyst. XRD results from both beam-
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lines compare well with each other in terms of the main features. Therefore, the
following chapter will only focus on the XRD data obtained at P07. Results from
P21.1 are shown in supplementary material (Fig. A.12 — A.14). Subsection 4.2.1
demonstrates long-term catalyst stability under operating conditions as well as
reliable operation of the profiling methodology with the CPR setup by comparing
concentration and temperature profiles between original and replicate runs. Fol-
lowing the same procedure, the observations can be complemented with structural
data from XRD, presented in the first Subsection 6.2.1. In the subsequent section,
spatially-resolved XRD data from one profile run are analyzed in detail.
Simultaneously measured gas compositions are not presented in this chapter.
Corresponding results at P07 (MS) are shown in the supplementary material
(Fig. A.15). Results obtained at P21.1 (GC) were shown previously in Section 4.1
to introduce the general basics of the reaction system in the presence and absence
of gas phase oxygen. All species concentration profiles measured in this work com-
pare well in terms of the main features with each other P21.1 vs. P07 as well as
with operando profiles with XAS at P64 (Subsection 5.2.1). The profiles at P21.1
served as example for profiles conducted until full gas phase oxygen conversion
since other profiles have a lower data quality in comparison. In particular, gas
analysis via MS for ethane ODH is difficult, because many masses are overlapping
in this reaction system. Further, reliable species quantification by MS is restricted
to oxygen conversion levels up to 60 % because at higher oxygen conversion levels
instabilities of the MS (e.g., signal response behavior) occur that result from a

corresponding change in the oxidative properties of the reaction mixture.

6.2.1 Stability and Reproducibility

Six operando XRD profile runs were carried out at beamline P07, comprising three
original and three replicate runs. Each profile run contains background features
(e.g., the fused silica reactor) which should remain unchanged throughout all pro-
files conducted within the same reactor tube. Comparing the same measurement
positions between different profile runs allows us to evaluate the operation stability
of the beamline and reactor. Figure 6.6 shows normalized patterns of all profiles
acquired of the empty reactor tube (Fig. 6.6a, -10 mm, OD 6.0 mm/ID 5.6 mm),
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close to the catalyst bed (Fig. 6.6b, -2 mm), and at the start of the bed (Fig. 6.6c¢,
0 mm). The fused silica reactor tube shows characteristic signal contributions with
a broad signal in the q range of 1.2 — 2 A~! (Fig. 6.6a). A good match between
all patterns at this position is observed, confirming stable beamline operation over
the whole measurement time of 28 h. QW plugs were used to fix the catalyst
bed in position, resulting in a short zone where mixing between QW and catalyst
particles is observed. By shaping the beam size to 0.5 x 0.5 mm? on the sample,
minor reflections from the catalyst, therefore, appeared at -2 mm in all profile
runs (Fig. 6.6b). This information should be considered when evaluating initial
slopes of species concentration profiles. Diffractograms obtained at position 0 mm
(Fig. 6.6¢) show pronounced catalyst signals compared to positions before, indi-
cating that the beam is fully positioned within the catalyst bed. Therefore, this
position is assigned to the beginning of the catalyst bed. Notably, the patterns
recorded at the same position (-2 or 0 mm) show significant changes in total inten-
sities (e.g., 1.64 A=, 1.92 A=) and signal to background ratios, which is related

to changes of the catalyst structure with time, not further discussed in this work.

a) position -10 mm

b) position -2 mm 1 c) position 0 mm

intensity [a.u.]
intensity [a.u.]
intensity [a.u.]

14 1.6 1.8 2.0 1.4 1.6 1.8 2.0 1.4 1.6 1.8 2.0
q[A"] q[A" q[A"]

Figure 6.6: XRD patterns of all profile runs at three different positions measured
operando at beamline P07, PETRA III (Hamburg, Germany) over 28 h. a) Empty
reactor tube (position -10 mm); b) Mixture of catalyst particles and QW close to
the beginning of the catalyst bed (position -2 mm); ¢) Beginning of the catalyst bed
(position 0 mm). Diffractograms are normalized to the maximum of the fused silica
signal at 1.5 A—1.

However, the pronounced change between patterns acquired at the transition
zone (Fig. 6.6b) and the beginning of the bed (Fig. 6.6¢) is reproducible between all
profiles, confirming that the same sample volume was probed in each profile. This
demonstrates precise and stable motor positioning of the spatial profile reactor, as

well as negligible impact of the spatial profiling methodology caused by repetitive
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moving of the sampling capillary through the center of the catalyst bed. For
example, the latter could have led to particle attrition and densification of the
bed, which would have shifted the start position of the catalyst bed down in
the vertically positioned tube. This should be considered with care when using
capillary sampling in catalyst materials, which may have low mechanical stability.
A densification of the catalyst bed could result in different catalyst mass per sample
position with strong impact on species concentration profile measurements and
hence, on catalytic performance observations and deduced kinetic parameters.
Overall, the XRD results complement observations made in Subsection 4.2.1,
demonstrating long-term stability and reproducibility of the profile measurement

technique with the CPR and the used reaction system.

6.2.2 XRD Profiles

An overview of the obtained XRD patterns simultaneously measured with local
catalyst activities is presented in Figure 6.7. Here, twenty-seven diffractograms
were recorded at the same positions as the sampling points of the species concen-
tration profiles, which form the corresponding XRD profile through the 38 mm
long catalyst bed. The catalyst bed can be separated into three zones (0 — 18 mm,
f: 18 — 24 mm, 24 — 38 mm) based on structural similarities. XRD patterns before
(0 — 18 mm) and after (24 — 38 mm) /3 are very similar with respect to the occurring
reflections, whereby the first bed zone shows changes in the signal-to-background
ratio and peak intensities and the third zone varying peak intensities, which will
be discussed later in this subsection. In the second bed zone, denoted as 3, XRD
reveals a pronounced phase transformation, which starts at the point of full gas
phase oxygen conversion («, 18 mm) obtained by the species concentration profiles
(Fig. A.15a, d).

An overview of the phase transformation is illustrated in Figure 6.8. The diffrac-
tograms measured before and after position [ are represented by the patterns at
position 2 mm and 36 mm, respectively, which are shown in a 26 range of 1.3 — 6°
on the left (Fig. 6.8a, b), and with a smaller angular region of 1.5 — 3° on the right
(Fig. 6.8¢c, g). Further, patterns acquired inside the transition zone g at 19 mm
(Fig. 6.8d), 20 mm (Fig. 6.8¢), and 21 mm (Fig. 6.8f) are shown in the stack plot
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Figure 6.7: operando XRD profile simultaneously measured with temperature and
gas concentration profiles at beamline P07, PETRA III (Hamburg, Germany) during
ethane ODH. « (black colored pattern, 18 mm) marks the position of full gas phase
oxygen conversion with different catalyst performances before and after. S (grey-
colored patterns, 18 — 24 mm) marks the catalyst bed range where the catalyst under-
goes distinct phase transformations. Reaction conditions: CoHg/O2/N2:10/10/80,
515 °C, 1 bar, OD 6 mm/ID 5.6 mm, 38 mm catalyst bed, 15 ml/min, 30 wt%
MoO3/v-Aly03, beam size 0.5 x 0.5 mm? (h x v), 103.4 keV (A = 0.1199 A).

(right). Each diffractogram has signal contributions from the reaction tube (fused
silica) and support material (7-AlyO3). A corresponding pattern of the reactor
tube filled with pure support material is shown in Fig. 6.8a and b, illustrated in
green. Fused silica shows a characteristic broad shoulder in the 26 range of 1.4
— 2°, while the strongest reflections from ~-AlyO3 occur at 3.5° 004 and 4.9° 044
[ICDD 98-003-0267]. The as-prepared calcined sample exhibits a yellow color at
515 °C in O9/N5:20/80. Upon reaction, the catalyst changed color quickly from
yellow to gray at the beginning of the catalyst bed. The corresponding sample
diffraction patterns measured at 2 mm (Fig. 6.8a) cannot be assigned either to the

previous MoOj3 phase or another obvious phase mixture.

Molybdenum oxides are known to form numerous intermediate oxides, such as

Mos0O14 [ICDD No-. 98-007-2639], Mo15O52 [ICDD No-. 98-002-7510], Mo;7047
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Figure 6.8: XRD patterns measured operando at beamline P07, PETRA III (Ham-
burg, Germany). a, ¢) Diffractogram at the beginning of the catalyst bed (yellow,
2 mm, before ) in the presence of gas phase oxygen; b, g) Diffractogram at the end
of the catalyst bed (blue, 36 mm, beyond ) in the absence of gas phase oxygen.
a, b) Each pattern contains signal contributions from fused silica and alumina. A
corresponding pattern is shown in green. d — f): XRD patterns measured at the
catalyst bed position (18 — 24 mm). Reaction conditions: Reaction conditions:
CaoHg/02/N3:10/10/80, 515 °C, 1 bar, OD 6 mm/ID 5.6 mm, 38 mm catalyst bed,
15 ml/min, 30 wt% MoOs3/y-Al3O3, beam size 0.5 x 0.5 mm? (h x v), 103.4 keV
(A = 0.1199 A).

[ICDD No-.98-002-8333], MogOs6 [ICDD No-. 98-003-8014], MogO43 [ICDD No-.
98-020-2203], Mo4O1; [ICDD No-. 98-002-4033] [140-142]. Main reflections orig-
inating from the aforementioned phases occur in a low 26 range of 1.6 — 2.2° or
show very low intensities. The ability of molybdenum oxides to rapidly exchange
gaseous oxygen leads to the formation of various suboxides, small crystallite sizes,
and an oxygen defective structure, whose extent is thermodynamically determined
by temperature and the local oxygen partial pressure. Oxygen defects cause peak
broadening as well as small crystallites, which decrease the resolution and might

have led to overlapped or hidden reflections, making phase identification challeng-
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ing. While the XRD patterns show a stable phase mixture over the measurement
time at one bed position, the patterns between the sampling positions in the first
reaction zone show a varying signal-to-background ratio and peak intensities. Here,
the strongly decreasing oxygen concentration results in a varying phase composi-
tion along the catalyst bed, consisting of a mixture of molybdenum (sub)oxides
with a changing crystallite size and number, including the formation of XRD amor-
phous phases.

The XRD patterns obtained beyond /5 (36 mm, Fig. 6.8b) show crystalline MoOx
with a monoclinic crystal structure ([ICDD No-. 98-015-2316) as the only crys-
talline phase related to molybdenum oxide. The onset of reduction of Mo, Os,,_,
to MoOs, is seen at position 19 mm (Fig. 6.8d) through the appearance of MoO,
reflections and at the same time decreasing Mo, O3, ., signals. At 24 mm no
reflections corresponding to non-stoichiometric oxides are detected anymore.

The course of the phase transformation is further addressed by the evaluation
of peak areas at 20 of 1.80° and 4.01°, showing no overlap and strong reflections
corresponding to Mo,,O3,_, and MoO,, respectively (Fig. 6.9).

Noticeable is a sharp decrease in Mo, O3,,_, and an increase in MoOy from 18 —
24 mm, which complements previous observations of catalyst reduction. The oscil-
lation in the signals upstream and downstream of this region are observed similarly
in the XRD profile measured at P21.1, without showing the same oscillatory trends,
indicating a random variation. For both measurements 15 images were recorded
at each position, showing no significant deviations. Hence, XRD measurements
were reproducible and showed a negligible statistical error. A possible explanation
for the observed variations along the bed could be related to insufficient particle
statistics in the XRD measurements, compared to optimal powder XRD analysis.
With respect to the setup, the sample cannot be rotated. In addition, a com-
promise had to be found to fulfill the requirements of reaction engineering and
XRD analysis, leading to the usage of rather big catalyst particles (300 — 400 pm).
Therefore, effects resulting from crystal orientation, e.g., directional crystal growth
at high temperatures, might be seen in the XRD profiles. Also minor effects like
variations in the local Mo loading and in the bed density might contribute to the
observed deviations. Lastly, it might also be that the oscillations originate from

actual changes in the phases, since the catalyst is exposed to strongly varying gas
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Figure 6.9: Area evaluation of reflections at 1.80° (corresponding to Mo, O3,,—,), as
well as at 4.01° (corresponding to MoO2). The areas were normalized to the max-
imum area obtained at the respective reflections. « (black line, 18 mm) marks
the position of full gas phase oxygen conversion with different catalyst perfor-
mance before and after. [ (grey area, 18 — 24 mm) marks the catalyst bed range
where the catalyst undergoes distinct phase transformations. Reaction conditions:
CyoHg/02/N3:10/10/80, 515 °C, 1 bar, OD 6 mm/ID 5.6 mm, 38 mm catalyst bed,
15 ml/min, 30 wt% MoO3/y-Al3O3, beam size 0.5 x 0.5 mm? (h x v), 103.4 keV
(A = 0.1199 A).

compositions along the catalyst bed. For example, in the first bed zone a growth
in crystal numbers of a respective Mo,,Os,,_, phase could result in changing XRD
patterns, while at the end of the bed, beyond position 30 mm, the decreasing trend
of the MoQO, phase could indicate a further reduction of MoQOs.

To illustrate the quality of the obtained data, Rietveld refinement was performed
for the XRD pattern at position 26 mm using the monoclinic structure of MoO,
[ICSD collection code 23722].

A good match is achieved between experimental and calculated patterns (Fig. 6.10),
demonstrating high data quality enabling a thorough structure analysis, which is
planned for future works.

In summary, operando XRD reveals a distinct phase transformation from a mix-

ture of various Mo, O3,_, phases towards a highly crystalline monoclinic MoO,
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Figure 6.10: Experimental XRD pattern measured operando at position 26 mm
and results of the Rietveld refinement (experimental data in orange, calculated in
black, difference calculated-experimental in grey). The two areas around 3.5° and
4.9° have been masked out of the refinement because of the relatively large contri-
bution from 7-AlpO3. Reaction conditions: CaHg/O2/N2:10/10/80, 515 °C, 1 bar,
OD 6 mm/ID 5.6 mm, 38 mm catalyst bed, 15 ml/min, 30 wt% MoOs3/v-AlO3,
beam size 0.5 x 0.5 mm? (h x v), 103.4 keV (A = 0.1199 A).

at full gas phase oxygen conversion. Catalyst reduction downstream of this posi-
tion, as well as identified phases are in line with color, catalytic performance, and
structural observations from XAS, demonstrated in previous chapters.

To summarize, the portfolio of spatially-resolved operando synchrotron-based
catalyst characterization methods was expanded by means of XRD. Here, for the
first time temperature-, gas composition-, and high-energy XRD profile measure-
ments were performed simultaneously through a catalytic fixed-bed. The high
data quality enabled quantitative gas and crystalline phase analysis of identified
phases which allow to deduce catalyst structure-function relations based on po-
sition within the reactor. While the applied test reaction system was essential
for well-grounded method development, the methodology represents a promising
approach for systematic studies of various reaction systems in the future, and to

understand how bulk structural changes affect end of pipe reactor performance.
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In this thesis, new measurement concepts were developed to expand the charac-
terization portfolio for operando profile experiments employing synchrotron-based
X-ray techniques. Operando profiling comprises the simultaneous measurement of
spatially-resolved gas composition, gas temperature, and structural information of
the catalyst. The main methodological achievements are operando profiling using
X-Ray Absorption spectroscopy (XAS) and X-Ray Diffraction (XRD).

In order to ensure a systematic development and validation of these complex
methodologies, the oxidative dehydrogenation (ODH) of ethane to ethylene over
a MoOj3/~-Al,O3 catalyst was chosen as a test system. This reaction system
possesses optimal characteristics required for well-grounded method development,
for example distinct catalyst dynamics in color, performance and structure as well
as structural reversibility as a function of the reaction environment. In addition
to this, gas phase species are easy to handle, the catalyst is quickly synthesized,
stable catalyst performance is reached within a short time, and for a long time on
stream.

The synchrotron-based operando profile measurements required a complex ex-
perimental setup, mainly consisting of a gas dosing system, a profile reactor, gas
phase analytics, and a spectroscopic or scattering instrument. Additionally, the
setup was equipped with an automated process control system, including heating,
gas dosage, reactor positioning and communication with the beamline. Beam-
lines usually have limited space for large setups and experiments follow strict
time constraints. Consequently, the experimental setup must be tailored to match
these requirements with an integrated and fully automated design, enabling time-
saving setup assembly as well as straightforward sample changeover, operation,
and control. Setup operation conditions include a broad range of feasible reac-

tion parameters (e.g., reaction temperature: up to 550 °C, trace heating: 200 °C,
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pressure: 1 — 10 bar), allowing for probing numerous heterogeneously catalyzed
gas-solid or gas-liquid-solid reaction systems. The heart of this setup is the Com-
pact Profile Reactor (CPR) developed by Reacnostics GmbH. The CPR utilizes
the capillary sampling technique to resolve spatial gradients and is originally de-
signed for operando measurements coupled to spectroscopic measurements such as

Raman-spectroscopy in reflection mode or via optical fibers.

To test the new setup before the operando profile experiments were conducted at
the synchrotron, a set of catalytic performance studies was carried out using three
statistically well-defined experimental design plans, comprising 38 concentration
and temperature profiles in total. Key objectives were as follows: to verify the
catalyst stability with time on stream, to evaluate the reproducibility of the cap-
illary sampling technique and reactor system, to obtain a detailed picture of the
catalyst under various reaction conditions, as well as to develop a kinetic model
predicting the species profiles for oxidation reactions. The standard reaction mix-
ture was composed of the feed components ethane and oxygen, the main products
ethylene and water, as well as the undesired carbon oxides CO and CO,. By com-
paring species concentration profiles and corresponding replicate profiles, which
were evenly distributed throughout the measurement campaign, a good match is
observed. This demonstrates the long-term stability and reproducibility of the

profile measurement technique with the CPR for the used reaction system.

To investigate the effects of feed and product concentrations, mixtures of ethane
and oxygen were fed to the reactor as well as mixtures of ethylene and oxygen.
In both cases, the concentration of oxygen in the feed inlet was varied. The ex-
periments showed a minor effect on ethane and ethylene rates of consumption,
indicating that processes related to oxygen are fast. In contrast, different feed
compositions for ethane or ethylene, respectively, show a clear impact on oxygen
consumption and ethylene formation rates along the catalytic bed. These obser-
vations suggest that the rate determining step is related to the ethane or ethylene
activation, respectively. With regard to undesired byproduct formation, ethylene
was found to mainly contribute to the formation of carbon oxides in the pres-
ence of gas phase oxygen. The experimentally obtained profile results support the
Mars-van Krevelen (MVK) mechanism, in which all hydrocarbon reactions occur

via lattice oxygen and the catalyst participates actively by undergoing cycles of
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oxidation and reduction. Therefore, the kinetic model to describe and understand
this reaction system follows the MVK approach, considering the oxidation state
of molybdenum as a parameter. The kinetic model was developed by fitting the
complete reactor profiles to the aforementioned reaction mechanism. The resulting
coefficients confirm previous observations that the partial pressure of oxygen has
only a minor impact on the reoxidation of the catalyst. Additionally, the kinetic
model reveals that the reoxidation of the catalyst has a low activation energy,
providing evidence that the reoxidation is not the rate determining step. It can
be concluded that the exchange between gas phase oxygen and catalyst is a fast
process. Hence, as long as the gas phase contains oxygen, the reaction mechanism
and color do not change because oxygen can be refilled in the catalyst structure. In
contrast, distinct changes of the catalyst in color, performance, and structure are
induced by switching from oxidative to non-oxidative reaction conditions. With
regard to the spatial profile measurements, this means that full gas phase oxygen
conversion must be reached at a certain point along the probed catalyst bed to
measure pronounced changes due to catalyst reduction.

By running the reaction with full gas phase oxygen conversion, a color gradient
along the axial position of the catalyst bed, i.e., in the flow direction, is observed.
Similar colors are visible in different regions along the catalyst bed, which allows
separating the bed into three zones. In the first zone, the catalyst possesses a
gray color, followed by a dark gray region, and finally, a dark blue/black zone.
It is noteworthy, that the second bed zone is particularly short with only a few
mm in length. Furthermore, in this second bed zone species concentration profiles
reveal full gas phase oxygen conversion, leading to a change in performance from
oxidation reactions to steam reforming and water-gas shift, while the temperature
profiles show a minor hot spot formation. The observed changes in the reac-
tion mechanism and the color of the catalyst are inseparably linked to structural

changes in the catalyst, further addressed through operando profile experiments.

The first methodological focus of this work was the development of an exper-
imental approach for simultaneously measuring concentration, temperature, and
XAS profiles through a catalyst bed, also referred to as operando profiling coupled
to XAS. Experiments were carried out at the PETRA III storage ring at DESY

using the photon beamline P64 in collaboration between the group of Raimund
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Horn at TUHH, the group of Christian Schroer at DESY, and the group of Jan-
Dierk Grunwaldt at KIT. To enable XAS measurements in transmission mode,
the CPR was modified to the CPR-XAS version. In order to tune photon trans-
mittance through the rather thick CPR reactor tubes to suitable values for XAS
experiments, the catalyst weight loading was reduced to 10 wt% MoOj3 (standard
is 30 wt%) and the reactor tube wall thickness to 600 pm (standard is 1 mm). The
average bulk molybdenum oxidation state profile was deduced from the spatially-
resolved Mo K-edge XANES spectra. Similar to the distinction in three catalyst
bed zones based on color, XAS spectra show the same zones comparing measured
oxidation states present in the catalyst. In the beginning of the catalyst bed (first
zone), i.e., in the presence of gas phase oxygen, an almost unchanged molybdenum
oxidation state of Mo(VI) is observed while the oxygen partial pressure declines
rapidly. This indicates that only a low concentration of oxygen vacancies is formed
in the deep bulk, and therefore, reduction and reoxidation are obviously restricted
to the near-surface region. At very low oxygen concentrations, oxygen vacancies
in the catalyst structure cannot be refilled, resulting in strong and rapid oxida-
tion state changes (second zone) towards a rather constant average molybdenum
oxidation state close to Mo(IV) (third zone). Linear combinations of spectra at
the beginning and end of the catalyst bed show that the spectrum at the point of
full gas phase oxygen conversion (second zone) can be created by mixing the two.
Hence, a direct phase transformation without a stable or new intermediate phase
is detected via XAS. The experimental molybdenum oxidation state profile was
used to validate the predicted local catalyst oxidation state profile by our kinetic
model. This provides a quantitative link between catalyst structure and reactivity

and allows to include catalyst dynamics in reactor simulations.

The second methodological focus of this work was to extend the previously de-
veloped operando profile methodology for XAS to XRD. This approach allows the
simultaneous measurement of concentration, temperature, and diffraction profiles.
Experiments were carried out at the PETRA III storage ring at DESY. Two beam-
times were performed at dedicated photon beamlines optimized for high energy
X-ray science (P07, P21.1) in collaboration with the experts on-site. High-energy
X-rays are required to provide sufficient penetration power to measure reliably and

accurately through the rather thick catalyst bed. In preparation for the beamtime,
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ex-situ measurements of the CPR reactor tubes were performed to examine data
quality for varying reactor inner diameters (constant reactor outer diameter of
6 mm), particle sizes, catalyst materials, as well as different reactor outer diam-
eters. Based on the promising results of the pretests, the CPR-XAS was further
modified to the CPR-XRD, allowing the collection of scattered X-ray signals in
transmission mode over a certain solid angle range. The optimal size of the reactor
opening is determined by various parameters, including photon energies feasible
by the beamline, the angular range containing the relevant sample information,
and preferably a small opening window for improved sample heating through a
direct contact between the reactor tube and oven. By using high-energy X-rays,
small reactor windows with a solid angle of 10 — 20° are suitable for most catalyst
materials. In this work, the feasibility of total scattering was tested in parallel and
the reactor was thus cut to a 26 of up to 32°. The results obtained from spatially-
resolved operando XRD, as in the case for XAS, enable likewise the distinction
in three catalyst bed zones based on crystallographic similarities. In the presence
of gas phase oxygen a rather stable mixture of various Mo, O3, , phases exists
(first zone), while in the absence of oxygen a highly crystalline monoclinic MoO,
phase is formed (third zone). The second zone, the particularly short one, starts
at the point of full gas phase oxygen conversion and shows the distinct phase
transformation from the first to the third zone with characteristic signals from
both regions. Interestingly, no gradual reduction is observed despite the strongly
varying gas compositions along the catalyst bed until the point of full gas phase
oxygen. This is in line with results from operando XAS, supporting the assumption
that gas phase oxygen exchange is fast and restricted to the near-surface region of

the catalyst.

Overall, the new operando profile measurement concept has been proven to be
a promising approach for systematic catalytic studies, allowing the correlation be-
tween catalyst activity and chemical structure in response to the change of local
operating conditions. The methodologies demonstrate their strengths by provid-
ing numerous insights from different aspects of the chemical system within one
profile measurement. In one operando profile, a wide range of kinetic and struc-
tural data with high quality are measured within short times. The obtained profile

results display detailed information on underlying processes related to the catalyst
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structure, which in combination with theoretical models of the reaction system
explain the observed changes in catalyst performance. While the reaction and the
catalyst used in this study are only model systems, the methods are transferable
to all catalytic reactions that display distinct catalyst dynamics, and thus, offer a
broad field of potential applications for deepened investigations of industrially rel-
evant reaction systems. In future works, the achievable information content can be
increased further by the simultaneous application of multiple characterization tech-
niques such as XRD, XAS, and Raman spectroscopy, as well as by extending the
method to other techniques such as total scattering, small angle X-ray scattering,
and related methods. To conclude, the developed operando profile methodologies
provide a versatile and valuable set of techniques that can significantly contribute
to gain a deeper understanding of heterogeneously catalyzed reactions and there-
fore, can be an asset on the path to a more efficient and sustainable chemical

industry.
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Figure A.1: Adapter Plate 1 facilitates to adjust the reactor window in height to
beam positions at several beamlines.
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Figure A.4: Profile runs measured in the second measurement design plan are
shown of the original profile (P13) with standard errors calculated from its replicates
(R13a—d). Profiles of all species are shown in molar flow rates. Reaction conditions:
CaHg/O2/inert:10/10/80, 530 °C, 1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt%
MOOg/’y—AlgOg.
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Figure A.10: C2Hy (a), O2 (b) conversion profiles and CO (c) selectivity profiles
measured at 480 (T18a), 500 (18b), 520 (T18c), 530 (T18) and 540 °C (T18d)

obtained in the CoH4 measurement plan. Reaction conditions: 530 °C, 1 bar, 32 mm

catalyst bed, 40 ml/min, 30 wt% MoO3/v-AlyOs3.
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Figure A.11: Predicted components versus corresponding experimental results

(P13) are shown (parity plots).

Reaction conditions: CyHg/O2/inert:10/10/80,
530 °C, 1 bar, 32 mm catalyst bed, 30 ml/min, 30 wt% MoOs3/~v-Al2Os3.
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Figure A.12: Operando XRD profile simultaneously measured with temperature
and gas concentration profiles at beamline P21.1, PETRA III (Hamburg, Germany)
during ethane ODH. Alpha (black colored pattern, 18 mm) marks the position of
full gas phase oxygen conversion with different catalyst performance before and
after. Beta (grey colored patterns, 17.5 — 21.5 mm) marks the catalyst bed range
where the catalyst undergoes distinct phase transformations. Reaction conditions:
CyHg/042/N2:10/10/80, 515 °C, 1 bar, OD 6 mm/ID 5.0 mm, 30 mm catalyst bed,
12 ml/min, 30 wt% MoOs3/y-Al3O3, beam size 0.5 x 0.5 mm? (h x v), 101.6 keV
(A = 0.1220 A).
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Figure A.13: Area evaluation of reflections at 1.80° (corresponding to Mo, O3,—z),
as well as at 4.01° (corresponding to MoOjz) from P21.1 data. The areas were
normalized to the maximum area obtained at the respective reflections. Alpha (black
line, 18 mm) marks the position of full gas phase oxygen conversion with different
catalyst performance before and after. Beta (grey area, 17.5 — 21.5 mm) marks
the catalyst bed range where the catalyst undergoes distinct phase transformations.
Reaction conditions: CoHg/O2/N2:10/10/80, 515 °C, 1 bar, OD 6 mm/ID 5.0 mm,
30 mm catalyst bed, 12 ml/min, 30 wt% MoQO3/y-AlyO3, beam size 0.5 x 0.5 mm?
(h x v), 101.6 keV.
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Figure A.15: Catalyst activity profiles measured operando at beamline P07 using
a MS (a — f). Signal ratios of CoHg, Oz (a), HoO, CO (b), CaHy, Ha, CO2 (c),
inert Ar (d); conversion profiles of CoHg and Oz (e); and the temperature profile

measured in the center of the catalyst bed (f).

Alpha (black line, 18 mm) marks

the position of full gas phase oxygen conversion with different catalyst performance
before and after. Beta (gray area, 17.5 — 21.5 mm) marks the catalyst bed range
where the catalyst undergoes distinct phase transformations. Reaction conditions:
CyHg /04 /inert:10/10/80, 515 °C, 1 bar, OD 6 mm/ID 5.6 mm, 38 mm catalyst bed,
15 ml/min, 30 wt% MoOs3/v-Aly0s3.

144



List of Symbols

Latin symbols:

Variable Meaning Unit

a slope —

A atomic mass kg

k; forward reaction rate constant reaction j % (%)n_l

n molar flow rate .
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production of component ¢

T; reaction rate of a specific reaction j Zﬂ

q length of the reciprocal lattice vector -1

S selectivity —

t time S
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X conversion —
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Greek Symbols:

Variable Meaning Value

Q color inflection point in the catalyst bed mm

153 transition zone in the catalyst bed mm

from an oxidized to reduced catalyst state

[ fraction of oxidized catalyst sites -
0,red fraction of reduced catalyst sites —
0 angle ©
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absorption coefficient

L mass absorption coefficient
v stoichiometric coefficient
p density

Fundamental Constants:
Constants Meaning
R universal gas constant

T circle constant
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