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Introduction




Chapter 1

1.1 Novelty of this study and Contents of this Dissertation

Process Intensification (PI) has attracted attention in the field of chemical engineering. One of the various
effective tools for Pl is a structured catalyst and a variety of structured catalysts have been applied to a catalytic
reaction process. However, there are few reports on the effects on reactivity due to the structure of a structured
catalyst, although there have been many reports of energy efficiency improvements when a structured catalyst
is used as an alternative catalytic reactor to a conventional particle-packed bed reactor. Most of the few reports
are about an improvement of a catalytic reaction process as a device in structured catalyst reactors, and to the
best of our knowledge, factors that improve the reactivity of catalytic reaction due to the structure of catalyst
have not been examined yet.

Therefore, I focused on the effect on the reactivity of the catalytic reaction due to the structure of the
structured catalyst. The unique structured catalyst, which has microscale fins and holes, was prepared and the
effect of the structure on the reactivity was examined by comparing that of an unprocessed plate-type structured
catalyst. The improvement in reactivity due to the structure of the structured catalyst was confirmed not only
under an external mass transfer rate-limiting step but also under a catalytic reaction rate-limiting step. It was a
novel report as an effective approach to the catalytic reaction process that is not limited to vector-control of
transport phenomena which is one of the expected effects of a structured catalyst so far.

Unique index was proposed to quantitatively evaluate the effect on reactivity due to a structure of a
structured catalyst under a catalytic reaction rate-limiting step. The index was used to design a stacking method
for the structured catalyst in the reactor to further improve the reactivity of the catalytic reaction process. It was
a valuable proposal for engineering as an index to evaluate the effect of using the structured catalysts on
reactivity under a catalytic reaction rate-limiting step. The diagram of the construction of this dissertation is

displayed in Fig. 1.1-1.
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Chapter 1: Introduction
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ose: To Investigate Factors of the Reactivity Improvement and To Propose Effective Use of the Structured Catalyst )

( Chapter 2: Methodology

Experiments: Preparation and Characterization of Catalyst
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Simulation: Using COMSOL Multiphysics Software

To Observe Phenomena around Catalysts
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Chapter 3: Comparison of Reactivity between
MPC and Plate-type Structured
Catalysts on Experiments

The improvement of the frequency factor due to the
structure of MPC was confirmed.

The effect of the improvement in reactivity was revealed
to be larger at lower temperatures.

The tendency to improve the reactivity differed when

focusing on the rate-limiting step.

~
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Reactivity due to the Structure of
MPC and Proposal of Evaluation
Index using Simulation

The simulation results showed a similar tendency to
experimental results.

The dimensionless number was proposed as the index to
evaluate the effect of structure on reactivity improvement.

The index was effective in evaluating the reactivity

improvement using the structured catalysts.
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Chapter 5: Investigation of the Effect of the Number of MPC Stacking on the Reactivity

The reactivity was obviously declined when the MPCs were densely stacked in the reactor under a catalytic reaction rate-

The effect of the number of MPC stacking on the reactivity tended to differ depending on a rate-limiting step.

values about catalytic reactivity.

( . .

Chapter 6: Proposal for Effective MPC Stacking Method
It was proposed the stacking methods of MPCs by using simulations to improve the reactivity.
Experiments demonstrated the reactivity improvement due to the MPC stacking method.

A positive correlation was shown between the quantified values of the index on simulation and the experimentally derived
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rrCInaq:gter 7: Conclusions and Future Works

\

It was investigated that the reactivity improvement using MPC, and the evaluation index was proposed.

It was investigated that the effect of the MPC stacking, and the effective stacking method was proposed.

Fig. 1.1-1 Diagram of the contents of this dissertation
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1.2 Background

The demand for energy is increasing with the increase of the world population. However, fossil resources
are finite, and thus, there is a need to build a sustainable society for us to survive on the Earth. Moreover, since
the 19th century, global industrialization has led to serious environmental issues, such as global warming, due
to the continuous and massive use of fossil fuels [1-01, 1-02]. There is a close relationship between the energy
problem and the environmental problem, and it is an international issue. We must progress from the mass
industrial production, consumption, and disposal processes of conventional resources and energy to a new
effective use of energy, and the realization of an environmentally harmonious industrial process for a sustainable
society. This is a dual challenge (Fig.1.2-1). Therefore, chemical processes that have a high energy efficiency
and are environmentally friendly should be developed. One such technology development policy is called

process intensification (PI), and it is of interest in chemical process engineering [1-03, 1-04].
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1.2.1 Process Intensification (PI)

PI has particularly attracted attention since the 2000s, and is a policy of technological development tailored
to current times and purposes. However, there is no universal definition of PI, and its definition has changed
over time and based on the international scenario [1-06]. Its flexible interpretation is a very important policy for
chemical process development [1-07, 1-08]. It was defined by Stankiewicz et al[1-09] as “Process
Intensification is the development of innovative apparatuses and techniques that offer drastic improvements in
chemical manufacturing and processing, substantially decreasing equipment volume, energy consumption, or
waste formation and ultimately leading to cheaper, safer, sustainable technologies.” The components for PI are

displayed in Fig. 1.2-2.

[ Process Intensification j

[ Equipment ]4— Methods

!

Equipment for
Carrying Out
Chemical Reactions

Equipment for
Operations Multifunctional Hybrid Alternative Other
not Involving Reactors Separations Energy Sources Methods
Chemical Reactions

Examples
Spinning Disk Reactor  Static Mixers Reverse-Flow Membrane Absorption  Centrifugal Fields ~ Supercritical Fluids
Static Mixer Reactor Compact Heat Reactors Membrane Distillation  Ultrasound Dynamic (Periodic)
(SMR) Exchangers Reactive Distillation  Adsorptive Distillation ~ Solar Energy Reactor Operation
Static Mixing Catalysts ~ Microchannel Heat Reactive Extraction Microwaves
(KATAPAKSs) Exchangers Reactive Crystallization Electric Fields
Monolithic Reactors Rotor/Stator Mixers Chromatographic Plasma Technology
Microreactors Rotating Packed Beds Reactors
Heat Exchange (HEX) Centrifugal Adsorber Periodic Separating
Reactors Reactors
Supersonic Gas/Liquid Membrane Reactors
Reactor Reactive Extrusion
Jet-Impingement Reactive Comminution
Reactor Fuel Cells
Rotating Packed-Bed
Reactor

Fig.1.2-2 Process Intensification and its components [1-09]
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Moreover, according to Tsouris et al. [1-10], “Process Intensification refers to technologies that replace
large, expensive, energy—intensive equipment or process with ones that are smaller, less costly, more efficient
or that combine multiple operations into fewer devices (or a single apparatus).” Both definitions require
miniaturization and increasing the efficiency of chemical process. In recent years, PI has meant an approach
aimed at a dramatic improvement in process performance through new connections, high precision, and
compactness for each of the important components (e.g., equipment, device and operation) of the process [1-
11]. The various definitions for PI was shown in Table 1.2-1. There are various technology developments for
PI, and some of these approaches are presented in Table 1.2-2. It can be seen that PI has a wide range of research

targets, including process research, equipment research, and materials research.

Table 1.2-1 Various definitions for PI

Definitions

drastic improvements in chemical manufacturing and processing, substantially o
Stankiewicz et al.

decreasing equipment volume, energy consumption, or waste formation and
2000 [1-09]

ultimately leading to cheaper, safer, sustainable technologies

technologies that replace large, expensive, energy—intensive equipment or )
. i . Tsouris et al.
process with ones that are smaller, less costly, more efficient or that combine

. o . | 2003 [1-10]
multiple operations into fewer devices (or a single apparatus)
dramatic improvement in process performance through new connections, high Charpentier et al.
precision, and compactness for each of the important components of the process 2005 [1-11]
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Table 1.2-2 Technologies employed for PI (created from the work of [1-04])

Approaches for PI Technologies

+ Cyclic operation to exploit varying process timescales

Dynamic Processes + Enabled by rotating equipment, advanced controls

« Examples: true moving beds, simulated moving beds - Process

+ Combine reactions with separations or heat transfer
Combine Unit-operations  * Enables by equipment technology R&D 2

+ Examples: hybrid separations, reactive separations

+ Unconventional driving forces for reaction/separation

/

Equipment
Novel Driving Forces + Unique energy sources: electric fields, microwaves, ultrasound

+ Examples: HiGee, fuel cells

+ Design precise process fluid dynamics & transport phenomena

/

Designed Structured + Enabled by materials, fabrication R&D Materials

+ Examples: monoliths, 3D-printed beds, hollow fibers

PI has already prompted chemical process development in various fields, equipment, devices, and
operations. Representative examples are microfluidic technology, heat integration distillation, and reaction
separation [1-12 — 1-14]. Microfluidic technology can improve mass and heat transfer, such as a micro reactor,
and drastically improve the energy efficiency [1-15]. For obtaining higher energy-saving efficiency, the internal
heat integrated distillation column (HIDiC) (Fig. 1.2-3) was developed to decrease the compression ratio, which
has a great impact on the usage of electric power [1-14]. Reaction separation is a new combination, similar to
reactive distillation, applying a chemical reaction in the separation method (Fig. 1.2-4), making multiple
operations compact and drastically improve its separation performance [1-16]. The energy for distillation has
been greatly reduced by raising the heat transfer efficiency not only via separation but also by changing the

shape of the equipment, and by adding a reaction operation [1-17].



Feed
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Fig.1.2-3 Conceptual Illustrations of two typical heat integrated configurations [1-14]

(a. VRC: Vapor recompression column, b. HIDiC: Heat integrated distillation column)
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Fig.1.2-4 Sequential approach and integrated approach as reactive distillation [1-18]
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In a catalytic reaction, which is an important element of chemical process engineering, the improvement
of the reaction performance of not only the catalyst species but also the reaction fields, considering a macro
view of the reaction process, leads to PI. Therefore, the creation of reaction fields and the design of the reaction
fields are studied for the efficient function of a catalyst. Typical technologies for the creation of reaction fields
are ultrafine bubbles [1-19, 1-20] or inorganic—organic porous composite polymers (PCP) and Metal-Organic
Frameworks (MOFs) [1-21, 1-22]. MOFs are materials that promote selective adsorption and reaction owing to
their regular microstructure and molecular size. These technologies use a field that has not been conventionally
controlled as a reaction field. Typical techniques for the design of reaction fields are dynamic operation [1-23,
1-24] or vector control of transport phenomena [1-25, 1-26]. These techniques are expected to improve the
reaction performance by actively controlling the reaction conditions and the reaction environment. Structured
catalysts are expected to improve the reactivity, owing to their designed macroscopic structure, by controlling
the direction of transport phenomena, such as heat transfer and mass transfer, in the reaction field [1-27, 1-28].
The characteristics of these technologies are shown in Table 1.2-2. We especially focused on structured catalysts,

which is expected to control transport phenomena to realize PI.

Table 1.2-2 Characteristics of PI for chemical reaction fields

Target Technologies Characteristics
Gas-phase components are concentrated at the gas-liquid interface in
Fine bubbles  the liquid phase by forming bubbles of 100 pm or less, creating a

Creation of

locally high concentration reaction field.

reaction fields
Nano-porous

Porous materials with regular micro-structures such as Porous
Coordination Polymer (PCP) and Metal Organic Frameworks (MOF)

material ) ) ) )
create selective adsorption and catalytic reaction fields.
D ) Actively utilize the dynamics resulting from transport and reactions in
ynamic . . . .
) chemical processes, or their interactions, as process factors in process
operation

Design of

design.

reaction fields
Vector control

of transport

The direction of heat and mass transfer is controlled to precisely
design the reaction fields, especially in small reactors. A typical device

is Structured catalysts and Separation membranes.
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1.2.2 Structured catalyst

The structured catalysts can solve the problems of conventional granular packed—bed type catalytic reactors,
and it is expected to allow the vector control of the transport phenomena in the reactor by its characteristic
structure. The reactivity would dramatically improve using a structured catalyst. A conventional packed—bed
type catalytic reactor has serious problems such as severe distributions of temperature in the reactor, leading to
a decrease in the catalyst performance, life, and yield of the product. These occur because of the local high—
temperature parts in an exothermic reaction or the local low—temperature parts in an endothermic reaction
caused by the small heat transfer area between each catalyst [1-29]. Moreover, it has a large pressure drop caused
by the limited flow path and increase in the resistance to mass transfer [1-06]. However, in a structure catalyst,
the pressure drop is comparatively smaller, the thermal conductivity is improved, and the temperature
distribution in the reactor is more uniform. These are expected because the flow path of the fluid is composed

of the catalyst continuum itself [1-30]. The characteristics of each catalytic reactor are shown in Fig. 1.2-5.

Packed bed reactor

* Higher pressure drop

* Formation of hot spots

 Difficulty of temperature contro

@ : Granular catalyst
@ : Local hot spot

Structured catalyst reactor

* Lower pressure drop

* Higher heat conduction

* Vector control of transport

Fig. 1.2-5 Characteristics of each catalytic reactor
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Various types of the structured catalysts have been studied [1-26, 1-31, 1-32]. One of the most
representative and well-known structured catalysts is a monolithic type catalyst [1-33, 34]. The catalyst support
is molded by extrusion in a monolithic type catalyst, and the catalyst component is applied on the surface of the
catalyst support by a method called wash coating, to function as a structured catalyst [1-35 — 1-37]. It is
frequently used to clean the exhaust gas from automobiles and chemical plants, and to treat high flow rates,
because of its small pressure drop [1-38]. Other structured catalysts in the form of fibers [1-39, 1-40], foams [1-
41, 1-42], and etching materials [1-43, 1-44] have also been studied. The SEM image of various structured
catalysts is displayed in Fig. 1.2-6. Each structured catalyst has advantages and disadvantage. For examples, the
monolithic type structured catalysts achieve a low-pressure drop, but the larger the diameter of its channels, the
less uniform the radial transport becomes. Fiber-type structured catalysts are characterized by high thermal
conductivity, but less durable. Foamed type structured catalysts have a very high specific surface area but are

more expensive to prepare. Therefore, it is important to understand and use the characteristics of each structure.

10pm

Fig. 1.2-6 SEM image of various structured catalysts
(i) Monolith [1-45], (ii) Gauze [1-39], (iii) Foamed [1-42], (iv) Etched membrane [1-43]

11
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In recent years, achievement of high reactivity via the utilization of structured catalysts have been reported
[1-46 — 1-49]. The structured catalysts have gained particular attention because of the recent advances in
computer performance and the development of additive manufacturing technology. Research has also been
reported on preparing catalyst supports and catalysts directly utilizing three—dimensional (3D) printers [1-47,
1-48, 1-50 — 1-53]. Stainless steel structured catalyst supports was manufactured by the 3D printer, and it was
investigated that the effective thermal conductivity and pressure drop due to the structures [1-47]. The impact
of the use of the zeolite structured catalyst on its catalytic performance in the methanol-to-olefins reaction are
discussed [1-48]. Structured catalysts containing Ce, Cr, Cu, Ga, La, Mg, Y, and Zn as catalyst components,
respectively, were prepared [1-51]. Ni-alumina-based structured catalysts were prepared by directly 3D printed
from molding a mixture of alumina powder and Ni as a catalytic component for the carbon dioxide reduction
reaction, and their catalyst characterization and the reactivity analysis were investigated [1-50]. The samples of

structured catalysts prepared using a 3D printer are displayed in Fig. 1.2-7.

Fig. 1.2-7 Samples of structured catalysts prepared using a 3D printer [1-48, 1-50, 1-51]
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In addition, spatially limited and microgravity environments such as the space station and the lunar surface
are special applications for structured catalytic reactors. Catalytic reactions on the space station and on the moon
are reactions, associated with fuel cells for the use of hydrogen as energy and for air revitalization for human
space activities. For both the catalytic reaction processes, there is a need to save resources, save energy, and
reduce the size of the process, and PI using structured catalytic reactors are so suited. Moreover, while
conventional granular catalysts have the risk of scattering in a microgravity environment, the structured catalyst
avoids this risk. The vector control of transport phenomena with the structure of the structured catalyst is
effective to improve the reaction performance of the catalytic reaction process because the different forces

dominate the heat and mass transfer, especially in the microgravity field.

Table 1.2-3 Advantages of structured catalysts for the acrospace catalytic reaction.

Requirements for Aerospace Catalytic Reactors Advantages of structured catalysts

Low Temp. Reactivity

High heat conduction
Save resources . o
High Selectivity
Save Energy
Responding on processing variation Low pressure drop
Size Potential
Limitation
Microgravity Control of transport
Safety Handling Continuum

13
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1.2.3 Micro-Partition Structured Catalyst (MPC)

In this study, I adopt a micro—partition (MP) structure that is made of aluminum (A1050), as originally
used in a heat sink in precision equipment, not as a catalyst support. The MP was fabricated from 100 um-thick
aluminum plates into a structure with square-shaped 0.375 mm fins and holes. The density of those fins are 196
/em?. The overview of MP structure is displayed in Fig. 1.2-8, and the microscopic surface observations (Digital
Microscope VHX-5000, KEYENCE) for MP are displayed in Fig. 1.2-9 and Fig. 1.2-10.

Our research group has reported on alumite supports made from anodized aluminum materials, and it can
be impregnated into a catalytic solution to prepare an alumite catalyst [1-54]. Since the alumite catalyst has
features such as a high surface area, high thermal conductivity, and flexibility, a synergy with the structure of
the MP can be expected. It is possible to convert an MP into an alumite support using a similar method, and the
MP structure was converted into a structured catalyst support with a porous layer composed of y-alumina by the
anodization method [1-54], and the catalyst metal was loaded by an impregnation—supporting method to prepare

the MP structured catalyst (MPC).

”

" Fin width - 375 pm
7 Fin height 375 pm
/ Fin density : 196 /cm?

Fig. 1.2-8 Micro-Partition (MP)

14
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Fig. 1.2-9 Microscopic surface observations of MP (Magnification; x100)
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Fig. 1.2-10 The profile of MP structure using Digital Microscope (unit: pm)

15



Chapter 1

When the MP structured catalyst (MPC) is filled into a gas—solid catalytic reactor, the MPC is expected to
improve the reactivity by mixing the fluid because the reactant fluid hits the fins and changes the flow direction
in the reactor. In a previous study, it was confirmed that this structured catalyst MPC was used to improve the
reactivity of the steam reforming of methanol reaction, and the results showed that methanol conversion was
affected by the direction of the MPC fins to the reactants fluid [1-55]. The steam reforming of methanol reaction

is one of the most important reactions related to the hydrogen energy and the hydrogen economy.

MP MP parallel

Fig. 1.2-11 Flow image of MP and MP parallel [1-55]

100

+ MP
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Methanol conversion [%]
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]

[} . '. ! i i i i
180 200 220 240 260 280 300 320

Temperature ["C]

Fig. 1.2-12 Influence of direction of the fin [1-55]
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1.2.4 Reactions for Hydrogen Energy and Hydrogen Economy

As described at the beginning of Section 1.2, since the 19th century, global industrialization has led to
serious environmental issues, such as global warming, due to the continuous and massive use of fossil fuels [1-
01, 1-02]. Therefore, renewable energy and hydrogen energy are attracting attention as clean energy alternatives
to fossil fuel-derived energy. Hydrogen, as a clean energy source, is a promising future sustainable energy source
owing to its high energy density and low environmental impact [1-56, 1-57]. The commonly used commercial
method for hydrogen production is steam reforming of hydrocarbons, which is largely based on methane [1-58,
1-59]. Since this process has an emission of carbon dioxide, one of the greenhouse gases, the environmental
impact is not necessarily small. However, the steam reforming of hydrocarbons is necessary for a stable supply
of hydrogen. A chemical reaction that has received as much attention as steam reforming of methane is the
methanol steam reforming (SRM) reaction (Eq. 1.2-1). Methanol is easier to handle than is methane in terms of
storage and management because it has high H/C and is liquid at room temperature [1-60, 1-61]. In addition,
methanol is a chemical that in the future will constitute a sustainable closed circuit by being produced from
carbon dioxide and carbon monoxide [1-62, 1-63].

CH;0H + H,0 — H, + CO, AHog = 49.4 k] /mol (Eq.1.2 — 1)

The SRM reaction, in which hydrogen is produced from methanol, has the advantage that the carbon
monoxide concentration in the reformed gas is low at lower reaction temperatures due to the thermodynamic
equilibrium of the CO shift reaction [1-64 — 1-66]. Steam reforming reactions produce carbon monoxide as a
byproduct, typically about 5% in the reformed gas [1-58]. Carbon monoxide poison platinum catalysts or
electrodes in a fuel cell, thus impairing the capacity of the reforming process for hydrogen production [1-67].
The concentration of carbon monoxide in the reformed gas can be reduced and the amount of hydrogen produced
can be increased by converting of carbon monoxide to carbon dioxide, which is called the water-gas shift (WGS)

reaction (Eq. 1.2-2).

17
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Although higher temperatures are required to achieve a high reaction rate of the WGS reaction, the increase
in the hydrogen production is not expected because the selectivity of carbon monoxide increases for reasons of
thermodynamic equilibrium. Therefore, it is important to develop a catalytic unit that allows the WGS reaction
to proceed at lower temperatures.

CO + H,0 - H, + CO, AH,95 = —41.1 k] /mol (Eq.1.2 — 2)

Fuel cells are one of the most effective ways to use hydrogen as an energy source, in addition to the direct
combustion of hydrogen. However, not all hydrogen supplied to a fuel cell stack is necessarily converted into
electrical energy. The electrical conversion efficiency is estimated to be less than 95%, and the residual hydrogen
produced in excess is discharged [1-68]. The treatment of excess hydrogen is an important process in fuel cell
systems as hydrogen gas emission can lead to unknown environmental impacts and hazards [1-69]. Therefore,
the catalytic hydrogen combustion (CHC) reaction is used to treat excess hydrogen with oxygen from the air
(Eq. 1.2-3). Catalytic combustion reactions are specially used for small-scale operations and for processing low-
concentration reactants, and catalytic combustion reactions, and CHC is the best way to treat low concentrations
of hydrogen at lower temperatures [1-68, 1-70 — 1-72]. The CHC reaction is expected to be safe, controllable,
and highly exothermic at low temperatures, and is an important part of the hydrogen economy [1-73]. The heat
and water generated by the CHC reaction are used for the endothermic reaction in the steam reforming of
hydrocarbons, in other words, the excess hydrogen is converted into heat and reactants to improve the capacity
of the hydrocarbon steam reforming process. Controlling the temperature of the catalytic unit is important
because the initial temperature of the catalytic bed and the temperature of the reactant feed gas have a significant
impact on the hydrogen treatment capacity, according to research reports on the CHC reaction [1-68].

2H, + 0, » 2H,0(g)  AHjos = —242KkJ/mol  (Eq.1.2 —3)

In addition, carbon dioxide reduction to methane (CDR) reaction has been attracting attention for the
effective utilization of carbon dioxide, which is a product of hydrocarbon steam reforming and WGS reactions

(Eq. 1.2-4). This reaction, also known as the Sabatier reaction, is a highly exothermic reaction that produces

18
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methane and water from carbon dioxide and hydrogen. The methane produced from the CDR reaction can be
transported through the existing natural gas transportation pipeline network, and the carbon dioxide produced
by the combustion of the methane fuel is expected to be captured and reduced again, resulting in a reduction in
apparent carbon dioxide emissions. This concept is called P2G, and is being developed systematically in Europe.
Platinum group metals such as platinum, rhodium, and ruthenium have been used as catalysts for CDR reaction
and have been shown to be highly active, but recently catalysts based on non-precious metals such as cobalt or
nickel has been developed [1-74]. In particular, nickel-based catalysts are inexpensive; however, improving
their low-temperature activity and durability is a challenge [1-75, 1-76].

CO, + 4H, —» H,0 + CH, AHj05 = —165 k] /mol (Eq.1.2 — 4)

As mentioned above, there are various reaction systems related to hydrogen energy. The number of carbons
in the main chemicals in these reactions is one, and hence, this area of chemistry is called C1 chemistry or C1
family and is one of the most important research topics in the world [1-77, 1-78]. Numerous studies regarding
catalyst and process design have been reported in each reaction, but a common problem associated with these
reactions is the low-temperature activity of the catalyst and the temperature control of the catalyst unit. Novel
catalysts are being developed, and the catalyst supports are being investigated separately from the catalyst metal

species to solve this problem.

Catalytic Hydrogen \Of H) Carbon-Dioxide
Combustion —— Reduction (Sabatier)

Fig. 1.2-13 Various reaction systems related to hydrogen energy and C1 chemistry
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1.3 Purpose

In this study, it was investigated the factors that improve the reactivity due to the structure of MPC and proposed
the index for quantitatively evaluating the effect of the reactivity improvement, focusing on a rate-limiting step, using
experiments and simulations. Furthermore, the effect of stacking multiple MPCs in the reactor on the reactivity was
investigated, and the effective stacking method for MPC was proposed with simulation and demonstrated with
experiments.

In chapter 3, the MPC was applied to the SRM, WGS, and CHC reactions, which are important reactions in the
hydrogen energy, and experimentally indicated that the MPC improved the reactivity to the unprocessed plate-type
structured catalyst, then the factors were investigated with reaction rate analysis. Furthermore, the reaction
environment in which the MPC is effective was also investigated by evaluating the tendency of the effect of the
reactivity improvement.

In chapter 4, using a numerical simulation, it was investigated the factors that improve the reactivity due to the
MPC by evaluating physical phenomena such as flow, heat, and mass transfer around the catalysts. Furthermore, the
unique index for evaluating the effect of the structure around the catalysts, focusing on a rate-limiting step, was
proposed to identify the structures that contribute to the reactivity improvement.

In chapter 5, the effects of changing the number of MPC stacking on the reactivity for each reaction were
investigated. Furthermore, the effects of the stacking on the effect of the structure and the proposed index around the
catalysts were also investigated in detail.

In chapter 6, the effective MPC stacking method was proposed by simulation and experimentally investigated
for each reaction to improve the reactivity. Furthermore, the correlation between the proposed index to evaluate the
reactivity improvement due to the structured catalyst calculated from the simulations and the parameters related to

the reaction rate calculated from the experiments were also confirmed.
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1.4 Organization

Chapter 1: Introduction

In chapter 1, it was provided the social and technical background of this dissertation, respectively. Process
intensification (PI) of the catalytic reaction process with a structured catalytic reactor was proposed for the dual
challenge of global environmental and energy issues. MP, a commercially available aluminum precision heat
sink, was adopted as the structure for the structured catalyst. One of the purposes of the study in this dissertation
is to confirm the effect of the structure on the reactivity, when applying the MP structure catalyst (MPC) to some
of the important reactions in the hydrogen energy field, by experiments and to investigate the factors in detail.
Furthermore, the index to evaluate the effect of MPC on the reactivity was proposed in the simulation. The
method and environment for using MPC to further improve the reactivity were examined and proposed using

the index. It was achieved by focusing on a catalytic reaction rate-limiting step process especially.

Chapter 2: Methodology

In chapter 2, it was provided the experimental and simulation methods used to examine the effect of
structured catalysts on reactivity, as well as the equations, indexes, and parameters defined for this study. MPC
was prepared for each of the model reactions and their catalyst characterization was conducted. The catalyst
layer thickness, specific surface area, amount of catalyst loading, reduction properties, and active site
characteristics were analyzed. The reactor was prepared in order to examine the effect of MPC in the reactor
and to propose their effective stacking. The catalytic activity tests were carried out under comparative conditions
with a constant molar flow rate per catalyst loading and were carefully set for each reaction. The simulation
software used was COMSOL Multiphysics to observe the physical phenomena around the catalysts, and both

3D and 2D simulations were calculated.
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Chapter 3: Comparison of Reactivity between MPC and Plate-type Structured Catalysts:

Experimental studies

In chapter 3, it was provided the results of the comparison of the reactivity of each reaction between MPC
and the unprocessed plate-type structured catalyst (plate) on experiments. The improvement of the frequency
factor due to the structure of MPC was confirmed using the Arrhenius equation as a kinetic analysis, and the
effect of the improvement in reactivity was revealed to be larger at lower temperatures by calculating Turnover
frequency (TOF), which is a general evaluating index of catalytic performance. Furthermore, it was suggested

that the tendency to improve the reactivity differed when focusing on the rate-limiting step.

Chapter 4: Investigation of Factors to Improve Reactivity due to the Structure of MPC and

Proposal of Evaluation Index: Numerical Simulation

In chapter 4, it was provided the results of the reactivity between MPC and plate by simulation. The
simulation models were prepared referred to the experimental conditions and the values indicated by the
experimental results, and these were confirmed to be models that showed similar results to the experimental
results. Furthermore, the dimensionless number was proposed as the index to evaluate the effect of structure on
reactivity improvement. It was suggested that the index was effective in evaluating the reactivity improvement

using the structured catalysts under the condition of a catalytic reaction rate-limiting step.
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Chapter 5: Investigation of the Effect of the Number of MPC Stacking on the Reactivity

In chapter 5, it was provided the effect of changing the number of MPC stacking in the reactor was
examined on experiments and simulations. The reactivity was obviously declined when the MPCs were densely
stacked in the reactor under a catalytic reaction rate-limiting step. The effect of the number of MPC stacking on
the reactivity tended to differ depending on a rate-limiting step. It was shown that the proposed unique index
was capable of evaluating the reactivity tendency of the catalytic process under a catalytic reaction rate-limiting
step condition. It was a valuable proposal for engineering as an index to evaluate the effect of using the

structured catalysts on reactivity under a catalytic reaction rate-limiting step.

Chapter 6: Proposal for Effective MPC Stacking Method

In chapter 6, considering the results up to chapter 5, it was proposed the stacking methods of MPCs by
using simulations to improve the reactivity, and experiments demonstrated the reactivity improvement due to
the MPC stacking method. The effective MPC stacking method was proposed by considering the streamline and
concentration distribution, and the evaluation index. The stacking method with contrasting effects was also
proposed, and the effects of these stacking methods on reactivity were examined from experiments. Furthermore,
the evaluation index around the catalysts when the stacking method was changed was quantified by simulation,
and the positive correlation was shown between the quantified values and the experimentally derived values

about catalytic reactivity.
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Chapter 7: Conclusions and Future Works

In chapter 7, it was provided the conclusions for each chapter, the future works, and the list of published

technical papers related to this dissertation.

1.5 Conclusions of chapter 1

Chapter 1 provided a detailed description of the background, purpose, and organization of this dissertation.
There is a need for PI approach in the field of chemical engineering in order to achieve a sustainable society.
The structured catalyst is one of the various tools to realize PI, and attracting attention in recent years more and
more because it has the characteristics to solve the problems of conventional catalytic reactor. In this study, the
structured catalysts prepared and applied to the important reactions in the field of hydrogen energy. Furthermore,
we focused on the improvement of catalytic reactivity due to the structure of the structured catalyst, while most
of the previous studies on the use of structured catalysts have evaluated the improvement of the process
performance as a catalytic process. One of the purposes of this dissertation was to clarify the detailed factors
that contribute to improved reactivity using a structured catalyst through experiments and simulations. It was
also the purpose to propose the index to quantitatively evaluate the improvement of reactivity due to the structure
and to propose effective methods for using structured catalysts. The construction of this dissertation was shown

in Fig. 1.1-1, and the outline was presented in Section 1.4.
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Chapter 2

2.1 Abstract

In chapter 2, it was provided the experimental and simulation methods used to examine the effect of
structured catalysts on reactivity, as well as the equations, indexes, and parameters defined for this study. MPC
was prepared for each of the model reactions and their catalyst characterization was conducted. The catalyst
layer thickness, specific surface area, amount of catalyst loading, reduction properties, and active site
characteristics were analyzed. The reactor was prepared in order to examine the effect of MPC in the reactor
and to propose their effective stacking. The catalytic activity tests were carried out under comparative conditions
with a constant molar flow rate per catalyst loading and were carefully set for each reaction. The simulation
software used was COMSOL Multiphysics to observe the physical phenomena around the catalysts, and both

3D and 2D simulations were calculated.
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2.2 Catalyst Preparation

Methods of catalyst preparation into an anodized structured catalyst were described for MP, which is
consisting of aluminum, applied as a structure for a structured catalyst. The preparation methods for the anodized
aluminum catalyst "support" are shown in Section 2.2.1. Furthermore, the preparation methods for the MP
catalyst (MPC) to load the appropriate catalyst metal species for each reaction are shown in Section 2.2.2 and

2.2.3.

2.2.1 Preparation of structured alumite catalyst support

The MP catalyst support was prepared by anodizing the MP by the following method [1-54]. The structured
alumite catalyst support preparation procedure is shown in Fig. 2.2-1. Before anodizing, as a pretreatment, the
MP was immersed in 20% sodium hydroxide for 3 min to clean the surface of the MP, followed by immersion
in 30% nitric acid for 1 min to acidify the sample surface. After the pre-treatment, the MP sample was immersed
in 4 wt% oxalic acid solution and anodized at 50 A/m? and 303 K for 4 h. The pore size widening treatment
(PWT) was carried out by standing MP sample in the same oxalic acid solution for 4 h, and the specific surface
area was increased by calcination at 623 K for 1 h after drying at room temperature for more than 4 h. To further
increase the specific surface area, alumina produced by anodization was transformed to boehmite by immersing
it in purified water above 353 K for more than 2 h. Finally, y-alumina with a high specific surface area was
prepared by drying it at room temperature for above 4 h, followed by calcination at 773 K, for 3 h. This treatment
is called Hot Water Treatment (HWT), and drastically increase the specific surface area of the catalyst support.
It was confirmed by microscopic image analysis that the alumite layer thickness of the alumite structured
catalyst support prepared in this study was about 30 pum (Fig.2.2-2). The results of microscopic surface

observations (Digital Microscope VHX-5000, KEYENCE) at each preparation phase are shown in Fig. 2.2-3.
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H  Preparation of Catalyst Support

Aluminum metal
(JIS A1050) .
]

Anodization
(Oxalic ac. 4 wt%, 50 A/m?,303 K. 4 h)

Pore-Widening Treatment (T
(Oxalic ac. 4 vsa%, 303 K, 4 h)

~ Calcination (623K, 1h)

Hot-Water Treatment
(H,O, 353 K, 2 h)

'~ Calcination (773 K, 3 h) J

||
Catalyst support

Fig. 2.2-1 Procedure of catalyst support preparation

Fig. 2.2-2 Microscopic image analysis for alumite layer thickness
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(After PWT, x500)

Fig. 2.2-3 Microscopic surface observations at each preparation phase
(Magnification; Left x100, Right x500)

2.2.2 Preparation of Cu/ZnO/AL12O3-MPC

For the steam reforming of methanol reaction (SRM), catalytic metals such as Cu, Ni, Pt, and Pd are used.
It has been reported on the use of Cu/ZnO/Al,Os catalyst have the advantages of high catalytic activity, durability,
and low cost [2-01 — 2-03]. Therefore, Cu/ZnO/Al,03-MPC was prepared for SRM in this study. For the water
gas shift reaction (WGS), catalytic metals such as Fe, Cr, and Cu are used in different temperature ranges, and
numerous studies have been reported on the catalyst with ZnO added to Cu as a co-catalyst in the low-
temperature WGS (LT-WGS) reaction [2-04 — 2-10]. The addition of ZnO is expected to improve the activity at
low temperatures and suppress catalytic deterioration. Therefore, Cu/ZnO/Al,O3-MPC was also prepared for

WGS in this study.
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The solution containing 0.49 M-Cu and 0.01 M-Zn at pH 9.5 for impregnation of the catalyst component
was prepared with copper nitrate trihydrate and zinc nitrate hexahydrate. A 28% ammonia solution was used to
control the pH. The impregnation of the catalyst was carried out twice at 303 K for 3 h. After each impregnation,
the samples were dried at room temperature for more than 4 h and then calcined at 623 K, for 1 h. Cu/ZnO/Al,0Os-

MPC preparation procedure is shown in Fig. 2.2-4.

—  Preparation of Cu/Zn0O/Al,O; H

Catalyst Support

~ Calcination (623 K, 1 h) ’

~ Calcination (623K, 1h)

Cu/ZnO/Al,O; Catalyst

=
J

(’_
.

Fig. 2.2-4 Procedure of Cu/ZnO/Al,Os catalyst preparation
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2.2.3 Preparation of Pt/A1,O3;-MPC

The use of noble metal catalysts such as Pt or Pd for the catalytic hydrogen combustion reaction (CHC)
reaction has been widely reported. In particular, Pt catalysts are known to allow fast CHC reaction in a low-
temperature environment close to room temperature [1-72, 2-11 — 2-14]. Therefore, Pt/Al,Os;-MPC was also
prepared for CHC in this study.

The solution containing 5 x 10* M-Pt at pH 11.4 for impregnation of the catalyst component was prepared
with hydrogen hexachloroplatinate hexahydrate. The same 28% ammonia solution was used to control the pH.
The impregnation of the catalyst was carried out only once at 298 K for 1 h. After impregnation, the sample
were dried at room temperature for more than 4 h and then calcined at 773 K, for 3 h. Pt/Al,O3-MPC preparation
procedure is shown in Fig. 2.2-5. Moreover, the results of microscopic surface observations (Digital Microscope

VHX-5000, KEYENCE) after the Pt impregnation and the calcination are shown in Fig. 2.2-6.
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— Preparation of Pt/Al,O, —
Catalyst Support

4 l . I
Pt Impregnation

L Pt5XxX10*M,pH 11.4,298K, 1 h

~ Calcination (773K, 3 h) ]
, L \
Pt/Al,O; Catalyst
AN v
Fig. 2.2-5 Procedure of Pt/Al>O; catalyst preparation

(After Impregnation, x100) (After Impregnation, x500)

-*-i 9
5 ¥ g
it ¥

Fig. 2.2-6 Microscopic surface observations after the Pt impregnation
(Magnification; Left x100, Right x500)
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2.3 Catalyst Characterization

Layer thickness and specific surface area analysis for the prepared catalyst supports were evaluated.
Analyses of the amount of catalyst metals loading, catalytic reduction properties, and catalytic active site
characteristics for the prepared anodized structured catalyst were performed. The detailed methods of those

analyses were described below.

2.3.1 Anodized aluminum laver thickness analysis

The anodized aluminum layer thickness of the samples after the preparation of the catalyst support was
measured using the measuring method of layer thickness by eddy-current thickness tester. It was confirmed by
this analysis method that the alumite layer thickness of the alumite structured catalyst support prepared in this study
was about 30 um. This indicated thickness was similar to the results of the microscopic image analysis shown in Fig

2.2-2.

2.3.2 Brunauer—Emmett—Teller specific surface area analysis (BET)

Surface area measurements with BET (ChemBET-3000, Quantachrome Instruments) were performed in
order to analyze the specific surface area of the prepared anodized aluminum catalyst support. Each catalyst
support sample was cut into pieces (about 100 mg) and the weight was measured using an electronic balance.
BET surface area measurements were conducted as follows. First, the adsorbed gas consisting of 30%
concentration N, (He-based) was completely adsorbed on the samples using liquid nitrogen cooling at low
temperatures. Then, the adsorbed components were desorbed from the samples using the water at room
temperature and the concentration of the desorbed gas was detected using TCD. The career gas of TCD was Ar

and the analysis temperature was 423 K (150 degC). N, gas was injected with a syringe as the calibration gas to
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equal the detection area as desorption, and the BET surface area was analyzed from the injection volume. The
surface area measurements were conducted under three conditions of adsorbed N, concentration of 30%, 20%,
and 10% and analyzed using the multipoint BET method. The BET specific surface area of the anodized MP

catalyst support prepared in this study was 49.9 m?%/g.

2.3.3 Inductively coupled plasma spectroscopy analysis (ICPS)

The amount of catalyst metal loading on each catalyst prepared for each reaction was measured using
inductively coupled plasma spectroscopy (ICPS; ICPS-7510, Shimadzu Corporation). Each catalyst sample was
cut into pieces with an app. surface area of about 1 cm? and dissolved by aqua regia. After the sample was
completely dissolved, it was prepared to 50.0 mL with distilled water make a sample solution for analysis. The
sample solution was introduced into the ICPS and the amount of catalyst metal loading was measured by
emission spectrophotometric analysis method. Results of the amount of catalyst metal loading using ICPS is

shown in Table 2.3-1.

Table 2.3-1 Results of the amount of catalyst metal loading using ICPS

Cu/ZnO/ALLO; for SRM  Cu/ZnO/Al,O; for WGS Pt/Al,O5 for CHC

Catalyst metal loading [g/m?] 3.10 3.24 0.38

2.3.4 Temperature proecrammed reduction analysis (TPR)

The catalytic reduction properties of each catalyst prepared for each reaction were analyzed using hydrogen
temperature-programmed reduction (H>-TPR; ChemBET-3000, Quantachrome Instruments). The catalyst
sample (about 100 mg) was heated to 773 K under a flow of reducing gas 65%-H2/35%-Ar at a heating rate of
10 K/min The signal intensity of hydrogen consumption with respect to the reduction temperature was detected

by a thermal conductivity detector (TCD).
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The TPR results for each catalyst are displayed in Fig. 2.3-1. As shown in Fig. 2.3-1, the major peak
between 473 K (200 degC) and 573 K (300 degC) was indicated with (i) Cu/ZnO/Al,03-MPC. This peak is
derived from the reduction of CuO [2-15 — 2-17], and the Cu/ZnO/Al,03-MPC was reduced in a hydrogen flow
environment at 573 K (300 degC) prior to the catalytic activity tests. And, the major reduction peak at around
643 K (370 degC) was indicated with (i) Pt/Al,O3-MPC. This peak is derived from the reduction of the Pt-O-
Al bond [2-18], and the Pt/Al,O3-MPC was reduced catalyst surface in a hydrogen flow environment at 723 K

(450 degC) prior to the catalytic activity tests.

Intensity [a.u. |

273 373 473 573 673 773
Temperature [K]

Fig. 2.3-1 TPR results for (i): Cu/ZnO/Al,03-MPC and (ii): Pt/Al,O3-MPC
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2.3.5 H,-Pulse titration analysis

The catalytic active site characteristics of each catalyst prepared for each reaction were analyzed using Ho-
Pulse titration (ChemBET-3000, Quantachrome Instruments). The catalyst sample (about 200 mg) was reduced
under a flow of hydrogen at an appropriate temperature, followed by naturally cooling to the required analytical
temperature while purging with an inert gas. The chemisorption capacity and surface area of the catalytic metal
were analyzed by multiple pulse injections of H, gas at a volume of 0.1 mL until adsorption was no longer

detected by the TCD. The results of H pulse titration analysis is shown in Table 2.3-2.

Table 2.3-2 Results of H>-Pulse titration analysis

Metal Surface Area Monolayer Uptake Volume
[m?/g] [mmol/g]
(1): Cw/ZnO/Al:0s-MPC 21.9 0.27
(i1): Pt/A1:05-MPC 9.0 0.09
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2.4 Reactor Preparation

A reactor with a square channel was prepared so as to reduce the unused space, where the reactant gas does
not get in contact the catalyst when the MPCs are stacked in the reactor channel. A bar (diameter 10 mm, length
40 mm, SUS304) was machined, and then a square (5 mm) channel was formed using a wire electrical discharge
machine (AQ360L, Sodick). The chemical composition of SUS304 are shown in Table 2.4-1. And, the inlet and
outlet of the channel were connected to the reducing connectors (1/8 inch). It was confirmed that this reactor
has no catalytic activity and the same reactor was used in all the catalytic activity tests. The overview of the
reactor prepared is shown in Fig. 2.4-1. Moreover, multiple micro-protrusions were designed on the inner wall
sides of the reactor flow path to allow for easy orderly stacking of catalysts machined from plates such as MPC.

The design diagram is displayed in Fig. 2.4-2, and the image of MPC stacking is shown in Fig. 2.4-3.

Table 2.4-1 Chemical composition of SUS304 for reactor (JIS G 4303)

SUS304 C Si Mn P S Ni Cr

Composition[%]  0.08 1 2 0.045 0.03 8-10.5 18-20

Fig. 2.4-1 Prepared reactor used
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Fig. 2.4-2 Design diagram of multiple micro-protrusions on inner wall (unit: mm)

Fig. 2.4-3 Image of MPC stacking
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2.5 Catalvtic Activity Test

As described in chapter 1, three reactions for hydrogen economy were adopted as model reactions in this
study. The catalytic activity test conditions and analytical conditions for each reaction were described, and
unless otherwise stand, the catalytic activity tests were conducted under a comparing conditions with a constant
ratio of the amount of catalyst metal loading W to the reactant molar flow rate F' (W/F) for each reaction (Eq.
2.5-1). The reactor was heated by an electric furnace from the outside, and a thermocouple as a sensor was
attached to the outer wall of the reactor. The outlet (after reaction) gas was analyzed using a gas chromatograph
(GC-14B, SHIMADZU Corp.) with a TCD and a flame ionization detector (FID). The conversion x; of the

reactant material component presented reactivity was calculated using Eq. 2.5-2.

Amount of Catalyst metal loadin
W/F, = ( y g) [g]

Eq.2.5-1
(Reactant molar flow rate) [mol/h] (Eq )

Fiin — Fiout

Eq.2.5 — 2
Fim (Eq )

Xi =

2.5.1 Condition for the SRM Reaction

The catalytic activity tests for the SRM reaction were conducted at W/F; = 0.644 g/(mol/h). The amount of
the Cu/ZnO/ALLO;-MPC for SRM reaction used was 3.10 g/m?, according to the result of measurement with
ICPS. The molar steam carbon ratio (S/C) of the inlet reactant gas was set at 1.5 because it was reported that
the feed containing the steam molar fraction above the stoichiometry can improve the methanol conversion and
prevent the formation of byproducts [2-19 — 2-21]. And then, the feed gas was carried to the reactor by an inert
gas (N2). A methanol/water feed was introduced with nitrogen as the carrier gas, and we calculated the flow rate

of the outlet gas on the basis of the flow rate of the inert gas. The flow was regulated, using a mass flow controller,
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to a nitrogen: methanol: water molar ratio of 5: 2: 3. The inlet gas was preheated to 423 K (140 degC) before
introducing into the reactor, and the test temperature range for the catalytic activity test was controlled at 20 K
intervals (7 points) between 473 K (200 degC) and 593 K (320 deg C). The Cu/ZnO/Al,03-MPC was reduced
in a hydrogen flow environment (8.0 mL/min) at 573 K (300 degC) for 3 h prior to the catalytic activity tests.
The outline of the catalytic activity test apparatus for SRM is shown in Fig. 2.5-1, and the catalytic activity test
conditions are shown in Table 2.5-1. The following equation was used for the reaction rate equation (Eq. 2.5-

3).

N, (inert)
Analysis
Mass flow Gas chromatograph
controller (TCD, FID)
v "t e e 0
. Catalytic
Vaporizer Preheat | reactor
A
Electric furnace
Micro-Pump Cold trap
for Methanol sol.
Liquid water vent

Fig. 2.5-1 Experimental apparatus of catalytic activity test for SRM reaction

Table 2.5-1 Condition of Activity Test for SRM Reaction

Reactant Gas

Min. Reaction = Reaction Temperature =~ Max. Reaction ] W/F
Component Moral Ratio
Temperature [K] Interval [K] Temperature [K] [g/(mol/h)]
N»: Methanol: H,O
473 20 593 5:2:3 0.644
TskM = ksrM X CMethanol (Eq. 2.5-3)
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2.5.2 Condition for the WGS Reaction

The catalytic activity tests for the WGS reaction were conducted at W/F; = 0.50 g/(mol/h). The amount of
the Cu/ZnO/Al,03-MPC for WGS reaction used was 3.24 g/m? according to the result of measurement with
ICPS. The composition of the reactant gas was set to S/C = 1.33 because it has been reported that the formation
of carbon on the catalyst surface is in general favored at a low H2 to CO ratio, thus decreasing the selectivity of
the target product [2-22]. The reactant gas was carried to the reactor with N as an inert gas, and the feed ratio
of the reaction gas to inert gas was 35:65. The feed gas was preheated to 413 K (140 degC) before it was in-
flowed into the reactor, and catalytic activity tests were conducted between 453 K (180 degC) and 533 K (260
degC) at controlled temperature intervals of 20 K (5 points). This is the typical LT-WGS temperature range [2-
23 —2-25]. The Cu/ZnO/Al,O3-MPC was reduced in a hydrogen flow environment (8.0 mL/min) at 573 K (300
degC) for 3 h prior to the catalytic activity tests. The outline of the catalytic activity test apparatus for WGS is
shown in Fig. 2.5-2, and the catalytic activity test conditions are shown in Table 2.5-2. The following equation

was used for the reaction rate equation (Eq. 2.5-4 —-Eq. 2.5-6) [2-26, 2-27].

CO N, (inert)

‘L ‘L Analysis
Mass flow | | Mass flow Gas chromatograph
controller | | controller (TCD, FID)

\(‘—‘ A 0

. Catalytic
Vaporizer Preheat reactor
A
Electric furnace
Micro-Pump Cold trap
for H,O VL
Liquid water vent

Fig. 2.5-2 Experimental apparatus of catalytic activity test for WGS reaction
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Table 2.5-2 Condition of Activity Test for WGS Reaction

) ] Reaction )
Min. Reaction Max. Reaction W/F
Temperature S/C Reactant Gas: N
Temperature [K] Temperature [K] [g/(mol/h)]
Interval [K]

453 20 533 1.33 35: 65 0.50

rwas = kwasPcoPu,0(1 — B) (Eq.2.5 - 4)

Pco,Pn, 1
=—2 2 x— Eq.2.5-5
PcoPh,, Ke (Eq )
4577.8
K, = exp( - 4.33) (Eq.2.5-6)

2.5.3 Condition for the CHC Reaction

The catalytic activity tests for the CHC reaction were conducted at W/F;=7.7 x 10" g/(mol/h). The amount
of the Pt/A1,O;-MPC for CHC reaction used was 0.38 g/m?, according to the result of measurement with ICPS.
The composition of the reactant gas was set to H»:02: N, = 1:5:22, paying attention safely to the mixing ratio of
lean H, and O». Here, N> was the inert gas used for dilution. The feed gas was preheated to 333 K (60 degC)
before it was in-flowed into the reactor, and catalytic activity tests were conducted between 373 K (100 degC)
and 453 K (180 degC) at controlled temperature intervals of 20 K (5 points). This is because the CHC reaction
typically proceeded above 353 K (80 degC) [2-12, 2-13]. The Pt/Al,O3-MPC was reduced catalyst surface in a
hydrogen flow environment (10.0 mL/min) at 723 K (450 degC) for 1 h prior to the catalytic activity tests. The
outline of the catalytic activity test apparatus for CHC is shown in Fig. 2.5-3, and the catalytic activity test
conditions are shown in Table 2.5-3. The following equation was used for the reaction rate equation (Eq. 2.5-

7) [1-72, 2-28].
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0, H;

‘L ‘L Analysis
Mass flow | |Mass flow Gas chromatograph
controller | | controller (TCD)

A
Mass flow v | Catalytic
controller Preheat reactor
T Electric furnace
N, (inert) Cold trap

Liquid water vent

Fig. 2.5-3 Experimental Apparatus of Catalytic Activity Test for CHC Reaction

Table 2.5-3 Condition of Activity Test for CHC Reaction

) ) Reaction ) Reactant Gas
Min. Reaction Max. Reaction ) W/F
Temperature Component Moral Ratio
Temperature [K] Temperature [K] [g/(mol/h)]
Interval [K] H: O2: N>
373 20 453 1:5:22 7.7X10*

Tcue = keucPh,Po, (m =1,n = 0) (Eq.2.5-7)
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2.6 Simulation Application

The 3D numerical simulation software "COMSOL Multiphysics" was used to observe the physical
phenomena such as the fluid flow, the heat transfer, and the mass transfer around the catalysts. The calculated
physics were as follows: laminar flow, heat transfer, and dilute species transport; their representative equations
and conditions are listed in Table 2.6-1. The following assumptions were made for the simulation: ideal gas,
non—compressible, steady physicality, and laminar flow. Partial differential equations, such as the Navier—Stokes
equation, were used to describe the continuity, momentum, mass, and energy conservations. The equation for
mass transfer is a convection—diffusion equation that follows Fick’s law. In addition, the initial conditions, such
as the flow rate, reactants concentration, and reaction temperature, and boundary conditions were matched to
those in the catalytic activity tests; for the parameter of the reaction rate, the value calculated from the
experimental results was used. The viscosity, thermal conductivity, and diffusion coefficient of each species in
the multi-components system were estimated based on the extension of Chapman—Enskog theory (Eq. 2.6-1 —
Eq. 2.6-6). Moreover, the heat of reaction Q was set to be generated as shown in Eq.2.6-7, and the reaction rate
r; did not contribute to the mass balance for the calculation model in this study because it is the reaction rate in
the gas phase.

Simulation studies were conducted with 2D and 3D simulations. An overview of the basic simulation
models in this study is shown in Fig. 2.6-1 and Fig. 2.6-2. It was focused on the changes in physical phenomena
in the fin height and flow directions with the simulation model in which the unit MPC structure was cut in half
in the width direction was used since the unit MPC structure is symmetrical in the MPC width direction. The
mesh number of 2D simulation models was approximately 40,000 and that of 3D simulation models was
approximately 100,000. And, a mesh independence verification of them passed about conversions of reactants
in the simulation. The conversion of reactants in the simulation was calculated using Eq. 2.6-8. All simulation

results displayed was adopted side view.
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Table 2.6-1 Typical differential equations calculated in simulation

Navier—Stokes equations

2
pu-Nu="r- [—p[ +u (Vu + (V)T — §M(V . u)l)]
Laminar flow

Continuity equation

V-(pu)=0

Heat balance
pcpu-VI +V-q=0Q

Heat transfer
Fourier's law

q=—-AVT

Mass balance

Dilute species V-(=DiVC)+u-VCi=mn

transport Convection—Diffusion equation

Ni = —DiVCL‘ +uCl

Oy,
o= et (Bq.2.6— 1)
~ j=13/j¢ij
1 112
W \2 (Mj\+
1 i <_1)
+<”i> M;
bij = T (Eq.2.6 — 2)
M\12
[s(1+57)]
- A
Vit
A=) —1 (Eq.2.6 — 3)
"G iy
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2

1+ (Ai/z,-)%(M,-/Mi)%

Aijj =K T (Eq.2.6 — 4)
[8(1 + M;/M))]?

-y
D; = -
iT (Eq.2.6 - 5)

j=1D;;

1

3 [(M; + M)/ (M;M)|?

bij = L858><10‘7T7[( ‘ f)!( M)
PO’i]-.Q

(Eq.2.6 — 6)

Q = 1; X dHggacTioN (Eq.2.6 —7)

X = ff Qiin — .U qi,out
l ff Qi,in

(Eq.2.6 — 8)
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@

Fig. 2.6-1 Simulation model (I) Mesh, (IT) Overall view (2D Simulation Model)

oo el
. n:

am (T [ W W 0
11 11 T I
noe - ML I I I I 0 0
10
10

Fig. 2.6-2 Simulation model (I) Mesh, (II) Overall view, (IIT) Side view (3D Simulation Model)
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2.7 Nomenclature

Ajj = interaction parameter for thermal conductivity
Cp = specific heat capacity

Ci = molar concentration

D; = diffusion coefficient

Dj = mutual diffusion coefficient
E. = activation energy

F; = molar flow rate

AH,4¢ = reaction enthalpy

K. = equilibrium constant

M; = molecular weight

M, = surface metal sites of the catalyst
n = number of components

Ni = molar flux

pi = pressure

q = heat flux

0 = heat of reaction

vi = reaction rate in gas phase

R = gas constant

T = reaction temperature

u = flow velocity

w = catalyst weight

Xi = conversion of reactant

Vi =mole fraction
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[-]

[T/kg K]
[mol/m?]
[m?/s]
[m?/s]
[7/mol]
[mol/h]
[kJ/mol]

[-]

[kg/mol]
[mol/g]

[-]

[mol/(m” s)]
[Pa]

[W/m?]
[W/m?]
[mol/(m’ s)]

[J/(mol K)]
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B = reversibility factor

K = numerical constant

A = thermal conductivity

U = viscosity

p = density

gij = Lennard-Jones force constant
bij = interaction parameter for viscosity
Q = collision integral
<Subscripts>

b = bulk

i = component i

j = component j

m = mixture

s = surface

in = inlet

out = outlet
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2.8 Conclusions of chapter 2

In this chapter, the experimental and simulation methods related to this dissertation were provided. For the
experiment, the method of preparing an anodized aluminum catalyst was adopted to catalyze a commercial
structure made of aluminum. Cu/ZnO/Al,O3-MPCs with high catalytic activity and durability and low cost were
prepared for the SRM and WGS reactions, and Pt/Al,O3-MPCs with low-temperature catalytic activity were
prepared for the CHC reaction. The catalyst layer thickness, specific surface area, amount of catalyst loading,
reduction properties, and active site characteristics were analyzed as the characterization of those catalysts.
Square channel reactors were prepared for the stacking of multiple MPCs and used in all catalytic activity tests.
Catalytic activity tests were performed under constant W/F comparative conditions in each reaction, with care
taken to identify the rate-limiting step.

For the simulation, the software used was COMSOL Multiphysics, which adopted 3D and 2D simulations,
respectively. In all the simulation models, parallel calculations were performed for the fluid flow, heat transfer,
and mass transfer to evaluate the physical phenomena around the catalyst. All simulation models were

conducted and passed mesh independence verification.
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3.1 Abstract

In chapter 3, it was provided the results of the comparison of the reactivity of each reaction between MPC
and the unprocessed plate-type structured catalyst (plate) on experiments. The improvement of the frequency
factor due to the structure of MPC was confirmed using the Arrhenius equation as a kinetic analysis, and the
effect of the improvement in reactivity was revealed to be larger at lower temperatures by calculating Turnover
frequency (TOF), which is a general evaluating index of catalytic performance. Furthermore, it was suggested

that the tendency to improve the reactivity differed when focusing on the rate-limiting step.

3.2 Purpose

Most of the conventionally report on improving the process performance of catalytic processes using
structured catalysts was on improving the performance of catalytic reactors as devices. On the other hand, the
factor for the improved reactivity due just to the structure of the structural catalyst is not clear. In the previous
report (Shimada et al., 2013), it shows that MPC improved reactivity compared with plate and that the
orientation relationship between flow direction and MPC fins affected reactivity. And they conducted
simulations to show streamline and only concluded that the reactivity was improved because of the MPC
disarrangements the fluid.

In this chapter, MPC was applied to the SRM, WGS, and CHC reactions, and the catalytic activity tests for
comparing the reactivity to the unprocessed plate catalyst were carried out. The conversions from the
experimental results and the results of the reaction rate analysis according to the Arrhenius equation were used
to compare the activation energy and the frequency factor in both structures to investigate the factors affecting
reactivity and the effect of the structure on those factors. It was also investigated that the effects of MPC for

each reaction condition with a focus on the rate-limiting step, especially. Furthermore, the turnover frequency
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(TOF), is a general index of catalytic performance, was calculated for each condition, and the ratio of the TOF
to that of the unprocessed plate was evaluated in order to evaluate the effect and tendency of the reactivity
enhancement. It was suggested that the factor that improved the reactivity by using the structured catalyst from

these results.

3.3 Methodology

The model catalyst reactions adopted the SRM and WGS reactions and CHC reactions. MPCs were
prepared as Cu/ZnO/Al,Os-MPC for the SRM and WGS reactions, and Pt/Al,O3-MPC for CHC reaction as
described in Section 2.2. Plate as a structured catalyst to compare the reactivity of MPC was prepared by
flattening the fins of MPC. The plate exhibited similar reactivity to that of the catalyst prepared using the same
procedure from an unprocessed aluminum plate of the same thickness. Therefore, the amount of catalyst metal
loading per unit surface area was the same for the MPC and the plate in each reaction. The catalytic reactors
used were shown in Section 2.4, Fig. 2.4-1. The catalytic activity test conditions for each reaction were shown
in Section 2.5. All catalytic activity tests were carried out under constant W/F comparative conditions for each
reaction, and conversion and reaction rates were compared for both MPC and plate structures. The effect of the
reactivity improvement was investigated by calculating TOF as an index of catalytic performance. Details of

each experimental method were described in chapter 2.
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3.4 Results and Discussion

3.4.1 Catalytic activity test for comparing between MPC and plate for the SRM reaction

The catalytic activity tests were carried out to compare the difference of the reactivity between using MPC
and using plate under constant W/F as a comparison condition. The plate was prepared by flattening the fins of
Cu/ZnO/Al,O3-MPC as shown in Fig. 3.4-1. The plate exhibited similar reactivity to that of the catalyst prepared
using the same procedure from an unprocessed aluminum plate of the same thickness. Therefore, the amount of

catalyst metal loading per unit surface area was the same for the MPC and the plate.

Fig. 3.4-1 Plate with flattened fins of Cu/ZnO/Al,03-MPC (in blue frame)

The rate-limiting step for the SRM reaction was determined from “experiments with varying feed velocity
of reactant gas”. Fig. 3.4-2 shows the reaction rate with a different feed velocity of reactant gas for the SRM
reaction. Based on the results, a rate-limiting step was carefully determined. Fig. 3.4-2 suggested that the feed
velocity of reactant gas did not affect the reaction rate beyond a certain value (0.006 < u [m/s]), indicating that

the external boundary film resistance did not affect the reactivity.
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Fig. 3.4-2 The reaction rate with a different feed velocity of reactant gas for the SRM reaction

The conversions in the activity tests on SRM by the MPC and plate are shown in Table 3.4-1 and Fig. 3.4-
3; further results of the reaction rate analysis according to the Arrhenius equation (Eq. 3.4-1) are shown in Table
3.4-2 and Fig. 3.4-4. MPC improved the methanol conversion compared to plate, and the conversion by the
MPC increased by 80% at 553 K, compared with that by the plate. Fig. 3.4-4 shows that the activation energies
of MPC and plate were almost the same (98.6 kJ/mol and 95.4 kJ/mol) because the slopes of the Arrhenius plots
were similar for both catalyst structures and did not change within the range of this activity test conditions.
Furthermore, those values were similar to the data reported for Cu/ZnO/Al,O; based catalysts on the same
reaction [3-01 — 3-03], and it was indicated that a catalytic reaction rate-limiting step, not an external mass
transfer rate-limiting step. The rate-limiting step did not change depending on a reaction temperature. It was
suggested that a catalytic reaction rate dominated the overall reactivity in the temperature range of this test on
both structures. These results also indicated that the reactivity improved due to a frequency factor was increased
using MPC because the results of Arrhenius plots indicated. In other words, an improvement in the contact

frequency between the reactants and the catalyst owing to the structure of MPC.
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E
k= kOXexp(—R—;) (Eq.3.4 — 1)

Table 3.4-1 Conversions in the activity tests on SRM using MPC and plate

Methanol conversion [%]

T[K]
MPC plate
473 8.0 2.9
493 19.1 6.5
513 37.8 13.4
533 65.7 25.1
553 87.9 48.0
573 98.0 72.2
593 100.0 92.2
100 .—.
i o
90 m
— 80 BMPC
> o
= 70 ®plate
5 > D
£ 60 |
[sb]
= 50 F
S o
T 40
= [ |
% 30 F °
= 20 | -
o
10 F
= °
0 1 1 1 1 1 1

453 473 493 513 533 553 573 593 613
Temperature [K]

Fig. 3.4-3 Methanol conversions of MPC and plate for the SRM reaction
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Table 3.4-2 Reaction rate analysis according to the Arrhenius equation for SRM reaction

In kSRM [-]
T'[K]
MPC plate
473 -10.6 -11.6
493 9.7 -10.8
513 8.9 -10.1
533 8.0 9.4
553 7.4 -8.5
573 -6.7 7.9
593 - 7.2
/T [K]
1.6.E-03 1.9.E-03 2.2.E-03
-6 .
u
Tr e o™ mMPC
._‘. .
®plate
= 8 | e m
E '... -’._.
g 9 | |
= °.
10t °.
11t o.
o
-12

Fig. 3.4-4 Arrhenius plots of MPC and plate for the SRM reaction
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3.4.2 Catalytic activity test for comparing between MPC and plate for the WGS reaction

For the WGS reaction, catalytic activity tests were carried out to compare the reactivity between MPC and

plate. The plate was prepared by flattening the fins of Cu/ZnO/Al,03-MPC. The rate-limiting step for the WGS

reaction was also determined from “experiments with varying feed velocity of reactant gas”. Fig. 3.4-5 shows

the reaction rate with a different feed velocity of reactant gas for the WGS reaction. Based on the results, a rate-

limiting step was carefully determined. Fig. 3.4-5 suggested that the feed velocity of reactant gas did not affect

the reaction rate beyond a certain value (0.009 < u [m/s]), indicating that the external boundary film resistance

did not affect the reactivity.
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Fig. 3.4-2 The reaction rate with a different feed velocity of reactant gas for the WGS reaction
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The results of the CO conversions are presented in Table 3.4-3 and Fig. 3.4-6, and the Arrhenius plot as
the reaction rate analysis are presented in Table 3.4-4 and Fig. 3.4-7. The MPC showed a higher CO conversion
than did the plate. The Arrhenius plot showed that the activation energies for both structures were similar (MPC:
43.9 kJ/mol; plate: 45.4 kJ/mol) and the frequency factor was increased when using MPC. The activation energy
values obtained experimentally were comparable to those reported in literature using the same component
catalysts [2-26, 2-27, 3-04]. This indicates that the rate-limiting step was a catalytic reaction under the
experimental conditions of the WGS reaction in this study. The improvement in the frequency factor due to the
MPC implied an increase in the frequency of contact between the reactants and the catalysts. Therefore, it was
suggested that the reactivity was improved on the WGS reaction under a catalytic reaction rate-limiting step due
just to the structure of MPC. These results of conversion and the reaction rate analysis and the condition was a

catalytic reaction rate-limiting step, were similar to SRM.
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Table 3.4-3 Conversions in the activity tests on WGS using MPC and plate

CO conversion [%]

Fig. 3.4-6 Carbon monoxide conversions of MPC and plate for the WGS reaction

Temperature [K]
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Table 3.4-4 Reaction rate analysis according to the Arrhenius equation for the WGS reaction

In kwas [-]
T[K]
MPC plate
453 -8.9 9.7
473 -8.2 -9.0
493 -1.7 -8.5
513 -7.4 -8.1
533 -7.2 -7.9
1/T [K]
1.8.E-03 2.1.E-03 2.3.E-03
-6 .
BMPC
T F .,
@ w . @®plate
g . ) m
EI 6.
..._‘.‘. '-_ll-.
®
-10

Fig. 3.4-7 Arrhenius plots of MPC and plate for the WGS reaction
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3.4.3 Catalytic activity test for comparing between MPC and plate for CHC reaction

For the CHC reaction, catalytic activity tests were carried out for comparing the catalytic activities of MPC
and plate. The plate was prepared by flattening the fins of Pt/Al,O3-MPC. The rate-limiting step for the CHC
reaction was also determined from “experiments with varying feed velocity of reactant gas”. Fig. 3.4-8 shows
the reaction rate with a different feed velocity of reactant gas for the WGS reaction. Based on the results, a rate-
limiting step was carefully determined. Fig. 3.4-8 suggested that the feed velocity of reactant gas affected the
reaction rate (0.040 <« < 0.20 m/s), indicating that the external boundary film resistance affected the reactivity.
In all the experiments for CHC reaction in this study, the conditions of reactant gas feed velocity were set such

that the external mass transfer resistance affected the reactivity.
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Fig. 3.4-8 The reaction rate with a different feed velocity of reactant gas for the CHC reaction
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The results of hydrogen conversion are presented in Table 3.4-5 and Fig. 3.4-9, and the Arrhenius plots as
the reaction rate analysis are presented in Table 3.4-6 and Fig. 3.4-10. The MPC showed a higher hydrogen
conversion than did the plate. The catalytic activities in this case were similar to those observed for the SRM
and WGS reactions; MPC was superior to the plate in terms of both the conversion and reaction rate analysis.
Thus, the activation energies for both structures were similar (MPC: 11.1 kJ/mol; plate: 10.1 kJ/mol), and the
frequency factor increased when using MPC. It was identified that the rate-limiting step of the CHC reaction in
this study was influenced by an external mass transfer because the values of the apparent activation energy
calculated from the experiments were similar to those reported in the literature [3-05, 3-06].

It was considered that the MPC structure was improved the reactivity of the CHC reaction under an external
mass transfer rate-limiting step because the resistance of the external film mass transfer was reduced and the

external mass transfer was promoted due just to the structure of MPC.
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Table 3.4-5 Conversions in the activity tests on CHC using MPC and plate

Hydrogen conversion [%]

T [K]
MPC plate
373 58.4 45.5
393 66.4 51.5
413 74.8 58.9
433 77.1 61.9
453 81.1 64.8
100
90
R [ |
80 = -
— 70
= o °
gO = c °
£ 50 | o
g )
g 40 1 BMPC
= 30 F
0 L @plate
10
0 1 1 1 1 1
353 373 393 413 433 453 473

Fig. 3.4-9 Hydrogen conversions of MPC and plate for the CHC reaction

Temperature [K]

77

Chapter 3



Chapter 3

Table 3.4-6 Reaction rate analysis according to the Arrhenius equation for the CHC reaction

In kCHC [-]
T'[K]
MPC plate
373 -3.9 43
393 -3.7 -4.1
413 -3.4 -3.9
433 -3.4 -3.8
453 -3.2 -3.7
1/T [K]
2.1.E-03 2.5.E-03 2.8.E-03
-2 .
BMPC
3 F
9 l.. ®plate
Ny o T,
= @@ |
A @,
.... .
5 0 F
-6

Fig. 3.4-10 Arrhenius plots of MPC and plate for the CHC reaction
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3.4.4 Discussion of the reactivity improvement

First, the factors for the reactivity improvement due to the structure of MPC for SRM and WGS reactions
under a catalytic reaction rate-limiting step shown in Subsection 3.4.1 and 3.4.2 were discussed. It showed that
the frequency factor increased in MPC when both structures were compared.

According to the molecular collision theory, a frequency factor is generally expressed as a product of the
collision frequency Z, the steric factor P, between the reactant molecules and the catalyst active site, and the
fraction of collisions with enough energy f (Eq. 3.4-2 and Eq. 3.4-3). The frequency factor in the Arrhenius
equation (Eq. 3.4-1) is the product of the collision frequency Z and the steric factor P (Eq. 3.4-4). The collision
frequency Z is the rate at which molecules collide and the steric factor P is the probability of the reactant
molecules colliding with the right orientation and positioning to achieve a product. In other words, the frequency

factor &y is the frequency of total collisions that collide with the right orientation.

k=Z-P-f (Eq.3.4 — 2)
E

f =exp (—ﬁ) (Eq.3.4 - 3)

ko=2Z-P (Eq.3.4 — 4)

An increase in a frequency factor means an increase in a number of active collision molecules and a steric
factor. Due to a change in flow pattern caused by the catalyst structure, a number of collisions between the
reactant molecules and the catalyst metals or the steric factor increases, thus improving reactivity under a rate-
limiting step of a chemical reaction. So, the frequency factor increased just due to the catalyst structure as shown
in Fig. 3.4-4 and Fig. 3.4-7. In other words, the structure of the MPC improved the reactivity in a catalytic
reaction rate-limiting step by improving a number of active collision molecules and a steric factor between the
reactants and the catalyst, which led to an increase in a frequency factor.

Here, I confirmed whether the internal diffusion of the catalyst layer affected the overall reaction rate. The
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modified Weisz modulus &,,, which doesn’t include the true reaction rate constant, is defined by the following

equation [3-07].

2

27’ _ h n+1 pcatkmnCXS_1 x (=Tam)
Scat 2 DeA kmnC/leS

o, =m

_ n+1 chatpcat(_rAm)
" 2 SeatDeaCas

<0.1 (Eq.3.4 —5)

m : Generalized Thiele modulus, 7 : Catalyst effectiveness factors, n : Reaction order,
Veat: Catalyst volume, Scac: Catalyst surface area, p.,; : Catalyst density,

Tam: Reaction rate per catalyst loading, D, : Effective diffusion coefficient, Cps : Reactant concentration

We estimated the effective diffusion coefficient D,,. The diffusion in the pores was Knudsen diffusion
dominated since the ratio of pore radius 7, to mean free path A5 was smaller than 0.1. The effective diffusion
coefficient in the Knudsen diffusion region Dy, were then calculated, and the effective diffusion coefficient
D.p and the modified Weisz modulus &, were calculated. Since the value of the modified Weisz modulus
@, was sufficiently small in all conditions under a rate-limiting step of a catalytic reaction, the catalyst
effectiveness factors were almost 1, confirming that the reaction conditions were such that the influence of
internal diffusion was ignored. Therefore, it was insisted that the frequency of effective collisions between the
reactant molecules and the catalyst active sites (frequency factor) was improved due to the structure of MPC.

Next, the factors that led to improved reactivity due to the structure of the MPC for the CHC reaction under
an external mass transfer rate-limiting step shown in Subsection 3.4.3 were discussed. It was suggested that the
structure of MPC promoted an external mass transfer under that reaction conditions. Generally, the larger the
Sherwood number (Sh), which is positively correlated with mass transfer Péclet number (Pewm), the lower the
external film mass transfer resistance [2-12]. In other words, the increase in Pey around the catalysts due to the
structure of MPC can be evaluated to provide the improvement in reactivity, this investigation was conducted
in chapter 4. It was expected that convection around the catalyst was promoted due to the structure of MPC
since Pew is the ratio of the convection time and diffusion time, and therefore, the structure of MPC was expected

to promote external mass transfer.
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3.4.5 Evaluation of the turnover frequency (TOF)

The use of MPC was shown to improve the reactivity compared to plate for all reactions, but the effect of
reactivity improvement was different for the SRM and WGS reactions under a catalytic reaction rate-limiting
step and the CHC reaction under an external mass transfer rate-limiting step. Therefore, the turnover frequency
(TOF), which is generally defined as the moles of reactant converted per unit time per mole of active catalytic
sites, was calculated and compared with that of the plate under each condition to quantitatively evaluate the
effect of reactivity improvement due to the structure of MPC. I focused on the TOF as having a meaning similar
to that of "reactant-catalyst frequency factor". The TOF was calculated using Eq. 3.4-6 [3-08 — 3-11], where Ms
was measured by H» pulse titration analysis. The effect of reactivity improvement was evaluated for each
reaction temperature as the lowest temperature i.e., lowest temperature (LT), middle temperature (MT), and
highest temperature (HT) of each reaction. The results are presented in Table 3.4-7 and Fig. 3.4-11.

As shown in Fig. 3.4-11, for the CHC reaction, the effect of reactivity improvement when using MPC,
represented as the TOF ratio was almost constant, independent of the reaction temperature. For the WGS and
SRM reactions under a catalytic reaction rate-limiting step, it was clarified the effect of improving reactivity
tended to get larger at lower temperatures. It was because the frequency of contact between the reactants and
the catalyst increased at lower temperatures due to the MPC structure. In this dissertation, it was realized that
the evaluation of the increase in the frequency factor as the effect of reactivity improvement by evaluating the

TOF ratio.

Fi [mol/h] X x; [-]
W [g] x M [mol/g]

TOF [/h] = (Eq.3.4— 6)

81



Chapter 3

Table 3.4-7 TOF ratio calculated for each reaction

Temperature CHC WGS SRM
LT 1.28 1.97 2.96
MT 1.27 1.68 2.62
HT 1.25 1.42 1.36
4.0

BCHC aWGS BSRM

TOF Ratio [-]

Fig. 3.4-11 TOF Ratio calculated for each reaction
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The effect for the SRM and WGS reactions was larger than that for the CHC reaction. Although each
reaction had different reaction conditions such as catalyst species, feed gas, or reaction temperature, I focused
on the rate-limiting step in this study. Moreover, the effect of reactivity improvement for the SRM reaction was
larger than that of the WGS reaction. A simple comparison of the effect between both reactions under a catalytic
reaction rate-limiting step was not appropriate because of the different reaction conditions described above.
Since the adsorption of a reactant molecule on an active sites of the catalyst metal has a suitable orientation, it
was considered that the adsorption probability and adsorption capacity due to the complexity of the reactant
molecules contribute to the effect of reactivity improvement for both reactions. Therefore, a detailed comparison
of the effect for both reactions will be achieved by thermodynamic studies, such as measuring the adsorption
capacity of the reactant molecules on the active sites, or by quantum mechanics studies, such as first-principles

calculation of the relation between the reactant molecules and the active sites.
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3.5 Conclusions of chapter 3

MPC was applied to the SRM, WGS, and CHC reactions, and the catalytic activity tests for comparing the
reactivity to the unprocessed plate catalyst were carried out. MPC showed higher conversions than plate for all
reactions, and reaction rate analysis according to the Arrhenius equation showed that there was no change in a
rate-limiting step dependent on the reaction temperature and the activation energy was similar in both structures
of MPC and plate for each reaction. Furthermore, the results of the reaction rate analysis revealed that the
frequency factor was increased by the structure of MPC, suggesting that the contact frequency between reactants
and catalysts was improved by the structure. The reactivity of the SRM and WGS reactions was improved under
a catalytic reaction rate-limiting step, and this factor was investigated in detail because it was never reported. It
is generally known that a frequency factor is expressed as a product of a number of collision molecules and a
steric factor, and the improved a number of collision molecules or a steric factor due to the effect of the structure
due to the structure of MPC was considered to provide the improvement of reactivity. On the other hand, for
CHC reaction, the structure of MPC promoted the mass transfer around the catalyst and improved the reactivity
for CHC reaction because the CHC reaction was an external mass transfer rate-limiting step.

The TOF, which is a general index of catalytic performance, was calculated and compared with that of the
plate under each condition to quantitatively evaluate the effect of reactivity improvement due to the structure of
MPC. For the CHC reaction, which is an external mass transfer rate-limiting step, the effect was almost constant
independent of the reaction temperature. On the other hand, the effects of the SRM and WGS reactions, which
were a catalytic reaction rate-limiting step, were getting larger at lower temperatures. It was suggested that the
contact frequency between the reactants and the catalysts was promoted at lower temperatures due to the effect
of the structure. In this study, it was realized that the evaluation of the increase in the frequency factor as the

effect of reactivity improvement by evaluating the TOF ratio.
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Chapter 4

4.1 Abstract

In chapter 4, it was provided the results of the reactivity between MPC and plate by simulation. The
simulation models were prepared referred to the experimental conditions and the values indicated by the
experimental results, and these were confirmed to be models that showed similar results to the experimental
results. Furthermore, the dimensionless number was proposed as the index to evaluate the effect of structure on
reactivity improvement. It was suggested that the index was effective in evaluating the reactivity improvement

using the structured catalysts under the condition of a catalytic reaction rate-limiting step.

4.2 Purpose

In this chapter, the physical phenomena around the catalysts were observed by numerical simulations using
COMSOL Multiphysics software in order to investigate the factors contributing to the improvement in reactivity
due to the catalyst structure. The model reactions on simulation to be calculated are the SRM reaction with the
largest effect on the reactivity improvement due to the structure of MPC and the CHC reaction with the smallest
effect. The simulation used a 2D simulation model for the calculations to confirm Streamline and a 3D
simulation model for the investigation of all others. First, the validity of the simulation model was investigated
by comparing the experimental and calculated conversion results for each reaction. Next, the dimensionless
number was proposed as the index to evaluate the reactivity improvement due to the structure of MPC, and the
effect of the reactivity improvement was explained by this index. Furthermore, the simulation models of the
non-hole MPC, which have no holes in the MP structure but only fins, were prepared and the changes in the
proposed index were evaluated in order to identify the structures to improve the reactivity of the MPC structure

catalyst.
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4.3 Methodology

COMSOL Multiphysics software was used to create a numerical simulation model in order to observe the
physical phenomena around the catalyst, to obtain computational results similar to the experimental results. The
overview of the prepared simulation models is shown in Figs. 2.6-1 and 2.6-2. The equations used for the
calculations were described in Table 2.6-1. The initial values and boundary conditions of those models were set
to be consistent with the experiments, and the parameters related to the reaction rate were derived from the
experimental results. The calculation of the fluid properties, which depend on the composition of the fluid
changing as the reaction proceeds, was calculated from Eqs. 2.6-1 - 2.6-6. The results from those simulation
models were verified as mesh-independent study, and it was confirmed that the calculation results did not change
regardless of the number of meshes. The features of the simulation were used to evaluate local physical
phenomena and the fluid physical properties in the reactor, which cannot be derived from experimental results,
to investigate the factors that improve the reactivity shown in the experiments. The structure of the structured
catalyst was varied and the effect of the structure on the reactivity was examined. Details of these numerical

simulation methods were provided in Section 2.6.
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4.4 Results and Discussion

4.4.1 Validation of the reactivity improvement using MPC on simulation

A three-dimensional simulation was carried out to verify how the frequency factor was improved by the
MP structure, and how the factor that affected the improvement became large at lower temperatures. The
simulation was carried out using the COMSOL Multiphysics software (COMSOL Inc.) to model the reaction
conditions around the catalyst. Three kinds of physics were used for the calculations: laminar flow, heat transfer,
and dilute species transport; their representative equations and conditions are listed in Table 2.6-1. Detailed
information and conditions for the simulation were described in Section 2.6. The model of the applied MPC
catalytic reactor was shown in Fig. 2.6-1 and 2.6-2. Partial differential equations, such as the Navier—Stokes
equation, were used to describe the continuity, momentum, mass, and energy conservations. The following
assumptions were made for the simulation: ideal gas, non-compressible, steady physicality, laminar flow. In
addition, the initial conditions, such as the flow rate, reactants concentration, and reaction temperature, and
boundary conditions were matched to those in the catalytic activity tests; for the parameter of the reaction rate,
the value calculated from the experimental results was used. The model was subsequently used to characterize
and evaluate the reaction-coupled transport phenomena occurring within the reactor. The comparison results of
the conversions for confirming the consistency between the constructed simulation models and experimental
results for the SRM and CHC reactions are shown in Fig. 4.4-1 and 4.4-2. As shown in the figure, it was
confirmed that the calculation results of the simulation models were valid with respect to the experimental

results.
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Fig. 4.4-1 Comparison of the conversions between the simulation and experiments for SRM reactions
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Fig. 4.4-2 Comparison of the conversions between the simulation and experiments for CHC reactions
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Fig. 4.4-3 and Fig. 4.4-4 show the streamlines around both the catalyst structures via simulation. The
arrows in these figures indicate the flow direction and green area indicate the part of the catalyst. It was observed
that the flow was disarranged by the fins and holes in Fig. 4.4-4, and recognized that the flow from the left side
hit the MP fins and that direction was changed toward the holes. The change in the flow direction was also
shown a similar trend in the latter part of the MP fins. In other words, it was shown that MPC have the ability
to control mass transfer vectors and that MPC is suitable for Process Intensification of catalytic reaction

processes.

I
|

I\

Fig. 4.4-3 Streamline (plate, Side view)
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Fig. 4.4-4 Streamline (MPC, Side view)
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4.4.2 Reactivity improvement under an external mass transfer rate-limiting step

As mention in Subsection 3.4.4, the improvement of the reactivity for the CHC reaction due to the structure
of MPC was investigated by calculating the Péclet number for mass transfer (Pem) around the catalysts
appropriate for evaluating the reactivity under an external mass transfer rate-limiting step. This is because the
mass transfer flux A, to the catalyst surface can be regarded as the reaction rate under an external mass transfer
rate-limiting step. The mass transfer flux to the catalyst surface is represented by Eq. 4.4-1. The external mass
transfer coefficient k. in Eq. 4.4-1 is equivalent to the reaction rate constant &, and k. depends on Sherwood
number (Sh). Furthermore, Sh is generally known to be positively correlated with Pey. The numerical simulation
results of Peym around the catalyst in the reactor are displayed in Fig. 4.4-5 and Fig. 4.4-6. Pey; is generally
expressed in the ratio of convection and diffusion related to fluid transport phenomena and was calculated from
Eq. 4.4-3 with the simulation in this study. This index was evaluated over the direction of the MPC fin height
in the reactor, considering the structure of MPC. The calculated distribution of Pey around the MPC at the
temperature where the TOF ratio as the effect of reactivity improvement was calculated is shown in Fig 4.4-7.
Under the activity test conditions of this study (calculation conditions), no significant change in Pey around the
catalyst was observed with reaction temperature. This tendency obtained from simulating was similar to that of

the TOF ratio, the results obtained from the experiment.

N; = k,(C,—C,) (Eq.4.4—1)

Sh [—] X Diffusion coefficient [m?/s]
k, = Length [m] (Eq.4.4 — 2)

B Flow velocity [m/s]
" Diffusion coefficient [m?/s] / Length [m]

Pey (Eq.4.4 —3)
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Fig. 4.4-5 Simulation results for Pey of plate (CHC reaction, 413 K)
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Fig. 4.4-6 Simulation results for Pey of MPC (CHC reaction, 413 K)
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Fig. 4.4-7 Pem when changing the reaction temperature of the MPC for CHC reaction
(373 K as LT, 413 K as MT, and 453 K as HT)
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4.4.3 Proposal of evaluation index for reactivity improvement under a catalvtic reaction rate-

limiting step

One of the purposes of carrying out the numerical simulation was to investigate the factor by which the
reactivity improved depending on the structure of MPC. The structure of MPC was expected to disarrange the
fluid and then the reactivity was improved by it; they did not occur about the plate. For the CHC reaction under
an external mass transfer rate-limiting step, it is not difficult to guess that the structure promoted the external
mass transfer. On the other hand, I have to consider the reason for reactivity improvement under a catalytic
reaction rate-limiting step. The reaction rate under a catalytic reaction rate-limiting step is not affected by an
external mass transfer flux and therefore cannot be evaluated by Sh. Therefore, I proposed a quantitative
evaluation index, the “Degree of convective mixing (Dcm [-])” to evaluate the flow changes due to the structure
of the structured catalyst (Eq. 4.4-4). Dcm was defined as the ratio of the flux of mass transfer due to “convection”
to the flux of mass transfer due to “convection and diffusion.” This ratio showed that the index, Dcm became
larger when the mass transfer was promoted by convection rather than by diffusion. This index was evaluated
over the direction of the fin height in the reactor, considering the structure of MPC. Dcm indicated the proportion
of mass transfer flux due to convection caused by the catalytic structure and evaluates the effects of the structure

under a catalytic reaction rate-limiting step.

b _ Convective mass flux [mol/m?s] Ea.4.4 — 4
‘M = Convective mass flux [mol/m?s] + Diffusive mass flux [mol/m?s] (Eq.4. )

The simulation results of Dcm of the MPC and plate at 533 K are displayed in Fig. 4.4-8 and Fig. 4.4-9.
As shown in these figures, it was obvious that the flux of mass transport due to convection was not produced
around the plate, and the mass transfer in that direction was shown to be controlled by diffusion. On the other
hand, it was observed that around the MPC, Dcm had a large value, especially at the parts where the fluid

collided with the front of the first fin, and at the parts between the latter fins.
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This means that the distribution of the effect of the structure around the MPC was depicted and the degree
of change in flow direction due to the structure was evaluated. The frequency factor ky (the product of the
collision frequency Z and the steric factor P) discussed in Subsection 3.4.4 increased, suggesting that reactivity
was improved under the catalytic reaction rate-limiting step. Most of the purposes of the conventional use of
structured catalysts for PI was to suppress the transition from a catalytic reaction rate-limiting step to an external
mass transfer rate-limiting step when the reaction rate increases with increasing reaction temperature. It was a
concept that was valid under the reaction conditions of an external mass transfer rate-limiting step, but not
applicable to a catalytic reaction rate-limiting step such as this study. However, the results of this study provided
that the effect of mixing the reactant fluids, as I call it the effect of the structure, can improve the overall
reactivity by using the structured catalysts with MPC-like structures even under a catalytic reaction rate-limiting
step. Furthermore, that effect was evaluated with the value of Decm around the catalysts. In other words, it was
suggested the proposal of the effective using method and the structure of structured catalysts from the numerical
simulation for evaluating Dem can be further improved the reactivity under a catalytic reaction rate-limiting
step. It was a novel report for the field of process intensification of a catalytic reaction process using a structured
catalyst.

The calculation results for the Dem when changing the reaction temperature of the MPC for SRM reaction
are displayed in Fig. 4.4-10. There were many places where the Dcm was larger around the MP at lower
temperatures. The index "Dcm", which indicates the ratio of convective mass transfer to total mass transfer (sum
of convection and diffusion), depends on temperature. This was because the flux of mass transfer caused by
diffusion became small at low temperature, whereas that caused by convection due to the structure of the MP
became relatively large. As described above, the similar tendency was shown by the results of experiments
(Fig.3.4-11); the improvement ratio of the conversion was higher at lower temperatures, which suggested that
the Dcm around the catalyst had an effect on the improvement in the reactivity, and the evaluation of the value
of Dcm around the catalyst is an indicator to evaluate the improvement of reactivity under a catalytic reaction

rate-limiting step.
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Fig. 4.4-8 Simulation results for Dcm of plate (SRM reaction, 533 K)
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Fig. 4.4-9 Simulation results for Dcm of MPC (SRM reaction, 533 K)
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Fig. 4.4-10 Dcm when changing the reaction temperature of the MPC for SRM reaction
(473 K as LT, 533 K as MT, and 593 K as HT)
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4.4.4 Identification of structures to affect the reactivity

It was identified the structure in MPC required for improved reactivity by comparing the reactivity of MPC
with that of non-hole MPC, which have no holes in the MP structure but only fins. The non-hole MPC was
already reported in our research group to be less reactive than the MPC on experiments. It was discussed these
results using Dcm in simulation. The streamline around the non-hole MPC is displayed in Fig. 4.4-11, and the
result of Dem at 533 K is displayed in Fig. 4.4-12. The change in fluid flow behavior was observed such that
fluid hitting on the fins remained in the space between the fins owing to the no holes in Fig. 4.4-11. Although
Dcm increased at the front of the first fin, there was no increase in the Dcm between the fins after that. Dem
around the non-hole MPC was larger than the plate, but smaller than the MPC. This suggests a correlation
between Dcm values and reactivity.

These results implied that not only the fins but also the holes were indispensable for increasing Dem,
suggesting that they were necessary structures for improving the contact frequency of the reactants and the
catalyst. In other words, the vector control of transport phenomena is possible using the structured catalysts with
both fins and holes structures. The PI for the catalytic reaction process is realized because the effective use of
structured catalysts with those structures increases the frequency factor and improves the reactivity even under

a catalytic reaction rate-limiting step.
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Fig. 4.4-11 Streamline (non-hole MPC)

Fig. 4.4-12 Simulation results for Dcm of the non-hole MP (533 K)
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4.5 Conclusions of chapter 4

In this chapter, it was investigated the factors on reactivity improvement when the use of MPC comparing
with unprocessed plate-type catalysts with COMSOL Multiphysics software as numerical simulations. The
SRM reaction, which had the largest reactivity improvement effect due to the structure of MPC, and the CHC
reaction, which had a smaller effect, were adopted in the simulation models. The initial and boundary conditions
were set to match the experimental conditions, and the parameters related to the reaction rate were calculated
from the experimental results. The results of the calculations for both reactions by their prepared simulation
models showed similar conversion to those of the experimental results, thus confirming the validity of the
simulation model. The change in streamline due to the structure of MPC using the simulation models was
evaluated, and it was demonstrated that the MPC is a suitable tool for PI, as it showed that the MPC is capable
of vector control of transport phenomena.

For the CHC reaction, which was an external mass transfer rate-limiting step, the Pey around MPC was
calculated with simulation to evaluate the overall reactivity. The results showed that the use of MPC
significantly increased the value of Pem around MPC. It was suggested that the factors of the reactivity
improvement when the use of MPC for the CHC reaction.

Dcm, which evaluates the effect of the structure, was proposed as the index to evaluate the reactivity
improvement due to the structure of MPC under a catalytic reaction rate-limiting step. The Dcm was defined as
the ratio of the mass transfer flux due to convection caused by the catalytic structure to the mass transfer flux
due to diffusion, with a higher value indicating that the changes in the reactants fluid flow were larger. Dcm was
evaluated in the direction of MPC fin height, considering the structure of MPC. Therefore, Dcm was found to
be almost zero around the plate. On the other hand, Dcm around the MPCs was found to be larger in front of or
behind the MPC fins. It was suggested that the factor of the reactivity improvement when the use of MPC for
the SRM reaction. For the WGS reaction, it was the same reason for the reactivity improvement when MPC was

used because a rate-limiting step was the same as the SRM reaction. In addition, numerical simulations were

102



Chapter 4

performed for the SRM reaction at different reaction temperatures in order to investigate the tendency of larger
TOF ratios at lower temperatures as the effect of the reactivity improvement under a catalytic reaction rate-
limiting step presented in Subsection 3.4.5 The evaluation of Dcm at each reaction temperature showed that the
Dcm values around MPC were higher at lower temperatures, indicating good accordance between the calculated
and experimental results. In other words, it was suggested that Dcm is a suitable index for evaluating the
reactivity of structured catalysts such as MPC under a catalytic reaction rate-limiting step. It was a novel report
for the field of process intensification of a catalytic reaction process using a structured catalyst.

Finally, the simulation model was prepared for the non-hole MPC and its streamlines and Dcm were
evaluated. The streamlines and the value of Dcm around MPC indicated that the effect of the structure was small
because there were no holes, and the reason for the decreased reactivity of the non-hole MPCs by experiments
was verified. In other words, it was suggested that not only the fins but also the holes are important for improving

the reactivity due to the structure of MPC.

Rate-limiting step External mass transfer Catalytic reaction

Factors of the reactivity improvement Increase in the external

Increase in the frequency factor k,,

using structured catalyst mass transfer coefficient k.,
Sh (Pey) Dcm
Evaluation index ) )
The larger Pey; is, the larger The larger Dem s, the larger
the external mass transfer is. the effect of the structure is.

Fig. 4.4-13 Summary of chapter 4
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Chapter 5

5.1 Abstract

In chapter 5, it was provided the effect of changing the number of MPC stacking in the reactor was
examined on experiments and simulations. The reactivity was obviously declined when the MPCs were densely
stacked in the reactor under a catalytic reaction rate-limiting step. The effect of the number of MPC stacking on
the reactivity tended to differ depending on a rate-limiting step. It was shown that the proposed unique index
was capable of evaluating the reactivity tendency of the catalytic process under a catalytic reaction rate-limiting
step condition. It was a valuable proposal for engineering as an index to evaluate the effect of using the

structured catalysts on reactivity under a catalytic reaction rate-limiting step.

5.2 Purpose

The comparison of the MPC and a plate—type catalyst taken as the reaction surface of a monolithic type
catalyst was performed on the SRM, WGS, and CHC reactions in chapter 3. A drastic improvement in the
reactivity was reported. It was revealed from the results of the reaction rate analysis that the frequency factor,
which affects the frequency of contact between the reactants and the catalysts due to the structure of MPC under
a catalytic reaction rate-limiting step, significantly improved the reactivity. For the CHC reaction under an
external mass transfer rate-limiting step, the external mass transfer was promoted due to the structure of MPC,
and the reactivity was improved. It was suggested that the index, Dcm, was effective in evaluating the reactivity
improvement using the structured catalysts under the condition of a catalytic reaction rate-limiting step.

In this chapter, considering an MPC for a chemical industrial application, I studied the effect of a multiple
MPC stacked inside a reactor on the reactivity. Experiments and numerical simulations were performed. The
number and position of the MPC were used as the parameters to evaluate the reactivity. In addition, the influence
on the distribution of Dcm and Pem caused by the changes in the reaction environment around the MPC was

also evaluated.
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5.3 Methodology

The model reactions adopted the SRM and WGS reactions and CHC reactions for investigation of the effect
of the number of MPC stacking. MPCs were prepared as Cu/ZnO/Al,O3-MPC for the SRM and WGS reactions,
and Pt/Al,O3;-MPC for CHC reaction as described in Section 2.2. The number of stacked MPCs was 1, 3, and 5.
The catalytic reactors used were shown in Section 2.4, Fig. 2.4-1. The catalytic activity test conditions for each
reaction were shown in Section 2.5. The effect of the reactivity improvement and tendency of that were
investigated by calculating TOF ratio. Details of each experimental method were described in chapter 2.

Furthermore, the numerical simulation was conducted using COMSOL Multiphysics software to observe
the physical phenomena around the MPC stacking. The overview of the prepared simulation models was shown
in Fig. 2.6-1 and 2.6-2. The equations used for the calculations were described in Table 2.6-1. The results from
those simulation models were verified as a mesh-independent study, and it was confirmed that the calculation
results did not change regardless of the number of meshes. Moreover, the quantifications of the Dcm and Pewm
distribution around the MPCs in the reactor was conducted in simulations in order to evaluate the effect of
changing the stacking method on reactivity. Details of these numerical simulation methods were provided in

Section 2.6.
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5.4 Results and Discussion

5.4.1 Effect of the number of MPC stacking on the reactivity for the SRM reaction

W/F is constant and the rate-limiting step is a chemical reaction, so it was predicted that a similar
conversion can be obtained regardless of the amount of the catalyst in the activity test under a catalytic reaction
rate-limiting step condition. However, when multiple MPCs were stacked in the reactor, it was expected that the
effect of the structure would be promoted and the reactivity would be improved depending on the number of
stacked MPC. To investigate the effect of the stacked MPCs, activity tests were carried out for the SRM reaction
by orderly stacking MPCs in the reactor, and the effect of the number of stacked MPCs on the reactivity for the
SRM reaction was examined. The stacking methods were such that the distances between all the adjacent
catalysts were maximally similar. The number of stacked MPCs was 1, 3, and 5 under each condition, and these
were referred to as “One”, “Three” and “Five,” respectively. The maximum number of MPC that could be
stacked in the reactor was 5, and the stacked MPCs were densely packed, in that case. The images of MPC
packing in the reactor under each condition for each number of stacked MPC samples are displayed in Fig. 5.4-

1.

Fig. 5.4-1 Stacking method of the MPCs in the reactor (a) One, (b) Three, (c) Five
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The activity tests were carried out under each condition, and the results of the methanol conversion are
presented in Table 5.4-1 and Fig. 5.4-2, and the Arrhenius plots as the reaction rate analysis are presented in
Table 5.4-2 and Fig. 5.4-3. It was provided that condition ”Three” had a higher conversion than condition “One”,
whereas condition “Five” had a much lower conversion than condition “One”. It was confirmed that there was
no change in the rate-limiting step in the temperature range under these stacking conditions; it was confirmed
that a rate-limiting step was a catalytic reaction. This indicated that the effect of the structure was promoted and
subsequently the reactivity was improved by the number of stacking, from the experimental results of condition
“Three”. However, the results under condition “Five” showed that the reactivity was significantly reduced,
suggesting that the densely packed MPCs in the reactor had a negative effect on the reactivity. Therefore, the
reaction environment around the MPCs was observed using numerical simulation, because it was assumed that
the MPCs packed in the reactor did not work uniformly.

The TOF ratio as the index of the effect of the reactivity improvement, as discussed in subsection 3.4.5,
was then applied to the experimental results in this chapter when changing the number of MPC stacking for the
SRM reaction. The results of the evaluation of them are displayed in Table 5.4-3 and Fig. 5.4-4. Its value for
condition “Three” was larger than that for condition “One”, which indicated the effect of MPC stacking when
multiple MPCs were used under a catalytic reaction rate-limiting step because the catalytic activity tests were
carried out under constant W/F comparative conditions. However, for condition “Five”, the TOF ratio as an
effect of the reactivity improvement was obviously reduced. The TOF ratio was lower at the evaluation
temperature HT because the high-temperature (HT) was a reaction environment that showed higher reactivity
even in plate. Furthermore, the TOF ratio was found to be higher at lower temperatures for condition One and
Three. On the other hand, the TOF ratio for condition Five was almost similar and small at all reaction
temperatures conditions. It was implied that Dcm increased in reaction environments where the reactant
diffusion rate was low at lower temperatures, resulting in an increase in the frequency of the contact between

the reactants and catalyst by convection due to the structure of MPC for also these conditions.
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Chapter 5

Methanol Conversion [%]

T[K]
One (MPC) Three Five
473 8.0 7.6 3.2
493 19.1 19.2 8.1
513 37.8 39.2 18.5
533 65.7 70.3 37.0
553 87.9 91.4 64.1
573 98.0 99.2 91.3
100 B
90 | | MOne g B
_ 80 | Three
X .
o 70 F W Five s
S [ |
‘s 60
<]
Z 50
o)
2 40 -
= 30
]
= 20 } [
10 — =
0 - 1 1 1 1 1

453 473 493 513

533 553 573 593
Temperature [K]

Fig. 5.4-2 Methanol Conversions of (a) One, (b) Three, and (c) Five for the SRM reaction
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Table 5.4-2 Reaction rate constant of (a) One, (b) Three, and (c¢) Five for the SRM reaction

In ksrm [-]
T[K]
One (MPC) Three Five
473 -10.7 -10.7 -11.7
493 -9.7 -9.6 -10.7
513 -8.8 -8.7 -9.7
533 -7.9 -7.7 -8.8
553 -7.1 -6.9 -7.9
573 -6.4 - -7.0
1/T [K]
1.6.E-03 1.9.E-03 2.2.E-03
-6 .
|
7k
ol
— -8 r ‘a 8
E -'l.. -n‘...-
= -9
..‘ -
10 F EOne
Three ..‘_. [ |
AU mEive
[ |
-12

Fig. 5.4-3 Arrhenius plots of (a) One, (b) Three, and (c) Five for the SRM reaction
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Table 5.4-3 TOF ratio for each stacking condition for the SRM reaction

Temperature  One (MPC) Three Five
LT 2.96 2.97 1.25
MT 2.62 2.80 1.48
HT 1.36 1.37 1.26
4.0
B One/plate
SRM @ Three/plate
B Five/plate
3.0

TOF Ratio [-]
]
=

—
=

0.0

Fig. 5.4-4 TOF ratio when changing the number of MPC stacking for the SRM reaction
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As the first result of the simulation, streamlines under conditions “Three” and “Five” are displayed in Fig.
5.4-5 (b-1, c-1), to observe the changes in the fluid flow behavior around the MPCs due to the number of stacked
MPCs. For condition “One”, the streamline was already shown in Fig. 4.4-4 because condition “One” was the
same as the condition MPC in Chapter 3. In these figures, the reactant fluid in the reactor flowed from left to
right, and the green area depicted the MPC parts. Under condition “One” and “Three,” the inflowing fluid hit
the fins and flowed over the fins or in the direction of the holes in front of the fins. Furthermore, the flow
direction was changed so that most of the fluid passed through the holes of the MPCs. In addition, for condition
“Three”, the fluid that passed through the hole of MPC stacked upper flowed toward the fins of the MPC stacked
lower, and it was expected to have a synergistic effect of adding the effect of the structure of stacking multiple
MPCs to the effect of a single MPC. Specifically, it was remarkably displayed that the inflowing fluid flowed
from the upper MPC of the stack to the lower MPC, as the reaction proceeded. These results demonstrated the
vector control of fluid and that MPCs are suitable for PI.

However, under condition “Five,” it was presented that the change in the fluid flow from the upper to the
lower MPC of the stack was smaller than that under condition “Three.” This was owing to the characteristic
flow direction change due to the difference between the flow in the space where the MPC was not packed and
the flow in the MPC stacked part under condition “Three.” It was assumed that the effect of the structure was
smaller under condition “Five” because that difference was smaller when the MPCs was densely packed, the
flow direction change was smaller.

The distribution of the Dcm under condition “Three” and “Five” at 533 K, to evaluate the effect of the
structure, is displayed in Fig. 5.4-6 (b-2, c-2). For condition “One”, the distribution of the Dcm was already
shown in Fig. 4.4-9. The fluid flows from left to right in the figures, and the white area depicts the MPCs. It
was demonstrated that the Dcm was larger around the MPCs under conditions “One” and “Three,” whereas
obviously smaller as a whole stacking under condition “Five.” It was suggested that the effect of the structure

was smaller, as shown by the streamline.

112



Chapter 5

(b-De=
=

:‘ 5 : =%
(c-Dg

Fig. 5.4-5 Streamlines under condition “Three” and “Five”
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(b-2)

Fig. 5.4-6 Distribution of Dcm under condition “Three” and “Five” (533 K)
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Moreover, the quantification of the Dem distribution around the MPCs was conducted. The calculation
domain to evaluate the Dcm quantitatively with simulation was around each packing MPC under the conditions
respectively, not whole inside the reactor because the higher Dcm value around a catalyst means the
improvement of the reactivity. For example, under the condition “One”, it was evaluated the Dcm in the domain
of the space volume based on the width, length, and height of one MPC. The designated domain for

quantification of the Dcm around the MPCs under condition “Five” as an example is displayed in Fig. 5.4-7.

B : Designated domain [ ] : Catalyst part

Fig. 5.4-7 Designated domain for quantification of the Dcm distribution

The quantitative evaluated value as (Dcm)ine (Eq. 5.4-1) was obtained by dividing the integrated value of
Dcm in each element, where the computational domain was minutely divided, by the space volume of the
calculation domain to evaluate, and these values are listed in Table 5.4-4. It was found that the higher conversion
in the experimental results, the larger (Dcm)in: calculated by the simulation. The Dem represents the ratio of the
“mass transfer by convection” to the “total mass transfer” about reactants in the direction of the stacking. It is
able to evaluate by Dcm the effect of the structure for the reaction environment around an MPC. That is, it
became clear that it was possible to propose the stacking method when using multiple MPC to improve the

reactivity by referring to the value of (Dcm)in with the numerical simulation.
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(Integrated value of Dcm in the designated domain)

(Dem)in = (Volume of the designated domain for quantification) (Eq.5.4~1)
Table 5.4-4 (Dcm)in in conditions (a) One, (b) Three, (c) Five
Stacking Condition (a) One (b) Three (c) Five
(Dem)in 0.49 0.60 0.21

The methanol conversion under the condition “Five” was significantly reduced. It was predicted for this
result that the MPC stacking did not work uniformly. The distribution of the relative reactant concentration to
the inflow reactant concentration (C/Cy) under each condition are depicted in Fig. 5.4-8 (a-1, b-1, c-1). In these
figures, the fluid flows from left to right and the white area depicts the MPCs. Under especially condition “Five,”
a remarkable reactant concentration distribution was confirmed from the upper layer to the lower layer of the
stacking, which was the range indicated by the dashed arrow. This result exhibited that the reactant concentration
around the MPCs in the lower layer was significantly smaller and that the reaction rate around that MPCs was
lower than those in the upper layer under condition “Five.” It was believed that the conversion reduced because
the reaction rate was not uniform toward the direction in which the flow changed by the MPC stacking. The
distribution of the reactant concentration occurred because the flow change was small in the direction of the
stacking flowing into the lower layer.

In conventional particle-packed bed or monolithic-type catalytic reactors, the reactant flow in the radial
direction of the reactor is uniformity distributed, so the distribution of reactivity by catalyst position is ignored.
On the other hand, in a reactor that utilizes structured catalysts with directional flow changes, such as MPC, a
concentration distribution in the radial direction of the reactor occurs due to the structure of the catalyst and the
method it is stacked. Designing and controlling this distribution through structure and stacking methods will

improve the reactivity of the structured catalytic reactors.
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Fig. 5.4-8 Distribution of reactant concentration
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5.4.2 Effect of the position of MPC in the stacking for the SRM reaction

Condition “Five” had a lower reactivity for the SRM reaction than condition “One;” therefore, the effect
of the position of the MPCs on the reactivity was examined, to clarify the relationship between the MPC stacking
and the reactivity in more detail. Only one layer in the five-stacking case was the MPC and the other four layers
were replaced by the uncatalyzed MP, and activity tests were performed under the condition changed in the
MPC position. It was previously ascertained that the uncatalyzed MP has no catalytic activity. The images of
the packing in the reactor under each condition for the position of MPC are displayed in Fig. 5.4-9 (d, e, f), and
the condition are referred as “TOP,” “MIDDLE,” and “BOTTOM” as displayed in the figure. In addition, the
activity test was performed in which the reactor of condition “TOP” was rotated 180° around the longitudinal
direction of the reactor (“TOP180”) to deal with the influence of the temperature distribution due to biased
heating. The methanol conversions are displayed in Table 5.4-5 and Fig. 5.4-10, and the Arrhenius plots under
each condition including the result of condition “One” for comparison are displayed in Table 5.4-6 and Fig.

5.4-11.

Fig. 5.4-9 Stacking method of the MPCs in the reactor (d) TOP, (¢) MIDDLE, and (f) BOTTOM
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Table 5.4-5 Conversions of (d) TOP, (¢) MIDDLE, and (f) BOTTOM for the SRM reaction

Methanol conversion [%]

T[K]
TOP TOP 180 MIDDLE BOTTOM
473 5.9 8.0 - 4.8
493 22.4 20.1 14.6 12.0
513 41.3 39.1 31.0 23.7
533 69.3 70.5 57.5 45.0
553 90.2 90.9 80.8 71.2
573 99.0 97.9 95.6 90.7
593 100.0 100.0 100.0 97.5
100 I
90 } mTOP ' H
0 || =TOP18O -
S mMIDDLE
= 70 | s =
5 mBOTTOM :
§ 60 Il mOne O
£ 50 }
© |
T 40 | ¥
<
= 30 o
= o
= 20 | ¥
10 o
0
0 1 1 1 1 1 1

453 473 493 513 533 553 573 593
Temperature [K]

Fig. 5.4-10 Methanol conversions of (d) TOP, (¢) MIDDLE, and (f) BOTTOM for the SRM reaction
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Table 5.4-6 Reaction rate constants of (d) TOP, (¢) MIDDLE, and (f) BOTTOM for the SRM reaction

lnkSRM [-]
T[K]
TOP TOP 180 MIDDLE BOTTOM
473 -10.7 -10.7 - 112
493 9.5 9.7 -10.0 -10.2
513 8.7 8.8 9.1 94
533 78 7.8 8.2 8.5
553 7.0 7.0 74 7.7
573 6.3 6.5 6.7 7.0
593 - - - 6.5
1/T [K1]
16E-03  18E-03  20E-03  22E-03
'6 1 1
.\
.
70k .\\\-\
\\=\ by
\\\\.\
= 8 r N
; NN
= _9 - \\\'\\
: A N by
— i\\\\
101 mToP ‘o
11 mMIDDLE AN
mBOTTOM "
-12

Fig. 5.4-11 Arrhenius plots of (d) TOP, (e) MIDDLE, and (f) BOTTOM for the SRM reaction
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Condition “TOP” obtained a high conversion, whereas condition “BOTTOM” achieved the lowest
conversion. Moreover, there was no change in the rate-limiting step, which was the catalytic reaction, under all
the conditions, from the results of the Arrhenius plots. Furthermore, it was supported that the reactivity depended
on the change in the fluid flow caused by the stacking method, from the result of condition “TOP180”. Condition
“TOP” realized a similar reactivity to condition “One.” It was suggested that the reaction environment under
condition “TOP” was similar to that under condition “One.” Moreover, the conversion was lower under
condition “BOTTOM?”, because there was little space for the product fluid to flow out from the stack and it was
predicted the effect of the structure decreased.

The calculation results of the (Dcm)iy for each condition are listed in Table 5.4-7. Under each condition,
it was evaluated the Dcm only in the domain of the space volume based on the width, length, and height of the
catalyzed MP (MPC) part, not the entire stacking. It was demonstrated a similar tendency, the higher the
conversion obtained by the experiments, the larger the (Dcm)in calculated by the simulation. The MPCs were
placed at the top of the stack under condition “TOP”, therefore, they were not affected by the effect of the
structure of the other stacked MPs. The reaction environment under condition “TOP” was similar to that under
condition “One” because (Dcm)ine and the reactivity were similar. Condition “MIDDLE” was affected by the
change in the flow due to the other stacked MPs, reducing (Dcm)in. Therefore, it was suggested that the
conditions in which three or more stacks ordered in the same direction, when the stacking is densely packed in
the reactor, will decrease the effect of the structure and reduce the reactivity. Based on the above results, the
flow direction was changed from the upper to the lower layer of the stacking, when the MPCs were packed
densely in the reactor, such as condition “Five”. Moreover, it was confirmed that the reaction environment

differed depending on the position of the MPC in the stacking.

Table 5.4-7 (Dem)iy in (d) TOP, (¢) MIDDLE, (f) BOTTOM

Stacking Condition (d) TOP (e) MIDDLE () BOTTOM

(Dem)int 0.49 0.35 0.26
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That is, the reactivity under the catalytic reaction rate-limiting step is expected to be improved by stacking
methods that consider the following two points.
* To increase the effect of the structure by not stacking MPCs too densely in the reactor

* To increase the effect of the structure by utilizing the directionality of the flow change
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5.4.3 Effect of the number of MPC stacking on the reactivity for the WGS reaction

Similar to the SRM reaction, the effect of the number of MPC stacking on the reactivity for the WGS
reaction was carried out under constant W/F comparison conditions. The stacking methods in each condition
were consistent with the conditions applied for the SRM reaction, and the stacking image are already displayed
in Fig. 5.4-1. The results of the conversions in the catalytic activity tests in terms of the number of MPCs
stacking are presented in Table 5.4-8 and Fig. 5.4-12 and the Arrhenius plots as the reaction rate analysis are
presented in Table 5.4-9 and Fig. 5.4-13. It was provided that the reactivity was improved in condition “Three”,
while it was reduced in condition “Five”. It was confirmed that there was no change in the rate-limiting step in
the temperature range under these stacking conditions; it was confirmed that a rate-limiting step was a catalytic
reaction.

These results were similar to the results of the SRM reaction. The reactivity improvement due to the
increase in the number of MPC stacking, from 1 to 3, shown in condition “Three” and the reduced reactivity
shown in condition “Five” could be due to the same reason as the SRM reaction focusing on a catalytic reaction
rate-limiting step. Therefore, it was not investigated that the effect on streamlines, Dcm, and the reactant
concentration distribution by simulations for the WGS reaction when changing the number of MPC stacking.
Moreover, the effect of changing the position of MPC on the reactivity for the WGS reaction was not
investigated by experiments. The results of the TOF ratio for the WGS reaction are displayed in Table 5.4-10
and Fig. 5.4-14. For the WGS and SRM reactions under a catalytic reaction rate-limiting step, it was clarified
the effect of improving reactivity tended to get larger at lower temperatures when changing the number of MPC
stacking. The reasons for that already described in subsection 3.4.5. It was suggested that the reactivity under
the catalytic reaction rate-limiting step can be improved by designing the structure of the catalyst even at low

reaction temperatures.
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Table 5.4-8 Conversions of (a) One, (b) Three, and (c) Five for the WGS reaction

CO conversion [%]

T[K]
One (MPC) Three Five
453 26.0 28.6 19.2
473 46.1 50.7 35.2
493 63.6 66.8 50.1
513 75.9 79.7 65.1
533 82.3 86.4 73.0
100
90 B One
80 Three u
£ 70 WFive -
£ 60 | -
% 50 [ |
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S 40 u
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O 30 F
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10 F
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433 453 473 493 513 533 553
Temperature [K]

Fig. 5.4-12 Carbon monoxide conversions of (a) One, (b) Three, and (c) Five for the WGS reaction

124



Chapter 5

Table 5.4-9 Reaction rate constant of (a) One, (b) Three, and (c¢) Five for the WGS reaction

In kWGS [-]
T [K]
One (MPC) Three Five
453 -8.9 -8.8 93
473 -8.2 -8.1 -8.6
493 -7.7 -7.6 -8.1
513 -7.4 -7.2 7.7
533 -7.2 -7.0 -7.4
1/T [K]
1.8.E-03 2.1.E-03 2.3.E-03
-6 T
BOne
Three
7 b 9 .
e WEive
. RN
g ._“.- ., .....
< T T
=T i
= e !
9 |} ’ ...
[ |
-10

Fig. 5.4-13 Arrhenius plots of (a) One, (b) Three, and (c) Five for the WGS reaction
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Table 5.4-10 TOF ratio for each stacking condition for the WGS reaction

Temperature  One (MPC) Three Five
LT 1.97 2.17 1.45
MT 1.68 1.76 1.32
HT 1.42 1.49 1.26
4.0
B One/plate
WGS @ Three/plate
B Five/plate
30 [

TOF Ratio [-]
]
=

—
=

0.0

Fig. 5.4-14 TOF ratio for each stacking condition for the WGS reaction
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5.4.4 Effect of the number of MPC stacking on the reactivity for the CHC reaction

Similar to the SRM and WGS reactions, the effect of the number of MPC stacking on the reactivity was
carried out under constant W/F comparison conditions. The stacking methods in each condition were consistent
with the conditions applied for the SRM and WGS reaction, and the stacking image are already displayed in Fig.
5.4-1. The results of the conversions in the catalytic activity tests in terms of the number of MPCs stacking are
presented in Table 5.4-11 and Fig. 5.4-15 and the Arrhenius plots as the reaction rate analysis are presented in
Table 5.4-12 and Fig. 5.4-16.

It was provided that the reactivity was improved with the increase in the number of MPC stacking, and it
was confirmed that there was no change in the rate-limiting step in the temperature range under these stacking
conditions; it was confirmed that a rate-limiting step was an external mass transfer. It was indicated that a
different tendency from the SRM and WGS reactions. However, the reactivity improvement was because the
amount of catalyst in the reactor increased as the number of MPC stacking increase due to the constant W/F'
comparison condition. In other words, the reaction rate increased for the CHC reaction as the higher feed gas
rate under an external mass transfer rate-limiting step.

Therefore, the catalytic activity tests were carried out under constant space velocity (SV) with a different
number of MPC stacking. It was estimated that the reactivity would be similar under the catalytic activity test
condition with a constant reactant feed rate regardless of the number of MPC stacking because the CHC reaction
was an external mass transfer rate-limiting step. The results of hydrogen conversions are presented in Table 5.4-
13 and Fig. 5.4-17, and the Arrhenius plots as the reaction rate analysis are presented in Table 5.4-14 and Fig.
5.4-18. The SV for the series of catalytic activity tests was set to the same as that in condition “One” (SV =
2400 h"), and the SV was calculated using the following equation (Eq. 5.4-2). As shown in these figures, the
conversion increased with the increase in the number of MPC stacking in the reactor even under the constant
feed gas rate conditions. The reason for it was the increased residence time of the reactant gas in the reactor.

The reaction rate constant was also increased as the number of MPC stacking increased. It was confirmed that
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the reactivity of the CHC reaction was improved by increasing the number of MPC stacking from 1 to 3.
Moreover, in condition “Five” when the MPCs were densely stacked in the reactor, the reaction rate constant
was higher than that obtained using condition “Three”. The reactivity of condition “Five” was not reduced
because the Pem around the MPC stacking was not decreased for these reaction conditions in this study.
Therefore, the external mass transfer was enhanced with an increase in the number of MPC stacking, and the
reaction rate constant increased for the CHC reaction.

The results of the TOF ratio for the CHC reaction are displayed in Table 5.4-15 and Fig. 5.4-19. Its value
increased as the number of MPC stacking increased, which indicated the effect of MPC stacking when multiple
MPCs were used under an external mass transfer rate-limiting step because the catalytic activity tests were
carried out under constant W/F comparative conditions. The temperature dependence of the TOF ratio, as the
effect of reactivity improvement, was almost constant and smaller under an external mass transfer rate-limiting
step because of the little change in Pewm, which contributes to the overall reactivity since the temperature

dependence of the convection and diffusion of reactants was smaller.

_ (H; volume flow rate) [m*/h]

SV (Eq.5.4 — 2)

~ (Volume of catalyst part) [m3]
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Table 5.4-11 Conversions of (a) One, (b) Three, and (c) Five

for the CHC reaction (W/F constant)

Chapter 5

Hydrogen conversion [%]

T[K]
One (MPC) Three Five
373 58.4 64.0 71.3
393 66.4 70.9 79.0
413 74.8 78.5 85.1
433 77.1 81.9 87.0
453 81.1 84.8 90.9
100
- [ |
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Fig. 5.4-15 Hydrogen conversions of (a) One, (b) Three, and (c) Five
for the CHC reaction (W/F constant)
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Table 5.4-12 Reaction rate constant of (a) One, (b) Three, and (c) Five

for the CHC reaction (W/F constant)

In kcuc [-]
T[K]
One (MPC) Three Five
373 -3.9 3.7 -3.5
393 -3.7 -3.5 3.3
413 3.4 3.3 3.1
433 3.4 3.2 -3.0
453 3.2 -3.1 2.9
/T [K1]
2.1.E-03 2.5.E-03 2.8.E-03
-2 T
...
'3 B ".'-.. .
5 ... e gl .
2 . =
== |
= a4 | [
M One
SO Three
WFive
-6

Fig. 5.4-16 Arrhenius plots of (a) One, (b) Three, and (c) Five
for the CHC reaction (W/F constant)
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Table 5.4-13 Conversions of (a) One, (b) Three, and (c) Five for the CHC reaction (SV constant)

Hydrogen conversion [%]

T[K]
One (MPC) Three Five
373 58.4 70.2 74.6
393 66.4 77.6 81.5
413 74.8 86.1 88.9
433 77.1 89.1 93.0
453 81.1 923 95.1
100 .
90 | e ¢
80 | * |
~ Y m B
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=30 Three
20 & Five
10 F
O 1 1 1 1 1
353 373 393 413 433 453 473

Temperature [K]

Fig. 5.4-17 Hydrogen conversions of (a) One, (b) Three, and (c) Five
for the CHC reaction (SV constant)
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Table 5.4-14 Reaction rate constant of (a) One, (b) Three, and (c) Five

for the CHC reaction (SV constant)

In kcuc [-]
T[K]
One (MPC) Three Five
373 -3.9 -3.6 34
393 -3.7 34 -3.2
413 34 -3.1 3.0
433 34 -3.0 2.8
453 3.2 2.8 2.7
1/T [K]
2.1.E-03 2.5.E-03 2.8.E-03
-2 T
. ----- _‘. .....
3 e
. [ | B ST
i *
= T B
; ey
p— -4 .
B One
-5
Three
& Five
-6

Fig. 5.4-18 Arrhenius plots of (a) One, (b) Three, and (c) Five

for the CHC reaction (SV constant)
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Table 5.4-15 TOF ratio for each stacking condition for the CHC reaction

Temperature ~ One (MPC) Three Five
LT 1.28 1.41 1.57
MT 1.27 1.33 1.44
HT 1.25 1.31 1.40
4.0
B One/plate
CHC @Three/plate
@Five/plate
30 [

TOF Ratio [-]
]
=

—
==

0.0

Fig. 5.4-19 TOF ratio for each stacking condition for the CHC reaction
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For the CHC reaction, the overall reactivity evaluation index is Pem, not Dcm, because of an external mass
transfer rate-limiting step, and it was calculated from Eq. 4.4-3 using numerical simulation in the direction of
the MPC stacking. The Pey at 413 K for condition “Three” and “Five” are displayed in Fig. 5.4-20 (b-4, c-4).
For condition “One”, the distribution of the Pem was already shown in Fig. 4.4-5 in chapter 4. The fluid flows
from left to right in the figures, and the white area depicts the MPCs. It was indicated that the Pem was large in
the whole MPC stacking for each stacking condition, and the distribution of Pex was small. Therefore, it was
believed that the effect of the reactivity improvement due to the number of MPC stacking, got small as shown
in Fig. 5.4-20.

Next, for the quantification of the Pey distribution, (Pem)in: Was evaluated using the calculation equation
(Eq. 5.4-3) similar to the quantification of the Dcm distribution presented in Eq. 5.4-1. The results of the
calculation of (Pewm)int are displayed in Table 5.4-16. It was confirmed that the tendency of (Pe)in derived from
the simulations was similar to the reactivity tendency derived from the experiments. In other words, it was
provided the improvement of the overall reactivity by evaluating the Pem that varied due to the structure and its

use for the whole stacking in the reactor under an external mass transfer rate-limiting step.

(Pey) (Integrated value of Pey; number in the designated domain)
eM)int =

Eq.5.4 -3
(Volume of the designated domain for quantification) (Eq )
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(a) One

Table 5.4-16 (Pewm)in: in condition (a) One, (b) Three, (¢) Five
0.89

Fig. 5.4-20 Distribution of Dcm under condition “Three” and “Five” (413 K)
(PeM)int

Stacking Condition
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5.5 Conclusions of chapter 5

In this chapter, the effect of the number of MPC stacking on the reactivity was investigated by experiments
and simulations for the SRM reaction, first. The effect of the structure was promoted by increasing the number
of MPC from 1 to 3, and the reactivity was improved. The TOF ratio as the index for the effect of the reactivity
improvement got larger at lower temperatures. On the other hand, the reactivity was significantly reduced when
the MPCs packed densely in the reactor, and the effect of the reactivity improvement was small. The numerical
simulation was performed in order to examine the reason for that, and streamline and Dcm, as the index for
reactivity under a catalytic reaction rate-limiting step, were evaluated. The simulation results showed that, for
condition “Five”, the effect of the structure was suppressed due to the densely stacked MPCs in the reactor, the
flow change in the direction of MPC stacking was small, and the Dcm was small in whole the stacking. Moreover,
a significant reactant concentration distribution was observed in the direction of MPC stacking.

The catalytic activity tests were conducted using the position of the catalyzed MP as a parameter because
it was believed that the stacked MPCs in the reactor were not working uniformly due to the suppression of the
effect of the structure. It was confirmed that the reactivity was different depending on the position of MPC.
Especially condition “BOTTOM?”, where the catalyst was positioned in the lowest part of the stacking, showed
the reactivity reduction. It was suggested that the effect of the structure was smaller at lower part of stacking
under conditions when the MPCs were densely packed in the reactor. It was confirmed that the catalyst was not
working uniformly and the reason for the reduced reactivity for condition “Five” was identified. From these
results, the reactivity under the catalytic reaction rate-limiting step is expected to be improved by stacking
methods that consider the following two points.

* To increase the effect of the structure by not stacking MPCs too densely in the reactor

* To increase the effect of the structure by utilizing the directionality of the flow change
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Catalytic activity tests with different number of MPC stacking were carried out for the WGS reaction under
a catalytic reaction rate-limiting step, similar to the SRM reaction. The results showed a similar reactivity
tendency as the SRM reaction; the reactivity was increased for condition “Three”, and decreased reactivity for
condition “Five”. The reason was considered that the same as the SRM reaction because of the same rate-
limiting step. Furthermore, for the CHC reaction, which was an external mass transfer rate-limiting step,
catalytic activity tests were carried out with different number of MPC stacking. The reactivity improvement due
to the number of MPC stacking could not be investigated under the constant W/F comparison condition under
an external mass transfer rate-limiting step, so the comparison was performed under the constant SV condition.
As the number of MPCs stacked for the CHC reaction increased, the reactivity improved and it was showed a
different tendency than the SRM and WGS reactions under a catalytic reaction rate-limiting step. Furthermore,
the TOF ratio as the effect of reactivity improvement was small and almost constant at each reaction temperature
when the number of stacking was changed. These reasons were examined by evaluating Pey, the index for the
reactivity under an external mass transfer rate-limiting step. The simulation results showed that the Pey was
large and uniform in whole the MPC stacking. In other words, Pem was less affected due to the number of MPC
stacking under the reaction conditions for the CHC reaction in this study, which reduced the effect of reactivity

improvement.

Stacking condition Results and factors for the reactivity for the SRM reaction

For condition “Five”, Reactivity decreased due to reactant

Number of MPC stackin . R . o
& concentration distribution in the stacking direction.

For condition “BOTTOM?”, the effect of the structure was

Position of MPC in the stackin,
& small and reactivity decreased.

Stacking methods to improve the reactivity under the catalytic reaction rate-limiting step.

* To increase the effect of the structure by not stacking MPCs too densely in the reactor

* To increase the effect of the structure by utilizing the directionality of the flow change

Fig. 5.4-21 Summary of chapter 5
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Chapter 6

6.1 Abstract

In chapter 6, considering the results up to chapter 5, it was proposed the stacking methods of MPCs by
using simulations to improve the reactivity, and experiments demonstrated the reactivity improvement due to
the MPC stacking method. The effective MPC stacking method was proposed by considering the streamline and
concentration distribution, and the evaluation index, Dcm. The stacking method with contrasting effects was
also proposed, and the effects of these stacking methods on reactivity were examined from experiments.
Furthermore, the evaluation index around the catalysts when the stacking method was changed was quantified
by simulation, and the positive correlation was shown between the quantified values and the experimentally

derived values about catalytic reactivity.

6.2 Purpose

Up to this chapter, the use of MPC was shown to improve the reactivity in the SRM, WGS, and CHC
reactions, and the factors were revealed by experiments and simulations. Furthermore, the effect of the number
of MPC stacking on the reactivity when the multiple MPCs stacked in the reactor was investigated, focusing on
a rate-limiting step in each reaction. Although increasing the number of MPC stacking was effective in
improving the reactivity, dense packing of MPCs into the reactor reduced the reactivity under a catalytic reaction
rate-limiting step because it suppressed the effect of the structure. The purpose of this chapter was to propose
an effective MPC stacking method and reaction environment for the reactivity improvement, considering the
effects of the MPC structure and its usage on the reactivity that was revealed so far. First, the streamline and the
distribution of Dcm were evaluated using the simulation, and then the effective stacking method and the
contrasting method were proposed. Next, the catalytic activity tests were conducted to demonstrate the reactivity

of the stacking methods in experiments. Furthermore, the effect of the effective stacking method on the reactivity
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improvement and its tendency to the reaction temperature was evaluated by calculating the TOF ratio. The
comparison and relationship between the index for overall reactivity calculated from the simulation proposed

in each rate-limiting step and the index for reactivity calculated from experimental results were also presented.

6.3 Methodology

COMSOL Multiphysics software was used to propose the effective method of MPC stacking in the reactor
to improve the reactivity under the condition of a catalytic reaction rate-limiting step. The effective MPC
stacking methods for the reactivity was proposed by evaluating the streamline, Dcm, and reactant concentration.
The overview of the prepared simulation models is shown in Fig. 2.6-1 and 2.6-2. The equations used for the
calculations were described in Table 2.6-1. The results from those simulation models were verified as mesh-
independent study, and it was confirmed that the calculation results did not change regardless of the number of
meshes. Details of these numerical simulation methods were provided in Section 2.6.

The catalytic activity tests were performed in experiments using the proposed stacking method in
simulation in order to validate if the predicted reactivity was obtained. The model catalyst reactions adopted the
SRM and WGS reactions and CHC reactions for investigation of the proposed MPC stacking methods. MPCs
were prepared as Cu/ZnO/Al,03-MPC for the SRM and WGS reactions, and Pt/Al,03-MPC for CHC reaction
as described in Section 2.2. The catalytic activity test conditions for each reaction were shown in Section 2.5.

Details of each experimental method were described in chapter 2.
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6.4 Results and Discussion

6.4.1 Proposed effective stacking method for MPCs: Numerical simulation

A three-dimensional simulation for the SRM reaction was carried out to propose the effective MPC
stacking methods because the SRM reaction had the largest effect of improving reactivity due to the structure
of MPC. To improve the reactivity, the MPC stacking method that considered the following points was proposed
to perform the experiments by referring to the (Dcm)iy, streamline, and reactant concentration distribution by

simulation.

* To increase the effect of the structure by not stacking MPCs too densely in the reactor

* To increase the effect of the structure by utilizing the directionality of the flow change

The number of MPCs was fixed as four, to change the flow direction and increase in the effect of the
structure. Furthermore, a part of the MPC orientation was changed to control the flow direction. The images of
the proposed stacking method in the reactor and comparison packing methods are displayed in Fig. 6.4-1 (g, h,
i). The proposed suitable condition for improvement in the reactivity is referred as “OUTWARD?”. Under it, the
MPCs were stacked so that the fluid flowing through the center changed into the channel wall side, because the
flow inside the channel is generally faster at the center and slower as it reaches the channel wall. Moreover, the
comparison condition is referred as “NORMAL” when the stacking was orderly and referred as “INWARD”
when the MPCs were stacked in the opposite orientation to condition “OUTWARD”. Condition “OUTWARD”
was expected to get uniform the reactivity in the MPC stacking and improve the overall reactivity. Condition
“INWARD” was assumed to reduce the overall reactivity, because of the larger distribution of the reactivity in
the entire MPC stacking. The condition “NORMAL” implies condition “Four”. The inferred direction change

of the fluid flow is depicted by red arrows in Fig. 6.4-1.
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[ Vivivivivl
!!HI! 414041 |

Fig. 6.4-1 Stacking methods of MPCs in the reactor (g) OUTWARD, (h) NORMAL, (i) INWARD

The streamline of each condition, the Dcm distribution, and the reactant concentration distribution are
displayed in Fig. 6.4-2 (g-1, h-1, i-1), Fig. 6.4-3 (g-2, h-2, i-2), and Fig. 6.4-4 (g-3, h-3, i-3). The changes in
the distribution of reactant concentration with time are displayed in Fig. 6.4-5. The fluid flowed in accordance
with the design concept. It was confirmed that the Dcm remarkably changed with the orientation of the MPC
stacking, and it became larger under condition “OUTWARD” (g-2), whereas it became smaller under condition
“INWARD” (i-2). These results demonstrated that it is possible to design the effect of the structure in
considering the flow direction change by the orientation of the MPC stacking. (Dcm)iy; under each condition is
listed in Table 6.4-1. The value was larger under condition “OUTWARD” and small under condition
“INWARD?”. It was observed that the concentration distribution in the direction of the MPC stacking was small
under condition “OUTWARD?” (g-3), indicating a concentration distribution in the main flow direction, like in
a plug flow reactor. It was expected that the stacked MPCs would work more uniformly, improving the reactivity.
On the other hand, the reactant concentration distribution in whole MPC stacking was large under condition

“INWARD?” (i-3). It was assumed that the MPCs did not work uniformly and the reactivity was reduced.

Table 6.4-1 (Dcm);n in stacking condition (g) OUTWARD, (h) NORMAL, and (i) INWARD

Stacking Condition

(g OUTWARD

(h) NORMAL

(i) INWARD

(Dem)ine

0.79

0.68

0.41
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Fig. 6.4-5 Change in the distribution of reactant concentration with time
in condition (g) OUTWARD and (i) INWARD
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A number of strategies to improve the reactivity by making uniform the reactant concentration in the reactor
have been implemented in membrane reactors [6-01, 6-02], microchannel reactors [6-03], and foamed structured
catalysts [6-04]. We achieved making uniform the reactivity and improving (Dcm)iy in the reactor by changing
the stacking method of the unique structured catalyst into the reactor and suggested the improvement of the
reactivity.

Furthermore, it was expected that the effect of the structure was changed by the influence of the MPC
stacking distance, “d,” thereby changing (Dcm);n.. The results of the calculated (Decm)iy are listed in Table 6.4-
2 under the condition “OUTWARD” changing the MPC stacking distance, “d” (“d” changed to 0.1, 2.0, 3.0
versus the conventional distance, “d” = 1.0). It was demonstrated that (Dcm)in became large at “d” = 1.0, and
the conventional MPC stacking distance was appropriate. The streamlines and Dcm distributions for the MPC
stacking distance condition (“d” = 0.1, “d” = 2.0 and “d” = 3.0) are displayed in Fig. 6.4-6 and Fig. 6.4-7.

As depicted in these figures, when the stacking distance was short (“d” = 0.1), the fluid flowing through
the holes was unable to flow out to the channel between the MPCs. This suggested that the synergistic effect of
the structure is reduced. In addition, when the stacking distance was long (“d” = 3.0), the fluid through the holes
flowed out to the flow channel between the MPCs, as each MPC was isolated. Moreover, as the synergistic

effect of the structure became smaller, (Dcm)in decreased.

Table 6.4-2 (Dcm)in (MPC stacking distance “d” = 0.1, 2.0, and 3.0)

Stacking Distance “d” 0.1 1.0 2.0 3.0

(Dem)in 0.73 0.79 0.72 0.59
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(2.0

Fig. 6.4-6 Streamlines for the MPC stacking distance condition (“d” = 0.1, “d” = 2.0, and “d” = 3.0)
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Fig. 6.4-7 Dcm distributions for the MPC stacking distance condition (“d” = 0.1, “d” = 2.0, and “d” = 3.0)
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6.4.2 Demonstration of the reactivity improvement for the effective stacking method proposed

The catalytic activity tests for the SRM reaction, where the catalytic reaction was a rate-limiting step, were
carried out in order to demonstrate the reactivity improvement of the proposed stacking method. The methanol
conversions and Arrhenius plots of the activity tests under each condition are displayed in Fig. 6.4-8 and Fig.
6.4-9, and the conversion under condition “Three” is also shown in the figure as a comparison. It was
demonstrated that the methanol conversion is high under condition “OUTWARD” and low under condition
“INWARD?”, and the rate-limiting step, which was the catalytic reaction, did not change in the temperature
range of all conditions. Furthermore, the conversion under condition “NORMAL” was higher than that under
condition “Three,” and the reactivity was improved by the promotion of the effect of the structure by the MPC
stacking.

These results presented the same tendency as (Dcm)iy calculated by the simulation (Table 6.4-1), and the
predicted reactivity was obtained. Specifically, high reactivity was achieved in the experiments by designing
the MPC stacking method utilizing the simulation by making the entire stacked MPC work uniformly and
promoting the effect of the structure. In addition, it was cleared of the effect of the stacking method on the
reactivity since the reactivity was reduced under condition “INWARD” in the contrast design concept. The
proposal for the effective MPC stacking method to improve the reactivity was achieved through experiments

and simulations by evaluating (Dcm);y in a catalytic reaction rate-limiting step.
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Table 6.4-3 Conversions of (g) OUTWARD, (h) NORMAL, and (i) INWARD for the SRM reaction

Methanol Conversion [%]

T'[K]
OUTWARD NORMAL INWARD
473 9.9 8.4 6.5
493 243 20.8 15.6
513 46.9 433 32.3
533 77.7 72.8 63.1
553 95.5 93.1 88.2
573 100.0 100.0 98.7
100 |
00 | | mOUTWARD N
[ |
ENORMAL
? 80 B .
> 70 EINWARD =
_5 Three -
Z 60 F
Q
=
o 50 B
Q
© 40
5
% 30
=90 | R
|
10 u
0 1 1 1 1 1 1

453 473 493 513 533 553 573 593
Temperature [K]

Fig. 6.4-8 Methanol Conversions in stacking condition (g) OUTWARD, (h) NORMAL, and (i) INWARD
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Table 6.4-4 Reaction rate constant of (g) OUTWARD, (h) NORMAL, and (i) INWARD for the SRM reaction

In kSRM [-]
T[K]
OUTWARD NORMAL INWARD
473 104 105 10.8
493 94 9.6 9.9
513 8.6 8.7 9.1
533 77 78 8.1
553 7.0 71 74
573 ] ] 6.6
1T [K]
1.6.E-03 1.9.E-03 2 2.E-03
6.0 .
70 b I
_ B |
— 8.0 | .
= RO
=20 '--.’_‘“-’-‘-’l
100 | [WOUTWARD LN
BNORMAL -1
110 F u
: BINWARD
112.0

Fig. 6.4-9 Arrhenius plots in condition (g) OUTWARD, (h) NORMAL,
and (i) INWARD for the SRM reaction
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The TOF ratio was used to evaluate the effect of the reactivity improvement and the stacking method to
improve the reactivity for the SRM reaction was evaluated for the results of the catalytic activity tests in this
chapter. TOF was calculated using Eq. 3.4-6. These results are shown in Table 6.4-5 and Fig 6.4-10. The TOF
ratio showed the largest value with the effective stacking method proposed. Their values were larger at lower
temperatures. It was considered that the reasons for that tendency were similar to those given in Subsection
3.4.5. The TOF ratio at HT for the SRM reaction was smaller than that at the other reaction temperature and did
not change with the change in the stacking method because even the plate showed high reactivity.

It was suggested that the effective stacking method OUTWARD in the SRM reaction results in conversion
efficiency of 3.8 times higher than that of the unprocessed plate-type catalyst under the low-temperature reaction
environment because TOF is generally defined as the moles of reactant converted per unit time per mole of
active catalytic sites. In other words, PI for a catalytic process was achieved by using structured catalysts such
as MPC to improve the reactivity under low-temperature reaction environments. It was evaluated by Dcm, the

unique index for a catalytic reaction rate-limiting step.

Table 6.4-5 TOF ratio for each stacking condition for the SRM reaction

Temperature =~ INWARD NORMAL  OUTWARD

LT 24 32 3.8
MT 25 29 3.1
HT 1.4 1.4 1.4
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4.0
B INWARD/plate
SRM |BNORMAL/plate
B OUTWARD/plate
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Fig. 6.4-10 TOF ratio for each stacking condition for the SRM reaction

Finally, for the SRM reaction, the relationship between the reaction rate constant ksrm derived from the
experimental results at 533 K and (Dcm)in calculated using the simulation under all the conditions of the MPC
stacking method attempted in this study is displayed in Table 6.4-6 and Fig. 6.4-11. Fig. 6.4-11 showed a good
positive correlation, i.e., it reveals that by the MPC stacking method, (Dcm)iy increased, which improved the
reactivity. The slope of the linear plots increased at higher reaction temperatures because the reaction rate
constant generally increases exponentially as the reaction temperature. The intercept of the linear plots was
considered to represent the reaction rate constant for the catalytic reaction using the structured catalyst such as
plate where there is no convection in the direction assessed for Dcm and mass transfer is dominated only by
diffusion. In other words, it was suggested that the reaction rate obtained in the experiments using structured

catalysts at a reaction temperature can be predicted by evaluating the (Dcm);y in the simulation.
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Table 6.4-6 Comparison between (Dcm)in derived from simulation and the reaction rate constant ksrm

derived from experiments at 533 K as MT

One (MPC) Three Five TOP TOP180
(Dem)in 0.49 0.60 0.21 0.49 0.49
ksrm (533 K) 1.4 x10* 1.7 x10* 0.6 x10* 1.6 x10* 1.5 x10*
MIDDLE BOTTOM OUTWARD NORMAL INWARD
(Dem)ine 0.35 0.26 0.79 0.68 0.41
ksrm (533 K) 1.1 x10* 0.8 x10* 2.0 x10* 1.7 x10* 1.2 x10*
6.0E-04
5.0E-04 | .
2 o
2 m
= 40E-04 } B
*,-'ﬁ ™
= O
3 3.0E-04 }
E
5 20E-04 | D
z u]
[+
~ 1.0E-04 F
0.0E+00 . . L

0.00 0.25 0.50 0.75 1.00
(DCIn)int [']

B: One : Three W: Five M: TOP W: TOP180
H:MIDDLE W:BOTTOM W:OUTWARD M:NORMAL MN:INWARD

Fig. 6.4-11 Relation between (Dcm)ine by simulation and reaction constant Asgm

by experiments (533 K as MT)
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Next, for the WGS reaction, activity tests were carried out using the proposed stacking methods to
investigate whether the results of reactivity were similar to those obtained for the SRM reaction. The CO
conversions and Arrhenius plots of the activity tests under each stacking condition are displayed in Fig. 6.4-12
and Fig. 6.4-13, and the conversion under condition “Three” is also shown in the figure as a comparison. It was
demonstrated that the methanol conversion is high under condition “OUTWARD” and low under condition
“INWARD?”, and the rate-limiting step, which was the catalytic reaction, did not change in the temperature
range of all conditions. Furthermore, the conversion under condition “NORMAL” was higher than that under
condition “Three”, and the reactivity was improved by the promotion of the effect of the structure by the MPC
stacking. These results were similar to those for the SRM reaction, with the expected reactivity.

The values of (Dcm)in for the WGS reaction calculated on the simulation were almost the same as those
for the SRM reaction. Therefore, the experimentally obtained reactivity tendency for each stacking method was
similar to the calculated (Dcm)y tendency in simulation. Focusing on the rate-limiting step, the reason for the
improved reactivity of the effective stacking method for the WGS reaction was considered to be the same reason
as for the SRM reaction, because the SRM and WGS reactions were the same rate-limiting step of a catalytic
reaction. Therefore, it was further demonstrated that the effective stacking method was proposed to improved
reactivity under a catalytic reaction rate-limiting step by evaluating the (Dcm);y in simulation.

TOF for the WGS reaction was also calculated as the effect of reactivity improvement by the same method
for the SRM reaction, using Eq. 3.4-6. These results are shown in Table 6.4-8 and Fig 6.4-14. The TOF ratio
showed the largest value with the effective stacking method proposed. And, their values were larger at lower
temperatures. It was considered that the reasons for that tendency were similar to those given in Subsection
3.4.5. However, the values for each reaction temperature for the WGS reaction were smaller than those for the
SRM reaction. It was considered that the detailed comparison by thermodynamic studies or by quantum

mechanics studies, as described in Subsection 3.4.5, is necessary for the factors contributing to this difference.
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Table 6.4-6 Conversions of (g) OUTWARD, (h) NORMAL, and (i) INWARD for the WGS reaction

CO Conversion [%]
T'[K]
OUTWARD NORMAL INWARD
453 30.7 28.5 21.8
473 54.9 523 38.9
493 70.9 67.8 56.7
513 83.8 81.1 70.4
533 89.9 87.2 75.2
100
90 |
80 | N
= 70 t H n
.5 60 ]
g 50 a
g
S AT m BOUTWARD
© 30 | B ENORMAL
20 | u BINWARD
10 F Three
O 1 1 1 1 1
433 453 473 493 513 533 553

Temperature [K]

Fig. 6.4-12 CO Conversions in stacking condition (g) OUTWARD, (h) NORMAL, and (i) INWARD
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Table 6.4-7 Reaction rate constant of (g) OUTWARD, (h) NORMAL, and (i) INWARD for the WGS reaction

In kwas [-]
T[K]
OUTWARD NORMAL INWARD
453 -8.7 -8.8 9.1
473 -7.9 -8.0 -8.4
493 -7.5 -7.6 -7.9
513 -7.1 7.2 -7.5
533 -6.9 -7.0 74
1T K]
1.8.E-03 2.1.E-03 2.3.E-03
-6 T
-7 F I:""'»'.::'.
¢ . :::ll;-.,
=~ LA |
“"".._:""2-_'.::'.-_.‘..
®OUTWARD e i
2 [ | mNORMAL m
BINWARD
-10

Fig. 6.4-13 Arrhenius plots in condition (g) OUTWARD, (h) NORMAL,
and (i) INWARD for the WGS reaction
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Table 6.4-8 TOF ratio for each stacking condition for the WGS Reaction

Temperature INWARD NORMAL OUTWARD

LT 1.7 2.2 2.3
MT 1.5 1.8 1.9
HT 1.3 L.5 1.6
4.0
B INWARD/plate
WGS [BNORMAL/plate
B OUTWARD/plate
30 [

TOF Ratio [-]
[y
=

—
=

0.0

Fig. 6.4-14 TOF ratio for each stacking condition for the WGS Reaction

Finally, for the WGS reaction, the relationship between the reaction rate constant kwgs derived from the
experimental results at 493 K and (Dcm)in calculated using the simulation under all the conditions of the MPC
stacking method attempted in this study is displayed in Table 6.4-9 and Fig. 6.4-15. Fig. 6.4-15 showed a good
positive correlation, i.e., it reveals that by the MPC stacking method, (Dcm);iy increased, which improved the

reactivity. These results were also similar to those of the investigation as the same method for the SRM reaction.
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Table 6.4-9 Comparison between (Dcm)in derived from simulation and reaction rate constant kwas

derived from experiments at 493 K as MT

One (MPC) Three Five
(Dem)in 0.47 0.62 0.20
kwas (493 K) 3.2 x10? 3.6 x10? 4.4 %1072
OUTWARD NORMAL INWARD
(Dem)ing 0.81 0.68 0.42
kwas (493 K) 4.0 x107? 3.7 x1072 3.4 x1072
6.0E-04
[
% 3.0E-04 [
::53 [
é 4.0E-04 .
5
53 3.0E-04 | O
E
£ 2.0E-04 |
=]
5
% 1.0E-04 }
0.0E+00 ! ! !
0.00 0.25 0.50 0.75 1.00
(Dem)y [-]
B: One : Three B: Five

B: OUTWARD M:NORMAL MN:INWARD

Fig. 6.4-15 Relation between (Dcm);in by simulation and reaction constant kwas
by experiments (493 K as MT)
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6.4.3 Application of the effective stacking method to the CHC reaction

For the CHC reaction, activity tests were carried out using the proposed stacking methods to investigate
whether the results of reactivity were similar to those obtained for the SRM and WGS reactions. The hydrogen
conversions and Arrhenius plots of the activity tests under each condition are displayed in Fig. 6.4-16 and Fig.
6.4-17, and the conversion under condition “Three” is also shown in the figure as a comparison. By changing
the orientation of MPC stacking, the reactivity was slightly higher under condition “OUTWARD” and slightly
lower under condition “INWARD?”, and the rate-limiting step, which was an external mass transfer, did not
change in the temperature range of all conditions. Furthermore, the conversion under condition “NORMAL”
was slightly higher than that under condition “Three”.

It was suggested that the promotion of the external mass transfer was slightly changed by the orientation
of MPCs. The effect of changing the MPC stacking orientation on the reactivity was small because the external
mass transfer was large and uniform throughout the MPC stacking under the experimental conditions of this
study. Here, the simulation results for the distribution of Peym are shown in Fig.6.4-18 (g-4, h-4, i-4). The Peu
around the catalysts in the reactor was found to get large and uniform in the whole MPC stacking. For the CHC
reaction, which was an external mass transfer rate-limiting step, the effect of changing in the MPC stacking
method on the overall reactivity was small.

TOF for the CHC reaction was also calculated by same method for the SRM and WGS reaction, using Eq.
3.4-6. These results are shown in Table 6.4-12 and Fig 6.4-19. The TOF, as the effect of reactivity improvement,
ratios were smaller for all conditions, and the TOF ratios did not increase at the lower temperatures observed
for the SRM and WGS reactions. And, it was considered that the reasons for that tendency were similar to those
given in Subsection 3.4.5 and 5.4.4 for the CHC reaction by using MPCs and changing the number of MPC
stacking. It was because Pem was large in the whole stacking of MPC and therefore Pey is less affected by

temperature.
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Table 6.4-10 Conversions of (a) One, (b) Three, and (c) Five for the CHC reaction

Hydrogen conversion [%]

T'[K]
OUTWARD NORMAL INWARD
373 66.5 65.9 61.9
393 73.8 72.7 69.5
413 81.7 79.6 76.9
433 85.0 82.4 80.2
453 87.8 87.0 83.4
100
90 B E
80 | E E
£ 70 f . n
60 p ™
S 50 |
g
S 40 | BOUTWARD
= 30 | BNORMAL
20 BINWARD
10 F Three
O 1 1 1 1 1

353 373 393 413 433 453 473
Temperature [K]

Fig. 6.4-16 Hydrogen Conversions in stacking condition (g) OUTWARD, (h) NORMAL, and (i) INWARD
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Table 6.4-11 Reaction rate constant of (a) One, (b) Three, and (c) Five for the CHC reaction

In kCHC [-]
T[K]
OUTWARD NORMAL INWARD
373 -3.7 -3.7 -3.8
393 -3.5 -3.5 -3.6
413 3.2 -3.3 -34
433 -3.1 -3.2 -3.3
453 -3.0 -3.0 -3.2
/T [K1]
2.1.E-03 2.5.E-03 2.8.E-03
-2 .

In kcpe
1
B
L

5 L | mOUTWARD
BNORMAL
BINWARD

-6

Fig. 6.4-17 Arrhenius plots in condition (g) OUTWARD, (h) NORMAL,
and (i) INWARD for the CHC reaction
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Fig. 6.4-18 Distribution of Pey in condition (g-4) OUTWARD, (h-4) NORMAL, and (i-4) INWARD

164



Chapter 6

Table 6.4-12 TOF ratio for each stacking condition for the CHC reaction

Temperature INWARD NORMAL OUTWARD

LT 1.36 1.45 1.46
MT 1.31 1.35 1.39
HT 1.29 1.34 1.36
4.0
BINWARD/plate
CHC |mNORMAL/plate
BOUTWARD/plate
30 [

TOF Ratio [-]
2
=

—
=

0.0

Fig. 6.4-19 TOF ratio for each stacking condition for the CHC reaction

The comparison and relationship were also discussed between the results of (Pem)int calculated from Eq.
5.4-3 and the results of the reaction rate constant, kcuc, calculated from the experiments. These results are shown
in Table 6.4-13 and. Fig. 6.4-20. Although the reaction rate constant was higher for larger (Pem)in, the effect of

changing the MPC stacking method on the increase in reaction rate constant was smaller because of the very

large (Pem)in: for these experimental conditions in this study.
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Table 6.4-13 Comparison between (Pem)in derived from simulation and

reaction rate constant kcnc derive from experiments at 413 K as MT

One (MPC) Three Five
(Pewt)in 0.89 0.96 0.98
kcuc (413 K) 3.2 x10? 3.6 X102 4.4 x1072
OUTWARD NORMAL INWARD
(Pen)int 0.97 0.97 0.93
kcrc (413 K) 4.0 x1072 3.7 x10? 3.4 x10?
6.0E-02
o 5.0E-02 | *
-~ o
£ 4.0E-02 | i
7 |
g O
S |
; 3.0E-02 }
£
‘g 2.0E-02 }
=]
B
“ 1.0E-02 |
0.0E+00 ' '
0.85 0.90 0.95 1.00
(Pe)int [-]
M: One : Three : Three (SV) M: Five

@ Five (SV) HE:NORMAL MN:NORMAL MN:INWARD

Fig. 6.4-20 Relation between (Pewm)in: by simulation and reaction constant kcic by experiments (413 K as MT)

166



Chapter 6

6.5 Conclusions of chapter 6

In this chapter, the effective MPC stacking method was proposed for the SRM reaction under a catalytic
reaction rate-limiting step, where the effect of structure on reactivity improvement was significant. Streamlines,
Dcm, and reactant concentration distributions were evaluated using the numerical simulation, and the orientation
and the distance of MPC stacking were investigated to improve the reactivity, and condition “OUTWARD” was
proposed. Under condition “OUTWARD?”, the reactant concentration distribution in direction of MPC stacking
was uniform, and the Dcm to evaluate the effect of the structure was large in whole the MPC stacking.
Furthermore, the catalytic activity tests of its stacking method and the contrasting stacking method as a
comparison condition were conducted, and the improved reactivity of the proposed stacking method was
demonstrated by experiments. The results of the catalytic activity tests showed higher reactivity with the
effective stacking method. The TOF ratio was evaluated as an effect of the reactivity improvement and the effect
was larger at lower temperatures. It was achieved that the effective stacking method, condition “OUTWARD”,
for the SRM reaction results in the conversion efficiency of 3.8 times higher than that of the unprocessed plate-
type catalyst by using the MPC and designing the stacking method under the experimental conditions in this
study. The same stacking method was used for the WGS reaction, and similar results were obtained; the
reactivity was improved. The same stacking method was applied for the CHC reaction under an external mass
transfer rate-limiting step and its effect on reactivity was confirmed with catalytic activity tests. For the CHC
reaction, the effect of the reactivity improvement was small. The tendency of the effect to reaction temperature
was different from that of the SRM and WGS reactions.

In addition, the relationship between Dcm, which was the index for the proposed reactivity improvement
calculated from simulations, and the reaction rate constants k£ calculated from the experimental results were
evaluated, and it was suggested a positive correlation. In other words, it was demonstrated that the structural
design of the structured catalyst and its stacking method by evaluating Dcm around the catalyst on the simulation

for a catalytic reaction rate-limiting step provide the estimate for the experimental reaction rate.
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7.1 Conclusions

Chapter 1: Introduction

Chapter 1 provided a detailed description of the background, purpose, and organization of this dissertation.
There is a need for PI approach in the field of chemical engineering in order to achieve a sustainable society.
The structured catalyst is one of the various tools to realize PI, and attracting attention in recent years more and
more because it has the characteristics to solve the problems of conventional catalytic reactor. In this study, the
structured catalysts prepared and applied to the important reactions in the field of hydrogen energy. Furthermore,
we focused on the improvement of catalytic reactivity due to the structure of the structured catalyst, while most
of the previous studies on the use of structured catalysts have evaluated the improvement of the process
performance as a catalytic process. One of the purposes of this dissertation was to clarify the detailed factors
that contribute to improved reactivity using a structured catalyst through experiments and simulations. It was
also the purpose to propose the index to quantitatively evaluate the improvement of reactivity due to the structure
and to propose effective methods for using structured catalysts. The construction of this dissertation was shown

in Fig. 1.1-1, and the outline was presented in Section 1.4.

Chapter 2: Methodology

In this chapter, the experimental and simulation methods related to this dissertation were provided. For the
experiment, the method of preparing an anodized aluminum catalyst was adopted to catalyze a commercial
structure made of aluminum. Cu/ZnO/Al,O3-MPCs with high catalytic activity and durability and low cost were
prepared for the SRM and WGS reactions, and Pt/Al,O3-MPCs with low-temperature catalytic activity were
prepared for the CHC reaction. The catalyst layer thickness, specific surface area, amount of catalyst loading,

reduction properties, and active site characteristics were analyzed as the characterization of those catalysts.

170



Chapter 7

Square channel reactors were prepared for the stacking of multiple MPCs and used in all catalytic activity tests.
Catalytic activity tests were performed under constant W/F comparative conditions in each reaction, with care
taken to identify the rate-limiting step.

For the simulation, the software used was COMSOL Multiphysics, which adopted 3D and 2D simulations,
respectively. In all the simulation models, parallel calculations were performed for the fluid flow, heat transfer,
and mass transfer to evaluate the physical phenomena around the catalyst. All simulation models were

conducted and passed mesh independence verification.

Chapter 3: Comparison of Reactivity between MPC and Plate-type Structured Catalysts:

Experimental studies

MPC was applied to the SRM, WGS, and CHC reactions, and the catalytic activity tests for comparing the
reactivity to the unprocessed plate catalyst were carried out. MPC showed higher conversions than plate for all
reactions, and reaction rate analysis according to the Arrhenius equation showed that there was no change in a
rate-limiting step dependent on the reaction temperature and the activation energy was similar in both structures
of MPC and plate for each reaction. Furthermore, the results of the reaction rate analysis revealed that the
frequency factor was increased by the structure of MPC, suggesting that the contact frequency between reactants
and catalysts was improved by the structure. The reactivity of the SRM and WGS reactions was improved under
a catalytic reaction rate-limiting step, and this factor was investigated in detail because it was never reported. It
is generally known that a frequency factor is expressed as a product of a number of collision molecules and a
steric factor, and the improved a number of collision molecules or a steric factor due to the effect of the structure
due to the structure of MPC was considered to provide the improvement of reactivity. On the other hand, for
CHC reaction, the structure of MPC promoted the mass transfer around the catalyst and improved the reactivity
for CHC reaction because the CHC reaction was an external mass transfer rate-limiting step.

The TOF, which is a general index of catalytic performance, was calculated and compared with that of the

plate under each condition to quantitatively evaluate the effect of reactivity improvement due to the structure of
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MPC. For the CHC reaction, which is an external mass transfer rate-limiting step, the effect was almost constant
independent of the reaction temperature. On the other hand, the effects of the SRM and WGS reactions, which
were a catalytic reaction rate-limiting step, were getting larger at lower temperatures. It was suggested that the
contact frequency between the reactants and the catalysts was promoted at lower temperatures due to the effect
of the structure. In this study, it was realized that the evaluation of the increase in the frequency factor as the

effect of reactivity improvement by evaluating the TOF ratio.

Chapter 4: Investigation of Factors to Improve Reactivity due to the Structure of MPC and

Proposal of Evaluation Index: Numerical Simulation

In this chapter, it was investigated the factors on reactivity improvement when the use of MPC comparing
with unprocessed plate-type catalysts with COMSOL Multiphysics software as numerical simulations. The
SRM reaction, which had the largest reactivity improvement effect due to the structure of MPC, and the CHC
reaction, which had a smaller effect, were adopted in the simulation models. The initial and boundary conditions
were set to match the experimental conditions, and the parameters related to the reaction rate were calculated
from the experimental results. The results of the calculations for both reactions by their prepared simulation
models showed similar conversion to those of the experimental results, thus confirming the validity of the
simulation model. The change in streamline due to the structure of MPC using the simulation models was
evaluated, and it was demonstrated that the MPC is a suitable tool for PI, as it showed that the MPC is capable
of vector control of transport phenomena.

For the CHC reaction, which was an external mass transfer rate-limiting step, the Pem around MPC was
calculated with simulation to evaluate the overall reactivity. The results showed that the use of MPC
significantly increased the value of Pey around MPC. It was suggested that the factors of the reactivity
improvement when the use of MPC for the CHC reaction.

Dcm, which evaluates the effect of the structure, was proposed as the index to evaluate the reactivity

improvement due to the structure of MPC under a catalytic reaction rate-limiting step. The Dcm was defined as
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the ratio of the mass transfer flux due to convection caused by the catalytic structure to the mass transfer flux
due to diffusion, with a higher value indicating that the changes in the reactants fluid flow were larger. Dcm was
evaluated in the direction of MPC fin height, considering the structure of MPC. Therefore, Dcm was found to
be almost zero around the plate. On the other hand, Decm around the MPCs was found to be larger in front of or
behind the MPC fins. It was suggested that the factor of the reactivity improvement when the use of MPC for
the SRM reaction. For the WGS reaction, it was the same reason for the reactivity improvement when MPC was
used because a rate-limiting step was the same as the SRM reaction. In addition, numerical simulations were
performed for the SRM reaction at different reaction temperatures in order to investigate the tendency of larger
TOF ratios at lower temperatures as the effect of the reactivity improvement under a catalytic reaction rate-
limiting step presented in Subsection 3.4.5 The evaluation of Dcm at each reaction temperature showed that the
Dcm values around MPC were higher at lower temperatures, indicating good accordance between the calculated
and experimental results. In other words, it was suggested that Dcm is a suitable index for evaluating the
reactivity of structured catalysts such as MPC under a catalytic reaction rate-limiting step. It was a novel report
for the field of process intensification of a catalytic reaction process using a structured catalyst.

Finally, the simulation model was prepared for the non-hole MPC and its streamlines and Dcm were
evaluated. The streamlines and the value of Dcm around MPC indicated that the effect of the structure was small
because there were no holes, and the reason for the decreased reactivity of the non-hole MPCs by experiments
was verified. In other words, it was suggested that not only the fins but also the holes are important for improving

the reactivity due to the structure of MPC.
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Chapter 3 & 4

“Investigation of factors to improve reactivity using MPC and Proposal of evaluation index”

\_ Reactivity improvement due to the structure of MPC

External mass transfer { Rate-limiting step J Catalytic reaction

Increase in the external

Increase in the Similarity of
~ o s w
mass transfer coefficient k,

frequency factor kg ~._ definitions
A

{Factors of the reactivity improvemem}

. i + Effect of reactivity
: i improvement
M . i v TOF ratio
. - .
Evaluating index of the effect of the structurcw r Dcm + Similarity of
. ; J quantitative
f tendencies

Fig. 7.1-1 Summary of chapter 3 & 4

Chapter 5: Investigation of the Effect of the Number of MPC Stacking on the Reactivity

In this chapter, the effect of the number of MPC stacking on the reactivity was investigated by experiments
and simulations for the SRM reaction, first. The effect of the structure was promoted by increasing the number
of MPC from 1 to 3, and the reactivity was improved. The TOF ratio as the index for the effect of the reactivity
improvement got larger at lower temperatures. On the other hand, the reactivity was significantly reduced when
the MPCs packed densely in the reactor, and the effect of the reactivity improvement was small. The numerical
simulation was performed in order to examine the reason for that, and streamline and Dcm, as the index for
reactivity under a catalytic reaction rate-limiting step, were evaluated. The simulation results showed that, for
condition “Five”, the effect of the structure was suppressed due to the densely stacked MPCs in the reactor, the
flow change in the direction of MPC stacking was small, and the Dcm was small in whole the stacking. Moreover,
a significant reactant concentration distribution was observed in the direction of MPC stacking.

The catalytic activity tests were conducted using the position of the catalyzed MP as a parameter because

it was believed that the stacked MPCs in the reactor were not working uniformly due to the suppression of the
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effect of the structure. It was confirmed that the reactivity was different depending on the position of MPC.
Especially condition “BOTTOM”, where the catalyst was positioned in the lowest part of the stacking, showed
the reactivity reduction. It was suggested that the effect of the structure was smaller at lower part of stacking
under conditions when the MPCs were densely packed in the reactor. It was confirmed that the catalyst was not
working uniformly and the reason for the reduced reactivity for condition “Five” was identified. From these
results, the reactivity under the catalytic reaction rate-limiting step is expected to be improved by stacking
methods that consider the following two points.
* To increase the effect of the structure by not stacking MPCs too densely in the reactor
* To increase the effect of the structure by utilizing the directionality of the flow change

Catalytic activity tests with different number of MPC stacking were carried out for the WGS reaction under
a catalytic reaction rate-limiting step, similar to the SRM reaction. The results showed a similar reactivity
tendency as the SRM reaction; the reactivity was increased for condition “Three”, and decreased reactivity for
condition “Five”. The reason was considered that the same as the SRM reaction because of the same rate-
limiting step. Furthermore, for the CHC reaction, which was an external mass transfer rate-limiting step,
catalytic activity tests were carried out with different number of MPC stacking. The reactivity improvement due
to the number of MPC stacking could not be investigated under the constant W/F comparison condition under
an external mass transfer rate-limiting step, so the comparison was performed under the constant SV condition.
As the number of MPCs stacked for the CHC reaction increased, the reactivity improved and it was showed a
different tendency than the SRM and WGS reactions under a catalytic reaction rate-limiting step. Furthermore,
the TOF ratio as the effect of reactivity improvement was small and almost constant at each reaction temperature
when the number of stacking was changed. These reasons were examined by evaluating Pey, the index for the
reactivity under an external mass transfer rate-limiting step. The simulation results showed that the Pem was
large and uniform in whole the MPC stacking. In other words, Pem was less affected due to the number of MPC
stacking under the reaction conditions for the CHC reaction in this study, which reduced the effect of reactivity

improvement.
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Chapter 6: Proposal for Effective MPC Stacking Method

In this chapter, the effective MPC stacking method was proposed for the SRM reaction under a catalytic
reaction rate-limiting step, where the effect of structure on reactivity improvement was significant. Streamlines,
Dcm, and reactant concentration distributions were evaluated using the numerical simulation, and the orientation
and the distance of MPC stacking were investigated to improve the reactivity, and condition “OUTWARD” was
proposed. Under condition “OUTWARD?”, the reactant concentration distribution in direction of MPC stacking
was uniform, and the Dcm to evaluate the effect of the structure was large in whole the MPC stacking.
Furthermore, the catalytic activity tests of its stacking method and the contrasting stacking method as a
comparison condition were conducted, and the improved reactivity of the proposed stacking method was
demonstrated by experiments. The results of the catalytic activity tests showed higher reactivity with the
effective stacking method. The TOF ratio was evaluated as an effect of the reactivity improvement and the effect
was larger at lower temperatures. It was achieved that the effective stacking method, condition “OUTWARD”,
for the SRM reaction results in the conversion efficiency of 3.8 times higher than that of the unprocessed plate-
type catalyst by using the MPC and designing the stacking method under the experimental conditions in this
study. The same stacking method was used for the WGS reaction, and similar results were obtained; the
reactivity was improved. The same stacking method was applied for the CHC reaction under an external mass
transfer rate-limiting step and its effect on reactivity was confirmed with catalytic activity tests. For the CHC
reaction, the effect of the reactivity improvement was small. The tendency of the effect to reaction temperature
was different from that of the SRM and WGS reactions.

In addition, the relationship between Dcm, which was the index for the proposed reactivity improvement
calculated from simulations, and the reaction rate constants k calculated from the experimental results were
evaluated, and it was suggested a positive correlation. In other words, it was demonstrated that the structural
design of the structured catalyst and its stacking method by evaluating Dcm around the catalyst on the simulation

for a catalytic reaction rate-limiting step provide the estimate for the experimental reaction rate.
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Purpose of chapter 5 & 6
“Investigation of Effects of MPC Stacking and Proposal for effective Stacking Method”

Dcm was applied to evaluate the effect of the structure on the use of multiple MPCs.

Strategies for stacking methods to improve the reactivity

+ To increase the effect of the structure by not stacking MPCs too densely in the reactor

+ To increase the effect of the structure by utilizing the directionality of the flow change
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Reactivity reached 3.8 times higher at lower temperatures with the proposed stacking method

Fig. 7.1-2 Summary of chapter 5 & 6

177



Chapter 7

7.2 Future works and OQutlook

In this study, the reactivity improvement and the tendency of its effect under a rate-determining step of a
catalytic reaction and under a rate-determining step of an external mass transfer were evaluated when the
structured catalyst was used (Table 7.2-1). In addition, factors for those were investigated and the unique

evaluation index, Dcm, was proposed (Table 7.2-2).

Table 7.2-1 Evaluating the effect of the reactivity improvement with a focus on a rate-limiting step

) Rate-limiting step Effect of reactivity improvement
Reaction o .
in this study (TOF ratio)
SRM Catalytic reaction Largest
WGS Catalytic reaction Large
CHC External mass transfer Small

Table 7.2-2 Reactivity improvement factors and the evaluation indexes

Rate-limiting step Factor for reactivity improvement o
o Evaluation index
in this study due to the structure of MPC

Catalytic reaction Increase in the frequency factor kg Dcm

External mass transfer Increase in the external mass transfer coefficient k. Pewm

As shown in Tables 7.2-1 and 7.2-2, the factors and indexes for the reactivity improvement using structured
catalysts were suggested. Here, two of the targets that were not investigated in this study are provided below.
First, the temperature dependence of the effect of the reactivity improvement when the structured catalyst was
used under an external mass transfer rate-limiting step was not investigated in detail. The CHC reaction in this
study was conducted under high flow rate conditions to evaluate the reactivity. However, the CHC reaction,

when Pt catalyst was used, was proceeded very fast and was therefore under an external mass transfer rate-
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limiting step in the experimental conditions. The Pey around the catalysts in the reactor was very large, and the
Pem was less affected by the change in the MPC stacking methods and the reaction temperature. The tendency
shown in the SRM and WGS reactions to get larger the effect of the reactivity improvement at lower
temperatures is expected to be also confirmed for the CHC reaction because of the reaction environment, where
was the low diffusion rate. It showed the tendency to increase slightly at lower temperatures in these
experimental conditions, but it was not sufficient.

Therefore, the experimental conditions under an external mass transfer rate-limiting step, not limited to the
CHC reaction, should be set up as in this study such as changing the MPC stacking method, and the change in
the Pewm around the catalysts and the temperature dependence due to the effect of the structure when changing
the structure or use of the structured catalyst should be evaluated. In other words, the evaluation of the effects
of the use of structured catalysts under an external mass transfer rate-limiting step provides expand the
application of structured catalysts and accelerates the study and spread of structured catalyst technology. We
believe that it will realize PI for a sustainable society.

Second, as described in Subsection 3.4.5, factors contributing to the difference in the effect of the reactivity
improvement between the SRM and the WGS reactions were not investigated. It was suggested that the
frequency factor, represented in the molecular collision theory in the field oh reaction kinetics, were increased
by the effect of the structure due to the structure of MPC and improved the reactivity for the reaction under a
catalytic reaction rate-limiting step. While it is well known that the frequency factor is expressed
thermodynamically in the Absolute reaction rate theory as the Transition state theory [7-01]. In other words, it
is possible to calculate the frequency factor to increase thermodynamically. Furthermore, the field of quantum
mechanics, which developed after the development of reaction kinetics as a field of study, also had a significant
impact on the field of reaction kinetics. In recent years, first-principles calculations of the electronic states of
reactants and catalysts by quantum mechanical calculations of chemical reactions are being actively studied
with the rapid increase in computational performance [7-02]. In addition, a number of machine learning-based
catalyst designs have been reported for the selection of catalyst metals [7-03, 7-04]. The argument of this study

should be examined in more detail regarding the improvement of the frequency factor from those approaches.
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A detailed reactor design methodology for structural catalytic reactors will be established.

Fig. 7.2-1 Future works

The outlook of this study beyond the Future Works is the preparation and demonstration of structured
catalysts with the appropriate structure for various reactions using a 3D printer. From the results of this study;
the index for evaluating the effect of reactivity improvement due to the catalyst structure focusing on a rate-
limiting step, we believe that structured catalysts are an applicable replacement for all conventional catalytic
processes. The PI of the catalytic reaction process is realized by applying the structured catalysts, which have
the proposed structure by simulation considering the reaction conditions and the characteristics of the target
reactions. The structured catalyst will be prepared by using a 3D printer easily.

However, there are many challenges to the structured catalysts with a 3D printer. Depending on the
hardware, software, printing paste properties, printing conditions, etc., the capacity and durability of the 3D
printer structured catalyst will be influenced. Also, the composition of the printing paste has a significant effect
on reactivity. However, the 3D printer structured catalyst technology is considered to be very attractive with the
drastic improvement in computer performance and the rapid development of additive manufacturing technology
in recent years, and it cannot help but hope that the study and use of structured catalyst technology will

contribute to building a sustainable society.
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