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Abstract

Catalysts have a significant role in industry and the optimization of their performances could have
significant impact in terms of environmental and economic aspects. In addition to the selected
active species, catalyst performances are also influenced by the structural characteristics of the
catalyst support which impacts diffusion into the catalysts. For this reason, in recent years there

has been an increasing interest in the use of ceramic foams as catalysts supports.

In this work, new formulations of directly foamed ceramic suspensions were developed. These
presented benefits in terms of both environmental impact and pH operating window. The
performances of the new amphiphiles were tested and they were then ranked in accordance with
their hydrophobicity. Correlations between amphiphile hydrophobicity and foam structure were

found giving an insight on how to tailor the initial formulation to obtain the desired foam structure.

Foams structure is also affected by its manufacturing process. An aerated stirred vessel was used
to generate the foam and a Design of Experiment was carried out to determine the process
parameters that effects foam structure. Foam structure (e.g. porosity and bubble size) was
correlated to global mixing parameters and mixing regimes to understand the mixing conditions
necessary to obtain the desired foam. In addition, foams rheological properties were correlated to
its bubble size and bubble size distribution; this correlation could result in the use of rheological

measurements as an at-line technique to control the foam structure.

The performances of foam supported catalysts were tested in different reactions such as Fischer

Tropsch and methane oxidation. In both cases foam supported catalyst gave better performances in



respect to conventional ones. The improved performances were attributed to the lower diffusion

resistance inside the catalyst particles.

To screen the performances of catalysts having different structures, a computational approach was
used to simulate the methane oxidation reaction when foams with different porosities were used as
supports. An in-house developed kinetic model was validated against experimental results acquired
by SpaciMS technique. In addition, two different approaches (1D + 1D and CFD) were used to

simulate the reaction in a monolithic reactor resulting in comparable profiles.

A 1D + 1D model was used to simulate the methane light-off curve and it was compared with the
experimental results. The comparison showed that, upon selection of the right characterization
technique to reconstruct the foam structure, it was possible to satisfactorily reproduce the
experimental light-off curve. The developed model allows a faster screening of the performances
of catalysts supported on ceramic foams having different structures resulting in a more economical

and faster catalysts development.
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Chapter 1
Introduction

1.1 Introduction to catalysis
The use of catalytic processes has ancient roots but its origin is difficult to trace [1]. However, the
word catalysis was firstly used by J.J. Berzelius in his report published in 1836. In his work, he
reviewed the early findings on chemical changes in homogeneous and heterogeneous systems
proposing the existence of a new force called “catalytic force” and he called “catalysis” the
decomposition of species by this force [2]. This marked the beginning of a scientific approach to
catalysis, and to chemical reaction in general, that eventually led to the birth of industrial catalysis.
Nowadays catalytic reactions play an important role in many industrial processes such as the
production of mineral acids (e.g. HNO3, H2SO4), petrochemicals, and polymers just to list a few.
It is estimated that more that 50% of the chemicals produced today come from catalytic processes

[3] and the demand for catalyst is expected to be around 20.6 billion $ in 2018 [4].

The use of catalysts gives two main advantages: they increase the rate of reaction by providing a
transitional state characterised by a lower energy barrier and they increase the selectivity towards
desired products vs un-wanted ones [5]. Catalytic processes can be divided in homogeneous and
heterogeneous ones. In the former the catalyst and the reactants/products are in the same phase
(e.g. liquid, gas or solid) while in the latter the catalyst and the reactants/products are present in
different phases (e.g. solid-liquid, gas-solid, etc.). Heterogeneous catalysts are most commonly
characterized by active site (functional centres where specific reactions occur) dispersed on the
support with the latter having different structural properties (e.g. surface area and porosity);

exceptions to this description are for example perovskites catalysts where the synthesised powder
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constitutes the active species [6]. This work focused on the development of new porous supports
to be used in heterogeneous catalysis and thus attention will be focussed on this class of catalysts.
In the next subsections, an introduction to the factors affecting the performances of supported
heterogeneous catalysts is given. Due to the vastness of the subject, this introduction is by no mean
exhaustive and the effects of different factors impacting catalyst performances will be discussed in
more detail in the relevant chapters.
1.1.1 Effects of diffusion phenomena in heterogeneous catalysts
performances
Different physical and chemical phenomenon are involved in heterogeneous catalysis; the typical

steps occurring in a heterogeneous catalyst are schematised in Figure 1. 1.

Adsorbed o
reactant '
“ .
) Active
Adsorbed Catalyst particle —r
sites
product j
eV
.
- - :
o Bulk fluid

Pore fluid

Figure 1. 1: Steps involved in a typical heterogeneous catalytic process [7]

The reactants firstly transfer from the bulk fluid to a catalyst particle (1), then internal diffusion in
the catalyst pores occurs for the reactant to reach the active sites (2), the reactant adsorbs on the
active site (3) so that the reaction can occur forming an adsorbed product (4), this then desorbs (5)

and diffuses through the catalyst pores (6) and hence from the particles to the bulk fluid (7). It is
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evident that in the case of heterogeneous catalysis the rate of reaction can depend on a series of
physical phenomenon such as film diffusion resistance at the fluid film surrounding the particles,
adsorption/desorption on/from the catalyst surface and pore diffusion resistance. The last is
particularly relevant when considering internal diffusion limitations. In 1939, Thiele proposed a
relationship between reaction rate and diffusion that took the name of Thiele modulus [8]. This
value may be used for the determination of the effectiveness factor which express how much the
reaction rate is lowered because of the pore resistance diffusion [3] and is defined as the ratio
between the actual mean reaction rate within pores and the rate if not slowed by pore diffusion [3].
Catalyst effectiveness can be strongly influenced by the support shape and porosity; for example,
the effectiveness of V,0s/Ti0O; catalysts used in NO conversion can vary between 0.01 and 0.3
when extruded-monolith and pellets are used respectively and can reach values up to unity in the
case of wash-coated monolith; in addition, the effectiveness of such a catalyst can be substantially
improved by introducing macro-porosity [9]. The effect of pore volume on catalyst performances
was also observed in Fischer-Tropsch reaction; Song and Li showed that the mesopores (pore
diameter comprised between 2 and 50 nm) of the support have an effect on the size of the active
site particles with pore size of 6-10 nm giving catalyst with higher activities and selectivity toward
the desired products [10]. Li et al. reported that the performance of Co catalyst in Fischer Tropsch
were enhanced when supported on macroporous (pore diameter >50 nm) silica instead of non-
macroporous silica; the authors concluded that the positive effect was due to the rapid transport of
reactant and products when macropores were present [11]. Optimisation of the structure of catalyst
support is receiving an increasing interest in different research areas. Rao et al. showed that PtRu
catalysts, supported on low surface area carbon, present superior mass specific activities in

methanol oxidation; the authors related this to the high PtRu utilisation and the facilitated diffusion
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in macropores [12]. These are just few examples on how the structure of the catalyst support can
be optimised to enhance the catalyst performances; further discussions on this topic will be
presented in Chapter 4 and Chapter 7 of this work.
1.1.2 Effects of crystal size and crystal defect on heterogeneous catalysts
performances

The size effect in catalyst particles has been studied since the infancy of catalytic research, for
example, through studies of ultrafine particles and single-site catalysts [13] [14]. In the past, the
size effect was only associated to an increase in the proportion of surface species and defects that
in turn present a lower coordination number and hence are catalytically more active [15]. With the
development of nanoscience it has become evident that, other than these size-dependent fractions
of under-coordinated sites, electronic states of a metal nanoparticle could vary or even transition
from a metallic state to a molecular one [16]. It is important to point out that the effects of different
coordination environment and electronic state are not unidirectional but, the decrease in particle
size, may either increase or decrease the activity of a given reaction. For example, the conversion
of CO to COz is significantly increased when the size of Au nanoparticles is decreased from ~6 nm
to ~3 nm; this is due to the increase in the number of active sites in terms of Au atoms with a low
coordination number [17]. By contrast, larger Pt nanoparticles exhibits a higher activity in the same
reaction with the activation energy on 12 nm platinum particles being much lower than that of 1.7
nm particles; attributed to the stronger binding energy of smaller Pt particles and consequently to
the lower desorption rate of CO molecules [18]. Other examples of reactions affected by particles
size are the hydrogenation of unsaturated aldehydes catalysed by Au nanoparticles supported on
TiO2 [19] and the reduction of 4-nitrophenol to 4-aminophenol catalysed by

cetyltrimethylammonium bromide-stabilised Au nanoparticles [20]; in both cases, an increase in
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catalyst activity was observed reducing the particles size. It has been previously said that the
presence of defects also affects the catalyst activity. In the 1920s Kolles [21] and Stranski [22]
proposed the TSK (Terrace Step Kink) model. This states that the energy of an atom, positioned
on a crystal surface, depends on its bonding to neighbouring atoms; depending on the atom
positions, this will have a different number of neighbours. Considering a simple cubic surface, a
kink atom has 3 neighbouring atoms, a step atom has 4 neighbouring atoms and a terrace atom has
5 neighbouring atoms. Figure 1. 2 shows a schematic diagram of the surface described by the TSK

model.

Step Terrace
Terrace vacancy
¢S A 7] !
’ ’{ 'I :
i .:,: ,L:'_Ei_'llf__ & Aﬁ SHe Terrace site
< 7 R, 2
Kink site ~ e il
Z

Figure 1. 2: Diagram of the surface described by the TSK model [23]

It has been postulated that, since step and kink atoms have fewer nearest neighbours than atoms in
a flat surface, these are more reactive [24]. The lower surrounding electron density makes them
more likely to bind adsorbates in order to make up for their electron density deficiency [25]. Many
catalytic processes occurring on well-defined surfaces can be either defect favoured or terrace
favoured. Defects can influence reactivity through geometric effects, due to the presence of surface
atoms in favourable positions for catalytic promotion, or through electronic effects due to the

alterations in electronic structure at defects [26]. Spendelow et al. reported that the oxidation of CO
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at high coverage and low potential on Pt (111) in alkaline media is an example of a defect-favoured
reaction in which the role of defects is to stabilise adsorbed OH. On the other hand, reduction of
oxygen on Pt (111) in alkaline media serves as a model of a terrace favoured reaction in which
defects are deactivated by strong localised adsorption of OH/O, leaving terrace sites as the active
sites [26]. Another example of the beneficial effects of surface defects was given by Wang et al.
who studied the dry dehydrogenation of alcohols on Cu (111) and Cu (110) model surfaces showing
that the degree of hydrogenation can be increased by increasing the density of defect sites by
roughening the surface via Ar" [27]. Although the beneficial effects of surface defects is frequently
observed, this is not always the case. Ford et al. reported that the effect of defects may not be as
important in surfaces that relax considerable from their ideal arrangement [25]. For example, the
actual distance between the first and second layer of Pt (210) is 22% shorter than the ideal distance
[28]; after surface relaxation, the electron density around a particular surface atom can be quite
different from the electron density around the same atom in its ideal position making the defects
effect less important. From these few examples it is evident that the effects of particles size and
surface defects on the catalytic activity/selectivity are due to a combination of geometric and
electronic effects. These can significantly vary depending on the reaction system under
consideration and a compromise between geometric and electronic effects is usually required to

optimise the catalyst performance.

1.1.3 Effects of promoters on heterogeneous catalyst performances
Promoters are added to heterogeneous catalysts to enhance activity, selectivity, lifetime or to ensure
the structural integrity of the catalyst surface [29]. Al,O3 and K,O are, for example, the promoters

added in iron catalyst for ammonia synthesis. Al>O3 acts as a structural promoters and its main role
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is to increase and stabilise the surface area of the catalyst; alumina, together with other oxidic
materials, preferentially segregates the grain boundaries of the iron catalyst forming a physical
barrier that prevents crystallites growth through sintering (reduction in catalyst surface area
resulting from the aggregation of catalyst particles due to heat) [30]. Alumina also interacts with
the potassium promoter reducing its loss from the surface. K>O acts as an electronic promoter
significantly increasing the low coverage N> adsorption coefficient, reducing the barrier to
dissociation; thus enhancing the dissociative adsorption rate of N> [31] [32]. Potassium has a
similar role in potassium promoted iron catalysts used in Fischer Tropsch synthesis; it enhances
the adsorption and dissociation of CO [33] [34]. Similar promotion effects have been observed for
the water gas shift reaction catalysed by cesium-promoted copper catalysts with cesium enhancing
the rate of the reaction [33] [34] [35]. Apart from the electronic effects which aid
adsorption/dissociation/desorption processes on the catalyst surface, there are two other ways in
which promoters act to increase selectivity. It is known that the addition of chlorine compounds or
NOx in the oxidation of ethane to ethene oxide, using silver catalysts, significantly enhances the
ethene oxide selectivity [36]. This is due to the suppression of non-selective homogeneous gas
phase oxidation reactions. The addition of chlorine containing compounds has a similar effect in
the oxidation of methane; also in this case this is due to the elimination of non-desired gas phase
reactions [37]. Another way promoters can enhance catalyst selectivity is by blocking non-selective
surface sites. For example, the addition of bismuth to supported platinum catalysts enhances the
selectivity of oxidation reactions such as glycerol oxidation [38]. This is due to the bismuth atoms
selectively blocking specific surface platinum sites. These few examples showed how promoters

can be used to enhance catalyst activity and selectivity. These can act in a number of ways and, in
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particular, complex interactions between structural and electronic effects can play in important role

in enhancing the catalyst performances.

1.1.4 Steps for the development of catalyst at industrial scale
The previous sections have shown that the development of a new catalyst is not a trivial task. Once
a promising research catalyst (laboratory scale) has been developed, several steps are required to
obtain a technical catalyst (commercial scale). Mitchell et al. comprehensively described these

steps in their review paper [39]; these are summarised in Figure 1. 3.
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Figure 1. 3: Typical sequence of interactive tasks followed in a catalyst development [41]

Research catalyst is usually a single bulk or supported active phase in powder form while the
technical catalysts, in addition to the active phase and support identified during the screening steps,
includes a series of additives to complement physical (mass or heat transfer), chemical
(functionality), or mechanical attributes. Another fundamental operation in the manufacturing of

commercial catalysts is the unit operation known as forming in which powders are structured using
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a specific method into macroscopic bodies (e.g. pelleting, extrusion, spray drying). Forming
methods usually rely on powder agglomeration. Powder compaction is carried out on dry powders
(pelleting) while wet (usually aqueous) powder is used for processes such as extrusion of pastes,
granulation or as slurries for spray drying. Common elements to all the forming techniques are that
the raw material must initially be refined to form a well-defined feed, the pre-mixtures must be
agglomerated into “green” bodies of the required shape and finally, the shaped bodies must be
hardened to satisfy the mechanical demands [39]. Due to the complexity of the forming step, it is
evident that a support’s structure can be varied in several ways: selecting materials having different
bulk properties (e.g. surface area), using different forming techniques to obtain the desired
macrostructure (e.g. pelleting, extrusion, etc.) or controlling the catalyst after-treatment (e.g.
calcination temperature) which affects both the porosity and the mechanical strength of the support.
Johnson Matthey has a long and successful history in developing new structural catalyst supports;
some examples include the patents US19880292002 and W02010029324 granted to JM (still ICI
in the case of the first patent) regarding the use of negative replica ceramic foams and a new shaped

pellet (Figure 1. 4) as catalyst supports.

=]
Figure 1. 4: Johnson Matthey new pellet shape protected by patent WO2010029324 [40]

Johnson Matthey has taken advantage in the development of computational techniques for the
development of new catalyst shapes and structure. These were developed both in-house and

through collaborations with leading institutions in the field such as, just to name a few, the
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Worcester Polytechnic Institute, the Institute of Chemical Technology at Prague and the University
of Leeds. From collaborations with the first institution pioneering Computational Fluid Dynamic
studies regarding diffusion and reaction in packed bed reactor were carried out while, from
collaborations with the second one, pore resolved models were used for multiscale simulations in
order to understand the impact of catalyst structure on its performances; details of the specific
publications will be given in Chapter 6 and Chapter 7 respectively. The work with Leeds by contrast
was a very early example of a computational approach to loading catalyst pellets into tubes,

enhancing the ability to investigate shape effects.

1.2 Company Background
Johnson Matthey plc (JM) is a leading speciality chemicals company with a core focus in catalysis,
precious metals, process technologies and fine chemicals. Johnson Matthey is a UK registered
FTSE 100 company operating in over 30 countries. As reported in their 2017 annual report, the
company has an approximately 12,200 employees, revenue of £12.03 billion and an underlying
profit before tax of £461.6 million [41]. As of October 2017, the company has four Sectors (or

divisions):

e Clean Air, which supplies catalysts and technologies related to environmental applications
such as catalysts for light and heavy duty vehicles, on-road and non-road diesel retrofit and
stationary emission control systems (e.g. coal-fired power plants)

e [Efficient Natural Resources, which supplies process catalysts and recycling capabilities;

this division comprises:
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Precious Metal Refining: refining and recycling business which recovers platinum
group metals (PGMs) from spent catalysts and other secondary materials and
refines PGMs from global mining operations.

Precious Metal Management: business including platinum marketing and
distribution activities and market research services.

Noble Metal: business leader in the fabrication and refining of a wide range of
products made of platinum group metals (e.g. catalyst gauze for ammonia
oxidation, advanced coating technology ceramics, sensors, etc.)

Advanced Glass Technology: leader supplier of high performance materials to the
automotive glass, electronic, tableware, advanced ceramics and technical glass.
Chemical Products: manufacturer of minor metal compounds, organometallics and
fine metal powders for high technology applications.

Syngas: offers a range of catalysts and technology for ammonia, methanol,
hydrogen, substitute natural gas and gas to liquid production. In addition, it
includes the market leading KATALCO and PURASPECv catalyst ranges
together with licensed process technologies.

Process Licensing and Technology: develops chemical processes and technologies
and licenses them for use in the oil, gas, petrochemical and biochemical industries.
Purification-Gas Processing: provides absorbents and technologies used for the
purification of natural gas, hydrocarbon gas and liquefied natural gas.

Diagnostic Services (Tracerco): provides measurement and diagnostic services for

the oil and gas industry.
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o Chemical Catalysts: catalysts for the petrochemical industry. In addition, it

includes the market leading FORMOX™ process technology, catalysts and

services for formaldehyde production.

Health, which brings cost effective, niche treatments to the market. It includes:

o Custom Pharma Solutions: provides a full range of dedicated drug development,

scale-up and manufacturing services.
Controlled Substances: supplies an extensive range of controlled substances and
opioids. This division includes Macfarlan Smith Ltd which is the world’s leading

manufacturer of opiate alkaloids.

o APIs and Life Cycle Management: provides an extensive range of APIs.
New Markets which focuses on areas adjacent to current interests and include:

o Batteries Technology: develops advanced materials and technologies for high

performance battery applications, and is the globally second in terms of cathode
material manufacture.

Catalysts: dedicated to improving the efficiency of catalytic reactions for the
manufacture of pharmaceuticals, fine and agro-chemicals.

Fuel Cells: world leader in the production of catalysed components for use in fuel
cells and of membrane electrode assemblies.

Atmosphere Control Technologies: creates advanced technologies to extend the
post-harvest life of fresh produce.

Water Technologies: provides high technology purification and decontamination

products for a variety of industrial applications.
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o Medical Devices: provides a complete range of capabilities in the fabrication of

precious metals, alloys, Nitrinol and engineered plastics.

1.3 Business Case

For Johnson Matthey, developing new porous supports and the assessment of their performance

through experimental testing and computational methods is beneficial in several aspects:

The developing of porous supports characterized by extensive macro-porosity allows
improvements in catalyst effectiveness. It has been introduced in Section 1.1.1 that this
catalyst property is particularly affected by the percentage of macro-pores. Higher catalyst
effectiveness has three major advantages: allows to bring the cost down since less active
species can be used, leads to a reduction of the reactor volume and, consequently, increases
the sustainability of the process since less catalyst has to be disposed of or recycled.
Design and optimization of the manufacturing process results in the understanding of how
to control it in order to obtained the desired final product. In addition, it allows to
manufacture the desired product in a time and cost effective way.

Testing of different catalytic species supported on macro-porous supports allows
identification of catalytic process in which the use of these supports is particularly
beneficial. This puts JM in a position to enter such markets before its competitors.
Develop modelling methodologies that can be applied to the investigation of catalyst having
different porous structures. This results in a more efficient development time of new

catalyst structure, decreasing the time to market of the product.
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Development of both new support structures and modelling methodologies will give JM a
commercial advantage in different area (e.g. syngas, emission control) over its competitors. An
additional commercial benefit is that the development of these new materials will result in more
sustainable processes, which is in line with Johnson Matthey vision for a cleaner and healthier

world.

From an academic point of view, this work will provide a fundamental understanding of the
chemistry and engineering involved in the formulation and manufacturing of these materials.
Journal papers and conference presentations resulted from this project will be used to share this

work with the scientific community.

1.4 Scope of the Investigation

This work has five major objectives and these are summarised below:

e Developing new, more flexible and more sustainable ceramic foams formulations.
Ceramic foams, produced by direct foaming, commonly use carboxylic acids or amines to
modify particles surface. These formulations present a limited pH operative window and,
in addition, their use present environmental concerns.

¢ Lie the basis for a fundamental understanding of foam manufacturing. Initial ceramic
slurries are usually mechanically frothed by a kitchen mixer; this approach limits the
fundamental understanding of the manufacturing process and impedes its scale-up.
Industrially applicable manufacturing methods will be used to understand the impact of
different manufacturing parameters on the foam structure to gain a fundamental

understating on foam manufacturing.
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e Testing of foam supported catalysts in different reaction systems. Foam supported
catalysts will be tested in reaction systems particularly relevant to Johnson Matthey
business such as Fisher-Tropsch Synthesis and methane oxidation reaction; the advantage
of using macro-porous supports over conventional ones will be assessed.

e Develop reactor models to screen the performances of porous catalysts in different
reactor configurations. Time effective commercialisation of new catalysts can be
facilitated using modelling tools. 1D + 1D models will be developed to screen the
performances of catalysts in different reactor configurations such as monolith and packed
bed reactors. Models results will be compared to experimental ones in order to confidently
validate the developed models.

e Compare different modelling approaches to understand the level of complexity
necessary to effectively screen catalysts performances. Two main comparisons will be
carried out: 1D + 1D simulations against Computational Fluid Dynamic ones and the use
of the Pore Resolved Model to determine the effective diffusivity of macro-porous materials
against the use of the Wakao-Smith correlation. This will allow to have an understanding
of the strengths and limitations of the different approaches and to identify the most suitable
one depending on the level of accuracy required. Also in this case, the model results will
be compared to experimental ones to have a clear benchmark against whom to compare

them.

1.5 Thesis Structure
The main aims of this work have been summarised in the section above. A summary of their

repartition among the thesis structure is given below:
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Formulation of Ceramic Foams (Chapter 2). Understanding the effect of the initial
formulation on foam structure and developing more sustainable products is vital for the
commercialization of such materials. In this chapter, amino acids will be used as
alternative and more environmentally friendly amphiphiles for the modification of
particle’s surface properties. The effects of amino acids hydrophobicity on the foam
structure will be investigated and relationships between amino acid hydrophobicity and
foam structure will be derived. Amphiphile adsorption at the different interfaces (e.g. gas-
liquid, liquid-solid) and minimum amphiphile concentration to be added will also be
determined.

Manufacturability of Ceramic Foams (Chapter 3). Developing scalable manufacturing
process and understanding the effects of the foam manufacturing on its structural
properties is fundamental for the industrial scale production of ceramic foams. In this
chapter, an aerated stirred vessel will be used as an alternative to a kitchen mixer to
mechanically froth the ceramic slurry. Design of Experiment will be carried out to assess
the process parameters affecting foam structure. Foam properties such as porosity and
bubble size will be correlated to global mixing parameters and vessel flow regimes giving
an understanding of the operating conditions to be use to obtain the desired foam
structure. Rheological properties of the produced foams will be measured and a
correlation with foam bubble size and bubble size distribution will be proposed giving
the foundation for the development of at-line rheology measurements to assess the

structure of the produced foams.
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Testing of ceramic foam supported catalysts in Fischer-Tropsch Synthesis (Chapter
4). Fisher-Tropsh Synthesis (FTS) has a leading role in syngas reactions and its market is
expected to grow in the next years; for this reason, improving the performances of FTS
catalysts is of primary interest for Johnson Matthey. In this chapter, CoO catalyst
supported on ceramic foams will be tested in Fisher-Tropsch Synthesis and their
performances will be compared to those of conventionally supported ones (spheres). The
role of support structure on the catalyst performances will be investigated.

1D + 1D Simulation of CH4 Oxidation in a Monolith Channel: Intrinsic Kinetic
Model Validation against SpaciMS Experimental Results (Chapter 5). Johnson
Matthey is particularly interested in CH4 oxidation due to its role in emission control. For
this reason, JM developed an in house kinetic model describing the methane oxidation
reaction. To validate this kinetic model, a 1D + 1D reactor model will be built in Athena
Visual Studio to describe the performances of a monolith reactor. The model results,
obtained using JM kinetic model, will be compared to experimental results acquired by
Ciaran Coney at Queen’s University of Belfast. The comparison will allow to determine
if the model well predicts the reactant/product profile along the reactor channel resulting
in either model validation or rejection.

JMFoam Validation: use of SpaciMS data and 1D + 1D simulation to validate new
Computational Fluid Dynamic capability (Chapter 6). In recent years, Computational
Fluid Dynamic simulations have gained a significant role in chemical engineering.
Johnson Matthey, in collaboration with Tridiagonal Solutions, has developed a new CFD

simulation package allowing diffusion and reaction simulation. To validate this software,
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methane oxidation reactions conducted in a monolith reactor will be carried out and the
results will be compared to those obtained experimentally and by 1D + 1D model. The
validation of the new CFD capability will grow confidence on its use for predicting the
performances of systems in which diffusion and reaction are involved.

Effects of Foam Structure on the CHs4 Oxidation Reaction: Experimental and
Computational Determination of CH4 Light-Off Curve (Chapter 7). It has been
previously said that methane oxidation is of particular interest for JM and the
development of better-performing catalysts is an ongoing process. In this chapter, the
performances of Pd catalysts supported on both foams, having different porosities, and
conventional pellets will be assessed and compared; light-off curves will be acquired to
determine the performances of such catalysts.

A 1D + 1D reactor model will be developed and the light-off curve of high and low
porosity foams will be simulated. Two different approaches will be used and compared
for the determination of the effective diffusivity, namely the Wakao-Smith correlation and
the Pore Resolved Model (PMS). The aim of this comparison is to identify the benefits
and limitations of each approach and to select the right one to be used at the macro-scale.
This study will generate the foundation for the development of a reactor models that could

be used to screen the performances of catalysts having different structures.
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Chapter 2
Formulation of Ceramic Foams

2.1 Introduction
Ceramic foams have been receiving increasing attention due to their applicability in several
technology fields. Amongst others, ceramic porous materials are used as refractory insulators,
catalyst supports and filters for molten metals [42] [43]. Several techniques have been developed
for the production of ceramic foams; these include replica techniques, sacrificial templating and
direct foaming [44]. The replica technique consists in the impregnation of a natural (e.g. wood [45],
coral [46]) or a synthetic template (e.g. polymer foam [47]) with a ceramic suspension. In order to
obtain a thin ceramic coating on the template surface, the excess suspension is removed by passing
the template through rollers. After drying and calcination, a ceramic positive replica of the template
is obtained. Sacrificial templating uses a biphasic mixture of a template and ceramic slurry to
generate the porous structure inside the ceramic body. The sacrificial material can be natural [48]
or synthetic [49] and either in solid [50] or liquid form [51]. These are then either extracted or
decomposed to form a negative replica of the sacrificial template in the ceramic material. Direct
foaming is an ostensibly straightforward method for the production of ceramic foams. This method
consists of the stabilization of liquid foams with particles. Air is directly entrained into the ceramic
suspension causing the attachment of partially hydrophobic particles at the air/water interface,
leading to stable foams [52]. Particles hydrophobization is realized through the addition of an
amphiphile; namely a chemical that has a polar head which electrostatically interacts with the
particles’ surface and a hydrophobic tail that is directed toward the aqueous phase. In this chapter,
the reader is introduced to liquid foams, their destabilization processes and the various systems

used for their stabilization including the use of surfactants and particles. The materials, methods
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and analytical techniques used during the experimentation are then described, the amphiphiles used
in the literature are reviewed and a new class of amphiphiles is proposed. The effects of the
different amphiphiles on the foam properties are illustrated; specifically, the effects of amphiphile
concentration on foam porosity and bubble size distribution is presented in detail, then the particles-
amphiphile interaction and the adsorption of the particles at the air-liquid interface are studied
using different analytical techniques. The new amphiphiles are then ranked depending on the
hydrophobicity of their side chain and a relation between amphiphiles hydrophobicity and foam
structural properties is presented. Finally, the most economically viable amphiphile is selected and

the minimum amphiphile concentration to obtain a stable foam is determined.

2.2 Liquid Foams and Instability Processes
Liquid foams are gas-liquid systems where the gas bubbles are dispersed in a continuous liquid
phase and they account for most of the foam volume (>50%). Gas bubbles can be polyhedral or
spherical in shape depending on the liquid fraction present. Dry foams (< 1-2% liquid fraction)
tend to have polyhedral bubbles while wet foams (> 16% liquid fraction) are characterized by round
bubbles. The equilibrium law that describes soap films was derived by Plateau, this states that
three faces meet at angles of 120° and four edges join at angles of 109.47 ° at each vertex [53].
Almgren and Taylor stated that the geometry of a system is a consequence of energy minimization
[54]. Foam energy can be expressed as bulk and surface energy; each film tries to minimize its area
(in 3D) or its length (in 2D) [55]. Exploring this principle, in 1887, Sir William Thomson (Lord
Kelvin) identified that a tetrakaidecahedron with curved faces is the unit cell that minimizes the
surface area per unit volume and satisfies Plateau’s law [56]. This was considered the most stable

structure until 1994 when Weaire and Phelan demonstrated that a unit cell composed of six 14-
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sided cells and two 12-sided cells had a surface area per unit volume 0.3% lower than the Kelvin
structure [57]. Although the most stable foam structures are well known, foams undergo several
physical processes that take place in order to reduce the overall system free energy; these include
drainage, coalescence and Ostwald ripening [44]. Drainage is the separation of the gas and liquid
phases due to gravity; liquid drainage mostly occurs through the Plateau borders (edge along which
soap films meet is trees of 120°) [58] and, to a lesser extent, along the cell walls [59]. Coalescence
consists of the association of neighbouring bubbles due to the instability of the thinned film after
drainage. The stability of thin films depends on the attractive and repulsive interactions between
bubbles; attractive Van der Waals forces are the main driving force for coalescence. This
phenomenon can be contrasted with electrostatic and/or steric repulsive forces strong enough to
overcome the attractive Van der Waals forces. This can be achieved by surfactant or particles
attached at the gas-liquid interface; these two methods will be described in Sections 2.3 and 2.4
respectively. Ostwald ripening is due to the difference in Laplace pressure between bubbles of
different sizes. The Laplace pressure arises from the curvature of the air-water interface and is

described by:

AP 2.1)

r

where 4P is the Laplace pressure, y is the surface tension and r is the bubbles’ radii [60]. The
difference in Laplace pressure between bubbles causes a steady diffusion of gas molecules from
smaller to larger bubbles through the liquid phase leading to bubble disproportionation. Although
this last process cannot be completely prevented, the adsorption of surfactants can reduce the

occurrence of this phenomenon by decreasing the surface tension.
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2.3 Surfactants Stabilized Foams
Surfactants are surface active species that adsorb at the gas-liquid interface lowering the surface
tension. These are amphiphilic species which are characterized by a polar hydrophilic head and a
hydrophobic chain. They can be classified, depending on the nature of their functional group, as
anionic, cationic or non-ionic surfactants; Figure 2. 1 shows an example of these classes of
surfactants. It is notable that the classification depends on the net charge carried by the head group
with anionic surfactants having a negative charge, cationic surfactants having a positive charge

while non-ionic surfactants carry no charge.
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Figure 2. 1: (a) anionic surfactant (sodium p-dodeciylbenzenesulfonate) (b) cationic surfactant
(hexadecyltrimethylammonium chloride) (c) non-ionic surfactant (Triton X-100)

Surfactants can also be classified depending on their degree of hydrophilicity and can be identified
by the Hydrophilic-Lipophilic Balance (HLB). Griffin proposed a mathematical relationship to

determine the HLB [61]:

_ MWp
HLB = 20— (2.2)
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where MW}, is the molecular weight of the hydrophilic portion of the molecule and MW is the
molecular weight of the whole molecule. The disadvantage of this approach is that it does not
account for the strength of the different hydrophilic groups. In 1957 Davies proposed an alternative

formula for the calculation of the HLB:
HLB =7+ Y" H; — 0475 n;; (2.3)

where H; corresponds to the strength of the hydrophilic groups and 7. is the number of lipophilic
groups in the molecule [62]. The HLB can predict the surfactant properties. For example, molecules
with HLB values greater than 10 are considered hydrophilic while the opposite is true for
hydrophobic surfactants [63]. The nature of the surfactant can determine the disperse and
continuous phase of the mixture; the packing of the surfactant at the gas-liquid interface determines
the curvature of the surfactant monolayer toward the liquid or the gas [64]. Thus, for hydrophilic
surfactants, the monolayer curves around air resulting in air-in-water dispersion (foam) while for
more hydrophobic surfactants a water-in-air dispersion is obtained (mist). The adsorption of these
species at the gas-liquid interface slows down the coalescence and disproportionation processes by
reducing the gas-liquid interfacial energy. However, due to the low adsorption energy of surfactants
(usually a few kTs) [65], the process is a dynamic equilibrium involving the continuous adsorption
and desorption of surfactants. This prevents the long-term foam stabilization with a consequent
foam collapse within a few minutes after foaming. Despite the low stability of surfactant-stabilized
foams, the production of directly foamed ceramic foams using surfactant as the stabilizing agent
has been attempted. This usually requires the use of a setting agent to consolidate the foam before
the destabilization processes take place [44]. This can be achieved by in situ polymer setting, sol-

gel setting or gelcast setting. Wood et al. patented a process where ceramic particles were
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incorporated in organic solutions containing a precursor of polyurethane foams; the mixture was
then foamed by in situ gas incorporation in presence of surfactant and the foam was consolidated
by the thermosetting condensation reaction between the polyurethane precursors [66]. As
previously mentioned, foam consolidation can be achieved using inorganic materials which exhibit
sol-gel phase transition in liquid medium. For example, Tomita et al. used this approach to produce
silica foams where air was mechanically frothed in the presence of surfactants [67]. The necessity
to produce ceramic foams with a wide chemical composition led to the use of gelcasting methods.
These require less organic materials with respect to the polymer setting technique reducing the
extent of the pyrolysis step. In-situ free radical polymerization of acrylamide monomers was
originally used by Binner et al. but the toxicity of the monomer and the necessity of an oxygen free
atmosphere were the major disadvantages of this technique [68]. These drawbacks were overcome
by replacing the original monomer with less harmful ones [69] or by using cross linkers which do

not require an oxygen free atmosphere [70].

2.4 Particles Stabilized Foams

The use of colloidal particles to stabilize high energy interface has been used for more than a
century. In 1907, Pickering proposed the use of solid particles that adsorb onto the interface
between the two phases to stabilize it; these systems are called Pickering emulsions [71]. This
concept has been recently applied to the stabilization of wet foams [72]. The attachment of particles
at the interface is favourable when these present a partially hydrophobic character; in this case, part
of the high energy solid-liquid area is substituted by a low energy solid-gas area due to the
attachment of the particles at the air-liquid interface. Similarly to the HLB used for surfactant, the

three-phase contact angle of the particles determines the dispersed and continuous phase of the
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system [73]. This concept is illustrated in Figure 2. 2 where, depending on the contact angle value,

either a foam or a mist is obtained.
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Figure 2. 2: Illustration of continuous-dispersed phase dependence on particles contact angle
[44]

In particular, slightly hydrophobic particles present a contact angle < 90° and they remain
predominantly in the liquid phase leading to the formation of foams, conversely, highly
hydrophobic particles have contact angles > 90 ° and are mostly present in the gaseous phase
resulting in mist formation. The three phase contact angle is also an important component in
determining the energy of adsorption of the particles at the interface. Assuming that the particles
are small enough so that the effect of gravity can be neglected (usually < 1 um), the energy of

adsorption at the interface can be expressed by:
E = nr?y(1 + cosf;)? (2.4)

where £ is the energy required to remove the particles from the interface,  is the particles radius,
y is the interfacial tension and Oc is the three phase contact angle. The sign inside the brackets is

positive for the removal of the particles into air and negative for the removal into water. From (2.4)
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it can be deduced that the maximum energy of adsorption is obtained when 6 = 90 °, at this contact
angle value the energy can be as high as~2500 kT [73]; the consequence of this high energy is that,
contrarily to what is observed for surfactants, the particle adsorption can be considered irreversible
leading to ultra-stable foams. This value rapidly falls at either side of 6 = 90 ° with E <10 kT for 0
<9 <20°and 160 ° <6 < 180 °. It has been previously mentioned that E also depends on the
particle radius; Figure 2. 3 shows the energy of attachment of colloidal particles at an air-water

interface as a function of the contact angle and for different particle radius.
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Figure 2. 3: Energy of attachment of colloidal particles at an air-water interface as a function of
the contact angle for different particles radius [44]

It is clear from Figure 2. 3 that particles of the size comparable to common surfactants (< 0.5 nm
in radius) present very low energy of attachment and may not be effective as stabilizers [73].

Partial particles’ hydrophobization is usually realized by electrostatic interaction between the
surface charged particles and small amphiphiles which adsorb with their polar group on the surface
leaving the hydrophobic tail in contact with the liquid phase. Several classes of chemicals have
been proposed as amphiphiles, these include, among others, carboxylic acids, amines and gallates
[52]. The selection of the suitable amphiphile is largely governed by the particle’s surface charge

where carboxylic acids are used with positively charged particles, amines with negatively charged
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particles and gallates with either positively charged or neutral particles. Studart et al. demonstrated
that a minimum amphiphile concentration is necessary to impart enough hydrophobicity to the
particles in order to promote their attachment at the air-water interface [74]. Gonzenbach et al.
showed that the structural properties of the foam (e.g. porosity and bubble size) can be varied by
changing the nature of the amphiphile and its concentration [52] [75].

Although the use of the previously mentioned amphiphiles is widely reported in the literature, their
use is limited to a certain pH range dictated by the particle surface charge. In addition, many of
these amphiphiles present acute toxicity limiting their usage at manufacturing scale. To overcome

some of the mentioned limitations, a new class of amphiphiles is proposed in Section 2.6.

2.5 Materials and Methods
2.5.1 Materials

Fumed TiO> particles (grade AEROXIDE P25) were obtained from Evonik Industries (Essen,
Germany). The supplier technical data sheet stated that the primary particles had a mean diameter
of approximately 21 nm while their aggregates were several hundred nm in size. Density and
surface area were 4 g cm™ and 50 m? g! respectively. The AEROXIDE P25 was characterized by
an anatase/rutile ratio of 80/20 with both crystal structures having a tetragonal geometry.

The amino acids used to modify the particles surface were DL-alanine 99%, DL-valine 99%, DL-
isoleucine 99%, DL-leucine 99%, DL-methionine 99%, DL-phenylalanine 99%, DL-tyrosine 98%
and DL-tryptophan 99% (Alfa Aesar, Heysham, United Kingdom). Other chemical used in the
experiments were demineralized water, 70%yy HNO3 (Alfa Aesar, Heysham, United Kingdom)
and 40%.,~ KOH solution prepared by dissolving potassium hydroxide pellets (Alfa Aesar,

Heysham, United Kingdom) in demineralized water.
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2.5.2 Suspension Preparation
Titania suspensions were prepared by stepwise addition of the powder to deionised water
continuously stirred using an IKA EUROSTAR power control-visc overhead mixer. The pH of all
suspensions was adjusted to electrostatically stabilise the particles. Titania particles are stable at
pH either below 4 or above 7. To favour the dissolution of amino acids the pH was kept either
below 2 or above 10 through the addition of small aliquots of 70%.y HNO; and 40%.y KOH
respectively. The solid loading of titania suspensions was set to 25%ww. In a typical formulation,
carried out at acid pH, 99.7 g of titania was added to 250 mL of demineralised water containing 50
mL of 5%~ HNO3. After powder dispersion, the suspension pH was dropped below 2 through the
addition of 5 mL of 70%y HNOs3. Then an amino acid was added to the titania suspension to obtain

the required concentration in the range 0.08 - 0.36 mol L.

2.5.3 Foaming and Foam Characterisation
Foaming of 300 mL suspension was carried out using an overhead stirrer equipped with a gas
inducing impeller [76]. The vessel diameter and impeller diameter were T = 12 cm and D = 6 cm
respectively (D/T =50%). The vessel was fitted with 4 baffles (B) 1 cm wide (B/T = 8.3%). Mixing
was carried out at 2000 rpm for 20 minutes. The foam was dried under ambient conditions and then
calcined in a Carbolite Furnace CWF at 600 °C for 4 hours. During the ramping step and for the

first 45 minutes the furnace was purged under N, followed by air. The heating rate was 2 °C min~

1

To determine the porosity of the calcined foam a water pick-up experiment was carried out. The
initial weight of four foam samples was recorded then these were immersed in water and the weight

of the wetted samples was recorded over a four day period. The average amount of water picked
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up was determined by difference between the weight of the wet foam and the initial weight. From
this value the foam porosity and pore volume were calculated. To validate the porosity values
obtained by water pick up they were compared to those obtained by Mercury Intrusion Porosimetry
giving comparable results; details of the comparison are presented in Appendix L. It is important to
point out that both these techniques (e.g. water pick-up and mercury intrusion porosimetry)
measure the open porosity of the sample since the measuring medium has to reach and fill the

sample’s pores.

Foam bubble size distribution was determined by acquiring optical microscope (Nikon Eclipse
E200) images of the foam cross section. Bubble’s diameters were obtained by analysing the
acquired images with Fiji ImageJ 1.50a (Wayne Rasband, National Institute of Health, USA) [77].
The obtained diameters were corrected by dividing them by 0.79 to account for the random position
of the bubbles during sample sectioning. The correction factor was determined by Williams et al.;
they identified that the mean pore diameter determined from 2D images is 79% of the actual pore
diameter. This factor was derived from numerical methods that they developed and described in

order to correct the underestimated pore size obtained from 2-D cross section [78].

2.5.4 Solid State-NMR

Titania suspensions having pH of 0.8, 4 and 10 were prepared using the procedure described in
Section 2.5.2. Titania particles were modified by the addition of 0.2 mol L' of DL-phenylalanine.
The suspensions were dried at ambient condition and then ground using mortar and pestle. The SS-
NMR spectrum was acquired at a static magnetic field strength of 9.4 T (vO(1H) = 400.16 MHz)
on a Bruker Avance III console using a widebore Bruker 4 mm BB/1H WVT MAS probe and

TopSpin 3.1 software. For '*C, the probe was turned to 100.63 MHz and the spectrum referenced
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to the alanine CH3 signal at 20.5 ppm. The powdered sample was packed into a zirconia MAS rotor
with a Kel-F cap, with weighing before and after packing to obtain the sample mass. The rotor was
spun using room-temperature purified compressed air. The total experiment time to acquire the
spectrum was 18 hours. The spectrum was acquired using the cross polarisation (CP) method, in
which magnetisation on 'H nuclei is transferred to nearby °C nuclei via the dipolar coupling.
Magnetisation was transferred in a contact time of 1 ms. High power (100 W) SPINAL-64

decoupling was applied to the 'H channel during acquisition.

2.5.5 Surface Tension Measurements
The surface tension of both suspensions and amino acid solutions was measured using the pendant
drop method (Kriss Drop Shape Analyser, Hamburg, Germany). In this method, a drop of the
solution under analysis is suspended from a needle. The shape of the drop results from the
relationship between the surface tension and gravity. Using the drop shape analysis software, the

solution surface tension can be determined using the following formula [79]:

ApgR?
y="- (2.5)

where y is the surface tension in mN m™!, Ap is the density difference between the two phases in
Kg m?, g is the gravitational acceleration (9.81 m s2), R is the maximum drop radius (m) and s is
the shape factor. Suspensions were prepared using the procedure mentioned in Section 2.5.2 while
amino acid solutions were prepared dissolving different amount of amino acids in 45 mL of
demineralised water containing 5 mL of 70%yy HNOs3. The drop volumes were in the range 20 uL
- 25 uL, depending on the surface tension of the sample. At least 5 drops for each sample were

analysed to obtain an average value of the surface tension.
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2.5.6 Suspension Filtration and Supernatant UV-Vis Analysis
To determine the amount of amino acid adsorbed at the particles surface, titania suspensions having
different amino acid concentrations were prepared. 99.6 g of titania were stepwise dispersed in 300
mL of demineralised water. Amphiphile concentrations between 0.01 M and 0.125 M were
dissolved in the suspension. To favour the amphiphile-particles interaction the modified
suspensions were stirred at 200 rpm for 20 minutes using an overhead stirrer. The suspensions were
then centrifuged at 3000 rpm for 90 minutes using a Falcon 6/300 centrifuge (MSE, London, United
Kingdom). The supernatant was then separated from the solid residue. To remove finer particles
still in suspension, the supernatant was filtrated using 0.1 um PTFE membrane syringe filters
(Whatman GE Healthcare, Amersham, United Kingdom). The filtrate was diluted ten times and
the amino acid concentration was determined by UV-Vis. The UV-Vis spectra were recorded using

a UV-1 Thermospectronic (Thermo Scientific, USA).

2.6 Amino Acids as Amphiphiles in Particles Stabilized Foams
In this section the use of amino acids as amphiphiles is proposed. These are environmentally
friendly and they allow a wider pH operational window courtesy of the presence of both the
carboxylic and the amino group on the same molecule resulting in the hydrophobization of both
positively and negatively charged particles. Partial hydrophobization of TiO> particles was
achieved by the addition of hydrophobic amino acids in suspension, air was then entrained and a
stable foam was obtained. Foam porosity and bubble size were determined by water pick-up and
SEM image analysis respectively. The amphiphile-particle interaction and the particles adsorption
at the different interface were investigated by SS-NMR and UV-Vis respectively. Finally, the

hydrophobicity of the different amino acids was determined by surface tension measurements.
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2.6.1 Amino Acids Screening
Amino acids are organic compounds containing an amino group (-NH»), a carboxylic group (-
COOH) and a side chain specific to each amino acid. There are about 500 naturally occurring amino
acids [80]; these can be classified according to the position of the amino group in alpha- (a), beta-
(B), gamma- (y) or delta- (3). In this work, attention was focused on the alpha- amino acids and in
particular on the 21 naturally occurring amino acids [81]; in these molecules the carboxylic and the
amino groups are attached to the first carbon or alpha- (o)) carbon. The selection of this class of
amino acids was based on their lower cost relative to hydrophobic -, y- and 8- amino acids which
makes them more economically suitable for the scale-up of the process in the future. Figure 2. 4

shows a classification of these amino acids according to the different properties of their side chain.
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Figure 2. 4: 21 proteniogenic a-amino acids classified depending on the properties of their side
chains.

As described in Section 2.4, in order to obtain stable foams, amphiphiles with a hydrophobic side

chain are preferred. For this reason, only the amino acids classified as hydrophobic were tested;

Table 2. 1 summarizes the pK; and pK» values for the selected amino acids.

59



Table 2. 1: List of hydrophobic amino acids and corresponding pK and pK> values [82]

Amino Acid | Abbreviation | pKi (¢-COOH) | pK: (a-NH>)
Alanine Ala 2.4 9.7
Isoleucine Ile 2.4 9.7
Leucine Leu 2.4 9.6
Methionine Met 2.3 9.2
Phenylalanine Phe 1.8 9.1
Tryptophan Trp 24 9.4
Tyrosine Tyr 2.2 9.1
Valine Val 2.3 9.6

To assess the performance of the different amino acids, titania suspensions, prepared as described
in Section 2.5.2, were foamed using different amino acids and amino acid concentrations. At pH <
2 the titania surface is positively charged due to the presence of —OH>+ groups [83]. Under this
conditions the dissociated fraction of —COO- groups present on the amino acids electrostatically
interact with the titania surface. While at pH < 2, less than 20% of the carboxylic groups are
dissociated; the low solubility of some of the amino acids made it necessary to work at such a low
pH. Figure 2. 5 shows the change in solubility and functional group dissociation/protonation as a
function of the pH for DL-leucine [84]. The graph shows a significant increase in amino acid
solubility at low (<2) and high pH (>10) and a corresponding low degree of

dissociation/protonation of the functional groups at these pH values.
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Figure 2. 5: DL-leucine solubility (m) and COOH dissociation (==)/NH> protonation (==) as a
function of pH (Solubility Data from [84])

Figure 2. 6 shows the porosity of foams obtained using different amino acids and amino acid
concentrations. The lines connecting the experimental points are served as a guide for the reader.
With the sole exception of DL-methionine, an increase in porosity was observed when increasing
the amphiphile concentration until a maximum value was reached, beyond which the porosity
decreased. The initial increase in porosity was due to the higher concentration of amphiphile
adsorbed on the particles’ surface resulting in a higher particle hydrophobicity giving in turn more
stable foams. A further increase in the amino acid concentration however led to saturation of the
particles’ surface by the amphiphile. This caused a reduction in electrostatic stabilization that, in
turn, increased the suspension viscosity. The higher viscosity hindered the air entrainment resulting
in lower foam porosity. This trend was not however observed for DL-methionine suggesting that
the amino acid was either mostly adsorbed at the air-water interface or that the particles were

already been saturated. In addition, different amino acids gave different values of maximum
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porosity obtainable. This is a consequence of the different hydrophobicity of the amino acids’ side
chains. This aspect will be discussed in more detail in Section 2.6.4. The low hydrophobicity of
both DL-alanine and DL-tyrosine side chains was presumed to be the major reason why these two

amino acids were not able to give stable foams.

Porosity %
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Figure 2. 6: Foam porosity as a function of amphiphile concentration for foams obtained using
different amino acid and amino acid concentrations. (¢) Phenylalanine, (m) Tryptophan, (A )
Leucine, (*) Valine, (®) Methionine, (==) Isoleucine. The black triangle in the leucine curve
indicates the solubility limit point. DL-alanine and DL-tyrosine are not present in the graph since
they did not give stable foams.

2.6.2 Amino Acids-Particles Interaction: SS-NMR

In Section 2.6.1 it has been shown that amino acids can give stable foams in acidic conditions. It
was theorized that these compounds would be capable of acting as amphiphiles even in basic
conditions thanks to the presence of the amino group. It was assumed that the protonated fraction
of -NH3" groups could electrostatically interact with the —O~ groups present on the titania surface
at basic pH [83]. To confirm this hypothesis, dried samples of functionalized titania were analysed

by SS-NMR following the methodology reported in Section 2.5.4. When the amphiphile-particles
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interaction occurred, a change in the electronic environment of the interacting functional group
(e.g. carboxylic group or amino group) was expected, and consequently, of its chemical shift [85].
Specifically, when the amino acid interacts through the carboxylic group, a change in the peaks of
the carboxylic carbon and, to a minor extent, of the a-carbon should be observed. Rather, when the
amino acid adsorbs through the amino group a change in the peaks of the carboxylic, a- and B-
carbons should be observed. Figure 2. 7 shows the spectra for the samples prepared at pH = 1, at

pH =4 and at pH = 10.
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Figure 2. 7: SS-NMR spectra for phenyla(?a;ince)nf;opdri}ijd TiO> samples prepared at pH = 1 (=),
pH =4 (=) and pH = 10 (=)

At pH = 1 less than 5% of the amino acid carboxylic group was dissociated so the particles-

amphiphile interaction was assumed to be negligible. The chemical shift values relative to DL-

phenylalanine carbons are reported next to each of them in the amino acid structure shown in Figure

2. 7; these were obtained from a database search and were relative to phenylalanine in solution. It

should be noted that the chemical shifts observed for the solid sample were very close to the
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solution data. In addition, the fact that the peaks were sharp suggested that no particle-amphiphile
interaction was present. The spectrum for the solid sample prepared at pH 4 shows that the sharp
peaks seen for the pH = 1 solution derived sample, and attributed to crystalline phenylalanine, are
no longer present. The broadening of the carbonyl and a-carbon peaks indicates that the
phenylalanine has a more amorphous structure. The spectrum of the basic solution derived sample
shows sharp peaks for the aromatic and carbonyl sites, but peaks of the a- and - carbons are
broader. This implies a difference in the local environment of these sites, possibly a disordered
distribution of environments or hindered mobility that could be an indication of an interaction
between the titania and the phenylalanine amino group. Although titania is weakly paramagnetic
(xmol = 74 m* mol™), this is probably too weak an effect to cause the observed broadening. The
changes in the a- and - carbon peaks in basic conditions and the changes in the carbonyl and a-
carbons peaks in acidic conditions confirm the interaction of the amino acid through the amino and
the carboxylic group in basic and acid conditions respectively. This confirms the initially suggested
capability of the amino acids of interacting with both positively and negatively charged particles
extending, as a consequence, the pH operating range with respect to the amphiphiles commonly

reported in the literature.

2.6.3 Investigation of the Particles Adsorption at the Different Interfaces

A fundamental aspect of foam formulation is understanding how the amino acid is distributed
among the different interfaces. The presence of three phases (e.g. solid, liquid and gas) leads to
three interfaces: solid-liquid, solid-gas and liquid-gas. The relative adsorption of the amphiphile
on these interfaces affects the hydrophobic character of the modified particles [86]. It will be shown

in Section 2.6.6 that, for several reasons, phenylalanine presents the best choice of amphiphile from
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those studies in this work. It was therefore used as a representative example for the determination
of the amphiphile adsorption at the different interfaces. In this work, attention was focused on
firstly identifying the amount of amphiphile adsorbed at the particles surface (e.g. solid-liquid
interface) and consequently determining the concentration of amino acid present as a free
amphiphile in solution. Then, the amount of free amphiphile adsorbed at the liquid-gas interface
was evaluated. The amount of amphiphile adsorbed at an interface can be described by an isotherm
of adsorption which relates the amount of amphiphile adsorbed at the interface 7" to its bulk
concentration ¢ [87]. One of the most commonly used non-linear isotherms is that of Langmuir

[88]:

(2.6)

ct+ay,

where a; is the Langmuir constant [89] and [ the maximum concentration of adsorbed
amphiphile. The Langmuir isotherm is based on a lattice-type model with the assumptions that
every adsorption site is equivalent (same energy of adsorption), that the probability for adsorption
at an empty site is independent of the occupancy of neighbouring sites, that there are no interactions
between the monomers and that no intermolecular forces act between the latter [90]. The adsorbed
amount of amphiphile at the solid-liquid /sy and gas-liquid /s, interfaces could not be directly
measured. First, the adsorption of amphiphile at the particles surface /sy was determined by
differential concentration determination of the amino acid in the supernatant of particulate
suspensions, both before and after some equilibrating time as described in Section 2.5.6; Figure 2.
8 shows the experimental values fitted with the Langmuir’s isotherm. The fitting parameters are
reported in Table 2. 2. The increment of amphiphile adsorption to the solid-liquid interface I'sy

with the increase in amphiphile concentration indicates the affinity of the amphiphile to the solid
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surface. In Figure 2. 8 the typical plateau corresponding to the saturation of the solid-liquid
interface cannot be observed since the solubility limit for the amino acid was reached before

particle surface saturation.
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Figure 2. 8: Langmuir’s isotherm for phenylalanine at the solid-liquid interface. Blue points
represent experimental data while solid line represents the Langmuir’s isotherm.

The adsorption at the gas-liquid interface /¢ was obtained from the surface tension y of
phenylalanine solutions, with different concentrations, using the Langmuir-Szyszkowsky’s state
equation [91] (2.7), which relates the equilibrium interfacial tension to the bulk amphiphile

concentration c.
¥ = Vo= RTTayln (1+ =) 2.7)
ar,

where 7o is the interfacial tension corresponding to the amino acid free interface and R and 7 are
the gas constant and temperature respectively. The result, in Figure 2. 9, confirms that there is a

progressive decrease in the surface tension with rising concentration of the amino acid. This
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indicates the effective adsorption at the air liquid interface. From Figure 2. 9 it should be noted the

absence of the plateau indicative of the critical micelle concentration (C.M.C.); this is due to the

low solubility of phenylalanine at pH = 4.
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Figure 2. 9: Experimental (symbols) equilibrium values of the interfacial tension as a function of
the amphiphile bulk concentration. Solid line represents the fitted Langmuir-Szyszkowski

equation.

Fitting these data with the Langmuir-Szyszkowski equation allowed the values of /7. and a to be

determined; these values are summarized in Table 2. 2. These were then substituted into the

Langmuir isotherm equation for each amphiphile concentration giving the amount of amino acid

adsorbed at the liquid-gas interface.

Table 2. 2:Values of maximum surface concentration I max and parameter a for the different

interfaces.
Solid-Liquid Interface Gas-Liquid Interface
I'imax (umol m™2) | az (mol L) | I'max (umol m?) | a; (mol L)
4628 238 2.11 0.12
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The surface concentration of the liquid-gas interface as a function of the bulk concentration of
amphiphile as given by the Langmuir’s isotherm is displayed in Figure 2. 10. The adsorption of the
amphiphile increases monotonically with the bulk concentration but, again, surface saturation is
not observed due to the low solubility of the amino acid. Comparing the isotherms at the two
different interfaces it is possible to observe the preferential adsorption of the amphiphile on one

interface or the other.
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Figure 2. 10: Comparison of the DL-Phenylalanine isotherms at the Gas-Liquid (==) and Solid-
Liquid (=) interfaces

At phenylalanine concentrations below 10 mM the amphiphile is equally distributed between the
two interfaces while at higher concentrations the amino acid preferentially adsorbs at the solid-

liquid interface with this trend becoming more and more pronounced as the concentration increases.

2.6.4 Determination of Amino Acids Hydrophobicity
In Section 2.6.1 it was hypothesized that the different maximum porosity observed in foams made

using different amino acids as amphiphiles is due to their different hydrophobicity. Amino acids

69



hydrophobicity is usually classified in biological systems, where they are ranked based on the
portion of internally and externally exposed fraction. In these scales, amino acids commonly found
in the outer section of proteins are considered to be more hydrophilic and those commonly found
in the inner part are considered to be more hydrophobic [92] [93]. Hydrophobicity scales for the
free amino acids are present in the literature. The measurement of the surface tension of amino
acid solution has been used to rank the amino acids based on their hydrophobicity [94]. Bull et al.
showed that the gradient of the surface tension curve constitutes a hydrophobicity scale for the
amino acids. Specifically, it was noted that the higher the gradient the higher the hydrophobicity.
Although it was commented that expressing the hydrophobicity index in mN L m™' mmol™ is not
an easy interpretation, this is not a concern for this study since the aim is to simply rank the amino
acids based on their different hydrophobicity index (H.L.).

Surface tension measurements were carried out by the pendant drop method as described in Section
2.5.5. Figure 2. 11 shows a representative image of the shape of an amino acid solution drop
analysed by the drop shape analysis software. The values of surface tension y, shape factor f and

drop volume are shown respectively on the left panel.

SFT: 73.34 mN/m
B Factor: 0.605
Volume: 21 pl

Figure 2. 11: Shape of an amino acid solution drop analysed by the shape analyser software
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The surface tension of amino acid solutions with concentrations ranging from 0 to 1 M was
measured; the results are presented in Figure 2. 12. The general trend of surface tension is a
reduction in surface tension with increasing surfactant concentration. The surface tension maintains

a constant value once the critical micelle concentration (C.M.C.) value is exceeded.
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Figure 2. 12: Surface tension curves for amino acids solutions having different concentrations.
(¢) Phenylalanine, (m) Tryptophan, (A ) Leucine, (®) Alanine, (*) Valine, (®) Methionine, (+)
Tyrosine, () Isoleucine. The black point in the Leucine curve indicates that the solubility limit
for the amino acid was reached.

The hydrophobicity index was established from the gradient of the linear section of the surface

tension curve below the C.M.C.; Table 2. 3 compares the hydrophobicity scale measured in this

work with that presented by Bull et al. [94].
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Table 2. 3: Comparison between the amino acids hydrophobicity scale determined in this work
and that proposed by Bull et al.

Current Work | Bull et al.
Leucine Leucine
= Phenylalanine | Phenylalanine
S Isoleucine Isoleucine
§ Tryptgphan Tyrosine
g Valine Tryptophan
-§ Methionine Valine
T Tyrosine Methionine
Alanine Alanine

Table 2. 3 shows that, with the sole exception of tyrosine, the two scales are in agreement. Bull et
al. [94] used the differential capillary rise method, developed by Jones and Ray [95], to measure
the amino acid solutions surface tension. The authors reported that great difficulty was encountered
during the tyrosine surface tension measurement and that the slope value was subject to significant

error; this could explain the observed difference in tyrosine position in the hydrophobicity scales.

2.6.5 Influence of Amino Acids Hydrophobicity on Foam Properties
The Hydrophobicity Indexes identified in the previous section were compared with the maximum
foam porosities obtained when the different amino acids were used as amphiphiles. Table 2. 4

summarizes the H.I. and the maximum obtained porosity for the different amino acids.
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Table 2. 4: Hydrophobicity Index and maximum foam porosity obtained for each amino acid.
*Due to the solubility limit of leucine it is not possible to state that the observed porosity
corresponds to the maximum obtainable porosity.

Amino Acid | Hydrophobicity Index (mN L m! mmol!) | Porosity %
Leucine 0.84 81.52*
Phenylalanine 0.48 75.11
Isoleucine 0.40 73.01
Tryptophan 0.23 69.68
Valine 0.21 64.57
Methionine 0.12 63.58
Tyrosine 0.07 No Foaming
Alanine 0.02 No Foaming

Foaming was not observed for the titania materials under these conditions when tyrosine and
alanine were used as amphiphiles. This may be due to the low hydrophobicity of the amino acids
side chains that, in turn, were not capable of sufficiently reducing the hydrophilicity of titania
particles. It has been shown in Figure 2. 6 and Figure 2. 12 that leucine reaches its solubility limit
at a concentration of 400 mM. This concentration may not be sufficient to obtain the maximum
particles’ hydrophobization leading to uncertainty about the value of the maximum porosity. For
this reason, the leucine point is not included in the maximum foam porosity as a function of the
Hydrophobicity Index plot. It should be noted that there is a clear monotonic, possibly linear

relationship between H.I. and maximum foam porosity (R*>= 0.90) (Figure 2. 13).
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Figure 2. 13: Maximum foam porosity as a function of the amino acid hydrophobicity index

The effect of particle hydrophobicity on bubble size is extensively reported in the literature. In
particular, Gonzenbach et al. showed that increasing the amphiphile concentration, and
consequently the particle hydrophobicity, leads to a reduction in bubble size [75]. This was
confirmed in the present study. Figure 2. 14 shows the bubble size distributions for titania foams

obtained using phenylalanine concentration of 0.18 M and 0.24 M.
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Figure 2. 14: Bubbles size distribution comparison of foam produced using different
phenylalanine concentrations. 0.18 M (=), 0.24 M (=)

It can be observed from Figure 2. 14 that the distribution’s mode shifts toward smaller bubble sizes
when the amphiphile concentration is increased. In addition, the distribution narrows as the
amphiphile concentration increases. This was determined by the calculation of the distribution span

using the following equation [96]:

Span = Dyo.9=Dyo.1 (2.8)

Dyos

The span values are 2.58 and 1.50 for the distributions relative to foams obtained using an
amphiphile concentration of 0.18 M and 0.24 M respectively; these values illustrate the narrowing
of the distribution as the amphiphile concentration is increased.

The mean Sauter diameter (d32) for the foams obtained using different amphiphiles and presenting

the maximum porosity was determined using the following equation [97]:
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_ X(ud})
d32 - Z(nfdiz) (29)

Table 2. 5 presents the Hydrophobicity Index and the d32 values obtained for the different amino
acids. As previously said, due to the limited solubility of leucine it was not possible to establish if
the maximum particle hydrophobicity, and consequently the maximum porosity, was reached. For

this reason, the mean Sauter diameter of foams using leucine as amphiphile was not determined.

Table 2. 5: Hydrophobicity Index and Sauter diameter obtained for each amino acid

Amino Acids | Hydrophobicity Index (mN L m™! mmol) | d32 (um)
Phenylalanine 0.48 22
Isoleucine 0.40 286
Tryptophan 0.23 316
Valine 0.21 365
Methionine 0.12 381

It has been previously shown (Figure 2. 14) that an increase in particles hydrophobicity results in
smaller bubble sizes. In that case the particles hydrophobicity was increased by augmenting the
concentration of a given amphiphile. The same effect is expected when the particles hydrophobicity
is changed varying the nature of the amphiphile; Table 2. 5 illustrates that the expected trend is

followed. Figure 2. 15 plots the ds2 values as a function of the amphiphile hydrophobicity index.

76



450
400
350
300

g 250

2200

©
150
100
50

0 0.1 0.2 0.3 0.4 0.5 0.6
Hydrophobicity Index (mN L mt mmol?)

Figure 2. 15: Sauter diameter as a function of the amino acids hydrophobicity index

From Figure 2. 15 it can be seen that a monotonic relationship between mean bubble diameter and
amphiphile hydrophobicity exists (R?> = 0.75). These relationships confirm the role of particle
hydrophobicity on foam properties and may allow a priori selection of the amino acid depending

on the desired foam structure.

2.6.6 Determination of the Minimum Amphiphile Concentration
It has been shown in Section 2.5.1 that with the exception of DL-tyrosine and DL-alanine all the
hydrophobic amino acids gave stable foams. The selection of the ideal amino acid, to be used as
amphiphile, depends on its performances (e.g. possibility of obtaining a good range of porosities),
solubility and price. In terms of performance, the amino acids that offer a wide porosity range are
DL-leucine, DL-phenylalanine, DL-isoleucine and DL-tryptophan. The solubility and the cost of

these amino acids are summarized in Table 2. 6.
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Table 2. 6: Comparison of amino acids solubility and cost

Amino Acid | Solubility (g L) | Cost (£/100 g)
Leucine 24.3 138.50
Phenylalanine 29.6 39.80
Isoleucine 41.2 154.50
Tryptophan 11.4 171.20

Both solubility and prices were obtained from the Sigma-Aldrich website (consulted on September
2016). The solubility values refer to solubility in water; these values were selected because, at
industrial scale, foam production is unlikely to be carried out at such an acidic pH. In addition, the
solubility rank is not expected to change with pH [98]. From Table 2. 6 it can be seen that
phenylalanine is the amino acid that presents the lowest cost coupled with an acceptable solubility;
for these reasons phenylalanine was selected as the model amphiphile to be used to gain a deeper
insight into the foaming process. In particular, it was used to quantify the minimum amphiphile
concentration necessary to observe the attachment of the modified particles at the air-water
interface. This value was determined by surface tension measurement of 25%ww titania
suspensions having different amino acid concentrations [99]. Figure 2. 16 shows the surface tension

trend as a function of the DL-phenylalanine concentration.
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Figure 2. 16: Surface tension measurement of 25%ww titania suspension having different
phenylalanine concentrations

The surface tension value is constant below a phenylalanine concentration somewhere in the range
0.045 to 0.055 M. After this point, the surface tension drops indicating that the modified particles
start to attach at the air-water interface. The measurement of the surface tension of titania
suspensions having phenylalanine concentrations higher than 0.065 M was not possible due to the
formation of foams that prevented the formation of a drop. The equality of the surface tension
values below 0.065 M was assessed by statistical analysis. The t-test for unequal variances
populations was run on each pair of values [100]. The t-test was used to test the null hypothesis
that the means of the two populations were equal. In order for the null hypothesis to be true, the
tStat value has to lie between —tCrit and tCrit (-tCrit < tStat < tCrit); Table 2. 7 summarizes the

tCrit and the tStat values for the tested surface tension pairs.
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Table 2. 7: tCrit and tStat values for surface tension pairs

Pair N° Surface Tension Pairs (mN m) tcrit | tstat | Response

1 72.93 +£0.14 (0.005 M) — 73.05 £ 0.18 (0.010 M) | 2.31 | -1.15| Equal
73.05+0.18 (0.010 M) — 72.81 £ 0.31 (0.020 M) | 2.45 | 1.49 Equal
72.81 £0.31 (0.020 M) — 72.72 + 0.08 (0.035 M) | 2.77 | 2.13 Equal
72.72 +£0.08 (0.035 M) — 72.86 £ 0.20 (0.045 M) | 2.57 | -1.49 | Equal
72.86 +0.20 (0.045 M) —72.59 £ 0.17 (0.055 M) | 2.31 | 2.35 | Not Equal
72.59 £ 0.17 (0.055 M) —72.05 £ 0.21 (0.065 M) | 2.31 | 4.46 | Not Equal
72.81 +£0.31 (0.020) M —72.59 +0.17 (0.055 M) | 2.45 | 1.41 Equal
72.81 +£0.31 (0.020) M — 72.05 £ 0.21 (0.065 M) | 2.36 | 4.51 | Not Equal

R(Q| NN |, |WN

From Table 2. 7 it should be noted that pair N° 5 is the first one to present inequality between the
two surface tension values but, from Figure 2. 16, it can be seen that the error bars for the surface
tension values relative to a phenylalanine concentration of 0.02 M and 0.055 M overlap. For this
reason, the t-test on these two values was carried out and from Table 2. 7 it can be observed that
the difference between them is not significant. The surface tension for the 0.065 M suspension was
compared to the surface tension values of both the 0.055 M and 0.02 M suspensions. In both cases,
the difference between the two values was statistically significant indicating that a phenylalanine
concentration of (0.060 & 0.005) M is the minimum amount that has to be added to have attachment
of the modified particles at the air-water interface. It has to be borne in mind that this concentration
value is specific to the tested amino acid and operating conditions used. This value is affected by
both the pH of the ceramic suspension, due to the different pKa values of the amino acids, and by

the different hydrophobicity of the amino acids side chains.

2.7 Conclusion
In this chapter the use of hydrophobic a-amino acids as amphiphiles in the direct foaming technique
has been illustrated. This class of amphiphile is more environmentally benign than those
conventionally used and allows a wider pH operational window. It has been demonstrated that the

amino acids adsorb at the particles’ surface by either the carboxylic or amino group in acidic and
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basic conditions respectively. In addition, the partition of a model amino acid (e.g. phenylalanine)
between the solid-liquid and gas-liquid interfaces has been determined giving an insight into the
distribution of the amino acid among the different interfaces. The tested amino acids have been
classified accordingly to the hydrophobicity of their side chain. The amphiphile hydrophobicity
index has been related to both the maximum porosity and the bubble size distribution of foams
obtained when they are used as amphiphiles. Monotonic relationships have been observed in both
cases with the possibility of a linear relationship in the case of porosity. These give a deeper insight
into the role of amphiphile structure on the foam properties offering the possibility of tailoring
them. Of the tested amino acids, DL-phenylalanine has been identified as the most suitable to be
used due to its acceptable solubility and relatively low cost. For this amino acid, the minimum
amphiphile concentration necessary to develop stable foams has been identified, however this value
is specific to the tested amino acid since it depends on both pH and amino acid hydrophobicity.

Although the effects of different formulations on the foam properties have been largely discussed
and understood in this chapter, the structure of foamed materials is also affected by their
manufacturing and processing. In the next chapter a deep study of the process parameters affecting
the foam structural characteristics is reported in order to have a comprehensive understanding on
how to tailor the structure of ceramic foam by controlling both their formulation and manufacturing

process.
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Chapter 3
Manufacturability of Ceramic Foams

3.1 Introduction
The formulation of ceramic foams and its consequent effects on their structure has been largely
investigated in the literature and as part of this work; the same is not true for their manufacturing
process and its effect on foams structure. In the literature, it is usually reported the use of a kitchen
mixer [52][75][101] as a medium for the mechanical frothing of the initial ceramic slurry exposing
evident limitations of process control and scale-up. Although different methods such as chemical
decomposition [102] to generate gas and the use of pressurized vessels [103] or specific apparatus
[104] for the entrainment of the gas in the ceramic slurry have been investigated, to the author’s
knowledge, a detailed study of the process parameters affecting the foam structure has not been
conducted. In this chapter, a statistical approach is used to determine the relevant process
parameters that affect the foam structure. In particular, an aerated stirred vessel was used to
generate the foam and its properties (e.g. porosity, bubble size distribution and rheology) were
measured giving an insight into the different mixing conditions to be used in order to obtain the
desired foam. In the following sub-chapters, the reader is introduced to the basic aspects of mixing
in a stirred vessel with a focus on the case of an aerated stirred vessel followed by an introduction
to fluid rheology. Finally, the experimental system is described and the experimental results

presented.

3.2 Stirred Vessel
3.2.1 Configuration of a Stirred Vessel

Mechanically agitated vessels are commonly used in the process industry with the general purpose

of reducing inhomogeneity in order to achieve the desired process results [105] such as reduction
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of solid non-uniformity in solid-liquid systems. A typical configuration for a stirred vessel is shown
in Figure 3. 1 where T is the tank diameter, D is the impeller diameter, W is the impeller width, H

is the filling level and C is the impeller clearance from the bottom.

T/1Q

Figure 3. 1: Characteristic dimensions of a cylindrical stirred vessel

The guidelines for the stirred vessel sizing are usually: D/T should be between 0.3 and 0.5; this is
recommended since impellers that are too small will not generate enough fluid movement while
impellers that are too large will require much more power becoming less efficient. The H/T ratio
should be around 1 for single impeller systems while the C/T is recommended to be around 0.20-
0.25. The baffle width is usually 1/10 of the tank diameter with four flat vertical baffles spread
every 90° these are commonly used to disrupt the gross rotation of the fluid in the azimuthal

direction.
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3.2.2 Flow Patterns in Stirred Vessel
The flow patterns of a single-phase liquid in tanks agitated by different types of impellers have
been extensively studied in the literature [106] [107] [108] [109]; the typical experimental
techniques include the use of liquid tracer. The determination of the flow pattern inside the vessel
is useful to establish the presence of “dead zones” which reduce the quality of the mixing; the
typical flow patterns for a propeller (axial) and a disk turbine (radial) are represented in Figure 3.2

respectively.

s
—

(=]
—

(a)
=

Figure 3.2: Typical flow patterns generated by an axial (a) and a radial impeller (b) [110]

The propeller generates an axial flow through the impeller and this may be upward or downward
depending on the inclination of the blades [111] [112]; Figure 3.2 shows the pattern for a down-
pumping impeller. Contrarily, the flat-bladed turbine produces a radial flow creating circulation
zones at the top and bottom of the tank. Axial impellers are commonly used in solid dispersion due
to their high pumping efficiency while radial impellers are used for gas dispersion due to a higher
shear characteristic. The effects of different stirred vessel dimensions on the flow pattern has been
largely investigated in the literature. Jaworski et al. [113], Kresta et al. [114] and Amannullah et

al. [115] reported that a higher impeller position (T/2) can generate a larger fluid motion volume
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in the mixing of high viscosity fluids. On the other side, Nienow [116], Armenante et al. [117] and
Montante et al. [118] demonstrated that a lower impeller position is beneficial in the solid-liquid
dispersion when a turbine impeller is used. Impeller geometrical parameters (e.g. impeller
diameter, blade width and thickness) also have a significant impact on the fluid mixing; Rutherford
et al. [119] showed that higher turbulence levels and lower mixing times were obtained when a
thinner impeller was used while Ameur et al. [120] reported that an increase in blade size is
beneficial to the enlargement of the well stirred region although this results in an increased power
consumption due to the short distance between the impeller and the tank walls; this limits the flow

around the agitator.

3.2.3 Power Input in Stirred Vessels
Consider a Newtonian liquid having density p and viscosity u which is agitated by an impeller of
diameter D and width W at a rotational speed N. The liquid is contained in a tank of diameter T
and the liquid depth is H. The power requirement of the impeller P represents the rate of energy
dissipation within the liquid and it depends upon the before-mentioned independent variables. The
power requirement can be expressed as a function of a series of non-dimensional numbers as

reported below [121]:

P N 2 N2DTWH
pN3DS :fn{p ,—,—,—,—,etc.} (3])

where P/pN3D°® is the power number Py, pND?/u is the impeller Reynolds number Re and
N2D/g is the Froude number Fr. Fr is important only when gross vortexing exists, this is not the
case if Re is less than approximately 300 and if baffles are used for Re > 300; in this case the power

number only depends on the Re number and the geometrical ratio. The Py dependence on Re
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number is usually plotted on a log-log graph giving the power curve for the system; Figure 3. 3

shows a typical power curve.

Po=K p/Re

/s!ope = —1

power
number,

Po Po = constant, B

laminar " »{ turbulent
—_— transitional iR

Reynolds number, Re
Figure 3. 3: Typical Power Curve [121]

From Figure 3. 3 it can be noted that in laminar regime (Re < 10) the slope of the curve is -1 and

the following dependence exists:

Py = KP/Re (3.2)

where Kp is a constant depending only upon the system geometry; in this region the mixing is slow
and only due to the velocity distribution in the vessel since the turbulence dispersion is absent. At
high Reynolds numbers (Re > 10000) the flow is turbulent with rapid mixing due to the motion of
turbulent eddies; in this region the power number assumes a constant value. In between the laminar
and turbulent region, a transition zone exists in which no simple mathematical relationship between

the power number and Re exists.

Metzner and Otto [122] showed that, in the case of non-Newtonian liquids, a simple relationship

between Newtonian and non-Newtonian power consumption exists in the laminar regime. This is
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based on the assumption that there is an average shear rate for a mixer which is directly proportional

to the impeller speed:
Ya = ksN (3.3)

where £; is the mixer share rate constant. Metzner and Otto demonstrated that its value is relatively
constant for a range of impeller speeds and fluid properties so an average value can be used for the
calculation of the average shear rate. Using both an experimentally determined viscosity curve and
the calculated average shear rate it is possible to obtain an apparent viscosity value; this can be
used for the calculation of the Reynolds number and it can be directly used in the Newtonian power

number-Reynolds number correlation.

3.3 Aecrated Stirred Vessel
3.3.1 Configuration of an Aerated Stirred Vessel

This chapter is focused on the description of an aerated stirred vessel used for gas-liquid mixing
but it is important to point out that this is not the only option. Some of the alternatives include
bubble columns in which the gas is sparged into the liquid from the bottom of the vessel, static
mixers in which the mixing energy derives directly for the fluid motion [123] [124] and plunging
jets in which the gas is entrained into the liquid through a liquid jet [125]. Figure 3. 4 shows the

schematic of an aerated stirred vessel.
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G
Figure 3. 4: Aerated Stirred Vessel

In the vessel depicted in Figure 3. 4 a gas sparger is posed underneath the impeller; this plays a key
role in the gas dispersion. A Rushton disk turbine is traditionally used but hydrodynamic studies
carried out by Bruijn et al. [126] and van’t Riet [127] showed that agitators with concave blades
rather than flat give flatter power curves (e.g. Scaba SRGT impeller [128]); up-flow pitch-blade
impellers are also used since they present flat power characteristics. Self-inducing agitators are
sometimes used [129]; these eliminate the need for recycle compressors but they are not very

flexible since the rate of entrained gas depends on the impeller speed.

A typical configuration for a cylindrical aerated stirred vessel includes the use of four full baffles
of width T/10, the sparging ring is placed below and nearer than D/2 to the agitator and the height

of the dispersion, as in the case of a simple stirred vessel, should be H=T. Recommended agitators
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are disk turbines with 18 flat blades or six concave blades having a diameter D comprised between

T/4 and T/2 and mounted at a distance C = T/4 to T/3 from the vessel bottom [121].

3.3.2 Power Consumption in Aerated Stirred Vessel
In an aerated stirred vessel, the power absorbed by the gas-liquid system Py is lower in respect to
a simple stirred vessel due to the formation of gas cavities behind the impeller blades. This effect
can be reduced using either concave blade impellers (e.g. Scaba SRGT) or up-pumping pitch blade
impellers; Figure 3. 5 shows P¢/P as a function of the gas flow rate O, showing that concave blade

impellers and up-flow pitch blade impellers present a flatter power profile.

=== G-concave D.T.

6P.B.T.

® " e downflow

0 Qg —=

Figure 3. 5: Power curves for gassed agitators (D.T. = Disc Turbine, V.D. = Vaned Disc, P.B.T.
= Pitch Blade Turbine) [110]

Several researchers attempted to correlate P, to the system variables; Calderbank [130], Michel
and Miller [131] and Pharamond et al. [132] derived empirical relations but these do not take into
account the fluid mechanics in the impeller region and, for this reason, they are not recommended
for use. Greaves and Kobbacy [133] produced empirical correlations that account for the different

flow regimes and coalescence classifications but these were derived at very small scale and with a
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limited range of configurations. Nienow et al. [134] correlated the P,/P ratio to the different flow
patterns obtained when the impeller speed N is increased and the gas flow rate Q, is kept constant;

Figure 3. 6 shows the different flow patterns presented.

increasing N —
-— increasing QG

Figure 3. 6: Regimes of bubble flow: (a) and (b) flooded impeller, (c) loaded impeller, (d)
complete gas dispersion, (e) gross recirculation of gas [134]

At low N (a and b) the gas passes through the agitator without dispersion and the liquid flows
around the outer part of the blades; in this case the impeller is said to be flooded. As the impeller
speed is increased beyond Nr the gas is captured by the vortex behind the blades and the impeller
is said to be loaded; in this situation, the gas is dispersed and P, decreases due to the formation of
larger cavities. A further increase in N causes the cavities to change into “vortex” cavities. Ncp is
the impeller speed at which the gas becomes completely dispersed in the whole vessel while at Nz
gross recirculation of gas into the agitator sets in. The Py/P trend at the different flow regimes is
graphically represented in Figure 3. 7; the graph plots the gassed/un-gassed power ratio as a

function of the gas flow number that is defined as follow:

Q
Fig = ~% (3.4)
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where Oy is the gas flow rate, N is the impeller speed and D is the impeller diameter. The graph
shows the change in the Py/P ratio at different agitator speed; the trend can be explained by the

occurrence of the flow regimes previously described at the different impeller speeds.

(b)
(e)

increasing N Ng

constant

Fig = OG/N03

Figure 3. 7: Power curves at constant gas rate for Rushton turbines [134]
Smith et al. [135] produced a flow regime map for six blade disc turbine (Figure 3. 8); this uses the
Froude and gas flow numbers to divide the operation spectra into areas in which the different flow

regimes occur.
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In the flow regime map can be noted, for example, that at high flow gas number and low Froude
number the system is in a flooded regime; this map gives useful indications about the mixing
regimes occurring in the aerated stirred mixer at different operative conditions. Similar maps have

been produced for different impellers, for example, Warmoeskerken et al. [136] produced it for a

Figure 3. 8: Disk turbine regime map [135]

six-blade concave turbine while Nienow et al. [134] derived one for multiple impellers.

Gas hold-up ¢ directly affects the mass transfer in gas-liquid systems and for this reason it has
been extensively reported in the literature. Most early studies were conducted on small tanks and
they show a significant divergence from the actual gas-hold up in larger stirred tanks [137]. Several

correlations have been proposed. Greaves and Barigou [138] studied gas hold-up in large vessels

3.3.3 Gas Hold-Up Correlations

(1 to 2.7 m) equipped with six blade disc turbines proposing the following correlation:
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0.64

g, = 4.07(N)*2(Q,)  (D/T)** (3.5)

They observed that there is a wide divergence in prediction for different system configurations and
operating conditions; they attributed this lack of agreement to the exclusion of dependence of the
gas hold-up on the different flow regimes that could occur under different operating or geometric

conditions.

Smith [139] used a similar system to Greaves and Barigou to predict the gas hold-up correlation;
also in this case the extent of gas dispersion was attributed to the different flow regimes. The

correlation suggested by Smith is illustrated below:
0.35 1.39
g, = 0.85(ReFrF,) ~ (D/T)" (3.6)

Smith proposed that, with the exception of small tanks (T < 0.44 m), gas hold-up can be predicted

by the use of non-dimensional numbers.

Rewatkar et al. [140], in addition to the use of large vessels and six bladed pitched down-flow
turbines, investigated the effects of different sparger types and positions on the gas hold-up

proposing the following correlation:
_ 2.08 0.51 043
&g = 3.54(D/T)?%8(Fr)°51(F,) (3.7)

Despite the number of available correlations one of the most frequently used is the one based on

the power dissipated approach:

ey ¢ (P/V,) " vs (3.8)
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where V7 is the liquid volume and vy is the superficial gas velocity. Values of A and B range from
0.2 to 0.7 with the tendency for A to be higher for non-coalescing systems (e.g. solutions of
electrolytes) compared to coalescing (e.g. pure liquids). Whitton and Nienow [141] proposed A and
B values of 0.26 and 0.66 respectively while Yawalkar et al. [142] proposed values of 0.25 and
0.41 respectively. It is important to consider that the gas hold-up can be very different in real
systems with respect to the case of pure liquids. In addition, bubble diameter may change due to
adsorption, desorption and evaporation meaning that these correlations are not universally
applicable. However, since g, is controlled by bubble size and the amount of recirculating gas

which are function of (P,/V) and vy the basic form of (3.8) seems reasonable [121].

3.3.4 Bubble Size in Aerated Stirred Vessels
Different models to correlate the bubble size to the process variables have been suggested.
Kolmogoroff proposed that the eddies in the turbulent flow give rise to different stresses depending

on their size relative to the Ko/mogoroff scale /r. The Kolmogoroff scale is expressed by:

1/4

A = (ﬁ) (3.9)

&
where )/ is the kinematic viscosity of the continuous phase and ¢ is the average dissipation usually

expressed as € = ;;p [143] [144] [145].

The turbulent eddies will give rise to different stresses depending on their size relative to the
Kolmogoroff scale. Drop breakage will occur if the pressure across drop exceeds the pressure due
to surface tension holding the drop together [ 146] (turbulent inertial break-up) and, for eddies sizes

A >> A, the following relationship is valid:
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(da)max = ¢ (5)0.6 g~ 0% (3.10)

c

where ¢ is a constant, ¢ is the interfacial tension, p, is the density of the continuous phase and ¢ is
the mean energy dissipation rate. The equation above (3./0) can also be expressed in the form of

dimensionless groups:
d32 [p = AWe™0¢ (3.11)

where A in this case is A = CP;%*. The Weber number (We) is used for analysing the fluid flow
when there is an interface between two different fluids with strongly curved surfaces and it is a
measure of the relative importance of the fluid’s inertia compared to its surface tension [147]; the

Weber number in agitated vessel is expressed as:

_ pcN?D3
- o

We (3.12)

where p. is the density of the continuous phase, N is the impeller speed, D is the impeller diameter
and ¢ is the interfacial tension. This theory was originally employed by Hinze for dilute

liquid/liquid systems [148] and was later adopted for gas/liquid systems [149].

It is important to outline that, for bubbles smaller than /A, viscosity also has an effect on the
fluctuating eddy velocity and the following relationship for the turbulent viscous break-up has been

proposed by Sprow [150]:

1/2
dmax(ﬂC:—;C) = const. (3.13)
of (32)

Correlations (3.10) and (3.11) satisfactorily correlate the effect of surface tension and agitation

conditions on bubble/drop size in the case of liquid-liquid systems while discrepancies are observed
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in the case of gas-liquid systems [151]. Acceptable correlations were obtained in gas-liquid systems
where bubble coalescence was reduced (e.g. protein solutions) but, in every case, very different
values of, both the correlating coefficient and the exponent, were required in order to predict the
correct value of the mean bubble size [152] [153]. It has been suggested by Machon et al. [149]
and Nienow et al. [154] that the different relationships are due to the fact that the Weber number
only relates to bubble breakage while, in gas-liquid systems, bubble size is determined by a balance
between breakage and coalescence. It is evident that, reducing the contribution of coalescence in
the gas-liquid systems, leads to better predictions of the bubble size when the relationships (3.10)
and (3.11) are used.

3.4 Rheology
3.4.1 Introduction

Rheology measurements find wide application in the process industry (e.g. food, polymer,
catalysis) and, for this reason, it is not surprising that the structural properties of foams have been
investigated by rheological measurements. Chapter 3.10 reports that wet ceramic foams present
complex rheological behaviour and, for this reason, an introduction on the different rheological
behaviours is given. Particular emphasis will be given to non-Newtonian fluids and the apparatus

used to carry out rheological measurements will be briefly described.

3.4.2 Rheology Models
Fluids can be classified, according to their different flowing properties, into Newtonian and non-
Newtonian. The latter have been classified, depending on the relationship between fluid viscosity

and shear rate, into three groups: shear-thinning or pseudoplastic, shear-thickening or dilatant and
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viscoelastic fluids; the latter include Bingham and Hershel-Bulkley fluids [105]. Figure 3. 9 depicts

the different flow behaviour of fluids.

Bingham T=1y Ky
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Figure 3. 9: Summary of fluids flow behaviour [105]

A description of the different flow behaviours is given below:

e Newtonian. Newtonian fluids obey Newton’s law which is:

T=uy (3.14)
where 7 is the shear stress, u is the viscosity and y is the shear rate. In (3.74) the viscosity
is assumed to be constant and independent of the shear rate. Although their viscosity is
deformation rate or time independent, it varies with temperature and pressure. In addition,
these fluids do not present any elastic properties or extensional anomalies; examples of
Newtonian fluids are water, mineral oils and molasses [155].

e Shear Thinning or Pseudoplastic. Shear thinning fluids present a decrease in viscosity
when the shear rate is increased from low to high levels; their behaviour can be described

by different constitutive laws but power law is commonly used:
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T = ky"rB (3.15)
where 7 is the shear stress, & is the fluid consistency index, y is the shear rate and nrp is the
flow behaviour index; this assumes values less than 1 for shear thinning fluids. Materials
that present this kind of behaviour are usually characterised by more than one phase, e.g.
particles of irregular shape or droplets of one liquid dispersed in another. At rest, these
materials maintain an irregular internal order and are characterized by an internal resistance
against flow. As the shear rate is increased, the irregularly shaped particles can orientate in
the direction of the flow or entangled polymeric chains can disentangle, stretch and
eventually orientate themselves resulting in a viscosity reduction. For most fluids, this
behaviour is reversible and, after a certain time-lag, they regain their high viscosity when
the high shear is reduced or terminated [156].

Shear Thickening or Dilatant. Shear thickening materials present an increase in viscosity
as the shear rate is increased. As in the case of shear thinning fluids, their behaviour can be
described by the power law (3.15) but, in this case, the flow behaviour index is greater than
1. Dilatant fluids are not common, and this behaviour is found, for example, in highly
concentrated suspensions in which solid particles are mixed with liquids such as plasticizers
to form plastisols. At low shear rate, the plasticizers act as a lubricant allowing an easy
positional change of the particles [156]. At higher shear rates, particles will wedge others
apart causing a volume increase and a consequent viscosity increase.

Viscoelastic. These fluids are characterized by the presence of a yield-point. For shear
stresses below the yield point, the inter-particle forces (e.g. polar forces, van der Waals

forces, etc.) that build up in these materials are strong enough to prevent the positional
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change of element of fluids giving them a solid character with an infinite viscosity. For
shear stresses above the yield point, the outside forces are strong enough to overcome the
network forces and the “solid” turns into a flowing fluid. These materials can be described

by the following equation:

T=1y, +ky" (3.16)
where 7, is the yield stress, & is the fluid consistency index and 7 is the flow behaviour index.
Fluids are called Bingham fluids if » = 1, these present a Newtonian behaviour once the
yield stress has been overcome while fluids for which n < 1 are called Herschel-Bulkley
and present a pseudoplastic behaviour above the yield stress.

In Section 3.10 it will be shown that ceramic foams present a viscoelastic behaviour so a
brief description on how to measure these properties will be given. Viscoelasticity can be
investigated using an amplitude sweep test where the amplitude of the deformation (or shear
stress) is varied while the frequency is kept constant. Purely elastic materials, can be
described by a spring (Figure 3. 10-a) and their response to an oscillating strain can be

expressed by the following stress function:

T = Gyysin(wt) (3.17)
where 7 is the shear stress, G is the elastic modulus, yy is the maximum strain exerted on the
spring, o is the angular velocity and ¢ is the time. In the case of elastic fluids, strain and
stress are in-phase with each other with the strain and stress presenting their maximum at
the same time. Purely viscous materials (Figure 3. 10-b), can be described by a dashpot and

their response to an oscillating strain can be described by:
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T = nwyycos(wt) (3.18)
In this case the dashpot response of 7 is 90° out of phase to the strain; whenever the strain
in a dashpot is at its maximum the rate of change of the strain is zero. In a visco-elastic
fluid, the phase shift angle ¢ between strain and stress is within the limits of 0 < 6 < 90°.
Visco-elastic fluids can be described by the Kelvin-Voigt model (Figure 3. 10-¢) which
combines a dashpot and a spring in parallel; the equation of state to describe this model is

the following:

T = Gy, sin(wt) + nwyycos(wt) (3.19)
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Figure 3. 10: Model to describe: (a) elastic fluids, (b) viscous fluids, (c) Kelvin-Voigt model for visco-
elastic fluids [156]

Real visco-elastic fluids are obviously more complex than the Kelvin-Voigt model and it is
common to use the term complex modulus G* to describe them which represents the total

resistance of the substance against the applied strain; this is defined as:
G*'=G'+iG =14(t)/ys(t) (3.20)
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where G’ and G are the storage modulus and the loss modulus respectively. The storage
modulus indicates that the stress energy is temporarily stored during the test but that it can
be recovered afterwards while the loss modulus indicates that the energy which has been

used to initiate the flow is irreversibly lost.

3.4.3 Rheometer
Rotational rheometers are one of the apparatus used for rheology measurements. Two basic
alternatives are available: controlled stress and controlled shear rate. In the first one the stress input
is controlled and the resulting shear rate is measured while the opposite is true for a control shear
rate theometer. Different sensor systems can be used in rheometers; Figure 3. 11 depicts the

geometries commonly used in rotational rheometers.

(a) (b) ()

| _T_I Gap (h)

S ——i

Diameter (2-r)

Figure 3. 11: Different geometries used as sensor systems in rheometers: (a) Concentric cylinder
(b) cone and plate (c) parallel plate [157]

Concentric cylinders are commonly used for low to medium viscosity liquids, for unstable
dispersions and slurries and to minimise the effects of evaporation but they require a high volume

of sample and they are not suitable for the measurement of high viscosities.

Cone and plate geometries are used for measurement of low to high viscosity fluids and usually for

unfilled samples. The cone is characterised by a shallow angle typically between 2° and 4° and it is
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chosen in such a way that for any point of the cone surface, the ratio of angular speed and distance
to the plate is constant resulting in a constant shear rate along the diameter of the cone. The tip of
the cone should be in contact with the bottom plate but, to reduce the wear of the cone, this is
usually truncated and the cone placed at a distance from the bottom plate equal to the extent of the
truncation. Although the cone and plate geometry is ideal due to the constant shear rate across the
cone diameter, the imposed fix cone-plate distance, due to the truncation, limits its use to unfilled

samples.

Parallel plate geometries are the most widely used in the process industries due to their flexibility.
This geometry was selected for the experimental work so details of the mathematical equations
used to derive the shear rate and shear stress are given. In parallel plate systems, the gap between
the plates can be varied allowing the measurement of particle containing fluids. The gap should not
be smaller than 300 pm and not bigger than 3 mm otherwise measurement errors due to the nature
of the sample cannot be avoided. The gap should be at least 10 times larger than the largest particles
size. The shear rate of this systems is not uniform across the diameter of the plates and ranges from
0 at the plate centre to high shear rate values at the outer radius R of the plate; although this is not
relevant during the measurement of Newtonian fluids, corrections must be introduced during the
measurement of non-Newtonian ones. The max shear stress in parallel plates is expressed by the

following equation:

Ymax = M{2 (3.21)
where M is the geometry factor which is given by R/, where R is the outer plate radius and # is

the plates gap size, while Q is expressed by:

102



0= (3.22)

where 7 is the rotor speed. The shear stress on the outer edge of the plate is related to the torque

M, and the geometry factor 4 by the following equation:

T=M;A (3.23)
where 4 is given by the following equation:

A=— (3.24)

As previously stated, in the case of non-Newtonian fluids the shear stress value must be corrected

and the following equation is used [156]:

7= MaA(22) (3.25)

4

3.5 Materials and Methods
3.5.1 Materials

The fumed Al>;Os particles (AEROXIDE AluC) used in this study were obtained from Evonik
Industries (Essen, Germany). The alumina was crystalline with a /8- structure. Density and surface
area were 50 g L' and 85-115 m? g'! respectively.

Butyric acid was obtained from Alfa Aesar (Heysham, United Kingdom) and it was used to modify
the particles’ surface properties. 70%y HNO;3 (Alfa Aesar, Heysham, United Kingdom) and 40%yv
KOH solution, prepared by dissolving KOH pellets (Alfa Aesar, Heysham, United Kingdom) in

demineralized water, were used to adjust the suspension’s pH.
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3.5.2 Suspension Preparation
Alumina suspensions were prepared by stepwise addition of the powder to an acidic solution
continuously stirred using an overhead mixer. The pH of all suspensions was adjusted to
electrostatically stabilize the particles. Alumina isoelectric point lies between 7 and 10 depending
on the type of alumina [158]. The suspension solid loading and pH were set to 20%ww and 4.70
respectively. In a typical formulation 1.12 Kg of alumina was added to 4.425 L of demineralized
water containing 75 mL of 70%y,y HNO3. Then, 155 mL of butyric acid was added to the suspension
to modify the surface properties of the ceramic precursor. After amphiphile addition the suspension

pH was adjusted to 3.50 through the addition of 40%v KOH.

3.5.3 Foaming and Foam Characterization
Foaming of each 4.5 L suspension was carried out in a stainless steel vessel of 5 L volume, diameter
T=175 mm, fitted with four baffles of width T/10. The vessel was equipped with a gas sparger at
its bottom. Two different metal sintered sparging disks (ASCO Filtri s.r.l., Binasco, Italy) were
used having an average pore size of 40 pm and 100 um respectively; both disks had a diameter of
45 mm. During the foaming the slurry was agitated with an up-pumping impeller having diameter
D comprised between 4 cm and 9 cm. Gas flow rate and gas sparging time were varied between 2-
20 L min"' and 1-20 min respectively. The shaft torque was recorded by attaching a Binsfeld
Engineering Inc. Torque Trak 10K strain gauge to the impeller shaft. The apparent density of the
foam was determined by weighing a known volume of foam; the apparent density was obtained by
dividing the sample mass by its apparent volume (volume of both the liquid and gas fraction). Some
of the wet foam was stored in a sealed graduated container in order to assess the stability of the

foam; the foam was left for two weeks and the change in volume was noted. The rest of the foam
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was dried at 80 °C for 2 hours in a Carbolite Furnace CWF. Then it was calcined at 600 °C for 4
hours. During the ramping step and for the first 45 minutes the furnace was purged under N2 while
after the furnace was run under air; the heating rate was 2 °C min™!. Foam porosity and bubble size
was determined as described in Chapter 2.5.3.

Foam rheology was measured using an AR2000 rheometer (TA Instruments, Brusselsesteenweg,
Belgium). Upward/downward rheology curves and viscoelasticity were measured with all
measurements conducted at room temperature. In a typical rheology curve experiment the sample
was firstly equilibrated for 2 min and then pre-sheared at 900 s™! for 30 s. In the upward ramp, the
shear rate was increased from 107 s to 1000 s™!, a log ramp mode was used with 10 points per
decade acquired every 20 s. The same procedure was followed in the downward ramp were the
shear rate was varied from 1000 s to 107 s'. To assess the viscoelasticity of the sample an
oscillation experiment was carried out. The typical followed procedure included the equilibration
of the sample for 2 min followed by a stress sweep step where the oscillation stress was varied
from 0.1 Pa to 1000 Pa. The oscillation frequency was equal to 1 Hz and a log ramp mode was
used to increase the stress value with 10 points per decade acquired also in this case. The
rheological measurements were carried out using a 40 mm acrylic hatched parallel plate (geometry
inertia = 1.56 uN m s?) with a gap set to 500 um. To investigate the presence of slipping two
additional geometries were employed: a 40 mm steel parallel plate (geometry inertia = 8.30 uN m
s?) and a standard size vane-rotor with stator inner radius 15 mm and rotor outer radius 14 mm
(geometry inertia = 2.44 pN m s?). The gap was set to 500 pm and 4000 um when the parallel plate

and the standard vane geometry were employed respectively.
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3.5.4 Design of Experiment (DoE)
Before designing the full experimental series, scoping experiments were carried out to determine
the factors’ levels (range within which the different variables are changed) that gave a good range
of foam porosity. Since the type of sparging disk is a categorical factor, the scoping experiments
were replicated for both disks. In both cases the central points were repeated twice in order to assess
the reproducibility of the experiment. A half factorial design with five factors and two levels was
employed to screen the significance of the different factors. The screening design generated 16
runs to investigate the effect of the following independent factors: impeller diameter D (4-9 cm),
impeller speed N (200-1000 rpm), gas flow rate G (2-20 L min™), sparging time ¢ (1-20 min) and
sparging disk mean pore size d (40 and 100 um). Foam porosity, foam density, foam stability and
foam bubble size distribution were selected as responses; these were analysed using JMP 10
software (SAS Institute Inc.) in order to determine the significant factors affecting the foam

properties.

3.6 Determination of the significant factors affecting foam properties

Scoping experiments were carried out to select the factors levels; due to the time consuming
measurements involved in the determination of foam bubble size, foam porosity and foam density
were chosen as the measured responses. Figure 3. 12 shows the obtained foam porosity and density
for the two different sparging disks when the factors are set to their least forcing values (-1)
(factors’ values that led to the lowest foam porosity), most forcing values (1) (factors’ values that
led to the highest foam porosity) central point values (0) (factors’ values in between the least

forcing and most forcing values).
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Figure 3. 12: Scoping graphs for the 40 and 100 um disks: (a) density graph for 40 um plate, (b)
porosity graph for 40 um plate, (c) density graph for 100 um plate, (d) porosity graph for 100
um plate
Figure 3. 12 shows that the selected factors levels led to a good range of porosity and density. In
addition, in all cases the central points show good experimental reproducibility. The scoping graphs
also suggest that the sparging disks’ pore diameter does not significantly influence foam porosity

and density since there is little variation in these values when the different disks are used.
Table 3. 1 summarizes the 16 runs with their different factors levels and responses in terms of foam
porosity %, density (g mL™") and bubble size; the latter is expressed as mean Sauter diameter d3»

(um) [97]. Since foam stability was not affected by the process parameters, this response is not

included in Table 3. 1 and will not be discussed further.
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Figure 3. 13: Foam Stability As&essment: (a) Freshly made high porosity foam (b) High porosity
foam after 2 weeks (c) Freshly made low porosity foam (d) Low porosity foam after 2 weeks

Figure 3. 13 shows that both high and low porosity foams do not present any volume variation after

two weeks. This indicates that foam stability is exclusively affected by its formulation and it is

independent on the foaming process.

Table 3. 1: Half factorial design runs with factors levels and response values

Air Sintered
Flow | Impeller | Sparging | Impeller Disk Apparent

R;m Rate Speed Time Diameter Mean Density (g P Op.etn o ds2

(L (RPM) (min) (cm) Pore Size em’) orosity %o | (um)
min™) (um)

1 2 200 1 4 100 1.17 82.18 367
2 2 200 20 9 100 0.55 88.68 150

3 20 1000 1 9 40 0.8 88.65 96
4 20 1000 20 4 40 0.36 95.71 189
5 2 1000 1 4 40 0.91 83.42 236

6 2 1000 20 9 40 0.56 95.13 59
7 20 200 1 9 100 1.02 84.63 169
8 20 200 20 4 100 0.56 89.75 240

9 2 1000 20 4 100 0.86 89.71 91
10 20 200 1 4 40 1.02 83.24 331
11 20 200 20 9 40 0.58 91.32 175
12 2 1000 1 9 100 0.92 86.64 129

13 20 1000 20 9 100 0.3 96.71 86
14 20 1000 1 4 100 0.73 86.39 114

15 2 200 1 9 40 1.09 83.43 93
16 2 200 20 4 40 0.96 85.84 384
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The responses summarized in Table 3. 1 were analysed using JMP 10 in order to determine the
process factors that affects the foam properties. Table 3. 2 reports the factors affecting the
considered foam properties. In the table are present five columns, in the first one the factors and
the factor interactions are listed, the second column shows the contrast value that, in the case of an
orthogonal design, is the same as the regression parameter estimates. The third column lists the
Lenth t-ratio; this is obtained by the ratio between the contrast value (second column) and the
Lenth’s Pseudo-Standard Error (PSE). The latter is calculated by Lenth’s method which identifies
inactive effects from which it constructs an estimate of the residuals standard errors (PSE) [159].
The last two columns list the individual and simultaneous p-values respectively. The individual p-
value is an indication of the significance of the considered factor; if the factor’s individual p-value
has a value lower than 0.05 this can be considered a significant factor. p-values are generated via
a Monte Carlo simulation of 10000 runs of n-1 purely random values and Lenth’s t-ratios are
produced for each set. The p-value is the interpolated fractional position among these values in
descending order. The simultaneous p-value is the interpolation along the max(|t|) of the n-1 values

across the runs [160] [161].
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Table 3. 2: Process parameters affecting foam properties

Density
Parameter Contrast Lenth t- Individual p- Simultaneous p-
ratio Value Value
Sparging Time -0.183 -3.91 0.0074 0.0682
Air Flow Rate -0.103 -2.20 0.0489 0.3726
Impeller Speed -0.094 -2.01 0.0624 0.4768
Porosity
Sparging Time 3.159 4.07 0.0063 0.0581
Impeller Speed 1.848 2.38 0.0367 0.2910
Air Flow Rate 1.568 2.02 0.0617 0.4712
Impeller Diameter 1.416 1.83 0.0830 0.5917
Bubble Size
Impeller Speed -209.491 -9.49 0.0004 0.0080
Impeller Diameter -87.032 -3.94 0.0072 0.0660
Sparging Time & Air Flow | -82.409 -3.73 0.0088 0.0792
Rate
Impeller Diameter & Sintered | 178.843 8.10 0.0004 0.0041
Disk

Sparging time, impeller speed and air flow rate are the factors affecting foam density and foam
porosity while, confirming the scoping experiment, the porosity of the sparging disk does not
influence these foam properties. Foam bubble size is governed by impeller speed, impeller diameter
and a series of factors interactions including sparging time & air flow rate and impeller diameter
& sintered disk. This study shows the significance of all the considered factors in shaping the
structure of ceramic foams. Not all of them affect the same foam properties so the different factors
could be selectively controlled in order to tailor the structure of the foam depending on the required

application.

3.7 Correlation between Foam Density and Foam Porosity
The existence of a linear relationship between density and porosity of materials is well known
[162]. Density of solid materials is usually measured by helium pycnometry. This technique more
precisely measures the volume of the sample by gas displacement [163] [164]; the density of the

sample is consequently obtained by dividing its mass by its volume. In this study the density of the
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wet foam, measured as described in Chapter 3.5.3, is correlated to the porosity of the dry ceramic
foam. Although this is not the conventional way to plot the porosity as a function of density, this

method is a straightforward way to assess the porosity of the foam during its manufacture.
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Figure 3. 14: Porosity of the dry foam as a function of the density of the wet foam

Figure 3. 14 shows the existence of a monotonic possibly linear relationship (R*= 0.89) between
the porosity of the dry foam and the density of the wet foam. The red point in the graph refers to
the porosity and density of the alumina ceramic slurry previous to air entrainment. Foam porosity

is related to foam density by the following relationship:

Porosity % = —17.17 * Density,, ., cpny1, (9/¢€) +101.12 (3.26)

Although this relationship does not substitute more accurate techniques to measure porosity, it
gives an indication of the foam porosity after treatment (e.g. drying and calcination). This relation
is obviously valid only for the considered formulation since, as previously said, foam porosity is

greatly affected by its formulation and after-treatment (e.g. drying and calcination).
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3.8 Gas Hold-Up Correlations Applied to the Produced Foams
The dependence of foam porosity on the volume of entrained gas is obviously expected. Figure 3.
15 shows the foam porosity as a function of the total volume of entrained air; this was obtained by
multiplying the gas flow rate by the sparging time.
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Figure 3. 15: Foam porosity as a function of the total volume of entrained gas

In the screening study (Section 3.6) it was established that the foam porosity is not only affected
by the amount of entrained air; this is confirmed by Figure 3. 15 where foam produced entraining
the same amount of air in the vessel present different porosities. In particular, impeller speed has
been shown to have a significant impact on foam porosity with this effect probably related to the
air entrainment observed during mixing. In principle, a parallelism between wet foam porosity and
gas hold up in the aerated stirred vessel can be made. Several correlations between gas hold up and
process parameters have been presented in Section 3.3.3. A similar approach has been applied to
the case of wet foams where their porosities were correlated to a series of mixing parameters such

as energy dissipation (W m™), Reynolds number (Re), Froude number (Fr) and gas flow number
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(Flg). It is important to point out that the correlations illustrated in Section 3.3.3 were obtained for
pure gas-liquid systems in steady state conditions while, in the current study, a three-phase
unsteady system (e.g. solid-gas-liquid) was present and divergences from the before-mentioned
relationships are to be expected. It is important to remark that the flow conditions in the present
study are low to mid transitional (50 < Re < 1000). Since correlations in this regime cannot be
found in the literature, only the correlations from other regimes that gave the best fit are presented
in this work. Correlations developed in the turbulent regime were found to give the best fit for the
gas hold-up and bubble size correlations whilst, in the absence of a superior approach, the Metzner

- Otto correlation was used to determine the impeller mean shear rate.

Figure 3. 16 shows the foam porosity as a function of the adimensional group (ReFrFig). Due to the
transient nature of the system and the consequent change in the slurry’s physical properties (e.g.
density and viscosity), non-dimensional numbers such as the Reynolds number were calculated
using the initial physical properties of the ceramic slurry. In addition, during the different
experiments the impeller speed was varied subjecting the slurry to different shear rate; this resulted
in different alumina slurry’s viscosities due to its non-Newtonian nature. The average impeller
shear rate was determined using the Metzner and Otto correlation (3.3); with the used impeller
characterized by a mixer shear constant value of 12 [165]. The calculated average shear rates were
used to determine the slurry viscosity by interpolation with the pre-determined initial slurry

viscosity curve.
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Figure 3. 16: Foam porosity as a function of the adimensional group (ReFrFg) for foams
produced using different sparging times: T=1"(®) and T=20" (A)

As a result of foam porosity being strongly affected by sparging time, different correlations were
derived for foams produced using different entrainment times. Figure 3. 16 implies a monotonic
correlation in all cases (R? equal to 0.80 and 0.69 for foam produced at 1’ and 20’ air entrainment
time respectively) but, as expected, the exponent of the dimensionless group significantly differs
from that proposed by Smith (3.6). It has been previously shown that the gas hold-up is more
usefully expressed as a function of the mean power dissipation; Figure 3. 17 shows foam porosity

as a function of the mean power dissipation for foams produced using different air entrainment

times.
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Figure 3. 17: Foam porosity as a function of mean energy dissipation for foams produces using
different air entrainment times. T=1" (®) and T=20" (A)

Monotonic relationships were found for the evaluated foams (R? equal to 0.68 and 0.85 for foam
produced at 1’ and 20’ air entrainment time respectively) but again the exponent values were
significantly different from the correlations determined for gas-liquid systems. In both the applied
correlations, the exponent values were close to 0.3 while in this study the exponent values were in

the range 0.012 = 0.003.

As previously mentioned, Greaves and Barigou [138] and Smith [137] suggest that gas hold-up
depends on the different flow regimes present in the aerated stirred vessel; for this reason, the foam
porosity was correlated to the different flow regimes present at the different experimental
conditions. Since a flow-regime map for an up-pumping pitch blade turbine was not found in the
literature, this was determined experimentally bearing in mind that the flow patterns presented in
Section 3.3.2 are for gas-liquid systems. The presence of solid particles in the work undertaken

here prevented the visual observation of the flow patterns; in addition, the change in the rheological
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properties, due to foam formation, could lead to transient flow patterns. Despite the impossibility
to exactly establish the flow regime in our system, an indication was obtained by using the
experimental process parameters (e.g. impeller speed, impeller diameter and gas flow rate) in a
particle free air-water system. From Figure 3. 18 it could be seen that, with the exception of case
(b) where a loading pattern is observed, flooding is present when the smaller impeller is used (a, c-
d); whereas increasing the gas flow rate a transition from a loaded to a recirculating regime is

observed for the larger impeller (e-h).

Figure 3. 18: Flow regimes at different impeller speed, impeller diameter and gas flow rate. (a)
D=4 cm, G=2 L min™', N= 200 rpm (b) D= 4 cm, G= 2 L min”!, N= 1000 rpm (c) D= 4 cm, G=
20 L min', N= 200 rpm (d) D=4 cm, G= 20 L min™!, N= 1000 rpm (e) D=9 cm, G= 2 L min™,
N= 200 rpm (f) D=9 cm, G= 2 L min”', N= 1000 rpm (g) D=9 cm, G= 20 L min™', N= 200 rpm
(h) D=9 cm, G= 20 L min™!, N= 1000 rpm
From the visual observation of the different flow regimes, a flow regime map was drawn for the
current system. The map makes use of the gas flow number (abscissa) and the Froude number

(ordinate) to divide the experimental area in different regions where the mentioned regimes occur;

these are represented by different colours where blue, red and green points represent flooded,
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loaded and fully recirculated regimes respectively. The limited number of experiments did not

allow absolute definition of transition regions between regimes; the map is illustrated in Figure 3.
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Figure 3. 19: Flow regime map for the experimental system. (A ) Flooded, (m) Loaded, (®) Fully
recirculated.

Figure 3. 20 shows the foam porosity as a function of the different flow regimes; the different
colours and shapes of the bars indicate the different flow regimes at which the specific foams were

produced. Two different graphs were plotted for the short and long air entrainment time since this

variable has an effect on the foam porosity.
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Figure 3. 20: Foam porosity as a function of the flow regime conditions for (a) 1 min air
entrainment time (b) 20 min air entrainment time. The different flow regimes are represented as
flooded (A ), loaded (m) and fully recirculated (®)

From the figures above, it can be noted that a similar trend is followed for both the short and long
air entrainment time, with the highest porosity observed when the foam is produced in fully
recirculated conditions. The only discrepancy from the expected trend is observed, for both air
entraining times, when the foam is produced with process variables characterised by a Froude and
Gas Flow number of 1.13 and 0.312 respectively. This could be to the high gas flow rate observed
for a Gas Flow number of 0.312 and the air entrainment due to vortexes associated to a relatively
high Froude number but, as previously mentioned, due to the nature of the investigated system

discrepancies from a pure gas-liquid system are expected.

3.9 Bubble Size Correlations Applied to the Produced Foams
In Section 3.6 it was determined that the process parameters affecting the bubble size are impeller
speed, impeller diameter, sparging time-air flow rate interaction and impeller diameter-sintered
disk interaction. The bubble size distribution was determined by image analysis of the foam cross

section; Figure 3. 21 (a) shows an example of the cross-sectional image of one of the produced
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foam while Figure 3. 21 (b) shows the thresholded picture that was used to determine the bubble
size; it should be noted that only the bubbles that were well in focus were analysed. Due to both
the laborious image analysis and the limited amounts of available samples it was possible to analyse
only~100 bubbles per sample; the calculation of the standard deviation associated to each bubble

size value is presented in detail in Appendix IL

: L - @
Figure 3. 21: Example of cross-sectional image for one of the produced foam: (a) optical
microscope image, (b) thresholded image

The bubble size distribution obtained from the analysis of the cross-sectional images of all the

produced foam is shows in Figure 3. 22.
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Figure 3. 22: Bubble size distribution for the obtained foams

The mean bubble size was expressed in terms of mean Sauter diameter calculated as reported in
Section 2.6.5.

This was a three phases system so the direct imaging of the bubbles in the wet foam was not
possible; consequently, the bubble size was determined by image analysis of the cross section of
the dried and calcined foam. This could lead to uncertainties about the real size of the bubbles in
the wet system. However, all measurements were made in the same way and thus the error would
be systematic in nature allowing comparison between foams. The foam mean bubble size was
plotted as a function of the mean energy dissipation and Weber number. It is worth noting that the
correlations, as in the case of the gas hold-up correlations, refer to liquid-liquid systems or gas-
liquid systems. In addition, as previously stated, the physical properties of the slurry changed over
the duration of the experiment due to foam formation so the density and viscosity of the initial
slurry were used for the calculation of the Weber number. Despite these considerations, it was

expected that these relationships would describe the change in bubble size under different operating
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conditions, although with some discrepancies in terms of the exponent values. Figure 3. 23 (a) and
Figure 3. 23 (b) represent the d3»/D value as a function of the Weber number and mean energy
dissipation respectively. Since the bubble size is affected by both the mean sparger pore size and
the impeller diameter, bubble size of foams produced using two different spargers and different

impeller diameters were plotted in two different series.
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Figure 3. 23: d32/D as a function of mean energy dissipation for (a) We (b) Py/V. The different
sparger pore size and impeller diameter are indicated as: 40, D = 4 cm (e); 40, D = 9 cm (+); 100,
D=4cm(A); 100, D=9 cm (m)

The figures above show that the experimental data are fitted by the relationships proposed in the
literature but, as expected, different values of the mean energy dissipation and Weber number
exponents are necessary to interpolate the data. The exponent assumes values ranging from 0.16 to
0.36; these values are not significantly different from the value observed by Hu et al. in systems
were the presence of solvents strongly suppressed coalescence [166] [152]. The stability of the

foams under consideration is due to the attachment of hydrophobic particles at the air-liquid

interface that, in turn, prevents coalescence.

In Section 3.8, it was shown that the flow regime affects the porosity of the foam; a similar effect
was expected for bubble size. Figure 3. 24 (a) and (b) shows the d3»/D as a function of the different

flow regimes for the 40 um and 100 pm disks respectively.
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Figure 3. 24: ds2/D depending on the different flow regimes conditions for (a) 40 um sparging
disk (b) 100 um sparging disk. The different flow regimes are represented as flooded (A ), loaded
(m) and fully recirculated (e)

From the figures above, it can be noted that a clear trend exists in both cases where the smaller
bubbles are obtained in fully recirculated condition and bigger bubbles are progressively obtained
when moving from loaded to flooded regime conditions. It is notable that, contrarily to what it
would be expected, the smaller sparger size disk produces bigger bubbles for foams made at Flg
higher than approximately 0.02. At high gas flow rates, a higher level of coalescence is expected
in the small pores disk; this is mostly due to the closer proximity of the smaller pores and could
result in the formation of initial bubbles bigger than those initially formed by the bigger pores

sparger.

3.10 Rheological Characterization of the Produced Foams
The rheology of the foams was determined using the procedures described in Section 3.5.3. For all
the sixteen foams an acrylic hatched parallel plate was used; Figure 3. 25 (a) shows the comparison
between the upwards rheology curves obtained. There is a notable “kink™ present in all the curves

and, in addition, some of the curves perfectly overlap suggesting structural similarity among these
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foams. Figure 3. 25 (b) exemplifies the upward (increasing shear rate) and downward (decreasing
shear rate) rheology curve of one foam. It can be seen that, the downward curve does not reach the
initial viscosity of the fresh foam suggesting that the structure of the foam is irreparably broken at
the higher shear rates. In addition, the “kink™ appears at lower shear rates in the down curve than
the up curve. The different position of the “kink” could suggest a correlation with the foam structure
but it was important to determine if such a feature is an artefact of the test procedure; it remained

possible that, despite the top plate hatching, slipping could have occurred at the flat bottom plate.
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Figure 3. 25: (a) Comparison of the upward rheology curve for the produced foams (b) Details of

the upward (®) and downward (m) rheology curve for one of the produced foams
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To investigate the nature of the “kink” the rheology of a foam was measured using different
geometries; in particular, a 40 mm steel plate, a 40 mm acrylic hatched plate and a standard rotor-

vane geometry were employed. In this case, the foam was a 20%uww titania foam produced using



DL-phenylalanine as amphiphile. It was necessary to replace the amphiphile due to the larger
volume required in the rotor-vane geometry which made difficult to work with butyric acid due to
its unpleasant odour. Consequently, titania was used as ceramic precursor due to the better
performances of phenylalanine as amphiphile when this powder was used. Although the measured
system was different from the original foams, the aim of the comparison was to evaluate the nature

of the observed “kink™.
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Figure 3. 26: Foam upward rheology curve: geometry comparison. (¢) Flat parallel plate, (m)
Hatched parallel plate, (®) Rotor-vane geometry)

Figure 3. 26 shows the comparison among the upward rheology curves obtained following the
testing procedure described in Section 3.5.3 but using the different geometries previously
mentioned. It can be noted that the extent of the “kink” reduces moving from a flat parallel plate
to a vane geometry suggesting that the observed feature is slip. Despite the fact that the geometry
comparison would suggest that the best geometry to be used is a rotor-vane geometry, the odorous

characteristic of butyric acid and the higher volume of sample required prevented the use of this
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system. Once the nature of the “kink” was identified, its correlation with the structural properties
of the foam were investigated. It can be assumed that the stabilized bubbles in ceramic foams
behave like soft spheres, these, at high concentrations, exhibit viscoelastic and solid-like behaviour
at low shear stress but yield and flow above a yield stress [167]. Slip of soft particles has been
widely investigated in the literature; this occurs when particles are depleted from a solid surface
giving a low viscosity boundary layer between the surface and the particles in the bulk of the

suspension [168].
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Figure 3. 27: (a) first series of overlapping rheology curves (b) bubble size distribution of the
foams overlapping in the first series (c) second series of overlapping rheology curves (d) bubble
size distribution of the foams overlapping in the second series (e) third series of overlapping
rheology curve (f) bubble size distribution of the foams overlapping in the third series
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Table 3. 3: Summary of the foams properties divided by overlapping series

Exp. | ds2 (um) | Distribution Span | Shear Rate (s') | Shear Stress (Pa)

1 615.99 4.08 2.51 214.9

2 1001.87 2.48 2.51 162.4

1 Set 5 635.84 5.08 2.51 195.0
7 94.094 2.74 3.16 235.6

10 | 1050.07 2.95 2.51 210.7

15 432.17 1.62 2.51 173.1

Average 642.81 3.16 2.62 198.6
3 164.09 1.56 9.99 44.89

4 465.41 2.31 12.59 42.06

2nd Set 12 278.64 1.50 10.01 53.59
13 328.85 1.60 19.97 39.93

14 391.27 1.70 12.59 73.58

Average 325.65 1.73 13.03 50.8
6 182.58 1.26 5.01 70.82

8 609.16 243 3.98 118.9

31 Set 9 199.33 1.89 3.98 89.33
11 296.60 1.83 3.16 71.14

16 | 1051.12 5.13 3.16 112.9

Average 467.76 2.51 3.86 92.6

Figure 3. 27 shows the sets of overlapping rheology curves and the bubble size distribution of the
corresponding foams. Table 3. 3 summarizes the properties of the foam; the span values reported

in the table refers to the width of the distribution and it was calculated as reported in Section 2.6.5.

It can be noted that slip occurs at different shear rate values in the three sets. In the first, slip appears
at around 2.60 s™!, in the second slip occurs at approximately 13.00 s™' and in the third one slip
occurs at around 3.90 s™!. Although, the slip of the foams belonging to the same set occurs at very
similar shear rates, due to the differences in viscosity among the compared foams, it is more
indicative to compare the shear stresses at which slip occurs; these are summarized in Table 3. 3.

Figure 3. 28 shows the dependence of the shear stress at which slips occurs on both bubbles size

and distribution span.
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Figure 3. 28: Slip shear stress as a function of bubble size and distribution span
Figure 3. 28 shows that a higher shear stress is necessary to observe slip when bigger bubbles and
larger distribution spans are present. These results show the dependence of slip on the structural
properties of the foam. Meeker et al. proposed that slip in soft particle systems is based on an
elastohydrodynamic lubrication (EHL) mechanism. EHL occurs when soft particles deform and
develop flat facets at hard surface under shear. The increased effective area of the particles
promotes hydrodynamic lubrication with the thickness of the slip layer depending on the balance
between lift force and the repulsive forces generated by the tendency of the particles to regain
sphericity; these forces are depending on the particles elastic modulus [169] [170]. The elastic

modulus of bubbles can be described by the Gibbs elasticity term expressed as follow [171]:

do
=2 dinA, (3.27)

where o is the gas-liquid interfacial tension and A4; is the total surface area of the bubble which is,

in turn, radius dependent. Although it was not possible to determine the value of the elasticity
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modulus due to the nature of the system, these relationships describe the dependence of slip on
bubble size. Despite the artificial nature of the slip, it is interesting to outline its dependence on the
structural characteristics of the foam.

The visco-elastic properties of the foams were tested following the testing procedure reported in
Section 3.5.3. All the foams presented a similar trend so, for simplicity, only one representative

oscillation curve is presented in Figure 3. 29.
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Figure 3. 29: Amplitude sweep curve for one of the produced foams: (e) G’, (m) G”

It should be noted that ceramic foams present quite an extensive linear viscoelastic region (LVER).
In the LVER G’ presents higher values with respect to G indicating that at deformations within
the linear viscoelastic region ceramic foams behave more like an elastic solid. All the foams
presented a LVER which extended beyond 100 Pa with the foam from experiment 8 extending to
500 Pa. The end of the LVER can be used as an indication of the maximum stress at which the
foam can be subjected without destroying its structure. In fact, it has already been mentioned that

particles stabilised foams behave like soft spheres giving a solid-like behaviour to the foam. It is
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expected that, as the stabilized bubbles are broken, the foams behaves more like a viscous fluid.
This aspect could be particularly relevant in the foam post-processing (e.g. extrusion or forming),
where the material could be subjected to stresses higher than those experienced during its
manufacture. In these operations knowing the maximum stress at which the foam can be subjected

without destroying its structure is fundamental to retain the required product specifications.

3.11 Conclusion
In this chapter, the manufacturability of ceramic foams has been studied; in particular, the process
parameters affecting the foam properties have been identified and include porosity and bubble size
distribution. The effects of impeller speed, impeller diameter, gas flow rate, sparging time and
sparging disk mean pore size have been investigated through design of experiment (DoE) in which
foam density, foam porosity, foam stability and bubble size distribution were selected as responses.
From the experimental work, it was established that foam stability is not dependent on its
manufacturing process but is only affected by the initial ceramic slurry formulation. It was
determined that sparging time, air flow rate and impeller speed are the major factors affecting foam
density and porosity while impeller speed, impeller diameter and the interactions between sparging
time and air flow rate and between impeller diameter and the mean pore diameter of sintered disk
have an impact on bubble size. To facilitate the process scale-up, foam porosity and foam bubble
size distribution were plotted as functions of different global mixing parameters. Correlations
capable of describing the investigated system were not found in the literature; this is due to the
transient flow behaviour of the investigated system and the change in its physical properties during
the foaming. The system was better described by equations valid for turbulent systems and those

were used to correlate foam porosity and bubble size to dimensionless numbers describing the
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studied system. As expected, in both cases, differences in the exponent values were found
compared to literature but the used relationships were well correlated by the experimental data. It
is important to remark that, due to the complexity of the system and the number of assumptions
made during the study, the new exponents are relevant exclusively for the current system and future

work is necessary to identify a general correlation.

To fully characterize the structure of the foam, rheological measurements were carried out. Slip
was observed in the rheological data whose onset was dependent on foam structure as measured
by the mean Sauter diameter and distribution span. The viscoelastic properties of the foams were
also investigated through an amplitude sweep test showing that foams behave more like

viscoelastic solids with the end of the linear viscoelastic region occurring over 100 Pa.

This chapter highlighted the complexity of the manufacturing process of ceramic foams.
Nonetheless, relationships proposed in the literature were shown to be able, upon adjustment of the
exponents, to correlate the experimental data. This allows the manufacturing process to be tuned
to the desired foam structure. The existence of a correlation between foam rheology and its
structural properties, such as bubble size and distribution, could be the starting point to develop an

at-line measurement to check the evolution of the foam structure during its manufacture.
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Chapter 4
Testing of ceramic foam supported catalysts in Fischer-Tropsch
Synthesis

4.1 Introduction
In the previous two chapters, the effects of both the formulation of the initial ceramic slurry and
the effects of the process parameters on the foam structure have been described. In this chapter, the
testing and comparison of foam and conventionally supported cobalt catalysts for Fisher-Tropsch
synthesis (FTS) will be presented. FTS is a gas-to-liquid (GTL) process in which syngas is
converted to hydrocarbons through the use of a catalyst [172] [173]. GTL processes have been
increasing in interest since they allow the economic extraction of gas deposit located in areas where
it is not economical to build a pipeline; liquid hydrocarbons are, in fact, more readily transported
than methane. GTL processes also allow refineries to convert some of the flare gas (waste product)
into valuable hydrocarbons. It is estimated in fact that over 150 billion cubic meters of natural gas
are flared annually; this corresponds to approximately 30% of EU annual gas consumption [174].
GTL includes, among the others, the methane to methanol process where methane is converted in
syngas and reacted to form methanol, the methanol to gasoline (MTG) where the methanol
produced in the previous reaction is converted to gasoline and the methanol to olefins process
(MTO) where methanol is converted in olefins which constitute the building blocks for several
chemical process. As previously said, in this chapter attention is posed on the FTS. The process
was invented by Franz Fischer and Hans Tropsch in 1923 while working at the Kaiser-Wilhelm-
Institute for Coal Research (Miilheim, Germany), converting a mixture of carbon monoxide and
hydrogen to hydrocarbons using an iron catalyst [175]. The first FTS pilot plant was built in

Oberhausen (Germany) in 1934 while the first modern large-scale plant, with a production capacity
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of 500 barrels per day (bpd), was operated by Sasol in South Africa in 1955 (Sasol I). Two other
large-scale plants followed in 1980 (Sasol II) and 1982 (Sasol III), both with a capacity of 20,000
bpd [176]. Later, two plants operating on offshore methane were built in South Africa (Mossgas
plant, now Petro SA) in 1992 and Malaysia (Shell Bintuli plant) in 1993 with production capacities
0f20,000 and 15,000 bpd respectively. In 2005, a joint venture between Sasol and Qatar Petroleum
(Oryx GTL) commissioned another GTL plant in Qatar in alliance with Chevron and produces
34,000 barrels per day. In 2011 the Shell Pearl GTL plant delivered the first commercial shipment
while from 2012 it achieved full ramp-up; it is currently the world’s largest GTL plant with a
production of up to 140000 barrels per day. In the next sub-chapters, an introduction to FT
chemistry, FTS processes and the proposed reaction mechanisms is given, then the role of catalyst
formulation and mass transport on FTS performance is described. This is followed by a brief
overview of the analytical techniques used to characterise the tested samples, then the experimental

results are presented and discussed.

4.2 Fischer-Tropsch reaction and reactor technologies
In the Fischer-Tropsch reaction syngas is polymerised to produce various oligomers regularly
distributed along the carbon number range. [177]. The main reactions are those leading to the

formation of paraffin and olefin:
Paraffin formation:

nCO + (2nt1)Hz = CnHauv2 + nH20
Olefin formation:

nCO + 2nHz = C,Hz, + nH20
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By-products formed during FTS are alcohols and carbon dioxide; these are formed in the following

side reactions:

Alcohol production:

nCO + 2nHa > C,Hap1OH + (n-1)H20

Boundouard reaction:

2CO 2 C+CO2

In the reactions showed above 7 is the carbon number and it depends on a number of factors such
as the Ho/CO ratio in the syngas and the type of catalyst used; depending on these factors either
paraffin or olefin formation predominates [178]. Paraffin formation is favoured by high H,/CO
ratios (natural gas derived syngas) and catalysts with strong hydrogenating abilities while olefin
formation is favoured by low Hy/CO ratios (coal derived syngas) and a catalyst with lower
hydrogenating abilities [179]. A by-product of FTS is water; its presence negatively affects syngas
conversion, hydrocarbon selectivity and catalyst longevity [180]. Another reaction occurring

during FTS is the Water Gas Shift reaction (WGS):

CO+H,0 €> CO,+H>

This reaction consumes CO and water (formed during FTS) and converts the reactants in hydrogen
and carbon dioxide. WGS activity is high over potassium promoted iron catalysts; iron catalyst and

the consequent WGS reaction are used to make-up the deficit of H» in coal derived syngas [181].

As previously said, FTS is a polymerisation reaction and its probability of chain growth is

independent of chain length; therefore, selectivity to various hydrocarbon (notably carbon chain
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length) can be predicted based on a simple statistical distribution calculated from chain growth
probability. Anderson, Shulz and Flory (ASF distribution) proposed a chain polymerization model

represented by the equation below [182]:
W, =n(1-a)?a™? (4.1)

where W, is the weight percent of a hydrocarbon containing »n carbon atoms and « is the chain
growth probability. The latter is expressed by (4.2) where r, and r; are the rate of propagation and

termination respectively.

a=—L (4.2)

Tt+7"p

A graphical representation of the product distribution is given in Figure 4. 1.
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Figure 4. 1: Andreson-Shulz-Flory Distribution [182]
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The ASF pattern always leads to a gradual decrease in selectivity with an increase in carbon number
which limits the formation of desired middle distillates and heavy hydrocarbons (wax) [183]
however, studies show that the ASF is seldom obeyed with common deviations being relatively

high yield of methane and relatively low yield of ethane [184].

FTS is a highly exothermic reaction making the reactor design challenging; high temperatures in
the reactor, in fact, leads to excessive methane yields, carbon deposition and catalyst loss due to
particle fragmentation [185]. Three main reactor configurations have been used commercially:
fixed bed, fluid bed and slurry bubble columns [186]; Figure 4. 2 shows a schematic of the three

configurations.

coolant

W

coolant

Figure 4. 2: Possible reactors for the FTS: (a) slurry bubble column reactor; (b) multi-tubular
trickle bed reactor; (c) circulating, (d) fluidized-bed reactor [G: gas, L: liquid] [186]

The fixed bed tubular reactor (Figure 4. 2 b) is one of the most competitive technologies and is
used at commercial scale by Sasol [187] and Shell [188]. This type of reactor operates at about 220
°C and 25-45 bar. Heat removal is achieved by utilising steam that is generated at the shell side of

the reactor however, this is not really effective and results in axial and radial temperature profiles
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in the tubes. This reactor configuration normally produces complex mixtures consisting of
hydrocarbons ranging from methane to wax. To reduce the pressure drop in the tube, the use of
catalyst particles of a few millimetres is necessary; this results in intra-particle diffusion limitation
[188]. The major problems of fixed bed tubular reactors is the cost associated with their assembly
and the fact that on-line changing of the catalyst is not permitted resulting in long down times of

the reactor.

Another possibility is the use of fluidised reactors; these consist of a gas and solid phase and they
can have either a fixed (Figure 4. 2 d) or a circulating bed (Figure 4. 2 c). In the first one the catalyst
bed remains stationary and the gases pass upward through the bed while, in the second one, the
catalyst is entrained in the fast moving gas stream. The Synthol reactor used by Sasol is a
circulating bed reactor; in this set-up, a fine catalyst bed is entrained by a high velocity gas stream
through a riser reactor. The catalyst is then separated from the effluent by cyclones and is then
returned to the reactor inlet; two cooling zones are used in the riser to remove the heat of reaction.
The main disadvantage of this configuration is that should any poison enter the reactor, the entire

bed is poisoned.

The last reactor option is the slurry bubble column reactor (Figure 4. 2 a), in these three-phase
reactors syngas is distributed from the bottom and rises through the slurry that consists of
predominantly the FT wax product (high thermal capacity liquid) with the catalyst particles
suspended in it. As the reaction proceeds, the heavy hydrocarbons form part of the slurry while
gaseous products and water diffuse through the gas bubbles and are removed. In this configuration,

if the slurry phase is sufficiently well mixed, it is possible to operate in isothermal conditions [ 189];
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this results in the possibility of operating at higher temperature without the risk of catalyst

degradation. Higher reactor temperatures results in higher CO conversion to products.

4.3 Fischer-Tropsch proposed reaction mechanism
The FTS reaction mechanism has been a topic of much debate since a mechanism was first
proposed by Fischer and Tropsch in their original paper [190]. A key point of contention is
whether the chemisorbed CO first dissociates into C and O atoms. In general, it is recognised that
the FT reaction follows the sequence of reactant adsorption, chain initiation, chain growth, product
desorption and re-adsorption of reactive products and further reaction. Initially, Fischer and
Tropsch proposed the formation and hydrogenation of metal carbides to give methylene groups
(CH2) on the surface of the metal which then polymerise to yield the observed products [190]. This
mechanism takes the name of surface carbide mechanism and is illustrated in Figure 4. 3. This
mechanism was supported by Craxford and Rideal who proposed that CO is adsorbed onto the
metal surface and, in the presence of hydrogen, dissociates and subsequently forms water and
chemisorbed carbon; the latter is subsequently hydrogenated to form chemisorbed CH> which
oligomerises to produce higher hydrocarbons [191]. Browning and Emmett recognized that the
surface carbide mechanism was inconsistent with thermodynamic data for the formation of
hydrocarbons by carbide hydrogenation at the reaction temperature [192] while Evans and Nash

pointed out that the mechanism did not explain the formation of oxygenated products [193].
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Figure 4. 3: Surface carbide mechanism. The rate determining steps (R.D.S.) are indicated in the
scheme [194]

Kummer et al. proposed the surface enol mechanism in which the chain grows by undissociative
chemisorption of CO which then reacts with adsorbed hydrogen to form enolic (HCOH) units;
chain growth is then obtained by a combination of surface polymerization, condensation and water
elimination steps using adjacent groups (Figure 4. 4) [195]. Hall et al. added *C-labelled alcohols
or alkenes to the syngas feed. The distribution of the stable isotopically labelled products was
analysed and showed that the added alkenes or alcohols were able to initiate chain growth. This
was confirmed by the fact that when 1% '*C marked ethylene was added to syngas and passed, at
1 atm, over an iron catalyst about 12% of the hydrocarbon formed from ethylene. The percentage
increased to 50% when 1.5% marked propanol or propionaldehyde were added to the synthesis

stream [196].
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Figure 4. 4: Surface enol mechanism. The rate determining steps (R.D.S.) are indicated in the
scheme [194]

In 1958 Wender et al. proposed the CO insertion mechanism in which the initiation step involves

the insertion of a CO molecule into a metal-H bond, the resulting aldehyde is then hydrogenated to

CHj3 in a rate determining step; CO insertion then occurs as shown in Figure 4. 5.
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scheme [194]

Maitlis et al. proposed the alkenyl mechanism in which surface alkenyl are suggested as polymer
chain carriers [197]. Figure 4. 6 shows that the chain starter vinyl species (-CH=CH>) is formed by
the reaction of a surface methyne (=CH) and surface methylene species (=CH»>); chain growth then
occurs by coupling of an alkenyl carbon with a methylene carbon to form an allyl species (-
CH>CH=CH>). The surface allyl species then isomerises to the more reactive propenyl species (-
CH=CHCH?3) with termination occurring by the reaction between surface hydrogen and the surface
alkenyl species leading to predominantly a-olefins. This mechanism explains the formation of
branched products (by allyl isomerization), the low amount of C; products and the release of the
1-alkenes as primary products (by favourable hydrogenation reaction) but it is not able to describe
the formation of n-paraffins and oxygenates showing significant limitations considering that n-

paraffins are the dominant products in FTS.
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Figure 4. 6: Alkenyl chain growth mechanism [198]

Although different mechanisms have been proposed, it is generally recognised that FT is
substantially a polymerisation reaction, kinetically controlled by the addition step of -CH»- groups

on a catalyst surface. FTS is characterized by relatively high selectivity towards products in the

spectrum of a mixture of linear and branched hydrocarbons and a-olefin and oxygenated products.
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4.4 Effects of catalyst formulation on FTS
Different active metals can be used in FTS and their choice is critical since it effects the product
distribution. The first FTS catalyst used by Fisher and Tropsch in 1923 was an iron catalyst but
also cobalt, nickel and ruthenium have been shown to be catalytically active in FTS. Nickel
presents an undesirable high methane selectivity; it is after all the state of the art catalyst for
methanation. Ruthenium, although the most active element for FT, is too expensive making it
unsuitable for large-scale industrial use. Iron catalysts find wide application in industry thanks to
their relatively low cost and their tolerance to flexible operative conditions [199]. Iron catalysts are
usually promoted with alkali (e.g. potassium or sodium) to increase the average molecular weight
of the produced hydrocarbons and to promote the water-gas-shift reaction (WGS) [200]. This
reaction favours the use of syngas having a low H>/CO ratio since it in-situ produces additional H»
by the reaction between feed-CO and the FTS produced H»O [201]. Some of the problems
associated to the use of iron-based catalysts are the high deactivation rates and the relatively short
catalyst life time. Co has a higher hydrogenation activity than Fe, resulting in higher yields of high
molecular weight paraffins and less oxygenated by-products. Co catalysts are more active than Fe
catalysts but the final catalyst formulation is more expensive. For this reason, they are only used
industrially as supported catalysts; common supports are Si02[202], TiO2 [203] and Al,O3 [204].
The effects of different catalyst properties such as crystal size, crystallite distribution, type of
support and catalyst acidity on the FTS reaction will be discussed below. Since Co was used in the

experimental work, further discussions will be referred to this metal.
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4.4.1 Effects of crystal size and crystallite distribution on FTS reaction
In the introduction to the thesis a general description of the effect of crystal size, metal surface area
etc. on the catalyst performance has been given; in this section the effects of crystal size and
crystallite distribution on FTS is given. Barbier et al. observed that the turn-over-frequency (TOF)
and the polymerization probability were significantly enhanced when the Co crystal size was
increased from 4 to 9 nm [205]; a similar behaviour was observed by Bezemer et al. and Borg et
al. for carbon-nano-fibers [206] and alumina supported catalyst respectively [207]. In particular,
Borger et al. conducted a detailed study of y-Al,Os; with different amounts of Co demonstrating
that the Cs+ selectivity increases with increasing the Co crystal size up to 8-10 nm and then it levels
out with a maximum observed at around 8-9 nm; the same maximum value was observed by Rane
et al. using o8- and 6- AlO; with different crystal size [208]. Eggenhuisen et al. investigated the
effects of crystallite distribution on FTS. They used a freeze-drying technique to control the cobalt
particle size and its distribution on a silica support. They observed that, while conventional drying
gave Co clusters of several hundred nanometers in size, freeze-drying gave an even distribution of
equally sized crystallites. The authors reported that, surprisingly, Co clusters favoured Cs+
selectivity of as much as 6% but no explanation for this observation was given [209]. Borg et al.
controlled the crystallite distribution in the impregnation method by addition of ethylene glycol to
water but no significant effect on the selectivity was found [207]. In contrast, Marion and Roy
observed a beneficial effect of cluster formation when Co/y-Al2O3 and Co-Ru/ y-Al>Oj3 catalysts
were used [210]. Although the higher activity as the catalyst crystal size increases may be
counterintuitive, a hypothesis reported in the literature is that the CO coordination is favoured on

larger particles, thus increasing the CO dissociation rate and the intermediate concentration [211].
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4.4.2 Effect of support material and pore structure on FTS reaction
Rytter et al. showed that the selectivity of a Co-Ru/Al>O3 catalyst increased by 7-8% by calcining
the support to temperature where y-Al,Os is transformed to a-Al,O3 (Figure 4. 7 shows the thermal

transformation sequence of the aluminium hydroxides).
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Figure 4. 7: Thermal transformation sequence of the aluminium hydroxides [212]

They observed also an intermediate enhancement of around 3% when a Ni-aluminate was used as
support [213]. Rytter et al. also reported that titania supported catalysts usually give very high wax
(long chain hydrocarbons with carbon number greater than 12) yield indicating that more inert
supports are favourable in order to obtain a higher Cs+ selectivity [214]; this is in agreement with
the higher selectivity observed when y-Al2O3 is transformed to a-AlOs. Rane et al. found a
correlation between Cs- selectivity and CHx coverage on Co [215]; this observation is in agreement
with den Breejen et al. who proposed that an increased CHx coverage comes at the expenses of
hydrogen coverage enhancing, consequently, chain growth. It is worth noting that the above studies

are all characterised by large pore supports. Rytter et al. deduced that the pore structure may
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influence the selectivity in FTS; they tested y-aluminas of the Sasol GmbH CCA family having
narrow and wide pores. The authors observed that a significantly higher selectivity of around 4%
in Cs+ was obtained when the wide pore aluminas were used [213] [216]. One of the hypotheses
proposed by the authors was that wide pores are formed by larger crystallites and, as previously

reported, larger crystallites favour Cs. selectivity.

4.4.3 Effects of acidity and surface modification of FTS
In the previous section it has been showed that a-alumina and titania are the supports that give the
highest wax production, so it could be assumed that low-acidity is beneficial to obtain higher
selectivity. This hypothesis seems to be confirmed by Shell’s approach to cover the silica surface
with zirconia and titania [214]. A similar surface modification approach was used by Shi et al. The
authors hydrolysed the surface of silica supports to chemically modify it. In particular Shi et al.
obtained a hydrophobic surface, stable to 400 °C, through methyl modification with
trimethylchlorosilane. Although the author reported an increase in conversion with silanation, it
was surprisingly observed a decrease in the polymerisation probability [217]. Blekkan et al. [218]
and Logdberg et al. [219] demonstrated that added or in-situ produced water favour the production
of higher hydrocarbons; consequently, it can be hypothesized that the conservation of hydroxyl
groups has a beneficial effect that is somewhat in conflict with the low acidity requirement. Rytter
et al. proposed that Brensted acid sites should be favoured over Lewis sites when Fischer-Tropsch

catalysts are prepared [214].

4.4.4 Effects of mass transport on FTS
The effects of external and intra particle diffusion on FTS can be easily tested in fixed bed

laboratory experiments. Rytter et al. [216] and Steynberg et al. [220] proved that the film mass
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transport resistance at the film-catalyst interface can be considered negligible by using different
superficial gas velocities. On the other hand, Rytter et al. showed in their work that catalyst particle
size has a significant effect on the selectivity [216]. They observed that the selectivity to Cs: is
essentially constant up to particle size equal to 350 um but then drops off for the sample having a
particle size of 650 um. They ascribed this loss in selectivity to the faster diffusion of H» than CO
that in turn leads to higher Ho/CO ratio in the inner part of the larger particles. The authors also
concluded that the pore size characteristics do not have an effect on the selectivity, with the
diffusion depending mainly on the transport length. This last observation is in contrast with the
observations of Iglesia et al. [221] who propose that the Cs: selectivity depends on a structural

parameter y defined as:

306
x ="m 4.3)
P
where Ry is the radius of the catalyst particle, ¢ is the porosity, i is the density of the surface Co
atoms and 7, is the mean pore radius. The authors found a “volcano-plot” trend when graphing the
Cs+ conversion as a function of the parameter y; they ascribed the rising part to the re-adsorption
and reinsertion of a-olefins while the reduction part is associated to CO transport limitations. The
equation above was further analysed by de Deugd who argued that the porosity term should be

moved to the bottom; in addition, the author showed that the parameter y is independent of the

particle size [222].

Until now the diffusion limitation of syngas has been discussed, evidently, the products are more
prone to diffusion limitation especially when they become longer chained. Rytter et al.
demonstrated that the product distribution is effected by mass transport; in particular, the

olefin/paraffin ratio decreases as the particle size is increased. The authors proposed that the longer
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residence time in the pores facilitates the hydrogenation of the olefins suggesting that, in first
approximation, the hydrogenation of the olefins is diffusion controlled and takes place
independently of chain growth [216]. Although the literature do not always agree on which are the
support structural characteristic that effects the catalyst selectivity, it is clear that the different
diffusion of the reactant and products have an effect on the final product distribution. For this
reason, it is expected that the particular structure of foam supported catalyst may be beneficial in

term of Cs+ selectivity.

4.5 Catalyst Characterization Techniques

The tested catalysts were characterized using a range of techniques to determine the underlying
reasons behind the differences in catalyst performances observed. Five main analytical techniques
were used: X-Ray Diffraction (XRD), N2 physisorption, H> chemisorption, NH3; Temperature
Program Desorption (TPD), Mercury Intrusion Porosimetry (MIP) and Scanning Electron
Microscopy (SEM). A brief description of these techniques will be given in order to introduce the

significance of the characterization results that will be presented in the experimental section.

4.5.1 X-Ray Diffraction (XRD)
X-Ray Diffraction uses X-Rays to determine the atomic/molecular structure of a crystal. This
technique can be used either on single crystals (X-Ray crystallography) or on powder samples
(Powder X-Ray Diffraction). Crystals are formed by regular arrays of atoms which are able to
scatter X-Rays producing secondary spherical waves emitted from the electrons; this phenomenon
is called elastic scattering. The produced waves cancel each other in most directions due to

destructive interference but they add constructively in specific directions described by the Bragg’s

law [223]:
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2dsinf = nl (4.4)

where d is the spacing between diffracting planes, 0 is the incident angle, » is an integer and 4 is
the beam wavelength. These specific directions appear as spots on the diffraction patterns and they
are used to obtain structural information about the investigated sample or to identify unknown
samples. The latter is usually achieved by comparison of the unknown diffraction pattern with a
known sample or to a database such as the International Centre for Diffraction Data
(http://www.icdd.com/). The success of X-Rays to investigate the structure of crystals is due to
their characteristic wavelengths being the same order of magnitude of the spacing (d) between the
crystal planes. In this work however, a Powder X-Ray Diffractometer was used to determine the
crystal size of the active metal. The crystal size can be determined using the Scherrer equation
which relates the size of sub-micrometer crystallites to the broadening of a peak in a diffraction

pattern [224]:

KA
T = Boost (4.5)

where 7 is the mean size of the crystalline, K is a dimensionless shape factor with a value close to
unity, 4 is the X-Ray wavelength, f is the line broadening at half the maximum intensity (FWHM)
after subtracting the instrumental line broadening and 0 is the Bragg angle. It is important to point
out that the Scherrer equation provides the lower bound on the crystallite size since peak
broadening can be due to different effects such as inhomogeneous strain and crystal lattice

imperfections [225]. A schematic of an X-Ray diffractometer is given in Figure 4. 8.
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Figure 4. 8: X-Ray diffractometer schematic [226]

The X-Ray diffractometer is composed of two axes (w and 26) of independent rotation. The X-Ray
source (F), the sample holder (S) and the detector (G) lie on the circumference of a circle called
the focusing circle [226]. The X-Ray source is usually an X-Ray tube in which electrodes are
“boiled-off” of a cathode and accelerated through a strong electric potential (around 50 kV). Once
the electrons have reached high speed these are collided with a metal plate (usually copper) which
in turns emits spectral lines corresponding to the excitation of the inner-shell electrons of the metal.
The pattern of diffraction spots can be observed on a screen behind the sample; the relative intensity
of these spots provides the structural information about the sample. Typical detectors used to
measure the intensity of these reflections are either a photographic film or, more commonly, a
Charge Coupled Device (CCD) image sensor. In order to maintain the angle between the plane of
the sample and the direction of the incident X-ray beam equal to that of the direction of the
diffracted beam, the 20 axis is rotated two times as much as the ® axis. To minimize the angular

dispersion and to improve the spatial resolution for the incident X-Ray beam a series of slits are
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inserted into the X-Ray path. The divergent slits (DS) and the scattering slits (SS) are set to restrict
each horizontal dispersion of both the incident and diffracted X-Ray beams while the receiving slit

(RS) in front of the detector is set to determine the spatial resolution [226].

4.5.2 N, Physisorption
N2 physisorption uses the physisorption of non-reactive species on the surface of a sample to
characterise its porous structure. Physisorption forces tend to weakly bind the adsorbate onto the
solid surface when a balance is achieved between the intermolecular attractive (e.g. Van der Waals
forces) and repulsive forces. The amount of probe-molecule adsorbed on the surface depends on
the equilibrium pressure, the temperature and the nature of the gas-solid system [227]; Figure 4. 9

shows the different stages involved in the physisorption.
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Figure 4. 9: Stages involved in the physisorption process [228]
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In the first stage few sites of the samples surface adsorb the gas molecule, increasing the gas
pressure the coverage of the surface increases until a monolayer is formed. Further increasing the
gas pressure leads to multi-layer coverage until complete coverage of the sample and fill of all the

pores is reached.

If the amount of adsorbed gas is plotted against %, where p is the equilibrium pressure and p? is

the saturation pressure, six different types of isotherms can be obtained; these are shown in Figure

4.10.
I o
B
K
m v
S
§ a
€
a
Elx o

Relotive pressure —»
Figure 4. 10: Different types of adsorption isotherms [229]

Type I isotherm usually refers to adsorption on microporous solids where the amount adsorbed
approaches a limiting value as the relative pressure is increased, type Il isotherm presents an initial

intermediate region where monolayer adsorption occurs (point B) followed by multilayer
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adsorption; this isotherm is usually characteristic of non-porous or macroporous materials. Type
111 isotherms are convex to the p/p” and consequently does not present a point B; these isotherms
are representative of weak attractive forces between the adsorbate and the adsorbent, in addition,
the absence of a flat part suggests the absence of the monolayer formation. Type IV isotherm
present a point B and multilayer adsorption but the saturation point is reached at a pressure below
the saturation pressure indicating capillary condensation of gas in narrow pores. Type V isotherms,
as in the case of type IV, present a hysteresis loop but they do not have a point B. Finally, Type VI
isotherms represent step-wise multilayer adsorption on the adsorbate surface. The surface area of
the investigated samples is commonly determined using the BET theory. This was developed by
Brunauer, Emmet and Teller and it is based on an over-simplified model for physisorption; the

equation proposed by the researchers is:

1 _ecifp),_1
v[(p°/p)-1] ~ vmc (pO) T (4.6)

where v is the adsorbed gas quantity, v, is the monolayer adsorbed gas quantity and c is the BET

S E1—E
constant which is defined as ¢ = exp ( 1RT L

) where £ is the heat of adsorption for the first layer

and £ is that for the second and higher layers [230]. m = E;i (pﬂo) + VLC

(4.6) represents an isotherm of adsorption and it can be plotted in the form of a straight line
when 1/v[(p°/p) — 1] is plotted as a function of p/p°. The values of the slope A and the intercept
I are used to calculate the monolayer gas quantity v, and the BET constant ¢ using the following

equations:

U = (4.7)
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c=1+% 4.8)

From these values the total surface area S; and the specific surface area Szer are given by:

S, = @ (4.9)

Sppr = & (4.10)

a

where N is the Avogadro’s number, s is the adsorption cross section of the adsorbing species, V' is

the molar volume of the adsorbate gas and a is the mass of the solid sample.

Barrett, Joyner and Halenda proposed an equation to determine the pore size distribution; this

relates the pore volume to the pore size and is commonly referred to as the BJH equation [231].

1

p_ 2w
it =21 “.11)

where y is the surface tension, v/ is the molar volume of the liquid and r is the Kelvin radius of a

cylindrical pore.

The isotherm of adsorption of nitrogen at the temperature of liquid nitrogen (77 K) is usually
determined by gas sorption manometry. In this method, the amount of adsorbed gas is evaluated
by measuring the change of gas pressure; successive amounts of the adsorbate gas are introduced
in the system at each stage and a sufficient time is allowed to attain equilibrium. In this way, a

series of single points are obtained which constitute the adsorption isotherm [232].

4.5.3 Chemisorption
Chemisorption analytical techniques uses the formation of surface complexes as a mean to obtain

information about the investigated sample. Unlike physisorption, as the name suggests,
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chemisorption involves the formation of a chemical bond between the adsorbate and the adsorbent
and, consequently, the phenomenon is difficult to reverse. In addition, chemisorption is highly
selective and occurs preferentially (depending on the adsorption energy) between certain adsorbate
and adsorbent species. Chemisorption is a single layer process since the adsorption only occurs if
the adsorbing molecule can make direct contact with the surface. In similar fashion to the
physisorption, an adsorption isotherm is obtained during the analysis but this is only representative
of the reactive part of the sample surface. This observation remarks the importance of the choice
of the suitable probe molecule. Chemisorption tests can be carried out at either isothermal
conditions or as temperature programmed test (Temperature Programmed Reaction or Temperature
Programmed Desorption). The former is commonly used to determine the active surface area, the
crystal size and the metal dispersion while the latter is used to characterize the nature and the
strength of the sample’s acid/basic sites allowing the reversal of the adsorption [233]. A more

detailed description of the two techniques will be given in the next subchapters.

4.5.3.1 Isothermal chemisorption
The isothermal chemisorption experiments can be carried out using two different techniques: static
volumetric chemisorption and dynamic chemisorption. In the first one precise dosing steps are
required to pursuit the equilibration point. This technique is convenient for obtaining high
resolution chemisorption isotherms from a very low pressure to atmospheric pressure and at any
temperature from ambient to 1000 °C. Dynamic chemisorption is commonly used and consists of
the injection of accurately known quantities of the adsorbate. These are introduced in pulses until
the sample is saturated. A thermal conductivity detector is used to measure the amount of adsorbate

that was not taken up by the active metal; then, by subtracting this quantity to the initial injected
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quantity, the amount of adsorbed species is obtained. Chemisorption theory assumes that the active
surface of a solid contains a fixed number of adsorption sites Ny and that only one molecule at a
time can occupy it. For a specific gas-solid system at certain temperature and pressure, a certain

fraction @ of the active sites N will be occupied by n44s adsorbed molecules resulting in:

g = Tads (4.12)

N
The occupancy of the active sites at different pressures (e.g. concentrations) of the probe molecule

can be expressed by the Langmuir isotherm:

g =25 (4.13)

" 1+bP

where P is the pressure of the probe molecule and b is a constant that includes the concentration-
pressure proportionality (adsorption) constant and the ratio between the rate constant of adsorption
and the rate constant of desorption. Figure 4. 11 shows an example of chemisorption isotherms for

different values of the constant b [233].
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Figure 4. 11: Chemisorption isotherms for different values of the constant b [233].
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It can be noted from Figure 4. 11 that the chemisorption isotherm reaches a plateau corresponding
to the saturation of the active sites; this values allows to determine the active metal surface area

using the following equation /234/:

A, = [(n V—d) NA] a (4.14)

Vg

where 7 is the stoichiometry of the adsorption reaction, Vs is the volume of adsorbed probe
molecule, ¥ is the molar volume of a gas at standard conditions, N4 is the Avogadro’s number and
a is the cross-sectional area of the probe molecule. In a similar way, the metal dispersion can be
determined by calculating the amount of metal on the surface and the total metal load; this can be

achieved using (4.15) and (4.16) respectively [234]:

Va S

Mgyr s = nv—: (4.15)
M

MtOt = —MW*l()O (416)

where Mj.,r and M, are the moles of metal on surface and moles of total metals respectively
expressed in mol g, M is the % metal loading and MW is the molecular weight of the metal. The

metal dispersion D is then obtained by:

D =7 4 100 (4.17)

Mot

4.5.3.2 Temperature Programmed Desorption (TPD)
Temperature programmed chemisorption involves the effects of temperature on surface reactions.
This method is commonly used for the characterisation of active size and for the determination of

the thermodynamic and kinetic parameters of the desorption process; this chapter will focus on the
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use of TPD for the characterization of active sites. A schematic representation of the TPD

instrument is shown in Figure 4. 12.
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Figure 4. 12: Schematic representation of the Temperature Programmed Desorption instrument
[235].
The sample is placed in the sample holder and pre-treated at high temperature and under inert
atmosphere to remove adsorbed species, afterwards the sample is exposed to the adsorbate. The
selection of the probe species depends on the type of sites that want to be investigated, for example,
NHj3 and pyridine are commonly used for the determination of acids sites while CO and CO; are
generally used for the characterization of basic sites. Subsequently, the physisorbed part of the
adsorbed gas is removed by evacuation then, the chemisorbed adsorbate is desorbed by heating the
sample in a controlled way. Finally, the evolved gas is quantified using a thermal conductivity
detector. It is important to keep in mind that, since different chemical species can desorb from the
sample surface, recent TPD instruments have been equipped with a mass spectrometer to

discriminate the different desorbed species. The obtained data are usually presented as the variation
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of the detector signal as a function of the temperature; Figure 4. 13 shows an example of a TPD

curve.
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Figure 4. 13: Example of a TPD curve [235]
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From a TPD curve different information about the active sites can be obtained. The area under the
curve is proportional to the surface coverage @ and consequently TPD can be used to determine the
surface coverage. The Truax value at which the maximum of a peak occurs is related to the desorption
activation energy which in turn is correlated to the bond energy between surface active site and
adsorbate. It is important to point out that solid materials have active sites of different strength; this
can be due to differences in the nature of the site (e.g. Lewis - Bronsted acids/base) or solid
structure heterogeneity (terraces, steps, etc.) [235]. The position of the peak maximum can help to
shed lights on the type and strength of the active sites making TPD a powerful technique for the

structural characterization of catalysts.
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4.5.4 Mercury Intrusion Porosimetry (MIP)
Mercury porosimetry is commonly used for the characterization of porous solids having pores
between 500 um and 3.5 nm [236]; this technique uses the intrusion of mercury into a porous
sample to provide a wide range of information such as pore size distribution, total pore volume and
the specific surface area of a sample. In mercury porosimetry it is assumed that the pores have a
cylindrical geometry and the Washburn equation (4.18) is used to correlate the pressure difference
across the curved mercury interfaces (r; and r2) to the corresponding pore size 7pore through the

surface tension of mercury y and the contact angle o between the solid and the mercury [237].

Apzy(l+l)=ﬂ (4.18)

1 2 Tpore
From the mercury porosimetry analysis it is also possible to determine the surface area of the
sample using the relationship proposed by Rootare and Prenzlow (4.19) [238]; this converts the

pore volume data into corresponding surface area 4.

A=———["Pay (4.19)

YHgCOST

The amount of mercury intruded into the sample is measured using a penetrometer (Figure 4. 14);
this is constructed of glass (insulator) and filled with mercury (conductor). The metal planted stem
of the penetrometer acts as a reservoir for the analytical volume of mercury. The two conductors
(mercury and the metal planting) are separated by glass forming a coaxial capacitor. As the pressure
forces the mercury into the pores of the sample, the mercury in the capillary decreases and so is the
capacitance. The decrease in capacitance is, therefore, proportional to the volume of mercury

leaving the capillary with each change in pressure [239].
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Figure 4. 14: Schematic of a Mercury Intrusion Penetrometer [239]

The results of the mercury porosimetry experiments are usually represented in an
intrusion/extrusion curve (Figure 4. 15) where the pore diameter is plotted as a function of the

cumulative intrusion of mercury.

0.60 32 HILET 11 I8 1 e ttae
osed—t ittt 1228

0.54

S . _ / ’
0.48 1 1
| & |

0.46 — f— 3 — i
0.44 = : 414 - +* T
0.42 - ! R Y #

0.40 = T

S IINER -

; 4 r
oaai -
0.34 1 !
uaz-l t : g

I

T ITFTT L T ¥ T T T T BRI
1 0.1 0.01

DIAMETER, (micrometers)

Figure 4. 15: Mercury Intrusion Porosimetry intrusion/extrusion curve [237]
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It is important to point out that, mercury porosimetry does not measure the actual internal pore size
but it determines the largest connection from the sample surface towards that pore. From Figure 4.
15 it can be noted that a hysteresis between the intrusion (increasing pressure) and the extrusion
(decreasing pressure) curves exists. Different explanations have been proposed for this
phenomenon; one of these attributes it to the contact angle differences in the advancing and
receding contact angles but this hypothesis cannot explain, for example, mercury trapping in the
sample. The “ink bottle theory” proposes that, since the mercury will enter the cavity at a pressure
determined by the entrance size, during the extrusion the mercury network would then break at all
the throats between pores, leaving a larger amount of mercury trapped inside the sample. Although
this theory explains the mercury entrapment, it does not necessarily explain the hysteresis between
the intrusion and the extrusion curve [237]. A drawback of the technique is that the intrusion of Hg
at high pressure can damage the porous structure of weaker materials. As it can be deduced from
the previous discussion, mercury porosimetry allows to obtain a large set of information from
porous samples but data analysis must be conducted carefully in order to take into account the

technique limitations.

4.5.5 Scanning Electron Microscope
A Scanning Electron Microscope (SEM) can provide information on surface topography,
crystalline structure and chemical composition of the top 1 um of a specimen; this techniques uses
a beam of electrons to produce the sample image and magnifications up to 1000000 X with an
ultimate resolution of 1 nm [240]. The principle at the basis of a SEM is based on the interaction
of accelerated electrons with the sample surface. When the incident electrons are decelerated, due

to the interaction with the sample surface, their kinetic energy is dissipated in a variety of signals
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such as secondary electrons, backscattered electrons, photons (characteristic X-Rays), Auger
electrons, visible light and heat. Secondary electrons and backscattered electrons are commonly
used for imaging the samples: secondary electrons for showing morphology and topography on
samples and backscattered electrons for illustrating contrast in compositions in multiphase
samples. The emission of X-Rays and Auger electrons is the consequence of the interaction of the
electrons with the sample’s surface atoms. These have a fixed wavelength depending on the
elements they were emitted from, so their detection allows to gather valuable information regarding

the elemental composition of the sample surface [240].

A Scanning Electron Microscope is composed of an electron gun, condensor lenses and a series of

detectors to analyse the different signals; Figure 4. 16 shows a schematic representation of a SEM.
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Figure 4. 16: Schematic representation of a SEM (BSE = backscattered electrons, SE =
secondary electrons, X = X-Rays, CRT = cathode-ray tube) [241]
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The electron gun is fitted with a tungsten filament which is used to thermoionically emit an electron
beam having an energy usually comprised between 0.2 and 40 keV. The beam is then focussed by
one or two condenser lenses to a spot of about 0.4-5 nm in diameter. The beam is then passed
through a pair of scanning coils or deflector plates in the electron column; in this way the beam is
deflected in the x and y axes so that it can be scanned over a rectangular area of the sample surface
[241]. To avoid electron deflection by the molecules present in the air, high-vacuum is necessary
to run the analysis; this is obtained using a high-vacuum pump. A single detector is not capable of
registering all the signals emitted by the sample so different detectors are present in the instrument.
For example, secondary electrons are detected using a scintillator-photomultiplier detector. The
secondary electrons are first collected by attracting them towards an electrically biased grid and
then further accelerated towards a scintillator positively biased; this will cause the scintillator to
emit flashes of light which are conducted to a photomultiplier outside the SEM. Scintillator
detectors are also used to register backscattered electrons but these are positioned above the sample
in a “doughnut” type arrangement in order to maximize the solid angle of collection; the detection
of these electrons allows to identify areas with different chemical composition since heavy
elements backscatter electrons more strongly than light elements. As already said, some
instruments are capable of analysing also the emitted X-Rays, this is achieved by energy dispersive

X-Ray spectroscopy or wavelength dispersive X-Ray spectroscopy [241].

It is important to point out that sample preparation is a fundamental aspect of the SEM analysis.
Non-conductive samples can accumulate electrostatic charge when scanned with an electron beam
resulting in scanning faults and image artefacts. For this reason, non-conductive samples are

usually coated with a thin layer of conductive material [241]. This is not always the case though,
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non-conductive samples can be imaged using a low voltage mode of operation; this was the case
for all the SEM images acquired in this work.
4.6 Materials and Methods
4.6.1 Materials

Fumed TiO> particles (grade AEROXIDE P25) were obtained from Evonik Industries (Essen,
Germany). The supplier technical data sheet states that the primary particles have a mean diameter
of approximately 21 nm while their aggregates are several hundred nm in size. Density and surface
area are 4 g cm> and 50 m? g! respectively. The AEROXIDE P25 is characterized by an
anatase/rutile ratio of 80/20 with both crystal structures having a tetragonal geometry.

The amino acids used to modify the particles surface were DL-valine 99%, DL-leucine 99% and
DL-phenylalanine 99% (Alfa Aesar, Heysham, United Kingdom). Other chemical used in the foam
preparation were demineralized water, HNO3 70%y (Alfa Aesar, Heysham, United Kingdom) and
KOH 40%y prepared by dissolving potassium hydroxide pellets (Alfa Aesar, Heysham, United
Kingdom) in demineralized water. A [Co(NH3)s]CO3 solution was used for the support
impregnation. This was prepared from a 28% NH4OH solution (Alfa Aesar, Heysham, United
Kingdom), (NH4)CO3 (Alfa Aesar, Heysham, United Kingdom), 30% H>0, (Alfa Aesar,

Heysham, United Kingdom) and 50% CoCOs3 (Shepherd Widnes Ltd).

4.6.2 Slurry preparation and foaming
Titania suspensions were prepared by stepwise addition of the powder to deionised water
continuously stirred using an IKA EUROSTAR power control-visc overhead mixer. The pH of all
suspensions was adjusted to electrostatically stabilise the particles. Titania particles are stable at

pH either below 4 or above 7. To favour the dissolution of amino acids the pH was kept either
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below 3 or above 10 through the addition of small aliquots of 70%y~ HNO3 and 40%.,y KOH
respectively. The solid loading of titania suspensions was set to 25%ww. In a typical formulation,
carried out at acid pH, 99.7 g of titania was added to 250 mL of demineralised water containing 50
mL of 5%~ HNO3. After powder dispersion, the suspension pH was dropped below 2 through the
addition of 5 mL of 70%vy HNO3. An amino acid was then added to the titania suspension obtaining
the required concentration in the range 0.08 and 0.36 mol L™!. Foaming of 300 mL of titania
suspension was carried out using an overhead stirrer equipped with a gas inducing impeller [242].
The vessel diameter and impeller diameter were T = 12 cm and D = 6 cm respectively (D/T = 50%).
The vessel was fitted with 4 baffles (B) 1 cm wide (B/T = 8.3%). Mixing was carried out at 2000
rpm for 20 minutes. The foam was dried under ambient conditions and then calcined in a Carbolite
Furnace CWF at 600 °C for 4 hours. During the ramping step and for the first 45 minutes the

furnace was purged under N> followed by air. The heating rate was 2 °C min™..

4.6.3 Catalyst precursor preparation
A [Co(NH4)6]COs solution was prepared as follows. 198 mL of a 28% NH4OH was added to 20.4
g (NH4)2CO3 in a round bottomed flask and diluted with 193.4 mL demineralised water. The
resulting solution was stirred for 20 minutes. Then 23.7 g of CoCO3 was added over 15 minutes
and the solution stirred at 150 rpm for a further 2.5 hr to give a purple solution. 30% H>O> solution
was added drop wise while the solution was stirred at 235 rpm until the oxido-reduction potential
(Metler Toledo transmitter M700) was near to -100 mV. Stirring was continued for a further 10
minutes and then the solution was filtered. 385 mL of the [Co(NH4)6]CO3 solution (2.6%ww Co)
was added to a 2 L four-necked round bottom flask. A stirrer, temperature probe, lute and condenser

were fitted to the flask. 52 g of the ceramic foam, previously ground to a 400-600 pum size fraction,
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was added. This mixture was then diluted with 385 mL water and 165 mL NH4OH before being
heated and agitated for 80 minutes to cause evolution of the ammonia and deposition of cobalt
oxide in the cells and pores of the ceramic foam. The mixture was filtered and washed with 80 mL

demineralised water. The target cobalt content was 13% by weight.

4.6.4 Catalyst test
A schematic of the rig used for the catalyst testing is given in Figure 4. 17.
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Figure 4. 17: Schematic of the test rig used for the catalyst testing

0.5 g of catalyst were loaded into a fixed bed reactor (2) having an internal diameter of 4 mm; this
was placed in an oven (1) to keep the reactor at the pre-treatment/reaction temperature. Before the
reaction could be carried out, the catalyst needed to be activated. Catalyst activation was performed
in H, at 380 °C for 7 hr at a ramp rate of 1 °C min’!, followed by cooling down to 150 °C. The feed
was then switched from H; to a syngas mixture with a H2/CO molar ratio of 2 and the reactor was

flushed with the syngas at 150 °C for 6 hr (no reaction occurring). The temperature was then
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increased to 210 °C (ramp 1 °C min™") and a syngas flow rate equal to 110 mL min™' was used. The
reactor was kept at these conditions for 24 hr. Finally, the gas flow rate was gradually reduced in
order to target a 50% syngas conversion. Under these conditions, the reaction products were passed
to a gas-liquid separator (4) which was placed in an oven (3) set at a temperature of approximately
110 °C. The liquid fraction, constituted by waxes, was collected (5) while the gas fraction was
passed in a second gas-liquid separator (7); this was placed in a refrigeration chamber (6) at a
temperature of approximately 5 °C. The liquid fraction, comprising mainly alcohols and light
hydrocarbons, was collected (8) while the residual gas fraction is sent to a gas chromatographer to
analyse its composition and to determine the product distribution. The PIC and FID symbols in the

schematic represent the pressure controllers and flow rate controllers respectively.

4.6.5 Catalyst Characterization
The basic principles governing the analytical techniques used in the catalyst characterization have
already been presented (Section 4.5), only the testing methodology used in this study is described

below.

Catalyst crystal size was determined using a Bruker D8 Advance X-Ray Diffractometer, the X-Ray
source was a Cu metal plate emitting Ka radiations having a wavelength of 1.5406 A. 0.5 g of
powder sample was pressed into a sample holder and loaded into the instrument. A parallel beam
(Gobel mirror) was used as optic. The starting 26 angle was equal to 10° and the final 26 angle was
equal to 130°; steps of 0.044° were used with a time step of 4 seconds. The Bruker EVA software

and the Topas software were used for phase identification and pattern refinement respectively.

The physisorption isotherms were measured using a Micromeritics 2020 ASAP physisorption

analyser. The ASTM Method D3663-03 and the ASTM Method D4222-03 were used as the
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Standard Test for Surface Area and the Standard Test Method for Isotherm Measurements
respectively. Nitrogen was used as the adsorbate and the measurements carried out at liquid
nitrogen temperature (77 K). The cross-sectional area of a nitrogen molecule was taken as 16.2 A2.
0.5 g of the samples was outgassed prior to analysis by purging with dry nitrogen gas for a
minimum of 1 hr at 140°C. The adsorption/desorption isotherms consist of approximately 60
adsorption points and 40 desorption points. The BET surface area was calculated using 5 points
using the relative pressure region of 0.05 to 0.20 p/p” inclusive. The equilibration time for each
point was 10 second. Surface areas are reported based on the weight of the sample post outgassing.
The pore size distribution was reported using the BJH method using the adsorption branch of the

isotherm.

Co metal area was measured on a Micromeritics 2480 Chemisorb HTP analyser. 0.5 g of sample
was charged to a chemisorption tube. The sample was reduced with flowing 100% H» at 425 °C
for 360 minutes. After the reduction stage was finished, all the H> was removed by evacuation at
450 °C for 120 minutes. Once a vacuum of <10 umHg was achieved, the sample temperature was
cooled to the analysis temperature of 150 °C. At this temperature, the sample was dosed with 100%
H; over a range of pressures between 100 and 760 mmHg. At each pressure the chemisorbing H»
was allowed to equilibrate and the volume of H» uptake was measure and recorded automatically.
Pressure / uptake pairs constitute a chemisorption isotherm. At the end of the analysis the sample
was discharged and the reduced weight of sample was recorded. Two isotherms were measured
sequentially on the reduced sample. The first was a measure of the “total” H» taken up by the
sample, which included both chemisorbed and physisorbed hydrogen. The sample was then

evacuated to remove the physisorbed (“weak’) component and a second isotherm was measured in
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order to quantify the amount of physisorbed H> going back on the sample. The instrument software
was used to calculate the Co surface area based on the difference between the total uptake and the
“weak” uptake; by extrapolating the data back to zero pressure, the Co surface areas based on these
values were reported. These are generally referred to as Co area (Otot) and Co area (Ostr) which
refer to the total area (including physiosorbed and chemisorbed probe molecule) and to the area
due to the active metal respectively. The reduced weight is used to express the Co areas in m? g’!

of reduced catalyst.

Ammonia Temperature Programmed Desorption was carried out using an Altamira AMI 5200; 0.5
g of sample were loaded into the sample holder. The drying step was carried out using a temperature
ramp of 10 °C min™' until the final temperature of 400 °C was reached; drying occurred under a He
flow of 10 mL min™'. The sample was kept at 400 °C for 100 min. The sample was subsequently
cooled down to 40 °C in 40 mL min™' He and exposed to 500 ppm of NH3 in He for 2 hr in order
to saturate it. The sample was kept at 40 °C for 4 hr and then flushed with a 40 mL min™! He stream
and hold at the set temperature for 15 min. The temperature was then ramped at 15 °C min™' until

the set temperature of 1000 °C was reached. The desorbed NH3 was measured by IR.

Mercury intrusion/extrusion data were measured on a Micromeritics AutoPore 9520 mercury
porosimeter in accordance with ASTM Method D4284-03. Intrusion curves were measured over
the pressure range of 3.4 102 to 4.1 -10® Pa (0.5 to 60000 psia) followed by extrusion down to
atmospheric pressure. An equilibration time of 15 seconds was used for each data point on both the
intrusion and extrusion curves. Hg contact angle was taken to be 140° and the Hg surface tension
taken as 485 dynes cm™. 1.5 g of samples were dried at 115°C overnight in an oven prior to

analysis. Temperature and glass/mercury compression effects that are manifested during the
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porosimetry run were corrected for by running empty penetrometers. The data from these blank

runs were subsequently subtracted from the experimental data.

4.7 Catalytic Testing of Foam Supported Catalysts for FTS Applications
A first comparison of a foam supported catalyst against a conventionally supported one was carried
out using a foam produced using DL-phenylalanine as amphiphile and commercially available

titania spheres respectively. Figure 4. 18 depicts the two supports.

The foam sample was produced as described in Section 4.6.2; it is important to point out that the
foam was produced at a pH equal to 3.5. Both samples were then impregnated with a Co solution
as reported in Section 4.6.3 and tested following the procedure in Section 4.6.4. Table 4. 1
summarises the operating conditions during the test, the product selectivity and the relative activity

of the tested catalysts.

Table 4. 1: Comparison of the performances of conventionally supported and foam supported

catalysts in FTS
Sample Particle “2 ?til ¢ Temp. Press. Syn. CHg4 Cs+ Relative
P Size (um) (5 °C) (atm) Conv. % Sel. % Sel. % Activity

Titania 250-400 02516 | 2099 | 204 50.06 779 | 89.87 1.00
Spheres

Phe-
Titania 400-600 0.2538 208.7 20.6 50.68 6.99 91.15 1.17
Foam
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It can be noted from the table above, that the same catalyst weight, operating conditions
(temperature and pressure), and syngas conversion were targeted in the testing of the two samples
but the foam supported sample presents a lower (better) selectivity in methane (~0.8% lower) and
a higher selectivity in Cs+ (~1.28% higher). Although these improvement may appear insignificant
at small scale they in fact translate to a significant impact on the economics of a commercial scale
Fischer-Tropsch plant. To understand the root cause of the observed differences in selectivity, an

extensive characterization on the two samples was carried out. Table 4. 2 summarises the

characterization results for the two samples.

Table 4. 2: Summary of the characterization undertaken on the two samples

Foam .
Catalyst Porosity % Characterization
XRD
Anatase Crystal Size (nm) Rutile Crystal Size Co Crystal Size
(nm) (nm)
Iitania N/A 213 54.1 <3
Spheres
Phe-Titania 72.79 212 48.1 3
Foam
Nz-Physisorption
Pore Volume Ave. Pore Diameter
2 -1
- BET Area (m* g™) (cm? g) (A)
Titania N/A 87.6 0.270 123
Spheres
Phe-Titania 72.79 84.3 0.298 141
Foam
Mercury Intrusion Porosimetry
Corrected Intrusion o Median Pore
Volume (cm® g ™) Entrapment (Yov1) Diameter (A)
Titania N/A 0.384 11 388
Spheres
Phe-Titania 72.79 0.586 33 474
Foam
Hz-Chemisorption
Co Metaleﬂea [toto] Co Metag A_rl'ea [sto] WLOR %
_ (m”g") (m”g")
Titania N/A 2.7 0.8 10.8
Spheres
Phe-Titania 72.79 11 0.3 7.1
Foam
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From the table above, it can be noted that a direct comparison of the two samples Co crystal size
is not possible since the crystal size of the sphere supported sample is below the detection limit of
the technique. The higher metal area observed for the sphere supported catalyst in the
chemisorption analysis confirm that, in the case of the sphere sample, the Co crystal size was
smaller than that of the foam sample. Physisorption characterisation showed that the foam, as it
may be expected, presents a higher pore volume and pore volume diameter in respect to the
conventionally supported one. In the literature it is well documented that both bigger crystal sizes
and the presence of macro porosity favour FTS catalyst selectivity towards Cs+ hydrocarbons [243]
[244] [245] [246] [247] [248], for this reason it is not surprising that the foam supported catalyst
presented better performances. . Figure 4. 19 shows a direct comparison of the porous structure of

the two samples depicting the N> physisorption and mercury intrusion porosimetry respectively.
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Figure 4. 19: N> Physisorption (a) and mercury intrusion porosimetry (b) curves for the spheres
(==) and foam (*) supported catalysts respectively

Figure 4. 19 further confirms the difference in the porous structure of the two samples evidencing
the higher macro-porosity which characterizes the foam support. The physisorption curves of the
two samples overlap in the micropore region indicating that they present the same microporous
structure; this is not surprising since the same titania was used for both supports. The curves start

to differentiate at higher p/p” values where, in particular for the foam supported catalyst, the shape
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of the physisorption curve suggests that bigger pores, not detectable by the technique, are present;
these are well caught in the mercury intrusion porosimetry curve. The latter curve evidences a
significant difference in the macro-porosity of the two samples. This difference is reinforced by
the difference in the intrusion volume and the median pore diameter between the two samples

which are summarised in Table 4. 2.

The difference in porous structure between the foam support and the sphere support was also
evidenced by the SEM images of the samples cross sectional area; Figure 4. 20 shows the SEM

images of the two samples.

Figure 4. 20: SEM images of the samples cross sectional area (a) foam support, (b) sphere
support, (c) detail of the sphere cross section

175



The SEM images of the samples’ cross sections show that the foam sample is characterized by a
significant amount of macro-pores while, in the sphere support, the macro-porosity is limited to a

few cracks present in the formed sphere.

Another aspect that could affect the performance of the catalysts is the acidity of the titania support.
To determine if the foaming process resulted in a modification of the support acidity, NH3-TPD
was run on the two samples; the procedure described in Section 4.6.5 was followed for the TPD

analysis. Figure 4. 21 shows the comparison between the TPD curves for the two samples.
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Figure 4. 21: NH3-TPD of conventional (==) and foam (=) catalyst supports

The NH;3-TPD curves for the two titania supports show that the samples have the same type of acid
sites characterized by a Tmax of approximately 200 °C. The low Tmax values indicates the low
strength of the acid sites which is characteristics of low acidity materials such as titania. In addition,
the observed difference in the amount of acid sites is not significant enough to result in a different

acidity of the two samples.
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The encouraging results observed when foam supports were used led to the interest of JM in filing
a patent application. For the purpose of further improving patent exemplification, other two foam
supported samples were tested for FTS to confirm the effects of the support structure on catalyst
selectivity. The foams were produced using DL-leucine and DL-valine as amphiphile respectively;
both foams were prepared at a pH equal to 3.5. Table 4. 3 summarises the test operating conditions,

the product selectivity and the relative activity of the tested catalysts.

Table 4. 3: Comparison of the performances of conventionally supported and foam supported

catalysts in FTS
Sample Particle ch?gth ¢ Temp. Press. Syn. CH4 Cs+ Relative
Size (pum) () (°O) (atm) Conv. % Sel. % Sel. % Activity
Titania 250-400 0.2544 208.8 20.0 48.94 12.16 | 86.18 0.90
Spheres
Leu-
Titania 400-600 0.2457 210.2 20.4 49.51 9.01 89.51 1.34
Foam
Val-Titania
Foam 400-600 0.2608 210.0 20.4 50.00 8.41 89.90 0.87

As with the tests presented above, the same catalyst weight, operating conditions (temperature and
pressure) and syngas conversion were targeted. It can be noted that, again, the foam supported
samples present a higher selectivity in Cs+ (~3.5% higher) and a desired lower selectivity in
methane (~3.5% lower).The characterization of the two foam supported catalysts is summarised in

Table 4. 4.
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Table 4. 4: Summary of the characterization undertaken on the two samples

Foam

Catalyst Porosity % Characterization
XRD
Anatase Crystal Size (nm) Rutile Crystal Size CoO Crystal Size
(nm) (nm)
Leu-Titania 70.59 2.1 518 9.6
Foam
Val-Titania 64.39 217 50.6 52
Foam
N:-Physisorption
BET Area (m? g!) Pore Volume Ave. Pore Diameter
(em’ g A)
Leu-Titania 70.59 76.6 0.268 140
Foam
Val-Titania 64.39 69.8 0.274 157
Foam
Mercury Intrusion Porosimetry
Corrected Intrusion o Median Pore
Volume (cm® g') Entrapment (Yov1) Diameter (A)
Leu-Titania 70.59 0.321 100 351
Foam
Val-Titania 64.39 0.277 97 313
Foam
Hz-Chemisorption
Co Metalel_'lea [toto] Co Metai A_ll'ea [sto] WLOR %
_ (m”g™) (m”g)
Leu-Titania 70.59 3.9 1.0 10.1
Foam
Val-Titania 64.39 1.6 03 9.5
Foam

The product selectivity and the characterization data reported in the tables above have been used

to have an insight into to reaction mechanism and the effects of the catalyst properties on its

performance. In the literature, it is usually assumed that methane is formed on sites separate from

chain growth, via a parallel reaction with its own rate determining step [249]. Figure 4. 22 in fact

defines this assertion. The linear relationship between CHj4 selectivity and Cs+ selectivity suggests

the existence of a common initial step for Ci and higher hydrocarbons; and thus both occur on the

same or similar active sites. It could be argued that the different samples could have different ratios

of independent methanation/chain growth sites but it is extremely unlikely that this would have

resulted in such a good correlation between CH4 and Cs: selectivity (R? = 0.98). In addition, a
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similar relationship was observed by Rane et al. [208] and Logdberg et al. [250] with the latter
proposing a mechanistic link between the formation of methane and higher hydrocarbons,
presumably a common precursor pool, and the existence of a “pure methanation” site was therefore

ruled out by the authors.
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Figure 4. 22: Linear relationship between CHy selectivity and Cs+ selectivity

The Cs+ selectivity was correlated with the properties of the foam supported catalysts (i.e. crystal
size, foam porosity, metal area, metal dispersion, N> physisorption pore diameter, BET surface
area, N> physisorption pore volume, intrusion volume and MIP median pore diameter); Figure 4.
23 shows the plots that report the Cs+ selectivity as a function of these catalyst properties. It is
important to point out that the foam samples reported on the graphs were produced using different
amino acids as amphiphiles and that they presented different structural properties (e.g. porosity,

pore volume, crystal size, etc.)
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Figure 4. 23: C5+ Selectivity as a function of different catalyst properties: (a) Co crystal size (b)
Co metal area (c) Foam porosity (d) Metal dispersion (e) N2 Physisorption pore diameter (f) BET
surface area (g) N> Physisorption pore volume (h) MIP Intrusion volume (i) MIP Median pore
diameter. (®) Phe-Titania Foam (e) Val-Titania Foam (®) Leu-Titania Foam.

From Figure 4. 23 can be noted that the Cs+ selectivity decreases as the Co crystal size increases
(a); this observation is in contrast with what reported in the literature where an increase in
selectivity as the Co crystal size increases is usually observed [243] [244] [245] [246] [247] [207].
It is important to point out that the different samples had different porous structure hence a
distinction between the effects of crystal size and porous structure on catalyst selectivity is not
possible. A similar conclusion can be drawn from graph (b) where catalysts having the same metal
area present different Cs+ selectivity suggesting, again, the concomitant presence of a support
structure effect. A clear trend seems to be present when considering the effects of the metal
dispersion, with the higher hydrocarbon selectivity monotonically decreasing as the dispersion
decreases. Although a clear relationship between the Cs+ selectivity and both the pore diameter (¢)
and the BET surface area (f) cannot be identified, the selectivity can be correlated to the N>
physisorption pore volume (g). The same correlation is not observed when the Cs+ selectivity is
correlated to the pore volume measured by mercury intrusion porosimetry. This suggests that the
low end of the macropores (that correspond to the higher detection limit of the physisorption

technique) have a major impact on the selectivity. It has been shown in Figure 4. 23 that different
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catalyst properties affect the catalyst selectivity; to better summarise these effects a non-
dimensional parameter including both the support property and metal catalyst properties that

mostly effects selectivity is proposed:

Qb _ Physisorption Pore Volume (4 20)
Co Crystal SizexMetal Dispersion* Metal Area ’

The proposed parameter can in some way be seen as the ratio between the physical phenomena
(e.g. mass transfer) and chemical ones (e.g. catalyst activity) involved in Fischer-Tropsch. It is
important to remark that, either the Thiele modulus [251] or the Weisz-Prater criteria [252] can be
used to determine the influence of pore diffusion on reaction rates in heterogeneous catalysis; in
these parameters the ratio between reaction rate and diffusivity is calculated. Since reaction rate
data for the studied reaction were not readily available, the parameter ¢ (defined on the basis of the
work by Iglesia et al. [221]) was used to have an insight into the catalyst structural parameters that
effect Cs+ selectivity; Figure 4. 24 plots the Cs+ selectivity as a function of the parameter ¢.
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Figure 4. 24: C5+ selectivity as a function of the proposed parameter ¢
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From the figure above it can be noted that the proposed parameter well describes the Cs:+ selectivity
trend with a directly proportional correlation between ¢ and Cs- selectivity. Although the proposed
parameter well describes the catalyst performances, the limited number of data points prevents to
assume that this parameter is generally applicable to FTS catalyst. Further experiments to generate

additional data are recommended to confirm the general applicability of such parameter.

4.8 Conclusions
In this chapter the performance of foam supported catalysts has been compared to that of
conventionally supported catalysts for the Fischer Tropsch Synthesis (FTS) reaction. From the
testing of two initial samples (phenylalanine-foam and titania spheres), at the same operating
conditions, it was found out that the foam supported catalyst gave a higher selectivity in Cs+ and
a reduced selectivity to methane than the conventionally supported one. The characterization of
these first samples revealed that they presented different crystal and structural properties. In
particular, the foam supported catalyst presented bigger crystal size and higher macroporosity; it is
extensively reported in the literature that such characteristics favour Cs.+ selectivity. To further
investigate the effects of the catalyst’s properties on its performance, two additional foam
supported catalysts (leucine-foam and valine-foam) were tested against a conventionally supported
one. Catalysts characterization showed differences in the Co crystal size, metal area, surface area,
pore volume and metal dispersion. Plots of the Cs+ selectivity as a function of the different catalyst
characteristics were made to determine which factors most affect the catalyst performance. From
these graphs, it was noted that the pore volume, Co crystal size, metal dispersion value and Co
metal area are the most important variables. A parameter ¢ which specifically includes these

catalyst characteristics was proposed; this describes well the variation in Cs+ selectivity for the

183



tested foam supported catalysts, evidencing the importance of the support porous structure on the
catalysts performances. Although the proposed parameter well describes the variation in
selectivity, the limited number of data points prevents its general applicability and further

experiments are recommended to validate it.

The improved catalyst performances observed when ceramic foams were used as catalyst supports
were considered sufficiently encouraging by Johnson Matthey to file patent applications on both

the foam preparation method [253] and their application to Fisher Tropsch Synthesis [254].
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Chapter 5
1D + 1D Simulation of CH4 Oxidation in a Monolith Channel:
Intrinsic Kinetic Model Validation against SpaciMS Experimental
Results

5.1 Introduction
In this chapter, a Johnson Matthey developed intrinsic kinetic model for methane oxidation was
validated against the experimental data results acquired using the SpaciMS technique at Queen’s
University Belfast. The SpaciMS experimental approach allows the measurement of axially
resolved concentration and temperature data through a ceramic monolith coated with a catalyst
washcoat. Johnson Matthey’s interest in CH4 oxidation lies in the necessity to develop new and
innovative catalysts for methane oxidation. This is a consequence of pressure to reduce the
emission of unburned methane from natural gas vehicles (NGVs) and other sources. In fact,
although NGVs reduce the emission of CO by 95-97% and of CO2 by 25% [255], they emit
significant amounts of unburned methane which has a greenhouse impact 23 times greater than
carbon dioxide [256]. For this reason, CH4 combustion has been widely studied with a focus on
improving the catalytic efficiency of platinum group based catalysts [257]. The validated intrinsic
kinetic model, will be used in Chapter 7 to model the CHj4 light-off curve when foams having
different structures are used as the catalyst support. In this chapter, the reader will be firstly
introduced to the CH4 kinetic mechanisms and equations proposed in the literature. Then the
different diffusion models in porous solids will be discussed followed by a brief description of the
SpaciMS technique. The reactor model used for the simulation of CH4 oxidation will then be
described and the validation of the intrinsic kinetic model against experimental results will be

finally shown.

185



5.2 Proposed kinetic equations for catalysed CH4 oxidation
Supported palladium (Pd) is considered the most active catalyst for the total oxidation of CHj4 at

low and moderate temperatures:
CH4 +20; —» COz + H2O

Ling and Wang proposed that C-H bond activation and the interaction with lattice oxygen are the
rate determining steps in methane oxidation [258] with Han et al. confirming the bulk oxidation of
Pd indicating that PdO is the active phase [259]. Although these catalysts present a high initial
activity, different phenomenon such as structural collapse of the catalysts support [260], sintering
[261], and PdO reduction to Pd [262] have been reported as contributors to catalyst deactivation
during methane oxidation. Reaction and feed water also have a significant effect on the catalyst
inhibition and it has been shown to be related to the competitive adsorption of water on the active
sites. Shahrestani summarised the kinetic models for CH4 oxidation commonly used in the

literature [263]; these are reported in Table 5. 1.
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Table 5. 1: Summary of the commonly used kinetic expression for CH4 oxidation [263]

Model Rate Expression
1 1 = kyPey, P 1;210
2a n = kT‘PCH4_PgZO
2b = krPCH4PI(-}20P(?02
k, P,
3 rr — r CH4_
1+ KHzOPHZO
kT'PCHzl,
4 = 2
(1+ Ky,0Pu,0)
kTPCHzl,
5 = 2
(1 + Ken, Pen, + KHZOPHZO)
krPCH4
6 r =
(1 + Ky, 0Pr,0 + Kcozpcoz)
kT'PCHzl,
7 = 2
(1 + Ky, 0Ph,0 + Kcozpcoz)
8 r. = kTPCH4,k02P02
i ko,Po, + ZkrPCH4(1 + KHZOPHZO) + (krkCH4/k3)P02PCH4
9 r = kTPCH4_k02P02
! kozpoz(l + KHZOPHZO) + 2k, Pcy, + (krkCH4/k3)P02PCH4

Models 1, 2a and 2b are simple power law models. Models 2a and 2b include reaction orders with
respect to H,O and CO» in order to improve the data fitting. Zhu et al. [264] and Ribeiro et al. [265]
used the power law model to describe the complete oxidation of methane on an 8.5% Pd/Al,0;
catalyst. Both groups proposed a reaction order of 1, 0 and -1 for CH4, O2 and H>O respectively
and a reaction activation energy of 150 kJ mol™!. The negative order of H,O implies of course that
this has an inhibition effect while the zero order for oxygen indicates that the reactive adsorption
of O3 is not rate influencing. The generally simple 1% order dependency of methane indicates that
the rate determining step is an adsorptive or reaction step of methane itself. Araya et al. proposed
the same reaction order for the before mentioned species but a somewhat higher activation energy
of 172 kJ mol! when studying the CH4 oxidation catalysed by a 1% Pd/SiO catalyst [266].

Fujimoto et al. proposed values in line with the other research groups when investigating the
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complete CH4 combustion on a 5% Pd/ZrO; catalysts; the authors suggested a reaction order of
1.1, 0.1 and -1 for CHs, O and H>O respectively and an activation energy of 185 kJ mol™! [267].
The non-integer reaction order of methane is difficult to reconcile with any mechanistic aspect of
the reaction. Chin and Iglesia proposed a mechanistic kinetic model in order to incorporate the

H>O effects on the rate of methane combustion; the proposed elementary steps are reported below:
CH4 + * + O-* ——» CH3-* + OH-*

20H-* &<— H,O0-* + O-*

H>O + * &— H,O-*

where O-* represents PdO sites and * is an O vacancy on the PdO surface. In accordance with the
literature, the authors considered the O dissociative adsorption to be kinetically insignificant. This

mechanism can be described by a Langmuir-Hinshelwood mechanism having the general form:
7"7- :kPCH49]T/l (51)

where 0y is the fraction of available adsorption sites with n having a value of 2 when a site pair is
kinetically essential for dissociation of CH4 (e.g. models 4, 5 and 7) or equal to 1 if CH4 is assumed
to be adsorbed on the surface and react with O> from the gas phase (e.g. models 3 and 6). Kikuchi
et al. proposed a mechanistic model in which adsorbed water is assumed to be the most abundant
surface intermediate (Models 3 and 4); the authors derived a value of 81 kJ mol™ and -49 kJ mol!
for the reaction activation energy and enthalpy of water adsorption respectively for Pd/Al>,Os
catalysts [268]. Abbasi et al. assumed that adsorbed CH4 and adsorbed H>O are the most abundant
surface intermediates resulting in a kinetic equation expressed by model 5; the authors proposed a

reaction activation energy of 72.6 kJ mol™' and a H>O adsorption enthalpy of -24.1 kJ mol™! [269].

188



It is notable that all the studies using a Langmuir-Hinshelwood based kinetic model report
activation energies significantly lower than those using a simple order of reaction approach. This
indicates that the simple order approach is in fact lumping one or more phenomena into the apparent

activation energy value.

Mars van Krevlen models have been used by Hurtado et al. [270] to describe the CH4 combustion
over Pd catalysts. In this case, the reaction is assumed to occur through alternative oxidation and
reduction of the catalyst surface. The dissociatively chemisorbed O» provides the surface O. CH4
is irreversibly chemisorbed on the oxidized sites and reacts with the surface O leading to the
formation of CO> and H>O. This mechanism is described by models 8 and 9 where different
assumptions such as the negligible amount of chemisorbed O, the fast desorption of CO2 and the
slow desorption of H>O are made in order to take into account the inhibition effect of H,O. The
difference between model 8 and 9 lies in the types of catalyst sites affected; in model 8 reduced
sites are assumed to be involved in the reaction while in model 9 oxidised sites are taking part in
the reaction. The kinetic parameters derived by Hurtado et al. are summarised in the table below

(Table 5. 2):

Table 5. 2: Kinetic parameters estimated by Hurtado et al. for a Mars van Krevlen CH4 oxidation

mechanism with A, and Ao: in mol bar min™ g, Az in mol min™ g, Amo in bar”! and Ea,, Eao,,
Eas and AHj:0 in kJ mol!

Ar Ear Ao2 Eao2 A3 Eas | An20 | AHmo0

Oxidised Sites | 4.9x 102 | 135.6 [ 3.5x 102 | 52.44 | 1.0x 10%| 552 | 974.9 | -54.5

Reduced Sites | 7.0x 102 | 35.9 [3.3x 102 | 45.3 [9.9x10° | 71.4 | 5082 | -66.1

The Johnson Matthey intrinsic kinetic model used in this investigation was developed using
catalyst fines (particles size 4-46 um) to ensure that no transport limitation occurred during the

experiment. All the models reported in Table 5. 1 were used to fit the experimental data with model
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4 giving the best fit; this suggests that the kinetic mechanism proposed by Chin and Iglesias is a
good description of the reacting system. The kinetic model parameters where estimated by Dr Sam
Wilkinson and Dr Johanna Espach of JM, based on a collaborative work between Johnson Matthey
Technology Centres at Chilton and Pretoria using data measured at Sonning Common; these are

summarised in Table 5. 3.

Table 5. 3: Kinetic parameters estimated in-house for the kinetic model 4

Parameter Parameters Value | Lower conf. as % | Upper conf. as %
Ar(mstTKgh 523.5 5.0 5.0
Ea, (kJ mol™) 36.49 34.4 34.4
Amo (m* mol™) 9.327E-05 13.4 15.4
AHp2o (kJ mol ™) -69.74 44.7 44.7

From Table 5. 3 it can be noted that the parameter that presents the highest confidence interval is
the enthalpy of water adsorption emphasising the difficulty in estimating this parameter simply
from reaction data. As previously mentioned, water adsorption inhibits the rate of reaction; it is
expected that the high confidence level of this term will affect the data fitting in systems where
water concentration is significant (e.g. wet oxidation of methane). The parameters in Table 5. 3
were used to calculate the rate constant k; and the water adsorption coefficient Kuzo present in

model 4; these are defined as:

Eq,

k,=A,e RrT (5.2)
_AHp30

Khz0 = Apzoe  FT (5.3)
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5.3 Diffusion in porous solids
Diffusion can be defined as the movement of molecules or atoms from a region of high
concentration to a region of low concentration. The first systematic study of diffusion was
performed by Graham in 1833 when he studied gas diffusion stating that gases of different nature,
when brought into contact, do not arrange themselves according to their density but they
spontaneously diffuse through each other remaining in the intimate state of mixture for any length
time [271]. In 1855, Fick proposed his laws of diffusion. Fick’s first law relates the diffusive flux

to the concentration under the assumption of steady state and it is described as follow:

J=-D— (5.4)
where J is the diffusion flux expressed in mol m™ s™!, D is the diffusion coefficient expressed in m?
s, c is the species concentration in mol m™ and x is the length in m. In his second law Fick

describes the concentration change in time due to diffusion; this is expressed by the partial

differential equation reported below [272]:

dc d%c

E =D 9x2 (55)

In 1866 Maxwell [273] and Stefan [274] independently developed a model for describing diffusion
in a multicomponent system. The fundamental assumptions of the model are: the system is in steady
state conditions and that two forces, which cancel each other, are exerted on the molecules. These
forces are the chemical potential gradient, which is the driving force for diffusion, and the friction
with all the other moving species which is proportional to the velocity difference between the two
species and their concentration [275]. This model is known with the name of Stefan-Maxwell

equation and it is described below [276]:
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where u is the chemical potential, R is the gas constant, T is the temperature, a is the activity, y is
the mole fraction, Dij is the Stefan-Maxwell diffusion coefficient, c is the molar concentration and
J is the component flux. The Stefan-Maxwell theory is more comprehensive than the classical
Fick’s diffusion theory and the latter can be derived from the Stefan-Maxwell equation (SM). The
SM equation is used to describe the diffusion in more complex systems such as the diffusion in
microporous systems, and the diffusion of gas and liquids in more extreme conditions such as in
the case of high-temperature gas nuclear reactors [277] and in plasma mixtures [278]. The Stefan-
Maxwell equation can rarely be solved analytically so numerical approaches are usually employed.
Due to, both the relative simplicity of the system investigated in this work and the higher
computational demand required to solve the Stefan-Maxwell equation, the Fick classical theory was

used for the description of the diffusion phenomena.

Turning now to the different relationships proposed in the literature for the calculation of the binary
diffusion coefficient. Chapman and Cowling considered molecules as rigid elastic spheres and the

binary coefficient of diffusion is described by [279]:

Dyp = —>— Jkui (L +L) 5.7)

8ngo2, | 2 \my  mp

where ny is the number density and it is obtained from the ideal gas law (no = po/ksT), 012 1s the
scattering cross section obtained by averaging the molecular radii of each species, ks is the
Boltzmann constant and m4 and mp are the molecular masses of the considered species. Mason and

Malinauskas considered intermolecular forces other than a model of rigid elastic spheres and a
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temperature dependant pre-factor was introduced via the collision integral ©;> in the diffusion

coefficient equation which is reported below [280]:

Dap =;\/k"l( — ) — (5.8)

8ngo2, | 2 \my  mp/ Q15(T)

It is important to point out that in this latter case the length parameter o;> depends on the
intermolecular force law and its value is not the same as in the case of the rigid elastic spherical
molecules. Fuller et al. proposed a simplified method for predicting the binary gas-phase
diffusivities based on the use of special diffusion volumes; the authors compared the proposed
method with other widely recognized correlations demonstrating the reliability of their method.

The equation proposed by Fuller, Schettler and Giddings is [281]:

1/2
—-3571.75(__1 1
1+1073T (MWA+MWB)

P[(EavD /3 +(Epv) /3]

Dyp =

(5.9)

where MW is the molecular weight of the considered species, P is the pressure and v; is the special
diffusion parameters to be summed over atoms, groups, and structural features of the diffusing
species. This latter correlation was used in this study to determine the bulk diffusion of the

considered gaseous species.

It is important to remark that, when considering diffusion in a porous solid, the porosity ¢ of the
medium restricts the cross-sectional area available for transport while the tortuosity 7 of the
medium accounts for the increased path length that the molecules have to travel. The diffusion

coefficient in a Fickian diffusion regime Dr consequently becomes:

(0]
DF :;DAB (510)
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where the ratio ¢/ takes the name of obstruction factor [280].

In a porous solid, depending on the pores radii and operating conditions, different diffusion regimes
can be encountered. At high gas pressure and large pore diameters, molecule-molecule collisions
dominate in respect to molecule-walls collisions and the system is said to be in bulk or Fickian
diffusion regime. At low pressures and small pore diameters, collisions are predominantly between
molecules and the walls and the mean free path (e.g. average distance travelled by a moving particle
between successive collisions [282]) is restricted to the geometry of the void space; this regime

takes the name of Knudsen regime and the diffusion coefficient is expressed by the following

equation:
2 |8RT
DK—ga MW (51])

where a is the mean radii of the pores.

It is not uncommon in porous systems to have both regimes occurring at the same time, at
intermediate pressures, in fact, collisions with pore walls and with other molecules occur with
significant frequency. In this case an effective diffusion coefficient can be defined which accounts
for the contribution of both the Fickian diffusion coefficient and the Knudsen diffusion coefficient.

Pollard and Present proposed the so called Bosanquet relationship which is shown below [283]:

1

Defr=1—7— ot (5.12)

Wakao and Smith proposed the Random Pore Model to predict the diffusion rate at constant

pressure through bi-disperse porous media. They assumed that the total rate is the sum of separate
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contributions for diffusion through macropores, micropores and a series path; the proposed

equation is [284]:

— 2 2 4(em—¢py)
Desr = eyDpp + emDy + 1/DAB+(1_£M)Z/(£7ZnDK) (5.13)

where &y is the solid macroporosity and &, is the solid microporosity; in order for this relationship
to be applied, the characterisation of the solid porous structure is necessary. In this work both the
Bosanquet and the Wakao-Smith correlations were tested with the latter giving a better matching

to the experimental results.

5.4 SpaciMS Technique
The SpaciMS technique was developed by the researchers in the Fuels, Engines, and Emission
Research Centre (FEERC) at Oak Ridge National Laboratory (ORNL) as a new measurement
technique to study the dynamic chemistry of NOy storage reduction catalysts [285] [286]. This
technique employs fused-silica capillary tubes axially inserted into monolith channels for
minimally invasive sampling of reaction mixtures at different locations. Extracted gas samples are
analysed with a mass spectrometer to provide highly time-resolved species concentration
measurements. The capillary sampling probes can be positioned at multiple axial and/or radial
locations to build up detailed spatio-temporal picture of the reaction; Figure 5. 1 shows a schematic

of the SpaciMS.
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Figure 5. 1: SpaciMS schematic

This technique is an alternative to the conventional approach in which the powdered form of the
catalysts are screened for activity and selectivity and thereafter loaded onto a monolith for further
evaluation and scale up; the catalyst properties are then measured by analysis of the chemical
species at the reactor exit (end-pipe). This conventional approach is limited in the sense that it does
not allow to gather information concerning the process within the monolith such as reaction
pathways, temperature and formation of intermediates [287]. SpaciMS has become extensively
used to gather valuable information especially in fast transient emission associated with the
development and operation of Lean NOy Trap (LNT). Partridge et al. used the SpaciMS to study
LNT being operated in the exhaust of a diesel engine with in-pipe fuel injection; the authors
demonstrated the robust nature of SpaciMS with respect to direct sampling of undiluted diesel
exhaust and remarked the need for high temporal resolution in the fundamental research and
development of transient LNT [288]. SpaciMS has been extensively employed for general transient
exhaust characterisation; West et al. used it to assess various in-cylinder fuel management strategies
for exhaust hydrogen generation [289] while Parks et al. used it to study dynamic rich-lean
modulation [290]. SpaciMS has also been applied to elucidate detailed LNT chemistry: Choi et al.

showed the efficiency of various reducing agents and dynamic Pt poisoning during lean-rich-lean
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cycling [291], Choi et al. also demonstrated the importance of the water-gas-shift reaction in LNT
regeneration with CO [292] and, the same authors, gave an insight into how progressive sulfation
uniquely impacts the various LNT chemical functions including NOx storage and reduction,
oxygen-storage capacity and water-gas-shift [293]. More recently, Sharma and Dearth used
SpaciMS to measure the effective diffusivity of oxygen through the porous washcoat and through
the porous walls of a cordierite monolith substrate [294]. In addition to the capability of providing
high temporal resolution of reactions transients, the SpaciMS is considered to be non-invasive due
to both the small capillary used and the low sampling rate; Sa et al. carried out 3D CFD studies to
confirm that the impact of both thermocouples and capillary probes within the monolith have no
significant effects on the catalytic and dynamic behaviour [287]. Coney and Goguet (Queen’s
University Belfast) used the SpaciMS technique to investigate both the steady state and transient
oxidation of methane at different operating conditions such as different temperatures, wet and dry
feed (Coney, PhD Thesis to be published). In this work, the axial concentrations measured by
Coney, at steady state and different operating conditions, were used to validate the in-house
developed kinetic model. Description of the experimental concentration trends and the effects of

feed composition on methane oxidation will be given later on in the chapter.

5.5 Reactor Model
When modelling the performance of a washcoated monolith, the mass and the energy balances
have to be carried out on both the solid and the fluid regions of the system. In this section, the
reader is introduced to the equations used in the modelling of the reactor performance. It is
important to point out that a steady state system was modelled and that, consequently, the time

derivative terms of the balances are equal to zero.
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Figure 5. 2 shows a schematic of the monolith channel with the grey area representing the catalyst

washcoat; the figure also shows the spatial boundary conditions for the washcoat layer.
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Figure 5. 2: Schematic of a washcoated monolith, grey area represents the catalytic washcoat. Detail of
the monolith shows the boundary conditions for the washcoat layer.

The mass and energy balances for the catalysts washcoat are represented by (5./4) and (5.15)

respectively [295].

0C; aZCi

E:Deffwﬁ'ni?}' (514)
oT a%T

¢ = kerr 55z = Zj7i(—AH:,)) (5.15)

where #; is the stoichiometric coefficient for the species i, 7; is the reaction rate, ke is the effective
thermal conductivity of the washcoat, /4 is the thermal convection coefficient, S is the reactor
surface area to volume ratio, 75 is the temperature of the solid pellet, 7% is the temperature of the
gas phase and 4H,, is the enthalpy of reaction. Considering the boundary condition x = 0 the mass

and energy balances are represented by (5.16) and (5.17):

aC; ac;

ot = Deffa + ks,i(Ci,b - Ci,s) (5.16)
oT aT
= = kepro-t h(Ts — T,) (5.17)
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where £; is the film mass transfer coefficient. At x = L the mass and energy balances are described

by (5.18) and (5.19) respectively [295]:

aC; _

Lizg (5.18)
aT

T (5.19)

The mass and energy balances at the reactor scale were determined along the channel axial direction

and are represented by (5.20) and (5.21) respectively [295]:

ac

Uy a_zl = avks,i(ci,b - Ci,s (5.20)
aT,
PgCogts 52 = hS(Ts —T,) (5.21)

where u: is the gas superficial velocity, ay is the washcoat specific area, defined as a,, = 4 D,,/D,,
where D, is the channel radial length and D, is the sum of the wall thickness and channel radial
length. To determine the film mass transfer coefficient, the following correlations between the

Sherwood number and the mass transport Graetz number were used [296]:

-0.488 (_57.2
Sh = 2.997 + 6.874 (1000) e( o) (5.22)
. ksd dReSc
with the Sherwood number defined as Sh = and the Graetz number defined as G, = p
AB

where z is the reactor length and Sc is the Schmidt number expressed as Sc = Dan’
AB

The analogous correlation between the Nusselt number and the heat transfer Graetz number was

used to determine the heat transfer coefficient [296]:
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—0488 (_s72
Nu = 2.997 + 6.874 (1"00) o5 (5.23)

z,t

where the Nusselt number is Nu = Z—d, whit kg equal to the thermal conductivity of the gas, and the
g

dReP . c
°T where Pr is the Prandtl number expressed as Pr = kL”

g

heat transfer Graetz number is G, =

whit C, equal to the gas heat capacity.
5.6 1D + 1D Modelling of CH4 Oxidation: Comparison of Model and Experimental
Results

Athena Visual Studio v14.1 (Neperville, IL 60540; http://athenavisual.com/) was used to model
the CH4 oxidation in a monolithic reactor. A 1D + 1D approach was used; a closed subroutine was
employed to model radial diffusion and reaction in the washcoat. A Cartesian coordinate system
was used and the space domain was integrated between the left boundary x = 0 and the right
boundary x = L with the global orthogonal collocation used as discretization method; in this
method, a finite basis of global interpolating polynomials was used to approximate the state and
control at a set of discretisation points. In the global method, collocation is obtained using a global
polynomial across the entire interval as the basis for approximation [297]. The subroutine results
were then passed to the code describing mass and heat transfer in the monolith channel where the
equations were integrated between x = 0 and x = reactor length. Table 5. 4 summarises the different
operating conditions modelled while Table 5. 5 summarises the model parameters; the kinetic
parameters are not shown in the latter table since they have already been summarised in Table 5.

3.
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Table 5. 4: Operating conditions of the different CH, oxidation reactions simulated and experimentally

investigated
Run # | Yovel CH4 | Yovel O2 | Yovol Ar | %ovol H20 Temp. (OC)
1 0.4 12 87.6 0 400
2 0.4 12 87.6 0 425
3 0.4 12 87.6 0 450
4 0.4 12 86.6 1 400
5 0.4 12 86.6 1 425
6 0.4 12 86.6 1 450
Table 5. 5: Summary of model parameters
Symbol Parameter Value Derivation
Washcoat mesoporosity Measured by Mercury Intrusion
€m . 0.45 .
(fraction) Porsimetry
Washcoat macroporosity . .
eM (fraction) 0.1 SEM image analysis
Average washcoat pore .10 Measured by Mercury Intrusion
a . 1.3:100" m .
diameter Porosimetry
Dyash Washcoat thickness 3:10°m SEM image analysis
D, Channel radial length 8.4-10*m SEM image analysis
Dy Channel radial length + wall 1.1-10°m SEM image analysis
thickness
Liube Monolith Length 1-:10°m Measured
ks Film mass transfer coefficient 0.29 ms! Calculated frhom Sherwood
correlation (5.21)
hy Heat transfer coefficient 50.90 wm2 K- | Caleulate from( ;\I ;25)5 elt correlation
Kefr Alumina effective thermal | )¢y o1 e From literature [298]
conductivity
. 802.2-10%J Calculated from standard
AH: Enthalpy of reaction mol! enthalpies of formation
u, Superficial velocity 0.27ms! From experimental conditions

In Section 5.3 it has been shown that two different correlations have been proposed for the

calculation of the effective diffusivity coefficient, namely the Bosanquet and the Wakao and Smith

correlations. To select which one better described the diffusion process, the reaction characterised

by a dry feed and the highest operating temperature was modelled using both correlations. This

reaction was selected because the dry feed and high reaction temperature, give the highest reaction

rate, making the effects of diffusion limitation more evident.
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Figure 5. 3: Comparison among model results obtained using both the Bosanquet (Mod-Bos) and the
Wakao Smith (Mod-WS) correlation and the experimental results for the CH4 oxidation reaction
conducted at 450 °C and in dry feed. The different species are represented by: (==) CH4 Exp, (==e) CH,
Mod-WS, (e) CH; Mod-Bos, (==) CO, Exp, (==e) CO, Mod-WS, (e) CO, Mod-Bos, (=) Temp Exp, (—e)
Temp Mod-WS, () Temp Mod-Bos

Figure 5. 3 shows the comparison between the model results obtained using both correlations and
the experimental data. It can be noted from Figure 5. 3 that, when the Bosanquet relationship is
used to calculate the effective diffusivity coefficient, the CH4 conversion is significantly
overpredicted in the first part of the reactor. Given the fact that, in both cases, the same
experimentally determined parameters (Table 5. 4 and Table 5. 5 above) were used in the intrinsic
kinetic model, this indicates that the diffusion itself is over-predicted. For this reason, the Wakao-

Smith correlation was used in all the following modelling work.
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Figure 5. 4: Comparison between model and experimental results for methane oxidation conducted at
different operative conditions (a) dry feed, 400 °C (b) wet feed, 400 °C (c) dry feed, 425 °C (d) wet feed,
425 °C (e) dry feed, 450 °C (f) wet feed, 450 °C. The different species are represented by: (=) CH; Exp.,

(=—e) CH; Mod., (=) CO; Exp., (==e) CO; Mod., (=) Temp. Exp., (=—e) Temp. Mod.
Figure 5. 4 shows the comparison between the model and experimental results for all the
investigated operating conditions. It is important to point out the water inhibition effect observed
experimentally; in all cases, methane conversion is significantly reduced in the case of wet feed.

This observation is in accordance with the kinetic model used for the determination of the intrinsic

kinetic parameters. Figure 5. 4 shows that the model well predicts the concentrations and
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temperature profile for the dry feed while discrepancies are observed in the case of the wet feed.
In addition, it can be noted that, in the case of the dry feed, the model, in every case, well predicts
the profiles in the first part of the reactor (up to 3 mm) while the trends’ prediction in the second

part of the reactor improves as the reaction temperature is increased.

In the kinetic model and reaction mechanism discussed in Section 5.2 it has been shown that water
adsorption affects the rate of reaction and consequently methane conversion. Water inhibition
effect is more evident in the case of wet feed due to the high initial water concentration. In any
case, water inhibition is more pronounced in the second half of the reactor due to the higher water
concentration formed as the oxidation reaction proceeds. Temperature also plays an important role;
in fact, higher temperatures favour water desorption from the catalyst surface making its inhibition
effect less relevant. In Table 5. 3 it was shown that the enthalpy of water adsorption presents the
highest confidence interval amongst all the estimated parameters (44.7 %) and, due to the
significant impact of this term on the reaction kinetic, the sensitivity of the model to the enthalpy
of water adsorption was tested; this allowed to determine if the discrepancy between the model and
the experimental results, observed especially for the wet feed, are due to a poor estimation of this
parameter. Figure 5. 5 shows the comparison between the model and the experimental results for
the CH4 oxidation carried out at 400 °C and in wet feed condition. In this case the value of the
enthalpy of water adsorption was reduced by 5% with respect to the value reported in Table 5. 3;
it is important to outline that the new parameters lies inside the confidence interval of the initially
estimated parameter. These conditions were selected because at lower temperatures the effect of

water inhibition is more marked.
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Figure 5. 5: Comparison between model and experimental results for the CH4 oxidation carried out at 400
°C and in wet feed in the case in which the water’s enthalpy of adsorption is reduced by 5%. The different
species are represented by: (=) CH; Exp., (=) CH; Mod., (==) CO; Exp., (==e) CO, Mod., (=) Temp.

Exp., (==e) Temp. Mod.

It can be noted from Figure 5. 5 that the model results agree with the experimental ones when the
enthalpy of water adsorption is reduced by 5%. The model sensitivity to the water enthalpy of
adsorption also explains the discrepancies observed in the second part of the reactor when the CH4
oxidation in dry feed is carried out. In the first part of the reactor the amount of produced water is
negligible; as the reaction proceeds the amount of formed water, and consequently adsorbed water,
increases leading to the observed discrepancies between the model and the experimental results.
Water adsorption becomes less significant as the reaction temperature is increased; this explains
the better agreement between the model and the experimental results when the reaction temperature
is increased. These observations can be explained by the dependence of the water adsorption
coefficient on both the enthalpy of adsorption and temperature; such dependence was shown before

in equation (35.3).
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Once the 1D + 1D model had been validated against the experimental data, this was used to obtain
information not readily available experimentally such as the chemical species concentration profile
and temperature profile inside the wash-coat. Figure 5. 6 shows the CH4 concentration profiles,
CO:> concentration profiles and the temperature profiles inside the wash-coat for the CH4 oxidation
reaction carried out at the operating conditions reported in Table 5. 4; it is important to point out

that these wash-coat profiles were modelled at a monolith length equal to 5 mm.
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Figure 5. 6: Chemical species concentration profiles and temperature profile inside the wash-coat (model

at reactor length of 5 mm) for methane oxidation conducted at different operative conditions (a) dry feed,

400 °C (b) wet feed, 400 °C (c) dry feed, 425 °C (d) wet feed, 425 °C (e) dry feed, 450 °C (f) wet feed, 450
°C. The different species are represented by: (==e) CH,, (==e) CO;, (==o) Temp. Mod.

From Figure 5. 6 it can be noted that the wash-coat is isothermal; this was expected due to its small
depth (30 um). In addition, also in these graphs, it can be observed the water inhibition effect with
a lower CH4 conversion observed in the case of the wet feeds. The model can also be used to
determine the 2D concentration profiles inside the wash-coat. For simplicity, Figure 5. 7 shows

only the 2D concentration profile for CHa; the graphs depict the change in CH4 concentration within

207



the wash-coat and along the reactor channel. The different colours of the surface plot help the

reader to visualise areas at which different concentrations occur.
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Figure 5. 7: 2D CHy concentration profile within the washcoat and along the reactor channel for methane
oxidation conducted at different operating conditions (a) dry feed, 400 °C (b) wet feed, 400 °C (c) dry
feed, 425 °C (d) wet feed, 425 °C (e) dry feed, 450 °C (f) wet feed, 450 °C. The different colours of the

surface plot indicates areas at different CH4 concentration: m 0-0.1 % vol., m 0.1-0.2 % vol., m 0.2-0.3 %
vol., w 0.3-0.4 % vol.,
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5.7 Conclusions
In this chapter, a Johnson Matthey intrinsic kinetic model was validated against the experimental
results acquired using the SpaciMS technique at Queen’s Belfast University. Athena Visual Studio
was employed to generate the 1D + 1D code which was used to simulate CH4 oxidation at different
operating conditions. At first, two different effective diffusivity models (e.g. Bosanquet and
Wakao-Smith) were tested to determine which one is the most appropriate to describe the diffusion
phenomena. The Bosanquet model was shown to significantly over predict diffusion, and
consequently CH4 conversion, in the first part of the reactor making the Wakao-Smith correlation
the most suitable to describe the mass transport phenomena. The comparison of the model and
experimental results for CH4 oxidation carried out at different operating conditions showed that the
model satisfactorily predicts the reaction progression in the case of dry feed. Discrepancies are
however observed in the case of the wet feed. This discrepancy was explained by the sensitivity of
the model to the enthalpy of water adsorption term, in fact, a reduction by 5% of the mentioned
term led to a good agreement between model and experimental results. The significant percentage
error on the estimated enthalpy of adsorption term during kinetic model parameterisation (44.7%)
suggests that this value could be significantly different from the actual value. The model was also
used to have an insight into the concentration and temperature profiles inside the wash-coat. In
addition, a 2D concentration profile for CH4 was obtained showing the change in concentration
within the wash-coat and along the reactor length. In conclusion, this study showed that the
proposed model in capable of well predicting the course of the CH4 oxidation reaction in dry feed

conditions while the same is not true in the case of wet feed conditions. The significant percentage
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error on the water enthalpy of adsorption term suggests that direct measurement of this value could

be a valuable alternative to have a better insight into the energetic associated with water adsorption.
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Chapter 6
Validation of a new OpenFOAM CFD reactor model using SpaciMS
experimental data and 1D + 1D simulations

6.1 Introduction
One of the current challenges in catalysis is not only to develop new catalysts formulations but also
to understand the interaction of the catalyst with the surrounding reactive flow field. For this
reason, the understanding of gas-solid flows in chemical reactors is of paramount importance,
calling for the development of reliable simulation tools. These simulation packages have to
integrate detailed models of reaction chemistry and computational fluid dynamic (CFD) modelling
of macro-scale flow structures. The use of CFD to model diffusion and reaction has historically
found significant application in the modelling of packed bed reactors. Xu and Froment investigated
methane steam reforming reaction using a modified collocation method to obtain parallel pressure
profiles of the reacting components in the catalyst pellet [299]. Salmi and Warna investigated both
the water-gas shift reaction and the methanol synthesis in fixed bed reactors; the authors used an
algorithm which combined the orthogonal collocation for the pellet equations and a backward
difference method for the bulk phase equations [300]. Dixon et al. used CFD to simulate the flow,
diffusion, reaction and heat transfer in a 120° segment of a N = 4 packed tube for the endothermic
methane steam reforming reaction [301]. Recently, a greater interest is arisen in the study of
monolithic reactors. Canu and Vecchi used CHs oxidation experimental data (present in the
literature) to compare different 2D and 3D approximations of the square monolith channel; the
authors showed that 3D models predict different ignition behaviour with respect to 2D
approximations because of the faster heating of the corners [302]. Canu and Vecchi also proved

that the decrease in the combustion rate at a higher conversion is mostly a chemical effect rather
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than a diffusion limitation effect hence the authors recommended that detailed surface and gas-
phase reaction mechanisms must be included in the simulation study [302]. Mazumder and
Sengupta used CFD to investigate the heterogeneous chemical reactions and transport in full-scale
catalytic converters [303]. Kumar and Mazumder compared various diffusion models for the
prediction of heterogeneous combustion in monolith tubes; the authors demonstrated that the dilute
approximation model (Fick’s law used in this model), is accurate within 2% of the rigorous multi-
component diffusion model (Stefan-Maxwell equation used in this model) hence, it can be used
with confidence in catalytic combustion applications [304]. Maffei et al. studied the effects of
different monolith channel shapes (circular and square) in the partial CH4 oxidation on Rh; the
authors showed that the outlet composition and temperature are not considerably affected by the
different geometries but, on the other hand, different geometries can lead to different local transport
properties resulting in consistent variations within the reactor [305]. In a similar way, Sadeghi et
al. used CFD to investigate the effect of channel geometry on selective catalytic reduction of NOx
in monoliths [306] while Allouche et al. used CFD to develop a non-isothermal model for diesel

particulate filters including exothermic and competing chemical reactions [307].

Johnson Matthey Technology Centre, in collaboration with Tridiagonal Solutions, has developed
an in-house CFD package capability for modelling reaction and diffusion in porous zones. . This
is an OpenFOAM based solver that can be used to model diffusion and reaction. In this chapter the
reader is introduced to the CFD package. Then the in-house developed software will be validated

against both, the experimental and the 1D + 1D model results, presented in the previous chapter.
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6.2 Computational Fluid Dynamic (CFD)
In recent years, the use of CFD has been enlarged to the field of chemical engineering with the
option to solve for fluid mixing and chemical reactions [308]. CFD numerically solves the
continuity equations over a large number of control volumes; the solution is obtained by supplying
boundary conditions to the model boundaries and iteration of the initially guessed solution. The
fluid flow balance is described by the Navier Stokes equations for the conservation of mass and

momentum; these are expressed by (6.7) and (6.2) respectively [309].

dp | 9(puy) _
act on = Sm (6.1)
a(puy) , dpwu;) 9P 0ty

- = o + P +pg;i + F; (6.2)

where u; is the fluid velocity and x; is the considered coordinate, P is the static pressure, pg; is the

gravitational body force, F; is an external body force and z;; is the stress tensor defined as:

Ty = [ﬂ <%+%)] ~Zusy, (6.3)

0x; ax; 37 0xq

where u is the molecular viscosity and the second term on the right-hand side of the equation is the
effect of volume dilation. All the simulations in this work were carried out using a laminar flow

model which can be solved resolving the Navier Stokes equation.

The conservation equation for chemical species was solved using the following equation [309]:

a(pYy)
at

+V-(pBY) = -V ], +R; +5; (6.4)
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where fl is the diffusion flux of species i, R; is the rate of production of species i by chemical
reaction and S; is the rate of creation by addition from the dispersed phase plus any user defined

sources; in OpenFOAM the rate of reaction R; is expressed as [310]:

(kl[nlil=1 K1,i][H?i1 CirLl’iD(l_Keq H:Zl CinZ,i)

R; = 6.5
(e, ) (pemita [, ) *
In the equation above each £k is of the form:
-E,
k= arfel” /) (6.6)

where A4 is the pre-exponential factor, 7 is the temperature and E, is the activation energy. As
specified in Chapter 5, the Fickian diffusion model was used to model diffusion with the bulk
diffusivity and effective diffusivity calculated using the Fuller et al. and Wakao-Smith correlations

respectively.

In a monolith reactor, heat transfer is generally due to conduction and convection which take place
between the flowing fluid, the solid washcoat and the monolith wall; the generalized energy

balance equation in the direction of / is:

a((;tE)) + % (w(oE +p)) =5 (keffg—; = %Iyl + (Torws)) + S (6.7)

i

where k.5 1s the effective conductivity, j; is the diffusion flux of species j and the term £ is defined

as:

(6.8)
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with the sensible enthalpy / defined as the addition of all the terms of multiplied mass fractions

and enthalpies for each species. The energy balance equation for the solid section is similar to (6.7):

a(ph) 9 0 aT
TEE 4 o (wiph) _a—n(ka—m)+5h (6.9)

where £ is the thermal conductivity of the solid media.

The partial differential equations for the conservation of mass, momentum and energy shown above
are solved in the integral form using a finite-volume based technique. This consist of, first of all,
dividing the domain into discrete control volumes then, the governing equations on the control
volumes are integrated to create an algebraic equation for unknowns and finally the governing
equations are solved sequentially. Since these equations are coupled, an implicit and iterative

approach to their solution is required.

To conduct CFD simulations, the in-house developed code was used; the package consists of two

modules in which different part of the process take place.

The first step is the mesh creation and it is carried out in SnappyHex which, as the name suggests,
uses hexahedral mesh structure. The mesh size controls the accuracy of the simulation with a too
coarse a mesh resulting in an oversimplified flow profile and a too fine a mesh requiring a long
iteration time. When an optimal mesh density is found, refining the mesh will increase the model
size without displaying more flow details. The mesh creation consists of three major steps. In the
first one a CAD program is used to generate the desired geometry, the second step is the creation
of the surface mesh and finally, the surface mesh is interpolated to the fully three-dimensional
volume mesh. If local refinement of the mesh is required (e.g. point of contacts), different mesh

densities can be defined to surfaces or edges specifically.
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The generated mesh is then imported into the OpenFOAM solver and the CFD simulation can be

started. In order to perform the simulation, several steps have to be performed:

1.

Definition of the turbulence model. At the investigated conditions, Reynolds number in the

channel was comprised between 80 and 300 hence the laminar model was used.

Definition of the number of species and their properties. 5 species were defined in this study

(CHa4, O2, N2, CO2 and H>0); the required properties for each species were: molecular

weight, viscosity, specific heat and enthalpy of formation.

Reaction setting. The reaction parameters reported in Section 5.2 were inputted; reaction

was set to occur only in the porous zone.

Diffusion model setting. Wakao-Smith model was used to calculate diffusion in the porous

zone (monolith washcoat) with the equations showed in Section 5.3 used to calculate both

molecular and Knudsen diffusivity. Only molecular diffusivity was assumed to occur in the

fluid zone (monolith channel).

Definition of the boundary conditions. The classification of the boundaries and the selected

type of boundary are listed below:

e Inlet: velocity inlet

e Wall: wall with stationary velocity specification

e OQutlet: pressure outlet

e Fluid zones: fluid, with porous zone selected for the solid body

e Periodic boundary conditions mid-wall (zero mass or heat flux and zero pressure
gradient) allowing the assumption that simulation of a single channel is representative

of the whole monolith assembly.

216



6. Solver settings. Here the matrix solver and the solver settings for flow, species and energy

are selected:

PCG-PBiCG (Preconditioned (Bi-) Conjugate Gradient) was selected as matrix
solver algorithm. This is an iterative method for solving large systems of linear
equations; this is effective for systems of the form:
Ax=b

where x is the unknown vector, b is a known vector and 4 is a known, square,
symmetric, positive-definite matrix [311].

For the flow, species and energy iteration parameters are set in order to determine
how the solution will be established. The two main iteration parameters that have to
be set are the under-relaxation factor, which determines the solution adjustment
after each iteration step, and the residual cut off value which determines when the
iteration process can be terminated. The relaxation factor is the factor with which
the iteration step change is multiplied before it is applied to the result for the next
iteration step. In this study, this was set to 1 since a local time stepping approach
was used; in this method the time step is manipulated for each individual cell in the
mesh, making it as high as possible to enable the simulation to reach steady-state
quickly [312]. The relaxation factor can also be larger than 1 (over-relaxed process)
resulting in large step changes and faster convergence but it could lead to process
divergence. On the contrary, when the relaxation step is less than 1 the process is
called under-relaxed resulting in a slower iteration process but with a lower

likelihood of process divergence. The residual value (difference between the current
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and the former iteration value) determines when a solution is converged. Ideally,
the residuals will go to zero as the process converges but in practice, with digital
simulations, the residuals decay to a certain small value (round-off) and then stop
changing; this decay may be up to six order of magnitude for single precision
computations. When the set upper limit of the residual is reached, typically set at
10, the process is considered to have reached its round-off value and the iteration
process is stopped.

7. Initiation. The number of iterations and the number of processors to be used are selected

and the simulation is then initiated.

Once the simulation has converged, the data are post-processed in Paraview. This software allows
to display the data in different ways, for example, contour plots will give a plot in a defined
collection of control volumes or plane showing the selected variable contour in the defined plane
or volume. Numerical data can also be exported in different formats allowing the external

manipulation of the data set.

6.3 CFD Model Validation
To validate the CFD model, methane oxidation conducted at different operative conditions (Section
5.6) was simulated. The system was considered to be at steady state and a laminar model was used
to describe the flow field inside the monolith channel. The reaction was described by the kinetic
equation and kinetic parameters estimated by Dr Sam Wilkinson and Johanna Espach [313]. The
mass transport phenomena were described using Fick’s law with the diffusivity in the monolith
channel assumed to be molecular diffusivity and the one in the washcoat to be a mixture of

molecular and Knudsen diffusivity; in the latter, the effective diffusivity was determined using the
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Wakao-Smith correlation. The used boundary conditions were illustrated in Section 6.2 while the
relaxation and the convergence criteria were set to 1 and 107 respectively. The first aspect that was
investigated was the effect of mesh size on the simulation results in order to establish mesh
independence. Figure 6. 1 summarises the steps followed to generate the mesh. The geometry of a
single monolith’s channel was reproduced using a CAD software (SolidWorks, Simulia Inc.) and

the mesh was then generate using SnappyHex.

/N D -

Figure 6. 1: Sequence followed to generate the mesh

Since the reactants have to diffuse and react through the washcoat thickness, it was important to
investigate the effects of different cell numbers along the washcoat thickness; meshes with 1 (total
cells number = 542136), 3 (total cells number = 2522876) and 6 cells (total cells number =
14881222) were made. Figure 6. 2 shows the CH4 trend obtained when the different meshes were

used to simulate the methane oxidation at 400 °C and in dry feed.
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Figure 6. 2: CH,4 trend comparison when different mesh sizes where used to model CH4 oxidation: (=) 1
Cell, (=) 2 Cells, (o) 6 Cells.

Figure 6. 2 shows that the CH4 trend perfectly overlaps when 3 and 6 cells were present along the
monolith thickness; this indicates that mesh independence was already reached when 3 cells were

used. All further simulations were carried out using the 3 cells mesh.

At this point, methane oxidation, carried out at the different operative conditions reported in
Section 5.6, was simulated; Figure 6. 3 shows the comparison among the methane concentration

along the monolith channel for the different cases.
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Figure 6. 3: CH4 concentration profile along the monolith channel for CH, oxidation carried out at
different operative conditions: (a) 400 °C and dry feed, (b) 400 °C and wet feed, (c) 425 °C and dry feed,
(d) 425 °C and wet feed, (e) 450 °C and dry feed, (f) 450 °C and wet feed
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In Figure 6. 3, the left side of the monolith channel represents the methane inlet, in addition, in all
cases it can be noted the flow parabolic profile characteristic of a laminar flow. The figure also
shows the water inhibition effect previously noted in Section 5.6, in the case of the wet feed, which
results in a later CHg4 light-off in respect to the reaction conducted in dry feed. In addition, as it
would be expected, methane combustion occurs earlier in the monolith channel as the reaction
temperature is increased. The OpenFOAM simulation results were compared to those obtained

experimentally and by 1D + 1D simulation; this is shown in Figure 6. 4.
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Figure 6. 4: Comparison among CH4 concentration profile along the monolith channel for CH, oxidation
carried out at different operative conditions: (a) 400 °C and dry feed, (b) 400 °C and wet feed, (c) 425 °C
and dry feed, (d) 425 °C and wet feed, (e) 450 °C and dry feed, (f) 450 °C and wet feed. The different
species are represented by: (==) CH; Exp., (=) CH, ID + 1D, (o) CH; OpenFOAM, (=) CO: Exp.,
(==e) CO, 1D + 1D, (o) CO: OpenFOAM, (=) Temp. Exp., (=) Temp. ID + 1D, (®) Temp.
OpenFOAM

From Figure 6. 4, it can be noted that the 1D + 1D and OpenFOAM simulations results, except for
some discrepancies in the case of wet feed and low temperature, are essentially in agreement.
OpenFOAM, in the case of dry feed, slightly under predicts CH4 conversion in the central part of

the reactor with the difference between the two approaches never greater than 10%.In the case of
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wet feed, CFD gives a better prediction of the CH4 trend with the difference between the CH4
concentrations at the reactor exit determined by the 1D + 1D and CFD approaches as high as 20%.
A similar difference between a 2D and a 3D approach was reported by Canu and Vecchi; the
authors showed that the surface temperature in the 3D model is higher than in the case of the 2D
model, with this difference more pronounced in the corners. This is due to a stagnation zone in the
corners that reduces the heat transfer and increases the residence time resulting in higher conversion
[302]. Although the observations of Canu and Vecchi potentially explain the differences observed
for the wet feed, they do not rationalise the discrepancies observed for the dry feed. At this stage
of the study, a simple comparison between the two modelling approaches was in scope and further
investigations to explain the observed discrepancies are recommended. From Figure 6. 4 it can be
noted that, also in the case of the CFD results, discrepancies between the model and the
experimental results are observed in the case of wet feed. These, as explained in the previous
chapter, are associated to the uncertainty in the estimated value of the enthalpy of adsorption of

water.

6.4 Conclusions
In this chapter, the implemented simulation package OpenFOAM developed by Johnson Matthey
in collaboration with Tridiagonal Solutions has been compared against the experimental results
acquired at the SpaciMS by Ciaran Coney and the 1D + 1D simulation results presented in the
previous chapter. The comparison showed that, although OpenFOAM and the 1D + 1D model
results present some discrepancies (especially for the wet feed case), the predicted trends are
comparable. The higher conversions predicted by the 3D model can be explained, as suggested by

Canu and Vecchi by the formation of a stagnation zone in proximity of the channel corners that
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result in higher temperatures and residence time hence in higher conversions. The slightly lower
conversions predicted by the 3D model in the case of the dry feed cannot be explained by the
previously presented reasoning. It is important to remark that, at this preliminary stage, a simple
comparison of the two modelling approach was in scope and further studies are recommended to

investigate the differences between the two approaches.
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Chapter 7
Effects of Foam Structure on the CH4 Oxidation Reaction:
Experimental and Computational Determination of CH4 Light-Off
Curve

7.1 Introduction
In this chapter, catalyst supports having different porous structures were impregnated with Pd and
tested in the methane oxidation reaction. The selected supports were an alumina foam having a
total porosity of 95%, an alumina foam having a total porosity of 77%, alumina pellets having a
density of 1.33 g cm™ and alumina pellets made crushing the 77% foam and pelletising it; the
density of the latter was 1.39 g cm™. The impregnated supports were tested in a micro-reactor were
the CH4 light-off curve was determined. The light-off curve is the conversion-temperature plot of
a catalytic reaction and it is commonly used in catalyst development; this set of data in addition,
allows the determination of kinetic parameters such as the apparent reaction order and the
activation energy [314]. These types of experiments are usually designed in order to avoid external
and internal mass transport limitation so that intrinsic kinetic data can be obtained. In this study,
pellets’ sizes at which internal mass transport limitation was present were selected; this allowed to
study the effects of the different porous structures on diffusion and consequently on the catalyst
performances. The light-off curve was then computationally determined using a 1D + 1D model to
simulate the packed bed reactor. Two different approaches were used to determine the effective
diffusivity. The first used the Wakao-Smith correlation where the percentage of macro and meso
pores was determined by mercury intrusion porosimetry with the mercury intrusion below 50 nm
considered to be exclusively in mesopores and the intrusion above 50 nm to be exclusively in

macropores. The second method used a pore resolved approach [315] where the effective
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diffusivity was computationally determined upon input of the percentage of mesopores, the
percentage of macropores and their size distribution. One of the aims of this study is also to explore
the advantages and limitations of these two different approaches. The reader is firstly introduced
to the reactor model used to simulate the light-off curve, then a more detailed description of the
pore resolved model is given, finally the experimental and computational determination of the

light-off curve is described.

7.2 Packed Bed Reactor Model
Similarly to what discussed in Section 5.5, when studying a packed bed reactor, the mass and the
energy balances have to be carried out on both the porous pellet and the fluid regions of the system.
In this section the reader is introduced to the equations used in modelling the reactor performance.
The determination of the light-off curve is a transient process, in fact, the temperature of the reactor
is typically ramped at 15 °C min’!. The experiment is designed in a way that pseudo-steady state
conditions are reached during each temperature ramp; viz. that transient thermal and surface effects
are not significant. For this reason, the system was described using a series of steady state models
at different reaction temperatures; the sequential steady state approach to modelling dynamic
systems. It is important to remark that in a steady state system the time derivative terms of the
balances are equal to zero. Figure 7. 1 shows a schematic of the packed bed reactor; the figure also

shows the spatial boundaries for the pellet.
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Figure 7. 1: Schematic of a packed bed reactor with detailed representation of the pellet
boundaries

The mass and energy balances for the catalysts pellets are represented by (7./) and (7.2)

respectively [316].

acC; 6ZCl-

E = Deffﬁ-FniT}' (7])
aT a%r

PsCps 3 = Kerrpma = 2j r;(—AH,;) (7.2)

where #; is the stoichiometric coefficient for the species i, 7; is the reaction rate, ke is the effective
thermal conductivity of the pellet, / is the thermal convection coefficient, S is the reactor surface
area to volume ratio, 75 is the temperature of the solid pellet, 7% is the temperature of the gas phase
and 4H,; is the enthalpy of reaction. Considering the boundary condition » = 0 the mass and energy

balances are represented by:

aC; _

P 0 (7.3)
oT

= =0 (7.4)
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while at » = R the balances are described by:

aC; ac;

50 = Der 5+ ksi(Cip — Cis) (7.5)
T oT

= = kerro+ (T = Ty) (7.6)

where k; is the film mass transfer coefficient. The mass and energy balances at the reactor scale

were determined along the reactor axial direction and are represented by (7.7) and (7.8)

respectively.
ac;
Uy 5z = avks,i(ci,b - Ci,s (7.7)
aT
PgCogts 52 = hS(Ts —T,) (7.8)

where u: is the gas superficial velocity, a is the pellet specific area defined as a,, = 6 (1 — &) /d,,
where ¢ is the bed porosity and d, is the pellet diameter. The bed porosity was determined using
the correlation proposed by Dixon [317], this correlation, reported below, is valid when the ratio
between the reactor diameter d; and the particles diameter d), is bigger than 2:

a\ 7t AN
£=04+0.05 (d—f) +0.412 (d—f) (7.9)

P p

The film mass transfer coefficient was determined using the correlation proposed by McCune and

Wilhelm [318] where the mass j-factor is related to the Re number of the system. The j-factor is

% where Sh 1s the Sherwood number (Sh = I:ﬂ), Re is the Reynolds

expressed as j,, = o5 —
Gd . . . . .
number expressed as Re = Tp where G is the mass superficial velocity and Sc is the Schmidt

number (S c= DL); the McCune and Wilhelm correlation is reported below:

PDaB
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jm = 1.625Re =007 (7.10)

In a similar way, the film heat transfer coefficient # was determined using the Pfeffer [319]

correlation:

2/3
. 1| 1-(1-¢)5/3
Jn = 1.26{Re /—2—3y+3y5—2y6} (7.11)

. . . N . hd
where jj, is the heat j-factor expressed as j,, = F:lﬂ where Nu is the Nusselt number (N u=- )
eff

and Pr is the Prandtl number (Pr = :Cp
eff

); the Re number is expressed, as previously said, in terms
of mass superficial velocity while y is given by y = (1 — &)/3.

7.3 Computational determination of Degr coefficient in porous solids: Pore Resolved

Method

The computational method used in this work was developed at the Institute of Chemistry and
Technology (ICT) in Prague and it uses a spatially resolved approach to model diffusion in porous
solids. Koci et al. used this method to carry out multi-scale modelling of CO oxidation in porous
Pt/y-Al>Os catalyst. In particular, the authors used the pore resolved method to generate, at the nano
level, a spatial 3D model of a single meso-porous y-Al,O3 particle and to deposit individual Pt
crystallites on the particle; at the micro level, the authors used the pore resolved method to generate
a 3D spatial model of porous catalytic washcoat. The authors also compared the multi-scale results
with those obtained by standard models showing good agreement [315]. Similarly, Novdk et al.,
used the pore resolved method in a multi-scale modelling study of CO oxidation over a Pt/y-Al,0O3
catalyst. The authors compared the light-off curve obtained experimentally with the one obtained

by modelling showing good agreement [320].
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This method uses an in silico generated pore structure which acts as a statistically representative
sample of the real experimental sample. The first step of this method is the characterization of the
porous structure of the sample (e.g. pore size distribution and porosity) by different analytical
techniques such as SEM, XRT, TEM and MIP to name a few. The experimentally determined
particle size distribution is generated in silico and shrunk down to the experimentally determined
porosity using the Discrete Element Model code developed by ICT Prague. This leads to a
statistically representative structure of the original sample; an example of this procedure is shown

in Figure 7. 2.
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Figure 7. 2: Example of the method used for the generation of the porous structure using the ICT
Prague DEM code [321]

The reconstructed porous structure is then used to carry out diffusion simulations. In this method,
the desired effective diffusivity through the reconstructed porous medium is calculated from the
mass fluxes obtained by the simulation of the system with an imposed concentration gradient and
no reactions. Two different boundary concentrations of the diffusing component 7 are set at zp and

z]:

= yPndzo (7.12)

le’lZ=Zo B
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Yilyeg, = ¥4 (7.13)

bnd, bnd,z
“tand Y, "0

The difference between Y] acts as a driving force for diffusion in the z-direction;

the effective diffusivity of gas component i is then calculated:

Ji L
Defri = — A_lz C(Y'bnd,zl iylbnd,zo) (7.14)
l L

where L, = (z; — z,) is the thickness of the reconstructed medium in the direction z and J; is the
overall molar flux through the medium; this is obtained by integrating the fluxes across the cross-

section area 4. perpendicular to the z-direction [321]:

aCi

]i :fA _Di 97 dXdy (715)

To solve the large systems of linear equations, the Aggregation based Multigrid Method (AGMG)
solver, developed at Université Libre de Bruxelles by Prof. Yvan Notay was used [322]. The
coarsening is obtained by aggregation of the unknowns. The aggregation scheme uses two passes
of a pairwise matching algorithm applied to the matrix graph, resulting in most cases in a decrease
of the number of variables by a factor slightly less than four. The matching algorithm favours the
strongest negative coupling, inducing a problem dependent coarsening. This aggregation is
combined with piecewise constant prolongation, ensuring low setup cost and memory requirements

[323]. Figure 7. 3 shows an example of the simulation output.
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Figure 7. 3: Example of diffusion simulation output

From Figure 7. 3, it can be noted a portion of the 3D reconstructed structure of the foam sample;
the simulation also provides a concentration map of the diffusing species along the axial direction
of the sample and the value of the effective diffusivity in the solid sample.
7.4 Materials and Method
7.4.1 Materials

The fumed Al>,Os particles (AEROXIDE AluC) used in this study were obtained from Evonik
Industries (Essen, Germany). The alumina is crystalline with a y/3- structure. Density and surface
area are 50 g L' and 85-115 m? g'! respectively.

Butyric acid was obtained from Alfa Aesar (Heysham, United Kingdom) and it was used to modify
the particles’ surface properties. 40%v~v KOH solution, prepared dissolving KOH pellets (Alfa
Aesar, Heysham, United Kingdom) in demineralized water, and 70%.,y HNO3 (Alfa Aesar,
Heysham, United Kingdom), were used to adjust the suspension’s pH. A 15.18% Pd(NO3), metal

solution (Johnson Matthey, Batch No. DA0325) was used to prepare the dilute Pd solution
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employed for the impregnation of the catalyst support. Graphite fine powder 99% (Alfa Aesar,

Heysham, United Kingdom) was used as lubricant during pelleting.

7.4.2 Foam and Alumina Pelletting
Foam samples characterized by a porosity (determined by water pick-up) of 95% and 77%,
prepared using the methods described in Section 3.5.3, were ground to a size range 250-750 um.
To obtain the foam derived pellets, the 77% foam granules where densified by compaction in an
Enerpac press; an 8 cm die was used and the powder was compressed up to 1.4 - 107 Pa (2000 psi).
The compacted disk was then grounded to 250-750 pm. 10 %ww graphite was added to the granules
and a single pin pellets machine (Model: CPR6, Serial Number: 73), equipped with a 3.3 mm die,
was used to pelletize the powder. The same procedure, for the exception of the initial grounding,

was repeated for the pelleting of the as received alumina powder.

7.4.3 Catalyst Support Impregnation and Characterization
The four catalyst supports (e.g. foam 95%, foam 77%, foam pellet and alumina pellet) were
grounded between 710 pm and 1000 pm. The supports’ pore volumes were determined by water
pick-up. 2 g of exactly weighed support were put in a glass vial, water was then added drop-wise.
After each addition the vial was tumbled to homogeneously distribute the water among the support
particles. Water addition was stopped when support granules started to adhere to each other; the
support pore volume was obtained by dividing the volume of added water by the dry weight of the
catalyst support. The volume of diluted Pd solution to be used for the support impregnation was
obtained by multiplying the weight of the support by the previously determined pore volume. The
mass of 15.18% Pd(NO3)2 solution that has to be present in the impregnation solution, in order to

obtain a 3% Pd/Al,Os catalyst, was determined using the following formula:
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Desired % of Pd on catalystxweigh of the support+100 (7 16)

mass of 15.18% Pd sol.= .
(100—desired % of Pd on catalyst)*15.18

4 g of support were then put in a glass vial and the diluted solution was added drop wise. The vial
was hand-rolled to facilitate the impregnation. At the end, some additional demineralised water
was added to capture the final residue of the Pd(NO3)2 solution. The sample was then placed in a
dish and left in a drying oven at 110 °C for two hours. Periodically during this time, the sample
was removed from the oven and the powder turned, so that the drying was relatively even
throughout the sample. The catalyst precursor formation was calcined in an oven at 800 °C for 5 h

in an inert atmosphere; this procedure was repeated for all the samples.

X-Ray Diffraction, N2-Physisorption, Chemisortion and Mercury Intrusion Porosimetry were run
on the samples as described in Section 4.6.5. In addition, X-Ray Tomography was carried out on
the samples using a Bruker Skyscan 1172 instrument; the source voltage was set at 54 kV and the
object to source distance was 71.74 mm giving an image pixel size of 2.98 pm. The rotation step

was equal to 0.2° and no filters were used during the image acquisition.

7.4.4 Catalyst Testing: CH4 Light-Off curve
The use of micro-reactors for catalyst testing is a standard test methodology in Johnson Matthey
[324]. The catalyst sample (0.2 g and 0.4 g for the foam and pellet sample respectively) was placed
in a stainless steel reactor (diameter 8 mm). The flows of reactant gases and diluent (N2) were
controlled by mass flow controllers; the total gas flow was 2 L min™!. The flow of liquid H,O into
the reactor was controlled by a peristaltic pump. The reactor was heated in an oven and the
experiments were run with a temperature ramp of 5 °C min™'. The catalyst gas inlet temperature

was measured by a thermocouple placed approximately 15 mm in front of the catalyst bed. Gas
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from the reactor outlet was led to analysers by heated lines; separate analyser units were used to
measure the concentration of CO (infra-red), CO> (infra-red) and O (electrochemical cell). A

schematic of the test rig used for the determination of the CHj4 light-off is given in Figure 7. 4.

CH| |0,| |N,

H,0 —Q FI-R | Vent

Figure 7. 4: Schematic of the test rig used for the determination of the CHy light-off curve

The gases, at the desired concentration, and water (if required in the experiment) are fed into the
packed bed reactor (3). The reactor inlet is enclosed in an oven (1) at a temperature of 150 °C in
order to evaporate the water before it enters the reactor. The actual reactor is enclosed in an oven
whose temperature is ramped at 5 °C min™! from 150 °C to 530 °C. The products are then analysed

via FT-IR. A typical testing protocol for the catalyst is summarised in Table 7. 1.
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Table 7. 1: Example test protocol used for testing 3% Pd/Al>Oj3 catalysts

Step Gas Start Ramp rate Set Point | Hold Time
No temp (°C) (°C min™) (°O) (min)
0
1 500 ppm CH4/10% O> / 150 5 530 15
bal. N»
2 10% O2 / bal. N, 530 15 150 15
0
3 500 ppm CH4/10% O2 / 150 5 530 15
bal. N2
4 10% Oz / bal. N» 530 15 150 15
500 ppm CH4/10% O2 /
: 12% H>0 / bal. N> 10 > >0 1
6 10% O / bal. N» 530 15 150 15
500 ppm CH4/10% O> /
! 12% H>0 / bal. Ny 150 > 530 15
8 10% O> / bal. N» 530 15 150 then end

7.5 Catalysts characterization results

Different analytical techniques were carried out on the four supports (e.g. XRT, N>-Physisorption,

Mercury Intrusion Porosimetry, CO chemisorption); Figure 7. 5 shows the four supports before

size reduction.

Figure 7. 5: Catalyst supports before grounding: 1-77% Al203 foam, 2-95% Al>O3 foam, 3-A1;03
pellet, 4-A1>0;3 foam pellet

N2-physisorption and Mercury Porosimetry were carried out to investigate the pore structure of the

samples. Figure 7. 6 shows the isotherm of adsorption and the pore size distribution obtained by
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physisorption while Figure 7. 7 shows the intrusion/extrusion curves and the pore size distributions

obtained by mercury porosimetry.
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Figure 7. 6: (a) N2>-Isotherm of adsorption, (b) pore size distribution for the different samples:
(=) Foam 77%, (==) Foam 95%, (==) Foam Pellet, (==) Alumina Pellet.
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Figure 7. 7: (a) Mercury intrusion/extrusion curve, (b) Pore size distribution for the different
samples: (=) Foam 77%, (==) Foam 95%, (==) Foam Pellet, (==) Alumina Pellet

From the N»-isotherm of adsorption it can be noted that all samples present a type IV isotherm with
the hysteresis loop indicating capillary condensation in narrow pores. The fact that in the two foam
samples the plateau of the isotherm is not present, indicates that the porosity of the samples extends
beyond the upper limit of the technique and, consequently, the pore size distribution (PSD) will be
incomplete with an underestimation of both the pore volume and the average pore diameter. This

observation is confirmed by the analysis of the pore size distribution obtained by mercury intrusion
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porosimetry; it can be observed, in fact, that the PSD obtained by physisorption and mercury
intrusion agree in the case of the pellet samples while additional pores are observable in the foam
samples when considering the PSD obtained by MIP. The difference in PSD between the two
techniques is also evident when comparing the estimated mean pore diameter. In particular, the
mean pore diameter of the 95% porosity foam is significantly higher when determined by MIP.
Table 7. 2 summarises the BET surface area, the pore volume and average pore diameter, obtained
by Na-physisorption and compare them with intrusion volume, % of entrapment and mean pore

diameter obtained by MIP.

Table 7. 2: Summary of the No>-physisorption and Mercury Intrusion Porosimetry results
N2-Physisorption

Sample BET Area (m?g") Pore Volume (cm® g!) | Mean Pore Diameter (nm)
Foam 77% 99.0 0.775 31.3
Foam 95% 103.4 0.952 36.8
Foam Pellet 92.2 0.397 17.2
Alumina Pellet 89.6 0.392 17.5

Mercury Intrusion Porosimetry

Sample Intrus. Volume (cm? g™!) % Entrapment Mean Pore Diameter (nm)
Foam 77% 1.145 43 27
Foam 95% 7.125 91 23790
Foam Pellet 0.398 11 16
Alumina Pellet 0.363 8 17

From the mercury porosimetry data, it can also be noted that, contrary to expectation, a significant
difference in porosity between the foam pellet and the alumina pellet was not present. This is almost
certainly due to the destruction of the microporous foam structure during the pelleting process.
This was confirmed by SEM where, although the foam pellet sample appears to have a slightly
higher porosity in respect to the conventional pellet, a significant difference between the two

samples is not notable. Figure 7. 8 shows the SEM images for the four supports.
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From the SEM images, it can also be observed that the low porosity foam is characterized by big
macropores. This is in contrast to the observations from the mercury porosimetry analysis. A
possible explanation is the shielding effects in MIP. This phenomenon is due to the fact that
mercury porosimetry does not measures the actual internal pore size but it determines the largest
connection from the sample surface towards that pore. This results in the underestimation of the

pore size when big pores are connected to smaller pores.

The sample pore structure was also investigated by X-Ray tomography; in particular, the

reconstruction of the samples 3D structure could be employed in running Computational Fluid
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Dynamic simulations. The analysis of the pellet samples by XRT was particularly challenging so

only the 2D and 3D reconstructed images of the foam samples are presented in Figure 7. 9.

Figure 7. 9: CD-XRD images of the foam samples: (a) 2D image of the 95% foam, (b) 3D
reconstructed image of a 95% foam Region of Interest (ROI), (c) 2D image of the 77% foam, (d)
3D reconstructed image of a 77% foam ROI

To characterise the impregnated supports, CO-chemisorption was carried out in order to determine
the metal area and the metal dispersion while XRD was used to measure the catalyst crystal size;
the determination of the percentage of Pd by XRD was prevented by the transitional nature of the
alumina support. Table 7. 3 summarises the results obtained using the mentioned analytical

techniques.
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Table 7. 3: Summary of the CO-Chemisorption and XRD analysis for the four samples

CO-Chemisorption
Sample Metal Area (m” g!) | Dispersion %
Foam 77% 1.24 3.7
Foam 95% 1.35 11.9
Foam Pellet 1.03 3.1
Alumina Pellet 0.95 4.6
XRD
Sample PdO Crystal Size (nm)
Foam 77% 5.4
Foam 95% 5.4
Foam Pellet 6.9
Alumina Pellet 7.4

With the exception of the metal dispersion, which is slightly higher in the 95% foam, the samples

present similar properties in terms of metal area and crystal size.

7.6 Catalytic test of Pd/Al,Os catalysts for CH4 oxidation
The granules of the four samples were tested at the micro-reactor rig using the protocol reported in
Section 7.4.4. As discussed in the experimental methodologies section, the light-off experiment
provides performance data over the 150-530 °C temperature range; each light-off test result was
produced twice to show repeatability and stability of the testing data. In all the experiments, inlet
CH4 and Oz compositions were fixed at 500 ppm and 12% respectively. Figure 7. 10 shows the

light-off curve for the foam and pellet supported samples respectively for both dry and wet feed.
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Figure 7. 10: Light-off curve for (a) foam supported and (b) pellet supported catalyst for both dry
and wet feed: (=) 95% Foam-Dry, (=) 77% Foam-Dry, (®) 95% Foam-Wet, (®) 77% Foam-
Wet, (=) 77% Al203 pellet-Dry, (==) Foam pellet-Dry, (®) 77% Al:Os pellet-Wet, (®) Foam
pellet-Wet

The light-off curve of the foam supported catalysts confirms, in both cases (e.g. dry and wet feed),
that the porous structure of the supports impacts the catalyst performances. The curves for the 95%
foam and 77% foam are superimposed for the temperature region in which the system is expected
to be kinetically limited while they start to diverge above temperatures at which the system
becomes diffusion limited (e.g. T > 300 °C for the dry feed and T > 400 °C for the wet feed). The
light-off curves for both the foam supported and pellet supported samples also confirm the
inhibition effects of H,O with the 0% H>O data showing CH4 conversion at least 100 °C earlier
than that of 12% H>O data. The beneficial effect of the original support structure are not observed
in the pellet supported samples where the Al>O3 pellets sample and the foam pellet sample present
similar trends of the light-off curves. This can be attributed to the similar porosity presented by the
two sample that, as presented in in the characterization results section, it is due to the destruction
of part of the foam structure during pelleting. Figure 7. 11 shows the comparison of the light-off

curves for both the foam supported and pellet supported samples.
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Figure 7. 11: Foam supported and pelleted supported samples, light off curves comparison: (=)
95% Foam-Dry, (=) 77% Foam-Dry, (®) 95% Foam-Wet, (®) 77% Foam-Wet, (==) 77% Al:O3
pellet-Dry, (==) Foam pellet-Dry, (®) 77% Al>Os pellet-Wet, (®) Foam pellet-Wet
From the light-off curves comparison, it can be observed that the foam supported catalysts, in both
dry and wet feed, perform better than the pellet supported ones. In addition, it is important to point

out that the foam supported samples had half the weight of catalyst in respect to the pellet supported

catalysts making the difference in performances even more outstanding.

7.7 Light-Off Curve Modelling
The light-off curves for the high and low porosity foams were modelled using the 1D + 1D code
described in Section 7.2. The two different approaches used for the determination of the effective
diffusivity coefficient Dy were compared. In one case this was calculated using the Wakao-Smith
correlation and in the other the value obtained in the PMS simulation was directly inputted into the
code. In both cases, it was necessary to know the percentage of macro and meso pores in the
samples, the corresponding reactor density (which accounts for both the catalyst density and the

bed voidage), and the catalyst bed length. Table 7. 4 summarises the total mercury intrusion, the
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intrusion above and below 50 nm, the percentage of macro and meso pores, the reactor density and

the bed length for the two samples.

Table 7. 4: Foam samples characteristics

Tot Intr. Intr. React
above | below cact. Cat. Bed
Intr. Tot Macro- Meso- Dens. .
Sample (mL S0nm | 50 nm Porosity % | porosity % | porosity % (Kg Weight | Length
o) (mL | (mL m?) (® (mm)
g g"
0,
1:7073?; 1.1452 | 0.8224 | 0.3228 0.7741 0.5559 0.2182 405.6 0.2 9.8
o,
ngaf;l 7.1249 | 6.3685 | 0.7564 0.9556 0.8541 0.1015 80.5 0.2 49.4

Figure 7. 12 shows the comparison among the experimental light-off curve and the model light-off
curve, obtained using the two different approaches, for the high and low porosity foam supported

catalysts.
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Figure 7. 12: Comparison among experimental and model results. (a) 95% foam: (=) Exp.,
(==eo) Mod. Wakao-Smith, (e) Mod. PMS. (b) 77% foam: (==) Exp., (==e) Mod. Wakao-Smith,
(e) Mod. PMS.

From Figure 7. 12 it can be noted that, in the case of the 95% foam, the model results satisfactorily
describe the experimental light-off curves. In addition, it is notable that the model results obtained
using the Wakao-Smith correlation and the PMS method are in agreement. The observed
differences are due, first of all, to the uncertainty introduced by the fact that a series of steady state

simulations were used to model a transient system.
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The other source of error is due to the location of the thermocouple in the experimental set-up.
Figure 7. 13 shows the position of the thermocouple which was located at the inlet of the reactor
and not inside the catalyst bed. Although the reactor was considered to be isothermal, differences
between the temperature of the thermocouple and the actual temperature of the catalyst bed were

expected.

Gas In

l — Thermocouple

<

Gas Out

Figure 7. 13: Thermocouple position inside the micro-reactor

The position of the thermocouple can, in part, explain the differences observed between the
experimental and the model light-off curve. At the beginning of the experiment, the catalyst bed
will be at a lower temperature in respect to that measured by the thermocouple due to the thermal
lag required to heat the catalyst pellets up. As the reaction kicks-in the heat of reaction will heat up
the catalyst bed and its temperature will be higher than that measured by the thermocouple.
Although the temperature of the bed before the reaction starts is difficult to estimate, its temperature
during the reaction was estimated by adding to the temperature measured by the thermocouple the
adiabatic temperature rise due to the reaction; the latter was calculated using the following equation

[325]:
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AT _ AHyeqz [CH4]reactVbed
2i(CpilCiloutVbea)

(7.17)

where AH, .., is the heat of reaction, [ CHy] eac 1S the concentration of reacted methane, Vyeq is the
volume of the bed, C,,; is the heat capacity of the different species and [ Ci]ou is the concentration
of the different species exiting the reactor. Figure 7. 14 shows the comparison between the model
light-off curve and both the experimental curves with the uncorrected and corrected bed

temperature.
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Figure 7. 14: Comparison among model light-off curve and both experimental curves with
corrected and uncorrected bed temperature. (==) Exp., (==) Mod., (®) Exp.-Corrected
temperature.

It can be noted from Figure 7. 14 that, after temperature correction, the experimental curve get
closer to the model one. In addition, it is important to remark that, as shown in Section 5.6, the
used kinetic model presents a significant error on the value of the estimated enthalpy of water
adsorption. This has a significant impact on the reaction rate, and consequently on conversion, as

the reaction progresses (higher temperatures in the light-off curve) leading to a probable under
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estimation of methane conversion. Despite the described differences, the model satisfactorily
predicts the light-off curve trend; the same is not true when comparing the experiment and model
results for the 77% porosity foam (Figure 7. 12). Furthermore, in the case of the low porosity foam,
the model light-off curves obtained using the Wakao-Smith and the PMS methods are not in
agreement. This is due to a limitation of the PMS method that is not capable of generating a
representative reconstruction of the low porosity sample. In fact, the presence of few pores and
their wide size distribution prevents the construction of a representative sample. This underlines a
limitation of the pore resolved method showing its difficulty in generating a representative sample
in the case of few and widely distributed macro-pores. The discrepancies between the experimental
results and those obtained using the Wakao-Smith correlation was attributed to an underestimation
of the amount of macro pores during the analysis of the mercury intrusion porosimetry curve. It
was already mentioned in Section 7.5 that shielding effect in the porosimetry analysis of the lower
porosity foam could lead to an underestimation of the amount of macro pores. Some of them, in
fact, could be included in the characteristic region of the meso pores. Different macro-meso pores
threshold values were used to determine the percentage of macro and meso pores from the Mercury
Intrusion Porosimetry curve; these were then used to assess the sensitivity of the model to different
values of meso and macro porosities.

Table 7. 5 summarises the total intrusion, the intrusion in macro and meso pores, the total

percentage, the macro porosity and the meso porosity for different threshold selections.
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Table 7. 5: Comparison among the different macro and meso porosities values obtained when
different macro/meso pore thresholds were selected

Total Intrusion | Intrusion
Threshold | Intrusion | in Macro in Meso Total Macro Meso
(nm) (mL g Pores Pores Porosity % | Porosity % | Porosity %
(mLg") | (mLg")
50 1.1452 0.3358 0.8094 77.42 22.70 54.72
30 1.1452 0.5252 0.6200 77.42 35.50 41.92
25 1.1452 0.8224 0.3228 77.42 55.59 21.83

Figure 7. 15 shows the model light-off curves obtained when the macro and meso porosities values

obtained at the different thresholds were used. The model curves were also compared to both the

corrected and uncorrected experimental ones.
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Figure 7. 15: Comparison among model light off curves obtained using different macro-meso
pores thresholds and both the corrected and uncorrected experimental ones. (==) Exp., (®) Exp.-
Corrected temperature, (==o) Mod.-TS50, (m) Mod.-TS30, (A) Mod-TS25

It can be noted from Figure 7. 15 that, varying macro-meso pores threshold from 50 nm to 30-25

nm, the model curves get closer to the corrected experimental light-off curve. This suggests that

the percentage of macro pores was underestimated due to shielding effect. It is obviously not

possible, in the case to the 77% foam, to exactly determine the amount of macro pores using
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mercury intrusion porosimetry experiments, but this last investigation shows that the discrepancy
between model and experimental results was due to a limitation of the used characterization

technique and not to the inadequacy of the model.

7.8 Conclusions
In this chapter, supports having different porous structures have been impregnated with Pd and
their performances in the methane oxidation reaction have been compared. The light-off
experiment was designed in order to remark the mass transport differences among the samples. The
experimental work showed that foam supported catalyst gave better performances in respect to
conventionally supported ones. In particular, the 95% foam supported catalyst presented higher
conversion in respect to the 77% foam sample in the light-off curve region were diffusion limitation
was expected. The light-off curve was then computationally determined through the use of a 1D +
1D steady state model. Two different approaches (e.g. Wakao-Smith and PMS) were used and
compared for the determination of the samples effective diffusivity. In the Wakao-Smith correlation
the percentage of macro and meso pores was determined by analysing the mercury intrusion
porosimetry curve. Although this approach was suitable in the case of the high porosity foam,
underestimation of the macro porosity in the 77% foam was observed due to macro pores shielding
during the analysis. This underlined the necessity of selecting the right analytical technique for the
determination of the sample’s porous structure. The PMS approach gave comparable results with
the Wakao-Smith correlation in the case of the higher porosity foam while discrepancies were
observed in the case of the lower porosity sample; this is due to the impossibility of obtaining a
representative sample for the low porosity foam. This observation shows the limitation of the PMS

method at the macro scale, where the dimension of the pores and their wide size distribution could
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prevent the construction of a representative samples. In addition, the observed accordance between
the Wakao-Smith and the PMS, in the case of the high porosity foam, rules out the necessity of
using a computationally intense method, such as PMS, at the macro scale. It is also important to
remark that the differences observed between the model and experimental curves are due to three
other factors. Firstly, a series of steady state simulations were used to represent a transient system
and, although the light-off experiment was design to have a series of pseudo steady state system at
each temperature ramp, a certain error was introduced by this model assumption. Secondly, in
Chapter 5 it has been shown that the used kinetic model does not well represent the reaction when
water is present; this is particularly relevant at the higher temperatures of the light-off curve where
more water is present in the system leading to an underestimation of methane conversion. Finally,
the thermocouple in the micro-reactor was not positioned exactly in the catalyst bed leading to
uncertainty about the exact bed temperature; the bed temperature was corrected accounting for the
heat of reaction bringing the experimental curve closer to the model one. In conclusion, the benefit
of the foam porous structure on the catalyst performances was proved. A 1D + 1D model was
developed and the importance of sample characterization to satisfactorily represent the
experimental results was shown. In fact, in the case of the higher porosity foam, for which it was
possible to obtain a representative characterization of its porous structure, the model was capable
of representing the experimental results. This highlights the possibility of using the developed

model to quickly screen the performances of catalysts having different porous structures.
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Chapter 8
Conclusions and Future Work

8.1 Conclusions
In this thesis, the importance of catalyst formulation was underlined and the cross-linking of
different disciplines was shown to be fundamental for the successful development and
manufacturing of newly formulated products. Chemistry, analytical chemistry, chemical
engineering and computational techniques played a key role in the development, characterisation
and manufacturing of new macroporous catalysts supports. Referring to the aims presented in

Chapter 1, a brief conclusion on each point is given below:

e Developing new, more flexible and more sustainable ceramic foams formulations.
Amino acids have been identified as flexible and environmentally friendly amphiphiles.
The presence of both the (basic) amino and the (acidic) carboxylic group on the same
molecules allows the amphiphile-particle interactions at both acidic and basic pHs.
Correlations between amino acids hydrophobicity and foam structure (porosity and bubble
size) have been proposed, giving an insight on how to control the initial formulation
depending on the desired final structure. Amphiphile adsorption at different interfaces has
been studied (solid-liquid and liquid-gas) and the minimum concentration of amphiphile
that has to be added in order to obtain a stable foam was identified leading to optimization
of amphiphile usage and reduction of gas emission during the foam after-treatment
(calcination) [326]. This resulted in a patent application by JM on the use of these novel

amphiphiles for ceramic foam production [327].

251



Establishing the basis for a fundamental understanding of foam manufacturing. An
aerated stirred vessel was used to produce ceramic foams and to provide an insight into the
parameters that affect the resultant foam structure. Correlations between global mixing
parameters and both gas hold-up and bubble size were applied to ceramic foams. Although
discrepancies between the exponents of the different parameters were observed, the
correlations present in the literature were capable of correlating mixing conditions to foam
properties. Determination of the mixing regime inside the vessel and the comparison with
the structure of the produced foams gave a clear idea of the mixing conditions necessary to
have the desired foam structures. Foam rheology was measured and the comparison of
characteristic rheology curve features (inflection point or “kink’) were compared to foam
bubble size and bubble size distribution, resulting in a correlation between them. This
opens to the possibility of developing an at-line measurement to qualitatively control the
foam structure [328].

Testing of foam supported catalysts in different reaction systems. Foam supported
catalyst were tested in different reaction such as Fischer Tropsch Synthesis and methane
oxidation. In both cases, better performances were observed when foam supported catalyst
were used; in the first case an increase of around 2% in Cs: selectivity was observed while
in the second one lower light-off temperatures and better performances at high temperatures
(diffusion limited region) were observed. In FTS, although it was hypothesised that the
better performances were due to the improved diffusion in the catalyst, a clear dependence
on foam structure was not identified due to differences in the other properties of the catalyst

(e.g. crystal size, metal area, etc.). In the case of methane oxidation, the tested catalysts

252



presented comparable crystal size and metal area so the improved performances could be
attributed to the higher macro-porosity presented by foams. This resulted in a patent
application by JM on the use of foam supported catalysts for FTS [329].

Developing reactor models to screen the performances of porous catalysts in different
reactor configurations. 1D + 1D models to simulate the performance of porous catalysts
in both coated monolith and packed bed reactors were developed and their results compared
to experimental data. The model results for the monolith were compared to those
experimentally acquired at the SpaciMS at Queen’s University Belfast. Chemical species
trends along the monolith channel obtained from the model were generally in agreement
with the experimental ones. The quantitative difference observed in term of methane
conversion, especially at lower temperatures, was attributed to the uncertainty in the value
of the enthalpy of adsorption of water which led to an underestimation of methane
conversion when water was present in either the feed or reacting mixture. The developed
model was also used to collect non-experimentally accessible information such as the
chemical species concentrations profiles and the temperature profile inside the wash-coat
layer.

Methane light-off curve were modelled and compared to those obtained experimentally for
both high and low porosity foams. While quantitative differences in the light-off
temperature were found, good agreement was observed for the trend of the high porosity
foam light-off curve. Major discrepancies, in both the trend and the light-off temperature,
were observed in the case of the low porosity foam. The quantitative difference was
attributed to three main reasons: the use of a series of sequential steady state approach to

the simulation of a transient system that could introduce lag errors, the position of the
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thermocouple outside the catalyst bed in the experimental set up that leads to uncertainty
about the actual bed temperature and the underestimation of methane conversion (especially
at higher temperatures) due to the poor estimation of the enthalpy of adsorption of water in
the used kinetic model. In the case of the low porosity foam the discrepancies in the
observed trend were attributed to the difficulty in determining the percentage of meso and
macro pores from the mercury intrusion curve due to shielding effects; an underestimation
of the amounts of macropores significantly effects the trend of the light-off curve.

In conclusions, this part of the work, led to the development of reactor models suitable to
describe the catalyst performances in different reactors configurations and underlined the
importance of selecting the right kinetic model and analytical techniques to describe and
characterize the reacting system.

Comparing different modelling approaches to understand the level of complexity
necessary to effectively screen catalysts performances. Two main comparisons were
carried out:

o Comparison between model results obtained from 1D + 1D simulations and those
obtained using a CFD (OpenFOAM) with porous media representation of the
catalyst and including diffusion and kinetic models.

o Comparison between the use of Wakao-Smith correlation and the Pore Resolved
Model to determine the effective diffusivity in macro-porous materials.

Although the comparison between the OpenFOAM and the 1D + 1D model results
presented some discrepancies (especially for the wet feed case), the predicted trends were
comparable. The higher conversions predicted by the 3D model were explained by the

formation of a stagnation zone in proximity of the channel corners that results in higher
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temperatures and residence time hence in higher conversions. The slightly lower
conversions predicted by the 3D model in the case of the dry feed cannot be explained by
the previously presented reasoning and further studies are recommended to investigate the
differences between the two approaches.

Effective diffusivity coefficients determined by Wakao-Smith and PMS agreed in the case
of the high porosity foam while discrepancies were observed in the case of the low porosity
one. In the latter case, the methods were not able to generate a representative sample of the
support. That used was characterised by few bubble with a wide bubble size distribution.
This comparison showed that, although PMS can be satisfactory used at the nano and micro
scale, it presents limitations when it is used to represent macroporous samples with a low

porosity and wide bubble size distribution.

8.2 Future Work

This work showed the beneficial effects of using ceramic foams as catalysts supports; although a

good understanding of foam formulation and manufacturability impact on foam properties was

obtained, different aspects needs to be considered in order to produce technical catalysts.

Amino acids were mostly used as amphiphiles to modify the surface properties of titania particles

and, although this class of molecules effectively stabilized titania foams, it is fundamental to test

their performances when different powders are used. This will allow broadening and optimisation

of their use with different inorganic supports and hence different applications. One of the limit of

amino acids is their low solubility and the necessity to work at extremely low or high pH to have a

sufficient amount of amphiphile dissolved. Mixtures of different amino acids or mixtures of amino

acids and conventional amphiphiles could be used to modify the surface particles. The second
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option, in particular, could help to reduce the price of the amphiphilic mixture since less amino

acids would be used which are usually more expensive than conventional ones.

The manufacturing study using an aerated stirred vessel gave a valuable insight into the
manufacturing of these materials but it also showed some of the limitation of using this system at
industrial scale. The dependence of foam structure on power consumption would result in high
energy consumption at industrial scale, especially when foams with smaller babbles want to be
obtained. In addition, vessel having a significant volume are necessary to accommodate the foam
expansion resulting in higher costs (e.g. bigger vessel, longer impeller shafts) and longer
operational times. Alternatives could be the design of continuous process using, for examples,
membranes to entrain the gas in a ceramic slurry flowing inside a static mixer. On-demand foam
systems could be realized by dissolving the gas in the ceramic slurry and generating, upon pressure
release, the desired amount the foam. Finally, another system to generate gas in-situ could be
chemical decomposition such as the evolution of CO» from carbonates, evolution of O2/H> from

peroxides or N> from ammonium nitrite.

Although the effects of formulation and manufacturing have been widely investigated, other
aspects of the catalysts manufacturing could affect its performances such as thermal treatment and
forming. Drying and calcination could have a significant impact on the structural and mechanical
properties of the support; different drying techniques such as freeze drying, drying in a controlled
atmosphere could be used to reduce the amounts of cracks in the support and in turn to improve its
mechanical properties. Pelleting it has been shown to have a detrimental effect on the structure of
the foam, in fact, some of the foam porosity is lost during pelleting; alternatives to shape the support

such as extrusion or granulation could be investigated.
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Ceramic foams have been successfully tested in Fisher Tropsch Synthesis and methane oxidation;
due to the potential benefit of using these novel supports, ceramic foam supported catalysts should
be tested in other reaction systems, especially those characterized by strong diffusion limitation,

either due to inherently fast kinetics or slow (liquid phase or large molecule) diffusion.

Reactor models for the study of the performances of supported catalysts have been developed and
they have been used for the study of methane oxidation. These models could now be used to screen
the effect of the support structure on the reaction performances in order to accelerate the
development of new structured supports. In addition, kinetic models for reaction system of
particular interest could be developed and the effects of the support structure on these reactions

could be quickly assessed using the aforementioned models.
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Appendix I
Comparison between foam porosity values obtained by water pick-
up and Mercury Intrusion Porosimetry

The porosity of two foams having different structures was determined and compared by water pick-
up and Mercury Intrusion Porosimetry. The water pick up and MIP methodologies have already
been described; the calculations used to determine the porosity in the two methods are reported

below:

e Water Pick-Up
The amount of water picked up is obtained by difference between the weight of the wet
sample and the initial weight of the dry sample; then the volume of water picked up is
calculated by dividing the mass of water by its density. The pore volume of the sample is
obtained by dividing the volume of water picked up by the initial sample weight; finally,
foam porosity is calculated by:

Vh,0

W,
Vi,0 +—>
20" ps

Porosity % = * 100

where Vo is the volume of water picked up, W) is the initial weight of the sample and p;
is the solid density.
e Mercury Porosimetry

The porosity of the sample was determined by mercury porosimetry using the following

formula:
W, x1
Porosity % = s—t;,t/.
S
Vpor + @
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where W is the sample weight, I, is the total intrusion, V)., is the pore volume and pg is

the skeletal density of the solid sample.

Table I.1 summarises the porosities calculated, using the two different techniques, for two different

samples and the percentage error between them.

Table 1.1 Comparison between sample porosity obtained by water pick-up and mercury

porosimetry.
Sample # | Porosity % Water Pick- Porosity % Mercury Intrusion % Error
Up Porosimetry
1 83.42 77.41 7.20
96.71 95.56 1.19

Table 1.1 shows that the water pick-up method gives comparable results to those obtained by
mercury intrusion porosimetry. Water pick-up tends to over-estimate the sample porosity,
especially for lower porosity samples, but considering the small percentage error and the time
saving in using this technique instead of MIP it is convenient to use this technique when a large

number of sample has to be analysed.
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Appendix 11
Confidence Interval of Mean Bubble Size Determined by Image
Analysis

The confidence interval of bubble size determined by image analysis was determined following the
procedure proposed by Buffo and Alopaeus [330]. Considering that the result of the bubble size
measurement is an array of N values of particle size, L = {L;, L2, ...., Ly} the mean value of this

sample is equal to:

while the variance of the sample is defined as:

2 1 N 7\2
$* =g ) (D)
i=1

Mean and standard deviation could also be written as a function of the sample raw moment Mj

which is defined as:

with k=0, 1,2, ..... , Nk. Mean and standard deviation expressed as function of the sample raw

momentum are reported below:

- M

[=—1
My

SZ — MOMZ - Mlz
Mo(M, — 1)
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The confidence interval can then be calculated using the following equation:

- S
AL = ZtN—l,a/Z\/_N

Table II.1 summarises the mean and the confidence interval for the bubble size of the foam
produced during the DoE study described in Chapter 3. It has to be borne in mind that the mean
value reported in this Appendix is different from the Sauter mean diameter presented in the chapter;
the latter is commonly used to correlate bubble size to different process parameters and for this
reason it was selected. Here an estimation of the error encountered in the image analysis is desired
and the arithmetic mean is used for this study. The table shows the experiment number, the number
of the bubbles analysed, mean, standard deviation and confidence interval for the different foams.

A 90% confidence level was selected to determine the confidence interval.

Table I1.1 Summary of number of bubbles analysed, mean, standard deviation, t-student value
and confidence interval for the foams produced in the DoE experiment reported in Chapter 2

Exp # | # of Bubbles | Mean | Standard Deviation | tN-1,02 | Confidence Interval
1 65 265.19 239.56 1.6706 99.28
2 54 77.75 112.12 1.6759 51.14
3 75 91.78 54.54 1.6669 20.99
4 123 172.45 143.76 1.6602 43.04
5 100 235.70 240.57 1.6602 79.88
6 80 66.65 51.97 1.6641 19.34
7 90 174.36 242.24 1.6620 53.23
8 126 218.81 194.51 1.6551 57.36
9 86 89.29 63.58 1.6620 22.79
10 129 263.13 269.48 1.6602 78.77
11 76 154.07 103.73 1.6641 39.60
12 97 125.67 86.00 1.6602 18.09
13 120 88.02 79.48 1.6602 15.03
14 103 120.65 110.11 1.6602 36.02
15 105 91.96 104.65 1.6602 33.91
16 66 288.45 344.20 1.6669 141.24
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It can be noted that the confidence interval is quite wide especially for the samples were a lower
number of bubbles were analysed; this, as said in Chapter 3, was due to the limited amount of

sample available.
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Keywaords:
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phiphile concentration and structure on the foam properties were investigated (e.g. porosity, bubble size dis-
tribution). These were classified depending on their different hydrophebicity by establishing a hydrophobicity
index. Monotonic relationships between the hydrophobicity index and the foam structural properties {c.g.
porosity, bubble size) were found. In addition, the more suitable amino acid to be used at larger scales was
identified and it was used as a model amphiphile to have a deeper insight into the foaming process. In particular,
the repartition of the amino acids among the different interfaces and the minimum amphiphile concentration to
abtain stable foams were identified.

Hydrophobicity
Isotherm of Asorpricn

1. Introduction ceramic positive replica of the template is obtained. Sacrificial tem-

plating uses a biphasic mixture of a template and ceramic slurry to

In recent years ceramic foams have been receiving an increasing
interest thanks to their applicability in several technology Ffelds.
Among others, ceramic porous materials are used as refractory in-
sulators, catalyst supports and filters for molten metals [1,2]. Several
techniques have been developed for the production of ceramic foams;
these include replica technique, sacrificial templating and direct
foaming [2]. The replica technique consists in the impregnation of a
natural (e.g. wood [4], coral [5]) or a synthetic template {e.g. polymer
foam [G]) with a ceramic suspension. In order to obtain a thin ceramic
coating on the template surface, the suspension in excess is removed by
passing the template through rollers. After drying and calcination a

generate the porous structure inside the ceramic body. The sacrificial
material can be natural [7] or synthetic [2] and either in solid [9] or
liquid form [10]. These are then either extracted or decomposed to
form a negative replica of the sacrificial template in the ceramic ma-
terial. Direct foaming is an ostensibly straightforward method for the
production of ceramic foams. In this process, air is directly entrained
into the ceramic suspension causing the attachment of the previously
maodified particles at the air/water interface, leading to stable foams
[11]. Particles surface properties are modified in order to reduce their
hydrophilicity. This is realized through the addition of an amphiphile;
namely a chemical that has a polar head which electrostatically
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interacts with the particles surface and a hydrophobic tail that is di-
rected toward the aqueous phase. Several classes of chemicals have
been proposed as amphiphiles, these include among others carboxylic
acids, amines and gallates [11]. The selection of the suitable amphi-
phile is largely governed by the particle’s surface charge where car-
boxylic acids are used with positively charged particles, amines with
negatively charged particles and gallates with either positively charged
or neutral particles. It has been demonstrated that both the structural
characteristics of the amphiphile and its concentration strongly affect
foam properties such as porosity, stability and bubble size distribution
[12,13].

Although the use of the previously mentioned amphiphiles is widely
reported in the literature, the use of these amphiphiles is limited to a
certain pH range dictated by the particle surface charge. In addition,
many of these amphiphiles pregent acute toxieity limiting their usage at
production scale. The aim of this work is to investigate the possibility of
using aminoe acids as amphiphiles. Amino acids are organic compounds
containing an amine group (—NH.), a carboxylic group (—COOH) and a
side chain specific to each amino acid, There are about 500 natural
oceurring amino acids [14]; these can be classified according to the
position of the functional groups in alpha- (o), beta- (B), gamma- (y) or
delta- (8). In this work attention was posed on the alpha- amino acids;
in these molecules the carboxylic and the amino groups are attached to
the first carbon or alpha- () carbon. The selection of this class of amino
acids was based on their lower cost relative to hydrophobic [3-, v- and 8-
amino acids making them more economically suitable for the scale up
of the process in the future, This class of molecules is environmentally
friendly and allows a wider pH operational window courtesy of the
presence of both the carboxylic and the amino group on the same
molecule. In the present study the amino acids are classified according
to their different hydrophobicity. This is then shown to influence both
the porosity and the bubble size distribution of the obtained foams.
Among the tested amino acids the best amphiphile in term of oper-
ahility is identified; then its adsorption at the different interfaces and
the minimum amphiphile concentration necessary to obtain stable
foams is identified.

2. Materials and Methods
2.1. Materials

Fumed TiO, particles (grade AEROXIDE P25) were obtained from
Evonik Industries (Essen, Germany). The supplier technical data sheet
states that the primary particles have a mean diameter of approximately
21 nm while their aggregates are several hundred nm in size. Density
and surface area are 4 g/cm® and 50 m*/g respectively. The AEROXIDE
P25 is characterised by an anatase/rutile ratio of 80,20 with both
crystal structures having a tetragonal geometry.

The amino acids used to modify the particles surface were -
Alanine 99%, pi-Valine 99%, ni-Tsoleucine 99%, pi-Leucine 99%, bi-
Methionine 99%, opi-Phenylalanine 99%, o-Tyrosine 98% and

Mo OO0, FAS Aocar Blooboo 1)
ITyplopnan 2% LAlla ASsar, neyanai,

DL=

y
(=g

PO it e, WS B
U RINZATIi. WieT

mical used in the experiments were demineralised water, nitric acid
70% v/v (Alfa Aesar, Heysham, United Kingdom) and potassium hy-
droxide solution 40% v/v prepared by dissolving potassium hydroxide
pellets (Alfa Aesar, Heysham, United Kingdom) in demineralised water,

2.2, Suspension Preparation

Titania suspensions were prepared by stepwise addition of the
powder to deionised water continuously stirred using an IKA
EUROSTAR power control-vise overhead mixer. The pH of all suspen-
sions was adjusted to electrostatically stabilise the particles. Titania
particles are stable at pH either below 4 or above 7. To favour the
dissolution of amino acids the pH was kept either below 2 or above 10
through the addition of small aliquots of 70% v/v HNO, and 40% v/v

105
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KOH respectively. The solid loading of titania suspensions was set to
25% w/w. In a typical formulation, carried out at acid pH, 99.7 g of
titania was added to 250 ml of demineralised water containing 50 ml of
5% v/v HNOa. After powder dispersion the suspension pH was dropped
below 2 through the addition of 5 ml of 70% v/v HNO;. Then an amino
acid was added to the titania suspension to obtain the required con-
centration in the range 0.08 and 0.36 mol/L.

2.3. Foaming and Foam Characterisation

Foaming of 300 mL suspension was carried out using an overhead
stirrer equipped with a gas inducing impeller [15]. The vessel diameter
and impeller diameter were T = 12 cm and D = 6 em respectively (D/
T = 50%). The vessel was Ffitted with 4 baffles 1em wide (B/
T = 8.3%). Mixing was carried out at 2000 rpm for 20 minutes. The
foam was dried under ambient conditions and then calcined in a Car-
bolite Furnace CWF at 600 °C for 4 hours. During the ramping step and
for the first 45 minutes the furnace was purged under Na followed by
air. The heating rate was 2 "C/min.

The porosity of the caleined foam was initially evaluated by both
mercury intrusion parosimetry and water pick-up. The average differ-
ence between the two technigues was 4% so the quicker water pick-up
experiment was used for further analysis; for this reason, only the
porosity values determined by water pick-up are reported herein. In this
technique, the initial weight of four foam samples was recorded then
these were immersed in water and the weight of the wetted samples was
recorded over a four days period. The average amount of water picked
up was determined by difference between the weight of the wet foam
and the initial weight. From this value the foam porosity and pore
volume were calculated.

Foam bubble size distribution was determined by acquiring optical
microscope (Nikon Eclipse E200) images of the foam cross section.
Bubble's diameters were obtained by analysing the acquired images
with Fiji ImageJ 1.50a (Wayne Rasband, National Institute of Health,
USA) [16]. The obtained diameters were corrected by dividing them by
0.79 in order to take into account the random poesition of the bubbles
during sample sectioning. The correction factor was determined by
Williams et al.; they identified that the mean pore diameter determined
from 2D images is 79% of the actual pore diameter. This factor was
derived from numerical methods that they developed and described in
order to correct the underestimated pore size obtained from 2-D eross
section [17].

2.4. 55-NMR

Titania suspensions having pH of 1, 4 and 10 were prepared using
the procedure described in Section 2.2, Titania particles were modified
by the addition of 0.2 mol/L of DL-Phenylalanine. The suspensions
were dried at ambient condition and then ground using mortar and
pestle. The 55-NMR spect was acquired at @ static magnetic feld
strength of 9.4 T (v5("H) = 400.16 MHz) on a Bruker Avance I1I console
using a widebore Bruker 4 mm BB/1H WVT MAS probe and TopSpin
3.1 software. For '*C, the probe was turned to 100.63 MHz and the
spectrum referenced to the alanine CHs signal at 20.5 ppm. The pow-
dered sample was packed into a zirconia MAS rotor with a Kel-F cap,
with weighing before and after packing to obtain the sample mass. The
rotor was spun using room-temperature purified compressed air. The
total experiment time to acquire the spectrum was 18 hours. The
spectrum was acquired using the cross polarisation (CP) method, in
which magnetisation on 'H nuclei is transferred to nearby '?C nuclei via
the dipolar coupling. Magnetisation was transferred in a contact time of
1 ms. High power (100 W) SPINAL-64 decoupling was applied to the 'H
channel during acquisition.
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2.5, Surface Tension Measurements

The surface tension of both suspensions and amino acid solutions
was measured using the pendant drep method (Krisss Drop Shape
Analyser, Hamburg, Germany). In this method, a drop of the solution
under analysis is suspended from a needle. The shape of the drop results
from the relationship between the surface tension and gravity. Using
the drop shape analysis software, the solution surface tension can be
determined using the following formula [ 18] (Eq. (1))

_ degR®
Y= M

where vy is the surface tension in mN/m, Ar is the density difference
between the two phases in kg/m?, g is the gravitational acceleration
(9.81 m/s?), R is the maximum drop radius (m) and f is the shape
factor. Suspensions were prepared using the procedure mentioned in
Section 2.2 while amino acid solutions were prepared dissolving dif-
ferent amount of amine acids in 45 ml of demineralised water con-
taining 5 ml of 70% v/v of HNO;_ The drop volumes were in the range
20 pL-25 uL, depending on the surface tension of the sample. At least 5
drops for each sample were analysed in order to obtain an average
value of the surface tension.

2.6. Suspension Filtration and Supernatant UV-Vis Analysis

To determine the amount of amino acid adsorbed at the particles
surface, titania suspensions having different amino acid concentration
were prepared. 99.6 g of titania were stepwise dispersed in 300 ml of
demineralised water. Amphiphile concentrations between 0.01 M and
0.125 M were dissolved in the suspension. To favour the amphiphile-
particles interaction the modified suspensions were stirred at 200 rpm
for 20 minutes using an overhead stirrer. The suspensions were then
centrifuged at 3000 rpm for 90 minutes using a Falcon 6/300 centrifuge
(MSE, London, United Kingdom). The supernatant was then separated
from the solid residue. To remove finer particles still in suspension, the
supernatant was filtrated using 0.1 pm PTFE membrane syringe filters
(Whatman GE Healthcare, Amersham, United Kingdom). The filtrate
was diluted ten times and the amino acid concentration was determined
by UV-Vis. The UV-Vis spectra were recorded using a UV-1
Thermospectronic (Thermo Scientific, USA).

3. Results and Discussion
3.1, Amino Acids Screening

To assess the performance of the different amino acids, titania
suspensions, prepared as described in Section 2.2, were foamed using
different amino acids and amino acid concentrations; the hydrophobic
amino acids used in this work are shown in Fig. 1. At pH < 2 the
titania surface is positively charged due to the presence of —OH,"

Colloids and Surfaces A 536 (2018) 104-112

groups [19]. At this conditions the dissociated fraction of —COO™
groups present on the amino acids electrostatically interacts with the
titania surface. The pK, of the carboxylic group of the tested amino
acids ranges between 1.8 and 2.4 and, at pH < 2, less than 20% of the
carboxylic groups are dissociated but the low solubility of some of the
amino acids made it necessary to work at such a low pH. The amino
acid solubility is strongly dependent on the pH; Tseng et al, showed, for
example, that the solubility of pi-Isoleucine is around 40 g/L at pH
comprised between 3 and 8 while it is greater than 150 g/L for
pH < 1.5and pH > 10.5 [20].

Fig. 2 shows the difference in the foam structure when different
amino acids are used as amphiphiles (e.g. Phenylalanine and Trypto-
phan respectively) while Fig. 3 reports the porosity trend of foams
obtained using different amino acids and amino acid concentrations.

The lines connecting the experimental points in Fig. 3, are meant to
guide the reader eyes and not to fit them. With the exception of pi-
Methionine, an increase in porosity was observed increasing the am-
phiphile concentration till it reached a maximum value, beyond which
the porosity decreased. The initial increase in porosity is due to the
higher concentration of amphiphile adsorbed on the particles surface
resulting in a higher particle hydrophobicity giving in turn more stable
foams. A further increase in the amino acid concentration in solution
however leads to saturation of the particles surface by the amphiphile.
This causes a reduction in electrostatic stabilisation, that in turn in-
ereases the suspension viscosity hindering air entrainment. This trend
was also observed by Gonzenbach et al. when producing ceramic foams
using different concentration of amphiphiles [11]. The fact that DL-
Methionine does not follows this trend suggests that the amino acid was
either slightly adsorbed on the particles surface or that the particles
saturation by the amphiphile was already been reached and, conse-
quently, a further increase in the amino acid concentration did not
result in an increase in particles hydrophobicity. In addition, it can be
noted that different amino acids gave different values of the maximum
porosity obtainable while the use of pi-Alanine and pi-Tyrosine as
amphiphiles did not lead to the formation of stable foams.

3.2, 85-NMR Analysis

It was theorised that amino acids would be capable of acting as
amphiphiles even in basic conditions thanks to the presence of the
amino group; the protonated fraction of —NH; " groups could, in fact,
electrostatically interact with the —O~ groups present on the titania
surface at basic pH [19]. To confirm this hypothesis dried samples of
functionalised titania were analysed by SS-NMR following the metho-
dology reported in section 2.4, Fig, 4 shows the spectra for the samples
prepared at pH = 1 (red line), at pH = 4 (green line) and at pH = 10
(blue line).

At pH = 1 less than 5% of the amino acid carboxylic group was
dissociated so the particles-amphiphile interaction was assumed to be
negligible. The chemical shift values relative to oi-Phenylalanine

Alanine Valine  Isoleucine  leucine  Methionine  Phenylalanine  Tyrosine  Tryptophan
(Ala) (val) (lle) (Leu) (Met) (Phe) (Tyr) (Trp)
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Fig. 1. Hydrophobic a-amino acids tested in this work,
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carbons are reported next to each of them in the amino acid structure
shown in Fig. 4; these were obtained from a database search and were
relative to Phenylalanine in solution. It should be noted that the che-
mical shifts observed for the solid sample were very close to the solu-
tion data. In addition, the fact that the peaks were sharp suggested that
no particle-amphiphile interaction was present. The spectrum for the
solid sample prepared at pH 4 (green line) shows that the sharp peaks
seen for the pH 1 solution derived sample, and attributed to crystalline
Phenylalanine, are no longer present, The broadening of the carbonyl
and a-carbon peaks indicates that the Phenylalanine has a more
amorphous structure. The spectrum of the basic solution derived sample
(blue line) shows sharp peaks for the aromatic and carbonyl sites, but
peaks of the a- and p- carbons are broader. This implies a difference in
the local environment of these sites, possibly a disordered distribution
of environments or hindered mobility that could be an indication of an
interaction between the titania and the Phenylalanine amino group.
Although titania is weakly paramagnetic (¥mo = 74 m>/mol), this is
probably too weak an effect to cause the observed broadening. The
changes in the a- and B- earbon peaks in basic conditions and the
changes in the carbonyl and a- carbons peaks in acidic conditions
confirm the interaction of the amino acid through the amino and the
carboxylic group in basic and acid conditions respectively. This con-
firms the initially suggested capability of the amino acids of interacting
with both positively and negatively charged particles extending, as a
consequence, the pH operating range with respect to the amphiphiles
commonly reported in the literature,
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Fig. 2. SEM Images of foam cross section produced
using: (a) Phenylal and () Tryptophan as am-
phiphiles.

Fig. 3. Foam porosity as a function of amphiphile

ion for foams using different
amino acid concentrations. The black triangle in the
Leucine curve indicates the solubility limit point oe-
Alanine and w-Tyrosine are not present in the graph
since they did net give stable foams.

=g=DL-Phenylalanine
=8=DL-Tryptophan
=a#=DL-Leucine
=#e=DL-Valine
w=a=DL-Methionine

= [L-|s0leucine

0.4

3.3. Amphiphile Adsorption at the Different Interfaces

The presence of three phases (e.g. solid, liquid and gas) in the
system leads to three interfaces: solid-liquid, solid-gas and liquid-gas.
The relative adsorption of the amphiphile on these interfaces affects the
hydrophobic character of the modified particles [21]. Tt will be shown
later that, for several reasons, Phenylalanine presents the best choice of
amphiphile from those studied in this work. It was therefore used as a
representative example for the determination of the amphiphile ad-
sorption at the different interfaces. In this work attention was posed on
firstly identifying the amount of amphiphile adsorbed at the particles
surface (e.g. solid-liquid interface) and consequently to determine the
concentration of amino acid present as a free amphiphile in solution.
Then, the amount of free amphiphile adsorbed at the liguid-gas inter-
face was evaluated. The amount of amphiphile adsorbed at an interface
can be described by an isotherm of adsorption which relates the amount
of amphiphile adsorbed at the interface I to its bulk concentration ¢
[22]. One of the most commonly used non-linear isotherms is that of
Langmuir (Eq. (2)) [23].

[
c+a

P = T @
where a is the Langmuir constant [24] and 'y, the maximum con-
centration of adsorbed amphiphile. The Langmuir isotherm is based on
a lattice-type model with the assumptions that every adsorption site is
equivalent (same energy of adsorption] and that the probability for
adsorption at an empty site is independent of the occupancy of
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Fig. 4. S5-NMR specira for the samples prepared at
pH = 1 {red line), pH = 4 (green line) and pH = 10
(blue line).
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neighbouring sites, that there are ne interactions between the mono-
mers and that no intermolecular forces act between the latter [25]. The
adsorbed amount of amphiphile at the solid-liquid I's, and gas-liquid
Ty, interfaces could not be directly measured. Firstly, the adsorption of
amphiphile at the particles surface I's;, was determined by differential
concentration determination of the amino acid in the supernatant of
particulate suspensions, before and after some equilibrating time as
described in section 2.6. The adsorption at the gas-liquid interface Ty
was obtained from the surface tension y of Phenylalanine solutions,
having different concentrations, using the Langmuir-Szyszkowsky's
state equation [26] (Eq. (2)), which relates the equilibrium interfacial
tension to the bulk amphiphile concentration c.

100
& (2C) / ppm

o
¥=Hn RTI],,HM[]. + u) )
where v, is the interfacial tension corresponding to the amino acid free
interface and R and T are the gas constant and temperature respec-
tively. The result, in Fig. 5, confirms that there is a progressive decrease
in the surface tension with rising concentration of the amino acid. This
indicates the effective adsorption at the air liquid interface. From Fig. 5
it can be noted the absence of the plateau indicative of the critical
micelle concentration (C.M.C.); this is due to the low solubility of
phenylalanine at pH 4.

Fitting these data with the Langmuir-Szyszkowski equation allowed
the values of 'y, and a to be determined. Table 1 summarises the Iy,

x
e
50 o

and a values for both the solid-liquid and the gas-liquid interfaces.

These values were then substituted into the Langmuir isotherm
equation for each amphiphile concentration giving the amount of
amino acid adsorbed at the liquid-gas interface. Fig. & shows both the
isotherm of adsorption at the solid-liquid and gas-liquid interfaces.

Comparing the isotherms at the two different interfaces (Fig. 6) it is
possible to observe the preferential adsorption of the amphiphile on one
interface or the other. At Phenylalanine concentrations below 10 mM
the amphiphile is equally distributed between the two interfaces while
at higher concentrations the amino acid preferentially adsorbs at the
solid-liquid interface with this trend more and more pronounced as the
concentration increases. In Fig. & it can be observed that the gas-liquid
isotherm starts to reach a plateau corresponding to the saturation of the
considered interface. The same trend cannot be observed for the solid-
liquid isotherm since the solubility limit for the amino acid was reached
before particles surface saturation.

3.4. Amino Acids Hydrophobicity

The measurement of surface tension of amino acid solutions has
been employed to rank them based on their hydrophobicity [27]; Bull
et al. [25] showed that the gradient of the surface tension curve con-
stitutes a hydrophobicity scale for the amino acids. Specifically, it was
noted that the higher the gradient the higher the hydrophobicity. Al-

t h it was e 1 that expressing the hydrophobicity index in

&
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mN L/m mmol is not an easy interpretation, this is not a concern for this
study since the aim is to simply rank the amino acids based on their
different hydrophobicity index (H.L).

Surface tension measurements were carried out by pendant drop
method as described in Section 2.5, The surface tension of amino acid
solutions with concentration ranging from 0 to 1 M was measured; the
results are presented in Fig. 7.

‘The hydrophobicity index was established from the gradient of the
linear section of the surface tension curve, below the critical micelle
concentration. Table 2 lists the amino acids and the corresponding
hydrophobicity index (expressed in mN L/m mmol); the table also
compares the hydrophobicity scale determined in this work with that
presented by Bull et al. [27].

With the sole exception of Tyrosine, the two scales are in complete
agreement. Bull et al. [27] reported that great difficulty was
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Fig. 5. Experimental {symbols) equilibrium values of
the interfacial tension as a function of the amphi-
phile bulk Salid line the
Langmuir-Szyszkowski equation.

70

encountered during the Tyrosine surface tension measurement and that
the slope value was subject to significant error. This could explain the
observed difference in Tyrosine position in the hydrophobicity scales.

3.5, Influence of Amino Acids Hydrophobicity on Foam Properties

The amino acids Hydrophobicity Indexes were compared with the
maximum foam porosities and the corresponding mean Sauter diameter
of foams obtained when the different amino acids were used as am-
phiphiles. The foam Sauter diameter (ds;) was determined using the
following equation [28] (Eq. (4}

Y ind

(d?)
g = 2 (1)
>, (nedd) (@)

while the distribution width was expressed by the span value defined as
(Eg. (5)) [29]:

Dvﬂ.sl ER D\'O.J

Span =
Duﬂ.!

(51

It has been previously shown that foaming was not observed, under
these conditions, when Tyrosine and Alanine were used as amphiphiles.
Their low position in the hydrophobicity scale suggests that the low
hydrophobicity of the amino acids side chain is not capable of suffi-
ciently reducing the hydrophilicity of titania particles. In addition,
since the solubility limit of pi-Leucine was reached before the maximum

Fig. 6. Comparison of the o-Phenylalanine iso-
therms at the Gas-Liguid and Solid-Liguid interfaces,

—(Gas-Liguid
==50lid-Liquid

100
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Table 2

Comparison between the amino acids hydrophobicity scale determined in this
work and that proposed by Bull et al.

Current Work Bull et al.
Leucine (H.l. = 0.84) Leucine
Phenylalanine (H.l. = 0.48) | Phenylalanine

-E Isoleucine (H.l. = 0.40) Isoleucine

E Tryptophan (H1=023) | Tyrosine

g . Vaiine {H.i. = 0.21) Tryptophan

g Methionine (H.l. = 0.12) Valine

=) Tyrosine (H.|. = 0.072) Methionine
Alanine (H.l. = 0.020) Alanine

porosity was observed (Fig. 3), this amino acid is not included in Fig. 8
which shows the poresity and the da, as a function of the amino acids
hydrophobicity index.

From Fig. § it can be noted that both, the foam porosity and the
Sauter diameter, present a monotonic relationship with the amino acid
hydrophobicity. The foam porosity increases as the amino acid hydro-
phobicity increases; the effect of amino acids hydrophobicity on the
foam porosity explains the trend observed in Fig. 3 with the maximum
foam porosity depending on the type of amino acid used. The opposite
trend is observed for the da; where a reduction in bubble size is ob-
served increasing the amino acid hydrophobicity; the distribution span
was equal to 1.36, 3.15, 1.56, 2.48 and 2.36 for foams made using
Phenylalanine, Isoleucine, Tryptophan, Valine and Methionine respec-
tively as amphiphiles. The effect of particle hydrophobicity on bubble
size and foam porosity is extensively reported in the literature. Gon-
zenbach et al, showed that increasing the amphiphile concentration, and
consequently the particle hydrophobicity, leads to a reduction in bubble
size [13]. In their case the particles hydrophobicity was increased by
incrementing the concentration of a given amphiphile with the same
effect expected when the particles hydrophobicity is changed varying
the nature of the amphiphile. The latter observation is supported by the
relationships between foam properties and amino acids hydrophobicity
confirming the role of particle hydrophobicity on foam properties and
allowing a priori selection of the amino acid depending on the desired
foam structure.
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Fig. 7. Surface tenslon curves for amino aclds solu-
tions having different concentrations. The black
point in the Leucine curve indicates that the solubi-
lity limit for the amino acid was reached.

# DL-Phenylalanine
W DL-Tryptophan

A DL-Leucine

® DL-Alanine

¥ DL-Valine

@ DL-Methionine

t DL-Tyrosine

= DL-Isoleucine

1200

Amph

3.6. Deter of Mini;

iphile Concentration

It has been shown in section 3.1 that for the exception of pi-Tyrosine
and pi-Alanine all the hydrophobic amino acids gave stable foams. The
selection of the ideal amino acid to be used as amphiphile depends on
its performances (e.g. possibility of obtaining a good range of poros-
ities), solubility and price. In terms of performances the amino acids
that allow to get a wide porosity range are mi-Leucine,
Phenylalanine, ni-lsoleucine and pi-Tryptophan. The solubility and the
cost of the mentioned amine acids are summarised in Table 5 allowing a
direct comparison among them.

Both solubility and prices were abtained from the Sigma-Aldrich
website (consulted on September 2016). The solubility values refer to
solubility in water; this values were selected because, at industrial
scale, foam production is unlikely to be carried out at such an acidic pH.
In addition, the solubility rank is not expected to change with pH [30].
From Table 3, it can be seen that Phenylalanine is the amino acids that
presents the lower cost and an acceptable solubility; for this reasons
Phenylalanine was selected as a model amphiphile to be used in order
to have a deeper insight into the foaming process. In particular, it was
quantified the minimum amphiphile concentration necessary to observe
the attachment of the modified particles at the air-water interface. This
value was determined by surface tension measurement of 25% w/w
titania suspensions having different amino acid concentrations [31].
Fig. 9 shows the surface tension trend as a function of the pi-Phenyla-
lanine concentration.

The surface tension value is constant below a Phenylalanine con-
centration somewhere in the range 0.045-0.055 M. After this point the
surface tension drops indicating that the modified particles start to at-
tach at the air-water interface. The measurement of the surface tension
of titania suspensions having Phenylal concentrations higher than
0.065 M was not possible due to the for of foams that prevented
the formation of a drop. The equality of the surface tension values
below 0.065 M was assessed by statistical analysis. The t-test for un-
equal variances populations was run on each pair of values [32]. The t-
test was used to test the null hypothesis that the means of the two
populations were equal. Tn order for the null hypothesis to be true the
tse value has to be comprised between =ty and e
(— e < loper < Ugen); Table 4 summarises the tey; and the tg,, values
for the tested surface tension pairs.

From Table 4 it should be noted that pair N° 5 is the first one to
present inequality between the two surface tension values but, from
Fig, 9, it can be seen that the error bars for the surface tension values

n-
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Table 3
Comparison of amine acids solubility and cost.

Amino Acid Solubility (g/L1 Cost (£/100 g)
Leucine 24.3 138.50
Phenylalanine 29.6 35.80
Isaleucine 41.2 154.50
Tryptophan 11.4 171.20

relative to a Phenylalanine concentration of 0.02M and 0.055M
overlaps. For this reason, the t-test on these two values was carried out
and from 1
not significant. The surface tension for the 0.065 M suspension was
compared to the surface tension values of both the 0.055M and 0.02 M
suspensions. In both cases the difference between the two values was
statistically significant indicating that a Phenylalanine concentration of
(0,060 + 0,005} M is the minimum amount that has to be added in
order to have the attachment of the modified particles at the air-water
interface. It has to be borne in mind that this concentration value is
specific for the tested amino acid and the operating conditions. This
value is, in fact, affected by the pH of the ceramic suspension, due to the
different pK, values of the amino acids, and by the different
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1000 Fig. 8. Maximum foam porosity and dy; as a funetion
of the amino acid hydrophobicity index.
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hydrophaobicity of the amino acids side chains.

4. Conclusion

Hydrophobic a-amino acids were used as amphiphiles for the pro-
duction of ceramic foams using the direct foaming technique, This class
of amphiphile is more er ally benign in respect to conven-
tional ones and allows a wider pH operational window. It has been
demonstrated that the amino acids adsorb on the particles surface by
either the carboxylic or amino group in acidic and basic conditions
respectively. In addition, the partition of a model amino acid (e.g.
Phenylalanine] between the solid-liquid and gas-liquid interfaces has
been determined giving an insight into the distribution of the amino
acid among the different interfaces. The tested amino acids have been
classified accordingly to the hydrophobicity of their side chain. The
amphiphile hydrophobicity index has been related to both the max-
imum porosity and the bubble size distribution of foams obtained when
they are used as amphiphiles. Monotonic relationships have been ob-
served in both cases with the possibility of a linear relationship in the
case of porosity. These give a deeper insight into the role of amphiphile
structure on the foam properties offering the possibility of tailoring
them. Among the tested amino acids pi-Phenylalanine has been iden-
tified as the most suitable to be used thanks to its acceptable solubility

Fig. 9. Surface tension measurement of 25% w/w
titania having  diff phenylal

concentrations.

0.06 0.07
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Table 4

Teyy ANA gy values for surface tension pairs,
Pair N Surface Tension Pairs {mN/m} torie o Response
1 7293 = 0.14 [0.005 M)-73.05 = 0.18 [0.010 M) 231 -1.15 Equal
2 73.05 = 0.18 (0.010 M)-72.81 = 0.31 (0.020 M) 245 1.4% Equal
3 72.81 = 0.31 (0,020 M)-72.72 = (.08 (0.035M) 77 213 Equal
4 F272 = 0.08 (0,035 M)-T2.86 = 0.20 (0.045 M) 257 —1.49 Equal
5 7286 = 0.20 (0.045 M}-72.59 = 0.17 (0055 M) 131 235 Mot Equal
[ 72,59 = 0.17 (0.055 M)-72.05 = 0.21 (0.065 M) 23 4.46 Mot Equal
7 7281 = 0.31 (0.020) M=72.59 = (L17 (0.055 M) 245 141 Equal
8 72,81 = 0.31 (0.020) M-72.05 = (.21 (0.065 M) 236 4.51 Not Equal

and relatively low cost. For this amino acid the minimum amphiphile
concentration necessary to have stable foams has been identified,
however this value is specific to the tested amino acid since it depends
on both pH and amino acid hydrophobicity.
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Ceramic foams are a promising alternative to conventional catalyst supports due to their
macro-porosity, which should enhance mass transport properties during reactions. Whilst
direct foaming is a straightforward production method, the use of kitchen mixers com-
2018 monly reported in the literature to initially froth the ceramic slurry limits understanding
Accepted 26 March 2018 of scale-up. This study reports a systematic experimental investigation of the impact of
Available online 4 April 2018 mixing parameters on the properties of the foams produced in an agitated baffled vesse| of
diameter, T=175 mm, equipped with an up-pumping pitch blade turbine with diameter of

Keywords: either D=0.23T or 0.51T and a bottom round sparger with a diameter of 45 mm. The flow
Ceramic foams conditions in the present study were in the low to mid transitional regime (50 < Re < 1000).
Mixing Design of Experiments (DoE) was employed to generate a series of screening experiments

by variation of sparging time, air flow rate, impeller speed and impeller diameter. The mix-
ing behaviour was described as a function of relevant dimensionless groups (Re, Fr, Flg,
etc.) whilst the gas-liquid flow regime was estimated by examination of a ceramic particles
free systemn. The properties of the foams obtained were correlated with key dimensionless
numbers, though the exponents obtained deviated from values in the published literature.
In: addition, the rheology of the foam was correlated to the bubble size distribution showing
thatrheolegy measurements have potential for at-line measurement to contrel the structure

of the produced material.
@ 2018 The Authors. Published by Elsevier B.V. on behalf of Institution of Chemical
Engineers. This is an open access article under the CC BY license (http//creativecommons.
orgflicenses/by/4.0/).

Aerated stirred vessel
Design of Experiment
Bheology

i Introduction an effect on bubble size with a reduction in bubble dimensions as the
concentration of the amphiphile is increased (Gonzenbach et al., 2006).
The percentage of solid in the initial slurry influences bath the foam

porosity and bubble size. Gonzenbach el al (2007) observed a reduc-

The direct foaming of a ceramic slurry is a simple and versatile method
to generate macroporous ceramic materials. These can be used as

refractory insulators, filters for molten metals filtration and catalyst
supports (Gauckler et al,, 1985; Colombo and Sheffled, 2005). The struc-
tural properties of these materials are influenced by the formulation of
the initial esramie slurry: in particular, the amphiphile structure and
concentration, the solid percentage and the operational pH play a sig-
nificant role. Gonzenbach et al, (2007) reported an increase in foam
porosity as the amphiphile concentration was increased due to the
higher particle hydrophobicity as the amount of amphiphile adsorbed
at the particle surface increases. Amphiphile concentration also has

* Corresponding auther,
E-mail address: m j simmons@bham ac.uk (M.J.H. Simmons).
https:/fdoi.org/10.1016/j.cherd 2018.03. 044

tion in bubble size and porosity as the selid percentage was increased;
they suggested that the decrease in porosity was due to the higher
viscosity of the suspension that in turn hindered the air entrainment
within the suspension. Finally, pH affects both the particle stabilization
in the initial slurry and the dissociation of the functional group of the
amphiphile, with the ideal pH reported to be equal to the pKa of the
functional group (Gonzenbach et al., 2007; Studart et al., 2006),
Although the formulation of the initial ceramic slurry and its rela-
tionship with the structural properties of the foam has been widely

0263-8762/@ 2018 The Authors. Published by Elsevier B.V. on behalf of Institution of Chemical Engineers. This is an open access article
under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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investigated, little attention has been given to the manufacturing pro-
cess. In the literature, the usage of a kitchen mixer is normally reported
to mechanically froth the ceramic slurry (Gonzenbach et al, 2007;
Gonzenbach et al, 2006; Weng et al, 2011) which presents limita-
tions in term of process scale-up since key mixing parameters such as
power input and flow field cannot be easily correlated or extrapolated
to industrial scale equipment.

The objective of this study is to gain an understanding of how mix-
ing parameters impact the structure of a ceramic foam slurry produced
in a sparged vessel which is more representative of an industrially used
process. In order to determine which parameters were statistically sig-
nificant in affecting the propertes of the forms formed, a Design of
Experiments (DoE) approach was employed. The investigated parame-
ters were impeller diameter (D), impeller speed (M), gas flow rate (G},
sparging time (1) and mean pore size of the sparging disks (d), These fac-
tors were changed between two different values to develop a wide range
of foam properties. The significant parameters, once identified, were
related to the foam properties (e.g. porosity, bubble size distribution)
using global mixing parameters. The correlation of system properties
to dimensionless groups is well-established in chemical engineering,
for example the relationship between the Sauter mean diameter of
drops and the Weber number in emulsions (Shinnar, 1961, Calabrese
et al, 2000) and the correlation between gas hold-up and superficial
gas velocity in slurry bubble columns (Bach and Pilhefer, 1978; Hikita
et al,, 1980; Hughmark, 1567). These correlations were applied to wet
foams to give deeper insight into the effects of mixing and processvari-
ables on the preparation of the foam precursors. Foam rheclogy was
correlated to the structure of the foams produced under different mix-
ing conditions, suggesting the possibility of using this technique as an
at-line measurement to control the structure of the produced foams.

2. Materials and methods
2L Materials

Fumed Al;O4 particles (AEROXIDE AluC) were obtained from
Evonik Industries (Essen, Germany). The alumina was crys-
talline with a /8- structure. Density and surface area were
50gL~" and 85-115m? g~! respectively. Butyric acid obtained
from Alfa Aesar (Heysham, United Kingdom) was used to
modify the particle surface properties. Potassium hydroxide
solution 40%.,, prepared by dissolving potassium hydroxide
pellets (Alfa Aesar, Heysham, United Kingdom) in demineral-
ized water, and nitric acid 70%.,,, (Alfa Aesar, Heysham, United
Kingdom) were used to adjust the suspension pH.

2.2.  Suspension preparation

Alumina suspensions were prepared by stepwise addition of
the powder to an acidic solution while being continuously
stirred using an overhead mixer. The pH of all suspensions was
adjusted to electrostatically stabilise the particles. The isoelec-
tric point of alumina occurs between pH 7-10 depending on
the type of alumina (Kasprzyk-Hordern, 2004). The suspen-
sion solid loading and pH were set 1o 20%.,, (83%,,) and 4.70
respectively. In a typical formulation, 1.1kg of alumina was
added to 44251 of demineralized water containing 75 mL of
70%yp, HNO3. 155 mL of butyric acid was added to the suspen-
sion to modify the surface properties of the ceramic precursor.
After amphiphile addition, the suspension pH was adjusted to
3.50 through the addition of 40%.,, KOH.

2.3.  Suspension foaming

Foaming of 4.5 L suspension was carried out in a 5L stainless-
steel vessel having a diameter, T=175mm. The vessel was

fitted with four vertical baffles of width T/10 and with a circu-
lar gas sparger having a diameter of 45 mm fitted 20 mm from
the bottom of the wvessel whilst the disk-impeller clearance
was 30 mm. Two different metal sintered sparging disks (ASCO
Filtris.r.l., Binasco, [taly) were used with an average pore size of
40 wrn and 100 pm respectively. During foaming, depending on
the experiment being carried out, the slurry was agitated with
an up-pumping pitch blade turbine having a diameter, D, of
either 40 mm or 90 mm. A gas flow rate equal to 2 Lmin ! and
20Lmin ! and a sparging time of 1 min and 20 min were used.
The impeller Reynolds number varied between 50 and 1000
depending upon the operating conditions; the values were
calculated using the viscosity of the initial alumina suspen-
sion. The shaft torque was recorded by attaching a Binsfeld
Engineering Inc. Torque Trak 10K strain gauge to the impeller
shaft. The density of the foam was determined by weighinga
known volume of foam. Some of the wet foam was stored in
a sealed graduated container to assess its stability; the foam
was left for two weeks and the change in volume was noted.
The rest of the foam was dried at 80°C for 2h in a Carbolite
Furnace CWE. The dry foam was calcined at 600°C for 4 h. Dur-
ing the ramping step and for the first 45 min the furnace was
purged under N; while after the furnace was run under air.
The heating rate was 2°Cmin 1,

2.4, Determination of foam porosity

To determine the porosity of the calcined foam, a water pick-
up experiment was carried out. The initial weight of four foam
lumps was recorded then these were submerged in water and
the weight of the wet lumps was recorded for four days. The
average amount of water picked up was determined by dif-
ference between the weight of the wet foam and its initial
weight. From this value the foam porosity and pore volume
were calculated.

2.5, Foam bubble size ement

The mean bubble size was expressed in terms of Sauter mean
diameter (Merkus, 2009). Direct imaging of the bubbles in the
wet three phase foam was not possible; consequently, the bub-
ble size was determined by image analysis of cross sections cut
from the dried and calcined foams. The drying, sectioning and
processing led to uncertainties in the accuracy of the bubble
size present in the foam during mixing. However, all measure-
ments were made in the same way and thus the error would
be systematic in nature allowing comparison between foams.
Foam bubble size distribution was determined by acquiring
optical microscope images (Nikon Eclipse E200) of cross sec-
tions of the foams under investigation. Bubble diameters were
obtained by analysing the acquired images with Fiji Image]
1.50a (Wayne Rasband, National Institute of Health, USA).
Fig. 1(a) shows an example of the cross-sectional image of one
of the produced foam while Fig. 1(b) shows a binary image of
the same image as Fig. 1{a). The binary images were used to
determine the bubble size; it should be noted that only the
bubbles that were in focus were analysed. The distributions
were corrected by dividing the cross sectional diameter by
0.79 to account for the random position of the bubbles dur-
ing sample sectioning. The correction factor was determined
by Williams et al (2008). Typically, due to the rate of data
acquisition, 100 bubbles were measured per sample. Although
this ultimately limited the accuracy and precision of the data
it did allow comparisons to be made; the bubble size confi-
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Fig. 1 - Example of cross-sectional image for one of the produced foam: (a) optical microscope i

dence interval was determined using the procedure of Buffo
and Alopaeus (2016).

2.6.  Foam rheology measurement

Foam rheology was measured using an AR2000 rheometer
(TA Instruments, Brusselsesteenweg, Belgium). The rheolog-
ical measurements were carried out using a 40mm acrylic
hatched parallel plate (geometry inertia=1.56 uN ms?) with
the geometry gap set to 500 um. To check for the occurrence
of slip, two further geometries were employed: a 40 mm steel
parallel plate (geometry inertia =830 uN ms?) and a standard
size vane-totor with stator inner radius 15 mm and rotor outer
radius 14 mm (geometry inertia=244 yNms?). The gap was
set to 500 pm and 4000 pm when the parallel plate and the
standard vane geometry were employed respectively. Flow
curves and viscoelasticity were measured with all the experi-
ments conducted at 20 °C. The sample was firstly equilibrated
for 2min and then pre-sheared at 900s~! for 30s. In the
upward ramp, the shear rate was increased from 10 s to
100051, a log ramp mode was used with 10 points per decade
acquired every 20s. The same procedure was followed in the
downward ramp were the shear rate was varied from 1000s~!
to 1077 s~ 1, The selected shear rate range includes the shear
rate at which the foam is usually subjected during the foam-
ing experiment; this ranges between 30 and 180 s depending
upon the operating conditions. To assess the viscoelasticity of
the sample an oscillation experiment was carried out. The typ-
ical procedure included equilibration of the sample for 2min
followed by a stress sweep step where the oscillation stress
was varied from 0.1Pa to 1000Pa. The oscillation frequency
was equal to 1Hz and a log ramp mode was used to increase
the stress value with 10 points per decade being acquired.

2.7. Design of Experiments (DoE)

A half factorial design with five factors and two levels
was employed to screen the significance of the different
parameters. Parameter levels were selected through scoping
experiments where the parameters were set to their lower and
higher values to ensure that an appropriate range of foam
properties could be obtained. The screening design gener-
ated 16 runs to investigate the effect of independent factors,
including impeller diameter D (40-90 mm), impeller speed N
(200-1000 rpm), gas flow rate G (2-20Lmin '), sparging time t
(1-20 min) and sparging disk mean pore size d. (40and 100 pm).
Foam porosity, foam density, foam stability and foam bubble
size distribution were selected as responses; Table 1 shows the

ge, (b) thresholded imag

16 runs with the factors levels and the measured responses.
Foarmn stability is not included in the table since it was observed
that it was not affected by the manufacturing process.

3. Theory

It is important to remark that the flow conditions in the
present study are low to mid transitional (50 < Re < 1000). Since
correlations in this regime cannot be found in the literature,
in this work only the correlations from other regimes that
gave the best fit are presented. Correlations developed in the
turbulent regime were found to give the best fit for the gas
hold-up and bubble size correlations whilst, in the absence of
a superior approach, the Metzner-Otto correlation was used
to determine the impeller mean shear rate.

3.1.  Gas hold-up correlations

In the literature, it has been reported that the gas hold-up is
affected by gas/liquid/solid physical properties (Ozturk et al.,

1987; Bhaga et al,, 1971; Sada et al, 1983), operating vari-
ables (e.g. pressure, temperature, superficial gas velocity) (Zou
et al, 1988; Benhkish et al, 2007, Lau et al, 2004), reactor

size (Kastanek et al., 1984; Sar =t al., 1959) and type of
gas distributor {(Wilkinson et al., 1992; Heijnen and Van't Riet,
1984) and several correlations based on these parameters have
been proposed. Greaves and Barigou (1990), who studied gas
hold-up in large vessels (1-2.7 m) equipped with six blade disc
turhines proposed the following:

£y = 4.0?(N}0'62 [Qﬂ)G'Eq(DIT}l'SB (”

where N is the impeller speed, Qy is the gas flow rate, D is the
impeller diameter and T is the tank diameter. They observed
that there is a wide divergence in prediction for different sys-
temn configurations and operating conditions; they attributed
this lack of agreement to the exclusion of the dependence of
the gas hold-up on the different flow regimes that could occur
under different operating or geometric conditions. These flow
regimes were originally proposed by Nienow et al. (1978): at
low N the gas passes through the agitator without dispersion
and the liguid flows around the outer part of the blades; in this
case the impeller is said to be flooded. As the impeller speed
is increased beyond the flooding speed Ny the gas is captured
by the vortex behind the blades and the impeller is said to be
loaded; in this situation, the gas is dispersed and P, (power
consumption of the gassed system) decreases due to the for-
mation of larger cavities. A further increase in N causes the
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Table 1 - Half factorial design runs with factors levels and response values.

Run#  Air flow rate Impeller speed  Sparging time Impeller Sintered disk Density Porosity % da (um)
Lmin7) (RPM) (min) diameter {cm) mean pore size  (gml ')
()

T 2 200 1 4 100 b g B2.18 267
2 2 200 20 g 100 0.55 B8.68 150
3 20 1000 1 9 40 0.8 BE.65 96
4 20 1000 20 4 40 0.36 95.71 183
5 2 1000 1 4 40 091 B3.42 236
[ 2 1000 20 g 40 0.56 95.13 59
Fi 20 200 1 9 100 1.02 B4.63 169
a8 20 200 20 4 100 0.56 B9.75 240
8 2 1000 20 4 100 0.86 B3.71 a1
10 20 200 4 1.02 83.24 331

1 20 200 20 g 40 0.58 51.32 175
12 2 1000 1 9 100 0.92 B6.64 129
13 20 1000 20 9 100 0.3 96.71 86
14 20 1000 1 4 100 0.73 B6.39 114
15 2 200 1 g 4 1.09 83.43 93
16 2 200 20 4 40 0.96 BS.B4 384

cavities to change into “vortex" cavities. N¢ is the impeller
speed at which the gas becomes completely dispersed in the
whole vessel while at Np gross recirculation of gas inte the
agitator commences.

Smith (1991) used a similar approach to Greaves and
Barigou (1990) to predict the gas hold-up correlation; but in
this case the extent of gas dispersion was attributed to the dif-
ferent flow regimes. The correlation suggested by Smith (1991)
is illustrated below:

£y = 0.85(ReFrFly)" 3 (/1) ¥ {2

where Re is the impeller Reynolds number (Re = ¥2°¢), Fr is
the Froude number (Fr = 1‘1—5) and Fl, is the gas flow number

(Fly = h—?gg}. Smith (1991) proposed that, except for small tanks
(T<0.44m), gas hold-up can be predicted using dimension-
less numbers. Rewatkar el al. (1993) investigated the effects
of different sparger types and positions on the gas hold-up
proposing the following correlation:

£g = 3.54(D/T) P8 (E1) P21 (1,04 (3)

Despite the number of available correlations, one of the
maost frequently used is that based upon the power dissipated
in the system:

£q  (Pg/VYus® @)

where P, is the power consumption of the gassed system, Vis
the liquid volume and vs is the superficial gas velocity. Values
of A and B range from 0.2 to 0.7 with the tendency for A to
be higher for non-coalescing systems (e.g. solutions of elec-
trolytes) compared to coalescing (e.g. pure liquids). Whitton
and Nienow (1993) proposed A and B values of 0.26 and 0.66
respectively while Yawalkar et al. (2002) proposed values of
0.25 and 0.41 respectively. It is important to consider that the
gas hold-up can be very different in real systems with com-
pared to pure liquids. In addition, bubble diameter may change
due to adsorption, desorption and evaporation meaning that
these correlations are not universally applicable. However,
since g is controlled by bubble size and the amount of recircu-
lating gas, which are functions of both (P4/V) and us, the basic
form of (4) appears reasonable (Harnby et al., 2001),

32 Bubble size correlations

Different models to correlate the drop size to the process vari-
ables have been suggested in the literature; these correlations
were commonly derived for emulsions but they can be applied
to gas-liquid systems. Kolmogoroff proposed that the eddies
in the turbulent flow give rise to different stresses depend-
ing on their size relative to the Kolmogoroff scale, i), which is
expressed by:

R
h=(7) (5)

where v is the kinematic viscosity of the continuous phase
and ¢ is the average dissipation usually expressed as ¢ = ‘f—
(Pinelli et al., 2001; Montante and Magelli, 2005; Khopkar et al.,
2006). The turbulent eddies will give rise to different stresses
depending on their size relative to the Kolmeogoroff scale. Drop
breakage will occur if the pressure across the drop exceeds
the pressure due to surface tension holding the drop together
(Kolmogoroff, 1249) (turbulent inertial break-up) and, for eddy
sizes, where i » ), the following relationship is valid:

(e =0 5) 6704 @

where ¢ is a constant, o is the interfacial tension, o is the
density of the continuous phase and ¢ is the mean energy
dissipation rate. Eq. () can also be expressed in the form of
dimensionless groups:

d33/0 = AWe 00 (7)

where A in this case A is equal to CP;~ "4, The Weber num-
ber (We) is used for analysing the fluid flow when there is an
interface between two different fluids with strongly curved
surfaces and it is a measure of the relative importance of the
fluid inertia compared to its surface tension (Frohn and Rath,
2000); the Weber number in agitated vessels is expressed as:

2193
We:ﬁ
(42

(@)

This theory was originally employed by Hinze (1955)
for dilute liguid/liquid systems and was later adopted for



CHEMICAL ENGIMEERING RESEARCH AND DESIGN 134 (2018) 1-14 5

gas/liquid systems (Machon et al., 1997a), It is important to
note that, for bubbles smaller than i, viscosity also affects
the fluctuating eddy velocity and the following relationship for
the turbulent viscous break-up has been proposed by Sprow
(1967):

Amax(pce ) i e g
of (1) ®

Egs. (6) and (7) satisfactorily correlate the effect of sur-
face tension and agitation conditions on bubble/drop size
in the case of liquid-liquid systems while discrepancies are
observed in the case of gas-liquid systems (Machon et al,
1997h). Acceptable correlations were obtained in gas-liquid
systems where bubble coalescence was reduced (e.g. protein
solutions) but, in every case, very different values of both
the correlating coefficient and the exponent were required to
predict the correct value of the mean bubble size (Hu et al,,
2003; Hu et al,, 2005). Machon et al. (1997a) and Nienow et al.
(2003) suggest that the proposed relationships differ because
the Weber number only relates to bubble breakage while, in
gas-liquid systems, bubble size is determined by a balance
between breakage and coalescence. It is evident that, reduc-
ing the contribution of coalescence in the gas-liquid systems,
leads to better predictions of the bubble size when relation-
ships (6) and (7) are used.

3.3.  Rheology models

The rheology of the produced foams will be investigated and
correlated to its structural properties. In this section the rhe-
ology models used to describe the foam rheological behaviour
are introduced. Fluids can be classified as either Newtonian or
non-Mewtonian, depending on whether they obey Newton’s
law of viscosity, expressed as:

— (10)

where 7 is the shear stress, . is the viscosity and y is the shear
rate. Non-Newtonian fluids may be classified as either time
independent, including shear-thinning (pseudoplastic) and
shear-thickening (dilatant) fluids or time dependent, which
include thixotropic and rheopectic liquids as well as viscoelas-
tic materials (Paul et al, 2004).

Ceramic foams may be considered as viscoelastic fluids
with both a time dependent and shear dependent thin-
ning behaviour and only a description of the relationships
describing this class of fluids will be given. Shear thinning
fluids present a decrease in viscosity when the shear rate
is increased from low to high levels; their behaviour can be
described by different constitutive laws but power law is com-
monly used:

=k (11)

where k is the fluid consistency index and n is the flow
behaviour index; this assumes values less than 1 for shear
thinning fluids. However, for ceramic foams, a yield stress
exists; below this value the interfacial and inter-particle forces
prevent fluid motion (“infinite” viscosity). For shear stresses
above the yield stress, the external forces are strong enough

to overcome these and the foam flows. These materials can be
described by the Herschel-Bulkley constitutive law:

=15+ k" (12)

where 1y is the yield stress. Ceramic foams present a vis-
coelastic behaviour so a brief description on how to measure
this property will be given. Purely elastic materials, can be
described by a Hookean spring and their response to an oscil-
lating strain can be expressed by the following stress function:

t = Gypsinfwt) (13)

where G is the elastic modulus, yo is the maximum strain
exerted on the spring, « is the angular velocity and t is the
time. In the case of elastic fluids, strain and stress are in-phase
with each other with the strain and stress presenting their
maximum at the same time. Purely viscous materials, can be
described by a dashpot and their response to an oscillating
strain can be described by:

T = ey CoS{wt) (14)

Visco-elastic fluids can be described by the Kelvin-Voigt
model which combines a dashpot and a spring in parallel; the
equation of state to describe this model is:

t = Gyp sinfwt) + neppcos(wt) (15}

Real visco-elastic fluids are obviously more complex than
the Kelvin-Voigt model and it is common to use the term com-
plex modulus G* to describe them which represents the total
resistance of the substance against the applied strain; this is
defined as:

G =G +iG" = wlt)/yelt) (16)

where G’ and G” are the storage modulus and the loss modu-
lus respectively. The storage modulus indicates that the stress
energy is temporarily stored during the test but that it can be
recovered afterwards while the loss modulus indicates that
the energy which has been used to initiate the flow is irre-
versibly lost.

4, Results

4.1.  Determination of process parameters affecting
foam structure

The DoE responses summarized in Table 1 were analysed using
JMP 10 software (SAS Institute Inc.) to determine the process
factors that affect the foam properties.

Table 2 lists the parameters affecting the different foam
properties. Five columns are presented. In the first column,
the factors and the factor interactions are listed, the sec-
ond column shows the contrast value that, in the case of an
orthogonal design, is the same as the regression parameter
estimates. The third column lists the Lenth t-ratio which is
used for the calculation of the individual and simultaneous
p-values; this is obtained by the ratio between the contrast
value (second column) and the Lenth's Pseudo-Standard Error
(PSE). The latter is calculated by Lenth's method which iden-
tifies inactive effects from which it constructs an estimate
of the residuals standard errors (PSE) (Lenth, 1989). The last
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Table 2 - Process parameters affecting foam properties.

Parameter Contrast Lenth t-ratio Individual p-value Simultaneous p-value
Density
Sparging time -0.183 -391 0.0074 0.0682
Air flow rate -0.103 -2.20 0.0489 0.3726
Impeller speed —0.094 -2.01 0.0624 0.4768
Porosity
Sparging time 3.159 4.07 0.0063 0.0581
Impeller speed 1.848 2.38 0.0367 0.2910
Air flow rate 1.568 202 0.0617 04712
Impeller diameter 1416 183 0.0830 0.5917
Bubble size
Impeller speed —209.491 —949 0.0004 0.0080
Impeller diameter -87.032 -394 0.0072 0.0660
Sparging time & air flow rate —82.408 —-373 0.0088 0.0792
Impeller diameter & sintered disk 178.843 8.10 0.0004 0.0041
two columns list the individual and simultaneous p-values S8
respectively. The individual p-value is an indication of the g .
significance of the considered factor; if the factor's individ- =
ual p-value has a value lower than 0.05 it can be considered i_igu g k=
a significant factor. The p-values are generated via a Monte ésa e T
Carle simulation of 10,000 runs of n-1 purely random values = . £ = "
and Lenth's t-ratios are produced for each set, The p-value :; iR A &
is the interpolated fractional position among these values in o
descending order. The simultaneous p-value is the interpola- 01 1 Re:uﬂ 100 1000
Flg

tion along the max(|t]) of the n-1 values across the runs (Anon,
2012; Ye and Hamada, 2000),

Sparging time, impeller speed and air flow rate were the
factors affecting foam density and foam porosity while foam
bubble size was governed by impeller speed, impeller diame-
ter and a series of factor interactions between sparging time
and air flow rate and between impeller diameter and sintered
disk porosity. This study shows the significance of all the con-
sidered factors in developing the structure of ceramic foams.
Based on this study, the foam properties were correlated to
different global mixing parameters.

4.2, Gas hold-up correlations applied to ceramic foams

A parallelism can be drawn between the porosity of the
wet foam and the gas hold-up in bubble columns. A sim-
ilar approach has been applied in the case of wet foams,
where their porosities were correlated to a series of mix-
ing parameters such as energy dissipation (P,/V), Reynolds
number (Re), Froude number (Fr) and gas flow number (Fly);
in particular, Eq. (2} was used to correlate foam porosity to
the dimensionless group. It is important to note that this
correlation was obtained for pure gas-liquid systems under
steady state conditions while, in the current study, a three-
phase unsteady system (e.g. solid-gas—liquid) was present and
divergences from the aforementioned relationship are to be
expected. Tig. 2 shows the foam porosity as a function of
the dimensionless group (ReFrFl;) for foams produced using
different entrainment times. Due to the transient nature of
the system and the consequent change in the slurry physical
properties (e.g. density and viscosity), dimensionless numbers
such as the Reynolds number were calculated using the ini-
tial physical properties of the ceramic slurry. The Reynolds
number, in particular, is expected to decrease in value during
the foaming due to a decrease in density and increase in vis-
cosity. In addition, the impeller speed was varied subjecting
the slurry to different shear rates; this resulted in different
alumina slurry viscosities due to its non-Newtonian nature.

Fig. 2 - Foam porosity as a function of the dimensionless
group (ReFrFl;) for foams produced using different sparging
times and impeller diameters. T=1' (@) and T=20' ().

98

1 10 100 1000
BV (W)

Fig. 3 - Foam porosity as a function of mean energy
dissipation for foams produces using different air
entrainment times. T=1' (®) and T=20" (a).

The average impeller shear rate was determined using the
Metzner-Otto correlation (ps = ksN); with the impeller used
characterized by a mixer shear constant k; of 12 (Albright,
2008). Since the viscosity of the ceramic slurry is shear rate
dependent, these average shear rates were used to interpo-
late the viscosity curve of the starting alumina suspension and
determine its viscosity at the different operating conditions.

As a result of foam porosity being strongly affected by
sparging time, different correlations were derived for foams
produced using different entrainment times. Fig. 2 shows a
manotonic correlation in all cases (R? equal to 0.80 and 0,69 for
foam produced a 1’ and 20’ air entrainment time respectively)
but, as expected, the exponent of the dimensionless group sig-
nificantly differed from that proposed by Smith (1991). It has
been previously shown that the gas hold-up is more usefully
expressed as a function of the mean power dissipation; Fig 3
shows foam porosity as a function of the mean power dis-
sipation for foams produced using different air entrainment
times,
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ponent values for correlations to determine porosity (gas hold-up) reported in the

Caorrelation Parameter & exponent Literature value Value from this study
Smith (1991) Eq. (2) ReFrFl," «=0.35 =0.012+0.005
Whitton and Nienow (1993) Eq. (4) (PasvY A=0.26 A=0.012£0003
Yawalkar et al. (2002) Eq. (5) {Pg,.fV)"\ A=025

Fig. 4 - Flow regimes at different impeller speed, impeller diameter and gas flow rate. (a) D=4 cm, G=2 L/min, N=200 rpm
(b) D=4cm, G=2L/min, N=1000rpm (c) D=4cm, G=20L/min, N=200rpm (d) D=4cm, G=20L/min, N=1000rpm (e) D=9%cm,
G=2L/min, N=200rpm (f) D=9cm, G=2L/min, N=1000 rpm (g) D=9cm, G=20L/min, N =200rpm (h) D=9 cm, G=20L/min,

N=1000 rpm.

Monotonic relationships were found for the evaluated
foams (R? equal to 0.68 and 0.85 for foam produced a 1’ and
20" air entrainment time respectively) but again the exponent
values were significantly different from the correlations deter-
mined for gas-liquid systems. In both the applied correlations,
the exponent values were close to 0.3 while in this study the
exponent values were in the range 0.012 +0.003. Table 3 sum-
marises the values of the exponents reported in the literature
and the values proposed in this work.

The foam porosity was correlated to the different flow
regimes present under the different operating conditions
applied. Since a flow-regime map for an up-pumping pitched
blade turbine was not found in the literature, this was deter-
mined experimentally keeping in mind that the flow patterns
proposed by Nienow et al. (1978) are for gas-liquid systems.
The presence of particles in the work undertaken here pre-
vented the visual observation of the flow patterns. In addition,
the rheological properties change during the foam formation
process and this process could lead to transient flow pat-
terns. Despite not being able to establish visually the flow
regime in our system, an indication was obtained by using
the experimental process parameters (e.g. impeller speed,
impeller diameter and gas flow rate) in a particle free air-liquid
(water plus additives) system. From Fig. 4 it was observed
that, with the exception of case (b) where a loading pattern
is observed, flooding was present when the smaller impeller
was used (a,c,d); whereas in larger impeller, when increasing
the gas flow rate, a transition from a loaded to a recirculating
regime was observed (e-h).
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Fig. 5 - Flow regime map for the experimental system
representing the different flow regimes: flooded (4), loaded
(m) and fully recirculated (®).

From the visual observation of the different flow regimes,
a flow regime map was drawn for the current system by plot-
ting the gas flow number Fl; (abscissa) and the Froude number
Fr (ordinate) in Fig. 5. The aim of this work was not to define
an exact flow regime map for the impeller used; the observed
flow regimes were plotted as a function of Fr and Fl; num-
ber in order to have an indication of the operating conditions
at which they occurred. The limited number of experiments
do not allow absclute definition of transition regions between
regimes,

Fig. 6(a) and (b) show the foam porosity as a function of
the different flow regimes; the different celours and shapes of
the bars indicate the flow regimes at which the specific foams
were produced. Two different graphs were plotted for the short



CHEMICAL ENGINTERING RESEARCH AND DESIGN I34 (2018) 1-14

£ #:39£081 b} En:e
ERG510.25
- B22042 96714038 89754059
Lo BLE3E046 . S
*EE - 83424039 8218405 o L REES R il
235 o BERAL158
o =
g 15 S
L 0 § “156
3 2 0156 g 0312
g 0137 g £ B8 - 0155
« i 00312 % Egs - oAy
" g i gl
- AL ; : y . 0.00274 8 - w&n&r
155 113 0102 0.0453 0.045 '
fr 255 113 fr0.102 00453

Fig. 6 - Foam porosity as a function of the flow regime conditions for (a) 1 min air entrainment time (b) 20 min air
entrainment time. The different flow regimes are represented as flooded (4), loaded (W) and fully recirculated (@).

la) 1
01

% 0.01 !:; ' ::::'.'.'.:..'... St |
0.001
0.0001

500
We

5000

L] 1
0.1
o
3 om
k-
0.001
0.0001
5 50 500 5000
PV (W/m?)

Fig. 7 - da2/D as a function of mean energy dissipation for (a) We (b) P;/V. The different sparger pore size and impeller
diameter are indicated as: 40, D=4cm (®); 40, D=9cm (¢); 100, D=4 cm (a); 100, D=9cm (H).

and long air entrainment time since that variable affected the
foam porosity.

From Fig. & it can be noted that a similar trend is followed
for both the short and long air entrainment time, with the
highest porosity observed when the foam is produced under
fully recirculating conditions. It can be noted that, at both air
entrainment times, a point characterized by high porosity is
present in the flooded region. This point occurs at high Fr and
Fl; numbers which correspond to operating conditions where
high flow rate and high impeller speed are used resulting in
higher air entrainment and hence porosity. As discussed in
Section 4.1, air entrainment time has an effect on the foam
porosity; it can be noted that all the foam produced at longer
entrainment times had consistently higher porosity values.

4.3.  Bubble size correlations applied to ceramic foams

Bubble size correlations presented in the literature were
applied to ceramic foams. In particular, the Sauter mean bub-
ble size, ds;, was plotted as a function of the mean energy
dissipation and Weber number. It is worth noting that the cor-
relations, as in the case of the gas hold-up correlations, refer
to liguid-liquid systems or gas-liquid systems. In addition, as
previously stated, the physical properties of the slurry change
over the duration of the experiment due to foam formation
so the density and viscosity of the initial slurry were used for
the calculaton of the Weber number. The Weber number is
expected to increase during the course of the experiment due
to the reduction in surface tension as the modified particles
attach at the air-water interface; a quantification of the reduc-

tion in surface tension was not possible due to the nature of
the system, Given these limitations, it was expected that the
relationships would still describe the change in bubble size
under the different operating conditions, although some dis-
crepancies in terms of the exponent values were forecast.

Fig. 7 shows the normalised Sauter mean diameter, ds2/D,
plotted as a function of both the mean energy dissipation and
Weber number. Since the bubble size is affected by both the
mean sparger pore size and the impeller diameter, different
symbols were used for each enabling the effects to be exam-
ined separately.

Fig. 7 shows that the experimental data were fitted by the
relationships proposed in the literature (Egs. (6) and (7)) but,
as expected, different values of the mean energy dissipation
and Weber number exponents were necessary to correlate the
data. The exponents derived in this work ranged from 0.10 to
0.33; these values are not significantly different from the value
observed by Hu et al. (2006,2003) in systems where the pres-
ence of solvents strongly suppressed coalescence; the authors
proposed a value of 0.35 for the exponent. The stability of
the foams under consideration is due to the attachment of
hydrophobic particles at the air-liquid interface which prevent
coalescence. Table 4 summarises the values of the exponents
reported in the literature and the values proposed in this worl.

In Section 4.1, it was shown that the flow regime affects the
porosity of the foam; a similar effect was observed for bubble
size. Fig 8(a) and (b) show the values of ds;/D for the different
flow regime conditions for the 40 um and 100 pm sparger disks
respectively.
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Table 4 - Comparison between the exponent values in correlations reported in the literature for bubble size (d3z) with

values found in this study.

Correlation Parameter & expanent Literature value Value from this study
Kolmogoroff (1949) Eq. (6) e p=-04 B=-022+012
Hinze (1955} Eq. (7) We? y=—0.6 ¥=-022+008
Hu et al. (2006, 2003) Eq. (7) We? y=—035 y=-0224008
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Fig. 8 - d35/D depending on the different flow regimes conditions for (a) 40 pm sparging disk (b) 100 pm sparging disk. The
different flow regimes are represented as flooded (4), loaded (M) and fully recirculated (®).

From Fig. 8, it can be seen that a clear trend exists with
smaller bubbles obtained under fully recirculating conditions
and larger bubbles progressively formed when moving from
loaded to flooded. It is notable that, contrary to expectation,
the smaller porosity sparger disk produces bigger bubbles for
foams made at Fl; higher than ~0.02. At high gas flow rates, a
higher level of coalescence is exhibited in the smaller porosity
sparger; this is mostly due to the close proximity of the smaller
pores and results in the formation of larger bubbles than those
initially formed by the large porosity sparger.

4.4.  Rheological characterization of wet ceramic foams
The effect of drop size and their distribution on the rheology
of emulsions is well reported in the literature (Derkach, 2009,
Masalova and Malkin, 2007). Due to the similarities between
ceramic foams and emulsions, a correlation between the
rheclogy of the foams produced under different mixing condi-
tions and bubble size distribution was expected. The existence
of such a correlation would allow an at-line measurement
technique to be developed to control the foam structure dur-
ing manufacture. The foams rheology was determined using
the procedures described in Section 2 6 with all the measured
samples presenting shear thinning behaviour. Fig. 9(a) com-
pares the upwards (increasing shear rate) rheology curves for
the 16 foams evaluated. There is a notable “*kink” present in all
the curves. Fig. 9(b) shows the upward (increasing shear rate)
and downward (decreasing shear rate) rheology curve for the
foam produced in run 4. The downward curve does not reach
the initial viscosity of the fresh foam suggesting that the struc-
ture of the foam was irreversibly changed at the higher shear
rates. In addition, the *kink"” appears at lower shear rates in
the down curve compared to the up curve. The different posi-
tion of the "kink" might be used to develop a correlation if it
could be shown that was not an artefact of the test procedure.
One possibility was that slip was developing during the test
despite the upper hatched plate geometry being used.

To investigate the nature of the inflection, the rheology
of a foam was measured using three different geometries;

a 40mm steel plate, a 40mm acrylic hatched plate and a
rotor-vane geometry. In this case, a 20%yy, titania foam
was produced using DL-phenylalanine as amphiphile. This
change was implemented because the original amphiphile
gave an unpleasant odour. In the phenylalanine system titania
replaced the original alumina particles due to its better perfor-
mance. Although the measured system was different from the
original foams, the aim of the comparison was to evaluate the
nature of the observed “kink". It was found that the extent
of the inflection was geometry dependent, reducing when the
vane was used compared with the parallel plate, suggesting
that slip is occurring. Given the limitations of the experiment
(odour and volume) the vane geometry could not be used for
the DoE formulations. The stabilized bubbles in ceramic foams
can be assumed to behave as soft spheres, thus, at high con-
centrations and low shear stress, they exhibit viscoelastic and
solid-like behaviour but yield and flow above a yield stress
(Fernandez-Neives et al., 2011), Slip of soft particles has been
widely investigated in the literature; this occurs when parti-
cles are depleted from a solid surface giving a low viscosity
boundary layer between the surface and the particles in the
bulk of the suspension (Barnes et al., 1995).

The data presented in Fig. 9(a) can be extended allowing
study of both the upward and downward shear rate ramp
data; the samples can be divided into three groups where their
behaviours are similar based on the kink location in terms of
the slip onset shear rate and stress. This analysis is shown in
Fig. 10 along with the corresponding bubble size data. Fig 10
shows the sets of rheology curves having similar behaviour
and the bubble size distribution of the corresponding foams;
the figure indicates that foams having similar bubble size dis-
tribution present comparable shear rate values at which the
“kink" appears. Table 3 reports the properties of the foam; the
span values reported in the table refers to the width of the
bubble size distribution calculated using (Merkus, 2009):
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Fig. 9 - (a) Comparison of the upward rheology curve for the produced foams (b) details of the upward and downward

rheology curve for foam made in run 4.

Table 5 - Summary of the foams properties divided by overlapping series.

Exp. dagijm) Distribution span Shear rate (s7) Shear stress (Pa)
1st set 367 4.08 251 214.9
2 150 248 25 1624
= 236 5.08 251 185.0
7 169 274 316 2356
10 331 2495 2.51 2107
15 93 1.62 251 1731
Average 224 3.16 2.62 198.6
Znd Set 5 95 156 9,99 449
4 189 231 12.59 421
12 129 1.50 10,01 53.6
13 86 1.60 18.97 399
14 114 170 1259 736
Average 123 173 13.03 50.8
3rd Set 5 58 1.26 5.01 70.8
a 240 243 3.98 1189
g a1 1.89 398 89.3
11 175 183 316 711
16 B4 5.1% 316 1129
Average 190 2.51 3.86 92,6

It can be seen that slip occurs at different shear rate values
in the three sets. In the first, slip appears at around 2.60s7?,
in the second slip occurs at approximately 13.00s~? and in
the third one slip occurs at around 3.20s 7. Although, the slip
of the foams belonging te the same set occurs at very simi-
lar shear rates, due to the differences in viscosity among the
compared foams, it is more indicative to compare the shear
stresses at which slip occurs; these are summarized in Table 5.

Fig, 11 shows the dependence of the shear stress at which slip
accurs on both Sauter mean diameter and distribution span.
Fig. 11 shows that a higher shear stress is necessary to gen-
erate slip when larger bubbles with wider distribution spans
are present, thus onset of slip depends on the structural prop-
erties of the foam. Meeker et al. (2004a, 2004b) proposed that
slip in soft particles systems is based on an elastohydrody-
namic lubrication (EHL) mechanism which occurs when soft
particles deform and develop flat facets at hard surfaces under
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Fig. 11 - Slip shear stress as a function of bubble size and
distribution span.

shear. The increased effective area of the particles promotes
hydrodynamic lubrication with the thickness of the slip layer
depending on the balance between lift force and the repul-
sive forces generated by the tendency of the particles to regain
sphericity; these forces are dependent on the particles elastic

modulus. The elastic modulus of bubbles can be described by
the Gibbs elasticity term expressed as (Bianco and Marmur,
1993):

do

E=2aa:

(18)

where & is the gas-liquid interfacial tension and A, is the total
surface area of the bubble which is, in turn, radius dependent.
Although it was not possible to determine the value of the
elasticity modulus due to the nature of the system, these rela-
tionships describe the dependence of slip on bubble size and
appear to support the observed behaviour.

The viscoelastic properties of the foams were determined
following the testing procedure reported in Section 2. 6. All the
foams presented a similar trend so, for brevity, only oscillation
curve for foam produced in run 4 is presented in Fig. 12.

It should be noted that ceramic foams present quite an
extensive linear viscoelastic region (LVER). In the LVER G
presents higher values with respect to G indicating that the
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Fig. 12 - Amplitude sweep curve for the foam produced in run 4.

ceramic foams behave more like an elastic solid. All the foams
presented a LVER which extended beyond 100 Pa with the foam
from experiment 8 extending to 500Pa. The end of the LVER
can be used as an indication of the maximum stress at which
the foam can be subjected without destroying its structure. In
fact, it has already been mentioned that particles stabilised
foams behave like soft spheres giving a solid-like behaviour to
the foam. It is expected that as the stabilized bubbles are bro-
ken, the foams behaves more like a viscous fluid. This aspect
could be particularly relevant in the foam post-processing (e.g.
extrusion or forming), where the material could be subjected
to stresses higher than those experienced during its man-
ufacture. In these operations knowing the maximum stress
at which the foam can be subjected without destroying its
structure is fundamental to retain the required product spec-
ifications.

5. Conclusions

In this work, the manufacturability of ceramic foams has been
studied; in particular, the process parameters affecting the
foam properties have been identified and include porosity
and bubble size distribution. The effects of impeller speed,
impeller diameter, gas flow rate, sparging time and sparging
disk mean pore size have been investigated through design
of experiment (DoE) in which foam density, foam porosity,
foam stability and bubble size distribution were selected as
responses, From the experimental work, it was established
that foam stability is not dependent on its manufacturing
process but is only affected by the initial ceramic slurry for-
mulation. It was determined that sparging time, air flow rate
and impeller speed are the major factors affecting foam den-
sity and porosity while impeller speed, impeller diameter and
the interactions between sparging time and air flow rate and
between impeller diameter and the mean pore diameter of
sintered disk have an impact on bubble size. To facilitate the
process scale-up, foam porosity and foamn bubble size distri-
bution were plotted as functions of different global mixing
parameters. Correlations capable of describing the investi-
gated system were not found in the literature, this was due to
the transient flow behaviour of the investigated system and
the change in its physical properties during the foaming. The
systemn was better described by equations valid for turbulent
systerns and those were used to correlate foam porosity and

bubble size to dimensionless numbers describing the studied
systemn. As expected, in both cases, differences in the expo-
nent values were found compared to literature but the used
relationships were well correlated by the experimental data.
Itis impertant to remark that, due to the complexity of the sys-
tem and the number of assumptions made during the study,
the new exponents are relevant exclusively for the current
system and future work is necessary to identify a general cor-
relation.

To characterize the structure of the foam, rheological
measurements were carried out. Slip was observed in the rhe-
ological data whose onset was dependent on foam structure
as measured by the mean Sauter diameter and distribution
span. The viscoelastic properties of the foams were also inves-
tigated through an amplitude sweep test showing that foams
behave more like viscoelastic solids with the end of the linear
viscoelastic region occurring over 100 Pa.

This study highlighted the complexity of the manufac-
turing process of ceramic foams. Nonetheless, relationships
proposed in the literature were shown to be able, upon adjust-
ment of the exponents, to correlate the experimental data.
This allows the manufacturing process to be tuned to the
desired foam structure. The existence of a correlation between
foam rheclogy and its structural properties, such as bubble
size and distribution, could be the starting point to develop
an at-line measurement to check the evolution of the foam
structure during its manufacture.
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CATALYST PRECURSOR, METHOD OF PREPARATION AND USE THEREOF

The present invention relates to cobalt based Fischer-Tropsch catalysts, in particular cobalt

based Fischer-Tropsch catalysts on foamed supports.

The Fischer-Tropsch reaction uses synthesis gas comprising carbon monoxide and hydrogen
to generate hydrocarbons, particularly long-chain hydrocarbon products and oxygenates.
Suitable catalysts comprise cobalt supported on a metal oxide support. The cobalt is typically

O — o

provided in oxidic form and reduced in-situ to the active m

active metai form or thie cataiyst may be pre-
reduced and passivated. The metal oxide support may be in the form of a spray-dried powder,

granules or shaped extrudates.

US6558634 and US6750258 disclose a microchannel reactor for the Fischer-Tropsch reaction
in which a preferred catalyst structure within the microchannels is made using a metal foam
support with an open cell structure to permit the flow of gas though the catalyst. The metal
foam structure was coated with a slurry of a Fischer-Tropsch catalyst and dried to form the
catalyst structure. Metal foam supports are however of limited utility and it is necessary to pre-

treat the metal to ensure the necessary adhesion of the catalyst slurry.

CN102728359(A) discloses a cobalt-based Fischer-Tropsch catalyst prepared using a
mesoporous silicon oxide foam as carrier. The mesoporous carrier has a three-dimensional
ordered pore structure having a pore size in a range of 20 to 50 nm and a pore volume of 1.5 to
3.0 cmafg. The foam has an open cell structure wherein the spherical pores are communicated

through windows.

US5217939 discloses a cobalt oxide-coated ceramic foam, where the ceramic foam is a
reticulated ceramic foam, made for example by polyurethane casting. Such foams possess an

open cell structure.

We have found that surprisingly effective cobalt based Fischer Tropsch catalysts may be

supported on a ceramic foam support comprising a closed cell structure.

Accordingly the invention provides a catalyst precursor suitable for the Fischer Tropsch
reaction comprising cobalt oxide supported on a porous support wherein the porous support is

a ceramic foam comprising a closed cell structure.

The invention further provides a catalyst produced from the catalyst precursor, methods for the
manufacture of the catalyst and catalyst precursor, and the use of the catalyst in a Fischer-
Tropsch process.



10

15

%]
=]

25

30

35

WO 2016/156789 PCT/GB2016/050696

2

The cobalt oxide in the catalyst precursor may be Cos0, and/or CoO, although Co30, is more
suitable. The cobalt oxide may be present on the porous catalyst support as crystallite, with an

average crystallite size in the range 5-25 nm.

The cobalt content of the catalyst precursor, expressed as Co, may be in the range 5-50% by
weight, preferably 10-40% by weight, more preferably 10-30% by weight.

The catalyst precursor may further comprise one or more promoter metals or metal compounds
to enhance the activity or selectivity of the catalyst and/or to enhance the reduction of the
cobalt oxide to cobalt metal. Suitable promoter metals include one or more of Pt, Pd, Ru and
Re. The promoter metal may be included in the catalyst precursor in an amount in the range
0.01-1.0%, preferably 0.01 to 0.50% by weight.

A ceramic foam is a solid porous material generally having many gas-filled cells or voids
formed therein, such that the support has a lower density than conventional catalyst supports.
Open cell ceramic foams may be manufactured by impregnating open-cell polymer foams
internally with a ceramic slurry and then firing in a kiln, leaving only a ceramic material. In the
present invention the ceramic foam comprises a closed cell structure and is therefore prepared
by different methods. By the term, “closed cell structure”, we mean that the cells or voids within

the foam are generally not inter-connected, although a small proportion, e.g. up to about 20%
of the cell volume, but preferably less than 10% of the cell volume, may be interconnected. In
a closed cell structure, unlike an open-cell structure, there is generally no open flow-path
through the foam from one side to another such that a gas passing though the foam has to
diffuse through a cell wall from one cell to the next. The shape of the cells in the closed cell
structure will vary depending upon the manufacturing method and conditions, but typically are
spheres or distorted spheres having a circular cross section. The cells may have a diameter in
the range 0.1-500 um, although the majority (i.e. >50% in number) of the cells desirably have a
diameter in the range 0.1-250 um. The average cell diameter may be in the range 0.2-150 um,

preferably 1-100 um. The cell diameters may be determined using microscopy.

The void fraction of the foams may be in the range 50-95% by volume, preferably 75-90% by
volume. Hence the solids content of the foams may be 5-50%, preferably 10-25% by volume.

Because the support has a closed cell structure, there are walls between the cells. The cell
walls are porous, i.e. the cell walls may comprise pores through which a gas may pass. The
pore size or width may be >50 nm in diameter although preferably the pores are = 50 nm in
diameter. Cobalt oxide is present on the cell walls and in at least a portion of the pores in the
cell walls, which upon activation, is able to catalyse the Fischer-Tropsch reaction. Fischer-
Tropsch reactions are influenced by the contact time of the reacting gases and therefore the
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thickness of the cell walls may be controlled to provide an optimum diffusion path for reacting
gases through the catalyst in order to maximise selectivity. The thickness of the cell walls may
also be controlled to impart a desired strength to the final catalyst. Cell wall thicknesses may
be up to 500 um, preferably up to 200 um, with an average in the range 10-100 pum, preferably
25-85 um. The control of wall thickness may, for example, by performed by controlling the void

fraction in the ceramic foam during its manufacture.,

The ceramic in the ceramic foam may be formed using a metal oxide or other ceramic material
suitable for supporting a Fischer-Tropsch catalyst, such as SiC. Metal oxides are preferred and
suitable metal oxide foams may be prepared using alumina, metal-aluminates, silica, ceria,
titania, zirconia and mixtures of these, Silica is less preferred. Alumina can form cobalt-
aluminate by reaction with cobalt compounds used to produce the cobalt oxide. Cobalt
aluminate is less reducible than coball oxide, and so where alumina is present in the catalyst
support it is preferably coated with a layer of another metal oxide, such as silica, titania or
zirconia, or the alumina may be converted into another metal aluminate by reaction with a
suitable divalent metal, such as Ni. Titania is particularly preferred because of its low
interaction with cobalt and its ability for being formed into foamed structures. The titania may
comprise variable amounts of rutile and anatase. High anatase materials are preferred, e.g.
with an anatase content >60% by weight. .

The invention further provides a method for preparing a catalyst precursor comprising the steps
of (i) forming a ceramic foam comprising a closed cell structure, (i) applying a cobalt compound
to the ceramic foam and (iii) heating the cobalt-containing ceramic foam to form the catalyst
precursor.

Various known methods may be used to form the ceramic foam comprising a closed cell
structure. For example, a sacrificial template method may be used wherein a ceramic
precursor in liquid form is mixed with a sacrificial template material, often another liquid, and
the resulting composition heated to decompose the sacrificial material and create voids in the
final ceramic foam. A preferred method for preparing the ceramic foam is a direct foaming
method, in which a liquid ceramic precursor or suspension of a ceramic powder in a suitable
liquid is foamed by addition of a gas to create a wet foam, which is subsequently heated to give
the final ceramic foam. A particularly preferred method includes (i) forming a suspension of a
ceramic powder in a liquid (i) adding a gas to the liquid to create a wet foam, and (iii) heating
the wet foam to form the ceramic foam. The suspension may contain one or more surfactant-
type molecules, which may be termed “amphiphiles” that act with the ceramic powder to
stabilise the wet foam. Thus preferably a stabilised wet foam may be prepared using a
suspension of a ceramic powder containing an amphiphile. Methods for producing such
particle-stabilised foams are known.
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EP1960097-A1 describes a method to prepare wel foams exhibiting long-term stability wherein
partially lyophobized colloidal particles are used to stabilize the gas-liquid interface. In one
aspect, the particles are partially lyophobized in-situ by treating initially hydrophilic particles
with amphiphilic molecules of specific solubility in the liquid phase of the suspension. This
method has been found to be particularly useful for preparing catalyst precursors according to

the present invention.

Thus a suitable method for preparing a ceramic foam support may include steps where:

1. A ceramic powder is suspended in an aqueous phase;

2. An amphiphile is included in the suspension. This adsorbs at the particles surfaces
forming modified particles that are less hydrophilic.

3. Air or another gas is then included into the suspension forming bubbles and causing
attachment of the modified particles at the gas/agueous phase interface in the wet
foam, thereby stabilising the wet foam, and,

4. The wet foam is further processed, e.g. by shaping, drying and/or calcination.

Fowdered forms of the ceramic support matenials listed above may therefore be used to
prepare the wet foams. The mean particle size of the ceramic particles in the suspension may
be in the range 1 nm to 20 pum, but is preferably in the range 2 nm — 10 um, more preferably 2

e T Wfhmes mermeeie e e s b Lm e e v - wbiml i e e e
i — & [, vwnSic Ceiaimic POWGCTS Wil o i G, i

suspension is subjected to milling to attain the desired mean particle size in these ranges.
Good foams can be obtained with narrow as well as with broad particle size distributions.
Ceramic powders that have been subjected to pre-treatment with a surface modifier may be
used, including ceramic powders that have been pre-treated with an amphiphile.

The stabilizing colloidal particles of ceramic are initially hydrophilic and are partially
hydrophobized, preferably in-situ, by the adsorption of amphiphilic molecules on the particle
surface,

The amphiphilic molecules consist of a tail part coupled to a head group. The tail part may
generally be described as non-polar and can be aliphatic (linear alky! or cycloalkyl) or aromatic
(phenyl or naphthyl) and can carry one or more substituents. Such substituents may be an
alkyl group, e.g. -CHzq. with n<8, an aryl group (such as phenyl or substituted phenyl), -OH, or
—NH.. Preferred tail parts are optionally substituted linear carbon chains comprising 2 to 8
carbon atoms, The head group that is coupled to the tail part is preferably an ionic or polar
group and may be selected from phosphates, phosphonates, phosphinates, sulphates,
sulphonates, carboxylates (i.e. COQH), carboxylate esters, gallate esters, amides, amines
including cyclic amines, and -OH. For Fischer-Tropsch catalysts carboxylic acids and esters

are preferred to head groups that introduce sulphur or phasphorus.
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Particularly preferred amphiphiles are C2-C6 carboxylic acids and esters thereof, such as
valeric acid, butyric acid and propionic acid, and C2-CE gallate esters such as propyl gallate.
Furthermore we have found that particularly stable foams may be prepared using amino-acids,
especially alpha-amino acids, where the amine group is attached to a carbon atom adjacent the
carboxylate head group. Preferred alpha-amino acids include one or more of valine,

isoleucine, leucine, phenyl alanine and tryptophan. Methionine may be used where the sulphur
content of the resulting foam can be tolerated. Less preferred alpha-amino acids include
alanine and tyrosine. Particularly preferred alpha-amino acid amphiphiles include one or more
of leucine, isoleucine and phenylalanine. D, L or DL forms of each may be used. An especially
suitable amino acid is phenyl alanine. DL-phenyl alanine may be used. Using amino acid
amphiphiles has the advantage of producing stable foams with small bubbles without the
handling difficulties of the carboxylic acids or problems caused by the acidic pH of carboxylic
acids.

The pH of the suspension may be adjusted before the amphiphile is included, although may not
be necessary. For example, the pH may be adjusted to a pH at which the surface charge of
the ceramic powder is high enough for electrostatic stabilization. An acid, such as nitric acid,
or a base may be added, but pH adjustment with alkali metals is not desirable for Fischer-
Tropsch catalysts as alkali metals reduce the catalyst activity.

Dependent on the charge of the surface to be coated either a negatively charged or positively
charged head group may be chosen. For e.g. Al:Os, a negatively charged head group is
suitable at low pH conditions, i.e. pH lower than the isoelectric point, here pH<9, in particular
pH 4-5. The above mentioned head groups and further similar groups can be used to modify a

broad variety of ceramic particles, in particular metal oxides.

Surface modification can be achieved through the physical or chemical adsorption of negatively
or positively charged amphiphile molecules onto a suitable, preferably an oppositely charged
surface leaving the hydrophobic tail in contact with the aqueous phase. For e.g. positively-
charged alumina particles the adsorption may be carried out with carboxylic acids in water at
pH 4.75. By changing the anchoring polar head group of the amphiphile, the alumina surface
can also be modified at alkaline pH conditions using for instance alkyl gallates as adsorbing
molecule. This amphiphile can also be used to lyophobize the surface of a variety of other
amphoteric and basic oxides. Alternatively, the surface of acidic-like oxides such as silica,
silicon carbide and silicon nitride can be lyophobized employing amine-containing head group
amphiphiles.

For the in-situ lyophobization of particles, the amphiphile may be applied in amounts of less
than 1 % by weight of the particles, preferably in amounts of <0.8 % by weight. The minimum
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amount of amphiphile that should be present may be about 0.001%, preferably about 0.1%.
Amounts in the range 0.2 — 1.0 mmol amphiphile/g particles may be used. Since the
amphiphile, besides of other ingredients of the suspension, also influences the viscosity of the
foam, the actual amount of modifier used is chosen dependent on the desired final viscosity.

It has been found that ceramic particles with different shapes can be used as foam stabilizers,
i.e. the ceramic particles may be spherical, polygonal plates, needles, fibres, rods, single
crystals etc., provided that their particle size is within suitable dimensions. The particles
themselves may be dense, i.e. non-porous, or porous, or mixtures of dense and porous
particles may be used.

The particles are preferably present in amounts of at least about 5 % v/v in the suspension.
The upper limit is provided by the viscosity that must not be too high. In general said viscosity
should not exceed 10 Pa.s at a shear rate of 100 s”. The minimum amount needed to foam the
whole suspension depends on the particle size and can easily be determined by the skilled
person. In general the smaller the particles are, the lower the amount of particles to produce
the stabilised wet foam will be. In the present invention, the solids concentration of the
suspension is preferably in the range 10-45% by weight, preferably 25-35% by weight.
rtemperature is
limited by freezing of the aqueous phase. The method appears to perform best where it is
operated below the Krafft temperature for the amphiphile in question. The Krafft temperature
(also known as Krafft point, or critical micelle temperature) is the minimum temperature at
which surfactants form micelles. Below the Krafft temperature, there is no value for the critical

micelle concentration (CMC), i.e., micelles cannot form.

The wet foam can be prepared using different methods, for example by incorporating bubbles
of gas into the suspension. The incorporated bubbles may be small bubbles, or they may be
big bubbles that upon shearing of the suspension are divided into the desired amount of small
bubbles.

The air or another gas such as nitrogen, oxygen, argon and carbon dioxide, may be introduced
to the suspension to generate the wet foam by any suitable means. For example foams may
be produced by subjecting the suspension to a high intensity and/or high speed agitation while
exposed to the atmosphere. The agitation maybe carried out using a mixer, e.g. a mechanical
mixer rotated at high speed. The agitation is carried out for a sufficient period to introduce
bubbles of air into the suspension until expansion has been achieved according to the desired
physical and other properties of the end product. The expansion ratio, i.e. the volume of foam
formed compared to the volume of the starting suspension, can be between about 1.5 and
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about 15, Hence dip tubes or sparger apparatus may be used. In one embodiment, a gas-
inducing impeller may be used. A gas-inducing impeller introduces gas bubbles from the
blades of the impeller as it rotates within the suspension. Gas-inducing impellers are known,
but do not appear previously to have been used for producing ceramic foam materials.
Alternatively, the gas may be introduced by bubbling it through a filter of a defined pore size
into the suspension while being stirred. In this case the final pore size of the foam may be
dependent on the pore size of the filter. In a variation, high pressure gas is forced through a
fine filter, then intimately mixed with the suspension in a suitable chamber and the aerated
mixture is then ejected from a nozzle. Alternatively an aerosol method may be used, in which
the suspension is placed in a pressurised vessel and gas such as air or carbon dioxide is
injected under pressure into the suspension to produce a foam when the pressure is released,

e.g. via a nozzle.

Bubbles may also be formed in the suspension by including a gas-forming reagent in the
suspension and activating it by heat or chemical reaction to evolve a gas. Such gas forming
reagents include sodium azide and hydrogen peroxide.

The formation of bubbles in the suspension may be accomplished in a batch-wise manner or

continuously.

The aqueous phase comprises water, e.g. mains water or demineralised water, which may
further comprise a hydrophilic solvent such as alcohols, glycols, etc, and mixtures thereof.
Further additives, such as acids or bases can be added e.g. to adjust the pH and/or the ionic
strength.

As already mentioned above, the preferred pH or pH range is dependent on the head group
used for in-situ lyophobization and the particle surface to be modified. It should be such that at
least about 1.5 %, preferably at least about 10 %, much preferred about 50 % of the head
groups are negatively charged (deprotonated) or positively charged (protonated).

The ionic strength can be adjusted to favour the close-packing of the attached particles at the
interface and the attraction of particles within the foam lamella. However, the ionic strength
should be kept low enough to ensure a sufficiently low viscosity of the suspension exists to

allow sufficient introduction of air or good foaming.

The viscosity of the suspension preferably is such that the viscosity is less than the level at
which the introduction of gas cannot take place and above the level at which entrapped gas
bubbles will tend to escape. In the absence of amphiphile addition, the viscosity may be 5
mPas to 1000mPas at a shear rate of 100s". The viscosity of the suspension when the
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amphiphile is present may be in the range of about 5 mPas to about 10,000 mPa.s at a shear
rate of 100 s, preferably 25 mPa.s to about 5000 mPa.s. The preferred range is dependent

on the method of gas entrapment.

The bubble size of the wet foam is dependent on all the above parameters, in particular the
viscosity, the amount of additives, the amount of particles and the apparatus or the apparatus
dependent method parameters used to get air into the suspension. The bubble size, e.g.
diameter, may range from 1 pm to 1 mm, preferably from 1 pm to 500 pm. The bubbles

ultimately provide the cells in the catalyst precursor.

The wet foams may be cast into moulds for shaping or may be shaped by extrusion using
conventional extrusion equipment suitably adjusted for the wet foam viscosity. The cast or
extruded foams may then be subjected to a drying step to create a solid foam with sufficient
green strength for further processing.

The drying can be carried out using a conventional oven at up to about 120°C. The drying time
may be varied from 0.1-48 hours as desired to preserve the foam structure. The drying may be
done at atmospheric or reduced pressure. At reduced pressure the foam may expand befare

the green strength is developed. The degree of expansion and hence the cell size of the foam

will depend on the pressure selected. Drying at elevated temperature may also ¢

use a slight
expansion of the foam. It is preferred to control the humidity during the drying step, to prevent
uneven shrinkage and drying cracks. Temperature-assisted or vacuum-assisted unidirectional
drying leads to an even shrinkage of the sample without inducing stresses which would result in
cracks. Freeze drying may also be used.

The suspension may include other ingredients, which play a role at the drying stage. Examples
of such ingredients include binders such as resins, e.g. polyvinylchloride, gums, cellulose,
starch, polyvinyl alcohol, oligo- and poly-saccharides to increase green strength.

Polymerisable materials may also be included although this is less preferred. Although the
addition of binders in general is not needed to produce suitable wet foams, such additives may
have advantages if high green strength after drying is desired. The body formed in the
presence of binders or polymerizable materials after drying is relatively robust, and the addition
of binders or polymerizable materials can be preferred when the article to be formed is of a

complex shape.

The cast or extruded foams may be subjected to additional shaping steps, including for
example milling or grinding the ceramic foam to a desired particle size, sieving, granulating

pelleting and other shaping procedures known in the art.
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The foam may be subjected to a heating step or calcination in which the ceramic particles are
fused together to form a porous catalyst support material. Such heating may be done at
temperatures in the range 500-1600°C or higher depending on the ceramic, although to retain a
suitable pore structure in the cell walls, it may be desirable to calcine the ceramic foams below
about 1200°C. The calcination may be performed for 1-24 hours, preferably 1-8 hours,
depending on the temperature chosen. The heating step may be performed under air or an
inert atmosphere such as nitrogen or argon. The latter may be preferred where decomposition
of organic residues is expected.

The invention includes the step of applying cobalt oxide, or a precursor thereof, to the ceramic
foam. This may be accomplished by applying a wash-coat slurry containing cobalt oxide, but
this is less preferred because the foam comprises a closed cell structure and so the cobalt will
not be able to penetrate the foam beyond the surface cells. Therefore preferably the catalyst
precursor is prepared using one or more soluble cobalt compounds in solution. The cobalt
compound may be an organic cobalt compounds such as cobalt acelylacetonate, a cobalt
complex such as cobalt ammine carbonate, or may be a cobalt salt such as cobalt acetate
and/or cobalt nitrate. One or more soluble cobalt compounds may be used. Thusin a
preferred method, a soluble cobalt compound is dissolved in a suitable solvent, such as water,

to form a cobalt solution and the cobalt solution applied to the ceramic foam, e.g. by spraying

or dipping, to impregnate the cells and cell wall pores. In addition to soluble cobalt
compounds, one or more soluble promoter compounds may be included in the cobalt solution
or may be applied to the foam in a separate impregnation step. Soluble compounds of Pt, Pd,

Ru and Re are preferred.

The impregnated ceramic foam may then be subjected to drying to remove the solvent and
leave the cobalt deposited within the foam. The cobalt may be deposited as a salt or complex
or may be cobalt oxide depending upon the method used to impregnate the ceramic foam. The
cobalt and any promoters are preferably uniformly deposited within the ceramic foam. A
particularly suitable method for depositing cobalt uses a cobalt ammine carbonate complex,
which upon oxidation and heating deposits cobalt oxide directly within the cells and pores of the
ceramic foam.

The cobalt compounds may if desired be subjected to a heating step or calcination to cause
their decomposition to form cobalt oxide. This may accompany the drying step, or the
calcination step may be performed separately. The conversion of cobalt compounds to cobalt
oxide may conveniently be accomplished by heating the impregnated or dried cobalt-containing
ceramic foam to temperatures up to about 800°C, preferably 200-800°C, mare preferably 200-
600°C, most preferably 200-400°C under air or an inert gas such as nitrogen or argon. The
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calcination of the cobalt compounds may be performed over 0.5-8 hours depending on the
temperature.

The catalyst precursor, where the cobalt is in oxidic form, may be provided for use in a Fischer-
Tropsch process. Before use, the catalyst precursor is activated to produce a catalyst suitable
for the Fischer-Tropsch reaction by reducing the cobalt oxide in the catalyst precursor to cobalt
metal.

Alternatively the catalyst precursor may be pre-reduced and encapsulated to provide a catalyst
product for use in the Fischer Tropsch process.

Reduction may be performed by passing a hydrogen-containing gas such as hydrogen,
synthesis gas or a mixture of hydrogen with nitrogen, methane or other inert gas over the
catalyst precursor at elevated temperature, for example by passing the hydrogen-containing
gas over the composition at temperatures in the range 150-600°C, preferably 250-600°C,
preferably 275-500°C for between 1 and 24 hours. Reduction may be performed at
atmospheric or higher pressures up to about 25 bar abs.

Catalysts in the reduced state can be difficult to handle as they can react spontaneously with

oxygen in air, which can lead to undesirable

self-heating and loss of activity. For catalyst

wn

suitable for Fischer-Tropsch processes, the reduced catalyst is preferably protected by
encapsulation of the reduced catalyst particles with a suitable barrier coating. In the case of a
Fischer-Tropsch catalyst, this may suitably be a FT-hydrocarbon wax. Alternatively, the
catalyst can be provided in the unreduced state and reduced in-situ with a hydrogen-containing
gas.

Cobalt catalysts prepared on the ceramic foam supports may have cobalt surface areas (as
determined by hydrogen chemisorption at 150°C following reduction at 425°C) of = 1m°/g
catalyst. The cobalt surface area may suitably be determined by H: chemisorption. The
preferred method is as follows; approximately 0.2 to 0.5 g of sample material is firstly degassed
and dried by heating to 140°C at 10°C/min in flowing helium and holding it at 140°C for 60
mins. The degassed and dried sample is then reduced by heating it from 140°C to 425°C at a
rate of 3°C/min under a 50 ml/min flow of hydrogen and then holding it under the same
hydrogen flow, at 425°C for 6 hours. Following reduction and under vacuum, the sample is
heated up to 450°C at 10°C/min and held under these conditions for 2 hours. The sample is
then cooled to 150°C and held for a further 30 minutes under vacuum. The chemisorption
analysis is carried out at 150°C using pure hydragen gas. An automatic analysis program is
used to measure a full isotherm over the range 100 mmHg up to 760 mmHg pressure of
hydrogen. The analysis is carried out twice; the first measures the "total" hydrogen uptake (i.e.
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includes chemisorbed hydrogen and physisorbed hydrogen) and immediately following the first
analysis the sample is put under vacuum (< 5mm Hg) for 30 mins. The analysis is then
repeated to measure the physisorbed uptake. A linear regression may then be applied to the
"total" uptake data with extrapolation back to zero pressure to calculate the volume of gas
chemisorbed (V).

Cobalt surface areas were calculated in all cases using the following equation;

Co surface area =(6.023x10% xVxSFxA) /22414
where V = uptake of Hz in mlig
SF = Stoichiometry factor (assumed 2 for H, chemisorption on Co)
A = area occupied by one atom of cobalt (assumed 0.0662 nm?)

This equation is described in the Operators Manual for the Micromeretics ASAP 2010 Chemi
System V 2.01, Appendix C, Part No. 201-42808-01, October 1996.

The catalysts may be used for the Fischer-Tropsch synthesis of hydrocarbons. Accordingly,
the invention further provides a process for the Fischer-Tropsch synthesis of hydrocarbons
comprising contacting a gas mixture containing hydrogen and carbon monoxide over a cobalt-

catalyst comprising a ceramic foam support comprising a closed cell structure

The Fischer-Tropsch synthesis of hydrocarbons with cobalt catalysts is well established. The
Fischer-Tropsch synthesis converts a mixture of carbon monoxide and hydrogen to
hydrocarbons. The mixture of carbon monoxide and hydrogen is typically a synthesis gas
having a hydrogen: carbon monoxide ratio in the range 1.6-3.0:1, preferably 1.7 - 2.5:1. The
reaction may be performed in a continuous or batch process using one or more fixed bed
reactors, stirred slurry-phase reactors, jet-loop reactors, bubble-column reactors, or fluidised
bed reactors. The process may be operated at pressures in the range 0.1-10Mpa and
temperatures in the range 150-350°C, preferably 200-250°C. The gas-hourly-space velocity
(GHSV) for continuous operation is in the range 100-25000hr". A preferred operating range is
1000-15000hr".

The catalysts of the present invention are able to provide exceptionally high selectivity to the
desired C5+ hydrocarbans, for example C5+ selectivity for titania-foam-supported FT catalysts

maybe over 90%.

The invention will now be further described by reference to the following examples.
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Example 1 Titania foam preparation
a) A ceramic foam was prepared using a titania suspension containing 30% wt solids.

128 g titania powder (P25 available from Evonik) were added slowly to 300 ml demineralised
water in a stirred vessel. Then, without pH adjustment, 0.36 mmol DL-phenylalanine were
added per gram of titania (7.6 g DL-phenylalanine). The pH of the suspension was 4.59. Air
was then introduced into the suspension to form bubbles using a gas inducing impeller for 30
minutes. The foam was cast into a tray and dried at room temperature and at atmospheric
pressure. It was then calcined with a nitrogen purge by heating at 2 °C/ min to 600 °C. After
45 minutes at 600 °C the nitrogen flow was replaced by air. The total dwell at 600 °C was 4
hours. The resulting ceramic foam support was crushed and sieved to 0.5 mm.

A porosity measurement was made by immersing the ceramic foam in demineralised water at
room temperature for 4 days and measuring the water up-take by the increase in weight. The
porosity measured in this way includes the volume of the cells and accessible pores and
indicates the volume of cobalt solution that may be used to prepare the catalyst. The porosity
of the foamed titania was 0.8 cmafg after 4 days.

b) The method was repeated for different titania contents in the suspension as follows;

Titania DiL-phenylalanine pH Porosity
weight % mmol/g titania cm’g’
175 0.82 4.65 22
20.0 0.36 4.50 16
20.0 0.54 4.52 145
20.0 0.72 4.56 1.4
25.0 0.39 4.56 08
25.0 0.54 4.58 1.0
c) The method was repeated, replacing the phenyl alanine with n-butyric acid. pH

adjustment was required before air entrainment using potassium hydroxide.

Titania | Butyric Acid | pH after butyric acid Foaming pH after KOH Porosity
weight mmol/g addition addition em’g’
% titania
20 0.38 3.86 Not 4.85 2.3
Observed
20 0.54 3.7 - 4.65 2.2
20 0.72 3.66 = 4.40 1.8
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25 0.36 3.7 - 4.50 1.8
25 0.54 3.68 - 4.50 1.5
25 0.72 3.56 - 4.00 1.4
30 0.36 3.66 - 4.30 1.2
30 0.54 3.80 - 4.30 1.4
30 0.72 2.46 - 3.20% 1.1

*pH was not increased further since an increase in viscosity was observed

d) The method was repeated, replacing the phenylalanine with other alpha-amino acids.
Unless otherwise indicated, no pH adjustment was performed prior to air entrainment.

5
Example Titania DL-amino acid pH Porosity
weight % mmol/g titania cm’g’
1(d)(i) 30 0.21 DL-leucine 3.66 0.62
1(d) (i) 30 0.54 DL-valine 4.02 0.47
1(d) i) 30 0.43 DL-phenyl alanine 1.60* 0.45
1(d)(iv) 25 0.36 DL-Leucine 0.93* 0.52
1(d)(v) 20 0.22 DL-tryptophan 3.25 0.50
1(d)(vi) 20 0.74 DL-leucine 3.96 2.84
1(d)(vii) 25 0.72 DL-isoleucine 1.28* 0.63
1(d)(viii) 25 0.72 DL-methionine 121* 0.44

*pH adjusted by addition of nitric acid

Example 2: Catalyst precursor preparation

a) Cobalt nitrate impregnation of titania foam of Example 1(a).

10 7 g of cobalt nitrate hexahydrate (Co(NOs),.6H,0) and 2.2 ml demineralised water were heated
until the melting and dissolution of the salt were complete. This was added in aliquots to 15 g
of the ceramic foam product of Example 1(a) in a plastic bag. After each addition the material
was kneaded into the support. The impregnated foam was dried for 2 hours at 105°C and
calcined for 2 hours at 300°C. The process was then repeated. 5.5 g Co(NO3),.6H,0 and

15  2.74 ml demineralised water were heated until the melting and dissolution of the salt were
complete. This was added in aliquots to 16.5 g of the impregnated ceramic foam product from
the first impregnation in a plastic bag. After each addition the material was kneaded into the
support. The resulting material was dried for 2 hours at 105°C and calcined for 2 hours at
300°C. The cobalt content of the catalyst precursor by ICPAES was 10.8 %wt. The cobalt

20  surface area as determined by hydrogen chemisorption was 1.0 m?/g catalyst.
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b) Cobalt ammine-carbonate impregnation of titania foam of Example 1(a).
A cobalt ammine carbonate solution was prepared as follows; 198 ml of a 28% ammonia
solution was added to 20.4 g ammonium carbonate in a round bottomed flask and diluted with
193.4 ml demineralised water. The resulting solution was stirred for 20 minutes then 23.7 g of
cobalt basic carbonate was added over 15 minutes and the solution stirred at 150 rpm for a
further 2.5 hr to give a purple solution. 30% hydrogen peroxide solution was added drop wise
while the solution was stirred at 234 rpm until the Oxido-reduction potential (Metler Toledo
transmitter M 700) was near to -100 mV. Stirring was continued for a further 10 minutes and
then the solution was filtered.

385 ml of the Co ammine carbonate solution (2.6% w/w Co) was added to a 2 L four-necked
round bottom flask. A stirrer, temperature probe, lute and condenser were fitted to the flask.
52 g of the ceramic foam product of Example 1(a) was added. This mixture was then diluted
with 385 mL water and 165 mL ammonia before being heated and agitated for 80 minutes to
cause evolution of the ammonia and deposition of cobalt oxide in the cells and pores of the
ceramic foam . The mixture was filtered and washed with 80 ml demineralised water. The
catalyst precursor was dried at 105°C for 8 hours. It was not calcined. The cobalt content of
the catalyst precursor by ICPAES was 11.2 %wt. The cobalt surface area as determined by
hydrogen chemisorption was 1.1 m%g catalyst.

c) Cobalt ammine-carbonate impregnation of titania foams of Examples 1(d) (i) — (iv).
The method of Example 2(b) was repeated using instead the titania foams obtained in
Examples 1(d) (i) — (iv). The target cobalt content in each case was 13% by weight. The
cobalt surface areas for the catalyst precursors, as determined by hydrogen chemisorption, are
set out below.

Foam Cobalt Surface Area (m* g catalyst)

1(d) (i) 39

1(d) (i) 1.6 30
1(d)(iii) 1.5

1(d)(iv) 1.5

Example 3 Catalyst testing

0.5 g of the catalyst from Example 2(a) was tested for catalytic performance in Fischer-Tropsch
synthesis. The reaction conditions were syngas (H.:CO of 2:1) flow rate 30 mly/min, 20 bar
and 210°C with GHSV 3580 miy, sygas.g catalyst”.h™' and a target conversion of 50%. The
selectivity to C5+ was 92%.
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0.25 g of the catalyst from Example 2(b) was tested for catalytic performance in Fischer-
Tropsch synthesis. The reaction conditions were syngas (Hz:CO 2:1) flow rate 44 ml/min, 20
bar and 210°C with GHSV 10338 mly sygas.g cataiyst'1,h" and a target conversion of 50%.
The selectivity to C5+ was 91%.

0.25 g of each of the catalysts from Example 2(c) was tested for catalytic performance in
Fischer-Tropsch synthesis. The reaction conditions were syngas (H,:CO of 2:1), 20 bar and
210°C and a target conversion of 50%. The remaining reaction conditions and selectivity to
C5+ for the catalysts based on the different foam materials were as follows;

Foam Flow Rate Pressure Temperature | GHSV (mly | Selectivity
(mily/min} (bar) (°C) syngas.g to C5+
catalyst’.h™)
1(d)(i) 49.48 20 210 12082 89.51
1(d) (i) 33.98 20 210 7816 89.90
1(d) (i) 15.20 20 210 3461 86.71
1(d)(iv) 15.13 20 210 3642 90.02
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A catalyst precursor suitable for the Fischer Tropsch reaction comprising cobalt
oxide supported on a porous support wherein the porous support is a ceramic foam
comprising a closed cell structure.

A catalyst precursor according to claim 1 wherein the cobalt content of the catalyst
precursor, expressed as Co, is in the range 5-50% by weight, preferably 10-40%
by weight, more preferably 10-30% by weight.

A catalyst precursor according to claim 1 or claim 2 wherein up to 20% of the cell
volume, preferably less than 10% of the cell volume, is interconnected.

A catalyst precursor according to any one of claims 1 to 3 wherein the average cell

diameter is in the range 10-150 um, preferably 10-100 pm.

A catalyst precursor according to any one of claims 1 to 4 wherein the cell fraction
of the foams is in the range 50-895% by volume, preferably 75-90% by volume.

A catalyst precursor according to any one of claims 1 to 5 wherein the cell wall
thicknesses is up to 500 um, preferably up to 200 um, with an average in the range
10-100 pum, preferably 25-85 pm.

A catalyst precursor according to any one of claims 1 to 6 wherein the ceramic
foam comprises titania.

A method for preparing a catalyst precursor according to any one of claims 110 7,
comprising the steps of (i) forming a ceramic foam comprising a closed cell
structure, (ii) applying a cobalt compound to the ceramic foam and (jii) heating the
cobalt-containing foamed metal oxide to form the catalyst precursor.

A method according to claim 8 wherein the ceramic foam is formed by steps
comprising (i) forming a suspension of a ceramic powder in a liquid (ii) adding a
gas to the liquid to create a wet foam, and (iii) heating the wet foam to form the
ceramic foam.

. A method according to claim 9 wherein the ceramic powder particle size in the

suspension is in the range 1 nm to 20 um, preferably in the range 2 nm =10 pm,

more preferably 2 nm —2 um
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A method according to claim 9 or claim 10 wherein the suspension contains one or
more amphiphiles that act with the ceramic powder to stabilise the wet foam.

. A method according to claim 11 wherein the amphiphiles comprise one or more of

C2-C6 carboxylic acids and esters thereof, C2-C6 gallate esters and alpha amino
acids.

. A method according to claim 11 or claim 12 wherein the amphiphile comprises one

or more of valine, isoleucine, leucine, phenylalanine or tryptophan, preferably one
or more of leucine, isoleucine and phenyl alanine, more preferably phenyl alanine.

. A method according to any one of claims 9 to 13 wherein the wet foam is shaped

before heating.

. A method according to claim 14 wherein the shaped foam is subjected to a heating

step at temperatures in the range 500-1600°C.

. A method according to any one of claims 8 to 15 wherein the cobalt compound

applied to the ceramic foam is an organic cobalt compound, a cobalt complex or a
cobalt salt.

. A catalyst prepared using a catalyst precursor according to any one of claims 1 to

7 or prepared according to any one of claims 8 to 16 comprising cobalt in
elemental form supported on a porous support, wherein the porous support is a
ceramic foam comprising a closed cell structure,

. A catalyst according to claim 17 encapsulated in a hydrocarbon wax.

. A method for the preparation of a catalyst according to claim 17 or claim 18

comprising the steps of preparing a catalyst precursor according to any one of
claims 9 to 16 and applying a reducing gas stream to the catalyst precursor to
convert at least a portion of the cobalt oxide to elemental form.

A process for producing hydrocarbons by the Fischer-Tropsch reaction comprising
contacting a synthesis gas comprising carbon monoxide and hydrogen with a
catalyst according to claim 17 or claim 18.
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METHOD FOR PREPARING PARTICLE-STABILIZED FOAMS COMPRISING
AMINO ACIDS

The present invention relates to a method for preparing particle-stabilised foams, in particular
particle-stabilised foams suitable for use as catalysts or sorbents or supports therefor.

WQ2007/068127 A1 discloses a method to prepare wet foams exhibiting long-term stability
wherein partially lyophobized colloidal particles are used to stabilize the gas-liquid interface of a
foam. in one aspeci, the pariicies are pariiaily iyophobized in-situ by treating initiaily
hydrophilic particles with amphiphilic molecules of specific solubility in the liquid phase of the
suspension. Amphiphiles specifically disclosed were C2-C6 carboxylic acids, including butyric
acid and propionic acid, and propyl gallate. The carboxylic acids are unpleasant to handle and
attack pH-sensitive materials. The low pH may also require adjustment in order to generate
foams.

We have found that surprisingly effective foams may be produced using amino acid
amphiphiles.

Accordingly the invention provides a method for preparing a particle-stabilised foam comprising
the steps of (i) forming a suspension of a particulate material in an aqueous medium containing
an amphiphile and (ii) introducing a gas into the dispersion to generate a foam, wherein the

amphiphile is an amino acid.

The invention further provides a method for preparing a solid foam from the particle-stabilised
foam, and a solid foam obtained by the method.

The method for preparing the particle-stabilised foam is a direct foaming method, in which a
suspension of a particulate material in a suitable liquid is foamed by addition of a gas to create
a wet particle-stabilised foam, which may be subsequently heated to remove liquid and form a

solid foam material.

The particulate material may be a ceramic material, a catalyst material or a sorbent material.
(By “sorbent” we include adsorbent and absorbent). Thus the particle-stabilised foam may be
prepared using a suspension of a ceramic powder, a catalyst powder or a sorbent powder. The
foam may also be prepared using a metal powder.

Thus, the particulate material may be a ceramic powder, such as a metal oxide or other
ceramic matenal, such as SiC. Metal oxides are preferred and suitable foams may be
prepared using alumina, metal-aluminates, magnesia, silica, lanthana, ceria, titania, zirconia
and mixtures of these. Zeolite powders may also be considered herein to be a ceramic
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material. The particulate ceramic materials are preferably those suitable for use as supports
for catalysts and sorbents. The resulting ceramic foams may be treated with catalyst or

sorbent materials in subsequent processing steps.

The particulate material may be a catalyst powder. A catalyst powder may be any composition
containing a catalytically active metal or a precursor thereto. Catalyst powders include one or
more of the oxides, hydroxides, carbonates and/or hydroxycarbonates of metals. The metals
may be supporied or unsupporied. Suitabie catalylic metails may comprise one or
selected from Na, K, Mg, Ca, Ba, Al, Si, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo, Ru,
Rh, Pd, Ag, Sn, Sb, La, Hf, W, Ag, Re, Ir, Pt, Au, Pb, or Ce. Hence the catalyst powder may
comprise one or more transition metals such as nickel, cobalt, iron or copper, and/or one or
more precious metals such as silver, gold, platinum, palladium, rhodium iridium or ruthenium
that are present in the form of the metal, an oxide, hydroxide, carbonate or hydroxycarbonate.
Such catalyst materials may be supported on a refractory oxide such as alumina, calcium
aluminate, magnesium aluminate, titania or zirconia. Examples of particulate transition metal
catalyst powders include copper/alumina compositions, copper/zinc oxide/alumina
compositions, cobalt/alumina compaositions, cobalt titania compositions, nickel/alumina
compositions, nickel/metal aluminate compaositions, iron/copper/alumina compositions,
iron/molybdenum compositions and zinc oxide/alumina compositions. Examples of particulate
precious metal compositions include platinum/alumina compositions, palladium alumina
compositions and ruthenium alumina compositions. The transition metal and precious metal
content in such catalysts may be up to 85% by weight, but is preferably in the range 0.1-60%
by weight.

The sorbent powder may be a zeolite material or a reactive composition that is capable of
adsorbing contaminants such as sulphur compounds, mercury or arsenic compounds and
halogen or halogen compounds from gaseous or liquid process fluids. Sorbent compositions
suitable for adsorbing sulphur compounds may comprise one or more metals selected from Mn,
Fe, Cu and Zn, which may be present as an oxide, hydroxide, carbonate and/or
hydroxycarbonate of the metals. Sorbent compositions suitable for adsorbing mercury and/or
arsenic compounds may comprise one or more metals selected from Mn, Fe, Cu and Zn, which
may be present as a sulphide of the metals. Pd supported on an metal oxide support may also
be used. Sorbent compositions suitable for adsorbing mercury and/or arsenic compounds may
comprise one or more metals selected from Mn, Fe, Cu and Zn, which may be present as a
sulphide of the metals. Sorbent compositions suitable for adsorbing halogen, particularly
chlorine compounds may comprise one or more metals selected from Na, K, Ca and Mg, which

may be present as an oxide, carbonate or hydrogen carbonate,
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The mean particle size of the particles in the suspension may be in the range 1 nm to 20 um,
but is preferably in the range 2 nm — 10 um, more preferably 2 nm — 2 um. Where powders
with larger mean particle sizes are used, preferably the suspension is subjected to milling to
attain the desired mean particle size in these ranges. Good foams can be obtained with narrow
as well as with broad particle size distributions. Particulate materials that have been subjected
to pre-treatment with a surface modifier may be used, including powders that have been pre-
treated with an amphiphile.

Thus a suitable method for preparing a foam may include steps where:

1. A particulate material is suspended in an aqueous phase;

2. An amino acid amphiphile is included in the suspension. This adsorbs at the particles
surfaces forming modified particles that are less hydrophilic.

3. Air or another gas is then included into the suspension forming bubbles and causing
attachment of the modified particles at the gas/aqueous phase interface in the wet
foam, thereby stabilising the wet foam, and,

4. The particle-stabilised foam is further processed, e.g. by shaping, drying and/or

calcination.

The amphiphilic amino acid molecules consist of a tail part coupled to a head group. The tail
part may generally be described as non-polar and can be aliphatic (linear alkyl or cycloalkyl) or
aromatic (pheny! ar naphthyl) and can camry one or more substituents. Such substituents may
be an alkyl group, e.g. -C,Hz,.¢ with n<8, and/or an aryl group (such as phenyl or substituted
phenyl). Preferred tail parts are optionally substituted linear carbon chains comprising 2 to 8
carbon atoms. The head group that is coupled to the tail part may be generally described as
polar and comprises a carboxylate group (i.e. COOH). In the present invention amphiphile
comprises an amino group (i.e. an -NH; substituent) such that the amphiphile is an amino-acid.

Particularly preferred amphiphiles are alpha-amino acids, where the amine group is attached to
a carbon atom adjacent the carboxylate head group. The amphiphile may then be considered
to be of farmula; R'-CR?*(NH,)COOH, where R' is the tail group and R?is H, alkyl or aryl.
Preferred alpha-amino acids include one or more of valine, isoleucine, leucine, phenyl alanine
and tryptophan. Methionine may be used where the sulphur content of the resulting foam can
be tolerated. Less preferred alpha-amino acids include alanine and tyrosine. Particularly
preferred alpha-amino acid amphiphiles include one or more of leucine, isoleucine and
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phenylalanine. D, L or DL forms of each may be used. An especially suitable amino acid is

phenyl alanine. DL-phenyl alanine may be used.

2
YL
i MNH,
Using an alpha-amino acid amphiphile has the advantage of producing stable foams with small
bubbles without the handling difficulties of the carboxylic acids or problems caused by the
acidic pH of carboxylic acids.

The pH of the suspension may be adjusted before the amphiphile is included. For example,
the pH may be adjusted to a pH at which the surface charge of the particulate material is high
enough for electrostatic stabilization. However one advantage of the amino acid amphiphile is
that pH adjustment is not usually necessary. Preferably the foaming stage is performed without

pH adjustment of the suspension.

For the in-situ lyophobization of particles, the amino acid amphiphile may be applied in
amounts of less than 1 % by weight of the particles, preferably in amounts of <0.8 % by weight.
The minimum amount of amphiphile that should be present may be about 0.001%, preferably

the foam, the actual amount of modifier used is chosen dependent on the desired final
viscosity.

It has been found that particles with different shapes can be used as foam stabilizers, i.e. the
particles may be spherical, polygonal plates, needles, fibres, rods, single crystals etc., provided
that their particle size is within suitable dimensions. The particles themselves may be dense,

i.e. non-porous, or porous, or mixtures of dense and porous particles may be used.

The particles are preferably present in amounts of at least about 5 % v/v in the suspension.
The upper limit is provided by the viscosity that must not be too high. In general said viscosity
should not exceed 10 Pa s at a shear rate of 100 s”. The minimum amount needed to foam the
whole suspension depends on the particle size and can easily be determined by the skilled
person. In general the smaller the particles are, the lower the amount of particles to produce
the stabilised wet foam will be. In the present invention, the solids concentration of the
suspension is preferably in the range 10-45% by weight, preferably 25-35% by weight.

The wet foams are suitably formed at temperatures up to 90°C. The lower temperature is
limited by freezing of the aqueous phase. The method appears to perform best where it is
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operated below the Krafft temperature for the amphiphile in question. The Krafft temperature
(also known as Krafft point, or critical micelle temperature) is the minimum temperature at
which surfactants form micelles. Below the Krafft temperature, there is no value for the critical

micelle concentration (CMC), i.e., micelles cannot form.

The wet foam can be prepared using different methods, for example by incorporating bubbles
of gas into the suspension. The incorporated bubbles may be small bubbles, or they may be
big bubbles that upon shearing of the suspension are divided into the desired amount of small
bubbles.

The air or another gas such as nitrogen, oxygen, argon and carbon dioxide, may be introduced
to the suspension to generate the wet foam by any suitable means. For example foams may
be produced by subjecting the suspension to a high intensity and/or high speed agitation while
exposed to the atmosphere. The agitation maybe carried out using a mixer, e.g. a mechanical
mixer rotated at high speed. The agitation is carried out for a sufficient period to introduce
bubbles of air into the suspension until expansion has been achieved according to the desired
physical and other properties of the end product. The expansion ratio, i.e. the volume of foam
formed compared to the volume of the starting suspension, can be between about 1.5 and
about 15. Hence dip tubes or sparger apparatus may be used. In one embodiment, a gas-
inducing impeller may be used. A gas-inducing impeller introduces gas bubbles from the
blades of the impeller as it rotates within the suspension. Alternatively, the gas may be
introduced by bubbling it through a filter of a defined pore size into the suspension while being
stirred. In this case the final pore size of the foam may be dependent on the pore size of the
filter. In a variation, high pressure gas is forced through a fine filter, then intimately mixed with
the suspension in a suitable chamber and the aerated mixture is then ejected from a nozzle.
Alternatively an aerosol method may be used, in which the suspension is placed in a
pressurised vessel and gas such as air or carbon dioxide is injected under pressure into the
suspension to produce a foam when the pressure is released, e.g. via a nozzle.

Bubbles may also be formed in the suspension by including a gas-forming reagent in the
suspension and activating it by heat or chemical reaction to evolve a gas. Such gas forming

reagents include sodium azide and hydrogen peroxide.

The formation of bubbles in the suspension may be accomplished in a batch-wise manner or
continuously.

The aqueous phase comprises water, e.g. mains water or demineralised water, which may
further comprise a hydrophilic solvent such as alcohols, glycols, etc. and mixtures thereof.
Further additives, such as acids or bases can be added e.g. to adjust the pH and/or the ionic
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strength. The ionic strength can be adjusted to favour the close-packing of the attached
particles at the interface and the attraction of particles within the foam lamella. However, the
ionic strength should be kept low enough to ensure a sufficiently low viscosity of the
suspension exists to allow sufficient introduction of air or good foaming.

The viscosity of the suspension preferably is such that the viscosity is less than the level at
which the introduction of gas cannot take place and above the level at which entrapped gas
bubbles will tend to escape. Inthe absence of amphiphile addition, the viscosity may be 5
mPas to 1000mPas at a shear rate of 100 s™'. The viscosity of the suspension when the
amphiphile is present may be in the range of about 5 mPas to about 10,000 mPa.s at a shear
rate of 100 s, preferably 25 mPa.s to about 5000 mPa.s. The preferred range is dependent
on the method of gas entrapment.

The bubble size of the wet foam is dependent on all the above parameters, in particular the
viscosity, the amount of additives, the amount of particles and the apparatus or the apparatus
dependent method parameters used to get air into the suspension. The bubble size, e.q.
diameter, may range from 1 pm to 1 mm, preferably from 1 pm to 500 pm. The bubbles
ultimately provide the cells in the solid foam.

The wet foams may be cast into moulds for shaping or may be shaped by extrusion using
conventional extrusion equipment suitably adjusted for the wet foam viscosity. The cast or
extruded foams may then be subjected to a drying step to create a solid foam with sufficient
green strength for further processing.

The drying can be carried out using a conventional oven at up to about 120°C. The drying time
may be varied from 0.1 to 48 hours as desired to preserve the foam structure. The drying may
be done at atmospheric or reduced pressure. At reduced pressure the foam may expand
before the green strength is developed. The degree of expansion and hence the cell size of
the foam will depend on the pressure selected. Drying at elevated temperature may also cause
a slight expansion of the foam. It is preferred to control the humidity during the drying step, to
prevent uneven shrinkage and drying cracks. Temperature-assisted or vacuum-assisted
unidirectional drying leads to an even shrinkage of the sample without inducing stresses which
would result in cracks. Freeze drying may also be used.

The suspension may include other ingredients, which play a role at the drying stage. Examples
of such ingredients include binders such as resins, e.g. polyvinylchloride, gums, cellulose,
starch, polyvinyl alcohol, aligo- and poly-saccharides to increase green strength.

Polymerisable materials may also be included although this is less preferred. Although the

addition of binders in general is not needed to produce suitable wet foams, such additives may
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have advantages if high green strength after drying is desired. The body formed in the
presence of binders or polymerizable materials after drying is relatively robust, and the addition
of binders or polymerizable materials can be preferred when the article to be formed is of a
complex shape.

The cast or extruded foams may be subjected to additional shaping steps, including for
example milling or grinding the foam to a desired particle size, sieving, granulating pelleting
and other shaping procedures known in the art.

The foam may be subjected to a heating step or calcination in which the particles are fused
together. Such heating may be done at temperatures in the range 200-1600°C or higher
depending on the particulate material, although to retain a suitable pore structure in the cell
walls, it may be desirable to calcine the foams below about 1200°C. The calcination may be
performed for 1-24 hours, preferably 1-8 hours, depending on the temperature chosen. The
heating step may be performed under air or an inert atmosphere such as nitrogen or argon.
The latter may be preferred where decomposition of organic residues is expected.

A solid foam results from the drying and/or calcination of the particulate-stabilised wet foam.

The solid foam is a solid porous material comprising many gas-filled cells or voids formed

therein. In the present invention the ceramic foam comprises a closed cell

tructure, By the
term, “closed cell structure”, we mean that the majority of the cells or voids within the foam are
generally not inter-connected, although a proportion, e.g. up to 50% of the cell volume, but
preferably less than 20% of the cell volume, may be interconnected. In a closed cell structure,
unlike an open-cell structure, there is generally no open flow-path through the foam from one
side to another such that a gas passing though the foam has to diffuse through a cell wall from
one cell to the next. The shape of the cells in the closed cell structure will vary depending upon
the manufacturing method and conditions, but typically are spheres or distorted spheres having
a circular cross section. The cells may have a diameter in the range 0.1-500 um, although the
majority (i.e. >50% in number) of the cells desirably have a diameter in the range 0.1-250 um.
The average cell diameter may be in the range 0.2-150 um, preferably 1-100 um. The cell
diameters may be determined using microscopy.

The void fraction of the foams may be in the range 50-95% by volume, preferably 75-90% by
volume. Hence the solids content of the foams may be 5-50%, preferably 10-25% by volume.

Because the foam comprises a closed cell structure, there are walls between at least some of
the cells. The cell walls are porous, i.e. the cell walls may comprise pores through which a gas
may pass. The pore size or width may be >50 nm in diameter although preferably the pores
are = 50 nm in diameter. The thickness of the cell walls may be controlled to provide an
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optimum diffusion path for reacting gases through the catalyst or sorbent. The thickness of the
cell walls may also be controlled to impart a desired strength to the final product. Cell wall
thicknesses may be up to 500 um, preferably up to 200 um, with an average in the range 10-
100 pm, preferably 25-85 um. The control of wall thickness may, for example, by performed by

controlling the void fraction in the foam during its manufacture.

The solid foam may be subjected to treatment with one or more metal compounds to form a
catalyst or sorbent. This may be accomplished by applying a wash-coat slurry containing an
insoluble metal compound such as a metal oxide, but this is less preferred because the solid
foam comprises a closed cell structure and so the wash-coat will not be able to penetrate the
foam beyond the surface cells. Therefore preferably the solid foam is treated using one or
more soluble metal compounds in solution. One or more of the metals recited above may be
used to treat the solid foam. The metal compound may be an organic metal compounds such
as metal acetylacetonate, a metal complex such as metal ammine complex, or may be a metal
salt such as metal acetate and/or metal nitrate. One or more soluble metal compounds may be
used. Thus in a preferred method, a soluble metal compound is dissolved in a suitable solvent,
such as water, to form a metal solution and the metal solution applied to the solid foam, e.g. by
spraying or dipping, to impregnate the cells and cell wall pores. One or more treatments using
the same or different metal compounds may be applied to the foam. The treated foam may

foam. The metal may be deposited as a salt or complex or may be metal oxide depending
upon the method used to impregnate the foam. The metals are preferably uniformly deposited
within the ceramic foam.

The metal compounds in the solid foam may if desired be subjected to a heating step or
calcination to cause their decomposition to form the comresponding metal oxide. This may
accompany the drying step, or the calcination step may be performed separately. The
conversion of metal compounds to metal oxide may conveniently be accomplished by heating
the impregnated or dried metal -containing foam to temperatures up to about 800°C, preferably
200-800°C, more preferably 200-600°C under air or an inert gas such as nitrogen or argon. The
calcination of the metal compounds may be performed over 0.5-24 hours depending on the

temperature.

The foams may be subjected to various treatments such as reduction with a hydrogen- and/or
carbon monoxide-containing gas stream or sulphidation, e.g. with hydrogen sulphide, to render
them active in use. The post treatment may be carried out ex-situ or in-situ, i.e. before or after

installation in the vessel where it is to be used.
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Foams containing one or more catalytic metals prepared according to the present invention
may be applied to any heterogeneous catalytic process, but are preferably applied to
processes using gaseous reactants. The catalytic process may comprise contacting a reactant
mixture, preferably a gaseous reactant mixture, with the catalyst under conditions to effect the
catalysed reaction. The catalytic process may be selected from hydroprocessing including
hydrodesulphurisation, hydrogenation, steam reforming including pre-reforming, catalytic steam
reforming, autothermal reforming and secondary reforming and reforming processes used for
the direct reduction of iron, catalytic partial oxidation, catalytic cracking, water-gas shift
including isothermal-shift, sour shift, low-temperature shift, intermediate temperature shift,
medium temperature shift and high temperature shift reactions, methanation, hydrocarbon
synthesis by the Fischer-Tropsch reaction, methanol synthesis, methanol oxidation to
formaldehyde, ammonia synthesis, ammonia oxidation and nitrous oxide decomposition

reactions.

Foams containing one or more sorbent metals may be used to trap sulphur compounds,
halogen compounds or heavy metals such as mercury and arsenic from contaminated gaseous
or liquid fluid streams.

The invention will now be further described by reference to the following examples.

Example 1 Titania foam preparation

a) A ceramic foam was prepared using a titania suspension containing 30% wt solids.
128 g titania powder (P25 available from Evonik) were added slowly to 300 mi
demineralised water in a stirred vessel. Then, without pH adjustment, 0.36 mmol DL-
phenylalanine were added per gram of titania (7.6 g DL-phenylalanine). The pH of the
suspension was 4.59. Air was then introduced into the suspension to form bubbles
using a gas inducing impeller for 30 minutes. The foam was cast into a tray and dried
at room temperature and at atmospheric pressure. The cast foam was then calcined
under a nitrogen purge by heating at 2 °C/ min to 600 °C. After 45 minutes at 600 "C
the nitrogen flow was replaced by air. The total dwell at 600 °C was 4 hours. The
resulting ceramic foam support was crushed and sieved to 0.5 mm.

A porosity measurement was made by immersing the ceramic foam in demineralised
water at room temperature for 4 days and measuring the water up-take by the increase
in weight. The porosity measured in this way includes the volume of the cells and
accessible pores and indicates the volume of metal solution that may be incorporated
into the foam. The porosity of the foamed titania was 0.8 cm/g after 4 days.

b) The method was repeated for different titania contents in the suspension as follows;
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Titania DL-phenylalanine pH Porosity
weight % mmol/g titania em?g’
17.5 0.82 4.65 2.2
20.0 0.36 4.50 18
20.0 0.54 4.52 1.8
20.0 0.72 4.56 1.4
250 0.38 4.56 0.9
25.0 0.54 4.58 1.0

c) The method was repeated, replacing the phenyl alanine with other alpha-amino acids

as follows;
Titania DL-amino acid pH Porosity
weight % mmol/g titania cmg’
20 0.22 DL-tryptophan 3.25 0.50
20 0.74 DL-leucine 3.96 2.84
30 0.54 DL-valine 4.02 0.47

d) The method was repeated but with nitric acid adjustment of the pH of the slurry prior to
air entrainment as follows:

Titania DL-amino acid pH Porosity

weight % mmol/g titania emig’
25 0.72 DL-leucine 1.29 1.1
25 0.72 DL-tryptophan 1.20 0.38
25 0.72 DL-phenylalanine 1.36 0.78
25 0.72 DL-isoleucine 1.28 0.63
25 0.72 DL-methionine 1.21 0.44
25 0.72 DL-valine 1.34 0.41

The results suggest that the pH adjustment does not enhance porosity, The order of
effectiveness of the amphiphiles at an amphiphile concentration of 0.20-0.25 mol/litre at a pH
1.0-1.4 is DL-leucine >DL-phenylalanine >DL-isoleucine >DL-methionine >DL-valine = DL-

tryptophan.

Example 2: Catalyst preparation

a) Cobalt nitrate impregnation of titania foam of Example 1(a).
7 g of cobalt nitrate hexahydrate (Co(NQ),.6H.0) and 2.2 ml demineralised water were heated
until the melting and dissolution of the salt were complete. This was added in aliquots to 15 g
of the ceramic foam product of Example 1(a) in a plastic bag. After each addition the material
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was kneaded into the support. The impregnated foam was dried for 2 hours at 105°C and
calcined for 2 hours at 300°C. The process was then repeated. 5.5 g Co(NO3),.6H,0 and 2.74
ml demineralised water were heated until the melting and dissolution of the salt were complete.
This was added in aliquots to 16.5 g of the impregnated ceramic foam product from the first
impregnation in a plastic bag. After each addition the material was kneaded into the support.
The resulting material was dried for 2 hours at 105°C and calcined for 2 hours at 300°C. The
cobalt content of the catalyst by ICPAES was 10.8 %wt.

b) Cobalt ammine-carbonate impregnation of titania foam of Example 1(a).
A cobalt ammine carbonate solution was prepared as follows; 198 ml of a 28% ammonia
solution was added to 20.4 g ammonium carbonate in a round bottomed flask and diluted with
193.4 ml demineralised water. The resulting solution was stirred for 20 minutes then 23.7 g of
cobalt basic carbonate was added over 15 minutes and the solution stirred at 150 rpm for a
further 2.5 hr to give a purple solution. 30% hydrogen peroxide solution was added drop wise
while the solution was stirred at 234 rpm until the Oxido-reduction potential (Metler Toledo
transmitter M 700) was near to -100 mV. Stirring was continued for a further 10 minutes and
then the solution was filtered.

6% wiw Co) was added to a 2 L four-necked

385 ml of the Co ammine carbonate solution
d bottom flask. A stirrer, temperature probe, lute and condenser were fitted to the flask.

roun
52 g of the ceramic foam product of Example 1(a) was added. This mixture was then diluted
with 385 mL water and 165 mL ammania before being heated and agitated for 80 minutes to
cause evolution of the ammonia and deposition of cobalt oxide in the cells and pores of the
ceramic foam. The mixture was filtered and washed with 80 m| demineralised water. The
catalyst was dried at 105°C for 8 hours. It was not calcined. The cobalt content of the catalyst
by ICPAES was 11.2 %wt.

Example 3. Direct foaming of catalyst powder

a) CuO/ZnO/alumina catalyst. 99.7 g of a co-precipitated copper/zinc oxide/alumina
catalyst powder comprising 45% wt CuQ, 45% wt ZnO and 10% wt silica-doped alumina were
dispersed in 300 ml of water using a Silverson L 5M mixer at 6000 rpm. The initial pH was
7.18. The suspension was subsequently stirred with an impeller and, without pH adjustment,
8.2 g of DL-phenylalanine were dissolved into the suspension. The pH of the resulting
suspension was 6.48. Air was introduced into the suspension using a gas inducing impeller at
2000 rpm for 20 minutes. Some stable foam was produced. The foam was poured into a tray
and dried at room temperature. The sample was subsequently heated to 590°C under a
nitrogen purge and held at 590°C for 2 hours to produce a catalyst foam.
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Example 4: Comparative Example
The method of Example 1 was repeated, replacing the phenyl alanine with n-butyric acid.

a) Without pH adjustment.
A 20% suspension was prepared by adding 75 g titania powder (P25 available from Evonik) to
300 ml demineralised water in a beaker stirred with an impeller. The suspension pH was 4.49,
2.5 ml of butyric acid were added to provide 0.36 mmol butyric acid/g titania. The resulting pH
was 3.86. Air was entrained with a gas inducing impeller for 20 minutes but no foaming was
observed. The pH upon addition of the butyric acid was too low for a stable foam to be
produced.

b) With pH adjustment.
Example 4(a) was repeated. 0.54 ml of KOH were added to increase the pH of the suspension
to 4.65. Airwas then entrained with a gas inducing impeller for 20 minutes. The foam was
dried at room temperature. It was calcined with a nitrogen purge by heating at 2 °C/ min to
600 "C. After 45 minutes at 600 °C the nitrogen flow was replaced by air. The total dwell at
600 °C was 4 hours. The porosity of the foamed titania was 2.2 cm®g.

The method was repeated for different titania contents in the suspension as follows. pH
adjustment was required before air entrainment using potassium hydroxide.

Titania | Butyric Acid | pH after butyric acid addition | pH after KOH addition | Porosity
weight % | mmol/g titania em’g”
20 [ 0.54 3.71 4.65 21
20 0.72 3.66 4.40 1.7
25 [ 0.36 3.7 4.50 1.7
25 0.54 3.68 4.50 1.5
25 0.72 3.56 4.00 1.4
30 [ 0.36 3.66 4.30 1.2
30 0.54 3.60 4.30 1.4
30 0.72 2.46 3.20* 1.1

*pH was not increased further since an increase in viscosity was observed
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Claims.

1. A method for preparing a particle-stabilised foam comprising the steps of (i) forming a
suspension of a particulate material in an aqueous medium containing an amphiphile and
(ii) introducing a gas into the dispersion to generate a foam, wherein the amphiphile is an
amino acid.

2. A method according to claim 1 wherein the particulate material is a ceramic powder, a
catalyst powder or a sorbent powder.

3. A method according to claim 2 wherein the ceramic powder comprises a metal oxide
selected from alumina, metal-aluminates, magnesia, silica, lanthana, ceria, titania, zirconia

and mixtures of these; or a zeolite.

4. A method according to claim 2 wherein the catalyst powder comprises an oxide,
hydroxide, carbonate or hydroxycarbonate of one or more metals selected from the group
consisting of Na, K, Mg, Ca, Ba, Al, Si, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Y, Zr, Nb, Mo,
Ru, Rh, Pd, Ag, Sn, Sb, La, Hf, W, Ag, Re, Ir, Pt, Au, Pb, and Ce.

5. A method according to claim 2 wherein the sorbent powder comprises an oxide,

hydroxide, carbonate, hydroxycarbaonate or sulphide of ane or more metals selected from

R : EiT, RS St B =R = HeLiE

6. A method according to any one of claims 1 to 5 wherein the mean particle size of the
particles in the suspension is in the range 1 nmto 20 um, preferably in the range 2 nm —

10 um, more preferably 2 nm =2 um.

7. A method according to any one of claims 1 to 6 wherein the amino acid consists of a non-
polar tail part, a carboxylate head group and an amino group.

8. A method according to any one of claims 1 to 7 wherein the amino acid is an alpha-amino
acid, where the amine group is attached to a carbon atom adjacent a carboxylate head
group.

9. A method according to any one of claims 1 to 8 wherein the amino acid is of formula;
R'-CR*NH2)COOH, where R' is a tail group and R? is H, alkyl or aryl.

10. A method according to any one of claims 1 to 8 wherein the amino acid is one or more of
valine, isoleucine, leucine, phenylalanine or tryptophan, preferably one or more of leucine,
isoleucine and phenyl alanine, more preferably phenylalanine.
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A method according to any one of claims 1 to 10 wherein the pH of the suspension is not
adjusted by addition of an acid or a base.

A method according to any one of claims 1 to 11 wherein the foam contains bubbles
having a diameter from 1 pm to 1 mm, preferably from 1 um to 500 pm.

A method for making a solid foam comprising the steps of (i) preparing a particle-stabilised
foam according to any one of claims 1 to 12, (ii) shaping the particle stabilised foam and
(iii) drying and/or calcining the shaped foam.

A method according to claim 13 wherein the solid foam is prepared from a ceramic powder
and is subjected to treatment with one or more metal compounds to form a catalyst or
sorbent.

A solid foam obtainable by the method of claim 13 or claim 14.
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Abstract:

Ceramic materials have an outstanding role in catalysis due to their use as catalyst supports.
Recently, ceramic foams produced by different routes have been increasingly employed in
this area in addition to traditional catalyst supports. These materials are characterized by a
high porosity that, coupled with an economic production route, makes them particularly
suitable as supports.

In this work, a combination of characterization techniques has been applied to a range of
conventional and foam catalyst supports, in order to generate an insight into the mass
transport properties of these materials. In particular, conventional catalyst supports such as
alumina pellets and positive/negative replicas of polyurethane foams have been analysed
and characterised. The results obtained for the different samples have been compared in
order to establish the difference in term of microstructure, porosity and pore size
distribution of these catalyst support materials.

In particular, analysis of SEM and X-ray tomography images has been conducted in order
to investigate the samples microstructures as well as to provide information on the three-
dimensional spatial distribution of porosity. Finally, mercury porosimetry has been
employed to obtain the pore size distribution and the specific pore volume of the samples.
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Abstract:

Ceramic materials have a key role in catalysis due to their use as catalyst supports. Recently,
there has been a significant growth in interest in their use as an alternative to traditional
catalyst supports due to the increased macro-porosity of the foam leading to reduced
transport resistance. Ceramic foams can be produced by different methods such as replica
technique and direct foaming [1]. In the latter, air is directly introduced into a ceramic slurry
leading to the formation of a stable wet foam. The structural properties of this foam (e.g.
porosity, pore size distribution) are strongly affected by the initial formulation of the
ceramic slurry [2]. In particular, the surface properties of the ceramic particles are modified
by the addition of an amphiphile resulting in different foam structures depending on the
degree of particle hydrophobisation.

In this work, a new class of amphiphiles is proposed and assessed that is more
environmentally benign and present a wider operational window than those reported in the
literature. The effects of the amphiphile concentration and structure on the foam properties
were investigated. Water pick up experiments and image analysis of SEM images were
used to determine the foam porosity and pore size distribution respectively.

Surface tension measurements were used to establish a hydrophobicity index for the
different amphiphiles. A linear relationship between the hydrophobicity index and the
maximum porosity obtainable was found. This strong correlation allows a priori selection
of the most appropriate amphiphile depending on the desired foam properties opening up
to the possibility of tailoring the structure of ceramic materials.
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Abstract:

Ceramic foams constitute a promising alternative to conventional catalyst supports thanks to their
macro-porosity which enhances the mass transport properties of the catalyst. Among the techniques
for the production of ceramic foams (e.g. replica technique, sacrificial template, etc.), direct
foaming is a straightforward method to generate macroporous ceramic materials. Although the
effect of the initial slurry formulation (e.g. amphiphile concentration, solid content, etc.) on the
foam properties have been widely investigated, little attention has been given to the effect of mixing
parameter on the foam and product properties. Rather, the use of kitchen mixers to froth the initial
ceramic slurry is commonly reported in the literature. This study thus reports a systematic
investigation of the impact of mixing parameters in an aerated stirred vessel on the product foam
properties.

Porosity vs P/V
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Figure.1 Foam porosity as a function of P/V for different ratios of entrained gas volume/slurry
initial volume.

Design of Experiment (DoE) was employed to generate a series of screening experiments from
which the process parameters (e.g. impeller speed, impeller diameter, gas flow rate, etc.) that
mostly affect the foam properties (e.g. porosity, bubble size distribution, etc.) were identified. The
mixing in the sparged stirred tank was described by the calculation of a series of adimensional
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numbers (e.g. Re, Fr, Flg, etc.) while the flow regime map was experimentally estimated by direct
observation of a ceramic particles free system. The properties of the foams obtained at the different
operating conditions were evaluated as a function of global mixing parameters, regime maps and
dimensionless numbers. The statistical approach also allows a rigorous ranking of the process
variable importance. The paper will present the detail of this analysis. Figure.l gives an
exemplification of the dried foam porosity as a function of P/V. This study starts to give a deeper
insight into the effects of mixing and process variables on the preparation of the foam precursors,
many of which do not correspond well with conventional gas-liquid mixing theory due to higher
gas hold up and complex rheology.

e UK Colloids 2017, held at Manchester, UK, 10-12 July 2017 — Presentation

Hydrophobic Amino Acids as Amphiphiles in the Formulation of
Ceramic Foams
Authors: Andrea Celani'?, Stuart Blackburn!, Mark Simmons', Hugh Stitt?, Liz Holt?
ISchool of Chemical Engineering, University of Birmingham, B15 2TT
2Johnson Matthey Technology Centre, Billingham, TS23 1LB
Email: andrea.celani@matthey.com

Abstract:

Ceramic materials have a key role in catalysis due to their use as catalyst supports. Recently, there
has been a significant growth in interest in their use as an alternative to traditional catalyst supports
due to the increased macro-porosity of the foam leading to reduced transport resistance. Ceramic
foams can be produced by different methods such as replica technique and direct foaming [1]. In
the latter, air is directly introduced into a ceramic slurry leading to the formation of a stable wet
foam (Figure.l). The structural properties of this foam (e.g. porosity, pore size distribution) are
strongly affected by the initial formulation of the ceramic slurry [2]. In particular, the surface
properties of the ceramic particles are modified by the addition of an amphiphile resulting in
different foam structures depending on the degree of particle hydrophobisation.

Figure.1 Direct Foaming Process and ceramic foam respectively [1]

In this work, a new class of amphiphiles is proposed and assessed that is more environmentally
benign and present a wider operational window than those reported in the literature. The effects of
the amphiphile concentration and structure on the foam properties were investigated. Water pick
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up experiments and image analysis of SEM images were used to determine the foam porosity and
pore size distribution respectively (Figure.2).
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Figure.2 SEM image of a ceramic foam and correspondent bubble size distribution

Surface tension measurements were used to establish a hydrophobicity index for the different
amphiphiles. Relationships between the hydrophobicity index and the foam structural properties
(e.g. porosity, bubble size) were found; Figure.3 shows the correlation between hydrophobicity
index and foam porosity. These correlations allow a priori selection of the most appropriate

amphiphile depending on the desired foam properties opening up to the possibility of tailoring the
structure of ceramic materials.

Porosity vs Hydrophobicity
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Figure.3 Linear relationships between porosity and amphiphile hydrophobicity
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