
Jürgen Ulpts 
 

Validation of modeling approaches of heterogeneously 
catalyzed gas phase reaction processes by applying 
NMR imaging methods 





Validation of modeling approaches of heterogeneously catalyzed gas phase reaction processes
by applying NMR imaging methods

Vom Fachbereich Produktionstechnik

der

UNIVERSITÄT BREMEN
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Zusammenfassung

Diese Arbeit beschreibt die erstmalige Anwendung der konventionellen spektroskopischen
Bildgebung (engl.: magnetic resonance spectroscopic imaging, MRSI) als Validierungs-
werkzeug für Gasphasenreaktormodelle. Hierzu wurden Messmethoden entwickelt, welche
die in-situ-Charakterisierung eines Modelgasphasenreaktionsprozesses ermöglichen. Diese
MRSI-Ansätze erlauben Konzentrations- und Temperaturmessungen innerhalb von Ka-
talysatorbetten unter Reaktionsbedingungen, welche nur schwer mittels nicht-invasiver
konventioneller Messmethoden gemessen werden können. Bei dem untersuchten System
handelte es sich um die Ethylenhydrierungsreaktion, welche innerhalb eines makroskopi-
schen Kernspinresonanz (NMR)-kompatiblen Festbettreaktor katalysiert wurde.
Da NMR-Signale der Gasphase sehr schnell abklingen, bedarf es MRSI-Methoden, die eine
unmittelbare Datenerfassung nach Signalanregung ermöglichen. Daher wurde zunächst ein
Mehrschicht-MRSI-Ansatz optimiert und auf einem 7-T NMR-Tomographen implemen-
tiert, um ultrakurze Echozeiten TE zu realisieren. Diese Methode wurde in einer ersten
Studie genutzt, um die Anwendbarkeit der MRSI zur Untersuchung von Gasphasenkon-
zentrationen innerhalb eines Festbettreaktors abschätzen zu können. Das Katalysatorbett
enthielt hierbei inaktive γ-Al2O3-Pellets sowie katalytisch aktive Pt-Al2O3-Pellets, um ei-
ne Unterscheidung zwischen reaktiven und nicht-reaktiven Bereichen zu ermöglichen. So
gelang es, räumliche Verteilungen der chemischen Zusammensetzung der Gasphase aus den
MRSI-Datensätzen abzuleiten, einzelne katalytisch aktive Katalysatorpellets zu lokalisie-
ren, sowie den Gesamt-Ethylenumsatz zu bestimmen. Simultan durchgeführte integrale
massenspektrometrische (MS) Messungen waren in recht guter Übereinstimmung mit den
per MRSI gemessenen Konzentrationen.
Auf Grundlage dieser Ergebnisse wurde der Mehrschicht-Ansatz weiterentwickelt, um 3D-
MRSI-Messungen zur Untersuchung von Konzentrationsverteilungen auch in opaken mo-
nolithischen Katalysatoren zu ermöglichen. Die Modelreaktion wurde hierbei von einer
Pt-beschichteten Schwammpackung bzw. einem monolithischen Wabenkörper katalysiert
(Ø: 25mm; L: 50mm). Die 3D-MRSI-Messungen erlaubten die Ermittlung von Kataly-
satorträgerstruktur-abhängigen Konzentrationsverteilungen und des Gesamtreaktionsfort-
schritts. Um die Plausibilität dieser Messungen nachweisen zu können, wurden die expe-
rimentellen Ergebnisse mit einem 1D-Model des Reaktors verglichen, welches auf bereits
veröffentlichten kinetischen Daten basierte. Gemessene und simulierte Reaktionsprofile
waren hierbei in guter Übereinstimmung. Des Weiteren zeigte ein Vergleich mit simultan
durchgeführten integralen MS-Konzentrationsmessungen nur Abweichungen unter 5%.
Schließlich wurden die räumlich aufgelösten Messungen der Konzentrationsverteilungen
innerhalb der monolithischen Katalysatoren mit simultanen Temperaturmessungen kom-
biniert. Zu diesem Zweck wurden speziell entwickelte, mit Ethylenglykol gefüllte NMR-
Mehrpunkthermometer in die monolithischen Katalysatorbetten eingebracht. Die Aus-
wertung der Ethylenglykolspektren ermöglichten die Bestimmung von nahezu kontinuier-
lichen longitudinalen Temperaturprofilen. Die Ergebnisse der 3D-MRSI Messungen wur-
den anschließend mit Simulationsrechnungen eines prädiktiven zweidimensionalen Models
der Prozesse verglichen. Simulierte und gemessene Konzentrations- und Temperaturpro-
file waren in sehr guter Übereinstimmung; die Abweichungen waren jeweils geringer als
9%. Konventionelle MS-Messungen lieferten einen zusätzlichen Beleg für die Genauigkeit
der 3D-MRSI-Messungen sowie des 2D-Reaktormodels. Die Ergebnisse zeigen das große
Potenzial der 3D-MRSI, um heterogen katalysierte Gasphasenreaktionen in makroskopi-
schen Rohreaktoren zu untersuchen und so Entwicklung und Validierung von physikalisch
konsistenten Reaktormodellen zu unterstützen.
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Abstract

This thesis describes the first application of conventional magnetic resonance spectroscopic
imaging (MRSI) as a validation tool for gas phase reactor models. For this purpose, tech-
niques were developed that enable the in situ characterization of a model gas phase reaction
process. These MRSI approaches allow concentration and temperature measurements in-
side operating catalyst beds which are considered difficult to measure by conventional,
non-invasive methods. The system studied was the ethylene hydrogenation reaction cat-
alyzed in a macroscopic nuclear magnetic resonance (NMR)-compatible fixed-bed flow
reactor.
Since NMR signals from the gas phase decay very rapidly, MRSI methods are required
which allow fast data acquisition after NMR excitation. Thus, a multislice NMR spec-
troscopic imaging approach was optimized and implemented on a 7-Tesla NMR imaging
system to realize ultrashort echo time TE . This method was used in a first approach to
evaluate the applicability of MRSI to study gas phase concentrations within a packed bed
reactor. The catalyst bed contained inactive γ-Al2O3-pellets and catalytically active Pt-
Al2O3-pellets to enable the distinction of reactive and non-reactive zones. Spatial maps
of the chemical composition could be extracted from the MRSI data sets and allowed the
detection of single active catalyst pellets, as well as overall ethylene conversion. Simulta-
neous integral mass spectrometric (MS) measurements were in fairly good agreement with
the MRSI measured concentrations.
Building on these results, the multislice approach was extended and optimized to enable
3D MRSI measurements for the investigation of concentration distributions within opaque
monolithic catalysts. The model reaction was catalyzed by a Pt-coated sponge packing or
a honeycomb monolith (Ø: 25mm; L: 50mm). The 3D MRSI measurements allowed the
determination of support structure depending concentration patterns and overall reaction
progress. To prove the plausibility of the MRSI data, the experimental results were com-
pared to a 1D model of the reactor based on kinetic data from the literature. Measured
and simulated concentration profiles were in good agreement. Furthermore, a comparison
with simultaneously performed integral MS concentration measurements demonstrated
deviations below 5%.
Finally, concentration mapping within the monolithic catalysts was combined with si-
multaneously detected temperature profiles. For this purpose, specially designed ethylene
glycol filled NMR multipoint thermometers were inserted into the monolithic catalysts.
The analysis of the ethylene glycol spectra enabled the detection of nearly continous lon-
gitudinal temperature profiles. The results of the 3D MRSI measurements were compared
to simulations of a predictive two dimensional model of the processes. Simulated and mea-
sured concentration and temperature profiles were in very good agreement, the deviations
were below 9%. Conventional MS measurements provided further evidence of the accu-
racy of the 3D MRSI measurements as well as of the 2D reactor model. These results
demonstrate the great potential of 3D MRSI for studying heterogeneously catalyzed gas
phase reactions within macroscopic tubular reactors, and supporting the development and
validation of physically consistent reactor models.

xi



xii



Contents

1 Introduction and aim of this work
1.1 General introduction and motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 Aim of this work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 2

2 Thematic background
2.1 Heterogeneously catalyzed gas phase reaction processes . . . . . . . . . . . . . . . . . 5

2.1.1 Packed beds . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 6
2.1.2 Monolithic catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 8

3 Spatially resolved characterization methods for heterogeneously catalyzed gas phase re-
action processes
3.1 Concentration measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.1.1 Invasive concentration measurements . . . . . . . . . . . . . . . . . . . . . . . . 11
3.1.2 Non-invasive concentration measurements . . . . . . . . . . . . . . . . . . . . . 13

3.2 Temperature measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.1 Invasive temperature measurements . . . . . . . . . . . . . . . . . . . . . . . . 13
3.2.2 Non-invasive temperature measurements . . . . . . . . . . . . . . . . . . . . . . 14

3.3 Application of MRI to heterogeneous catalysis . . . . . . . . . . . . . . . . . . . . . . . 14
3.3.1 Concentration measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
3.3.2 Temperature measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17
3.3.3 Velocimetry . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 18

4 Basics of 3D magnetic resonance spectroscopic imaging
4.1 Basics of nuclear magnetic resonance . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24
4.2 NMR tomography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.3 Magnetic resonance spectroscopic imaging (MRSI) . . . . . . . . . . . . . . . . . . . . 26
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

5 Experimental background
5.1 Gas phase MRSI . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28
5.2 Pt-catalyzed ethylene hydrogenation: The ideal benchmark reaction . . . . . . . . . . 29
5.3 Description of the setup used for the NMR experiments with reactive flows . . . . . . 31
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 32

6 NMR imaging of gas phase reaction processes
6.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
6.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36

6.2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.2.2 Temperature measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
6.2.3 Ethylene hydrogenation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
6.2.4 MRSI experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38

xiii



Contents

6.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
6.3.1 Temperature measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41
6.3.2 Gas composition measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

6.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46

7 NMR imaging of gas phase reaction processes within monolithic catalyst supports
7.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
7.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50

7.2.1 Materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 50
7.2.2 Ethylene hydrogenation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 51
7.2.3 MRSI experiments . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
7.2.4 Modeling approach . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53

7.3 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 54
7.3.1 Spatially resolved gas concentration analysis . . . . . . . . . . . . . . . . . . . 54
7.3.2 MRSI measurement and simulation of the reaction progress . . . . . . . . . . . 56

7.4 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 59

8 NMR based validation of modeling approaches
8.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 62
8.2 Experimental . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63

8.2.1 Monolithic catalysts . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
8.2.2 Temperature measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 63
8.2.3 Kinetic measurements . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
8.2.4 3D MRSI temperature and concentration measurements . . . . . . . . . . . . . 65

8.3 2D pseudo-homogeneous fixed-bed reactor model . . . . . . . . . . . . . . . . . . . . . 65
8.3.1 Governing balance equations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
8.3.2 Kinetic model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 66
8.3.3 Constitutive models and material laws . . . . . . . . . . . . . . . . . . . . . . . 66
8.3.4 Numerical solution of the balance equations . . . . . . . . . . . . . . . . . . . . 68

8.4 Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 68
8.4.1 Validation of temperature measurements . . . . . . . . . . . . . . . . . . . . . . 68
8.4.2 Comparison of MRSI measured and predicted temperature profiles . . . . . . . 69
8.4.3 Comparison of MRSI measured and predicted concentration profiles . . . . . . 71

8.5 Conclusion . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 73

A8.1 Catalyst model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 75
A8.2 Notation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 78

9 Conclusion

10 Outlook

A Appendix
A.1 Supporting information for chapter 7 . . . . . . . . . . . . . . . . . . . . . . . . . . . . 83

A.1.1 Estimation of the influence of internal and external mass transport . . . . . . . 84
References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

List of Publications 89

List of Oral and Poster Presentations 91

xiv



1. Introduction and aim of this work

1.1. General introduction and
motivation

The industrial production of many bulk and fine
chemicals involve heterogeneously catalyzed gas
phase processes. Particularly exothermic reactions
are usually catalyzed in tubular wall cooled fixed
bed reactors with diameters between 15mm and
40mm. Since heat can only be removed at the wall
of these reactors, temperature and concentration
gradients often occur in radial and longitudinal di-
rection, and can have a major impact on process
performance and reactor safety [1].

The reaction processes in these reactors are very
complex and depend on characteristics such as
temperature, pressure, microkinetics and thermo-
dynamics of the reaction, heat and mass trans-
fer properties of the catalyst bed, and the reac-
tor itself. To reduce production costs and increase
process efficiency, reaction conditions are desired
which allow for kinetically and thermodynamically
favorable concentration, pressure, and tempera-
ture conditions. To determine optimal operating
conditions, usually mathematical models are used
which describe the interactions between micro-
scopic and macroscopic reaction processes within
such reactors appropriately, and thus allow to an-
alyze potentials for process intensification [2].

These models, however, have to be validated by
comparing their simulation results with measure-
ments of benchmark processes to prove their ac-
curacy. Validation measurements are particularly
challenging, since reaction conditions have to be
measured within usually opaque and mechanically
inaccessible catalytic beds. The vast majority of
validation experiments are based on invasive mea-
surement techniques. Here, physical probes are in-
serted into the catalytic beds to measure concen-
tration and temperature profiles at specific posi-
tions. To achieve this, special experimental setups
are required which can provide physical access to
the reaction zones [3].

Particularly for gas phase processes catalyzed
by monolithic catalysts, like honeycombs or
sponges, often capillary-based techniques are cho-
sen. To this end, the measuring devices are moved

longitudinally through a channel of the monolithic
structure. Such approaches were widely applied
to study various gas phase reaction systems and
validate modeling approaches [4–12]. But despite
their high popularity and widespread use, invasive
techniques have also several disadvantages which
have to be considered: The applied probes are typ-
ically measuring a specific quantity, like temper-
ature or concentration. Hence, simultaneous col-
lection of temperature and concentration profiles
can only be achieved if the capillary contains sev-
eral suitable detectors. Furthermore, the collected
spatially resolved profiles are limited to specific ra-
dial positions of the catalyst beds, particularly if
a channel has to be drilled to enable the insertion
of the probes. Additionally, the detected profiles
can be influenced by the presence of the capillary,
since the local residence times are altered [13, 14].

Thus, alternative approaches would be favor-
able which potentially make feasible the non-
invasive characterization of optically opaque re-
action systems. Such an alternative are Magnetic
Resonance Imaging (MRI) methods that are based
on the Nuclear Magnetic Resonance (NMR) effect.
MRI has long been used to investigate the inter-
nal structure of the human body and transport
processes occurring within it, and also allow ther-
mal mapping as well as spatially resolved concen-
tration studies within opaque structures. Conse-
quently, these methods gained interest as charac-
terization tools for heterogeneously catalyzed pro-
cesses [15]. However, existing studies focused
mainly on the investigation of 3-phase reaction
systems, e.g., on octene hydrogenation and alpha-
methylstyrene hydrogenation [16–19]. Here, the de-
tected signals originated predominantly from the
liquid phase.

The investigation of gas phase reaction process-
es is particularly challenging, since the signal in-
tensity of gases is much lower than the signal in-
tensity of liquids. In addition, the NMR signal
of gas molecules decay very rapidly which further
complicates signal detection [20]. Accordingly, gas
phase reaction processes have only been studied
by using NMR signal enhancement methods like
hyperpolarization or remote detection techniques
or a combination thereof [21–25]. Unfortunately,

1



1. Introduction and aim of this work

these approaches restrict NMR experiments to mi-
crofluidic devices. Therefore, the NMR based in-
vestigation of gas phase processes catalyzed in in-
dustrially more relevant macroscopic reactors
(Ø>20mm) has not been demonstrated yet. Fur-
thermore, and surprisingly, the combination of
NMR based characterization and mathematical
modeling is particularly rare, the validation of pre-
dictive reactor models with NMR derived mea-
surements has not been shown so far.

1.2. Aim of this work

On the basis of the available studies of MRI ap-
plied in chemical engineering research the follow-
ing questions arise and are the driving force of this
thesis: “Can conventional MRI be used to inves-
tigate macroscopic gas phase reactors with mono-
lithic catalysts, and is it possible to use the in-
formation for model validation?” To answer these
questions severals objectives have to be addressed,
which are described below:

The first challenge is to identify an ideal het-
erogeneously catalyzed gas phase process suitable
as model reaction in terms of reaction conditions
and NMR visibility. Then an experimental setup
has to be designed and constructed that allows
safe and reproducible operation of the reaction
process within an NMR tomograph. In addition,
MRSI methods have to be adapted to the specific
challenges of gas phase MRI, and strategies for
NMR signal analysis for concentration measure-
ments have to be determined.

The second challenge focuses on the investiga-
tion of gas phase processes catalyzed by mono-
lithic catalysts. It has to be ensured that the con-
tinuous solid structure of the monolithic catalyst
supports does not deteriorate the NMR measure-
ments due to increased magnetic field inhomo-
geneities induced by susceptibility differences of
the different phases. Furthermore, the MRSI mea-
surements have to provide sufficient spatial resolu-
tion, especially in longitudinal direction, to allow
the analysis of the reaction progress, and to eval-
uate the plausibility of the results.

The third challenge aims directly at the utmost
goal of this work: Model validation by MRSI based
characterization. To achieve this, also the temper-
ature boundary conditions of the reaction process
have to be known to compare modeling approaches
with experimental data. Therefore, temperature
measurement methods have to be developed and

validated that allow the parallel determination of
spatially resolved concentration and temperature
distributions. To compare the experimental data
with simulation results of the process, a reactor
model has to be employed which considers the mi-
crokinetics of the reactions as well as heat and
mass transfer properties of the fixed beds of the
reactor.

The conclusions obtained from addressing these
challenges will provide answers to the question if
and how conventional MRSI can be applied to give
insights into the reaction processes occurring in
catalyst beds of gas phase processes.
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2. Thematic background

This chapter provides a short overview of the in-
dustrial application and process management chal-
lenges of exothermal heterogeneously catalyzed gas
phase reaction processes (section 2.1). Further, it
will introduce different reactor concepts suitable
to catalyze these processes. Since fixed-bed reac-
tors are presently the only reactor design option
used for commercial large scale applications, sec-
tion 2.1.1 will provide a description of currently
applied catalyst beds in such reactors, and sec-
tion 2.1.2 will introduce future options for process
intensification of fixed bed reactor concepts by us-
ing monolithic catalysts.

2.1. Heterogeneously catalyzed gas
phase reaction processes

Heterogeneously catalyzed gas phase reaction pro-
cesses, or more specifically, reaction processes in
which all reactant and product molecules inside
the reaction unit are in the gas phase, represent
the majority of all industrially relevant reaction
processes and produce a great share of all basic
intermediate or final chemicals. Examples include
(de)hydrogenation reactions (cyclohexane produc-
tion, selective hydrogenation of acetylene), oxida-
tion (ethylene oxide production), addition (vinyl
chloride production) and others, like the famous
ammonia synthesis or flue gas purification for in-
stance [1].

Without the use of catalysts most of these re-
actions would occur with very slow kinetics, if at
all. Other possibilities to increase the reaction rate
include the change of reaction conditions like pres-
sure or temperature, which in turn could lead to
undesirable energy consumption, mechanical stress
or decrease of selectivity. Therefore, it is reason-
able to introduce a second phase, here solid cata-
lysts, to the system.

These processes are based on a variety of dif-
ferent reaction mechanisms. But all these mech-
anisms have in common that at least one reac-
tant molecule species adsorbs at the catalytic site
of the catalyst and then reacts with other reac-
tant molecules of the gas phase or adsorbed at ad-
jacent catalytic sites. Temperature and pressure

conditions have an enormous influence on these
reaction mechanisms and can decrease or increase
process performance [2–4]. Reactants and catalyst
material have to be brought in contact with each
other inside a reaction unit, which is typically op-
erated in continuous-flow mode to enable reliable,
cost-effective and large scale production of the de-
sired chemical substance. The reaction conditions
inside the reactors, like temperature, concentra-
tion, pressure, and flow distribution, have to be
kept within certain limits to maintain production
efficiency. The objective of the process design is
to determine reaction conditions which lead to a
maximum of achievable selectivities and yields, a
minimum of required catalyst space, a maximum
of life time and a minimum of expenditure on
energy and apparatus required for work-up com-
pared to benchmark processes. These objectives
can also be summarized as process intensification
[5].

Fixed-bed reactor concepts suitable for catalyz-
ing gas phase reactions include packed bed reac-
tors with large diameters (adiabatic full-space re-
actors), multi stage reactors, and reactor concepts
with a large surface/volume ratio.
Adiabatic reactor concepts are typically used if the
gas phase processes either exhibit only an insignifi-
cant heat tone or can be operated autothermically.
Multi stage reactors are the reactors of choice if
the reactions are limited by chemical equilibrium
and thus intermediate cooling or heating should
be applied.

If the heterogeneously catalyzed gas phase pro-
cesses are exothermic or even strongly exother-
mic, like in the scope of this thesis, temperature
management becomes a key element of process in-
tensification. Poor temperature management can
lead to uncontrolled temperature rise in the reac-
tor which can harm the selectivity of the catalyst
and favor undesired side reactions and also can
lead to activity problems by premature deactiva-
tion or sintering of the catalyst.

Applicable reactor concepts suitable for such
processes should enable an efficient heat removal
from the reaction zones through a large surface/
volume ratio [1]: for example micro reactors, spin-
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2. Thematic background

ning disc reactors or tubular wall-cooled fixed bed
reactors (Figure 2.1). Due to the high space de-
mand, catalyst loss and irregular residence time
distribution, fluidized-bed reactors are not consid-
ered here.

The former reactor concepts are characterized
by extremely high specific surface areas and/or
low contact times to enable particularly favorable
thermal reaction conditions. However, these ap-
proaches are mainly academic, and thus limited
to laboratory scale experiments [7–9]. At present,
the majority of commercial heterogeneously cat-
alyzed gas phase processes are carried out in multi-
tubular wall-cooled fixed bed reactors. In these re-
actors the reactants flow through a tube loaded
with a catalyst bed. All tubes are in parallel posi-
tioned inside a jacket and cooled at the outside of
the tube wall with a liquid coolant, typically pres-
surized water, oil, or molten salt. The number of
tubes inside the jacked can vary between 20 and
20000 with tube diameters of about 30mm.

These reactors are also known as isothermal fix-
ed bed reactors despite the fact that in reality sig-
nificant temperature gradients occur in longitu-
dinal and radial direction. These gradients, how-
ever, can have an enormous impact on the process
performance as they can influence the overall heat
production of the process, the microkinetics of the
reaction system, the fluid properties of products
and reactants, and also the thermodynamics of the
reaction [1].

The performance of tubular reactors depends
further on the inlet temperature and concentra-
tion, the temperature of the cooling medium, the
heat production of the process, the microkinet-
ics of the reaction system, the fluid properties of
products and reactants and the heat, mass and
momentum transfer characteristics of the catalyst
beds.

If all these parameters are known, the behavior
of the reactor can be described with mathemati-
cal models. The reliability of such models has to
be validated by comparison of simulation results
with experimental data to prove that the model
describes the interaction between chemical reac-
tion, and mass and heat transfer appropriately. A
validated model is in turn the basis on which pro-
cess intensification potentials can be determined
[10].

2.1.1. Packed beds

The vast majority of multi-tubular continuous flow
reactors are equipped with packed beds. Packed
beds consist of numerous catalyst pellets of a cer-
tain shape, chemical composition, and diameter.
Catalyst pellets vary in multiple parameters such
as chemical composition of the active components,
promoters and inhibitors, distribution of the ac-
tive components, interaction between catalyst ma-
terial and support, and microstructure of the pel-
let. Typical forms of catalyst pellets are sphere,
cube, single ring, crossweb, pall ring, intalox sad-
dle and many more (cf. Figure 2.2). The shape and
size of the pellets depend on the desired features of
the catalyst bed (e.g. active surface area per unit
volume, voidage and transport coefficients). Typi-
cal tube to particle diameter ratios range from 4 to
40 [11], whereas in order to limit hot spot temper-
atures of extremely exothermic processes values of
4 to 5 are often chosen [1].

Packed beds are formed by dumping the cat-
alyst pellets into the tube. The catalyst loading
is crucial for the process: unstable and inefficient
arrangements as well as catalyst damage have to
be avoided, the pellets must be distributed evenly.
In multi-tubular reactors the reproducibility and
uniformity of the resulting structure of the packed
bed in every tube has to be ensured, which is
achieved by measuring the weight of the filled pel-
lets and the resulting pressure drop along the tubu-
lar reactors. Both values should be maintained be-
tween 95% and 105% of the mean value. During
operation, critical changes of the structure, such
as settlement, shrinkage or structure collapse have
to be monitored closely, as these phenomena can
have dramatical effects on economic viability and
reactor safety.

Especially bridging effects can lead to high void-
age packing regions and hence local overheating
during exothermic operation. Due to these effects,
tube filling is an important economical aspect, and
subject to significant research effort [12]. Despite
the previously mentioned difficulties associated
with packed beds and especially their non-optimal
heat transfer characteristics, they are still the stan-
dard for wall cooled tubular reactors. Thus, mo-
mentum, heat and mass transfer characteristics of
these beds are subject to research since decades.
For common pellet types (ring, cylinder, hollow
cylinder, etc.) these parameters are well validated
[13–15]. Nevertheless, the development of new pel-
let types is still an ongoing process [16], which will
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Figure 2.1.: Representation of a typical micro reactor (a), reprinted with permission from [6], schematic of a
spinning disc reactor adapted from [5] on (b) and a scheme of a multi-tubular fixed bed reactor (c).

Figure 2.2.: Typical shapes of catalyst pellets used in
tubular fixed-bed reactors. Reprinted with permission
from [12].

make the investigation of packed beds necessary in
the future, for example to adapt form factors or
flattening coefficients for transfer correlations.

2.1.2. Monolithic catalysts

Another option for catalytic beds is to use mono-
lithic catalyst supports instead of packed beds.
These catalysts are usually made of metal or a
ceramic material coated with a thin layer of wash-
coat which acts as support for the catalytically ac-
tive species. Common features of these monolithic
catalysts are [5]:

low pressure drop due to a large open frontal
area

enhanced mechanical strength and structure
integrity due to the continuous solid phase
which allow alternative reactor configurations

typically 1.5 to 4 times higher specific sur-
face area compared to packed beds

high catalyst efficiency, due to short diffu-
sion paths

Independent of their bulk material, monolithic
catalyst supports can be divided into two cat-
egories: Catalysts with channel structured sup-
ports or with open cell structured supports (cf.
Figure 2.3).

Channel structured catalysts are commonly
made from ceramic extrudates or flat and corru-
gated metal foils, which are stacked in thin lay-
ers and wowed into cylindrical or elliptical bodies.
They were initially used in purifying applications,
like automotive catalysis, ozone abatement in air-
crafts, destruction of organic compounds of ex-
haust air of restaurants, and flue gas treatment of
power plants [17]. These applications have in com-
mon that large volume flows have to be processed
and the reactants are highly diluted by gaseous in-
erts. Thus, temperature management is of minor
importance and mostly adiabatic reactors are ap-
plied. Nevertheless, the heat transfer characteris-
tics of honeycomb structures are well investigated,
and generally accepted heat transfer correlations
are available [19, 20].

Radial dispersion is not crucial in most applica-
tions, and can only be achieved in case of metal
foil honeycombs by punching out and embossing
the foil materials. However, this is predominantly
done to increase turbulence inside the channels
[21] and does not enhance radial heat transfer prop-
erties. The adiabatic conditions inside the chan-
nels remain nearly unchanged.

To increase the heat transfer characteristics, hon-
eycomb designs have been investigated which in-
clude large volume fractions of support made of
materials with high temperature conductivities [19],
but have been proven impractical due to high man-
ufacturing and development costs and significantly
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a) b) 

Ceramic
Sponge

Figure 2.3.: (a) Examples of channel structured (honeycombs) and open cell structured (sponges) monolithic
catalyst supports. (b) Examples of additive manufactured periodic open cellular structures with cubic cell
geometry. Reprinted with permission from [17] and [18].

reduced specific surface area. Consequently, chan-
nel structured catalysts have very limited impor-
tance as catalyst beds for isothermal tubular re-
actors [5, 17, 22].

Open cellular structures, however, allow radial
dispersion, and hence heat removal. They can be
separated into two different categories: reticulated
open-cell sponges with irregular structure for ex-
ample produced by replica techniques [23], and
periodic open cellular structures with well-defined
geometries which can be produced by additive man-
ufacturing techniques [18, 24, 25] (cf. Figure 2.3).
Recently, such structures are used as heat trans-
fer devices [26, 27], but also considered as a very
promising option as catalyst supports for exother-
mic reactions [28, 29]. Especially catalytic sponge
packings have been applied as catalyst support for
various exothermic gas phase reactions, such as
CO-oxidation [30, 31], several hydrogenation re-
actions [32–35], the oxidative coupling of methane
[36], and methanation processes [37, 38]. Unani-
mously, improved process performance like higher
space time yields and selectivities, smoother tem-
perature distributions, and increased catalyst sta-
bility were reported, when using solid sponges com-
pared to state-of-the-art catalyst systems, e. g.
randomly packed beds. In every case, the process
performances benefit from the main advantage of
catalytic sponges: They allow a decoupling of ther-
mal conductivity, which is controlled by the sup-
port and catalytic activity, controlled by the cat-
alytic coating.

But despite the huge scientific interest, gener-
ally accepted heat and mass transfer correlations
for open cellular structures are not available yet,
due to the variety of possible combinations: regu-

lar or irregular structure, sprout dimensions, solid
conductivity, window size and many more. This
is underlined by the number of recently published
papers on this subject [33, 39]. In addition, most
of the correlations were derived from studies with
non-reactive gaseous flows. Operando studies are
quite rare which is caused by difficult accessibility
of monolithic supports compared to packed beds
and experimental efforts. But from the view of the
author, such studies are essential to prove the va-
lidity of transfer correlations, and particularly the
performance of catalyst supports under reaction
conditions.

Commercial applications are only reluctantly dis-
cussed by industrial users. Currently, concerns re-
garding a sufficient thermal wall coupling of the
open cellular structure prevent industrial use. How-
ever, a recent study could disprove this concern:
Razza et al. showed that a low fraction of contact
area (10% to 20% ) is sufficient to significantly
enhance heat transfer between catalyst support
and cooled reactor wall [40]. Hence, open cellular
structures might be the basis for future industri-
ally scale process intensification approaches.
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3. Spatially resolved characterization methods for
heterogeneously catalyzed gas phase reaction
processes

The reaction conditions within catalytic beds are
characterized by pressure, concentration, temper-
ature, and flow conditions [1–3]. Traditional ap-
proaches investigated the impact of varying reac-
tion conditions by equipping a conventional reac-
tor with a catalyst bed of interest and changing
the amount and concentration of reactants intro-
duced to the reactor, the inlet pressure and the
reactor temperature. The product gas is then sam-
pled at the reactor outlet and analyzed by meth-
ods like gas chromatography (GC), mass spectrom-
etry (MS), or Fourier Transform Infrared (FTIR)
spectroscopy. The process performance can only
be determined by comparing the inlet and out-
let concentrations and pressures. The properties of
the reaction and transfer processes inside the re-
actor remain unknown, the catalyst bed is treated
as a black box. The knowledge obtained by this
kind of “tail-end” experiments is obviously not
sufficient to understand interactions between reac-
tion, catalyst, catalyst support, reactor and pro-
cess performance [4].

The profound understanding of these interac-
tions, however, is essential to describe reaction
processes with multidimensional numerical mod-
els. These modeling approaches have to be vali-
dated by comparing the simulation results with
benchmark processes, since validated reactor mod-
els are indispensable for all methods for process
control and process intensification which are not
based on try and error approaches [1, 5]. Thus
benchmark processes should provide as much spa-
tially resolved information about the reaction con-
ditions as possible.

Consequently, measurement techniques and re-
actor designs were developed over the last years
which allowed spatially resolved characterization
of heterogeneously catalyzed gas phase processes.
These measurements are focusing on the deter-
mination of local concentration and temperature
conditions [1], and thus will be discussed in the
subsequent sections. The measurement of pressure
distributions within the catalyst bed under reac-

tion conditions is of minor interest, since it can be
determined from pressure drop characteristics of
the catalyst bed, inlet pressure, flow rate, temper-
ature and concentration conditions. Velocimetry
within operating catalyst beds, however, would be
of more interest, but can recently only be applied
to a very limited degree. Nevertheless, it will be
discussed in context of section 3.3.

3.1. Concentration measurements

3.1.1. Invasive concentration
measurements

The most common techniques which can provide
spatially resolved concentration measurements are
in situ probe techniques. One of the first reactors
which enabled this kind of spatial concentration
measurements was presented by Baiker et al. in
the mid 1980s to describe the hydrogenation of
toluene using industrial catalysts in a non-
isothermal non-adiabatic continuous flow fixed
bed reactor [6–8]. They achieved concentration
measurements within the reactor by analyzing the
gas composition at fixed positions with a network
of IR-analyzer probes and additional GC measure-
ments at the inlet and outlet area of the reactor
(cf. Figure 3.1).

Nevertheless, this approach has also some disad-
vantages: The achievable spatial resolution is ra-
ther low for installation reasons alone. A certain
distance between two adjacent measuring positions
has to be taken into account. In addition, the reac-
tor has to provide multiple sample locations which
is not the case in industrial reactors and may alter
the reaction conditions.

Sampling techniques which could provide nearly
continuous longitudinal concentration profiles
were developed in the late 1990s by Partridge et al.
to study exhaust emission processes within honey-
comb monoliths [9]. Initially, measurements were
achieved by inserting a capillary into a channel of
the catalyst which sucked gas into a probe followed
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Figure 3.1.: Illustration of the reactor used by Baiker
et al. to measure spatially resolved axial and radial con-
centration and temperature profiles. The reactor con-
cept allowed to insert physical probe measuring devices
at different axial (1–13, 30–31) and radial (14–23) po-
sitions within the catalyst bed and the inert packing.
Locations 1 to 23 correspond to the thermocouples and
IR-analyzer sampling probes, while 30 and 31 are the
GC sampling probes. This drawing is interpreted and
adapted with permission from [6].

by analysis with mass spectrometers (SpaciMS).
The probe capillary could be moved stepwise in
axial direction, and thus enabled determination of
nearly continuous longitudinal concentration pro-
files (cf. Figure 3.2). Later this approach was also
combined with gas chromatography (Spaci-GC)
and FTIR spectroscopy (Spaci-IR) [10]. The latter
is a suitable alternative to investigate NOx reduc-
tion reactions (SCR), since NH3, N2O, NO and
NO2 have fairly intense and easily differentiable
absorption bands, and thus reduces calibration ef-
fort compared to MS and GC methods. But this
approach is generally limited to operation condi-
tions near ambient pressure, and the gas sample
required for analysis is considerably higher than
for MS and GC systems. Consequently, MS and
GC measurements are still the methods of choice
[1], and are more frequently used to investigate re-
action processes within monolithic catalysts, such
as SCR, partial oxidation of methane and ethy-
lene, or CO oxidation [11–16].

Horn et al. [18–21] developed a related tech-
nique which also uses a capillary system but with

Figure 3.2.: Sketch of a typical capillary system to
collect spatially resolved concentration and tempera-
ture data. Reprinted with permission from [17].

a caped end and a sidewards oriented sampling
orifice. The capillary can be inserted in a packed
bed or in a hole drilled through the open cellular
irregularly structured monolithic catalyst. In the
latter case, the drilled channel has only a slightly
larger diameter than the capillary (∼0.8mm). The
orientation of the sampling orifices should avoid
blocking of the capillary, and, in contrast to Spaci-
MS/IR approaches, the capillary keeps the chan-
nel filled at any time. This should avoid gas by-
passing and maintain stable flow conditions. The
lateral position of the sampling orifice can be mov-
ed with �m resolution by means of a stepper mo-
tor. Rotatory movement of the capillary is also
possible to enable different sampling orifice orien-
tations.

In addition to conventional concentration mea-
surements with a mass spectrometer the system
can also be equipped with optical sensors to allow
Raman spectroscopy for the analysis of catalytic
surface species and deposits [22, 23]. Continuous
improvement of the reactor design allows concen-
tration profile measurements at temperatures up
to 1300 ◦C and pressures up to 45 bar [21].

Despite the widespread application of suction
probe techniques for characterization of various re-
action processes like oxidative dehydrogenation of
ethane, dry reforming of methane, or partial oxi-
dation of methane, and model validation [11, 13,
18, 24–29], their invasive nature disturbs the local
flow conditions: on the one hand a small amount
of gas is sucked in at the capillary orifice, on the
other hand the capillary blocks a share of the cat-
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alyst bed which can lead to an alternation of the
local residence time [5, 17]. This can lead to a bias
of the measured concentration profile which has
to be considered. Hence, alternative non-invasive
concentration measurements are highly desirable.

3.1.2. Non-invasive concentration
measurements

Non-invasive concentration measurements are usu-
ally based on optical methods like laser induced
fluorescence (LIF) (partial methane oxidation and
SCR, [30, 31]) or IR spectroscopy (oligo-
merization of 4-fluorostyrene, hydrogenation of
benzene, [32, 33]). However, the reactors used for
these experiments have to provide access for the
electromagnetic radiation. Thus, specially designed
reactors with optical access windows have to be
applied, which differ significantly from industrially
used tubular continuous flow reactors. In addition,
some of these methods can lead to a considerable
energy input into the gas phase which in turn can
change the local reaction conditions and make the
concentration measurements invasive. Moreover,
these methods may not resolve spatial properties
along the line of sight, but rather provide bulk
averaged information. Hence, they are more suit-
able to investigate microkinetic phenomena like re-
action intermediates or active surface species but
not to analyze concentration profiles inside opaque
catalyst beds of tubular continuous flow reactors
under reaction conditions.

3.2. Temperature measurements

3.2.1. Invasive temperature measurements

To monitor radial and axial temperature profiles
within continuous flow reactors the oldest and most
commonly applied method is to insert a network
of physical probes radially into the catalyst bed
at various positions (cf. Figure 3.1). Thermocou-
ples and IR thermometers are typically applied in
this kind of reactor. As already mentioned in sec-
tion 3.1 Baiker et al. were the first to use such a
concept to investigate dynamic reaction processes
within a fixed bed reactor [6–8]. Since then, this
straightforward approach has been adopted in nu-
merous studies, but was usually only combined
with integral concentration measurements at the
reactor’s outlet [34–39].

However, in addition to the disadvantages of
this sampling concept mentioned earlier, the in-

Figure 3.3.: Schematic representation of a reactor
system developed by Horn et al. The setup allows to
resolve species and temperature distributions within
a monolithic sponge catalyst showing the location of
the different elements of the system. Reprinted with
permission from ref [41]. An enhanced version of this
reactor enabled measurements at temperatures up to
1300 ◦C and pressures up to 45 bar [21].

sertion of physical probes induce a disturbance.
The disturbance can manifest itself as the differ-
ence between the measured temperature and the
temperature which would occur in the absence of
instrumentation. Furthermore, temperature mea-
surements can be distorted by thermal conduction
of the sensor itself and its supports as well as ra-
diative heat transfer between sensor and its sur-
rounding. Thus by applying this method, the ac-
curacy and reliability of the measured data have
to be considered carefully. Improvements of this
approach can most likely be achieved by reducing
the size of the probes.

In the context of the development of suction
probe techniques, comparable temperature
measurement techniques were developed and ap-
plied for various gas phase reactions (cf. section 3.1).
Here, physical temperature sensors are moved
translatory through fixed beds, like honeycomb
monoliths [15, 24, 25], packed beds [23, 29], and
catalytic sponges [20, 21, 40] at a constant radial
position (cf. Figure 3.3). However, in case of cat-
alytic sponges, a channel has to be drilled through
the structure to enable the insertion of the probes.
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As thermometers, typically thermocouples and
pyrometers are both applied due to their comple-
mentary properties [15, 21, 24, 25]: Pyrometers
sense thermal radiation from the solid catalyst,
whereas the sensing tips of thermocouples are of-
ten not in direct contact with the catalyst but with
the gas flow, and thus are more sensitive towards
the gas temperature [40]. However, it has to be
mentioned that conduction errors in thermocouple
measurements can lead to high measurement un-
certainties if the thermocouple body is subject to
significant temperature gradients which depend on
the orientation of the thermocouple, for instance
upstream or downstream [24].

Spatially resolved temperature measurements
without moving the sensor system or using sen-
sor network is possible by employing fiber Bragg
grating (FBG) and optical frequency domain re-
flectometry (OFDR). These methods are based on
the spectral analysis of backscattered light along
the optical fiber length. Nguyen et al. [42, 43]
employed a commercial OFDR system to study
longitudinal temperature profiles in a NH3 oxida-
tion process and in a C3H6 oxidation process in-
side a honeycomb catalyst. The spatial resolution
was about 3mm with a temporal resolution of ca.
0.9Hz. This technique appears to be favorable,
since no translatory movement is required dur-
ing the measurement, but care must be taken to
ensure a strain free insertion of the sensor, since
fiber strain can cause equivalent displacement and
lead to a corruption of the temperature measure-
ment. In addition, neither has the OFDR tech-
nique been used to validate modeling approaches
nor has the combination of OFDR and concentra-
tion measurements been demonstrated yet.

3.2.2. Non-invasive temperature
measurements

The most commonly applied method to measure
temperature profiles of catalyst beds non-invasively
is infrared thermography (IR). Here, a measure-
ment device detects electromagnetic radiation (de-
tection band: typically 0.7 �m to 10 �m) of an ob-
served object. The detected radiation is used to
calculate the temperature based on Planck’s law
of black body radiation. This technique has been
applied to analyze temperature profiles of several
gas phase processes which were for example cat-
alyzed by single channels (hydrocarbon reform-
ing reactions and CO oxidation, [44, 45]), cat-
alytic plate reactors (CO methanation,[46]), and

catalytic sponges (CO2 methanation, [47]).

However, it must be pointed out that these meth-
ods can only measure superficial temperatures, and
are subject to the same restrictions as non-invasive
concentration measurement methods. Thus, the
value of these techniques to study temperature
profiles within opaque porous catalyst beds of real
world reactors is rather limited.

Other non-invasive temperature measurement
methods, like Laser induced fluorescence, absorp-
tion and emission spectroscopy or Rayleigh and
Raman scattering are more likely to be used to
study non-reactant flows and combustion processes
[3, 48–50].

3.3. Application of MRI to
heterogeneous catalysis

Over the last decades Magnetic Resonance Imag-
ing has become one of the most important imag-
ing method for medical diagnostics and research,
despite its obvious limitations. These include, for
instance, modest spatial resolution, and the inap-
plicability to study samples with a high amount of
ferromagnetic material compared to other tomog-
raphy methods, e.g. X-ray tomography or positron
emission tomography. But in contrast to the lat-
ter methods, MRI is not a highly specialized tool
for morphological studies, but rather a versatile
toolkit that also contains tools for angiography,
thermometry, spectroscopy, functional MRI and
many more [51]. Furthermore, it is the only method
that allows a non-invasive holistic characterization
of the state of internal organs and various pro-
cesses in a human body.

Surprisingly, the chemical engineering commu-
nity profits only slightly from the progress of med-
ical MRI based diagnostics. Only a few research
groups are trying to establish MRI as a character-
ization tool to measure reaction processes within
reactors spatially resolved and non-invasively. Par-
ticularly studies on heterogeneously catalyzed gas
phase processes are quite rare. This might be ex-
plained by the following aspects which have ham-
pered a wider usage of MRI in chemical engineer-
ing: First of all, a researcher with a chemical en-
gineering background interested in applying MRI
has to get access to appropriate equipment and
know-how. Although suitable NMR imaging sys-
tems, for example tomographs of the Bruker’s
BioSpec series, are widely available, they are pre-
dominantly used in biomedical research facilities.
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Chemical engineering research groups with access
to NMR imaging systems do exist, but they are
rather the exception than the rule.

If this preliminary obstacle is overcome, an ex-
perimental setup has to be constructed that on
the one hand meets the requirements of an NMR
tomograph, and on the other hand allows reac-
tion conditions comparable to conventional reac-
tors. For instance, bulk metallic materials have to
be avoided as construction materials, because even
if non-magnetic, the magnetic field gradients of
the MRI system would induce eddy currents in
any electrically conductive material which would
distort the homogeneity of the magnetic field and
make MRI experiments impossible. In addition,
when dealing with highly exothermic processes, as
it was the case in this work, the MRI hardware has
to be protected from high temperatures, as well
as from accidental damage. These requirements,
however, can be met: at lower pressures, specially
designed glass reactors with appropriate temper-
ature control devices have already been applied
[52–54]. Recently, also tubular continuous flow re-
actors became commercially available (Ø≈20mm)
that allow MRI investigations at elevated temper-
atures and pressures (up to 350 ◦C and 30 bar, cf.
[55]). This proves that MRI can also be used to
study reaction processes at industrially relevant
operating conditions.

Since the framing experimental conditions and
challenges have been explained, the following sec-
tions will give an overview on MRI of operating
chemical reactors.

3.3.1. Concentration measurements

By applying magnetic resonance spectroscopic
imaging methods, it is possible to obtain spatially
resolved information about the product and reac-
tant distribution within a reactor, and thus char-
acterize a process regarding conversion and selec-
tivity. The methods used in those studies usually
yield a separate NMR spectrum in every detected
voxel which make the experiments very time con-
suming (for further explanation see section 4.3).
The measurement time can only be decreased by
decreasing the spatial resolution within the FOV
or by just measuring in a small number of selected
volume elements of the sample. This approach is
called volume-selective NMR spectroscopy (VOSY).
The first study which demonstrated the 1H MRSI
based mapping of chemical conversion of a het-
erogeneously catalyzed reaction occurring within

a fixed-bed reactor was presented by Yuen et al.
in 2002 [56]. Their model reaction was the liquid-
phase esterification of methanol and acetic acid
catalyzed by a fixed-bed of catalyst particles made
of acidic ion exchange resin. The experiments were
performed at ambient temperature and pressure
conditions. They used both strategies to reduce
the measurement time by just measuring one spa-
tial coordinate along the bed axis (128 increments
over 13mm length of the fixed bed, data acquisi-
tion time: 3min) or applying VOSYmeasurements
with 30 selected volume elements (spatial resolu-
tion: 1.5mm× 1.5mm × 0.5mm; data acquisition
time: 3min). In a follow-up study they combined
MRI-based detection of chemical conversion of the
same process with lattice-Boltzmann (LB) predic-
tions of the flow field within the fixed-bed reactor
to explore dependencies of local conversion with
locally averaged fluid velocities [57]. The LB ap-
proach, however, just determined the superficial
flow pattern, but did not incorporate mass trans-
fer and chemical reaction.

Later, Koptyug et al. also demonstrated the in-
vestigation of 3-phase systems like α-methyl sty-
rene hydrogenation and 1-octene hydrogenation,
in each case catalyzed by a packed bed and at
elevated temperature and ambient pressure con-
ditions [51, 54, 58–60]. Here, measurements were
performed along two spatial directions [58, 59]
(spatial resolution: 230 �m× 140 �m; slice thick-
ness: 2mm; data acquisition time: 34 s) within a
central slice of the catalyst bed, and spatially re-
solved spectroscopic studies [59] (spatial resolu-
tion: 1.3mm× 0.66mm; slice thickness: 2mm; data
acquisition time: 22.5min), as well as multislice
2D measurements [60] (spatial resolution: down
to 163 �m× 364 �m; 5 slices; slice thickness: 1mm;
data acquisition time: 8.4 s) to map the conversion
progress.

On the basis of the same model reaction, Kir-
illov and Koptyug demonstrated the first combi-
nation of MRI and modeling of a chemical reaction
process: They monitored self-oscillations of the liq-
uid fraction within a partially wetted and contin-
uously irrigated catalyst pellet in exothermic α-
methyl styrene hydrogenation by means of MRI
(spatial resolution: 230 �m× 140 �m; slice thick-
ness: 2mm; data acquisition time: 34 s), and ex-
plained the phenomena with physical and mathe-
matical models of the process [61].

Also the 1H MRI based monitoring of conver-
sion and product distribution of an ethylene oligo-
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merization process at elevated temperatures
(100 ◦C – 200 ◦C) and pressures (∼28 bar) has been
demonstrated with a novel reactor concept capa-
ble of operating reactions at elevated pressures
and temperatures within NMR imaging systems
[55].

However, the 1H NMR spectra of liquids in por-
ous materials often suffer from line broadening due
to magnetic field inhomogeneities induced by the
magnetic susceptibility differences between differ-
ent phases (solid, liquid, and gas) [51]. This effect
can cause overlapping of different spectral compo-
nents, and thus can make signal separation and
consequently also component quantification im-
possible. In some studies, this problem was solved
by applying 13C spectrometry instead of the de-
tection of 1H nuclei [53, 62, 63]. Here, signal sepa-
ration is facilitated, since the chemical shift range
of 13C NMR is at least one order of magnitude
larger than for 1H NMR. Nevertheless, 13C NMR
involves an unavoidable loss in signal-to-noise ra-
tio (SNR), due to a four-fold lower gyromagnetic
ratio, but also because of the minor natural abun-
dance of the 13C isotope. Such dramatic loss in
sensitivity can be avoided by using 13C-enriched
compounds in the experiments. However, the
amounts that one would need to feed continuous
flow reactors for a reasonable period of time would
be unacceptably expensive.

Nevertheless, in all the experiments mentioned
above, the NMR signal was only or at least pre-
dominantly [55] measured in the liquid phase. Mea-
suring 1H NMR spectra of a gas phase is even
more challenging since gases exhibit a significantly
lower signal intensity due to a lower spin den-
sity (factor ∼1000), especially at ambient pres-
sure and elevated temperatures. In addition, the
spin-spin relaxation times T2 of gases are rather
short, which further decreases the SNR and com-
plicates signal detection [64]. Thus MRI based ap-
proaches for addressing heterogeneously catalyzed
gas-phase reactions typically use signal enhance-
ment techniques. These techniques rely mainly on
two different approaches: remote detection and hy-
perpolarization.

In remote detection approaches, encoding and
detection parts of the NMR method are separated:
spectral, spatial or dynamic information of the
fluid molecules are encoded by a large radio fre-
quency (RF) coil around a reactor, while the in-
formation is read out by a microsolenoid wound
around the outlet tubing when the fluid flows out

[51, 65]. Due to the decreasing of the size of the
detector RF coil, the specific sensitivity can be in-
creased significantly [66, 67]. With this technique,
the gas phase propene hydrogenation catalyzed by
micro reactors was analyzed regarding conversion
and fluid flow [65, 68] (spatial resolution: down to
0.5mm× 1.75mm; data acquisition time: down to
2 h 44min).

Hyperpolarization techniques rely on the at-
tempt to maximize the polarization of nuclear
spins in a magnetic field, thereby providing gains
in NMR sensitivity by more than 4 orders of mag-
nitude [69]. To visualize heterogeneously catalyzed
gas phase processes that involve hydrogen conver-
sion, parahydrogen-induced polarization (PHIP, or
PASADENA) is particularly suitable. Here, nor-
mal hydrogen, which consists at room tempera-
ture and thermal equilibrium of a 3:1 mixture of
two different species, orthohydrogen and parahy-
drogen, is converted into parahydrogen enriched
hydrogen (p-H2). This is achieved by passing hy-
drogen through an ortho/para conversion catalyst
held at cryogenic temperatures [69, 70]. p-H2 gives
no NMR signal by itself, but if the protons of p-H2

participate in a suitable chemical reaction in which
they become magnetically inequivalent, strong ob-
servable magnetization can be produced with sig-
nal enhancements up to a factor of 10,000 [71].

The combination of PHIP and MRI has already
been used to study gas reactions in model reactors:
Bouchard et al. studied hydrogenation of propy-
lene with p-H2 catalyzed in a tubular micro reac-
tor (Ø≈1.6mm). The process yields p-H2 polar-
ized propane with an hyperintense NMR signal.
Due to signal enhancement by a factor of ∼300
compared to thermal polarization, it enabled the
mapping of active regions and flow patterns of
p-H2–polarized propane in the catalyst bed [72]
(spatial resolution: 20 �m× 60 �m) . Zhivonitko et
al. [73] combined the hyperpolarization approach
with remote detection to study the same reaction.
The combination of both techniques lead to a sig-
nal enhancement factor of ∼5 · 104 compared to
conventional MRI, and allowed the visualization
of the reaction progress even within smaller tubu-
lar micro reactors (Ø: 150 �m to 800 �m; L: 5mm
to 15mm; spatial resolution down to: 160 �m×
620 �m; data acquisition time: 13min) than with
other signal enhancement approaches. Here, also
MRI and mathematical modeling was combined:
They fitted a theoretical equation for the reac-
tion yield based on a 1D plug-flow reactor model
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to the experimentally determined reaction yields.
The fitted models described the measured reaction
yields reasonably well, the best agreement being
achieved for smaller reactor sizes and lower reac-
tion yields.

However, remote detection and hyperpolariza-
tion techniques or combinations thereof are of par-
ticular interest for micro reactors and experiments
to investigate kinetic phenomena. If reaction pro-
cesses within fixed beds of macroscopic scale
(Ø>20mm) should be studied, these techniques
are less suitable: The size of macroscopic reactors
limits the benefits of remote detection, and the
product gas molecules are quickly loosing their hy-
perpolarization properties due to unavoidable re-
laxation processes [72, 73], and thus restricts the
application to systems with rather short residence
times.

3.3.2. Temperature measurements

NMR based temperature measurements can in
principle be achieved by measuring the variation of
relaxation times, the molecular self-diffusion coef-
ficients, the resonance frequency of specific species
within the sample or by determining temperature
induced equilibrium magnetization decrease [74].
Unfortunately, these four mentioned characteris-
tics can also be influenced drastically by chemical
conversion processes, even if the temperature con-
ditions remain unchanged. This complicates NMR
based temperature measurements in chemical re-
actors significantly compared to thermometry in
biological tissues.

Gladden et al. overcame this problem by filling
liquids with temperature sensitive NMR proper-
ties into small non-metallic and impermeable con-
tainers that could be inserted into a packed bed
[53]. Here, four gas bubbles were filled with ethy-
lene glycol which were distributed along the cen-
tal axis of a packed bed. Ethylene glycol is as-
sumed to be an ideal NMR thermometer, since
the resonance frequency shift of the 1H spectra
of ethylene glycol allows temperature determina-
tion in the range of 310K to 438K [75, 76] with-
out the need for any calibration. Gladden et al.
used this technique to evaluate the local tempera-
tures (measurement uncertainty: ± 2 ◦C; data ac-
quisition time: 132 s) during the hydrogenation of
1-octene by applying volume selective 1H spec-
troscopy. Although this method is invasive and
just provides a very coarse spatial resolution, it
has the advantage of remote temperature detec-

tion in opaque media: Neither optical nor mechan-
ical access is needed. Nevertheless, just the tem-
perature of a comparably large foreign object in-
side the packed bed is measured which might be
quite different from the temperatures of the reac-
tive areas. In addition, the measurement range is
not very large (ΔT ≈130K [76]).

Koptyug et al. presented another NMR based
thermometry technique. They exploited that the
spin-lattice relaxation and the signal intensity of
solid 27Al nuclei is temperature dependent [77].
Based on this approach, they developed measure-
ment techniques that allowed for quantitative tem-
perature mapping of the solid temperature of
Al2O3 supported catalysts during propylene hy-
drogenation and hydrogen oxidation [78, 79]. This
approach is very promising, as it does not need
any additional sensors, and is based on 27Al that
occurs commonly in the solid phase of heteroge-
neously catalyzed processes. Thus, it can poten-
tially reveal the actual temperature conditions,
e.g. temperature gradients or hot spots, in op-
erating catalytic reactors. Nevertheless, it has to
be mentioned that additional equipment, like 27Al
RF coils, is needed to perform the measurements.
Additionally, independent calibration measure-
ments have to to be performed to relate the mea-
sured 27Al NMR signal intensity to actual tem-
peratures. And, although temperature measure-
ments up to 700K were performed (spatial res-
olution: 0.4mm× 0.4mm; data acquisition time:
21min), measurement uncertainties of more than
30K were noticed, due to an overall decrease of
signal intensity with increasing temperature.

In 2013, Jarenwattananon et al. presented a ther-
mometry approach which can derive temperature
information directly from the gas phase of a het-
erogeneously catalyzed process [80, 81]. They
stated that in presence of an additional read out
magnetic field gradient the peak width of a gas
phase signal decreases with increasing tempera-
ture. This effect was used to calculate tempera-
ture maps of a propylene hydrogenation process
catalyzed in a micro reactor (spatial resolution:
0.73mm× 0.7mm; data acquisition time: 30min).
Here, signal enhancement was achieved by using
para-state-enriched hydrogen. This method seems
to be an attractive option, but an application of
this method with “conventional” thermally po-
larized gases failed in self-conducted experiments
(data not shown). Thus, this approach might be
limited to experiments which employ hyperpolar-
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ization techniques, and hence with rather low res-
idence times of the gas molecules. Furthermore,
calibration measurements are needed to relate gra-
dient strength, peak width and temperature. And
finally, the theory behind this peak decreasing ef-
fect is apparently not fully elucidated and is re-
cently subject to debate [82–84].

As concluding remark it should be mentioned
that the combination of NMR based thermometry
and mathematical modeling has not been demon-
strated yet.

3.3.3. Velocimetry

Conventional velocimetry techniques are not well
suited to investigate flow patterns of reactive flows
in opaque porous structures. Hot film anemome-
try, for instance, is invasive and measures the heat
transfer from a sensor exposed to fluid motion.
Thus it alters the flow conditions within the struc-
tures under investigation, and will interpret de-
tected heat alterations always as velocity changes
which makes the technique inapplicable in operat-
ing catalyst beds [4].

Optical methods, e. g. Laser doppler anemom-
etry, particle image velocimetry or molecular tag-
ging velocimetry, can only be applied to analyze
gas flows in micro channels and translucent porous
structures [2, 85, 86]. Other methods, such as the
radio active particle tracking technique have been
used to investigate gas-fluidized beds and spouted
beds, but to the authors knowledge not to study
gas flows through opaque porous structures [87].

So far the only option to study gas flows inside
opaque catalyst beds appear to be magnetic res-
onance velocimetry (MRV). Conventionally used
in medical diagnostics to investigate physiologic
flows in biological structures like blood vessels,
MRV can also be applied to gas flows in model
reactors. Thus some studies already demonstrated
MRV based investigations of gas flows in porous
structures: Koptyug et. al demonstrated the feasi-
bility of MRV-based velocity mapping inside hon-
eycomb channels by employing thermally polar-
ized gases (propane, acetylene, butane; Re num-
bers: 190-570) with a resolution of 400 �m with
reasonable data acquisition times (20-90min) [88,
89]. Gladden et al. investigated gaseous SF6 flows
through a packed bed which consisted of glass
spheres 5mm diameter (max. resolution: 350 �m×
350 �m× 1.5mm; data acquisition time: 19min;
Re number ∼290) [90], and honeycomb monoliths
(channel diameter ∼1mm; max. resolution:

140 �m× 140 �m× 12mm; data acquisition time:
14min; Re numbers: 106-428) [91]. But the ap-
plication of MRV to reactive flows have not been
addressed yet, and is still an open question.
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4. Basics of 3D magnetic resonance spectroscopic
imaging

Locally resolved magnetic resonance spectroscopic
imaging is a well established method for medical
diagnostics. But despite its widespread distribu-
tion the application for the investigation of chemi-
cal reaction processes is comparably rare, and thus
the basic principles of 3D MRSI may not be nec-
essarily known in the chemical engineering com-
munity. Therefore, the following sections will give
a brief introduction into the physical principles of
NMR and the applied 3D MRSI methods of this
thesis. For a more detailed and extensive descrip-
tion, the interested reader is referred to numerous
NMR spectroscopy and Imaging textbooks (for in-
stance: [1]).

4.1. Basics of nuclear magnetic
resonance

Nuclear magnetic resonance is based on the effect
that atomic nuclei with an odd total number of
protons and neutrons posses an angular momen-
tum �l and a magnetic momentum �μ which are di-
rectly connected by:

�μ = γ ·�l, (4.1)

where γ describes the gyromagnetic ratio which
is the ratio of the magnetic moment to the angular
momentum of a system. According to the laws of
quantum mechanics, the component of the angular
momentum �lz along a magnetic field �B0 ( �B0 �= 0
and �B0 ‖ z, z ≡ spatial direction) can only exhibit
discrete volumes, determined by the spin quantum
number I. This corresponds to a quantization of
the angular momentum �lz = m · h̄, where h̄ is the
Planck‘s constant divided by 2π, and m is given
by m = −I,−I + 1, ...+ I. Since the energy of an
angular momentum within a magnetic field can
be described by E = −μ · B0, this results in the
existence of discrete energy levels:

Em = −γ ·m · h̄ ·B0 (4.2)

If, like in this work, only 1H nuclei with I = 1/2
are considered, only two energy levels exist with
the energy difference:

ΔEm = γ · h̄ ·B0. (4.3)

Exchange between these energy levels can only
be achieved by photons of a specific resonance
frequency ν0. The resonance frequency is directly
linked to the main magnetic field strength. This
relationship is described by the Larmor equation,
the fundamental equation of NMR:

ω0 = 2π · ν0 = γ ·B0. (4.4)

For 1H nuclei the gyromagnetic ratio is γ = 42.576
·2πMHz/T.

The of spin states in thermal equilibrium are
populated according to the Boltzmann distribu-
tion, i.e. :

N (E1)

N (E2)
= exp (−ΔE/kT ) , (4.5)

where N describes the population of a state, k
is the Boltzmann constant and T the absolute
temperature. The magnetic properties of all nuclei
within a sample volume averaged together create a
net magnetization �M = (Mx,My,Mz) in direction
of the magnetic field B0 which can be described
like a regular vector using the principles of classi-
cal physics. For a tomograph with a magnetic field
strength of 7T this leads at room temperature to a
N(E1)/N(E2)-ratio of 0.99995 which explains the
comparably low sensitivity of NMR measurements
compared to other methods.

The temporal evolution of �M is described by
the empiric Bloch equations:

d �M (t) /dt = γ ·
[
�M × �B

]
−

�Mx + �My

T2
−

�Mz − �M0

T1
,

(4.6)
where T1 is the longitudinal relaxation or spin-
lattice time, and T2 is the transverse or spin-spin
relaxation time. At thermal equilibrium in a static
magnetic field, the net magnetization is �M0 =
(0, 0,M0). The absence of a transverse component
of the macroscopic magnetization �Mx,y =
(Mx,My, 0) represents missing phase coherence of
the x and y components of the single spins. To flip
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4.2. NMR tomography

the macroscopic magnetization, a radiofrequency

field
(
�B1

)
, also called Radio Frequency (RF) pulse,

with the frequency ν0, is applied perpendicular to
the main magnetic field. This allows a deflection
of the net magnetization by a specific “flip angle”.
After an RF excitation, �M precesses around the
main magnetic field �B0, and according to the law
of induction, induces an RF-voltage into a receiver
coil until �Mx,y is decayed due to transversal relax-
ation.

But due to magnetic field inhomogeneities, which
occur in any real NMR experiment the transverse
magnetization decays faster than predicted by nat-
ural atomic and molecular mechanisms. The time
constant for this effective transverse magnetiza-
tion decay is called T ∗

2 and takes account of T2

and the influence of B0 inhomogeneities, which are
described by an additional decay constant T ′

2:

1

T ∗
2

=
1

T2
+

1

T ′
2

. (4.7)

The induced voltage detected by the RF-receiver
coil is amplified, transformed to the low frequency
(LF) range and phase sensitively detected into two
channels with a 90◦ phase difference of the refer-
ence signal with the frequency ν0r. This complex
LF-signal s(t) is sampled with a constant sampling
increment ts by an analog-to-digital converter and
saved (sn = s(n · ts) with n = 0,1,2,...N-1). The
complex time domain signal can be converted into
equally spaced samples of the frequency domain
by means of the discrete Fourier transform (DFT),
with k = 1, 0, ...N − 1:

fk =

N−1∑
n=0

sN · exp (−i · 2 · π · n · k/N) . (4.8)

The sampling rate of the time domain signal
determines the spectral width (SW) within which
a clear allocation of the sampled signals is possible
(Nyquist theorem):

SW = 1/ts. (4.9)

Chemical shift
The resonance frequencies of 1H nuclei within a
sample are not only effected by the applied exter-
nal magnetic field, but also by a local field. The
local field is a result of shielding effects by elec-
trons surrounding the nuclei. The electrons pro-
duce a small induced magnetic field that opposes

the external field. Accordingly, the 1H nuclei of dif-
ferent molecules or functional groups of molecules
do not resonate at precisely the same frequency.
These differences in resonance frequency are called
chemical shifts and depend upon the chemical na-
ture of the molecule in which they reside:

ω = (1− σ)ω0. (4.10)

Here σ is the shielding constant.

The chemical shift is given as a field indepen-
dent dimensionless value δ = (ω − ω0) /ω0 in ppm
(parts per million) and is specific for each type of
nucleus and chemical configuration. Thus it is of
fundamental importance, since the measurement
of chemical shift distributions allows the determi-
nation and quantification of different components
within a sample volume. In some special cases it
also enables the measurement of temperature [2,
3].

J-coupling

When the spin of one nucleus affects the spin of an-
other nucleus through the intermediary of bonding
electrons, so called J-coupling occurs [4]. This is
only the case if the nuclei of a molecule are in rela-
tively close proximity to one another, and the nu-
clei are chemically distinguishable. The result is a
spectral line splitting. However, these phenomena
do not occur in the reaction system investigated
in this work. Thus, it is referred to appropriate
literature ([5] for instance), if a more detailed ex-
planation is required.

4.2. NMR tomography

Localization or spatial encoding can be achieved
by superimposing the static magnetic fieldB0 with
a gradient field �G:

ω = γ ·
(
B0 + �G · �r

)
(4.11)

with

�G = (Gx, Gy, Gz) = (∂B0z/∂x, ∂B0z/∂y, ∂B0z/∂z) .
(4.12)

The superposition leads to a linear change in the
magnetic field in x, y or z direction, whereby the
resonance frequencies become spatially dependent.
The B0 gradients are applied during signal detec-
tion, between RF excitation and signal detection,
or during frequency selective RF pulses which re-
sults in the three principles of spatial encoding:
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4. Basics of 3D magnetic resonance spectroscopic imaging

1. Spatially selective RF pulses

The B0 gradient is applied simultaneously
with the RF pulse. Thus, only nuclei within
a specific resonance frequency range ΔFRF

range are excited which leads to a selection
of a specific slice perpendicular to the B0

gradient (slice selection gradient). The slice
thickness can be described by:

Δz =
2 · π ·ΔFRF

γ ·Gs
. (4.13)

2. Phase encoding

The B0 gradient is applied between signal
excitation and signal acquisition for the du-
ration τpe. Accordingly, the signal phase is
influenced depending on the spatial position
of the spins and the direction of the phase
encoding gradient. To achieve spatial encod-
ing multiple phase encoding steps must be
used according to Gpe = npe · ΔGpe with
npe = −Npe/2+1, ..., Npe/2 or npe = −Npe/2
+1/2, ...,−1/2, 1/2, ..., Npe/2−1/2. This leads
to:

FOVpe =
2 · π

γ ·ΔGpe · τpe , (4.14)

as well as a nominal resolution of FOVpe/Npe.

3. Frequency encoding

The B0 gradient is applied during signal ac-
quisition (read out gradient). All spins with-
in a specific resonance frequency range orig-
inate exclusively from a certain slice per-
pendicular to the direction of the gradient.
According to the sampling theorem and in
analogy with Eq. 4.14 for the field of view
follows:

FOVr =
2 · π

γ ·ΔGr · ts (4.15)

k-space

The measured total signal is the result of integra-
tion over the signal contributions of all individual
volume elements of a sample. After generation of
transverse magnetization, the signal phase is sys-
tematically modulated by frequency or phase en-
coding B0-gradients. Disregarding relaxation pro-

cesses and chemical shift effects it results in:

s (t) = C ·
∫

Mxy (�r, t = 0)

· exp
(
i

∫ t

0
γ �G (τ) dτ · �r

)
d�r. (4.16)

By introducing the k-vector as an abbreviation:

�k = �k (t) =

∫ t

0
γ · �G (τ) dτ, (4.17)

the k-vector dependent NMR signal can be written
as

s(�k) = C ·
∫

Mxy (�r, t = 0)·exp
(
i�k · �r

)
d�r. (4.18)

The inverse Fourier transform of s(�k) leads to the
desired signal distribution Mxy (�r, t = 0)

Mxy (�r, t = 0) = C ′ ·
∫

s
(
�k
)
· exp

(
−i�k · �r

)
d�k.

(4.19)
Consequently, the spatial distribution of the trans-
verse magnetization is given by:

Mxy (�r, t = 0) = C ′ ·
∫

s (kx, ky, kz)

· exp [−i (kxx+ kyy + kzz)] dkxdkydkz. (4.20)

Within the k-space concept, the effect of B0

gradients for phase or frequency encoding corre-
sponds to a movement in k-space. Thus, sampling
the measured data can be described as sampling
the entries of the k-space.

4.3. Magnetic resonance
spectroscopic imaging (MRSI)

To achieve localized MRSI, the concept has to be
extended to a further dimension to enable the en-
coding of the resonance frequencies ω. Every res-
onance signal exhibits an offset frequency with re-
spect to a reference frequency depending on its
chemical shift. In analogy to a B0 gradient, this
leads to a phase modulation of the signal. Thus,
Eq. 4.18 has to be modified to

s (kx, ky, kz, kω) = C ·
∫ ∫

Mxy (�r, t = 0)

· exp (i (kxx+ kyy + kzz + kωω)) d�rdω. (4.21)

Here, due to the chemical shift, the time de-
pendent signal development after RF pulse exci-
tation corresponds to kω. The MRSI methods used
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4.3. Magnetic resonance spectroscopic imaging (MRSI)
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Figure 4.1.: Representation of the k-space of a two dimensional (a) and a three dimensional experiment (b).
The black dots are representing k-space entries collected in a circularly reduced k-space sampling scheme of the
multi slice MRSI method (a) as applied in chapter 6, and in a (b) ellipsoidal reduced sampling scheme of the
3D MRSI method applied in chapter 7 and chapter 8. The red dots exemplify the order of k-space filling of the
different MRSI approaches.

to measure reaction conditions within catalytic
beds follow mainly the “standard SI” method orig-
inally described by Brown et al. [6] and Mauds-
ley et al. [7]. Since these methods do not use fre-
quency encoding, phase encoding gradients have
to be applied in all measured orthogonal spatial di-
rections which makes them more time-consuming
compared to other imaging methods. Consequently,
the signal is detected as a free induction decay
(FID) in the absence of an additional B0 gradient
(cf. Figure 5.1). The individual measurements are
repeated with altered phase encoding gradients af-
ter the temporal distance of TR, whereby ΔG is
chosen according to the FOV so that the Nyquist
theorem is satisfied (cf. Eq. 4.9).

If the required SNR is too low after sampling all
k-space data once, averaging of accumulations NA

allows to increase the SNR by a factor of
√
NA.

Accordingly the total measurement time is

Tmeas = NA ·Nx ·Ny · TR (4.22)

resp.

Tmeas = NA ·Nx ·Ny ·Nz · TR, (4.23)

with Ni depending on the matrix size of the k-
space (2 or 3 dimensional spatial resolution).
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5. Experimental background

Since the previous chapters gave an overview
about the chemical reaction engineering back-
ground and state-of-the-art characterization meth-
ods for gas phase processes as well as the theo-
retical background of MRI and MRSI, the follow-
ing sections describe in detail the applied MRSI
approaches (section 5.1), the benchmark reaction
(section 5.2), and the experimental setup used in
this work (section 5.3).

5.1. Gas phase MRSI

Two MRSI approaches are utilized within this the-
sis: A multislice method with slice selective exci-
tation and 2D spatial resolution (chapter 6) and
a 3D MRSI method with excitation of the total
sample volume (chapter 7 and chapter 8).

These MRSI methods were optimized to enable
gas phase detection which is particularly challeng-
ing, because of three major problems: low sensi-
tivity (∼1000 times lower spin density than liq-
uids), fast diffusion (4 orders of magnitude higher
than liquids), and short relaxation times [1]. While
a low SNR due to low sensitivity can be com-
pensated to a certain extent by an increase of
NA, short relaxation times require to apply strong
and rapidly switchable B0 gradients for spatial en-
coding. Thus, optimized pulse sequences with ul-
trashort echo time (TE) are required to enable
an ultrashort delay between RF excitation and
FID detection which is necessary to reduce signal
losses due to the short effective transverse relax-
ation time T ∗

2 . For this purpose, asymmetric RF
excitation pulses were applied.

The asymmetric shape of the RF pulse with a
reduced pulse duration to 250 �s exhibits a max-
imum at 70 �s prior to the end of the pulse, thus
reducing signal losses due to T ∗

2 . Immediately af-
ter the excitation pulse short triangular-shaped
phase encoding gradients were applied to achieve
in-plane encoding (multislice MRSI, Figure 5.1a)
or 3D encoding (3D MRSI, Figure 5.1b). This per-
mitted a delay between RF excitation and data
acquisition of only 350 �s.

Although a flip angle (α) of 90◦ would gener-
ate the highest detectable net magnetization, the

applied excitation pulses were optimized for re-
duced flip angles (multislice MRSI: 30◦; 3D MRSI:
12.5◦). Here this is also advantageous, because the
time for a complete recovery of the longitudinal
magnetization of the sample is reduced, thus
shorter repetition times can be applied, and dis-
turbing T1 effects on the measured FID are re-
duced. If the repetition time is too low for a com-
plete recovery of longitudinal magnetization, sat-
uration effects occur which decrease the signal in-
tensity and can lead to biased measurements (cf.
chapter 6).

The impact of repetition time (TR) and flip an-
gle on the signal intensity can be described by

Mxy = M0 · 1− exp (−TR/T1)

1− cos (α) · exp (−TR/T1)

· sin (α) · exp (TE/T
∗
2 ) , (5.1)

and allows an estimation of most favorable se-
quence parameters. To illustrate this relation, the
flip angle dependent signal intensity for a given TR

to T1 ratio is given in Figure 5.2.

To reduce the measurement time, reduced k-
space sampling was applied as proposed by Maud-
sley et al. [2]. Here, less points of the k-space are
sampled as would be given by the FOV and the
nominal voxel size ΔV . In case of k-spaces with
two spatial dimensions, as in the multislice MRSI
approach used in chapter 6 only k-space entries

are sampled for which
√
k2x + k2y ≤ kr,max holds

true (cf. Figure 4.1a). This reduces the measure-
ments time by about 21.5%. In case of a non-cubic
k-space with three spatial dimensions, as in chap-
ter 7 and chapter 8, only those k-space entries are
measured which are within a respective ellipsoid
(cf. Figure 4.1b). Doing so, a reduction of mea-
surement time of almost 50% is achieved.

In addition to the reduced measurement time,
reduced k-space sampling leads to an enhanced
point spread function (PSF): Although the PSF
exhibits slightly increased full width at half max-
imum, it is isotropic and features reduced Gibbs
ringing effects.
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5.2. Pt-catalyzed ethylene hydrogenation: The ideal benchmark reaction
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Figure 5.1.: (a)Multislice MRSI (cf. chapter 6) and (b) 3DMRSI (cf. chapter 7 and chapter 8) pulse sequences
with asymmetric excitation pulses used to investigate the gas phase processes. In the multislice MRSI sequence,
the RF excitation pulse was used for slice selective signal excitation, whereas in the 3D MRSI method the RF
pulse excited the entire FOV in z direction.
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Figure 5.2.: Flip angle dependent signal intensity ac-
cording to Eq. 5.1: The solid line corresponds to the
resulting signal intensity for a TR/T1-ratio estimated
for the multislice MRSI experiments (cf. chapter 6),
the dashed line corresponds to signal intensity devel-
opment for a TR/T1-ratio estimated for the 3D MRSI
experiments (cf. chapter 7 and chapter 8). The dot-
ted line shows the signal intensity for the case that the
repetition time is ten times larger than the longitudinal
relaxation time (full relaxation). In all cases TE/T

∗
2 is

assumed to be constant. It should be noted, that the
actually applied flip angles were selected rather conser-
vatively to avoid saturation effects.

5.2. Pt-catalyzed ethylene
hydrogenation: The ideal
benchmark reaction

The reaction between an alkene and hydrogen is
a hydrogenation reaction. The process is typically
exothermic. The simplest conceivable hydrogena-
tion is the hydrogenation of ethylene which yields
usually a single product: ethane (cf. Eq. 5.2). Due
to the high bonding enthalpy of the H2-bonding,
this reaction is kinetically hindered under stan-
dard conditions. In presence of a catalyst which
aids the cleavage of the hydrogen molecules, the
ethylene hydrogenation can occur even at temper-
atures of only 173K [3].

C2H4 +H2 −→ C2H6 ΔHR = −137 kJ/mol
(5.2)

Sabatier and Senderens were the first to dis-
cover that ethylene and hydrogen, in the presence
of nickel, lead to the formation of ethane [4]. Later
also various other metals like Pt, Rh, Pd, Rg, Ru,
Ir, Os, Cu Fe, Co, and Ag were found to catalyze
the ethylene hydrogenation [5, 6]. Initially thought
to be a very simple process, a deuterium based
study in the 1930s gave first insights into the com-
plex surface chemistry of this reaction [7]. In this
study, Horiuti and Polanyi proposed the earliest
mechanism for the ethylene hydrogenation. They
assumed that ethylene adsorbs to the metal sur-
face in the di-σ configuration, and hydrogen addi-
tion occurs stepwise to ethyl C2H5 and finally to
ethane C2H6 (cf. Figure 5.3).
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Figure 5.3.: Scheme of the mechanism of the ethylene hydrogenation proposed by Horiuti and Polanyi [7].

Their study marked a milestone in catalysis re-
search as they could prove that an exchange re-
action was taking place, and proposed a reaction
mechanism, known as Horiut-Polanyi mechanism,
which could satisfactorily explain the observed re-
action phenomena. Their mechanism is still rele-
vant for various heterogeneously catalyzed hydro-
genation reactions [3]. Since this study, the Pt-
catalyzed ethylene hydrogenation has been stud-
ied as model reaction to achieve deeper insights
into the complex surface chemistry of heteroge-
neously catalyzed hydrogenation reactions [8–17].
The Pt-catalyzed process is of particular interest
because the reaction kinetics appear to be inde-
pendent of the physical form of the catalyst, but
are temperature dependent [3, 13, 14].

The current mechanistic approach assumes a
competitive adsorption of ethylene and hydrogen
on the Pt surface, followed by elementary reac-
tions between the adsorbed transient intermedi-
ates which leads the ethane as final product [18].
Here, two different pathways occur (cf. Figure 5.4).
A major pathway, where hydrogen chemisorbs as-
sociatively. Then gaseous ethylene adsorbs at the
Pt surface to become π-C2H4 which is subse-
quently hydrogenated to ethyl and finally associa-
tively desorbs to gaseous ethane. This pathway is
quite similar to the mechanism proposed by Ho-
riuti and Polanyi with the only difference being
the absorbed ethylene bond type. The second and
slower pathway occurs primarily under conditions
of excess ethylene. It involves the change in sur-
face binding from π-C2H4 to ethylidene which can
act as surface inhibitor. At higher temperatures
ethylidene dehydrogenates to ethylidyne (CCH3),
which is, despite of its high binding energy, a very
mobile surface species [19]. It causes less hindrance
to adsorbates than ethylidene, because it can sim-
ply be pushed aside.

This change in surface coverage may explain
why hydrogen reaction orders apparently increase
with increasing temperature [20]. Because all steps
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Figure 5.4.: Scheme of the reaction mechanisms in-
volved in the catalytic hydrogenation (and decomposi-
tion) of ethylene based on [18] and [17]. The top half of
the reaction sequence shows the decomposition of ethy-
lene on a Pt-surface in the absence of H2. The bottom
half indicates the reaction sequence involved in ethy-
lene hydrogenation over the Pt-metal in the presence
of excess H2. The red arrows depict the scenario in
which hydrogenation to ethane takes place in the pres-
ence of H2 after ethylene has decomposed into various
hydrocarbonaceous species in a H2-starved reaction.

are highly reversible, ethylidyne can also be hydro-
genated again, and rejoin the major pathway to
produce ethane. Due to this comparably compli-
cated reaction mechanism it should be noted that
there is no single rate-determining step valid for
all possible temperature and concentration condi-
tions, which is also the reason why apparently well
suited Langmuir-Hinshelwood Hougen-Watson ki-
netic approaches (cf. Fig 5.3) are almost never ap-
plied in kinetic studies.

To predict reaction rates (r) for the ethylene
hydrogenation reaction, the vast majority of stud-
ies apply power-law approaches of the form r =
k · pmH2

pnC2H4
with positive orders in hydrogen (m)

in the range of unity and slightly negative orders
in ethylene (n), which can also be zero. Here, p cor-
responds to the partial pressure and k is the rate
constant. Even though the order in hydrogen sug-
gests that a molecule or two atoms appear in the
rate-determining step, and the order in ethylene
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5.3. Description of the setup used for the NMR experiments with reactive flows

might represent competitive adsorption, these rate
laws are just an approximation of a more mean-
ingful expression, and thus are only valid for a
limited pressure and temperature range [3]. These
approaches, for instance, can not account for the
apparent decrease of order in hydrogen observed
for temperatures below 290K. If predictions of re-
action rates over a wide range of conditions are
necessary, thermodynamically consistent microki-
netic models have to be applied which consider
the underlying mechanistic aspects of the reaction
[16]. Such modeling approaches, however, increase
computation time and implementation effort into
reactor models enormously. Thus, in spite of the
previously mentioned disadvantages power law ap-
proaches may be sufficient if the reaction condi-
tions can be tightly defined.

In addition to the aforementioned extensive
knowledge of the reaction mechanisms and kinet-
ics which aids to develop modeling approaches
enormously (see chapter 7 and chapter 8) also
other features of the reaction makes it an excellent
choice as a benchmark reaction to prove the ap-
plicability of MRI to characterize exothermic gas
phase reaction processes:

First of all, ethylene and ethane molecules are
symmetric, thus both gases give rise to single reso-
nance lines in NMR spectra. Furthermore, the res-
onance frequencies of ethylene and ethane are far
apart with a chemical shift difference of 4.43 ppm
[21]. This facilitates signal separation, and conse-
quently NMR based concentration measurements
(cf. Fig 5.5). The selectivity towards ethane sim-
plifies NMR data analysis even further since no
side products have to be considered.

The hydrogenation is significantly exothermic
(Eq. 5.2) like the industrially relevant gas phase
processes mentioned in section 2.1. Hence, the pro-
cess leads to a significant thermal energy input
into the catalytic bed of a reactor, which likely
leads to non-isothermal temperature profiles com-
parable to those within conventional tubular reac-
tors.

And finally, ethylene is one of the most impor-
tant building blocks in chemical industry [22]. If
the NMR based characterization of the ethylene
hydrogenation is possible, the characterization of
other, industrially relevant gas phase processes,
which include ethylene conversion, like ethylene
oxide production for instance, becomes feasible.
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Figure 5.5.: Typical magnitude spectrum of an ethy-
lene ethane mixture measured in an operating catalyst
bed. The resonance frequencies exhibit a chemical shift
difference of about 4.43 ppm [21] which facilitates sig-
nal separation, and thus allow NMR based concentra-
tion measurements.

5.3. Description of the setup used
for the NMR experiments with
reactive flows

To perform the experiments with reactant gaseous
flows described in chapter 6 to chapter 8 an NMR
compatible fixed-bed glass reactor, developed and
manufactured in-house (see Figure 5.6), was used
with an inner diameter of 30mm, a typical size at
industrial scale. Three mass flow controllers (F-
201CV, Bronkhorst, Ruurlo, Niederlande & FMA-
2618-A, Omega Engineering, Stamford, USA) en-
abled to feed the reactant gases (H2 and C2H4)
and the the inert gases (N2 or Ar) to the reac-
tor. The reactants passed the catalytic bed of the
NMR reactor that was positioned in the FOV of
the NMR tomograph (cf. Fig 5.7). A specially de-
signed mounting system with an integrated guide
rail (not shown) allowed the precise and repeat-
able positioning of the NMR reactor inside the to-
mograph. Downstream, the product gas flow was
monitored by a flow meter (VAF Fluid-Technik
GmbH, Lichtenau, Germany) and the pressure was
controlled by a regulation valve. Before it pro-
ceeded to the exhaust, the composition of the prod-
uct gas was analyzed with a process mass spec-
trometer (pMS, GAM 200, InProcess Instruments,
Bremen, Germany) every 5 seconds. To monitor
reactant gas concentrations, the inlet gas compo-
sition was measured by the pMS before each ex-
periment by using a bypass system.
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5. Experimental background

To prevent damage of the NMR system due to
overheating, the reactor was cooled with a con-
tinuous flow of pressurized air, and insulated with
glass fiber mat. Dried air was used as a cooling
agent, because it is invisible to the NMR system,
and thus can not distort the NMR measurements.
The surface temperature of the NMR detection
coil was monitored by a fiberoptic thermometer
(Luxtron 504, Polytec, Waldheim, Germany). The
mass flow controllers were controlled by a Labview
interface, which also recorded flow rate data and
coil surface temperatures.

The NMR imaging system used in this work is
a BioSpec 70/20 USR manufactured by Bruker
(Bruker Biospin MRI GmbH, Ettlingen, Germany).
A picture of the system is given in Figure 5.6. In
general the BioSpec series is designed for small an-
imal imaging applications in life science, biomed-
ical and preclinical research and is widely distri-
buted in biomedical research groups.

The BioSpec 70/20 is equipped with a super-
conducting magnet system with a field strength
of 7T. The magnet system has a horizontal bore
with a diameter of 200mm. The total length of
the NMR tomograph is 1.312m with a diameter of
1.12m. The system is equipped with a B-GA 12S2
gradient system with room temperature shim coils
and related power supplies.

The gradient system has a slew rate of
3440T/m/s and maximum gradient strength is
441mT/m per spatial direction. It enables a switch-
ing time of 130 �s. For the experiments a quadra-
ture birdcage RF coil with an inner diameter of
72mm was used for both RF transmission and sig-
nal reception.
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Abstract: In situ analysis of heterogeneously catalyzed gas phase reaction systems is becoming a
valuable aid to their modeling and optimization. The commonly applied methods are either invasive,
do not provide spatial information or are not applicable for optically inaccessible systems. This work
investigates the possibility to use NMR imaging to study gas phase reaction processes in situ, spatially
resolved and non-invasively.

A multislice NMR spectroscopic imaging pulse sequence, which was optimized to realize ultrashort
echo time TE , was employed to study the ethylene hydrogenation reaction in an NMR-compatible
packed bed flow reactor. The catalyst bed, containing inactive γ-Al2O3-pellets and Pt-Al2O3-pellets,
was subdivided into several sections in order to identify reaction zones that depend on initial conditions.
Spatial mapping of the chemical composition was demonstrated on the basis of two experiments with
varying initial volume flow and ethylene conversion. The inlet and outlet temperature of the catalyst
bed was simultaneously detected by analyzing the spectra of inserted glycol capsules.

The resulting spatial shift of the reactive zones in both experiments could be proven by the spatially
resolved concentration measurements and the temperature measurements. The locations of single
active catalyst pellets were also detectable by the same measure. The quantitative results of product
gas composition of both experiments were in good agreement with accompanying mass spectrometric
measurements.

The results demonstrate the applicability of NMR imaging methods to investigate gas phase reaction
processes and can help to establish these methods as a standard tool to map chemical transformations
in gas flow reactors.

34



6.1. Introduction

6.1. Introduction

Heterogeneously catalyzed gas phase reactions
have a substantial relevance for the chemical and
energy industry. Prominent examples are the
Sabatier reaction, the hydrogenation of alkines,
the partial oxidation of alkenes or the oxidative
dehydrogenation of alkanes. Due to the high po-
tential of these reactions, performance enhance-
ments of these processes are of high interest as
even small improvements can already be econom-
ically viable [1].

A well established way to achieve significant en-
hancements is to optimize mass and heat trans-
port within a catalyst bed, which are known to
influence parameters like activity and selectivity
drastically [2–5]. To optimize the processes within
a reactor, knowledge about the inner conditions of
a reactor is needed. However, techniques that pro-
vide integral information about chemical composi-
tion like online gas chromatography (GC) analysis
or invasive measurements like probe thermome-
ters, which provide a rather coarse spatial reso-
lution at selected positions, are still state-of-the-
art and are widely used to validate modeling ap-
proaches [6–8]. While these methods have clearly
proven their value, methods which allow to non-
invasively obtain information about temperature
and chemical composition combined with high spa-
tial and temporal resolution have gained consid-
erable attention [9–13]. These methods are par-
ticularly suitable for the investigation of micro-
scopic processes, such as adsorption reactions and
the determination of reaction intermediates. How-
ever, the investigated reaction systems have to be
optically accessible, which makes these methods
not applicable when information about reaction
processes within opaque environments, like porous
catalyst beds, should be acquired.

Another approach to map chemical composi-
tions and temperature, particularly in optically
opaque reactors, is to apply nuclear magnetic res-
onance (NMR) based methods, i.e. magnetic reso-
nance imaging (MRI), localized NMR spectroscopy
(MRS) or magnetic resonance spectroscopic imag-
ing (MRSI) [14, 15]. These NMR based methods
are not only well established and widely used di-
agnostic tools for medical and biomedical appli-
cations, but have also found various applications
in material sciences and chemical engineering [16].
NMR based methods offer a lot of advantages com-
pared to other methods. They are not only non-
invasive, but additionally provide a whole realm of

contrast mechanisms such as concentration, relax-
ation times, flow, diffusion, temperature or mag-
netization transfer. In particular, they allow to
simultaneously measure parameters like chemical
composition and temperature with both high spa-
tial and temporal resolution, which is crucial to
validate spatially resolved simulations of catalytic
reactors.
Nowadays, suitable NMR imaging systems are
widely available, although often in research fa-
cilities focusing on biomedical research, and not
on material sciences or catalysis. Thus, MRI and
MRSI might appear to be ideal tools to non-
invasively investigate macroscopic transport pro-
cesses within chemical reactors in situ. However,
scientific publications on this topic are still rather
rare, which is due to several reasons.
(i) A reactor designed for operation within an MRI
magnet has to be made of NMR-compatible ma-
terials. The use of metals is limited, even if non-
magnetic, as they would distort the static mag-
netic field B0 and/or screen the radio frequency
(RF) field B1, thus making MRI measurements
impossible. Therefore, the design of NMR compat-
ible reactors is challenging, particularly for high
temperature and high pressure.
(ii) The interaction between molecules of liquids or
gases, which are to be measured, and the porous
carrier material with the catalyst shortens the ef-
fective transverse relaxation time T ∗

2 . Thus the
transverse magnetization decays rapidly after RF
excitation, resulting in a decreased signal-to-noise
ratio (SNR). Additionally, short T ∗

2 values require
to apply strong and rapidly switchable B0 gra-
dients for spatial resolution as well as optimized
pulse sequences with ultrashort echo time (TE),
i.e. an ultrashort delay between RF excitation and
signal detection.
(iii) NMR is an inherently insensitive method with
respect to SNR, e.g., as compared to mass spec-
trometry. This fact limits the detection of samples
with low concentration of NMR active nuclei as
well as the achievable spatial resolution. Solutions
to this problem comprise the use of hyperpolariza-
tion [17, 18] or special detection techniques such
as “remote detection” [19, 20].
(iv) Most of the suitable modern NMR imaging
systems are available in a biomedical research en-
vironment and not in engineering departments.
Considering the difficulties mentioned above and
the high prices of NMR imaging systems, initial
MRI or MRSI experiments for characterizing cat-

35



6. NMR imaging of gas phase reaction processes

alytic reaction will most likely require a multidis-
ciplinary cooperation. However, this may be dif-
ficult to establish because of the considerable ex-
perimental requirements and the remaining risks
of such projects.

Nevertheless, excellent work on investigating 3-
phase reaction systems with MRI methods has
been published, e.g., on octene hydrogenation and
alpha-methylstyrene hydrogenation [21–25]. Fur-
thermore, a method using the temperature depen-
dence of chemical shift difference between the two
signals of ethylene glycol, well known from high
resolution NMR spectroscopy [26], was adapted
for temperature measurements within an NMR
compatible reactor [27]. Even gas phase reactions
were investigated by using hyperpolarization or
remote detection techniques [28–30]. Recently, an
investigation of ethylene polymerization at indus-
trial conditions in a specially designed NMR com-
patible reactor has been reported [31].

Along with the general requirements for investi-
gating reaction processes by NMR based methods,
the analysis of gas phase reactions provides further
challenges [32, 33]. The signal intensity of gases is
much lower than the intensity of liquids because
of the lower spin density (factor ∼1000), especially
at low pressure and high temperature. The spin-
spin relaxation times T2 of gases are rather short,
which decreases the SNR and complicates signal
detection. Additionally, the short T2 and T ∗

2 relax-
ation times as well as the much higher diffusion
constants of gases as compared to liquids hamper
spatial encoding achieved by spatially selective RF
pulses, phase encoding B0 gradients or readout B0

gradients.

To address these problems, this work investi-
gates the possibilities to apply NMR based meth-
ods to heterogeneously catalyzed gas phase pro-
cesses within reactors of conventional dimensions
at ambient reaction conditions. It was the aim of
this study to provide a methodology for observing
chemical reactions and temperature changes in a
rather large reactor over a longer time (typically
hours) and with low flow velocity. Therefore, the
conventional approach of using a standard volume
RF coil for signal detection and exploiting thermal
nuclear polarization was preferred, despite the at-
tractive features of hyperpolarization and remote
detection. An NMR compatible reactor was de-
veloped for use within a standard quadrature RF
volume coil of 72mm inner diameter. For simulta-
neously observing the chemical reaction and tem-

perature changes within the reactor, an optimized
pulse sequence for multislice ultrashort echo time
MRSI was developed. As an example, the ethy-
lene hydrogenation reaction was chosen. Measure-
ments were performed for different flow rate and
concentration ratios. The MRSI results were com-
pared with mass spectrometric measurements of
the products.

6.2. Experimental

6.2.1. Materials

For the preparation of Pt-Al2O3 catalyst, com-
mercial cylindrical γ-Al2O3-pellets (length: ∼ 8
mm; diameter: 3.2mm; BET: 220m2/g; Alfa Ae-
sar GmbH) were impregnated with a solution of
water and Tetraammineplatinum(II)chloride hy-
drate (Sigma Aldrich).
In a first step, the pore volume of the Al2O3-
pellets was calculated by adding water step by
step to the porous material. The amount of wa-
ter, which could be completely adsorbed, was 40%
of the pellet mass. To get 1wt.% homogeneously
distributed Platinum on the pellets, Tetraammine-
platinum(II)chloride hydrate was dissolved in the
amount of water, which corresponds to the pore
volume. After adding the platinum solution to the
pellets, they were dried at 120 ◦C and calcined at
400 ◦C for 3 h. Before the experiments, the catalyst
was activated at a gas flow of 2.5Nl/min (H2:N2

1:5) at a temperature of 400 ◦C for about 2 h.

6.2.2. Temperature measurements

To measure the temperature level during the ex-
periments at the inlet and outlet of the catalyst
bed, cylindrical glass capsules (outer diameter
3mm; length ca. 10mm) were manufactured, filled
with ethylene glycol (99.5% purity, Fluka) and
fused. The chemical shift difference between the
-OH and -CH2 peaks of ethylene glycol is known
to correlate well with temperature within a range
of 20 ◦C and 140 ◦C [26, 34]. The temperature can
be expressed as a function of the chemical shift
difference Δδ in ppm [26]:

T (C◦) = 192.85− 101.64 Δδ. (6.1)

The ethylene glycol capsules were placed in front
of and behind the reactive zone of the catalyst bed
surrounded by inert Al2O3-pellets (cf. Figure 6.1)
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Table 6.1.: Experimental parameters (volume flow,
concentration) of experiment A and B. The volumet-
ric concentrations were measured with a pMS behind
the outlet of the reactor. The concentration measure-
ments were performed at steady state conditions. The
measurement uncertainty of the pMS was for all exper-
iments below 1%.

Experiment A Experiment B

v̇N2 (Inlet) 0.175 l/min 0.4 l/min
v̇C2H4 (Inlet) 0.25 l/min 0.5 l/min
v̇H2

(Inlet) 0.075 l/min 0.1 l/min
cN2

41.3 vol.% 44.2 vol.%
cC2H4

40.0 vol.% 44.1 vol.%
cC2H6 18.0 vol.% 11.0 vol.%
cH2 0.7 vol.% 0.7 vol.%

to avoid information loss by crosstalk of the ethy-
lene glycol signal into the gas signal. Before inser-
tion into the catalyst bed, all capsules were tested
by MRSI measurements at room temperature. Ad-
ditionally, one glycol capsule was measured by the
MRSI method at four constant temperature val-
ues in the range from 19 ◦C to 44 ◦C. For these
measurements, the glycol capsule was inserted in
a beaker filled with perfluoropolyether (Fomblin,
Solvay Solexis, Bollate, Italy), in which the tem-
perature was measured by a fiberoptic thermome-
ter (Luxtron 504, Polytec, Waldheim, Germany).
The temperature values determined from the chem-
ical shift difference between the two NMR sig-
nals of ethylene glycol using Eq. 6.1 were com-
pared with the values measured by the fiberoptic
thermometer yielding a largest difference of only
0.6 K.

6.2.3. Ethylene hydrogenation

The investigated gas phase reaction is the hydro-
genation of ethylene (see Eq. 6.2). It has been cho-
sen, because it is a well investigated reaction pro-
cess [35] and offers several favorable characteris-
tics, which makes it a good choice for a model
reaction for benchmarking measurements:

C2H4 +H2 −→ C2H6 ΔHR = −137 kJ/mol
(6.2)

(i) It is nearly irreversible. (ii) It can be run at
ambient conditions in presence of a Pt-catalyst.
(iii) It is highly exothermal like many of the in-
dustrially relevant heterogeneously catalyzed gas
phase reactions. (iv) No side products are expected,
which facilitates the analysis of reaction products.
(v) As ethylene and ethane are symmetric mole-

Figure 6.1.: Schematic representation of the struc-
tured catalyst bed: The amount of active catalyst pel-
lets was increased from slice 2 to slice 6. The areas
around slice 1 and 7 were filled with inert Al2O3-
pellets containing 3 capsules with ethylene glycol.
The slice centers were positioned at -33mm (#1),
-24mm (#2), -14mm(#3), -4 mm(#4), 6mm(#5),
16mm(#6), 30mm (#7).

cules, both gases give rise to single resonance lines.
The chemical shift difference between the two sig-
nals is larger than 4 ppm [36], which facilitates
signal separation.

The reaction was run within a glass tube re-
actor specially designed for MRI purposes. The
reactor had an inner diameter of 30mm and the
catalyst bed a length of 80mm. The catalyst bed
was structured as follows: first a 20mm thick layer
of Al2O3-pellets was piled up containing 3 cap-
sules filled with ethylene glycol (cf. Figure 6.1).
Then a ca. 40mm thick layer consisting of a mix-
ture of catalytically active Pt-Al2O3-pellets and
inert Al2O3-pellets were placed inside the reactor.
In this layer the amount of catalytically active
pellets gradually increased, beginning with very
few Pt-Al2O3-pellets (just 2-3 in slice #2) up to
50% of the total volume in slice #5. The last layer
(thickness ca. 20mm, including slice #6 and #7)
consisted of inert Al2O3-pellets. In slice #7, three
ethylene-glycol-capsules were placed for tempera-
ture measurements.

The supply of the reactor with nitrogen, hydro-
gen and ethylene was realized by mass flow con-
trollers (F-201CV, Bronkhorst, Ruurlo, Nieder-
lande & FMA-2618-A, Omega Engineering, Stam-
ford, USA). The total initial volume flow varied
between 0.5 l/min and 1.0 l/min with varying hy-
drogen content of the reactant gases (see Table 6.1).
The outlet pressure was held at a constant level of
1.3 bar (abs). Behind the reactor outlet, the com-
position of the product gases was analyzed by a
process mass spectrometer (pMS, GAM 200, In-
Process Instruments, Bremen, Germany).
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To ensure process safety and avoid any damage
to the detection coil, the reactor was cooled with
a steady flow of pressurized air and insulated with
a glass fiber mat.

6.2.4. MRSI experiments

All NMR experiments were performed on a small-
bore NMR imaging system Biospec 70/20 USR
(Bruker Biospin MRI GmbH, Ettlingen, Germany)
equipped with a horizontal 7-Tesla magnet and
a magnetic field gradient insert BGA12S2 (inner
diameter: 116mm, maximum gradient strength:
441mT/m per spatial direction, switching time:
130 �s). A quadrature birdcage RF coil with an
inner diameter of 72mm was used for both RF
transmission and signal reception.

For orientation, a multislice FLASH [37] se-
quence was applied with the following parameters:
repetition time TR: 500ms, echo time TE : 3ms,
31 slices, slice thickness: 2.5mm, slice distance
(center-to-center): 3mm, field-of-view (FOV):
48mm × 48mm, 256× 256 matrix size, total mea-
surement time: 2min 8 s. In these images, the po-
sition of the glycol containing capsules was deter-
mined, while signals from the gases were lost be-
cause of the rather long TE of 3ms and the low
gas concentration.

For the subsequent multislice MRSI experiments
[38, 39], the position of the outer slices (slice #1
and #7) were chosen for measuring signals from
the glycol capsules, while the inner five slices were
used to detect the gases (cf. Figure 6.1). An op-
timized multislice MRSI pulse sequence was de-
veloped to realize an ultrashort echo time TE , i.e.
a delay between RF excitation and data acqui-
sition, of only 350 �s. Thus, signal losses due to
short effective transverse relaxation time T ∗

2 are
reduced (S(TE) ∼exp(-TE/T

∗
2 )). The asymmetric

RF excitation pulse used for slice selective signal
excitation was calculated by a Shinnar-Le Roux
algorithm [40, 41] using the module of the Vespa
suite for RF pulse design (available via: http://
scion.duhs.duke.edu/vespa/). The pulse was op-
timized for a flip angle of 30◦. The pulse dura-
tion was 250 �s and the maximum was about 70 �s
prior to the end of the pulse. Immediately after the
RF Pulse, short triangular-shaped phase encod-
ing gradients (130 �s switch on, 130 �s switch off),
were applied for in-plane resolution using a FOV
of 63× 63mm2 and 42× 42 phase encoding steps
with circularly reduced k-space sampling [42]. Data
acquisition was performed using 1Ki complex data

points and a spectral width of 50 kHz. Using a
repetition time TR of 155ms the total time per
SI measurement was about 3.5 minutes. Within
each TR, seven slices were sequentially measured
with slice centers at -33mm (#1), -24mm (#2),
-14mm(#3), -4 mm(#4), 6mm(#5), 16mm(#6),
30mm (#7) along the axial direction (z) of the re-
actor (cf. Figure 6.1) with higher z values pointing
from the front side into the magnet. The slice or-
der within TR was #7, #6, ... , #1, i.e. opposite to
the direction of the gas flow, to reduce saturation
effects across the slices.

The temperature at the inner surface of the RF
coil, measured by a fiberoptic thermometer (cf.
section 6.3.1), increased during the observation of
the gas reaction despite the thermal insulation be-
tween gas reactor and RF coil. Therefore, tuning
and matching of the RF coil were manually read-
justed after the temperature had changed by 3K.
Because of these interruptions (each lasting 1-2
minutes), MRSI data sets were not measured at
equidistant time points.

MRSI data sets were processed using in-house
developed IDL (Interactive Data Language, ver-
sion 7.0, Exilis Visual Information Solutions,
Bolder, USA) and Matlab (version 7.11.0, The
MathWorks, Inc., Natick, MA, USA) programs.
The measured k-space data were apodized with a
Hamming function in the phase encoding direc-
tion (kx, ky) and zero filled to a matrix size of
64× 64× 1Ki. Zero filling to 8Ki was also applied
in the time domain prior to the 3D Fourier trans-
formation (FT) of the data sets of all slices. Magni-
tude spectra were calculated for visual inspection
of the data.

To approximate the volumetric fraction of ethy-
lene and ethane, the peak area of both signals (I)
were determined by integration, normalized by the
number of attached hydrogen atoms per molecule
and put into relation with each other:

cC2H6

cC2H4 + cC2H6

≈
IC2H6

6
IC2H4

4 +
IC2H6

6

. (6.3)

A simple peak area integration in the magnitude
spectra was not sufficient to reliably separate the
ethylene from the ethane signals. Therefore, data
was fitted in each voxel using the matrix pencil
method (MPM) [43], which performs data fitting
in the time domain by using a sum of exponen-
tially decaying signals each being characterized
by four parameters (amplitude, frequency, phase,
decaying constant). While the maximum number
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Figure 6.2.: (a) Typical magnitude spectrum measured of ethylene and ethane with superimposed MPM-fitted
magnitude spectrum. (b) Fitted magnitude spectrum and the absorption spectrum to enhance signal separation:
The signal peak of ethylene (C2H4) was integrated from 7.6 ppm to 3.2 ppm, the signal peak of ethane (C2H6)
was integrated from 3.0 ppm to -1.4 ppm

of signals was set to two (ethylene, ethane), the
number of signals was automatically determined
to account for voxels with low signal-to-noise ra-
tio (SNR) (e.g., outside the reactor or prior to the
formation of ethane). Thus, for quantitative data
analysis, data processing consisted of apodization
and FT in phase encoding directions, MPM in all
voxels, zero filling of the fitted and phase corrected
data to 8Ki data points, and FT in the time do-
main. As the phases of the fitted signals were set
to zero, the real part of the complex FT spectrum
corresponds to the absorption spectrum yielding
better signal separation than the magnitude spec-
trum (cf. Figure 6.2). Images of the ethylene or
ethane gas were calculated by peak area integra-
tion of these fitted absorption spectra. An alterna-
tive and more straightforward way for data quan-
tification is, of course, to directly evaluate the am-
plitudes determined by the fitting routine. How-
ever, in individual voxels of some data sets, fitted
noise peaks caused problems for the automatic sig-
nal assignment. Therefore, peak area integration
in defined spectral regions of the FT spectra of the
fitted time domain data was preferred to ensure a
robust data quantification for the long series of 3D
data sets.

For accurate temperature measurements by de-
termining the chemical shift difference between
the two glycol peaks, 8Ki data points for a spec-
tral width of 50 kHz are not sufficient. Therefore,
the data for slices #1 and #7, were reconstructed
by undersampling the time domain signal by a fac-
tor of 8 resulting in 8Ki spectra for a spectral
width of 6.25 kHz. Because of the very high SNR
of the glycol signals, the corresponding SNR loss

was not an issue. The straightforward alternative
of zero filling to 64Ki prior to FT would prolong
data processing and may cause memory problems
of the computer.

6.3. Results and discussion

The hydrogenation experiments were performed
at different flow rates and initial hydrogen concen-
trations (cf. Table 6.1). Figure 6.3 shows a typical
map of spectra measured during steady state oper-
ation mode in the middle of the catalyst bed. Only
the inner 42× 42 spectra of the reconstructed
64× 64 matrix are shown to maintain visibility of
the single spectra. Additionally, the spectra are
scaled up by a factor of two to improve readabil-
ity of spectra with broad resonance lines resulting
from low B0 homogeneity.

The map clearly shows the circular cross section
of the catalyst bed. Despite intensity differences of
up to a factor of ten, all voxels within the cross
section are analyzable. The intensity differences
arise from B0 field inhomogeneities due to varying
composition of the catalyst bed and temperature
gradients along the cross section of the reactor.
The chemical shift difference between the peaks of
ethylene and ethane are in accordance with the ex-
pected values reported in literature [36]. During all
experiments neither significant shifts of the peak
positions nor exaggerated peak broadening was
observed (cf. Figures 6.2 - 6.4). Outside the cata-
lyst bed just noise is detected apart from a small
circular area beneath the catalyst bed. We assume
that this signal arises from small amounts of con-
densed water steam which could be carried by the
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Table 6.2.: Results of the averaged volumetric concentration of ethane of experiment A and B measured by MRSI and
pMS.

Experiment A Experiment B

t=1:31:52 h t=1:43:15 h t=1:13:52 h t=1:21:29 h

Slice 5 16.1 vol.% 16.4 vol.% 9.8 vol.% 9.5 vol.%
Slice 6 14.4 vol.% 14.5 vol.% 10.0 vol.% 10.2 vol.%
pMS 18.0 vol.% 18.0 vol.% 11.0 vol.% 11.0 vol.%

pressurized air of the cooling circuit. Thus, the
map of spectra and the achieved SNR clearly show
that in spite of reactant flow conditions slice se-
lective excitation and in-plane resolution by phase
encoding is feasible by using the optimized ultra-
short TE MRSI pulse sequence.

To demonstrate that it is possible to detect the
reaction progress along the catalyst bed, Figure 6.4
shows single spectra of the 5 inner slices at the
same voxel position along the longitudinal axis of
the reactor. It can be seen that the MPM fitting
algorithm performs well in regard to the appli-
cation case: The NMR signals are fitted as sin-
gle peaks, however, only if the signal exceeds the
noise level to a certain extent (cf. Figure 6.4a and
6.4b). For automatically determining the number
of peaks, the AIC criterion of the MPM algorithm
performed better than the MDL criterion [43], be-
cause the latter tended to miss peaks at lower
SNR.

The progress of the reaction can be tracked along
the spectra: in Figure 6.4a no ethane peak could be
spotted. The ethane signal appears the first time
in Figure 6.4b, increases in Figure 6.4c and stays
stable in Figure 6.4d and 6.4e. The variation cor-
responds to the expected reaction progress along
the catalyst bed.

Beside the variation of the peak ratios signifi-
cant differences in signal intensity along the longi-
tudinal axis of the reactor are noticeable. To inves-
tigate the signal intensity pattern, the peak areas
of ethylene and ethane were added and plotted
along the horizontal plane of symmetry. The re-
sulting signal intensity profile of an experiment
detected under steady state conditions (Experi-
ment A, cf. Table 6.1) is shown in Figure 6.5. The
signal intensity profile of a single slice shows sig-
nificant similarities to the profile along all slices:
both increase from the inside to the outside. This
can be explained by the corresponding tempera-

ture profile along the axial and the radial direc-
tion of the catalyst bed: Due the structure of the
catalyst bed, the conversion is mainly expected
to take place within slices #3 to #5 and thus
leading to higher temperature levels than in slices
#2 and #6. Additionally, the peripheral zones of
the catalyst bed are cooled by the cooling circuit.
Both effects lead to u-shaped temperature pro-
files along the radial and longitudinal axis of the
catalyst bed. Considering that the nuclear mag-
netization of a sample decreases with increasing
temperature due to the Boltzmann distribution
(M0 ∼ exp(−ΔE/kT ) with ΔE being the dif-
ference between the adjacent energy levels, k the
Boltzmann constant and T the absolute tempera-
ture), the signal intensity should be lower in areas
of elevated temperature.

Furthermore, the effect of isobaric conditions of
the hydrogenation process has to be considered.
In areas of elevated temperatures, the gas den-
sity and thus the spin density drops leading to an
additional signal decrease. In the data set used
Figure 6.5, the averaged total signal intensities of
slice #2 and slice #4 differ by about 24%. The
temperature difference measured with a thermal
couple at comparison measurements outside the
reactor yielded about 45K (110 ◦C, 65 ◦C; data
not shown). If one calculates the expected inten-
sity loss caused by decreased nuclear magnetiza-
tion and density loss (assumption: ideal gas) alone,
one would expect a signal difference of about 22%.
However, at least two further aspects have to be
considered when explaining the observed regional
differences in the NMR signals. First, for the MRSI
pulse sequence used, the protons of the H2 gas
are NMR invisible due to the very short T ∗

2 relax-
ation time (e.g., T ∗

2 ∼ 200 �s measured in sepa-
rate experiments in a gas mixture of H2 and CH4

at room temperature, data not shown) and the
strong diffusion [44] during the slice selective RF
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pulse causing dephasing of the transverse magne-
tization. However, as part of the ethane molecule
they become NMR visible and contribute to the
measured spectra. Second, the T1 and T2 relax-
ation times may also be temperature dependent
and could thus influence the observed signal pro-
files across the reactor because of saturation effects
and signal losses during the echo time TE .

6.3.1. Temperature measurements

Knowledge about the temperature conditions
within a catalyst bed is crucial to evaluate process
performances. To get information about inlet and
outlet temperature of the catalyst bed, the spectra
of ethylene glycol were measured in slices #1 and
#7 by the multislice MRSI pulse sequence. As out-
lined above, the time domain data was fitted by
the MPM algorithm and the absorption-like spec-
tra were used for determining the chemical shift
difference.

At least 16 ethylene glycol spectra of each cap-
sule could be detected. The inner four spectra were
used for temperature determination and the val-
ues were averaged (cf. Figure 6.6a). The resulting
temperatures corresponded well to those measured
with conventional thermocouples during compar-
ison measurements outside the magnet. The tem-
porally resolved temperature profiles of two ex-
periments are shown in Figure 6.6b. The exper-
iments A and B differ in regard to the volume
flow and hydrogen content of the reactant gas (see.
Table 6.1). As expected, the temperature profiles
of both experiments differ considerably. The in-
let temperature of experiment A is higher than
the outlet temperature, with the difference being
lower than 10K. Opposite conditions are found
in experiment B: Here the inlet temperature just
increases slightly, whereas the outlet temperature
is more than 50K higher. The opposing tempera-
ture profiles are to be expected, because on the one
hand the lower flow rate of experiment A promotes
compensatory diffusional processes, which lead to
lower temperature gradients. On the other hand
the higher flow velocity of experiment B shifts the
reactive zone, and thus higher temperatures, to-
wards the outlet of the catalyst bed. These results
demonstrate that the ethylene glycol capsules re-
spond sensitively enough to temperature changes
to map the temperature profiles within a catalyst
bed. Due to the dimensions of the capsules, which
are in the same order of magnitude as the catalyst
pellets, we further assume no significant distortion

impact on the flow pattern of the reactant gases.

As the gas composition was simultaneously mea-
sured in slices #2 to #6, this multislice MRSI
approach yields information both on the spatial
distribution of gases and on the temperature in
the reactor. In the alternative case of temporally
alternating measurements of gas distribution and
temperature, one could perform the temperature
measurements by volume selective spectroscopy
measurement as demonstrated by Gladden et al.
[27] in well defined voxels, allowing optimized shim
values, i.e. better local B0 homogeneity. However,
using the global shim values used for multislice
MRSI allowed precise and reproducible temper-
ature measurements (cf., Figure 6.6). Therefore,
the integration of gas distribution and tempera-
ture measurements within a multislice MRSI se-
quence was preferred to avoid any time delay be-
tween gas and temperature measurements.

6.3.2. Gas composition measurements

To estimate the gas composition in every voxel,
the hydrogen conversion was calculated based on
the ratio of the ethane peak area normalized to the
number of attached hydrogen molecules divided
by the sum of the normalized peak areas of ethane
and ethylene (see Eq. 6.3). In each voxel, this ratio
of normalized peak areas corresponds to the ratio
between the volumetric concentration ethane and
the sum of the volumetric concentrations of ethy-
lene and ethane.

In pMS measurements only insignificant amounts
of hydrogen were found at the outlet (Table 6.1).
With this information the NMR pattern could be
quantified in terms of hydrogen conversion XH2 :

cC2H6

cC2H4 + cC2H6

· α ≈ XH2 , (6.4)

where α is a proportionality constant which can
be calculated from the ratio of ethane concentra-
tion to the sum of ethene and ethane concentra-
tion at a known hydrogen conversion. Here the fac-
tor α was calculated based on the concentration
conditions at the outlet measured by the pMS.
By taking the inlet conditions into account (cf.
Table 6.2), balance equations of each component,
depending on the hydrogen conversion, can be set
up:

v̇i = v̇i,0 + νiXH2 · v̇H2,0, (6.5)

where i refers to the chemical components present
in the system (N2, H2, C2H4,C2H6), 0 indicates
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Figure 6.3.: Representative spectral map measured at steady state conditions: for improved readability only
the inner 42× 42 spectra of the measured 64× 64 matrix is shown and the spectra are scaled up by a factor of
2.

Figure 6.4.: Single spectra of the 5 inner slices at the same voxel position along the longitudinal axis of the
reactor at reaction conditions with superimposed MPM-fits.

Figure 6.5.: Signal intensity of the sum of the peak
area of ethylene and ethane added and plotted along
the horizontal plane of symmetry.

the inlet conditions, v̇i is the corresponding vol-
ume flow, and νi the stoichiometric factor of com-
ponent i. Thus the volumetric concentration of
ethane can be calculated in each voxel. The result-
ing concentration distribution of ethane for exper-
iments A and B are shown in Figures 6.7 and 6.8,
respectively.

For both experiments the spatial distribution of
ethane is shown for four different points in time:

a) Only nitrogen and ethylene are flowing through
the reactor. No hydrogenation should take place

b) Hydrogen is switched on. First measurement
at transient reaction conditions

c) Measurement at steady state conditions as as-
sumed from the temperature profile (Figure 6.6)

d) Comparison measurements at steady state con-
ditions

The corresponding temperature measurements
are shown in Figure 6.6 and the time points used
for the data presented in Figure 6.7 and 6.8 are
marked with red circles. The results of experiment
A show clearly that a good signal separation is
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6.3. Results and discussion

Figure 6.6.: Temperature profiles of the inlet and outlet of the catalyst bed of experiment A and experiment
B. The temperatures were averaged over the four inner ethylene glycol spectra of the central capsule. All time
information corresponds to the middle of the measurement duration.

Figure 6.7.: Volumetric concentration maps of ethane of experiment A given in vol.%. The measurements (a–d
from top to bottom) were performed at a. t = -5min, b. t = 2:30min, c. t = 1:31:52 h, and d. t = 1:43:15 h; All
time information corresponds to the middle of the measurement duration.

achieved by fitting and phase correcting the signal:
nearly no ethane is detected within the slices at t
= -5 min. The next set of measurements (Figure

6.7b) presents the ethane concentration at tran-
sient reaction conditions: First small amounts of
ethane can be detected in slice #3 and are in-
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creasing towards the outlet of the catalyst bed.
A detailed quantification of these amounts is not
useful because the hydrogen conversion increased
from 0% to 80% during the measurement time
of about 3.5 minutes. The ethane concentration
profile of a steady state measurement can be seen
in Figure 6.7c. First locally limited zones with el-
evated ethane concentration can be detected in
slice #2. Shape and position of these zones within
the catalyst bed correspond to shape and position
of single Pt-Al2O3-pellets that are surrounded by
inert Al2O3-pellets which were inserted there.

With increasing ratio of catalyst pellets from
slice #2 to #4 the number of active zones of the
catalyst bed increase, but in all cases the active
zones can still be clearly separated from each other.
Thus it can be assumed that the zones of ele-
vated ethane concentration are the active zones
of the catalyst bed. Along the next two slices the
amount of ethane increases, whereas the concen-
tration gradients along the cross section decrease.

Slice #6 shows the most homogeneous concen-
tration distribution. The concentration gradients
are less pronounced compared to the previous slices.
This reflects that a homogenization by mixing of
the gases within the inert layer is achieved. The
similarity of pattern in Figure 6.7c and 6.7d con-
firm the steady state assumption. Active zones can
be detected at similar locations of the catalyst in
all the slices. This demonstrates the reproducibil-
ity of the MRSI measurements.

Surprisingly, it appears that the averaged con-
centration of ethane decreases from slice #5 to
slice #6. If one compares the averaged ethane con-
centration of slices #5 and #6, the apparent de-
crease of ethane content is confirmed (cf. Table 6.2).
Whereas the averaged volumetric ethane concen-
tration of slice #5 corresponds to the pMS mea-
surements better than 90%, the correspondence
drops in slice #6 to 80%. This can not be ex-
plained by an actual decrease of ethane, because
the reverse reaction does not occur at the present
reaction conditions and the pMS measures the gas
composition behind the outlet of the reactor. This
effect was also detected in different experiments
with the same volume flow but varying hydro-
gen contents (data not shown). Additionally, flow
effects like bypass flows at the wall area of the
catalyst bed are also unlikely the reason for the
apparent ethane decrease, since the ethane con-
centration is averaged across the overall cross sec-
tion area of the catalyst bed. Thus, such an effect

would have the same impact on the NMR based
ethane concentration of slice #5, which was not
noticed.

We hypothesize an NMR artifact, caused by sat-
uration effects, leads to the apparent ethane de-
crease. With increasing slice index (in flow direc-
tion) the probability increases that spins that are
to be measured have already been measured at
an earlier time point in an adjacent slice. In par-
ticular, this applies to the ethane signal, which
is only formed in the center of the reactor, and
could thus suffer saturation. Thus an increasing
percentage of ethane could be partially saturated,
causing a signal decrease. However, we tried to
minimize saturation effects by using 30◦ excitation
pulses and measuring slices of 3mm thickness with
10mm center-to-center distance. In future exper-
iments, we plan to examine the influence of satu-
ration effects by performing single slice MRSI or
using multislice MRSI with longer repetition time.

Additionally, measurements of the T1 relaxation
times of the gases will help to estimate saturation
effects.

The results of experiment B (Figure 6.8a to
6.8d) demonstrate the influence of flow rate on
spatial and temporal differences in the volumetric
ethane concentration. In this experiment, the sig-
nal level of ethane is lower because of the lower
hydrogen content in the reactant gas flow and the
higher temperature in the reaction zones (cf. Fig-
ure 6.6) resulting from the higher flow velocity.
Due to the lower SNR compared to experiment
A, the fitting procedure failed to find an ethane
peak in some voxels, particularly in slices #2 and
#3. Nevertheless the experiment could be ana-
lyzed allowing the observation of the temporal and
regional development of the ethane concentration
in the reactor. Compared to Experiment A the re-
active zones are shifted towards the outlet of the
catalyst bed. This corresponds to the temperature
profiles of Figure 6.6.

Apart from the lower amount of ethane present
in the system, the active zones of the catalyst bed
of experiment A and experiment B follow compa-
rable pattern: The active zones of the transient
measurement of experiment B are in the same po-
sition as in experiment A (cf. Figure 6.7b with
Figure 6.8b, slices #3 and #4). The stationary
measurements show also comparable active zones
at the same position (cf. slice #3 and #4 of Fig-
ure 6.7c and 6.8d and slice #3 and #4 of Figure
6.8c and 6.8d). In accordance with experiment A
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Figure 6.8.: Volumetric concentration maps of ethane of experiment B given in vol.%. The measurements (a–d
from top to bottom) were performed at a. t = -5min, b. t = 2:30min c. t = 1:13:52 h and d. t = 1:21:29 h; All
time information corresponds to the middle of the measurement duration.

both steady state measurements are comparable
with each other. Both measurements show similar
reaction zones and the averaged volumetric ethane
contents of slices #5 and #6 deviate only slightly
from each other (see Table 6.2), which underlines
the reproducibility of the measurements.

The major difference between experiment A and
experiment B is that in experiment B no decrease
of ethane content between slices #5 and #6 was
detected. The averaged volumetric ethane content
of slice #6 corresponds to the pMS measurements
better than 90%. This might be a hint that sat-
uration effects are the main reason for the appar-
ent ethane decrease. Due the fact that the reac-
tion zone is shifted towards the outlet of the cat-
alyst bed, more ethane is produced between slices
#5 and #6 and thus the extend of ethane sat-
uration is lower than in experiment A, leading
to lower deviation from the ethane concentration
measured with the pMS. Nevertheless this effect

will be addressed in the next experimental cam-
paign as discussed above. Alternatively, measure-
ments on non-reactive ethane/ethylene flows may
help to explain why differences in the volumetric
ethane concentrations between slices #5 and #6
were observed in experiments A, but not in exper-
iment B.

6.4. Conclusion

The presented results prove that optimized ultra-
short echo time multislice MRSI can successfully
be applied to analyze heterogeneously catalyzed
gas phase reaction systems at ambient conditions,
despite the disadvantageous NMR properties of
gaseous flows. Using the hydrogenation of ethy-
lene as benchmark process, simultaneous spatial
mapping of the chemical composition was demon-
strated within five 3-mm-slices across a model re-
actor, an in-plane resolution of about 1.5mm, and
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a time resolution of about 3.5 minutes. It was pos-
sible to clearly and reproducibly identify the ac-
tive zones of a catalyst bed, to follow the progress
of the reaction along its longitudinal axis, and to
separate and quantify the observed gases by us-
ing the matrix pencil method, a fast and robust
time domain fitting algorithm. Further the multi-
slice MRSI method allows to simultaneously mea-
sure the temperature within the catalyst bed. Ex-
pected temperature changes could be observed im-
mediately in front of and after the active reaction
zone, and characteristic differences between mea-
surements with different hydrogen content and dif-
ferent volume flow were detected. Therefore, we
are confident that ultrashort TE multislice MRSI
will be a powerful tool for optimizing heteroge-
neously catalyzed gas phase processes in model
reactors and for validating modeling approaches.

There are certainly also a number of general
disadvantages and technical challenges of the pre-
sented methodology. Compared to other methods
used for NMR signal enhancing like remote detec-
tion or hyperpolarization, the presented approach
suffers from lower SNR, particularly for higher
temperatures. Nevertheless, it may be a method
of choice for investigating gas phase reaction sys-
tems of larger macroscopic scale over longer time
periods, because the experimental effort and the
costs are rather low compared to approaches ex-
ploiting hyperpolarization, and the methods can
be applied for slow flow through long reactors, un-
like techniques using remote detection.

Additionally, the implemented method can be
improved in several ways. Thus, an SNR increase
will be possible if excitation RF pulses with opti-
mized flip angle will be used based on knowledge
on T1 relaxation times and flow velocities. A fur-
ther reduction of the echo time can be achieved, ei-
ther by methodological improvements or improved
hardware components, particularly faster B0 gra-
dients. Furthermore, data processing and quantifi-
cation can be improved by adjusted and optimized
procedures, e.g. by using prior knowledge about
the chemical shifts.

The development of new NMR compatible re-
actors should focus on enabling measurements at
higher temperature and higher pressure. Addition-
ally, improving the thermal insulation and or the
cooling of the outer reactor wall will be essential to
avoid readjustments of the RF coil, and to allow a
smaller distance between reactor and RF coil, thus
yielding a higher filling factor and consequently a

higher SNR.
We hope that the described methodology and

the presented results will foster the application
MRSI methods to investigate other heterogeneously
catalyzed gas phase reaction systems and encour-
age multidisciplinary cooperation between re-
searchers focusing on chemical engineering and
NMR imaging methods.
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sis (eds Ertl, G., Knözinger, H., Schüth, F.
& Weitkamp, J.) 1–48 (Wiley-VCH Verlag
GmbH, 2008).
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Abstract:Measuring spatially resolved concentration distributions in gas phase reaction systems is an
important tool to validate simulation calculations, improve the understanding of transport processes
within the catalyst, and identify potentials for improvements of monolithic catalyst supports. The
commonly used measurement methods for such opaque systems are invasive and, thus, might be
misleading due to alteration of the system.

To overcome this issue, a 3D magnetic resonance spectroscopic imaging (MRSI) method was de-
veloped and implemented on a 7-Tesla NMR imaging system to map the concentration distributions
within opaque monolithic catalysts using the ethylene hydrogenation process as case study. The reac-
tion was catalyzed by a coated sponge packing or a honeycomb monolith within an NMR compatible
packed bed reactor. Temperatures at the inlet and the outlet of the catalyst beds were simultane-
ously determined by analyzing the spectra of inserted ethylene glycol filled glass capsules. Steady
state concentration profiles and temperature levels were measured at different reaction conditions. In
order to prove the plausibility of the measured spatial distributions of compound concentrations, the
experimental results were compared to a 1D model of the reactor based on kinetic data from litera-
ture. Furthermore, a comparison with integral concentration measurements using a mass spectrometer
demonstrated deviations below 5%. The results show that 3D MRSI is a valuable and reliable tool
to non-invasively measure spatially resolved process parameters within optically and/or mechanically
inaccessible structured monolithic catalyst supports, even if only standard thermal polarization is
exploited and the use of expensive and technically challenging signal enhancement techniques (hyper-
polarization) is avoided. We expect that 3D MRSI can pave the way towards deeper insight into the
interactions between catalyst, catalyst support, and gas phase.
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7.1. Introduction

Within the last decades structured catalyst sup-
ports became a valuable option to enhance the
performance of heterogeneously catalyzed reaction
processes. Their beneficial properties, like low pres-
sure drop and adjustable heat transport character-
istics, are especially suitable to intensify gas phase
reaction processes with elevated exothermicity [1–
3]. Despite the wide application of monolithic cat-
alysts in environmental catalysis, reliable and vali-
dated reactor models are still necessary to identify
enhancement potentials when applying structured
catalysts. However, the validation of modeling ap-
proaches of reaction systems with structured cat-
alyst supports is still challenging due to the typi-
cally inaccessible and opaque nature of these sup-
ports, which makes non-invasive measurements of
temperature and chemical concentration of the re-
active flow within the catalyst bed rather difficult.

Although invasive methods such as suction
probe techniques and thermometers provide only
low spatial resolution and might lead to significant
increase of the local residence time when applied
for monolithic catalysts [4], they are still state-of-
the-art and frequently applied in current research
[3, 5, 6]. Another approach to map chemical com-
positions and temperature non-invasively, partic-
ularly in optically opaque reaction systems, are
nuclear magnetic resonance (NMR) based meth-
ods, which are well established in biomedical di-
agnostics and analytical chemistry, and have also
found various applications in material sciences and
chemical engineering [7]. Several studies on in-
vestigating 3-phase reaction systems [8–10] with
NMR techniques have been published, in which
signal detection was mainly based on the liquid
phase. Also gas phase processes have been inves-
tigated by NMR imaging and spectroscopy. In ad-
dition to the general difficulties associated with
NMR measurements, like low inherent sensitivity
and the required NMR compatibility of the reac-
tor, the low spin density and rather short trans-
verse relaxation times of gases make such measure-
ments particularly challenging [11, 12]. To over-
come this issue, signal enhancement can be
achieved by para-hydrogen induced hyperpolariza-
tion [13, 14] or remote detection techniques [15,
16], which are of particular interest for microre-
actors and systems with rather short residence
times of the gas molecules. However, macroscopic
reaction systems can also be investigated by us-
ing thermal polarization and standard volume ra-
diofrequency (RF) coils, as recently demonstrated

by applying ultrashort echo time multislice mag-
netic resonance spectroscopic imaging (MRSI). In
that study a gas phase hydrogenation was char-
acterized in a packed bed flow reactor containing
Pt-Al2O3 pellets [17].

In this study, we demonstrate that MRSI can be
successfully applied to look inside ceramic mono-
lithic catalysts of macroscopic scale (Ø> 20mm)
under reaction conditions. We show how NMR
measurements can help to understand the influ-
ence of the monolithic catalyst support on heat
and mass transport in a gas phase process. To
this end, we optimized and applied a 3D MRSI
method. This approach allowed to measure both
the spatial distribution of the reactants and prod-
ucts within two different monolithic catalyst sup-
ports using the ethylene hydrogenation as a model
reaction, and the temperature at the inlet and out-
let of the reaction zone. Furthermore, the exper-
imental results are compared to predictions of a
1D model of the reactor.

7.2. Experimental

7.2.1. Materials

Three stacked γ-Al2O3-sponge segments (length:
∼20mm front and back segment and ∼10mm cen-
tral segment (cf. Figure 7.1a), diameter: 25mm,
10PPI; open porosity: 81%, Drache GmbH, Diez,
Germany) and a cordierite honeycomb monolith
(length: 50mm, diameter: 25mm, 600 cpsi, NGK,
Poland) were used as monolithic catalyst supports.

All monoliths were coated with a 1wt.%
Pt/Al2O3 catalyst layer. To this end, tetraammine
-platinum(II)chloride hydrate (Sigma-Aldrich, St.
Louis, USA) was dissolved in water and mixed
with an aqueous suspension containing γ-Al2O3

(BASF Catalyst Germany GmbH, Nienburg). Af-
ter stirring the suspension for about 5 minutes,
the monoliths were dipped into the suspension.
Then, excessive material was blown off with com-
pressed air. All samples were dried first at 120 ◦C
and then at 490 ◦C, each for 3 h. The amount of
catalytic material coated on the surface of the cat-
alyst substrates was determined by weighting the
substrates before and after coating and calcinat-
ing: The amount of coating material was approx-
imately 1.6 g at the sponge segments and about
1.5 g at the honeycomb monolith. Prior to the ex-
periments, the catalysts were activated using a gas
flow of 2.5Nl/min (H2:N2 1:5) at a temperature
of 400 ◦C for about 2 h.
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Figure 7.1.: (a) The monolithic sponge packing used in the first set of experiments consisted of three stacked
10PPI sponge segments with 25mm diameter and 20mm (front and back segment) resp. 10mm (central seg-
ment) length; the green dotted lines indicate the positions of the segments. The arrow indicates the position
of the sponge cross section shown in Figure 7.4a. (b) Picture of the coated cordierite honeycomb monolith
(600 cpsi) used in the second set of experiments.

Figure 7.2.: Scheme of the experimental setup. The flow direction was from left to right.

7.2.2. Ethylene hydrogenation

The reaction of choice was the exothermal hy-
drogenation of ethylene (ΔHR = -137 kJ/mol at
298K) because it can be operated at ambient con-
ditions, it selectively yields a single product
(ethane), and, due to the symmetry of ethylene
and ethane, both gases give rise to single reso-
nance lines in 1H NMR spectra. In addition, the
chemical shift difference between the two signals is
larger than 4 ppm [18], which facilitates signal sep-
aration. Furthermore, the availability of a broad
set of kinetic data [19–21] for the Pt catalyzed
ethylene hydrogenation allows the formulation of
a simple rate expression which should meet a good
level of accuracy for the applied reaction condi-
tions (cf. section 7.2.4).

The hydrogenation reaction was carried out
within an NMR compatible glass reactor, which
was cooled with pressurized air. The measurement

range was arranged as follows (cf. Figure 7.2): For
constraining the reactive zone to a given area with-
out any bypass flows or dead zones, the catalytic
monoliths were tightly fitted into a glass tube (in-
ner diameter: 25mm; wall thickness: 1.5mm;
length: 51mm). The tube containing the catalytic
monolith was in turn positioned inside the NMR
compatible reactor. The resulting gap between
glass tube and inner reactor wall was sealed with
glass fiber sealing cord.

To measure the temperature at reproducible po-
sitions at the inlet and the outlet, ethylene glycol
filled glass capsules were inserted into uncoated
honeycomb segments (Ø25mm; length 25mm;
600 cpsi), which were placed in front of and be-
hind the catalytic monolith. Details of this tem-
perature measurement method were described in
a previous study [17]. To avoid flow disturbances
and crosstalk of the ethylene glycol signal into the
reactive zones, a gap of about 3mm was left be-
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Table 7.1.: Experimental parameters (volume flow, concentration, temperature, velocity) of the low and high
flow rate experiments on the sponge packing and the honeycomb. The volumetric concentrations were measured
with a pMS behind the outlet of the reactor. The concentration measurements were performed at steady state
conditions. For all experiments the measurement uncertainty of the pMS was below 0.5%. The measurement
uncertainty of the temperature measurements derived from the ethylene glycol spectra and was below 1.5 ◦C.

Low flow rate High flow rate Low flow rate High flow rate
experiment experiment experiment experiment
(sponge) (sponge) (honeycomb) (honeycomb)

Inlet:
v̇Ar in Nl/min 0.175 0.40 0.175 0.40
v̇C2H4

in Nl/min 0.22 0.50 0.25 0.50
v̇H2

in Nl/min 0.078 0.10 0.075 0.10
Linear velocity in cm/s 1.6 3.4 1.7 3.4
T in ◦C (on rotational axis) 56 32 50 32
Outlet:
cAr in vol.% 41.6 44.0 41.8 44.4
cC2H4

in vol.% 39.6 44.3 39.4 43.9
cC2H6 in vol.% 18.0 11.0 18.0 11.0
cH2

in vol.% 0.8 0.7 0.8 0.7
T in ◦C (on rotational axis) 65 117 61 106

tween the uncoated honeycomb segments and the
catalytic monolith.

The process conditions were kept comparable
to earlier ethylene hydrogenation studies [17]: The
reactant gas supply of the reactor with argon, hy-
drogen and ethylene was realized by mass flow
controllers (F-201CV, Bronkhorst, Ruurlo, Nether-
lands, FMA-2618-A, Omega Engineering, Stam-
ford, USA).

To explore the limits of the 3D MRSI method,
the total initial volume flow was set to either about
0.4Nl/min or 1.0Nl/min with different hydrogen
content in the reactant gases. The corresponding
experiments are referred to as “low flow rate ex-
periment” and “high flow rate experiment” in the
following text (cf. Table 7.1). The outlet pressure
was held at a constant level of 1.3 bar (abs). Be-
hind the reactor outlet, the composition of the
product gases was analyzed by a process mass
spectrometer (pMS, GAM 200, InProcess Instru-
ments, Bremen, Germany).

7.2.3. MRSI experiments

All NMR experiments were performed on a 7 Tesla
preclinical NMR imaging system (Biospec 70/20,
Bruker Biospin GmbH, Etlingen, Germany)
equipped with a magnetic field gradient system
BGA12S2 with a maximum gradient strength of
441mT/m per direction (x,y,z) and a rise time of
130 �s. A circularly polarized RF coil with an inner
diameter of 72mm was used for both RF transmis-

sion and signal detection.

Based on the multislice MRSI pulse sequence
used in a previous study [17], a 3D MRSI sequence
was developed and then applied with the follow-
ing parameters: repetition time TR=12.5ms; flip
angle: 15◦, echo time TE=0.35ms; spectral width:
25 kHz; 256 complex data points per acquired time
domain signal; matrix size for a non-isotropic spa-
tial resolution (in x,y,z): 63 × 63 × 49 with ellipti-
cally reduced phase encoding; field-of-view (FOV):
63 × 63 × 105mm3; The slice thickness in z di-
rection was adjusted to the FOV. The total mea-
surement time was about 20.1minutes and every
measurement was repeated three times. Note that
the short echo time, i.e., the delay between RF
excitation and the start of data acquisition was
achieved by using an optimized asymmetric RF
pulse and a short duration of phase encoding of
260 �s in all three directions.

For visual inspection, data processing consisted
of apodization (multiplication) of the measured
raw data using a Hamming function followed by a
4D Fast Fourier Transform (FFT) and magnitude
calculation.

For quantitative data evaluation, data fitting
was performed using the matrix pencil method
(MPM) [17, 22–24], which approximates the mea-
sured time domain data by a sum of exponentially
decaying signals each being defined by four pa-
rameters (amplitude, frequency, phase, decay con-
stant). To this end, apodization and a 3D FFT
in three spatial directions was performed followed
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by MPM fitting of the time domain data in each
voxel (cf. Figure 7.3). The performance of MPM
for quantifying noisy spectroscopic NMR time do-
main data was investigated in [23] and [24], em-
phasizing the excellent estimation accuracy and
the low breakdown “signal-to-noise” (SNR) thresh-
old.

To quantify the volumetric fraction of ethylene
and ethane, the maximum number of signals was
set to two (ethylene, ethane). This was appropri-
ate because the hydrogen signal of H2 gas was
not detected due to its very short transverse re-
laxation time. In each voxel, the number of sig-
nals was automatically determined (0, 1 or 2) to
account for voxels with low signal-to-noise ratio
(SNR) (e.g., outside the reactor) or regions where
ethane was not or not yet produced. The ampli-
tudes determined by the MPM algorithm were
assigned to their corresponding chemical compo-
nent on the basis of the associated frequency. The
ethane/ethylene ratio was determined by normal-
izing the amplitudes to the number of attached hy-
drogen atoms per molecule and dividing the nor-
malized amplitudes. This procedure was chosen to
avoid unnecessary integration errors, particularly
for regions with broad resonance lines where sig-
nal overlap may lead to an overestimation of the
smaller component.

The MRSI data sets of this study were pro-
cessed using in-house developed IDL (Interactive
Data Language, version 7.0, Exilis Visual Informa-
tion Solutions, Bolder, USA) and Matlab (version
7.11.0, The MathWorks, Inc., Natick, USA) pro-
grams.

7.2.4. Modeling approach

For the simulations, we used a pseudo homoge-
neous 1D fixed bed reactor model that combines
the fluid and solid phase into a single effective
phase and thus neglects interfacial heat and mass
transfer. Neglecting interfacial mass transfer in
this case is justified because of the Mears’ cri-
terion calculated in the Appendix. Furthermore,
based on the temperature measurements, we as-
sume isothermal conditions for the low flow rate
experiment. In addition, pressure is considered to
be constant because of the short reactor and high
gas permeabilities of the catalyst supports. Con-
sequently, an overall mass balance and n species
mass balances are necessary to describe the pro-
cess with sufficient physical accuracy. The balance
equations read:

dG

dz
= 0 (7.1)

G
dωi

dz
= Mi

nr∑
j=1

νijηjr
(V )
j , i = 1...ns (7.2)

Here G = ρεvz describes the gas load, which re-
mains constant along the catalyst bed due to mass
conservation. It is a product of the fluid density
ρ, the porosity of the catalyst bed ε, and the lon-
gitudinal fluid velocity vz. ωi refers to the mass
fraction, Mi to the molar weight, ηi to the effec-
tiveness factor and νi to the stoichiometric coeffi-
cient of the respective component i. nr is the num-
ber of species of the reaction system. The effec-
tiveness factor ηi, accounting for mass transport
limitations within the porous catalyst, is consid-
ered to be unity because of the thin catalyst layers
on the supports (approximately 6 �m and 20 �m
for honeycomb and sponge, respectively, cf. A.1.1)
and the low temperatures (see estimation of the
Thiele modulus in the Appendix, A.1.1). The bal-
ance equations were subject to Dirichlet boundary
conditions:

G (z = 0) = G0 (7.3)

and

ωi (z = 0) = ωi,0, (7.4)

where 0 indicates inlet conditions.

The density is calculated from the ideal gas law:

ρ =
pM

RuT
. (7.5)

Here, Ru is to the universal gas constant and T
the temperature of the system.

An explicit expression for the reaction rate r
(V )
j

was derived from kinetic data from the literature.
For the occurring reaction conditions the expres-
sion for the reaction rate was assumed to follow a
power rate law:

r(Site) = Aexp

{
− Ea

RuT

}(
pmH2

pnC2H4

)
, (7.6)

where r(Site) is the reaction rate per active sur-
face site of the catalyst, A is the pre-exponential
factor, and Ea is the activation energy of the cata-
lyst. Since the partial pressure of ethylene, pC2H4 ,
was much higher than 7 kPa during all experi-
ments, the reaction order of ethylene m was set
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to zero [25]. The expression for the rate equa-
tion (Eq. 7.6) was then fitted to kinetic data pub-
lished in [19], wherein the reaction order or the
partial pressure of hydrogen, pH2 , was found to be
1.18± 0.2 and Ea = (37± 0.63) kJ mol−1 (cf. Fig-
ure A1). These values are in good agreement with
other data from literature [25].

The pre-exponential factor A could not be de-
rived from the kinetic data due to uncertainties re-
garding the quantity of active sites of the catalysts
investigated in [19]. Hence, A was adapted to the
MRSI results shown in section 7.3.2. Note that,
due to the adaption, the pre-exponential factor A
might not only account for collision frequency and
the probability of matching orientation of the reac-
tant molecules, but could in principle also account
for mass transport within the washcoat. Neverthe-
less, the estimation of the effectiveness factor ηi
(cf. Appendix) indicates that this macro kinetic
effect is negligible. Furthermore, the effect of dis-
persion of the Pt-catalyst on the reaction rate is
also lumped in the pre-exponential factor A, since
data on Pt-dispersion could not be derived from
the kinetic study published in [19].

Thus, it is assumed for reasons of simplifica-
tion that the amount of catalyst, mPt, is homo-
geneously distributed on the catalyst surface, the
active site related reaction rate, Eq. 7.6, was used
to calculate the volumetric reaction rate by relat-
ing the amount of catalyst to the total volume of
the catalyst bed Vtot, and the molar weight MPt:

r(V ) = r(Site)
mPt

VtotMPt
(7.7)

The system of differential equations of the 1D
model was solved numerically using well estab-
lished integration libraries [26, 27]. The pre-
exponential factor A was determined by minimiz-
ing the difference between the experimental and
model results in a root-mean-square sense [28].

7.3. Results and discussion

Due to the axial resolution of the 3DMRSI method
22 slices could be utilized to track the reaction
progress along the catalyst bed. Eight typical nor-
malized magnitude spectra measured on the sponge
and the honeycomb are shown in Figure 7.3a and
Figure 7.3b, respectively. The spectra originate
from the same voxel position along the longitu-
dinal axis of the reactor.

Both sets of spectra profiles follow the same pat-
tern: In the first spectra no or just insignificant

amounts of ethane were detected. The ethane sig-
nal then increases along the first half of the reactor
length and subsequently remains stable at the last
three to four spectra. To demonstrate the perfor-
mance of the applied fit routine (cf. section 7.2.3),
the second and last spectrum of the diagrams are
shown with superimposed MPM-fitted magnitude
spectra.

In accordance with former NMR studies [17] on
ethylene hydrogenation a significant shift of the
positions of the spectral peaks could not be ob-
served with one exception: The ethylene peak of
the first spectra of Figure 7.3a and Figure 7.3b is
shifted by up to 2 ppm compared to the other ethy-
lene peaks. This might result from B0 changes, due
to the transition between pure gas and catalytic
monolith, which should be located there. The ele-
vated SNR of the first spectra compared to the fol-
lowing spectra supports this explanation because
of the higher signal from voxels with free gas com-
pared to voxels containing also solid material.

The comparably small peak width of all ob-
served spectra implies that the NMR signal pri-
marily arises from the ethylene and ethane mole-
cules of the gas phase and not from surface-
adsorbed molecules. For comparison, spectra of
an adsorbed and free gas ethylene/ethane mix-
ture are shown in Figure A2. This assumption
is supported by the comparably high SNR vari-
ation in Figure 7.3a (sponge) compared to Fig-
ure 7.3b (honeycomb): The material of the honey-
comb is significantly more permeable to gas than
the struts of the Al2O3 sponge (cf. Figure 7.4a and
Figure 7.5a). Thus in spectra, which are measured
in voxels with a high amount of solid material,
like sponge struts, the amount of detectable gas
is lower, hence the SNR decreases, and this may
reduce both precision and accuracy of spectrum
analysis (cf. second and fourth spectrum in Fig-
ure 7.3a). However, this effect of SNR decrease al-
lows for deducing macroscopic morphological prop-
erties of gas impermeable catalyst support struc-
tures (cf. Figure 7.4b).

7.3.1. Spatially resolved gas concentration
analysis

The results of the spatially resolved gas MRSI
analysis demonstrate that the NMR patterns match
the porous structures of the investigated catalytic
supports. Due to its macroscopic dimensions, the
analysis of the sponge packing enables to detect
the position and shape of the macro pores and
structure depending reaction zones, whereas the
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Figure 7.3.: Magnitude spectra measured in (a) the sponge catalyst support and (b) the honeycomb catalyst
support at the same voxel position along the longitudinal axis of the reactor. The measured magnitude spectra
were normalized by their maximum value and plotted alternating with solid and dashed lines for better readabil-
ity. Additionally each second and last spectrum of the diagrams are shown with the corresponding MPM-fitted
magnitude spectrum superimposed (red). The spectra were acquired at reaction conditions of the configuration
“low flow rate” (cf. Table 7.1).

Figure 7.4.: (a) Photographic image of the cross section of the catalytic sponge packing at z = 32mm. (b)
NMR ethylene image (with inverted grey scale) of the cross section of the catalytic sponge packing at z = 32mm
measured by 3D MRSI during a constant flow of a non-reactive mixture of ethylene and argon.(c) Volumetric
ethane concentration map of the low flow rate experiment of the catalytic sponge packing at z = 32mm (d)
Volumetric ethane concentration map of the high flow rate experiment of the catalytic sponge packing at z =
32mm. All concentrations are given in vol.%.

Figure 7.5.: (a) Photographic image of the cross section of the honeycomb catalyst (b) NMR ethylene image
of the cross section of the honeycomb catalyst at z = 32 mm measured by 3D MRSI during a constant flow of
a non-reactive mixture of ethylene and argon. (c) Volumetric ethane concentration map of the low flow rate
experiment of the honeycomb catalyst at z = 32 mm(d) Volumetric ethane concentration map of the high flow
rate experiment of the honeycomb catalyst at z = 32mm. All concentrations are given in vol.%.

analysis of the honeycomb (600 cpsi) allows for
conclusions concerning the overall reaction process
and the distribution of the catalytic coating.

Figure 7.4a shows a photographic image of the
cross section of the sponge packing. The cross sec-
tion was located at the interface between the sec-
ond and the third sponge segment of the catalytic
sponge packing (z=32mm, cf. Figure 7.1a). A cor-

responding NMR image is shown in Figure 7.4b.
This image of ethylene was measured by MRSI
during a constant flow of a non-reactive mixture of
ethylene and argon. For the sake of comparability
with Figure 7.4a, the grey scale of image 7.4b was
inverted, i.e., black represents high signal inten-
sity and white low signal intensity. The compari-
son of Figure 7.4a and 7.4b demonstrates that the
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macroscopic morphology of the sponge can be de-
termined by MRSI at flow conditions. Significant
pore structures, which are shown in Figure 7.4a,
are also clearly recognizable in Figure 7.4b. The
glass casing of the catalyst bed is also delineated
in Figure 7.4b, marked by a bright ring, which
surrounds the sponge cross section. The grey ring
shaped area which surrounds the glass casing, re-
sults from ethylene molecules that permeate the
gap filled by the sealing cord between glass casing
and reactor wall (cf. Figure 7.2).

Figure 7.4c and Figure 7.4d show the resulting
ethane concentration maps of the low and high
flow rate experiments, respectively (cf. Table 7.1).
The concentration maps were calculated based on
the ethane/ethylene ratio determined from the 3D
MRSI data as well as the inlet and outlet condi-
tions. The procedure is described in detail in [17].
The concentration pattern corresponds to the po-
sition of the pores. Thus, the reaction product is
mainly detectable in areas with a high share of
pore volume.

In comparison with Figure 7.4c the concentra-
tion distribution within the pores of Figure 7.4d
appears to be more heterogeneous. This can be
explained by the different reaction conditions (cf.
Table 7.1): Due to the increase of flow velocity
in the high flow rate experiment, the residence
time is decreased and the process shown in Fig-
ure 7.4d has not reached its maximum conversion
at that position (cf. Figure 7.6). Hence the gas
molecules inside the sponge packing are not evenly
distributed within all pores of the sponge, and ar-
eas with higher and lower reactivity are still dis-
tinguishable.

In order to compare the results of the sponge
packing with the honeycomb experiments,
Figure 7.5a shows a photographic image of the
honeycomb cross section and Figure 7.5b shows
an NMR image of ethylene measured during a
constant flow of a non-reactive mixture of ethy-
lene and argon. Figure 7.5c and Figure 7.5d de-
pict ethane concentration maps of the low (Fig-
ure 7.5c) and high flow rate experiments (Fig-
ure 7.5d) at z=32mm, respectively. Note that in
Figure 7.5b, the grey scale was not inverted, i.e.,
white corresponds to high signal intensity.

In contrast to Figure 7.4a and 7.4b, the macro-
scopic structures of the honeycomb are not visible
in the MR image shown in Figure 7.5b. The signal
intensity is homogenously distributed within the
cross section of the honeycomb. The reasons for

this are twofold: On the one hand the cordierite
honeycomb is permeable to gas, thus gas molecules
inside the ceramic structures of the honeycomb
produce an NMR signal and the signal intensity is
not significantly lowered there. On the other hand
the cells of the honeycomb are too small to be suffi-
ciently resolved using the present MRSI voxel size.
Future MRSI studies with improved spatial reso-
lution will require stronger phase encoding gradi-
ents, which may cause technical problems due to
the limited maximum gradient strength and sig-
nal distortions by gradient induced eddy currents.
The alternative use of a longer phase encoding pe-
riod will increase the delay between RF excitation
and signal detection, thus leading to SNR losses,
particularly for rapidly decaying time domain sig-
nals which correspond to broad resonance lines.
Higher spatial resolution, i.e., a reduced voxel size,
will also decrease the inherent SNR, which could
be compensated for by a longer total measurement
time (averaging) and/or improved RF coil design.

In accordance with the NMR image of
Figure 7.5b, the concentration distribution of
ethane shown in Figure 7.5c and 7.5d appears
nearly homogenous. Just a slight decrease of ethane
concentration towards the center of the honey-
comb is noticeable. This might be an indication of
a lower amount of catalytic material in the central
areas compared to the outer areas of the coated
monolith, due to an inhomogeneous wetting of the
monolith during the coating procedure. Further-
more, no ethane appears to occur in a small area in
the centre of the cross section. The apparent lack
of ethane is caused by a failure of the fit algorithm,
which occurs because artifact signals superimpose
the ethylene and ethane signals in the respective
areas. The artifact signals may originate from lo-
cal contamination of the honeycomb. This would
also explain the more frequent occurrence of that
error in Figure 7.5d, since the influence of local
contamination is exacerbated by a low SNR.

7.3.2. MRSI measurement and simulation
of the reaction progress

To further investigate the reaction progress along
the longitudinal axis of the reactor, the SNR of
the MRSI data sets was increased by repeating
every experiment three times and adding the time
domain signals before performing the fitting pro-
cedure. To determine the mean ethane/ethylene
ratio of each slice, the amplitudes of each sig-
nal were added, and then the ethane/ethylene ra-
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tio was calculated from the combined amplitude
values. These ethane/ethylene ratios were plotted
over the longitudinal position of the slices (cf. Fig-
ure 7.6a). The applied averaging process has the
advantage, that porosity depending SNR varia-
tions do not influence the outcome.

The profiles of the low flow rate experiment of
both investigated catalyst beds show a character-
istic degressive pattern: After a strong ethane con-
centration gradient at the beginning of the cata-
lyst beds, the profile flattens and levels at max-
imum conversion at two-thirds of the length of
the catalyst bed and then remains stable until the
end of the catalyst bed. The outlier at z ≈ 6mm
of the honeycomb profile are caused by disturb-
ing artifact signals. The localized artifact signals
in this slice, which was also observed in the high
flow rate experiment of the honeycomb, appeared
at the same frequency range as the ethane signal.
Both signals added up and caused a reproducible
overestimation of the ethane/ethylene ratio in that
slice. Note that the ethane/ethylene ratio mea-
sured by MRSI at the end of the catalyst bed is in
a very good agreement with the ethane/ethylene
ratio calculated from the pMS measurements.

Furthermore, the profiles measured at low flow
rate are nearly identical for both catalyst sup-
ports, which indicates that the different support
structures do not influence the process perform-
ance significantly. Further it leads to the assump-
tion that differing convectional transport has an
insignificant impact on the reaction progress of
both reaction systems. The temperature differ-
ences between the inlet and the outlet of both
catalyst beds support this assumption: The dif-
ference for both experiments is about 10K. The
observed temperature difference between the inlet
and outlet temperature of the sponge packing and
the honeycomb can also be due to a slightly differ-
ent position of the ethylene glycol capsules: The
gap between the uncoated cordierite segments and
the coated honeycomb was ca. 1 to 2mm wider
compared to the experimental set up of the sponge
packing.

The profiles of the high flow rate experiments
differ more considerably: Compared to the pro-
file of the honeycomb support the profile of the
sponge packing is less degressive, the maximum
conversion is reached only at the end of the cat-
alyst bed. In addition, the outlet temperatures of
both experiments differ by more than 10K, while
the inlet temperatures are nearly identical. It is

worth to point out that in both experiments the
final conversions determined by either MRSI or
pMS measurements are in good agreement.

The differences compared to the low flow rate
experiments are unlikely the result of different mass
transport limitations (cf. Appendix), but rather
indicate an enhanced influence of convection. Un-
der consideration of the isobaric reaction condi-
tions and the same flow rate in both setups, the
gas load within both catalyst beds should be con-
stant. The sponge packing, however, has a higher
amount of struts per volume element compared to
the honeycomb. This would lead to an increased
gas flow velocity within the sponge packing and
thus to a decrease of contact time of the gas mole-
cules, which could cause the flatting of the
ethane/ethylene ratio profile. In addition, the in-
creased flow velocity would move the reaction zone
somewhat further to the outlet.

To prove the physical plausibility of the 3DMRSI
measurements, the model introduced in section
7.2.4 was used to simulate the ethylene hydro-
genation process and the results were compared
with the findings of the MRSI measurements. A
well known problem of validating simulation ap-
proaches with experimental data is accurate knowl-
edge of the boundary conditions of a process.
Therefore, the low flow rate experiment of the
honeycomb was chosen to validate the simulation
approach. The temperature boundary conditions
were assumed to be nearly isothermal, because on
the one hand the temperature difference between
the inlet and the outlet is comparably low. On the
other hand the concentration gradients are quite
low across the cross section of the catalyst bed (cf.
Figure 7.5c, Figure A3). However, the occurring
concentration gradients appear to be more local-
ized. In addition, the NMR signal intensity pro-
files indicate that there are only minor tempera-
ture differences between the central and boundary
areas of the catalyst bed (cf. Figure A4). Accord-
ingly, the applied 1D simulation approach should
be adequate to provide reasonable results.

The model used for simulation (cf. Eq. 7.1 to
7.7) was not completely deterministic and required
a fitting of the pre-exponential factor (set to
1.7794 10−22mol s−1Pa−1.18) to the experimental
data (cf. Figure 7.6b). The simulation shows the
same degressive pattern as the MRSI derived
ethane/ethylene ratio profiles. Model and exper-
imental data diverge slightly at the end of the
catalyst bed. The deviation between model and
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Figure 7.6.: (a) Ethane/ethylene ratio profiles of the experiments of this study. The standard deviation was cal-
culated on the basis of the three individual measurements. The outliers of the honeycomb profiles are caused by
measurement artifacts as described in the text. (b) Ethane/ethylene ratio profile of the low flow rate experiment
catalyzed by the honeycomb with superimposed model of the reaction process.

experimental data is below 10% and can at least
partly be explained by slightly different flow con-
ditions between model and experiment: While in
the model all of the reactant gases flow through
the catalyst bed and nearly all of the hydrogen
is converted, in the experiment a small share of
the reactant gases permeates through the sealing
cord (cf. Figure 7.2) and is not available for the
catalytic reaction. This small amount of not con-
verted hydrogen was also detected by the pMS at
the outlet (cf. Table 7.1) and lead to somewhat
reduced ethane/ethylene ratios compared to the
model. In addition, in the simulation the reaction
process is assumed to be completely isothermal,
while in the experiments some temperature gra-
dients along the catalyst bed are very likely to
occur. These diverging boundary conditions are
also a source for discrepancies between model and
experimental data.

However, despite the deviations between model
and experimental data at the end of the catalyst
bed and the necessary adjustment of the kinetic
model, the simulation underlines physical plausi-
bility of the experimental data and forms the basis
for future investigations.

In the high flow rate experiments, no reliable as-
sumptions for boundary conditions could be made
due to considerable temperature differences be-
tween the inlet and the outlet. The determination
of the boundary conditions of these experiments is
still an open question and will be subject of future
studies.

Regarding the applicability of 3DMRSI for char-
acterizing catalyzed gas reactions in larger model

reactors, a number of aspects have to be consid-
ered. The gas molecules should give rise to NMR
signals at different chemical shifts to enable signal
separation. To achieve a sufficient SNR, a compro-
mise is required between the spatial resolution, the
measurement time and the gas concentration. Fur-
thermore, optimized NMR pulse sequences (with
ultrashort echo time) and NMR hardware com-
ponents (e.g., high static magnetic field, strong
and rapidly switchable magnetic field gradients,
efficient RF coils) are required. In general, data
quality will also depend on the properties of the
applied catalyst supports and the detected gases
(relaxation times), and will be reduced with in-
creasing temperature and flow velocity. The con-
struction of NMR compatible reactors is another
critical issue, particularly for studies at high tem-
perature and high pressure. Because of the large
number of factors, a detailed analysis of the appli-
cability of MRSI is required for each specific model
reactor.

7.4. Conclusion

An optimized 3D MRSI method has been suc-
cessfully developed to non-invasively map the con-
centration distribution inside different monolithic
catalysts using the ethylene hydrogenation under
different reaction conditions as an example. The
measured concentrations at the outlet are in re-
markably good agreement (deviations below 5%)
with simultaneously performed mass spectro-
metric measurements. Furthermore, the qualita-
tive development of the reaction progress was con-
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firmed by comparing the measured concentration
profiles with a 1D model of the reactor, which was
based on kinetic data from the literature. Minor
deviations between model and experimental data
could be explained by differing flow and boundary
conditions between experiment and simulation.

However, more efforts should be made to em-
ploy the 3D MRSI method not only for measuring
spatially resolved gas concentrations but also to
determine temperature fields to describe the reac-
tion process more comprehensively [14], and thus
validate simulation approaches for various reac-
tion conditions.

In conclusion, the presented study demonstrates
the feasibility of measuring spatially resolved con-
centration maps of a gas phase process non-
invasively within different opaque and mechani-
cally inaccessible monolithic catalyst supports.
Thus, information from 3D MRSI can provide the
basis to develop and validate more complex mod-
eling approaches, which will allow a deeper in-
sight into the interactions between catalyst, cata-
lyst support and gas phase, thus helping to iden-
tify potentials for enhancements of process perfor-
mances.
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Abstract: A heterogeneously catalyzed gas phase reaction process was characterized regarding tem-
perature and concentration profiles by means of three dimensional (3D) 1H magnetic resonance spec-
troscopic imaging (MRSI), using the exothermal ethylene hydrogenation as an example. Here, temper-
ature mapping was achieved by using specifically designed thermometers filled with ethylene glycol.

The impact of heat and mass transfer on the process performance was investigated by using two dif-
ferent monolithic catalysts with completely different heat and mass transfer characteristics: a regularly
structured honeycomb monolith and a irregularly structured open-cell foam packing. The influence
of these characteristics on the reaction zones within the monolithic catalysts was demonstrated by
simulations that were based on 2D reactor models.

To evaluate the applicability of temperature and concentration mapping by 1H MRSI for model
validation, a predictive two dimensional model of the process was applied. The resulting simulations
of temperature profiles and concentration distributions were in very good agreement with the ex-
perimental data with deviations below 9%. Conventional mass spectroscopic measurements provided
further evidence of the accuracy of 3D MRSI measurements as well as the 2D reactor model.
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8.1. Introduction

Intensification of gas phase reaction processes ben-
efits from spatially resolved information about pro-
cess parameters such as concentration conditions,
temperature and pressure. By means of process
modeling these information can be obtained. To
prove the reliability of modeling, validation with
measurements of real processes, e.g. those with
monolithic catalysts, are necessary [1].

Monolithic catalysts are of particular interest,
because their adjustable properties regarding pres-
sure drop as well as mass and heat transfer [2–
4] allow the adaption of their catalyst supports
to specific challenges of various reaction systems.
Usually mathematical approaches are applied to
describe reaction processes within such monolithic
catalysts and to identify potentials of process in-
tensification [1, 5]. Frequently, these models use
mathematical simplifications like correlations for
heat and mass transport or fluid properties to save
computational costs and development efforts and
to maintain flexibility regarding the reuse of the
model for different reaction systems.

However, characterization of gas phase processes
within monolithic catalysts is especially challeng-
ing, due to the typically inaccessible and opaque
nature of these supports. The commonly applied
measurement methods either provide only inte-
gral information, like online gas chromatography
(GC) analysis, or they are invasive. Invasive meth-
ods however, such as suction probe techniques or
probe thermometers [3, 6, 7], can cause design lim-
itations due to the necessary provision of access
to the reaction zone, and might yield misleading
results caused by a significant increase of the lo-
cal residence time, in particular when applied to
monolithic catalysts [6, 8].

Thus, alternative measurements methods like
Nuclear Magnetic Resonance (NMR) based imag-
ing approaches are welcome. NMR imaging is a
common tool in medical diagnostics and can pro-
vide versatile spatially resolved measurements of
concentrations, [9, 10], temperature [11, 12], and
velocity [13] within opaque monolithic catalysts
without the need for mechanical or optical access
[14]. The plausibility of these NMR measurements
in terms of qualitative and quantitative charac-
terization of the concentration profiles within het-
erogeneously catalyzed gas phase processes has al-
ready been shown [10], but the validation of mod-
eling approaches of gas phase reaction processes by
NMR measurements has not been demonstrated

yet. To achieve this objective, information about
the temperature conditions within the reaction
zones is also needed.

There are already techniques available which al-
low spatially resolved temperature measurements
within fixed-beds of heterogeneously catalyzed gas
phase reactions. They measure the temperature
directly from either the gas phase of reactants and
products [11], or the solid phase [12]. Nevertheless,
these techniques require additional equipment for
hyperpolarization [11] or 27Al measurements and
calibration procedures, which extend the experi-
mental efforts considerably. Furthermore, hyper-
polarization techniques are more suited to study
micro reactor systems with rather short residence
times. However, these restrictions can be overcome
by alternative NMR methods.

Such an approach was applied by Gladden et
al. [15] to monitor the temperature conditions of
a three phase reaction process. They inserted ethy-
lene glycol filled glass spheres (diameter 4mm)
into a packed bed. However, temperature measure-
ments with ethylene glycol filled glass spheres al-
low temperature measurements with a rather
coarse spatial resolution [16] and, because of their
size, are not applicable for monolithic catalysts.
Nevertheless, the method is applicable if appropri-
ately extended. Thus, we filled ethylene glycol into
glass capillaries (diameter 0.68mm). These capil-
laries can easily be inserted into the monolithic
catalysts and enable the determination of highly
resolved temperature profiles along the longitudi-
nal direction of the monolithic catalysts. This al-
lows the combination of simultaneous temperature
and gas phase concentration measurements within
monolithic catalysts under reaction conditions us-
ing the well investigated ethylene hydrogenation
as model reaction.

The present contribution is a follow-up of our
previous study [10] and closes the temperature
boundary condition gap to describe a reaction pro-
cess sufficiently for validating modeling approaches.
To this end, 3D 1H Magnetic Resonance Spectro-
scopic Imaging (MRSI) measurements are com-
pared to predictive 2D reaction models of the pro-
cesses using two monolithic catalysts with com-
pletely different heat and mass transfer character-
istics, as examples.
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8.2. Experimental

As in the previous studies we chose the exother-
mal hydrogenation of ethylene as example reac-
tion, due to its favorable features like selectiv-
ity, irreversibility, and good detectability for con-
ventional and 1H MRSI measurement systems. In
addition, the high exothermicity of the reaction
is expected to have a significant impact on the
temperature behavior of the processes which is a
main aspect of this study. All NMR experiments
were performed with the same experimental setup
and the same NMR tomograph (7 Tesla preclini-
cal NMR imaging system, Biospec 70/20, Bruker
Biospin GmbH, Ettlingen, Germany) as used in
the previous studies [9, 10] unless stated other-
wise.

In order to explore the limitation of the tem-
perature measurement methods, the process con-
ditions were changed compared to our earlier stud-
ies by reducing the inlet concentration of hydrogen
(cf. Table 8.1).

8.2.1. Monolithic catalysts

To investigate the hydrogenation process by means
of 3D MRSI, two monolithic catalysts were used:
A cordierite honeycomb monolith (length: 50mm,
diameter 25mm, 600 cpsi, NGK Poland) and a
foam packing which consisted of two stacked
10wt.% SiO2-Al2O3 irregularly structured open-
cell foam segments (length 25mm, diameter 25mm,
10PPI, open porosity 79%, Hofmann Ceramics
GmbH, Germany). Both were coated with a 1wt.%
Pt-Al2O3 catalyst layer. The amount of coated
material was kept comparable: ca. 1.5 g at the hon-
eycomb monolith and ca. 1.45 g at the foam pack-
ing. The coating and activation procedure was the
same as described in [10].

During operation, the monolithic catalysts were
tightly fitted into a glass tube (inner diameter
25mm; wall thickness 1.5mm; length 51mm) to
reduce bypass flows and dead zones. The tube
containing the monolithic catalyst was in turn in-
serted into the reactor. The resulting gap between
glass tube and inner reactor wall was sealed with
glass fiber sealing cord. For measuring the temper-
ature profiles along the rotational axis and along
the wall area of the monolithic catalysts, ethylene
glycol filled glass capillaries were introduced into
the respective areas of the monolithic catalysts (cf.
Figure 8.1 and section 8.2.2).

Reactants pMS-Analysis

Sealing
cord

Reactor wall

Glas tube

FOV for NMR analysis

z

L

Monolithic
catalyst

NMR
thermometer

x y

Figure 8.1.: Scheme of the experimental setup with
indicated field of view (FOV). The flow direction is
from left to right.

8.2.2. Temperature measurements

Temperature measurements along the rotational
axis and the wall area of the monolithic catalysts
were performed with fused glass capillaries (diam-
eter 0.68mm, CS Chromatographie Service GmbH,
Germany) which were filled with ethylene glycol
(99.5% purity, Fluka, USA). In the following the
ethylene glycol filled glass capillaries are referred
to as “NMR thermometer”. This NMR thermome-
ter is based on the effect that the difference be-
tween the resonance frequencies of the two NMR
signals of ethylene glycol depends linearly on the
temperature and allows temperature measure-
ments up to 165 ◦C [17, 18]. Furthermore, it allows
to determine temperature conditions of NMR ex-
periments within the reactor simultaneously with
the MRSI used for gas concentration measure-
ments, without the need for additional equipment
or ducts for thermometers. The stick-like shape of
the ethylene glycol containers offers the possibility
to use it as a multipoint thermometer.

To verify this assumption, the distortion of the
temperature profile induced by heat conduction of
the glass capillary was investigated prior to its in-
sertion into the monolithic catalysts. For this pur-
pose, an experiment was performed which applied
a steep temperature gradient along the longitudi-
nal direction of the glass capillary. To this end, a
duct was attached to a Liebig condenser in which
the NMR thermometers could be inserted through
a membrane (cf. Figure 8.2).

The Liebig condenser was filled with perfluoro
polyether (Fomblin, Solvay Solexis, Bollate (MI),
Italy), which does not contain hydrogen, and thus,
does not distort the temperature measurements by
superposition of the ethylene glycol spectra with
additional signals. During the 3D MRSI measure-
ments, the Liebig condenser was heated with a
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Table 8.1.: Experimental parameters (volume flow, concentration) of the honeycomb and foam packing ex-
periments. During the experiments the pressure level was kept constant at 1.3 bar (abs). The volumetric con-
centrations were measured with a process mass spectrometer (pMS) behind the outlet of the reactor. The
concentration measurements were performed at steady state conditions. The measurement uncertainty of the
pMS for all experiments was below 0.5%.

Honeycomb experiment Foam packing experiment

Inlet
v̇Ar 0.41 Nlmin−1 0.4 Nlmin−1

v̇C2H4 0.53 Nlmin−1 0.52 Nlmin−1

v̇H2 0.067 Nlmin−1 0.067 Nlmin−1

Linear velocity 3.4 cm/s 3.4 cm/s
Outlet
cAr 44.8 vol.% 46.5 vol.%
cC2H4

47.4 vol.% 45.3 vol.%
cC2H6 7.3 vol.% 7.7 vol.%
cH2 < 0.5 vol.% < 0.5 vol.%

H2O T~90°C Cap+membrane

Mod. Liebig condenser lled

FOV 3D MRSI

NMR
thermometer

with per uorinated uid

z
x

Figure 8.2.: Scheme of the modified Liebig condenser
used to validate the NMR thermometers.

constant flow of hot water (90 ◦C). To prevent
heating of the surrounding inside the tomograph,
slight air flow was induced by pressurized air (∼ 1
Nlmin−1). To prove the reliability of the NMR de-
rived temperature measurements, the temperature
profile was also compared to conventional ther-
mocouple measurements (resolution 0.1 ◦C, GTH
1170, Greisinger, Germany). Furthermore, the mea-
sured temperatures were compared to the analyti-
cal solution of unilaterally heated fin with uniform
cross sectional area and adiabatic boundary con-
ditions at the tip [19]:

T (z) = (T1 − TU ) · cosh (m · (Lfin − z))

cosh (m · Lfin)
(8.1)

with

m =

√
α · Cfin

λfin · Lfin
. (8.2)

Here, the thermal conductivity of the fin was
assumed to be 0.25Wm−1K−1, the same as ethy-
lene glycol [20].

8.2.3. Kinetic measurements

The catalyst used for the kinetic analysis con-
sists of material of the washcoat suspension, which
was dried at 120 ◦C and calcinated at 490 ◦C for
3 h each. The calcinated suspension was milled
and fractionated. For the kinetic investigation the
150 �m to
250 �m fraction was used to avoid intraparticle
mass transport limitations. A sample of 10.6mg of
this fraction was diluted with 90mg of pure Al2O3

particles (grain size: 150 �m to 250 �m), inserted
into an U-shaped tubular glass reactor (inner di-
ameter 4mm), and fixed with glass wool plugs.
The catalyst was then activated at the same con-
ditions applied to the monolithic catalysts using
a constant flow of hydrogen and nitrogen (N2:H2

1:5) at a temperature of 400 ◦C. To run the ethy-
lene hydrogenation reaction for the kinetic studies,
the reactor was supplied with ethylene (purity 3.0,
Linde, Germany) and hydrogen (purity 3.0, Linde,
Germany) by mass flow controllers (Omega Engi-
neering, USA). The mass related space velocity
was varied between 5.5Nl/gcat and 27.5Nl/gcat,
while the molar hydrogen fraction of the reactants
was always kept below 10% to maintain isother-
mal conditions. To monitor the pressure condi-
tions, pressure gauges were attached to the inlet
and outlet of the catalyst bed. The inlet pressure
was kept constant at 1.15 bar (abs) and for all ex-
periments the pressure drop never exceeded 10%.

To achieve isothermal conditions during the ki-
netic measurements the kinetic reactor was placed
inside a constantly circulating oil bath of a ther-
mostat (Ultra 300, Lauda, Germany). In addition,
the wall temperature of the reactor was moni-
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tored with a thermometer equipped with a NiCr-
Ni probe (resolution 0.1 ◦C, GTH 1170, Greisinger,
Germany). The concentration of reactants and
products were analyzed by the same mass spec-
trometer (pMS, GAM 200, InProcess Instruments,
Germany) which was also used for the NMR setup.
Prior to the experiments, it was calibrated with
test gases manufactured by Linde (Germany)
(Ar:H2, Ar:C2H4, Ar;C2H6; each 90 vol.%: 10 vol.%
with regard to standard conditions, relative mea-
surements uncertainty: 2% ). Before the kinetic
analysis, the ethylene hydrogenation was operated
at 180 ◦C with 25Nmlmin−1 H2 and 250Nmlmin−1

C2H4 for 2 h to take account of the initial deactiva-
tion of the catalyst [21]. After achieving stationary
activity of the catalyst kinetic data were recorded
in a temperature range between 60 ◦C and 150 ◦C.

8.2.4. 3D MRSI temperature and
concentration measurements

The 3D MRSI experiments allowed the detection
of 22 slices along z-direction of the monolithic cat-
alysts with a total measurement time of about
20.1min. The Signal-to-Noise Ratio (SNR) of the
MRSI data sets was increased by repeating every
experiment nine times. The 3D MRSI sequence
and quantitative data evaluation by the matrix
pencil method used for temperature and concen-
tration measurements have already been described
in [10]. The ethane-ethylene ratio in each voxel was
derived by determining the amplitudes Ûi of the
ethane and ethylene signals, normalizing to the
number of attached hydrogen atoms and relating
them to one another:

Ethane-ethylene ratio =

cC2H6

cC2H4 + cC2H6

=

̂UC2H6
6

̂UC2H4
4 +

̂UC2H6
6

.
(8.3)

The MRSI data sets of this study were pro-
cessed using in-house developed IDL (Interactive
Data Language, version 7.0, Exilis Visual Informa-
tion Solutions, Bolder, USA) and Matlab (version
7.11.0, TheMathWorks, Inc., Natick, USA) pro-
grams of the previous study, which were adapted
to the recent experimental design. Note that the
matrix size for spatial resolution (in x,y,z) was
63×63×49 with spherically reduced phase encod-
ing and a rectangular field-of-view (FOV) of 63×
63× 105mm3, whereas for the temperature valida-
tion experiments the matrix size was decreased to

42× 42× 42 with spherically reduced phase encod-
ing and a rectangular FOV of 63× 63× 31.5mm3

to achieve a maximum of spatial resolution in lon-
gitudinal direction.

8.3. 2D pseudo-homogeneous
fixed-bed reactor model

8.3.1. Governing balance equations

For the simulations of the concentration and tem-
perature fields, we used a 2D pseudo-homogeneous
model (Tf = Ts = T ) of an axisymmetric tubu-
lar fixed-bed reactor. The model domain is com-
posed of a catalytically active section of length L
and diameterD, and a non-catalytic outlet section
of length L/2 (see Figure 8.3). The corresponding
species continuity and energy equations including
transient changes, convective transport, axial and
radial dispersion, and chemical source terms read:

εoρf
∂ωi

∂t
= −ρfvs

∂ωi

∂z
− ∂jz,i

∂z
− ∂jr,i

∂r
− 1

r
jr,i

+ (1− εo) ρcatMi

nR∑
j=1

ηjνijr
(m)
j

(8.4a)

(ρcp)eff
∂T

∂t
= −ρfvscp,f

∂T

∂z
− ∂qz

∂z
− ∂qr

∂r
− 1

r
qr

+ (1− εo) ρcat

nR∑
j=1

ηjr
(m)
j (−ΔRH

◦)

(8.4b)

with

(ρcp)eff = εoρfcp,f + (1− εo) ρscp,s. (8.5)

In addition, we used an overall steady-state con-
tinuity equation, ρfvs = const., to calculate the
uniform superficial velocity along the reactor axis.
Radial velocities were not considered as they are
usually smaller by a factor R/L.
The parameter (ρcp)eff is important to accu-

rately describe the dynamic behavior of the reac-
tor. If dynamics is not relevant, however, one can
artificially decrease its value to accelerate the ap-
proach to steady state, or increase its value to un-
derrelax the time integration and promote numeri-
cal stability. In this study we set ρs = 3350 kgm−3

and cp,s = 1000 J kg−1K−1, corresponding to the
Al2O3 foam properties, and calculate the fluid den-
sity and specific heat from correlated equations
[20].
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Monolithic catalyst vs

L

D

r
z outlet

Figure 8.3.: Sketch of the reactor model indicating
the monolithic catalyst of length L = 50mm (gray),
the outlet section of length L/2 (white), and the nodes
of the computational grid (•). The tube diameter D =
25mm. A plug flow with superficial velocity vs is as-
sumed in both sections.

Eqs. (8.4) were solved simultaneously (see sec-
tion 8.3.4) subject to the following initial condi-
tions

ωi(0, z, r) = ωi,0 (8.6a)

T (0, z, r) = T0, (8.6b)

and the following boundary conditions

ωi(t, 0, r) = ωi,0 (8.7a)

T (t, 0, r) = T0 (8.7b)

ji,z(t, L, r) = 0 (8.7c)

qz(t, L, r) = 0 (8.7d)

ji,r(t, z, 0) = 0 (8.7e)

qr(t, z, 0) = 0 (8.7f)

ji,r(t, z, R) = 0 (8.7g)

T (t, z, R) = Tw(z). (8.7h)

We allowed the constant wall temperature Tw(z)
to be a function of the axial coordinate z to ac-
count for non-isothermal wall temperatures during
the experiments.

Here, we did not include a momentum balance
in the model and thus assume isobaric conditions.
This assumption is justified because of short
lengths and high permeabilites of the catalyst sup-
ports. Furthermore, we switched off the source
terms in the outlet section by setting the cata-
lyst mass manually to zero, so that the Neumann
boundary conditions at the outlet did not influ-
ence the concentration and temperature profiles
within the monolithic catalysts.

The effectiveness factors ηj modeled diffusional
transport limitations within the mesoporous wash-
coat. For the conditions investigated in this study,
we found ηj = 0.98 for the honeycomb and ηj =
0.89 for the foams (see AppendixA8.1). Note that
Bischoff’s [22] analytical approximation of the ef-
fectiveness factor gives unrealistic results in our

case because the assumption of strong diffusional
limitations is not met for the given washcoat.

8.3.2. Kinetic model

To derive an explicit expression for the reaction
rate r(m) of the Pt-catalyzed ethylene hydrogena-
tion reaction, a single rate equation was chosen,
because the hydrogenation of ethylene yields
ethane as the only product. Moreover, the reac-
tion conditions of this study are limited to tem-
peratures above 330K with an excess of ethylene.
Thus it is assumed, that a power law approach of
the form

r(m) = kpnH2p
m
C2H4 (8.8)

with

k = kinf exp

{
− Ea

RuT

}
(8.9)

is justified for the limited temperature range of
this study [23].

To fit the kinetic law approach to the measured
kinetic data the parameter kinf was estimated by
using the rate equation 8.8 as objective function
for a minimization problem, whereas Ea was set
to 37.0 kJ/mol, n to 1.18, and m to -0.6. The val-
ues of these parameters were derived from previ-
ously published kinetic studies [23] and not addi-
tionally fitted to avoid overfitting. The location of
the global minimum of this function was approx-
imated by applying a differential evolution algo-
rithm [24] with an initial population of 50, which
was developed over 200 generations. Subsequently,
the found parameters were used as initial values to
determine the local minimum by means of a least
square estimation algorithm [25].

The fitting routine estimated the frequency fac-
tor to be kinf = 9.98 mol s−1 kg−1 Pa−0.58

± 0.90mol s−1 kg−1 Pa−0.58. To evaluate the ac-
curacy of the kinetic modeling approach, the ex-
perimentally determined and calculated hydrogen
conversions are compared in Figure 8.4 and show
no systematical deviations for different hydrogen
flow rates.

8.3.3. Constitutive models and material
laws

The mass and heat fluxes in Eqs. (8.4) are modeled
by Fick’s and Fourier’s law, with effective intensi-
ties taking into account the material and structure

66



8.3. 2D pseudo-homogeneous fixed-bed reactor model

0. 0 0. 2 0. 4 0. 6 0. 8 1. 0

Measured H conversion, (exp)
H2 /

0. 0

0. 2

0. 4

0. 6

0. 8

1. 0
P
re
di
ct
ed
H
co
nv
er
si
on
,

(m
od
)

H
2

/
60 °C
80 °C
100 °C
120 °C
135 °C
150 °C
± 20 %

Figure 8.4.: Evaluation of the kinetic model by a par-
ity plot.

of the catalyst support,

jr,i = −D
(eff)
rad,i

∂ρi
∂r

(8.10a)

jz,i = −D
(eff)
ax,i

∂ρi
∂z

(8.10b)

qr = −λ
(eff)
rad

∂T

∂r
(8.10c)

qz = −λ(eff)
ax

∂T

∂z
. (8.10d)

In case of the honeycomb, we use the model of
Groppi et al. [26] for the axial effective thermal
conductivity, and the model of Visconti et al. [27]
for the radial effective thermal conductivity,

λ(eff)
ax = (1− εo)λs,wc (8.11a)

λ
(eff)
rad =

1− εo
1 + εo

λs,sup. (8.11b)

Both models are limiting cases for negligible heat
transport in the fluid phase (λs 
 λf) which can
safely be assumed for the materials in this study.
Note that we assumed different solid thermal con-
ductivities in the axial and radial direction be-
cause the thermal conductivity of the Al2O3-
washcoat (λs,wc = 5.8Wm−1K−1, λAl2O3 =
25.9Wm−1K−1 [28], εcat,tot = 0.77) is higher than
the one of the cordierite support (λs,sup =
1.2Wm−1K−1, [29]). Because of the continuous
washcoat, the honeycomb catalyst behaves like a
parallel resistor network in the axial direction,
where the heat transport in the cordierite support
is negligible, and like a serial resistor network in

the radial direction, where the heat transport in
the cordierite support is limiting.

The effective mass dispersion coefficients for the
honeycomb are

D
(eff)
ax,i = εoDmol,i (8.12a)

D
(eff)
rad,i = 0. (8.12b)

Here, the radial dispersion coefficient was set to
zero to consider in the modeling approach that
the concentration gradients at the channel walls
become zero. This leads to a decoupling of mass
transfer between adjacent nodes in radial direc-
tion.

In case of the foams, the models for radial trans-
port are more involved as they take hydrodynamic
dispersion into account. For the axial direction we
used the model of Lemlich et al. [30], for the radial
direction the one of Wallenstein et al. [31],

λ(eff)
ax =

1− εo
3

λs (8.13a)

λ
(eff)
rad = λ(eff)

o +
vs
εo

ρfcp,fxf
8

, (8.13b)

where the characteristic length xf = 0.99 (ds + dw),
and the stagnant effective thermal conductivity is
a weighted sum of a serial and parallel resistor
network,

λ(eff)
o = 0.63λser + 0.37λpar (8.14a)

λser =

(
εo
λf

+
1− εo
λs

)−1

(8.14b)

λpar = εoλf + (1− εo)λs. (8.14c)

As the availability of reliable models for the ax-
ial and radial mass transport in solid foams is
scarce, we used the analogy between heat and mass
transport to model the radial dispersion in foams,

D(eff)
ax = εoDmol,i (8.15a)

D
(eff)
rad = εoDmol,i +

vs
εo

xf
8
. (8.15b)

For the fluid density we used the ideal gas equa-
tion of state,

ρf =
pM

RuT
. (8.16)

Further, we evaluated temperature and composi-
tion dependent state-of-the-art correlations by [20]
for the remaining fluid properties, such as specific
heat and thermal conductivity. Finally, we used
Kirchoff’s law to calculate the temperature depen-
dent reaction enthalpy.
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8.3.4. Numerical solution of the balance
equations

To solve the governing reactor equations (8.4), we
applied a numerical method of lines. Therefore, we
discretized the equations in the spatial domain us-
ing Chebyshev-Gauss-Lobatto points and a pseu-
dospectral method [32] to approximate all deriva-
tives except for the convective terms. For the latter
we utilized a two-point upwind scheme to enhance
stability of the method. We then integrated the
semi-discretized equations in time using the well-
established CVODE solver from the SUNDIALS
suite [33] until steady-state is reached.

8.4. Results and discussion

8.4.1. Validation of temperature
measurements

Deviations between actual and measured local tem-
perature can become an issue which has to be con-
sidered to estimate the significance of the mea-
sured temperature [34]. This is especially true if
the characteristics of the applied thermometer are
unknown. To test the sensitivity of the NMR ther-
mometers, the Liebig cooler setup as described in
section 8.2.2 was used to induce a temperature
jump in longitudinal direction of the thermome-
ter. The measured temperature profile is shown in
Figure 8.5. To evaluate the ethylene glycol de-
rived temperature profile, the temperature profile
along the capillary was also measured with a con-
ventional thermal couple.

The temperature profile shows a slight decrease
towards the screw cap of the Liebig cooler, which is
the result of the unilateral heating of the test sys-
tem. Here, the NMR based and conventional mea-
surements are in good agreement. Then the tem-
perature rapidly decreases. Note that NMR based
measurements were not possible in this area due
to strong magnetic field inhomogeneities. These
are a result of the susceptibility differences be-
tween cap material, glass and thermal fluid. Con-
sequently, the membrane temperature could only
be measured with the conventional thermocouple
yielding about 45 ◦C. Directly behind the mem-
brane the temperature rapidly decreases reaching
the surrounding temperature level shortly after.

To estimate the impact of conduction on the
NMRmeasured temperature profile, the result was
compared to an analytical solution of a unilater-
ally heated fin with uniform cross sectional area as
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Figure 8.5.: Results of the temperature measure-
ments within the temperature test setup described in
section 8.2.2. The blue markers indicate the conven-
tional measurements; here measurement deviations are
smaller than symbols. The red markers indicate the
temperatures determined by the analysis of the ethy-
lene glycol spectra of the NMR thermometer. Here, the
measurement deviations were determined by analyzing
the central four ethylene glycol spectra of the NMR
thermometer.

described in section 8.2.2, where the heat transfer
coefficient was varied in the range of typical values
for convective heat transfer of a gas flow [19].

The comparison shows a good agreement with
the analytical solution for the case that heat trans-
fer through the shell surface of the capillary is
much stronger than heat conduction in longitu-
dinal direction. Thus, we assume that heat con-
duction in longitudinal direction has only a minor
impact on the measured temperature profile. Fur-
thermore, once inserted into the monolithic cata-
lysts, radial heat transfer should be enhanced, be-
cause the capillary has direct contact to the mono-
lithic catalyst, which should further increase heat
transfer through the shell area.

As a second aspect, we checked the impact of
the NMR thermometers on the gas spectra. As the
NMR signal intensity of liquids is approximately
1000 times higher than that of gases, it has to be
ensured that the insertion of ethylene glycol filled
capillaries does not lead to crosstalk of the ethy-
lene glycol signal into the gas signal. This would
make concentration measurements in wide areas
of the monolithic catalysts impossible and reduce
the advantage of contact free concentration mea-
surements crucially. Due to this problem only the
inlet and outlet temperatures in non-reactive ar-
eas within the FOV of the MRSI experiments were
measured in our previous studies [9, 10].
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Figure 8.6.: 2D ethane-ethylene ratio map of the cross section of the honeycomb monolith. The spectra map
in (a) shows the ethylene glycol spectra of the central area of the catalyst. (b) shows the spectra of ethane and
ethylene within the area between both NMR thermometers and (c) are the ethylene glycol spectra of the outer
thermometer.

Figure 8.6 shows the measured concentration
distribution along the cross section of the honey-
comb monolith with inserted NMR thermometers.
To estimate the impact of ethylene glycol spectra
on adjacent areas, three spectral maps within this
cross section are shown: (a) The ethylene glycol
spectra of a centrally inserted NMR thermome-
ter area, (b) a spectral map of the area between
both thermometers, where only gas signals should
be detected, and (c) ethylene glycol spectra of the
NMR thermometer of the wall.

As noticeable in Figure 8.6a and 8.6c ethylene
glycol spectra are only measured in a confined area
of the monolithic catalyst. Within each slice and
per NMR thermometer in approximately six to
twelve voxels ethylene glycol spectra can be de-
tected, whereas four to six of these spectra can
be used for temperature determination. Next to
these spectra no superimposition of gas and ethy-
lene glycol spectra is noticed. This is underlined
by Figure 8.6b: only magnitude spectra from the
gas phase are measured without any contamina-
tion by the ethylene glycol spectra. This result
was expected because in this study the amount
of ethylene glycol used for temperature determi-
nation is considerably reduced compared to [10,
15] but is still sufficient to measure reliable tem-
perature profiles as also shown in Figure 8.6a and
8.6c. Thus simultaneous temperature and concen-
tration measurements are possible by accepting a
loss of approximately 20 spectra per slice, where
just ethylene glycol spectra are measured for tem-
perature determination.

8.4.2. Comparison of MRSI measured and
predicted temperature profiles

The temperature conditions of the ethylene hydro-
genation process catalyzed by a honeycomb cata-
lyst and monolithic foam packing were analyzed
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Figure 8.7.: Measured and simulated longitudinal
temperature profiles of the honeycomb experiment.
The error bars were derived by quantifying the devia-
tions between the ethylene glycol spectra used for tem-
perature determination.

by inserting capillary ethylene glycol thermome-
ters along the rotational axis of the monolithic
catalyst (in the following referred to as “center” or
“centerline” position) and along the wall areas of
the catalyst (referred to as “wall” position). The
reaction conditions of the experiments were com-
parable and are given in section 8.2.

The centerline temperature profile of the hon-
eycomb is shown in Figure 8.7. The temperature
increases within the first 20mm of the honeycomb,
reaches a maximum temperature of approximately
140 ◦C, remains constant for the next 10mm and
then drops slightly towards the outlet to a temper-
ature of ca. 105 ◦C. The measured wall tempera-
ture profile develops nearly parallel to the center-
line profile with a maximum temperature of 115 ◦C
which declines smoothly to approximately 85 ◦C at
the outlet.

The temperature profiles clearly indicate the poly-
tropic reaction conditions within the reactor. The
wall cooling can only remove a small amount of
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Figure 8.8.: Measured and simulated longitudinal
temperature profiles of the foam experiment. The er-
rorbars were derived by quantifying the deviations be-
tween the ethylene glycol spectra used for temperature
determination.

heat produced by the hydrogenation process. In
addition, the centerline temperature profile is typ-
ical for a catalyst structure with minor radial ther-
mal conductivity: The heat can not be efficiently
removed from central areas to the wall and, thus, it
is transported in axial direction and heats up the
following sections of the honeycomb. The nearly
parallel temperature profile of the wall is a result
of superimposed heat removal by the cooling cir-
cuit and heating by the outer areas of the honey-
comb monolith.

The center temperature of the catalytic foam
packing (Figure 8.8) increases with a steeper gra-
dient within the first few millimeters of the foam
packing. After 10mm it shows a pronounced tem-
perature peak of 150 ◦C. This is followed by a flat
decrease in temperature to 80 ◦C at the outlet of
the foam packing. The wall temperature of the cat-
alyst shows a comparable profile: A steep tempera-
ture increase in the inlet area of the foam packing
results in a temperature peak of 125 ◦C at z =
8mm. In the following the temperature decreases
smoothly to a temperature of 80 ◦C at the outlet.

The temperature peaks of the wall and center-
line temperature profiles are a result of enhanced
radial heat transfer properties of the foam struc-
ture compared to the honeycomb structure: In
both monolithic catalysts, the exothermal reaction
leads to a strong temperature increase shortly af-
ter the inlet. But due to the higher radial heat
conduction of the catalytic foam packing (ca. fac-
tor 5, cf. section 8.3.3) the heat is removed in the
rear section of the catalyst which leads to a clearly

identifiable hot spot.

In addition, it is noticeable that the measured
temperature profile of the foam packing appears to
be less continuous than the profile of the honey-
comb support. This is likely a result of the temper-
ature measurement method as well as the different
characteristics of both supports: To measure the
temperature inside the catalyst and in the wall
area, no channels were drilled for the thermome-
ter, but the thermometer was inserted along the
pores of the foam packing. Thus in areas were the
struts of the foam packing are in direct contact
with the thermometer, the locally detected tem-
perature can be more affected by the solid tem-
perature of the foam packing than in other areas.
This can also explain the temperature peak at the
wall at z= 10 mm. Furthermore, the unstructured
geometric properties of the foam packing have the
disadvantage that it enlarges magnetic field in-
homogeneities within the field of view. This can
lead to signal corruption and thus makes temper-
ature detection in several slices within the catalyst
foam packing impossible. However, the measured
temperatures of both experiments exhibit the ex-
pected temperature behavior and clearly show the
influence of different radial heat conduction char-
acteristics on the temperature profiles. To evalu-
ate the accuracy of the measured temperatures,
the processes were compared to reactor models.
Since the main deviation of the experimental con-
ditions from ideal reactor behavior is the non-
isothermicity in longitudinal and radial direction,
the 2D pseudo homogeneous modeling approach
of section 8.3 had to be applied to ensure the ap-
propriate description of the heat removal out of
the monolithic catalysts.

To simulate the reaction processes with the re-
actor model, a grid resolution of 15 nodes in ra-
dial direction and 25 nodes in axial direction was
applied. Furthermore, the wall temperature pro-
files of the experiments were used to calculate the
temperature boundary conditions at r = R. The
initial parameters for flow rates and pressure lev-
els were the same as applied in the experiments.
Note that the model is completely predictive: No
fitting of any model parameters to the experimen-
tal data sets was done to decrease the deviations
between experimental and modeled values. Fig-
ure 8.7 shows the model prediction for the center
temperature of the honeycomb. In agreement with
the experimental data, the maximum temperature
is achieved within in the first 20mm of the honey-
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comb. Then, and in accordance with the measured
values, the temperature decreases slightly towards
the outlet of the honeycomb to a temperature of
100 ◦C. Although the model underestimates the
measured temperatures by approximately 10% it
clearly reflects the heat transfer properties of the
honeycomb catalyst. The simulated and measured
temperature profiles are nearly parallel with an
offset of approximately 9 ◦C to 15 ◦C.

The deviations between measured and simulated
center temperatures might be due to differences
between experiment and model assumptions:
While the center temperature of the reactor model
is the mean value of solid and gas phase temper-
ature, the thermometer might be more effected
by the channel wall temperature of the monolith.
The channel wall temperature should be increased
to some extent compared to the gas phase, be-
cause all the heat of the process is released in the
solid phase. Finally, it should be mentioned that
isothermal temperature conditions assumed in our
previous study [10] could not be confirmed. Fur-
thermore, the occurring temperatures within the
honeycomb catalyst were considerably underesti-
mated. These uncertainties made the adaption of
the 1D reactor model applied in [10] necessary,
and thus, just allowed a qualitative comparison of
simulated and measured concentration conditions
until now. The current results demonstrate that
this gap in knowledge can be closed.

The modeled centerline temperature of the foam
packing is shown in Figure 8.8. As in the honey-
comb experiment, it predicts temperature condi-
tions within the foam packing considerably well.
In accordance with the measured profile a pro-
nounced temperature peak can be detected 10 mm
after the inlet. The simulated maximum tempera-
ture is with 145 ◦C just 5 ◦C lower than the mea-
sured temperature. The following flat tempera-
ture decrease which is predicted by the model is
also validated by the measured temperature pro-
file. Minor deviations between model and mea-
sured values are likely the results of the unstruc-
tured nature of the foam packing, which can lead
to a locally increased contact between foam pack-
ing and the thermometer as discussed above. Lar-
ger deviations occur at mid-length of the foam
packing: Here, the foam packing is interrupted and
thus the longitudinal thermal conductance is sig-
nificantly reduced, which is not considered in the
model. Hence, the local temperatures are overes-
timated to some extend in the model.

8.4.3. Comparison of MRSI measured and
predicted concentration profiles

In both simulated processes no major concentra-
tion gradients in radial direction are noticed (cf.
Figure 8.9a and b). Hence, in both cases the re-
action progresses nearly homogeneously along the
longitudinal direction of the monolithic catalysts.
In addition, it is necessary to note, that due to
the low SNR of the individual spectra the mea-
sured concentration maps do not allow quanti-
tative comparison to the simulated concentration
profiles in each voxel. Thus, the quantitative com-
parison of the measured and simulated concen-
tration conditions focuses on the averaged longi-
tudinal reaction progress. Therefore, the reaction
progress as measured by MRSI was quantified by
averaging the ethane-ethylene ratios in every de-
tected slice and plotting the averaged values over
their longitudinal postions (cf.[10]).

The concentration maps of the honeycomb struc-
ture (Figure 8.10a) indicate the reaction progress:
At z = 4mm just small amounts of ethane are
produced. At z = 10mm the amount of ethane
increases considerably. It also appears that more
ethane is produced in the outer regions of the hon-
eycomb. A comparable pattern was also detected
in a previous study with a similar honeycomb cat-
alyst [10]. This is not intuitive, as the local center
temperature is higher than the wall temperature
and should rather favor increased reaction rates
in central areas of the honeycomb catalyst. In ad-
dition, the reactor model does not indicate such
concentration gradients (cf. Figure 8.9a). Thus we
assume inhomogeneously distributed active mate-
rial to be the cause of these ring shaped areas of
increased ethane concentrations. This is also in-
dicated by scanning electron microscope measure-
ments (data not shown), which showed decreas-
ing washcoat thicknesses towards the centre of the
honeycomb. At z = 30mm ethane appears to be
more homogeneously distributed, whereas a ring
shaped area of elevated ethane concentrations still
occurs.

The corresponding profiles of measured and sim-
ulated reaction progress show both a similar de-
gressive pattern (Figure 8.10b): The strongest con-
centration gradients occur within the first 15mm
of the honeycomb. Then the profile flattens and
levels at mid-length of the honeycomb catalyst.
The profiles correspond well to the temperature
profiles shown in Figure 8.7: At 20mm, where the
maximum temperature is achieved also more than
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Figure 8.9.: Simulated radial ethane-ethylene ratios of the honeycomb experiment (a) and the foam packing
experiments (b) at different longitudinal distances.

0.05

0.1

0.15

0.2

Ethane-
ethylene ratio

0 10 20 30 40 50

0.05

0.1

0.15

z in mm

Et
ha
ne
-e
th
yl
en
e
ra
tio
(-)

MRSI exp
Sim
pMS

a)

b)

Figure 8.10.: 2D maps and ethane-ethylene ratio pro-
files of the honeycomb experiments of this study. The
standard deviation was calculated on the basis of three
averaged experiments.

90% of the available hydrogen is already consumed.
In the following only minor amounts of hydrogen
are converted to ethane and thus the amount of
released heat drops significantly, which results in
the flat temperature decrease. The concentration
conditions at the outlet measured with the pMS
are in good agreement with the simulated ethane-
ethylene ratio, whereas the 3D MRSI experiment
overestimates the amount of ethane by ca. 10%.
This appears to be a systematic error, because the
measured values remain quite stable within the
last 25mm towards the outlet and only deviate
insignificantly.

The reaction progress in the foam packing is
shown in Figure 8.11. The detected 2D maps of
the concentration distribution match the irregular
structure of the foam packing: In the inlet area
only minor amounts of ethane can be detected,
which are randomly distributed all over the cross
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Figure 8.11.: 2D maps and ethane-ethylene ratio pro-
files of the foam packing experiments of this study. The
standard deviation was calculated on the basis of three
averaged experiments.

section of the foam packing (cf. Figure 8.11a).
Then the amount of ethane increases with a very
irregular distribution. At z = 30mm the maxi-
mum ethylene conversion is achieved and ethane
appears to be more uniformly distributed. How-
ever, due to the magnetic field inhomgenities in-
duced by the irregular structure and the higher
material density of the foam packing, in some vox-
els the SNR is so heavily reduced that spectra eval-
uation is made impossible. The averaged reaction
progress is also shown in Figure 8.11b. In this ex-
periment the simulated and measured concentra-
tion conditions are in excellent agreement. Both
show a degressive development but with stronger
concentration gradients in the inlet area compared
to the honeycomb experiment. This corresponds
well to the temperature profile shown in Figure 8.8.
Here, the maximum temperature of the foam pack-
ing experiment is higher and closer to the inlet of
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the foam packing than in the honeycomb experi-
ment. This indicates locally increased conversion
rates, which is confirmed by detected stronger lon-
gitudinal concentration gradients.

Since both catalysts are coated with a compara-
ble amount of active material and the foam has a
significantly lower specific surface area compared
to the honeycomb [35], we assume that the en-
hanced radial gas flow of the foam packing is the
reason for the higher conversion rates in the inlet
area. In contrast to the honeycomb channels the
struts of the foam packing disrupt the longitudi-
nal flow and increase crossmixing, which lead to an
enhanced catalyst utilization. A significant outlier
of the otherwise comparably continuous profile of
the measured values is noticed at mid-length of the
foam packing. Here, the two segments are stacked
which lead to a local discontinuity. This discon-
tinuity can induce locally elevated field inhomo-
geneities, which might distort the concentration
measurement at this position.

The plausibility of MRSI measurement and re-
actor model is additionally supported by the pMS
measurements: The deviation between MS mea-
surement MRSI measurement and reactor model
at the outlet is below 5%. A systematic measure-
ment error as in the honeycomb experiment was
not observed. The origin of this error is still an
open question, which will be addressed in future
studies.

8.5. Conclusion

A heterogeneously catalyzed ethylene hydrogena-
tion process was successfully characterized by 3D
1HMRSI with respect to temperature and concen-
tration conditions within a regularly structured
honeycomb catalyst and a irregularly structured
monolithic foam packing. The temperature mea-
surements were achieved by the insertion of ethy-
lene glycol filled glass capillaries. This allowed the
determination of temperature boundary condi-
tions, which was still an open question in previ-
ous studies [9, 10] and now made the comparison
of the measured results with a predictive reactor
model of the process possible.

To increase the reliability of the simulations, a
microkinetic model of the hydrogenation process
was adapted to in-house collected kinetic data and
implemented in the reactor model. The predicted
concentration and temperature profiles were in
good agreement with the results of the 3D MRSI

measurement and with the simultaneously perfor-
med mass-spectrometric measurements. This un-
derlines the plausibility of the measurements and
the accuracy of the 2D reactor model. This ap-
proach demonstrates, for the first time, that con-
ventional 3D 1H MRSI based characterization can
also be successfully applied to validate simulation
approaches of gas phase reaction processes cat-
alyzed by opaque monolithic structures.

The temperature sensing material, ethylene gly-
col, that was used here for demonstrating the ap-
proach, is limited in the temperature measure-
ment range (max. 165 ◦C). To adopt this approach
to processes with elevated temperature conditions
chemical agents with a broader range of repro-
ducible temperature depending NMR properties
have to be identified. Consequently, our future re-
search will focus on temperature measurements
by determining self-diffusions coefficient of high-
boiling fluids.
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Appendix chapter 8

A8.1. Catalyst model

The catalyst model describes the concentration
and temperature gradients within the washcoat.
The species continuity and energy equations for a
1D slab geometry read:

dji
dξ

= (1− εcat) ρcatMi

nr∑
j=1

νijr
(m)
j (A8.1a)

dq

dξ
= (1− εcat) ρcat

nr∑
j=1

r
(m)
j (−ΔRH

◦) . (A8.1b)

We solved Eqs. (A8.1a) with a 4th order colloca-
tion method similar to Kierzenka et al. [36] subject
to the following boundary conditions:

ρi(ξ = δ) = ρ
(bulk)
i (A8.2a)

T (ξ = δ) = T (bulk) (A8.2b)

ji(ξ = 0) = 0 (A8.2c)

q(ξ = 0) = 0. (A8.2d)

To account for multicomponent effects and Knud-
sen diffusion in the mesopores of the washcoat
(dp ≈ 14 nm, derived from Hg porosimetry mea-
surements of a comparable washcoat, data
not shown), we use the Cylindrical Pore Interpo-
lation Model (CPIM) by Young et al. [37], and
Fourier’s law for the heat flux

εcat
τ2

dρi
dξ

=

ns∑
j=1

(
ωijj

D
(eff)
ji

− ωjji

D
(eff)
ij

)
(A8.3a)

εcat
τ2

dp

dξ
= −AA

ns∑
i=1

M
−1/2
i ji (A8.3b)

q = −λcat
dT

dξ
. (A8.3c)

75



8. NMR based validation of modeling approaches

with

1

D
(eff)
ij

=
1

Dij
+

1

D
(Kn)
i

(A8.4a)

1

AA
=

1

Ac
+

1

AKn
(A8.4b)

and

D
(Kn)
i =

dp
3

(
8RuT

πMi

)1/2

(A8.5a)

Ac =
32μf

ρfd2p
∑ns

i=1 ωiM
−1/2
i

(A8.5b)

AKn =
3

2dp

(
πRuT

2

)1/2

. (A8.5c)

The effectiveness factor is the ratio between the
average reaction rate in the washcoat and the re-
action rate in the bulk phase,

ηj =
1

δr
(m, bulk)
j

∫ δ

0
r
(m)
j dξ. (A8.6)

FigureA8.1 shows the molar fraction profiles
within the washcoat for the feed gas composition
and pressure at T = 150 ◦C. Because of the thin
layer on the honeycomb, δ = 14.6 �m, we can
safely neglect diffusional limitations in this case.
The washcoat on the foams, however, is approxi-
mately 2.5 times thicker so that diffusional limi-
tations do have a small influence on the reaction
rate.
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Figure A8.1.: Molar fractions within the washcoat at p = 1.3 bar, T = 150 ◦C, and H2/C2H4 =0.067/0.403 in
Ar for the honeycomb (a, δ = 14.6 m) and the foam (b, δ = 38 m). The corresponding effectiveness factors
used in the reactor model are ηhoney = 0.98 and ηfoam = 0.89.
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A8.2. Notation

Roman
Cfin cross section of the fin m
ci concentration of species i molm−3

cp,f fluid mixture specific heat capacity J kg−1K−1

cp,s solid specific heat capacity J kg−1K−1

dp average pore size of washcoat m
D reactor inner diameter m
Dij binary diffusivity of species i and j m2 s−1

Dmol,i molar diffusivity of species i m2 s−1

D
(Kn)
i Knudsen diffusivity of species i m2 s−1

D
(eff)
ij effective molar diffusivity in washcoat m2 s−1

D
(eff)
ax,i effective axial diffusivity of species i m2 s−1

D
(eff)
rad,i effective radial diffusivity of species i m2 s−1

Ea activation energy Jmol−1

ΔRH
◦ enthalpy of reaction j Jmol−1

jz,i axial mass flux kgm−2 s−1

jr,i radial mass flux kgm−2 s−1

ji, jj mass flux of species i, j in washcoat kgm−2 s−1

k reaction rate constant mol s−1 kg−1 Pa−0.58

kinf frequency factor mol s−1 kg−1 Pa−0.58

L reactor length m
Lfin length of the fin m
m reaction order of ethylene −
Mi molar weight of species i kgmol−1

M mixture molar weight kgmol−1

n reaction order of hydrogen −
ns number of species −
nR number of reactions −
p absolute pressure Pa
pH2 hydrogen partial pressure Pa
pC2H4 ethylene partial pressure Pa
qz axial heat flux Wm−2

qr radial heat flux Wm−2

q heat flux in washcoat Wm−2

r radial reactor model coordinate m

r
(m)
j rate of reaction j per catalyst mass mol kg−1 s−1

r
(m, bulk)
j rate of reaction j at bulk conditions mol kg−1 s−1

R reactor radius m
Ru universal gas constant Jmol−1K−1

Ûi amplitude of NMR signal of species i −
t time s
T1 membrane temperature ◦C
Ts solid temperature K, ◦C
Tf fluid temperature K, ◦C
T effective medium temperature K, ◦C
TU surrounding temperature ◦C
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Tw wall temperature K, ◦C
T0 initial temperature K, ◦C
T (bulk) temperature in bulk phase kgm−3

v̇i volume flow of species i Nlmin−1

vs superficial fluid velocity m s−1

xf characteristic length in foam m
xi, xj molar fraction of species i, j in washcoat kgm−2 s−1

z axial reactor model coordinate m

Greek
α heat transfer coefficient Wm−2K−1

δ washcoat thickness m
εo open porosity −
εcat catalyst porosity −
ηj effectiveness factor for reaction j −
λf fluid mixture thermal conductivity Wm−1K−1

λfin thermal conductivity of the fin Wm−1K−1

λs solid thermal conductivity Wm−1K−1

λcat catalyst thermal conductivity Wm−1K−1

λs,wc washcoat material thermal conductivity Wm−1K−1

λs,sup support material thermal conductivity Wm−1K−1

λpar parallel contrib. to thermal conductivity Wm−1K−1

λser serial contrib. to thermal conductivity Wm−1K−1

λ
(eff)
o stagnant eff. radial thermal conductivity Wm−1K−1

λ
(eff)
ax eff. axial thermal conductivity Wm−1K−1

λ
(eff)
rad eff. radial thermal conductivity Wm−1K−1

μf fluid mixture viscosity Pa s
νij stoichiometric coeff. of species i in reaction j −
ξ catalyst model coordinate m
ρf fluid mixture density kgm−3

ρcat catalyst density kgm−3

ρ
(bulk)
i mass concentration of species i in bulk phase kgm−3

τ catalyst tortuosity −
ωi mass fraction of species i −
ωi,0 initial mass fraction of species i −
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9. Conclusion

The aim of this work was to demonstrate that MRI
can be used to analyze heterogeneously catalyzed
gas phase processes in macroscopic tubular reac-
tors. To achieve this, in a first study an experimen-
tal set up, suitable for operating safely inside an
NMR tomograph, was designed and constructed.
Using the exothermic ethylene hydrogenation as
model process, spatial mapping of the concentra-
tion conditions inside a packed bed at five equally
spaced longitudinal positions was achieved by ap-
plying an optimized ultrahort echo time MRSI
method in combination with a fast and robust
time domain fitting algorithm. Furthermore, in-
let and outlet temperatures could be monitored
by using ethylene glycol filled capsules as NMR
thermometers. The influence of different flow rates
and hydrogen concentrations on the concentration
pattern and temperature levels could be clearly
identified.

The averaged concentration conditions were in
moderate agreement with integral mass spectrom-
eter measurements: The MRSI measurements un-
derestimated the amount of ethane in the product
gas by up to 20%. Here, saturation effects are ex-
pected to cause this underestimation, since ethane
was only build in the central parts of the catalyst
bed, thus might be more effected by saturation
than ethylene, and hence lead to a selective un-
derestimation.

Based on the findings of the first study, the
MRSI approach was extended to enable 3D MRSI
measurements with a nearly continuous concentra-
tion mapping in longitudinal direction. This
method was applied to study the ethylene hydro-
genation catalyzed by regularly and irregularly
structured monolithic catalysts. The continuous
solid phase of the catalyst supports did not distort
concentration measurements within the monolithic
structure. It was even possible to derive struc-
ture information from the measured concentra-
tion pattern. In addition, the averaged concentra-
tion measurements in every detected slice within
the monolithic catalysts allowed the determina-
tion of the reaction progress in longitudinal direc-
tion. The development of the measured reaction
progress could be qualitatively confirmed by com-
parison with a 1D model of the reactor which was

based on kinetic data. Here, the MRSI measured
concentrations were in very good agreement with
integral mass spectrometer measurements with de-
viations below 5%. However, the collection of 3D
data sets and the low SNR necessitated signifi-
cantly increased measurement times compared to
the multislice approach of the first study.

The third part of this work focused on a quan-
titative comparison of 3D MRSI measurements of
the ethylene hydrogenation process and mathe-
matical modeling. The reaction process here was
catalyzed by comparable monolithic catalyst as
in the second study. To identify the temperature
conditions within the process, an multipoint NMR
thermometer was developed and validated by com-
parative conventional temperature measurements.
The insertion of these NMR thermometers inside
the monolithic catalysts allowed simultaneous tem-
perature and concentration measurements.

To compare the 3D MRSI derived concentra-
tion and temperature profiles to a predictive nu-
merical model, a pseudo homogeneous 2D reac-
tor model was adapted to the investigated pro-
cess. This was achieved by applying a microki-
netic model of the ethylene hydrogenation based
on in-house collected kinetic data as well as heat
and mass transfer correlations from literature for
the used monolithic catalysts. Measured and mod-
eled temperatures were in remarkably good agree-
ment. The accuracy of the 3D MRSI concentration
measurements could further be confirmed by mass
spectrometer measurements.

Nevertheless, the limitations of the applied meth-
ods also have to be mentioned: The long mea-
surement durations allow only the characteriza-
tion of steady state processes. If lower concen-
trations than in the presented study should be
reliably quantified even longer measurement du-
rations have to be considered to further increase
the SNR. Furthermore, the used temperature mea-
surement method is on the one hand easy to apply
and does not need any additional calibration mea-
surements. Nevertheless, it is limited to tempera-
ture measurements up to a maximum of 165 ◦C or
even lower, if signal separation is not possible any-
more. In addition, even though this thermometry
approach enables remote detection, it is invasive,

80



and ethylene glycol has a boiling point of approx-
imately 197 ◦C. If an ethylene glycol containing
thermometer is exposed to higher temperatures it
could be destroyed. Both aspects restrict the us-
ability of this temperature measurement technique
and thus alternatives would be welcome.

However, the presented work demonstrates, for
the first time, an MRI based validation of a predic-
tive reactor model. This is especially noteworthy
because gas phase MRI is particularly challeng-
ing compared the MRI of the liquid phase. Fur-
thermore, the reaction processes within in tubu-
lar reactor of macroscopic size (Ø>20mm) have
been characterized by applying conventional MRI
without specialized equipment. So far, this combi-
nation has never been demonstrated and is partic-
ularly favorable, since it can foster joint ventures
of chemical engineering and biological or preclini-
cal MR imaging groups.
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10. Outlook

This work addresses the application of conven-
tional MRI to analyze reactive gaseous flows. Since
the determination of temperature conditions with-
in such processes has been determined to be one of
the major limiting factors, it would be reasonable
to focus on the development of NMR thermometry
approaches with a broader measurement range. A
straightforward solution would be to measure self-
diffusion coefficients of high boiling fluids, which
are known to depend on temperature. The use of
ionic liquids as temperature detector agents for in-
stance could potentially increase the measurement
range by a factor of three.

Another option would be to use 27Al thermom-
etry for temperature mapping. MRI experiments
with double resonance coils (27Al and 1H) might
even enable simultaneous mapping of temperature
and concentration.

Since MRSI can provide spatial information, it
would also be interesting to compare MRSI mea-
surements of gas phase processes not only to 1D or
2D reactor models, but also to CFD-modeling of
reactive flows. To this end, MRV methods could be
combinded with spectroscopic imaging approaches
to enable simultaneous velocimetry and concentra-
tion mapping. In addition to the published stud-
ies of gas flows in honeycomb structures (cf. sec-
tion 3.3), own preliminary work demonstrated the
applicability of gas phase MRV to visualize flow
pattern in sponge structures (cf. Figure A5), and
thus brings the combination of gas phase MRI and
MRV within reach. Under certain circumstances
it would be even possible to derive the necessary
computational grids directly from MRSI/MRV
data sets.

Furthermore, experiments at elevated tempera-
tures and pressures would be very interesting since
such reactions are more common in industrial prac-
tice. The increased pressure should lead to higher
spin densities and thus higher sensitivities, which
could compensate lower sensitivities due to lower
thermal equilibrium polarization. But higher pres-
sures could also have an impact on relaxation pro-
cesses and diffusion coefficients of the gaseous
phase, and thus could lead to biased measure-
ments. Since NMR compatible reactors for such re-
action conditions are commercially available, these

kinds of experiments are potentially in reach.
It should also be considered to switch to alterna-

tive model reactions: A gas phase reaction which
can yield more than a single product would enable
the determination of macroscopic influences on the
selectivity of a process. Even the investigation of 3-
phase systems might be possible: Tailored selective
saturation MRI methods could allow the alternat-
ing detection of the liquid and gaseous phase. Any-
way, this would require a detailed analysis of the
applicability of MRSI for these alternative pro-
cesses, which should involve detailed experimental
evaluations, due to the multiple determinants on
the measurement method. These include, for ex-
ample, influence of magnetic properties, amount
and dispersion of the respective catalyst on the
magnetic field of the NMR tomograph, separabil-
ity and shape of the NMR signals of reactant and
product molecules, maximum temperature of the
process up to which signal detection is possible,
and many more. Due to the variety of potential in-
teractions an evaluation of the respective applica-
bility entirely based on theoretical considerations
wouldn’t be sufficiently conclusive.
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A. Appendix

A.1. Supporting information for chapter 7

Figure A1.: Arrhenius plot (turnover frequency versus inverse temperature) of the kinetic data from [1], with
superimposed model presented in section 7.2.4. For comparison the kinetic data from [2] and [3] are also shown.

Figure A2.: NMR image of a tube partly filled with commercial cylindrical Al2O3-pellets (length: 8mm;
diameter: 3.2mm; BET: 220m2/g; Alfa Aesar GmbH) in a C2H4: C2H6 atmosphere (gas ratio 50:50 in vol.%;
pressure: ca. 1.5 bar (abs)) b) spectral map of the cross section of the tube. Single spectra of the free gas area
and the pellet containing area are marked with green and red circles. The associated single spectra of the free
gas and the pellets containing area are shown in c) and d). A quantification of the ethane ethylene ratio is in
case d) not possible. Note that the adsorption at the pellet surface appears to be batch dependent, because in
a prior study [4] another pellet batch was used, which did not show significant adsorption tendencies.
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Figure A3.: Profiles of ethane/ethylene ratios calculated from NMR signals along the cross section of the
honeycomb under ”low flow rate” reaction conditions at three different positions. Only in the first section of
the catalyst enhanced activity occurs directly at the wall. The concentration profiles, however, do not show
significant gradients between the central and boundary region of the catalyst bed. Instead, the gradients appear
to be more localized..

Figure A4.: : Intensity profiles of the NMR signals along the cross section of the honeycomb monolith under
“low flow rate”-reaction conditions at three different positions. The intensity profiles do not show a characteristic
u-type pattern compared to the intensity profiles shown in [4]. Therefore, we expect no significant temperature
gradients along the radial and circumferential direction.

A.1.1. Estimation of the influence of internal and external mass transport

Internal mass transport

The influence of internal mass transport resistance was assessed by estimating the effectiveness factor
based on the Thiele modulus:

η =
tanhΦ

Φ
.

Φ2 =
δ2r(V )

DeffcC2H4

with

ηj = effectiveness factor
Φ = Thiele modulus
δ = thickness of washcoat, m
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r(V ) = volumetric reaction rate, mol
m3s

Deff = effective diffusivity, m2/s

cC2H4 = ethylene concentration, mol
m3

Assumption for neglecting internal mass transfer: η ≥ 0.95 −→ Φ ≤ 0.4 −→ Φ2 ≤ 0.16

Calculation of the thickness of the washcoat of the honeycomb monolith (HC) and of the
catalytic sponge packing (Sponge)

δ =
VWC

A
,

VWC,HC =
mWC,HC

εWC · ρAl2O3
=

1.5 g cm−3

0.5 · 3.95 g ≈ 0.76 cm3

AHC = 0.126m2,

δHC =
0.76 cm3

1260 cm2
≈ 6 · 10−4 cm = 6 �m

and

VWC,Sponge =
mWC,Sponge

εWC · ρAl2O3
=

1.6 g cm−3

0.5 · 3.95 g ≈ 0.81 cm3

ASponge = 0.0353m2,

δSponge =
0.81 cm3

353 cm2
≈ 20 · 10−4 cm = 20 �m

with
VWC,... = total volume of washcoat on the honey comb monolith (HC) or sponge packing (Sponge),
cm3

AHC = surface of the honey comb monolith with a diameter of 0.025m, a length of 0.05m and 600 cpsi,
m2

ASponge = surface of the sponge packing with a diameter of 0.025m, a length of 0.05m and 10PPI,
m2 estimated from the correlation given in [5]
mWC,... = total mass of washcoat on the honey comb monolith (HC) or sponge packing (Sponge), g
εWC = porosity of the washcoat (measured by Hg-porosimetry, here εWC ≈ 0.5
ρAl2O3 = density of the wash coat, g/cm3

Calculation of the Thiele modulus

with r(V )(1.3 bar, 328K)= 1.273 mol
m3 (calculated with fitted preexponential factor A)

Deff =
ε

τ2
DKn =

ε

τ2
dp
3

{
8RuT

πMC2H4

}1/2

= 4.146 · 10−7 m
2

s

The effective diffusivity Deff was calculated from the Knudsen diffusivity considering the reactant
molecule with the highest impact on the diffusivity. Here is
dP = mean pore diameter, for the here applied wash coat ≈ 20 nm, measured by Hg-porosimetry
τ = tortuosity, for the here applied washcoat ≈ 2, assumed for typical washcoats
MC2H4 = molecular mass of ethylene, ≈ 28.05 g/mol
This leads to:
Deff ≈ 4.146 · 10−7 m2

s
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With the concentration of ethylene cC2H4 calculated by the ideal gas law, where xC2H4 is the molar
fraction of ethylene:

cC2H4 =
xC2H4 · p
RuT

≈ 22.22
mol

m3

The square of the Thiele modulus results in:
Φ2
HC ≈ 5 · 10−7 � 0.16, thus an internal mass transfer limitation for the honeycomb monolith can not

be expected.
Φ2
Sponge ≈ 6.4 · 10−5 � 0.16, thus an internal mass transfer limitation for the catalytic sponge packing

can not be expected.

Honeycomb monolith: Estimation of the impact of external mass transport by the Mears’
Criterion

Mears′ Criterion:

r
(V )
eff

β ·AV,HC cC2H4
≤ 0.05

with β= mass transfer coeffcient, m/s
AV,HC = specific surface of a single channel of the honeycomb monolith, 1/m

AV,HC =
4

DHC

with
DHC = channel diameter of the honeycomb, ≈ 1 mm

Calculation of the Sherwood number Sh

Sh =
β ·DHC

DC2H4-H2
≈ 3.6 (pure diffusion)

with
DC2H4-H2 = diffusion coefficient of ethylene in hydrogen, m2/s
leads to

r
(V )
eff ·D2

HC

3.6 · cC2H4 · 4 ·DC2H4-H2
≤ 0.05

It therefore follows:

r
(V )
eff ·D2

HC

cC2H4 ·DC2H4-H2
≤ 0.72

with

r
(V )
eff = r(V ) = 1.273

mol

m3s

and
DC2H4-H2 = diffusion coefficient of ethylene in hydrogen, ≈ 5.425·10−5 m2/s estimated from Chapman-
Enskog theory ([6], p. 526)
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This leads to:

r
(V )
eff ·D2

HC

cC2H4 ·DC2H4-H2
≈ 1 · 10−3 � 0.72

−→ The influence of external mass transport can be neglected; a pseudo homogenous modeling ap-
proach appears to be justified.

For comparison: estimation of the impact of external mass transport of the sponge packing:

Sh =
β ·DSponge

DC2H4-H2
≈ 3.6 (pure diffusion)

−→
β =

3.6 ·DC2H4-H2

DSponge
(pure diffusion)

As a result the Mears′ criterion for the sponge packing reads:

r
(V )
eff ·DSponge

3.6 ·DC2H4-H2 ·AV,Sponge · cC2H4
≤ 0.05

with DSponge = mean pore diameter of the sponge (10 PPI), 2.5mm
AV,Sponge = specific surface area of the sponge (10 PPI), ≈ 1440 m2/m3, estimated from the correla-
tion given in [5]

the Mears’ criterion results to:

r
(V )
eff ·DSponge

3.6 ·DC2H4-H2 ·AV,Sponge · cC2H4
≈ 5 · 10−4 � 0.05

−→ For the sponge packing the influence of external mass transport can also be neglected

References

1. Cortright, R., Goddard, S., Rekoske, J. & Dumesic, J. Kinetic study of ethylene hydrogenation.
Journal of Catalysis 127, 342–353 (1991).

2. Dorling, T., Eastlake, M. & Moss, R. The structure and activity of supported metal catalysts:
IV. Ethylene hydrogenation on platinum/silica catalysts. Journal of Catalysis 14, 23–33 (1969).

3. Schlatter, J. & Boudart, M. Hydrogenation of ethylene on supported platinum. Journal of Catal-
ysis 24, 482–492 (1972).
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Velocity
vector
Velocity

Figure A5.: With 3D Spin Echo Phase Contrast Velocity Mapping measured methane flow through 20PPI
sponge packings. Flow rate: 1.5 L/min; Velocity measurement range: -300mm/s to 300mm/s; resolution:
0.8mm× 0.8mm× 0.8mm; data acquisition time: 2.84 h.
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