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Abbreviation

Meaning

3DP Three-dimensional printing
AM Additive manufacturing
BET Brunauer-Emmet-Teller
CAD Computer-aided design
Cl Compression ignition
CcC Catalytic converter
Cq Cure depth
Cdmax Maximum cure depth
CPSI Channels per square inch
CSL Ceramic stereolithography
DLP Digital light processing
Dp Penetration depth
Eo Applied energy dose
Ec Critical energy dose
ECU Engine control unit
ER Eley-Rideal
EU European union
HC Hydrocarbons
LDM Liquid deposition modelling
LH Langmuir-Hinshelwood
LNG Liquid natural gas
LPG Liquid petroleum gas
MVK Mars-van Krevelen
OEM Original equipment manufacturer
OFA Open frontal area
PM Particulate matter
RI Refractive index
SEM Scanning electron microscope
SI Additive manufacturing
Tcf Trillion cubic feet
TGA Thermal gravimetric analysis
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TWCC Three-way catalytic converter

XRD X-ray diffraction

XRF X-ray fluorescence

Abstract

The research presented examines the use of 3D printing for ceramic catalytic
substrates. The main aim was to try and reduce the amount of methane emissions
being emitted from a dual fuel exhaust stream by utilising a more effective catalytic
converter and using 3D printing to achieve this. The motivation for this thesis was
initiated by G-Volution Ltd, who funded this project and owns a patent for a unique
dual fuel system which can be fitted to any diesel engine, but which currently emits
more methane than is allowed by EU regulations. To begin, CAD software was used
to design monolithic substrates with a more complex internal channel structure than
those seen in conventional, extruded monoliths. These substrates were
manufactured using two different AM techniques: robocasting and digital light
processing. A unique, in-house, photosensitive ceramic resin was synthesised to
print intricate ceramic substrates. This required intensive research to produce, as
this is not something which was available in literature or on the commercial market
at the time of printing. This was the most time-consuming part of the thesis due to
the difficulty of the synthesis process and the number of components required and is
considered as the greatest achievement of this project. Characterisation techniques
for the manufacturing material and final substrates included XRF, XRD, SEM, and
TGA. A total of 16 substrates were manufactured using the named AM techniques
with designs based on the stacking of individual, layered fibres rotated along
different axes. To compare these designs catalytically, each substrate was
washcoated in the same catalyst and tested for the complete oxidation of methane

using a purpose-built testing rig. A commercial 400 CPSI monolith was subject to the
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same wash coating procedure for comparison. All the 3D printed designs tested
outperformed the commercial 400 CPSI monolith at every temperature. The best 3D

designs tested showed three times improved methane conversion at a temperature
of 425 °C. The results explaining the designing, manufacturing and characterisation

of these substrates, along with the catalytic testing results, will follow.
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1. Introduction

1.1. Dual fuel

Dual fuel systems are a thoroughly investigated alternative to purely diesel engines.
Examples of dual fuels include liquid petroleum gas (LPG), biofuels and liquid
natural gas (LNG)." Introducing these alternative fuels decreases the dependency on
diesel whilst also improving the environmental effects of burning diesel alone.
Extensive research has proven that introducing these dual fuels is a viable
alternative to enhance the diesel engine.? In dual fuel mode, modified Cl engines
can lead to higher performance, lower CO>, particulate matter and smoke emissions,

reduced running costs and the critical factor of less dependence on diesel.?

Dual fuel engines are a modified version of the diesel compression engine. They all
use a combination of Cl and S| engine technology to improve performance. The dual
fuel of choice (called the primary fuel) is mixed with air in the engine’s cylinders. The
piston then begins to compress the mixture, but the fuel does not auto-ignite due to
the primary fuel’s high ignition temperature. A small amount of diesel is injected
towards the end of the compression cycle, which auto-ignites like in a diesel CI
engine. This acts as a deliberate auto igniter for the primary fuel-air mixture, which
then combusts, providing further energy for the piston's power stroke and the
engine's mechanical movement.* The engine can also be switched back to pure
diesel mode with relative ease if required. The main cost challenges come with the
availability and cost of the dual fuel supply, which recent history has shown can be

volatile based on international affairs.® The benefits of dual fuel are, therefore, a
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cost-saving by reduced use of diesel (approximately three years payback of retrofit
costs) and reduced emissions by using methane/natural gas.

G-Volution, the key funder for this project, have patented a unique Optimiser system
which can help manage an engine as it runs under dual fuel conditions.® The
technology allows one or more primary fuels to be injected to co-combust with diesel
without affecting the engine operation. The optimiser imitates the primary injector's
pulse signal being sent to the engine control unit (ECU), which confirms the amount
of fuel required by the throttle demand. By intercepting the fuel injector control
signal, the optimiser can map the original fuel demand and separate it into demands
for several fuels, such as LNG being used as the dual fuel. By introducing this
optimiser, the original equipment manufacturer (OEM) and the ECU remain the
controlling input for the engine control loop. The optimiser acts as a ghost
intermediate, translating the fuel control signal and managing the alternative fuel

system, unaffecting the ECU operation.

The engine power features are preserved as the engine is still constantly running on
the original OEM ECU mapping — just with an unnoticed adjustment by the optimiser.
The optimiser then has the power to adjust the diesel dual-fuel ratio, effectively
ensuring no difference in the engine’s performance or response. This includes
emission control strategies and system safety operations as the OEM ECU is
unaffected.” Their most recent project - the conversion of a 180 Grand Central DMU
freight train — including others, has primarily been fitted using LNG as the dual fuel

source.8

1.2. Natural gas

LNG is an excellent sustainable fuel source for dual fuel systems. It is projected that

global energy demand is increasing daily, increasing the output of greenhouse gas
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emissions and adding further strain to the demand for diesel as the world aims to
move away from unsustainable fuels.® LNG mainly comprises of methane (over
85%) along with ethane, propane, butane, carbon dioxide and nitrogen, all of varying

concentrations depending on the LNG source.’® "

Table 1: Typical composition of LNG.""

Name Methane | Ethane | Propane | Butane | Pentane Cgrbpn Nitrogen
Dioxide
Formula CHa C2Hs CsHs Ca4H1o CsH12 CO2 N2
Volume % <85 3-8 1-2 <1 <1 1-2 1-5

LNG is a non-toxic, non-corrosive, colourless and odourless liquid which forms when
natural gas is cooled to below -162 °C."? It can be collected from underground

reserves using a technique known as fracking.'3

Diesel and LNG heat values are similar, valued at 42-46 MJ/kg and 42-56 MJ/kg,
respectively.' When considering the density - with diesel weighing 0.846 kg/L
compared to LNG at 0.428 kg/L — the energy value for diesel is around 34 - 36 MJ/L,
and LNG is about 20 - 24 MJ/L, which means that LNG has approximately 42% less
energy per litre of fuel.'® This has been investigated in various dual-fuel engine
efficiency studies. However, with many reports only reporting a maximum decline of
2.1 % in engine efficiency, many consider it a small compromise to reduce emission

output whilst simultaneously reducing diesel consumption.'®

Table 2: Heat value of petrol, diesel and LNG by mass and volume."

Fuel Type Higher Heat Values*
MJ/Kg MJ/L
Petrol 46.4 34.2
Diesel 45.6 38.6
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LNG 55.2 23.6

*Results vary based on changes in the exact fuel composition.
ry g p

A study in the Netherlands showed that diesel trucks using LNG dual fuel reduced
greenhouse gas emissions by around 10-15%. This includes reductions in SO2, NOy,
CO3, and PM."” However, increases in CO and HC can be seen when running under
dual fuel mode with LNG, as reported in the literature.'® The main HC to increase is
methane, mostly because the main component of LNG is methane. Although
methane has a lower carbon ratio than any other HC - which partly explains the
reduction in CO2 emissions - it is also one of the most energy-intensive HCs to
oxidise, which explains the higher concentration within the emissions stream. So,
although methane is abundant on the planet, making it a valuable energy source
when trying to move away from crude oil sources, the issue of methane slip remains

a problem in the exhaust emissions of dual-fuel vehicles.'® 20

G-Volution is the funder behind this project and a collaboration came about to try and
solve this problem that occurs with dual fuel systems. This became the first and
ultimate aim of the project, which was to reduce the amount of methane emissions
produced from an engine exhaust system. The strategy for this is discussed in
further detail throughout this introduction. To take their optimiser product to a larger
market, they must first reduce the amount of emissions emitted by a dual fuel
system. Currently, the amount of methane emitted surpasses the legal standards set

by the European Union.

1.3. European emissions standards
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Legislation to limit the volume of harmful vehicle emissions has been implemented

since the 1970s. The European Union (EU) sets the most stringent of these.

However, this is not limited to just Europe, with 17/20 G-20 countries following the

guidance set by the EU. The current European pathway consists of six stages of

increasingly stringent emission limits, the most recent being the Euro VI.2' The Euro

VI mainly focuses on reducing NOx, HCs and PM for light- and heavy-duty vehicles,

in addition to more stringent limits for diesel passenger cars.?? 22 Table 1 and 2

below display how the Euro emissions legislation have progressed over time for

diesel vehicles.

Table 3: Euro VI emissions limits for passenger vehicles.?

Legislative Year CO HC | NOx | PM

Stage Introduced g/km
Euro | 1992 2.720 | 0.970 | - 0.140
Passenger Euro Il 1996 1.000 | 0.700 | - 0.080
Vehicle Euro Il 2000 0.640 | 0.560 | 0.500 | 0.050
Euro IV 2005 0.500 | 0.300 | 0.250 | 0.025
Euro V 2009 0.500 | 0.230 | 0.180 | 0.005
Euro VI 2014 0.500 | 0.170 | 0.080 | 0.005

Tuble 4: Euro VI emissions limits for heavy-duty vehicles. »*

Legislative Year CO HC | NOx | PM

Stage Introduced g/kWh
Euro | 1992 4.500 | 1.100 | 8.000 | 0.612
Heavy-Duty Euro Il 1996 4.000 | 1.100 | 7.000 | 0.150
Vehicle Euro Il 2000 2.100 | 0.660 | 5.000 | 0.100
Euro IV 2005 1.500 | 0.460 | 3.500 | 0.020
Euro V 2008 1.500 | 0.460 | 2.000 | 0.020
Euro VI 2013 1.500 | 0.130 | 0.400 | 0.010
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Since the euro emissions standards started, the accepted level of emissions has
dropped drastically. For example, for heavy-duty vehicles, CO has been reduced by
66.7%, HC by 88.2%, NOx by 99.5% and PM by 98.4%. This is partly due to the
development of exhaust after-treatment systems and the improvement in their

technology over the last few decades. Nevertheless, is this enough?

Diesel engines were accountable for powering over 90 % of heavy freight-moving
vehicles throughout Europe in 2019.26. 2728 They produce an array of pollutant
emissions, with the main four being carbon monoxide (CO), hydrocarbons (HC) such
as methane (CHs), nitrous oxides (NOx) and particulate matter (PM).?° These
pollutants are partly responsible for enhancing the greenhouse effect. The increased
atmospheric concentration of these gases means less heat can leave the
atmosphere, increasing the environmental temperature and contributing to the

climate crisis.3°

The transport sector contributes significantly to this problem, accounting for around
14% of all global CO. emissions. Other industries contributing significantly include
energy systems (34 %), industry such as cement, steel, and chemicals (24 %) and
agricultural land use (21 %). The largest sub-sector within transportation is road
transport for passenger and freight, accounting for nearly 73% of the entire sector's
emissions in 2018. This is partly due to the rapid increase of motor vehicles
worldwide.?' The world health organisation estimated that around 2.4 million people
die annually due to air pollution, with billions of pounds spent on medical bills and
loss of productivity yearly. Some health effects include respiratory infection, asthma
exacerbation, chronic bronchitis, and premature mortality.>? To prevent the effects of

these pollutants, many organisations (EPA, OECD, IPCC, IEA, EEA) have
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emphasised the importance of constantly needing to improve legal arrangements

and advancing technological developments.3?

G-volution’s ideas to incorporate dual fuel systems help to combat a reduction in
most emissions, but this is not the case for methane. A possible solution to this
problem was examined in detail, with an idea around enhancing the catalytic
efficiency of the exhaust after-treatment process discussed. Firstly, a further

understanding of methane and its catalytic behaviour was researched.

14. Methane

G L ¥ (@
H Ho Wy 9

Methane (CHs4) is an alkane molecule with a tetrahedral 3-dimensional shape
containing one carbon bonded to 4 hydrogens with a bond angle of 109.5°.3% Figure
1 displays various representations of a methane molecule. Carbon has an electronic
structure of 1s22s22px'2p,’. The 1s? electrons are too deep within the atom to be
involved in bonding, leaving the remaining 4 electrons. When carbon bonds, one of
the electrons from the 2s? orbital is promoted to the 2p, orbital (as there is only a
small energy gap difference), promoting the carbon into the ‘excited state’. The
orbitals rearrange themselves into four identical and singly occupied orbitals called
sp? hybrids in a process known as hybridisation.*¢ Visually, the sp? orbitals arrange

themselves as far apart as possible, with the nucleus at the centre of a tetrahedron
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shape and the orbitals pointing to each corner. When hydrogen bonds with carbon,
the one electron from hydrogen’s sp' orbital, forms a covalent bond with an electron
from carbon’s sp? orbital, forming a new molecular orbital containing both electrons

and creating a strong C-H s bond.?’

1.4.1. Methane Oxidation

The oxidation of methane is an exothermic process hindered by a significantly high
energy barrier of activation due to the highly stable C-H bonds. Figure 2 shows an
energy level diagram of the reaction. When fully oxidised, CH4 forms CO- and H20
but requires substantial energy to do so. Firstly, CH4 has the highest hydrogen-
tocarbon ratio of any hydrocarbon, with the C-H bond energy lying relatively high for
such compounds, around 440 kJ/mol. This is partially due to the symmetry within the
molecule resulting in a lack of a dipole. The CH bonds of the first intermediate
oxygen-containing species (CH3OH) become weaker than the initial CH4 molecules
and thus oxidise more easily, meaning the reaction does not stop at the intermediate

stage but continues to produce CO,.38

Energy

N

CH,+20;

AH = -890 kJ/mol

CO,+2HO

Progress of reaction

Figure 2: Energy level diagram for the complete oxidation of methane.’
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The donating of an electron into the C-Hs* orbital is sterically hindered and

energetically tricky, reducing the susceptibility of a nucleophilic attack. CH4 also has
an extremely low pKa near 40, resulting in a very low proton affinity (544 kJ/mol),
rendering activation by acid/base very difficult. The homolytic C-H bond cleavage
and hydrogen atom transfer using a catalyst is generally accepted as the most
common way of activating methane. This is relevant for this thesis as one of the
main aims of this work is to try and reduce the amount of methane produced by an
engine exhaust using catalytic techniques. The activation energies of oxidising
methane are achievable within a vehicle's exhaust system, meaning the objective of
catalysing the molecule is an attainable reaction. This will be discussed in further

detail later in the introduction.

1.5. Heterogeneous Catalysis
1.5.1. Catalysis

Without catalysis, the 21st-century chemical industry as we know it would not exist. It
is responsible for some of the most well-known reactions producing some of the
world’s most popular chemicals, such as the Haber-Bosch process, which produces
ammonium for fertilisers.*° A catalyst is responsible for reducing the activation
energy of a reaction by providing an alternative route, all while remaining unchanged
by the end of the reaction. It does so by offering a weaker intermediate bond which
lowers the energy of the transition state and compensates for part of the energy
required to break the activation bond in the reactant before a new bond takes over,

creating a further stable product.*!
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Catalysts can be in the form of atoms, molecules, solid surfaces or even enzymes,
all depending on the reaction. When the products/reactants are in a different phase
from the catalyst, this is known as heterogeneous catalysis — a driving force behind
the petrochemical industry.

1.5.2. Heterogeneous Oxidation Catalysts

As an introductory example and to stay relevant to the studies conducted in this
thesis, the complete oxidation of methane will be used as an example to explain
heterogeneous catalysis further. A typical catalyst for oxidation usually consists of

precious metal (such as Pd or Pt) dispersed over a solid surface.3®

The solid surface acts as a support to help immobilise and stabilise the precious
metal particles, decreasing their surface energy and preventing them from sintering
together as quickly, as shown in Figure 3. This is an undesirable side effect of
catalysts, as sintering hinders their performance by reducing the accessibility of the
active sites.*?> The active sites are the individual locations where adsorption occurs
before a catalytic reaction takes place. The solid surface can play an essential role in
the catalyst's success. Factors such as surface area, porosity, costs, and chemical

stability are considered when selecting the catalyst support.*3

Active component

Support

High temperature

> @

Fresh catalyst

Sintered catalyst

Figure 3: The effect of high-temperature sintering on a catalyst's active component.*
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As the reactants approach the catalyst, all or at least one adsorb onto the catalyst's
surface, where the reaction will occur. Adsorption proceeds any heterogeneous

catalytic reaction.*’

1.5.3. Adsorption

Heterogeneous catalytic reactions ultimately undergo five steps.
1) Reactant diffusion to the active surface.

2) Reactant adsorption onto the surface.
3) Reaction on the surface.
4) Product desorption from the surface.

5) Product diffusion away from the surface.

O, 50, -

so, @@ *v
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Figure 4: An image displaying steps one to five of catalytic adsorption.*s

adsorption

The two main types of adsorptions are physisorption and chemisorption.
Physisorption occurs when the adsorbate gas molecules are held by physical forces
such as Van Der Waals. Chemisorption occurs when the adsorbate molecule is held
to the surface by chemical forces such as covalent bonds, which arise by sharing

electrons. The oxidation of hydrocarbons on metallic surfaces is understood to be a
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chemisorption process. Models have been created to describe further how the

adsorption of reactants occurs.

1.5.4. Langmuir-Hinshelwood, Eley-Rideal and Mars-van Krevelen

Several different adsorption mechanisms have been proposed for the catalytic
oxidation of some gaseous pollutants. The most common include the Eley-Rideal
(ER), Langmuir-Hinshelwood (LH) and Mars-van Krevelen (MVK) mechanisms. They
mainly differ as one mechanism includes one molecule adsorbed on the surface,
whilst the other two include two molecules adsorbed on the surface with a slightly

different reaction pathway.

During the ER mechanism, one molecule is chemisorbed onto the catalyst's surface.
The second molecule passes by in gaseous form and interacts with the one
adsorbed on the surface. The reaction occurs, and the newly formed molecule

desorbs from the surface.

For the LH mechanism, the two reactant molecules each adsorb onto the surface.
The molecules diffuse across the surface until they are close enough to react. An
atomic reorganisation of the species occurs on the surface of the catalysts, and the

newly formed product desorbs from the surface.

ST e WX e e #
9-90 90 % o9 3\035{5»9_

clean metal clean metal metal oxide

%
3

Figure 5: The three most common catalytic mechanisms. From left to right: Langmuir-Hinshelwood, Eley-Rideal and
Marsvan Krevelen.*’
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The third mechanism is the MVK mechanism and is most like the LH mechanism
meaning they can be challenging to tell apart. The MVK method involves a redox
process. The reductive reactant is adsorbed onto the catalyst surface and oxidised
by a lattice O%. The product is then desorbed from the surface and diffused into the
bulk gaseous phase. The oxygen vacancy site is then simultaneously replenished by
the surface adsorption and diffusion of gaseous O and lattice O? diffusion. Figure 5
summarises the three main mechanisms. The catalyst type can influence the
mechanism. For example, the MVK mechanism relies on an oxygen-rich lattice such

as an oxide catalyst.

To try and reduce the amount of methane emissions produced by an engine exhaust

stream, it was concluded improving the catalysis process in the engines exhaust

after treatment system was the most practical and attainable way to achieve this.
1.6. After Treatment Systems

1.6.1. Catalytic Converters

Figure 6: The internal structure of a catalytic converter.*s

Catalytic converters (CC) were introduced as a concept by Eugene Houdry in the

1950s to tackle the effect of exhaust emissions.*® It was not until the 1970s that the
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first mass-produced CC was created and added to vehicles as part of legal
requirements.® In the last 30 years, significant advancements have made the CC
the most effective technology for reducing exhaust emissions. Compared to no CC,
exhaust emissions are reduced by up to 80 % making them one of the scientific
success stories for environmental concerns.®" CCs simply consist of a block of
material (usually a metal or ceramic) containing many microchannels coated in a
catalyst. The catalyst itself is in the solid phase, whilst the reactants and products
are all in the gas phase. The catalyst usually comprises of precious metals on an
alumina or zeolite surface where the reaction occurs.>?Figure 6 shows the inside of a
standard CC. The toxic gases produced after fuel combustion flow into these
channels, where they react with the catalyst to produce fewer toxic gases as a
product. The most common modern CC is a Three-Way catalytic converter (TWCC)
and contains three main components.>® These main components are the substrate
(usually referred to as a monolith), the washcoat and the catalyst. Figures 7 and 8

show a CC in more detail.
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Figure 7: A detailed breakdown of a catalytic converter.”
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Figure 8: A labelled diagram of a singular monolithic channel in a catalytic converter.”’

The washcoat is a layer of material, usually a combination of alumina and silica,
which creates a rigid surface/coating on the substrate, increasing the surface area
for the gases to react. The catalyst would usually be added to the wash coat before
being applied to the substrate. The catalyst itself is the active site responsible for the
location where the chemical reaction will take place. This commonly contains
precious metals such as platinum (Pt), palladium (Pd) and rhodium (Rh), depending

on the reaction which is taking place.>*

The TWCC has two different jobs in reducing emissions. The first is oxidising CO

and unburnt HCs to C0,.%°

2C0 + O - 2C0O
(Eqn 1)
C-Hqsy+ 2x0r - xCO: + 2xH.0
(Eqn 2)

The second is to reduce the NOy to N2 and O,.%¢

2NO- - x0:+ N
(Eqn 3)
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An initial filter is also fitted, successfully filtering out around 99% of PM before
entering the converter's substrate.>” Although CCs effectively reduce emissions, they
still need improvement. When considering the latest legislation on emissions, they
are only somewhat effective at reducing the number of HCs released into the
atmosphere, especially at low temperatures during start-up. Each component can be
looked at individually for improvement to continue its development. The development
of an oxidation catalyst receives the most attention of the individual components,
shown by over 20x more results when searched using science direct (around 20,000
for CC compared to over 500,000 for oxidation catalyst). This is partly justified due to
the higher number of uses for oxidation catalysts compared to substrates. They also
have a more influential effect on activity than the substrate. However, this does not

mean the substrate plays no part in the reactivity of a CC.

1.7. Monoliths

A monolith has recently been defined as ‘A single block of material that contains
various types of interconnected or separated channels.’.%® Benefits include stability,
low thermal expansion, excellent flow-through properties, low-pressure drops, easily

customised channel shapes/sizes and a sizeable geometrical surface area.5°°

Monoliths have many uses in addition to catalytic converters. Examples include
chemical and refining processes, water purification and ozone abatement in
aircraft.>% 8" Monoliths traditionally have circular, triangular, hexagonal, or square
channels and can broadly vary in wall thickness, cell density and specific size area.®?
The geometry and size of the channels influence a monolith's mass and heat

transfer properties and hence the catalytic performance.®?
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Monoliths are traditionally manufactured using an extrusion method, where a
ceramic paste is continuously forced through a grid producing consistent, unilateral
channels extending in one direction. Although microchannels monoliths are possible
to construct, with dimensions as small as 0.1 mm in wall width, the capabilities in
design are relatively limited - mainly due to the simplicity of the manufacturing
method.%* There is also a limitation on the material appropriate for extrusion
manufacturing, limiting the possibility of developing the material to enhance a

monolith's catalytic benefit.6°

The diameter of each monolith channel is traditionally close to 1 mm. If the diameter
is too small, too much back pressure is created from the flowing gas. If the diameter
is too large, the reactant gases are less likely to react with the catalyst washcoat
applied to the walls of the monolith. There is a balancing act between optimising the
width of the monolith channels for maximum catalytic efficiency whilst not

compromising the back pressure or mechanical strength of the system.5¢

S = Repeat Unit
W = Wall thickness

C,,= Channel width

CPSI=1/8? (inches)

Figure 9: The relationship between a monolith and its structural parameters.

The most common monolith used for catalytic converter applications is a ceramic
cylinder with 400 honeycomb or square-shaped channels per square inch (CPSI)

and a wall thickness of around 0.165 mm.%7:%8 The CPSI is a standard measurement
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describing how many channels the gas can flow through. It represents the cell
density of a monolith and is calculated using equation 7, where S is the width of a

repeat unit measured in inches.%®

CPSI = "
(Eqn 7)

The frontal area is equal to the cross-sectional area from the direction in which the
gas flow is applied. The open frontal area (OFA), which is effectively the void fraction
of the monolith cross-section, is an essential factor to consider when trying to reduce
back pressure and is calculated using equation 8 for a standard monolith, where W

equals the wall thickness.®9

OFA = CPSI X (S—WwW)#
(Eqn 8)

In general, the transport phenomena of monolithic systems are highly complex. This
is especially true for systems with high flow rates and varying gas input, such as a
catalytic converter. The complexity increases even further when considering fluid
dynamics and especially when turbulence is produced within the system. At a low
flow rate, the flow is usually laminar, meaning the fluid dynamics is much simpler.
However, the complexity intensifies once higher flow rates are present as turbulent
flow is initiated. These factors are important to consider when designing a full-size or

small-scale monolithic catalyst.
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Figure 10: CFD images taken from a study by A. Doyle and S. Hajimirzaee investigating 3D printed substrates, showing the
turbulent kinetic energy inside the channels. 7’

After assessing the topic, it was concluded an interesting and unique way to pursue
the problem of trying to improve a CC efficiency, would be to try and improve the
monolith. This is where it was concluded the topic of 3D printing could have been an

exciting and effective way to implement improvements to the CC substrate.

Additive manufacturing (AM) technologies have a unique advantage in addressing
these issues simultaneously. Also known as 3D printing (3DP), it has recently
attracted much attention as a low-cost technology for rapid manufacturing and
prototyping using various materials, including ceramics.”" It differs fundamentally
from traditional subtractive manufacturing methods, allowing unprecedented freedom
and ‘bottom-up’ construction with high levels of precision and control. The

technology can produce complex three-dimensional designs whilst also manipulating
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the properties of a surface — such as increasing the surface roughness of a monolith,

for example.”

A benefit to 3D printed substrates is the ability to increase a design's internal
complexity and cross-sectional pattern compared to a traditionally manufactured
monolith. Improvements in the internal surface area and the number of exposed
faces can be introduced whilst maintaining a consistent open frontal area. Designs
can be tailored to optimise the internal structure whilst staying within the limits of any
practical use. Introducing a larger surface area is beneficial as reactant gases are
more likely to react with the catalyst.”® Introducing more exposed faces can also
encourage greater internal turbulence within the monolith, improving mass transfer
as more collisions with the monolith walls can occur.” This can all lead to better

catalytic activity when using a 3D printed monolith.

Surprisingly, the AM of monoliths is still in a very early exploratory stage, with very
few cases of industrial use recorded. There are several cases of printed monoliths
being applied to catalytic applications, but the process's complexity means relatively
few have yet to be implemented outside scientific research. Of all the additive
manufacturing techniques, Robocasting (or Liquid Deposition Modelling, LDM) and
Digital Light Processing (DLP) are two of the most trialled in scientific literature to

produce monolithic catalysts, with each investigated as part of this thesis.

1.8. 3D Printing Process

3DP usually begins with constructing a digital model using computer-aided design
(CAD) software such as Autodesk Fusion 360. This design would then be transferred

to a slicing program where the design is cut into layers, which the printer will
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eventually build up to construct the final design. The same software will then
translate this code into a format the printer reads, informing the printer of how to

construct the model.”®

S0 um layer

3D model creation ey  Slicing mmms) Printingand Cleaning  wsssssp  Debinding — Sintering
Figure 11: Steps of the 3D printing process.”’

1.8.1. Robocast Printing

Robocasting, analogous to LDM or direct ink writing, is one of the most common and
easy-to-use AM techniques for ceramic applications. A typical setup would consist of
clay-like material being extruded under pressure through a nozzle. The software
then controls the pattern and position of the nozzle. The clay is a colloidal
suspension printed in a semi-solid state, causing the material to quickly dry once
extruded. The rheological properties of the print material are the most influential in
this process and have the most significant effect on the printable success. Organic
binders and plasticisers are usually added to alter the material's consistency. The
benefit of this process is that almost any powder can form a clay-like printing

material, assuming the rheological properties are correct.””

Page | 32



Figure 12: (Left) Schematic of Robocast 3D printer.(Right) A Delta WASP 4070 3D printer.”%7”

1.8.2. Robocast Substrates

Robocast was the first 3D printing technique attempted in this thesis as a proof of
concept for 3D printed substrates. This is primarily due to its simplicity and cheaper
start-up cost than other techniques, such as digital light processing.® For the
application of catalytic converters, the 3D printed substrates need to be able to have

a wash coat applied whilst withstanding temperatures up to 1000 °C attained in the

exhaust system.8! This means the monolith is usually made from a ceramic material
due to its excellent thermal stability, low thermal expansion coefficient and the ability
for a catalyst to stick to its walls.%° In literature, several studies have successfully
used robocast to produce a ceramic monolith coated in a catalyst for gaseous

catalytic studies.

1.8.3. Digital Light Processing

DLP is a slightly more complex printing process when compared to robocasting. The
principles of DLP are based on a vat of photosensitive resin loaded with solid

ceramic particles, which solidifies when exposed to light. The printing bed initially
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lowers into the vat before an LCD screen projects the required layer pattern onto the
resin, causing it to cure in the set pattern onto the printing bed. The printing bed will
then rise out of the resin, allowing the resin to self-level before lowering back into the
resin. The LCD screen will then project the next layer onto the resin, which will cure
onto the previous layer and so on, eventually building up the model. Once the model
is complete, the final part is a polymer-ceramic composite which then requires a
post-heat treatment to remove the polymer and leave the final ceramic part. DLP
allows for much more complex designs when compared to a robocast printer. This is
mainly due to the ability to achieve much finer printing detail and produce overhangs
in the design, as the model is self-supporting when being constructed due to the

instant solidification.? 83

Print Bed
Movement

Projected
Light Source

Figure 13: (Left) A schematic of the Digital Light Processing 3D printer. (Right) A Photocentric Liquid Crystal Precision
1.5 DLP 3D printer®*

1.8.4. Ceramic Resins

A ceramic resin usually consists of monomers and/or oligomers, solid ceramic
particles (known as the filler) and a photoinitiator.8% Additional additives can be
included to alter the properties of the resin. As the resin cures, the monomers bond
to create a solid polymer structure around the ceramic filler and this solid model is

called the ‘green body’. A green body is usually stronger than a pure polymeric
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part.8® In resins, there are two more common monomers used, each undergoing

slightly different chemical reactions with different photoinitiators.

The first type of monomer is epoxides, and the second is acrylates. Both will produce
a green body with slightly different properties, ultimately influencing how the green
body is post-treated. Epoxides require a cationic photoinitiator and undergo a
reaggregating chain reaction when a Lewis or Bronsted acid (produced by the
photolysis of the initiator) attacks an intra-molecular bond.®” They are less commonly
used for ceramic resins in digital light processing due to their higher costs and longer

cure times.88

Acrylate resins rely on a free radical polymerisation reaction where a radical is
formed when the initiator is exposed to light.®® A common initiator is Phenylbis (2,4,6-
trimethylbenzoyl)-phosphine oxide (BAPO). Upon exposure to light, a free radical is
created, which attacks the double bond of the acrylate via the a-cleavage
mechanism. The unpaired carbon then reacts with other carbons creating a

longchained molecule which transforms into a solid state.®® An example is displayed

in Figure 14.
. R
CH, .
J CH, CH,
i { —H.C
R—0" + o —>= CH—C BE St ? n
0]
o\ - .
CH, 0\ y

Figure 14: Radical cleavage mechanism.”’

One of the resins' main properties affected by the photoinitiator is the cure depth
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(Cq). Cq refers to the depth at which the resin reaches its gel point when exposed to
light. The higher the concentration of photoinitiator in the resin, the deeper the resin
can usually cure. However, there is a maximum (Cdmax) that, when surpassed,
prevents the resin from curing any deeper and can hinder the curing depth.%? This is
because if the concentration is too high, the resin closest to the light cures so quickly
that it solidifies and obstructs the photons from travelling any deeper into the resin.®3
Additionally, once the initiator concentration passes the optimal, the collision
probability of free radicals increases, meaning they are less likely to participate in the
polymerisation process, resulting in self-annihilation.® This means an optimal
intermediate is required. Ultimately, cure depth (Cq) is a result of the sensitivity of the
resin and the energy dose applied (Eo). The relationship between these parameters
is set out by Jacobs in the highly noteworthy publication ‘Fundamentals of

Stereolithography’.®® The working curve equation is listed below:

Cs= Do, X Ln 2%g'43
(Eqn 9)

A semilog plot of Cq vs In(Eo) produces a straight-line graph. The Y-intercept equals
Ec (the critical energy dose required to initiate polymerisation) and the gradient
equals Dy (the depth of penetration), which is a measurement of the specific resin’s
sensitivity to a change in light exposure. Equipped with D, and Ec, the light
exposure and z-axis increments can be adjusted in the printing software by the user

to optimise the printing process.

The number of solid particles within the resin also affects Cq4.%% °” The addition of a
solid filler ultimately has numerous effects on the resin. Some of these effects are a

result of light scattering, where the solid particles suspended within the resin become
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the scattering centre of the incident light.® This can result in a reduced cure depth
along with over-curing or unrefined edges.®® A raw resin alone is considered a clear,
uniform medium where the light attenuation is affected only by absorption owing to
the photoinitiator, which leads to the bonding of the monomers. Once a solid filler is
added, the resin becomes more complex as the light undergoes a scattering effect
as it encounters the solid particles.'® Some of the light can be deviated from the
forward direction causing it to refract into the resin.'®" As a result, the resin can be
cured outside of the initial direction the light was travelling and potentially outside of

the printing design. Figure 15 helps to explain this.

[ Light source)

Photoactive |
monomer solution |
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Figure 15: A schematic showing the light scattering phenomena which can occur within a ceramic resin.’’

Several variables related to solid particles can influence the scattering effect. This
includes the particle size, the number of solid particles and the refractive index of the
solid particles themselves. The smaller the particle size, the higher the number of
interfaces available to transmit light, meaning more scattering occurs.'® The more
particles in the resin, the more opportunity for the light to encounter particles which
results in more scattering. However, not enough solid particles and the final product
will become too void after the polymer network has been burnout, resulting in a
structure unable to support itself after sintering.'% Furthermore, when the refractive

index (RI) contrast between the resin and the ceramic particles is increased, the
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scattering effect is greater.'® As Rl increases, the angle at which the light is
deflected increases. This results in a larger scattering effect, reducing Cq4 whilst
negatively influencing the cure width and finish of the final product. Therefore, the
closer the refractive index of the ceramic filler and the resin, the easier the control

over the photopolymerization process.’%

An additional but very important property to remember throughout this process is
how changing any of the above variables affects the viscosity of the resin. Low
viscosity is required, generally accepted within the region of 2-5 Pa.s, to ensure the
resin is capable of self-levelling once the print bed raises.'®”- 1 By decreasing the
particle size and increasing the solid loading, the viscosity of the resin increases so a
middle ground is required where there is enough solid filler to ensure a solid final
product, generally accepted at above 45 %, whilst trying to keep viscosity below 5

Pa.s.109

At the time of starting this project, no suitable commercial resin could be sourced so
the decision was made to try and synthesise an appropriate resin internally. In
general, a photocurable resin should satisfy the requirements of a high solid loading,

low viscosity, and adequate cure depth (Cq) for printing purposes.

1.9. Aims and Outlook

The ultimate aim of this project is to reduce the methane emissions emitted from the
G-volution dual-fuel engine system exhaust stream. To achieve this, it was
concluded that trying to improve the substrate could be a promising technique to
improve the catalytic performance of a CC. Utilising 3DP creates an exclusive
opportunity to manufacture complex ceramic structures, which could enhance the

mass transfer of reactants and result in an upgraded catalytic performance. Firstly,
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unique designs must be produced which exploit the benefits of 3DP. Secondly, a
suitable material must then be manufactured which can produce ceramic substrates
with extremely fine detail. Thirdly, an active catalyst must then be synthesised to be
used as a washcoat for the substrates. Catalytic activity testing will then be
conducted on the samples, and comparisons will be made regarding their catalytic

activity.

2. Literature Review

Chapter 2 consists of a literature review around the topics discussed in the
introduction. This begins with catalysts used for methane oxidation in the context of
vehicle emissions. The reaction mechanism is discussed along with the role specific
catalysts play in this mechanism. 3D printed monoliths are then discussed using
both robocasting and digital light processing manufacturing methods. Finally, 3D
printed monoliths utilised for catalytic testing are discussed including any

conclusions made regarding their effect on catalytic activity.

2.1. Methane Catalysts

Noble metal catalysts (Pd, Pt and Rh) are very active catalysts for the complete
oxidation of methane. Among the noble metals, palladium is usually chosen due to
its superior activity.'? A high level of dispersion can be obtained when deposited on
conventional metal oxide supports, which means a higher number of exposed active
sites and generally a more active catalyst. Pt can also be added as it encourages the
stability of the Pd particles on the catalyst support.''"12 However, numerous factors

influence the activity of the catalyst, such as the precursor, the support material, the
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metal loading technique, the calcination temperature, the morphology of the Pd/Pt
and the catalyst pre-treatment process making the direct comparison of catalysts

difficult.
In the presence of O2 (which is the case for catalytic converters), Pt and Pd oxidise

to PtO2 and PdO, respectively. PdO forms at around 300-400 °C and is stable up to
about 650-850 °C depending on the reactive conditions.''® PtO; is much less stable
and decomposes at around 350 °C. This means Pt is usually in metallic form during
catalytic methane oxidation, typically within the temperature range of 400-650 °C."4
The nature of active Pd/Pt catalysts for the complete oxidation of methane has been
a matter of debate for a long time. The metallic Pd, Pt, Pd/Pt pairs and PdO all show
catalytic activity with different active phases and specific activities. Still, it is broadly
accepted that the most active compound is PdO."% "6 Further complexity comes
from the fact that small changes in the support used, the impregnation technique
undertaken, and the calcination conditions can affect the precious metals
states.'”118 This is not to discard the reactivity of the metallic Pd or Pt, but these are

not considered as reactive as PdO.

2.1.1. Reaction Mechanism

The reaction mechanism for methane oxidation over palladium oxide has been
extensively debated. There is a general agreement that the rate of reaction is first
order with respect to methane and near zero order with respect to oxygen. The rate-
limiting step for the reaction is the dissociative adsorption of methane via H

abstraction over the PdO site.9:120

Although no unanimous mechanism is concluded, many authors have suggested the
reaction mechanism over PdO to be an MVK mechanism.'?".122.123 ER and LH

mechanisms have been suggested, which both differ from the MVK mechanism in
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that the adsorbing surface does not partake in the reaction.'?* Isotopic labelling
experiments have been conducted in literature, supporting the MVK method more so
than the ER or LH mechanisms.'25126.127 The complexity of the reaction and the
strong dependency on the reaction conditions results in these three mechanisms
having been extensively debated. However, the MVK is more widely accepted and is

supported by many experimental results on catalytic methane combustion.12812°

For a basic MVK mechanism, the methane is first adsorbed onto the PdO surface. A
methoxy CH30ads species and an OHags species are formed, which then transforms
into an intermediatory CH20a4s species before Oz is adsorbed from the gaseous
oxygen in the reactant stream. A rearrangement occurs at the surface creating a
H20ads species via hydrogen transfer before H20 is desorbed, leaving an oxygen
vacancy behind. This oxygen vacancy is then filled via the lattice diffusion of oxygen.
The remaining OHags species receives a second hydrogen from the CHOagqs before
H20 desorbs leaving a COags to bond to a second oxygen atom, forming COzads. The
CO2 then desorbs before the oxygen void is filled via gaseous oxygen and the cycle

continues. 30
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Figure 16: Proposed MVK mechanism for the complete oxidation of methane over a PdO surface.'”’

To make matters more complicated, this mechanism does not consider the

numerous products produced as part of the LNG reaction, including compounds

such as NOx, H20, and sulphur compounds.'3! The variation in conclusions about

the mechanism suggests how complicated the behaviour of the system is. Therefore,

we can assume the catalyst activity depends on not only the catalyst but the reaction

conditions. Thus, although methane is the simplest hydrocarbon, the exact

mechanism of its oxidation over noble metal surfaces has not been clearly identified,

even though there are numerous results regarding the activity of specific catalysts

for the complete oxidation of methane.
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2.1.2. Pd/Pt on Zeolite

The catalyst used in this study consisted of Pd and Pt loaded on a zeolite support
material. Zeolite was chosen due to its large surface area compared to established
metal oxides conventionally used as catalyst supports, such as Al2O3, TiO2, CeO2
and Zr0O2."3? The first reported case of Pd on zeolite can be dated as far back as
1969, with the first direct comparison to Pd/Al,O3 conducted by Li and Armor in
1994.133.134 Three zeolite framework structures (FER, MOR, MFI) were assessed
under the complete oxidation of methane. All three exhibited a lower light-off
temperature than the Pd/Al>Os reference by around 70-80 °C. Over time, several
zeolite frameworks have been evaluated, exhibiting improved catalytic

activity.135,136,137,138,139

The nature of the specific zeolite framework doesn’t seem to significantly affect
activity. Any attempts to directly link the properties of the zeolite and methane
oxidation activity have displayed no coherent results. Analysis based on the variation
of the dimensionality and pore size showed no consistent relationship with mixed
reports.'0.141.142 The most influential zeolite property affecting activity is reported as
being the Si/Al ratio. As the ratio gets closer to one, the number of acidic sites
available increases.'* Friburg et al. studied the effect of the zeolite Si/Al ratio during
methane oxidation and concluded that more acidic sites resulted in increased
dispersion of the PdO particles.'®” These H* acidic sites bond with the O atom in the
PdO species meaning more acidic sites result in more stable PdO particles and less
sintering.144.14%. 146 Considering acidic sites are required for PdO anchorage and
improved stability, this could explain why a low Si/Al ratio improves a catalysts

performance.
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The addition of Pt has been reported in numerous studies to have beneficial effects
on the stability and activity of a Pd catalyst. Ratios ranging from 1:1, 2:1 and 1:2 of
Pd:Pt have been investigated by G.Lapisardi et al. with the most effective reported
as 2:1 Pd:Pt which displayed 50 % methane conversion approximately 30 °C lower

than the Pd catalyst alone.'#’

However, this research aims not to compare the activity and conditions of specific
catalysts, but to synthesise a stable, active catalyst for the complete oxidation of
methane. Two different zeolites were utilised as a support material for a Pd/Pt
catalyst, and an approximate 2:1 ratio of Pd:Pt was selected. A sodalite zeolite was
synthesised in-house using a geothermal waste fluid which followed a previous study
by A.Doyle and L. Tosheva.'*® A commercial zeolite Y catalyst was also used as a
support which underwent the same precious metal loading. Zeolites were selected
for the catalyst due to a large surface area to mass ratio compared to many other
materials. Both catalysts were tested for the complete oxidation of methane, with the

results detailed below.

2.2. 3D printed monoliths

There have been several CAD designs produced in literature for 3D printed catalyst
supports with varying complexity regarding internal structure. One of the stand-out
studies was produced by Alketan et al who designed and printed multiple ceramic
structures before reviewing their mechanical stability.’*® Fifteen designs were
produced based on three categories: foams, strut-based lattices, and triply periodic
minimal surfaces. Unit cells were constructed and repeated with a constant
sheet/strut thickness of 0.6 mm resulting in designs varying in macroporosity (71 —
90 %) and specific surface area (420 — 1753 mm?/mm?3), both important factors for

catalytic substrate reactivity. Although no direct catalytic properties were investigated
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experimentally, this does not detract from the high quality of the designs produced or

the success achieved in manufacturing these designs into ceramic catalyst supports.

(A) F F

L=4mm L=4mm L=4mm L=4mm L=4mm L=4mm
O =90% O = 85% ® = 80% O =90% ® = 86% D =73%

(A)

AR

L=4mm
O =71%

©

L=4mm L=5mm L=6mm
O = 74% D =77% ® = 80%

Figure 17: CAD designs produced by Alketan et al. '*
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Another interesting study based on TPMS designs was conducted by J. Manzano, H.
Wang and I. Slowing, where seven TPMS structures were printed using an acrylate
resin.’® The 8x8x8 mm cubic structures were designed using 3DTool CAD software
and printed using an SLA printer. Metal salts were dissolved into the acrylic
acidbased resin creating metal-polymer composite structures. A benzyl alcohol
oxidation reaction was then performed to analyse the architectures’ reactivity. The
result demonstrated the ability to employ 3D printing, whilst optimising surface

topology, into an active three-dimensional catalyst which resulted in improved

chemical conversion as the surface area increased.

Figure 18: Resin substrates produced by J. Manzano et al. and their CAD designs."*’

Another prominent researcher in this field is Nikolina Kovacev. Kovacev has
produced a handful of publications on the topic of 3D printed catalyst support

structures since 2021. His first, in January 2021, investigated the effect of the
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internal structure on thermal and hydraulic properties using numerical modelling and
some experimental testing.'! A diamond lattice structure was printed inside a
cylinder (925.4 mm x H61.3 mm) with a strut diameter of 0.65mm, an open frontal
area of 0.73 and a surface area of 1480 mm?/mm3. The substrate was subject to
CFD analysis with the results displayed in Figure 19. Here, a simulation is run which
theoretically measures the internal temperature achieved within the substrate. The
input conditions are the same so a conclusion is made, that any variation in internal

temperature is due to changes in the internal behaviour fo the gas flow.

Kovacev revealed that the diamond lattice structure displayed an improved core
temperature distribution when compared to a conventional honeycomb monolith,
indicating that the lattice structure could improve thermal performance in an exhaust
system, most likely induced by turbulence. Not only did Kovacev prove DLP could
be used to successfully print a self-supporting diamond lattice structure, but the
benefits of DLP printing mean this structure could be tailored in the future to optimise
the relationship between thermal management, back pressure, and catalytic

performance.
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Figure 19: Temperature contour of a honeycomb 400 CPSI monolith (Top) and a 3D printed diamond lattice substrate
(Bottom).">

A second paper published by Kovacev in May 2022 involved the design of three
more complex dual substrate models using Ansys SpaceClaim CAD software.'®? The
internal structures were based on a diamond lattice previously researched, but the
three new designs featured interlocking mechanisms involving an inner core and an
outer shell. By introducing two parts, each could be subject to separate washcoats,
which can be beneficial for catalytic systems requiring oxidative and reductive
reactions or those needed in a restricted space where space saving is extremely

beneficial, such as exhaust treatment systems.
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2.3. Robocast Review

Van Noyen et al. manufactured titanium ceramic alloy cuboids (42 mm x 42 mm x 50
mm) with two different stacking techniques — a stacked woodstock pile design and a
continuous offset woodstock pile design, as shown in Figure 20 below.'3 The fibres
had a diameter of 650 um with spatial distances ranging from 450 — 1100 ym. A
mordenite zeolite was then grown onto the surface of the substrates. The substrates
were tested for the oxidation of nitrous oxide (N20) using 10 vol.% N2O made up
with helium at a gas hourly space velocity of 10000 mL N2O/mLcatayst’h in the
temperature range of 200 °C to 800 °C. Although there was no comparison to a
powder catalyst or commercial monolith, the substrates showed effective conversion
of N2O, which is a major component of exhaust emissions, achieving 100 % at 800

°C.

Top view Image

Figure 20: The two titanium ceramic allow cube designs produced by Van Noyen et al.'>

(1.1) stacking

(1.3.5) stacking

Stuecker et al. at the Advanced Materials Laboratory in New Mexico, USA,
manufactured a barium manganese hexaluminate (BaMn2Al10O+9) robocast

monolith and a high-purity alumina robocast monolith (12.7 mm x 22.0 mm) using a
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slightly different offset wood stockpile design compared to Figure 20, with the fibres
offset in every other layer which also inhibited any direct line of sight through the
monolith as shown in Figure 21.7%* The fibres had a diameter ranging from 725 pym to
1000 pm with a fibre spacing of 500 ym. A barium manganese hexaluminate catalyst
was then applied via a washcoat using an aqueous slurry dip-coating technique. The
monoliths were tested for the complete oxidation of methane in the temperature
range of 400 °C to 800 °C under a gas flow consisting of 10 % oxygen, 2.5 %
methane and 87.5 % nitrogen at a flow rate of 205 mL/min. With all the substrates
wash coated with the same catalyst loading, the results exhibited improved
conversion for the robocast substrates at all temperatures above 450 °C compared
to the commercial 400 CPSI counterpart, including an approximate 6-fold

improvement in conversion at around 600 °C.

I INJ WY R G LIVIE

Q QO Q Q

Figure 21: The design produced by Stuecker et al., including the final ceramic substrate and the commercial substrate used
for comparison.’>*

More recently, C. Leclerc and R. Gudgila achieved a 3D printed cylindrical monolith
(170 mm x 100 mm) from ceria.’®> The monoliths were produced externally by
Robocasting Enterprises LLC using the offset woodstock pile design from Figure 21.
The fibres had a reported diameter of 1110 um with a fibre spacing of 1790 ym,

slightly larger than the design produced by Stuecker et al. Three substrates with
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different compositions were produced, including pure ceria, pure alumina and a
50/50 ceria-alumina monolith. A rhodium catalyst was then washcoat onto the
substrate by saturating the supports in a 14 % rhodium nitrate solution before

calcining at 600 °C. The substrates were subject to methane and carbon monoxide

oxidation catalytic testing. Although no comparison was made with a commercial
monolith or powder catalyst, all the 3D printed substrates successfully oxidised both

methane and carbon monoxide.

\\\-f// ...-';

Figure 22: An image of the 3D printed cylindrical monolith taken from the publication by C. Leclerc and R. Gudgila referred
to above.’’?

Most relevant to the catalytic testing conducted later in this thesis, A. Doyle and

S.Hajimirzaee produced substrates with a fibre variation in the X angle using the
robocast printing techniques.” Four offset angles were produced (30°,45°,60°,90°),

shown in Figure 23, using a cordierite precursor paste which were then washcoated
with a Pd/Pt zeolite catalyst. Methane oxidation studies were conducted where the
offset X-angle designs all showed enhanced catalytic performance when compared
to a 400 CPSI commercial monolith washcoated in the same catalyst. CFD software
was utilised to prove the theory of enhanced turbulence within the 3D printed
channel systems. For specific designs, it was reported that there was nearly five

times the amount of kinetic energy produced within the 3D channel structures
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relative to the 1-dimensional 400 CPSI. It was concluded that the enhanced

turbulence was at least partially responsible for the improved conversion of methane.
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Figure 23: Images taken from a publication by A. Doyle and S. Hajimirzaee showing four designs printed using robocast
technology.”’

The same authors then took this one step further in a second study by printing a
fullsized (9320 mm x H120 mm) 90° substrate and testing the catalytic activity in the

after-treatment system of an industrial heavy-duty diesel engine.’®® The industrial
conditions proved the induced turbulence increased conversion at moderate and
high temperatures where the reaction rate was governed more greatly by internal
and external mass transfer. It also proved that although the back pressure of the 3D
printed substrate was larger than the commercial, 3D printing is still a viable method

to prepare catalytic converter substrates.

Figure 24: A commercial size 3D printed catalytic converter, tested under industrial conditions, taken from a publication by
A. Doyle et al.’*
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2.4. Ceramic Resin Literature Review

For ceramic stereolithography (CSL), it is largely accepted that a general formulation
is not consistently possible with different ceramic powders or monomers. Therefore,
it is recommended that for each circumstance, a specific formulation should be
investigated. There has been a selection of cases in the literature where

photosensitive ceramic resins have successfully been produced.

The first published example was pioneered by Griffith and Halloran in 1994, who
fashioned the field of ceramic stereolithography (CSL). This was the first proof of
concept where a ceramic filler was added to a photosensitive resin to build a 3D
ceramic greenbody.'®” Silica and alumina were each added to a UV-curable
acrylamide solution with solid loading in the range of 45 — 55 vol.%. A mercury UV
lamp was employed to prove the possibility of curing the resin, with conclusions
made that the UV curing of highly loaded ceramic suspensions was achievable.
They also concluded that the difference in the Rl between the resin medium and the
ceramic filler should be kept to a minimum for accurate curing. Two years later, the
same authors managed to produce freeform ceramic bodies in the shape of a
cylinder using these resins via stereolithography.'®® Since then, the field has
progressed to include different resins with various ceramic powders, and more so in

recent years as technology has developed.

Successful resins synthesised have included ceramic powders such as Al203, ZrOo,
SiO2, SiC and BaTiO3 with particle sizes ranging from 0.05 microns to 12 microns
and successful solid loadings in the range of 40-60 vol.%.19% 159-165 A solid loading
below 40 vol.% seems to cause the greenbody to excessively shrink and delaminate
during the burnout and sintering phase meaning very few successful cases have

been published. Typically, 50 vol.% of ceramic powder has been accepted as
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sufficient to ensure a dense final ceramic product, but anything above this is desired
to enhance the mechanical properties of the final ceramic.'® Nevertheless,
increasing the solid loading and decreasing the particle size increases viscosity, so it
is common for the upper limit of viscosity to dictate the final solid loading. Although
particles in the nanometres has been achieved, the higher surface energy can cause
agglomeration issues in addition to increasing viscosity.'®” Although a smaller
particle size reduces the final sintering temperature required, they also hinder Cq4 as
more scattering occurs. The largest scattering problem seems to occur when the
particle size approaches the wavelength of the light.'®® Particle sizes up to 12

microns have been proven sufficient to produce a well-dispersed resin.6% 170

Various acrylate monomers have been used such as 1,6-Hexanediol Diacrylate
(HDDA), Trimethylolpropane triacrylate (TMPTA), Ethoxylated pentaerythritol
tetraacrylate (PTTA), 2-hydroxyethyl acrylate (HEA), 2-hydroxyethyl methacrylate
(HEMA), isobornyl acrylate (IBOA) and isodecyl methacrylate (IDA).162 171173 A|
have slightly different refractive indexes and viscosities in monomer form, meaning
although they’ve all been utilised, each will produce a resin with different properties
that can be more appropriate for specific ceramic powders. HDDA is arguably the
most common monomer used in CSL owing to its relatively low viscosity and a
refractive index close to some of the most common powders used for printing,

namely alumina and silicon dioxide.

The aim of developing a ceramic resin was to achieve a resin loaded with cordierite
powder that could achieve cure depths up to 250 microns with a viscosity below 5
Pa.s while having a solid loading above 50 wt.%. The remainder of this chapter
explains the process conducted to achieve this using a stepwise process which

could be adapted for any future development or optimisation of a ceramic resin. The
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base resin consisted of two monomers, HDDA and TMPTA, which were selected
based on information found during the literature review and the small difference in
RI. (HDDA = 1.4560, TMPTA = 1.474) The amount of each component included
thereafter was carefully selected to help achieve the ideal properties of the ceramic

resin.

2.5. 3DP Substrate Testing

There is limited literature on ceramic substrates for the application of methane
oxidation produced by digital light processing technology, particularly including a
comparison with a commercial substrate, so a more general literature review was
conducted around DLP printed substrates for general gaseous environmental

catalytic reactions.

The first paper of interest was published by Santoliquido et al. named ‘Structured
Alumina Substrates for Environmental Catalysis Produced by Stereolithography’."02
Alumina lattices were manufactured using stereolithography technology and
employed as ceramic substrates for the gaseous catalytic reduction of NOx. A closed
wall lattice was produced using rotated cubic cells with a cell size of approximately 2
mm and strut diameters of 0.55 mm, which is displayed in Figure 25. A V20s-
WO3TiO2 catalyst was selected as a washcoat, and a comparison was made with a
400

CPSI honeycomb monolith washcoated in the same catalyst. Two samples of the
400 CPSI monolith were produced: M1, with the same catalyst mass per unit volume
as the 3D substrate and M2, with the same catalyst mass per unit specific surface.
The surface area of the 3D printed lattice was approximately 0.5 times that of the
400 CPSI honeycomb monolith. Therefore, when using a fixed weight of catalyst per

unit volume, the surface coverage for the honeycomb M1 monolith was half that of
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the 3D substrate. When matching the surface coverage of the monolith and 3D
substrate, the mass of the catalyst was double for the M2 monolith compared to the

3D substrate.

Figure 25 Image of the Al,Os 3D printed substrate used for testing by Santoliquido et al.’”

When tested under the same conditions with a matching flow rate, the 3D substrate
performed slightly worse than the M1 and M2 monoliths, with the most significant
difference being around 15 % at maximum conversion. So, to compare these
substrates more fairly, the author tested the 3D substrate at a lower GHSV. This
lowered the surface area load on the catalyst to match that of M1 and M2. When the
3D substrate and 400 CPSI monoliths, M1 and M2, were compared experimentally

with a similar surface area load of reactant per unit of catalyst, the 3D substrate had
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a very similar reactivity to the M2 monolith, if not slightly better, whilst M1 performed
worse than the 3D substrate. This translates to the 3D substrate performing better
than either honeycomb monolith when the mass of reactant per unit surface area of
the catalyst substrate was equal. Therefore, if considering the surface area as
proportional to the amount of precious metal required, less precious metal is needed
to yield the same reactivity, reducing the cost. Conclusions were made that the

turbulent flow of the 3D substrate contributed to this improved reactivity.

A second study investigating 3D printed structures for gaseous catalytic reactions
includes that by Papetti et al., ‘Additive manufactured open-cell polyhedral structures
as substrates for automotive catalysts’.’”* A numerical model was first conducted
around the mass transfer of different polyhedral lattices where the optimal cell was
selected as the Cubic 45 with a strut size of 0.6 mm. A comparison was made with a
400 CPSI honeycomb monolith, and it was concluded that an open-cell polyhedral
lattice has a higher mass transfer than honeycomb monoliths but with a surface area

around 1/6 of the size.

Regarding substrate manufacturing, both the 3D printed substrate and the
honeycomb monolith were manufactured to contain the same number of channels.
The washcoat, an Al.O3-Pt catalyst consisting of around 1.5 wt.% Pt was applied to
both substrates using a dipping method. The final mass of the catalyst applied was
about 0.80 g or 36 % of the weight of the substrate. Due to the difference in the
weight and surface area of the substrates, the final coating thickness was around
double for the 3D substrates compared to the honeycomb monolith, making the inner
parts of the 3D printed substrates coating inaccessible. The catalytic experimental

set-up proceeded in a 13 mm quartz tube under a gas feed of 500 ppm CsHs, 8 % O2
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balanced with N2. Experiments were conducted over a 50 — 600 °C temperature
profile with a heating ramp of 10 °C/min.

The 3D substrate and the HC monolith achieved very similar conversions. Kinetic
investigations showed that the mass transfer for the 3D printed substrate was
around two times higher than the honeycomb monolith. This was accounted to the
intricate, interconnected internal geometry increasing the contact probability of the
species with the substrate walls. Thus, AM polyhedral structures required
proportionally less wetted surface area and, therefore, less precious metal than the

honeycomb monolith to achieve the targeted pollutant conversion.

A third paper of interest was authored by Nikolina Kovacev et al. titled ‘“The synergy
between substrate architecture of 3D printed catalytic converters and hydrogen for
low-temperature aftertreatment systems’.'”®> DLP technology was successfully
utilised to manufacture two complex lattice substrates, D45 and ED, both displayed
as CAD images in Figure 26 and printed substrates (A and B respectively) in Figure
27. Both substrates and a honeycomb monolith were washcoated in an Al.O3-Pt-Pd

catalyst with a 2.5 wt.% PGM loading applied via dip coating.
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Figure 26: CAD designs of three substrates produced for gaseous catalytic studies by Kovacev et al.'”’
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Figure 27: Images of the final washcoated substrates tested by Kovacev et al.'”’

The test procedure was conducted in the exhaust flow of a single-cylinder diesel
engine. Samples were placed in a tubular Carbolite Gero furnace where the
temperature increased from 100 to 400 °C at a heating rate of 3 °C/min. The

conversions were calculated for CO, THC and NO.

The 3D printed substrates outperformed the honeycomb monolith across the full
temperature range. All the substrates’ light-off curves followed the same pattern,
including a low conversion at low temperatures and an increase in conversion as
temperature increased. The D45 3D printed substrate displayed a 23 % lower
lightoff temperature compared to the honeycomb monolith and was the best-
performing substrate of the three. The second 3D printed substrate, ED, also
outperformed the honeycomb monolith but performed slightly worse than the D45

substrate which was accounted for by the 13 % lower surface area. Both the 3D
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printed lattices had approximately 20-30 % lower surface area compared to the
honeycomb monolith but this did not seem to have a detrimental effect on their
performance. This implies the flow regime within the substrates has a more
significant effect on activity than the surface area. The 3D printed substrates utilise
their surface area more efficiently resulting in greater conversion. The research
proved the important effect 3D printing can have on producing more efficient

substrates for gaseous catalytic conversion.

The literature review generally resulted in a consensus that the 3D printed
substrates produced outperform the HC monoliths, especially at low temperatures.
The reason for this was associated with the improved mass transfer results due to a
higher probability of particle collisions between the reactants and the catalyst. All the
papers reviewed also concluded that 3D printed monoliths can achieve targeted
catalytic conversion with a lower amount of catalytic washcoat compared to the HC
monoliths due to their lower surface area requiring less catalyst than a traditional HC
monolith. This combination creates a great opportunity to exploit the cost efficiency
of 3D printed monoliths compared to HC monoliths considering target conversion
can be achieved with less catalyst, the main expense of exhaust after-treatment
systems. The literature focuses very heavily on various repeated cubic cells
constructing the internal geometry of the 3D printed substrates with a lack of

variation outside of this.

This chapter includes the catalytic activity results of an investigation into DLP and
robocast-produced substrates for the purpose of methane oxidation. The substrates
manufactured in previous research, explained in chapters 2 and 3, were washcoat in
the Zeolite Y-PdPt catalyst with a 10 wt.% PGM loading and tested under the

conditions for the complete oxidation of methane.
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3. Characterisation Techniques

Chapter 3 covers the characterisation techniques utilised throughout this thesis. This
includes background information on any techniques, the science of how each

technique works and any working conditions used for testing during these studies.

In these studies, a Rigaku NEX-CG XRF spectrometer was used for elemental
analysis using the loose powder method under vacuum. BET measurements were
conducted using a Micrometrics ASAP 2020 instrument at 77 K. Preparation of the
samples for degassing was done at 300 °C under vacuum (p < 10-) for 3 hours prior
to analysis under nitrogen flow. The surface area and isotherms were analysed using
the standard BET procedure in a pressure range of 0.05-0.30. X-ray diffraction
(XRD) was conducted in ambient conditions using a Panalytical X'Pert Powder
diffractometer with Cu Ka radiation (A = 1.5406 A). All powder diffraction patterns
were recorded from 4 to 120° 26 with step size 0.013° and step time of 50 s, using
an X-ray tube operated at 40 kV and 30 mA with a fixed V4 ° anti-scatter slit.
Shrinkage was measured using a microcaliper with measurements of the height
(zaxis) and circumference (x/y-axis) recorded, as it is understood that shrinkage can
vary along either axis.'”® Measurements were recorded in mm and calculated as %
of shrinkage compared to the design’s original dimensions. Scanning electron

microscopy images were taken using a ZEISS Supra 40VP microscope.

3.1. X-ray Diffraction
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X-ray diffraction (XRD) is a non-destructive technique used to identify crystalline
phases. Figure 28 shows an example of a Faujasite zeolite X-ray diffraction pattern

from literature.
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Figure 28: XRD pattern of a Faujasite zeolite."”

3.1.1. Crystal Structure

Around 95% of solid materials can be described as crystalline - the arrangement of
atoms, ions or molecules in a regular pattern or lattice. This crystal can be broken
down into a series of smaller repeating ‘boxes’ called the unit cell. The unit cell can
be described by its dimensions using three axes’ lengths: a, b, and c, with the angles
between them named alpha, beta, and gamma.”® There are fourteen types of unit

cells (called Bravais lattices) broken down into seven crystal categories resulting in
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over 230 possible space groups of atoms; the three most common cells are called
simple cubic, body-centred cubic and face-centred cubic, belonging to the cubic
category.'”® To specify the spacing between the atoms in a unit cell, a theoretical
lattice plane is drawn through the axis (x,y,z). Since all the atoms in a unit cell are
located equally to those in the adjacent unit cell, these planes are used to describe
repeat distances between atoms in a crystal. They are labelled with a shorthand
notation called the Miller Index. The points where the plane intercepts the axis are
recorded as fractions of the cell edge lengths. The reciprocal of these then gives the
Miller indices of the plane and are labelled (h,k,l)."® For example, a plane
intersecting the unit cell halfway up the x-axis, a full length up the y-axis, and not

intersecting the z-axis at all (4 x, 1y, 0z) would be given the miller index (2,1,0) as !

shown in Figure 29.
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X

Figure 29: An example of a crystal plane with the miller index (2,1,0).
When X-rays interact with the atoms in a unit cell, a diffraction pattern is created,
allowing the identification of these crystalline phases.

3.1.2. Diffraction

When electromagnetic radiation is directed towards a physical object, the sample

causes it to diffract. A sample with a different arrangement of atoms will diffract the
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radiation differently, thus creating a unique diffraction pattern for each varied
arrangement of atoms — likened to a fingerprint. To produce significant diffraction, the
wavelength of the radiation must be similar to the spacing between the atoms.'®! For
this reason, X-rays (with a wavelength of around 0.1-10 nanometres, an equal order
of magnitude to the spacing between crystal lattice planes) are used to produce a
diffraction pattern for atomic crystals. As the X-rays interact with the electrons of an
atom, spherical waves are diffracted in all directions. Although most waves
destructively interfere and cancel each other out, a small amount constructively adds

in specific directions, as determined by Braggs Law.'8?
na = 2d. sinf (Eqn 4)

n is an integer, | is the wavelength of the X- rays, d is the spacing between the lattice

planes and q is the angle at which the X-rays hit the sample (incident angle).

A C
Incident x-rays Diffracied x-rays
A’ A 1 ok
A A
e~B %
4 AR
d
L |
) B’

Atomic-scale crystal lattice planes

v

Figure 30: The interaction of X-rays with a crystal structure during X-ray diffraction.’®?

Braggs law relates the wavelength and diffraction angle of the X-rays to the lattice

spacing. Figure 30 helps explain this. If the reflecting X-rays hitting the ‘top’ and
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‘bottom’ plane are an integer number of wavelengths difference, the incident and

reflecting angle are equal. The waves are in phase and constructively interfere,
resulting in detectable diffracted X-rays.'8 If | and g at which the X-rays were

constructively diffracted are known, Braggs law can then be used to calculate the
distance between the lattice planes (d), which can then be assigned to a crystal by
comparing it to standard reference patterns. In this study, XRD was conducted using

a Panalytical X'Pert Powder diffractometer with Cu Ka radiation (A = 1.5406 A).

3.2. Brunauer-Emmet-Teller

Brunauer-Emmet-Teller (BET) is a technique used to measure the surface area of
solid or porous materials. The measurements of surface area are simply based on
the adsorption of gas.'® There are five practical steps to BET analysis: Degassing
the sample, applying a vacuum to the sample tube, dead volume measurement
using He and an evacuation of the He, the adsorption of N2 and finally, the
desorption of N2. The sample is first degassed to remove any water or contaminants
from the sample before being transferred to the analysis port. An N2 Dewar is then
raised to cover the sample and maintain a constant temperature where a partial
vacuum is created within the sample tube. The He is then injected to measure the
dead volume - the equivalent of a blank run as He does not adsorb onto the sample.
After these steps, measured amounts of N2 are injected using a calibrated piston for
N2 adsorption to occur. After the saturation pressure is achieved, the N2 is desorbed,
measured, and displayed as a BET isotherm — the amount of gas adsorbed as a
function of relative pressure - which can then be used to help calculate the

monolayer capacity of the solid sample using the BET equation'8é:

& +*& - &

1*&) = "ax+ <+ #X+ (Eqn 5)
«
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Where V is the volume of the gas adsorbed, (P/Po) is the relative pressure, Vm is
the volume of adsorbate as a monolayer, and C is the BET constant. This can be
plotted as a straight line graph where the gradient and intercept can be taken as
numerical values allowing a rearrangement to solve for Vi, and C. Using the
monolayer capacity and the size of the N2 particle, the surface area of the sample

can be calculated using the equation below'®":

SA. 0=
(Eqn 6)

"#X'1X2

SAgetis the surface area, Vmis the volume of the monolayer (calculated using the
rearranged BET equation), N is Avogadro’s number (6.022 x 10'3), and A is the
cross-sectional area of the adsorbing molecule, N2 in this instance, and V is the
molar volume of the adsorbed gas. Figure 31 below is an example of a BET

isotherm from literature.

Vads.

0 P/Po 1 0 1 0 1

Vads.

0 P/Po 1 0 1

Figure 31: Nitrogen adsorption isotherms."

Numerous assumptions occur when using BET analysis'8®:

1) All non-adsorbed gaseous molecules behave as an ideal gas.
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2) Adsorbates adsorb infinitely onto a solid in layers.
3) All sites on the surface have equal adsorption energies (a site is defined as

an area on the surface where one molecule can adsorb) and can only be

occupied by one particle.
4) The adsorbed molecules are immobile.

5) There are no interactions between the adsorbed molecules and their layers,
meaning the adsorption of the gas at one site occurs independently of any

adsorption at neighbouring sites.

In this study, BET measurements were conducted using a Micrometrics ASAP 2020

instrument, shown in Figure 32.

Figure 32: A Micrometrics ASAP 2020 instrument.’”

3.3. Scanning Electron Microscope
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Scanning electron microscopes (SEM) allow us to achieve a high-resolution image of
a surface in the magnitude of nanometres. Simply, a thin beam of electrons is
scanned over the sample's surface, and the electrons emitted by the sample are
detected with the signal being used to produce an image.'®' Figure 33 displays a
typical scanning electron microscope setup. The electron beam is accelerated by up
to 30kV - inside a vacuum as electrons do not pass through the air — past a series of
magnetic lenses, through an aperture, into a scanning/deflection coil and finally,
through a second aperture to form a focused beam before hitting the sample. The
lens is responsible for demagnifying the electron beam (to around 2-10 nm), whilst
the scanning coil allows the user to focus the direction of the electron beam over the
surface of the sample. The emitted electrons are then picked up by various detectors

and interpreted to produce an image.’®?
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Figure 33: A typical SEM instrument set-up.’*

3.3.1. Interaction of electrons with the specimen
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When high-energy electrons strike a sample, several signals are generated by
backscattered and secondary electrons, as well as characteristic X-rays.
Backscattered electrons are the reflected electrons from the incident beam once
scattered within the sample. The detector is usually placed around the final lens
because, as the name suggests, the electrons are typically scattered back in the
direction of the incident beam. They have much more energy (between 50 eV and
the energy of the incident beam) than the secondary electrons and tell the user more

about the deeper regions of the sample and its crystallographic arrangement.

Electron beam

sample
surface
Auger electrons— > ..‘_____S_econdary
electrons
Backscattered
electrons
Characteristic X-

\
T ‘mﬁmm X-rays

Fluorescent X-rays

Figure 34: The behaviour of an SEM electron beam with the sample surface.”*

The secondary electrons are the emission of the valence electrons from the sample's
atoms and have much lower energy (>50 eV). Since they have much lower energy,
any produced deep in the sample are usually absorbed. The result is that the
sample's surface has usually produced any secondary electrons detected. The
secondary electrons are the most widely used signal for surface analysis and are
detected using an Everhart-Thornley scintillator detector.'® A scintillator detector

emits photons when struck by electrons, which are collected by a light guide and
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transported to a photomultiplier for detection. It is also surrounded by a Faraday
cage with a slightly positive charge to attract the negatively charged secondary
electrons. By reducing the voltage of the electron beam, there is a higher number of
lower energy electrons, increasing the resolution of the surface image.'%¢ Figure 35

below is a published SEM image of a catalyst from literature.

HV Mag wD Det | Spot| Pressure

30.0 kV|24000x 9.8 mm |SSD| 4. - 1% Pt zeolite beta-cp 811¢-300

Figure 35: SEM image of a 1.0 wt.% Pt/zeolite beta catalyst."””

3.4. X-Ray Fluorescence

X-ray fluorescence (XRF) is a common non-destructive analysis technique used for
determining the elemental composition of liquids and powders. XRF analysers
ultimately measure the energy emitted by a sample when targeted by a high-energy
X-ray source.'®® Incoming primary X-rays are targeted towards the sample by a
controlled X-ray tube. When the atom is struck by X-rays of sufficient energy - larger

than the K or L shells binding energy - an electron from the atom's internal orbital
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shells is dislodged. The atom then regains stability as an electron from the outer
shell drops down to fill the void in the lower shell. This is accompanied by a release
of electromagnetic energy within the wavelength of X-rays. The energy of this X-ray
is equivalent to the difference between the two states of the electron, which is
measured by a detector in the XRF instrument. Thus, creating distinctive lines within
the spectra as each type of orbital transition emits unique X-rays. The energy of the
lines can be associated with the type of elemental, while the height of the peak can
usually be associated with the element's abundance. This spectrum can then be

compared to standard reference patterns to identify unknown elements.99:200. 201
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Figure 36: The behaviour of electrons within an atom during X-ray fluorescence analysis.’’?

3.5. Thermal Gravimetric Analysis

Thermal gravimetric analysis (TGA) measures a change in the mass of a sample as
a function of temperature or time. Measurements are primarily conducted to

determine the change in a sample’s composition and the thermal stability of a
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sample. This data can also be used to calculate the moisture/volatile content of the

material.203

The components of a TGA include a balance, a furnace, and a temperature controller
— all connected to a computer interface which collects, stores, and processes the
data to produce a graph. The balance operates on a null-balance principle. When at
the null position, an equal amount of light shines on two photodiodes. If the balance
moves, an uneven amount of light will shine on each photodiode. A current is then
applied to the meter movement to return the balance to the null position. The amount
of current applied is proportional to the weight loss of the sample. The graph
produced usually consists of mass or mass % change on the y-axis and time or

temperature on the x-axis.?% A Perkin 4000 TGA was used in this study.
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Figure 37: An example of a result graph produced by a Perkin 400 TGA instrument.?’> 2%

3.6. Shrinkage

Shrinkage is a common side effect of the mandatory debinding and sintering steps
required for ceramic manufacturing. Knowing the amount of shrinkage a sample

undergoes when sintered allows the printing design to be scaled up, meaning the
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dimensions of the final part can me more accurate to those required.?%” To
understand this effect, test parts were measured after printing and remeasured after
sintering so the amount of shrinkage could be calculated allowing the designs to be

scaled up for future prints.

4. Methodology

Chapter 4 begins by covering the methodology of designing and printing 3D
monoliths using both robocasting and digital light processing techniques as in line
with one of the aims of this thesis. This includes the step-by-step process of refining
and improving a ceramic DLP resin for its intended purpose which was a very
timeconsuming process. The synthesis of any catalysts used throughout this study is
also explained with conclusions made about why any decisions were made for the

final manufactured prototype.

4.1. 3D Printing Methodology
4.1.1. Design Method

When creating the new substrate designs, several steps were needed to develop a
software file that different 3D printers could use. The first step was to produce the
digital CAD drawing. The second was to slice this CAD design into layers which
could be printed individually by the printer. Simplistically, this is a file consisting of
each layer’s image. The third entailed translating these sliced CAD files into a new

file type, which could be understood by the printer being used.

4.1.2. Autodesk Fusion 360
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Autodesk’s Fusion 360 was selected as the 3D modelling CAD software to design
the various substrates. The different wall thicknesses produced in the CAD designs
were a limitation of the 3D printing technique used. The initial designs all had
dimensions of @2.0 cm x H2.0 cm. Fusion 360 was then applied to scale up the

design to account for any shrinkage which occurred later in the printing process.

4.1.3. Ultimaker Cura

Cura was chosen as the slicing software for the CAD designs. Cura is an
opensource application supplied by Ultimaker and can be applied to slice any 3D
CAD model. The CAD file is imported into the program, where the software allows
the user to vary the thickness of each slice, whilst informing the user whether the
printer will have any issues - originating from the design - when attempting to print.
Once confirmed, Cura can export the sliced designs using various file types suitable

for the selected printing method.

4.2. Robocast Substrate Manufacturing
4.2.1. Materials

Kaolin powder (Al2H409Si2), polyethylene glycol (PEG)(Mn=400) (Sigma-Aldrich),
methyl cellulose (Sigma-Aldrich), bentonite (Al2H2Na2013Sis), (Nanocor), distilled

water (d.H20).

4.2.2. Methodology

A ceramic paste was prepared by mixing the kaolin powder (Al2H409Si2), bentonite
(Al2H2Na2013Sisa), (Nanocor) and methyl cellulose (Sigma-Aldrich) using a rotary ball
mill (Retsch planetary ball mill PM 100) at 200 rpm for 30 minutes. Methyl cellulose
acted as a printing binder, while bentonite acted as a ceramic filler to improve the

density of the final sintered ceramic product. The distilled water and polyethylene
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glycol (PEG)(Mn=400) (Sigma-Aldrich) were vigorously mixed at a 1:3 ratio before
gradual addition to the solid mix. Both act as a solvent for the paste, while
polyethylene glycol also improves the elasticity. The material was then kneaded and
well mixed before being loaded into the 3L pressured clay tank to be extruded via
the Delta WASP 4070 LDM printer. The 2x2 cm models took approximately 25
minutes to print using a print speed of 10 mm/s, resulting in a final clay model to be
posttreated. Figure 38 below shows the Delta 4070 printer during printing. Figure 39
is an image of the five X-angle rotated substrates printed before the post-processing

procedure.

Delta 40 70

Figure 38: Images of the WASP Delta 4070 robocast printer used in this study.
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Figure 39: Image of the robocast substrates printed, with a variation in the X-angle, before post-processing.

4.2.3. Robocast Post Processing

Post-treatment started by drying the sample at 80 °C for 24 hours. This removed

much of the water from the sample and helped maintain the structure's shape while

helping to reduce cracking later in the process. After 24 hours, the sample was cured
and sintered. The initial temperature step was to 350 °C at 1 °C/min and held for 3
hours. The subsequent step was to 1100 °C at 5 °C/min and held for 2 hours. The

initial temperature burns away the organic polyethylene glycol and methylcellulose,
and then the final temperature sinters the elemental composition to form a new

crystal network between the atoms and improve the mechanical stability.

4.3. Digital Light Processing Resin Development

4.3.1. Materials

Trimethylolpropane triacrylate (TMPTA), (Alfa Aesar, Stabilised). 1,6-hexanediol

diacrylate (HDDA), (Sigma-Aldrich, Technical grade, 80%), cordierite powder
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(2Mg0O-2Al203-5Si02)(Stanford Advanced Material)(Particle size >1.6um), IGEPAL
CO-720 (Sigma-Aldrich, Mn~720), phenylbis(2,4,6-trimethylbenzoyl) phosphine

oxide (Sigma-Aldrich).

4.3.2. Resin Preparation

This resin consisted of TMPTA and HDDA at a 50:50 ratio and was consistently used
throughout testing. The dispersant was first dissolved in distilled water before the
gradual addition of the cordierite powder. This cordierite slurry was dried and
crushed and given the name IGECORD to be used for the later resin synthesis. The
TMPTA and HDDA were mixed and stirred overnight before the gradual addition of
the required amount of IGECORD. This slurry was further mixed for 24 hours before
the addition of the photoinitiator. After further mixing for 4 hours to ensure uniform

consistency, this mixture was used as the resin for printing.

4.3.3. Resin Optimisation

4.3.3.1. Dispersant

The role of a dispersant is to improve the dispersion and stability of the solid
particles in the resin.2°® An adsorption mechanism occurs where the dispersant
forms a sequence of hydrophobic chains around the solid particles, which repel each
other, avoiding agglomeration.2%® There is no ideal dispersant concentration for all
ceramic resins.2'% At a concentration too low, the particles still agglomerate as there
is not enough dispersant for sufficient solid surface coverage. If the concentration is
too high, the free dispersants are proven to promote flocculation in line with the
DLVO theory, and sedimentation can increase.'’® Therefore, an optimum amount of
dispersant is required to improve the dispersion stability through steric hindrance

and electrostatic repulsion. One way to investigate this is to conduct a sedimentation
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test. Sedimentation volume as a function of time is a good indicator to the extent of
ceramic particle stability within a resin. The smaller the sedimentation ratio, the
larger the degree of sedimentation and the less stable the resin. This indicates if too
much or too little dispersant has been included.?"!

Sedimentation studies were carried out using a fixed solid loading (40 wt.% of resin)
in 8 mL of resin using 15 mL centrifuge tubes before measuring the height of the
sediment residue as a function of time. The dispersant concentration is recorded as
% of solid weight. Figure 40 shows the results of sediment height v time over four
hours. Four hours were selected as this was more than enough time to complete the

full printing program.
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Figure 40: Sedimentation height v time of 6 samples with a varying dispersant concentration, percentage recorded as a wt.%
of the solid content, and a fixed solid loading (40 wt.%).

0 % dispersant was included as a controlled study. When t = 0, the more dispersant
added, the greater the sediment height meaning the dispersant is doing its job when
initially added to the solid. The largest sediment height, at t = 0, occurred with 7.5 %

dispersant. There was a small 2 mm increase between the concentration range of
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1.0-5.0 %. However, when the dispersant was increased from 5.0 % to 7.5 %, the
dispersion height increased by the largest difference of 4.0 mm to 68.0 mm. This
indicates that the most effective increase of dispersant was from 5.0 % to 7.5 %. At
10.0 % dispersant, the sediment height was increased by another 1.0 mm to 69.0
mm showing further dispersion compared to the previous concentration. However,
this was a less effective increase for the additional dispersant added, implying a

maximum may be close.

As time increased, the sediment height decreased for all samples as the particles
begin to settle due to gravitational forces. At t = 240 min, the largest decrease in
sediment height was recorded for the 10.0 % dispersant, where a decrease of 7.5
mm over 4 hours was recorded. This indicates that the dispersant concentration may
have surpassed the optimum, and flocculation may have begun to occur. The trend
of these results are in line with a study by G. Ding et al., who trialled five different
dispersants at four different concentrations. The study showed how each of the
dispersants had an increase in sedimentation height after the optimum concentration
had been surpassed.?'? At dispersant concentrations up to 5.0 %, the sediment
height settled between 59.0 — 60.5 mm. Although the change in starting sediment
height increased with dispersant concentration, meaning the dispersion improved,
the final sediment settling height did not, indicating the surface was not fully covered
as the particles agglomerated and fell quicker, hindering the resin stability. A
concentration of 7.5 % displayed the largest sediment height after 240 mins at 64.5

mm, suggesting the best dispersion of the solid particles in the resin.

4.3.3.2. Solid Loading

During resin preparation, typically, 50 wt.% of ceramic powder is sufficient in a

ceramic resin to produce a product with desirable structural properties. Generally,
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higher loadings are desired to improve the structural integrity of the final product
whilst simultaneously reducing the shrinkage, deformation, and crack formation
during sintering. However, increasing solid loading can increase the viscosity of a
resin whilst simultaneously decreasing the cure depth. Therefore, a middle ground is
required.'®® The most sensitive factor affected by an increase in solid loading is
viscosity. Consequently, maximum viscosity is commonly used to regulate the final
solid loading of a ceramic resin.®® Printing is not possible if the viscosity is too high,
as the resin would not be able to self-level in the vat or recoat the previous layer.
Therefore, it is crucial that the resin viscosity is within the working capabilities of a

ceramic resin, generally accepted throughout literature as below 5000 mPa.S. 8213

Viscosity was recorded as the solid loading of the resin was incrementally increased
until the maximum viscosity of around 5000 mPa.S had been achieved. Viscosity
measurements were conducted using an NDJ-1 rotational viscometer (Baoshishan,
China), using 200 mL of resin and a dispersant concentration of 7.5 solid wt.% with

the result displayed in Figure 41.

Viscosity (mPa.S)

Solid Loading (wt.%)

Figure 41: Viscosity v solid loading with solid loading recorded as wt. % of the total resin.
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The viscosity of the neat resin (HDDA and TMPTA) used in this study was around 50
mPa.S at 20 °C. This increased towards a maximum of 7500 mPa.s as the solid
loading reached 60 wt.%. The target viscosity of around 5000 mPa.S was achieved
at a solid loading just below 52 wt.%. When attempting to print at a solid loading over
52 wt.%, the open channels of the monolith became slightly blocked due to an
inability for excess resin to drain from the channels in-between printing layers. For
this reason, a solid loading of 52 wt.%, with a viscosity of around 4950 mPa.s, was

selected for the final resin.

4.3.3.3. Photoinitiator

The concentration of the photoinitiator directly impacts the cure depth. The aim is to
find the optimum concentration for curing to occur in the quickest time at the depth
required. The cure depth of a resin must be equal to a minimum of 1.5x the sliced
layer height. This is to allow the curing layer to sufficiently bond to the previous. This
equates to 0.15 mm for the purpose of this study. A lower range of 10-35 % of the
sliced layer thickness has been suggested by Zakeri et al but, when tested
experimentally, resulted in a distorted greenbody as described in a study by
Jakubiak et al.?'* 21% To optimise the photoinitiator concentration of the resin in this
study, seven samples were prepared each varying in photoinitiator concentration
ranging from 1.0 — 4.0 wt.%. The cure depth was then measured after being
exposed to the UV light for four different lengths of time. The results from the study

are shown below in Figure 42.
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Figure 42: Seve. X sarying photoinitiator concentration (recorded as wt.% ) v cure depth after

being exposed to UV light for four separate time intervals.
8 ghnt jor, 74

At 10 s, up to 2.0 wt.% of the photoinitiator is not enough to activate the
polymerisation reaction in the resin. Thereafter, a gradual increase in cure depth can
be seen as the concentration of the photoinitiator increases up to 3.5 wt.% for all
cure times and photoinitiator concentrations. The maximum cure depth at each time
interval occurs at 3.5 % photoinitiator, implying this is the optimum concentration to
maximise cure depth. At 4.0 % photoinitiator, the cure depth starts to decrease. It
could be argued that this is due to the point of polymerisation reacting so quickly that
it hinders the light from penetrating deeper into the resin, ultimately reducing the final

cure depth.

The target cure depth of 150 microns is marked with a red line. If the aim is to
reduce the cost of the resin, it would be possible to use 1.0 % of photoinitiator for a

cure time between 20-25 s. However, for this purpose, the aim is to reduce the
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printing time, meaning a concentration of 3.0 % was selected, achieving a cure
depth of 150 microns in around 9.8 s. The final resin composition is listed in table 6

below:

Table 5: Final % composition of the photosensitive ceramic resin produced.

Component % Composition
HDDA 20.55
TMPTA 20.55
Cordierite 52.00
IGEPAL-720 3.90
BAPO 3.00

4.4. Digital Light Processing Manufacturing
4.4.1. Printing Methodology

A Photocentric Liquid Crystal 1.5 digital light processing printer was used throughout
this study (Photocentric, Cambridge, UK). The light source had a wavelength of 405
nm and a bulb power of 40 W. The energy at the point of polymerisation was
measured as 21.5 mJ/cm?. Using the information from the resin optimisation, the
layer thickness was set to 100 microns, and the cure time for each layer was set to
9.8 s. The bed height was set to rise by 5 mm and had a hold time of 4 s to allow
the resin to self-level effectively. This resulted in around 200 layers and a total print

time of approximately 60 minutes.

4.4.2. Digital Light Processing Post-Processing
Post-treatment of the printed part (greenbody) is required before any heat treatment
can occur to produce the final ceramic part. This started by cleaning the greenbody
of excess resin using Isopropanol Alcohol (IPA) and compressed air. The green body

was first submerged in an ultrasonic bath containing IPA for 15 minutes. The sample

Page | 83



was then removed and rinsed further using IPA. Compressed air was then applied to
remove any remnants of IPA and dry the sample. The heat treatment of the sample

could then begin.

4.4.3. Debinding

There are two significant stages to the heat treatment of a ceramic green body. The
first is the burnout of the polymer, and the second is the sintering of the remaining
ceramic particles. TGA was used to first determine the optimum temperature at
which the polymer decomposed. The results in Figure 43 show the weight of the
sample as temperature increased. A drop in weight relates to the pyrolysis of any
organic volatile compounds, such as water or polymer, evaporating from the sample.
The quicker the burnout of either of these compounds, the more likely the surface of
the ceramic is to crack, possibly creating mechanical instabilities. The aim is to
reduce the gradient of the line meaning the burnout is more gradual, resulting in

surface cracks becoming less likely.

Cured

Figure 43: TGA results displaying the weight loss of two samples as temperature increases.
The orange line in Figure 43 relates to a sample subject to TGA straight after the

cleaning step. A small 1.5 % drop in sample weight can be seen between 120 - 170
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°C, most likely water during the early stages of methyl cellulose thermal

decomposition. A small and gradual 2 % change is then seen between 170 and 360
°C. A sudden weight drop of around 40 % is recorded between 360 — 500 °C where
most of the polymer is decomposed in a relatively short space of time. The final 6 %

of weight loss occurs between 500 — 800 °C.

One way to reduce the rate of decomposition is to further treat the green body using
UV light. Exposure to the UV improves the monomer conversion % of the sample
creating a stronger cross-linked polymer network which burns out of the sample at a
slower rate.?'® The blue line in Figure 43 represents a sample which has been
exposed to UV for 30 minutes in five minute intervals. Compared to the non-UV
treated sample, the first 5 % weight drop is recorded more gradually between 0 —
200 °C. After this point, a further weight decrease of approximately 19 % is recorded
up to 360 °C, whereas only around 2 % weight drop is recorded for the uncured
sample. This could be due to the increase in cross-linking density of the polymer,
which is known to influence outgassing and diffusion during debinding.?'” After 360
°C, there is then a slight decrease in the gradient which stays relatively consistent up
to 800 °C with an additional 20 % weight loss recorded. Compared to the uncured
sample, the rate of weight loss is much slower, especially at the higher temperature
range over 360 °C. Going forward, all samples were subject to UV treatment after

the cleaning stage.

4.4.4. Sintering

The second heat treatment stage entailed the sintering of the remaining ceramic
particles. The green body was transferred to a Carbolite Gero CWF furnace with a
multi-step heating process. Sintering occurred at 1100 °C due to the limitations of the

furnace and was held for two hours. Studies have shown that higher temperatures
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up to 1375 °C are ideal for the formation of cordierite, but 1100 °C was a high
enough temperature to create a solid final product capable of withstanding a
washcoat and the testing process.?'® Figure 44 shows the full temperature profile of
the burnout and sintering stage. The full burnout and sintering took around 45 hours
resulting in the final ceramic substrate requiring an active catalyst washcoat before

testing can commence.
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Figure 44: The temperature profile applied to the green body sample.

4.5. Catalyst Preparation
4.5.1. Materials

Ludox SM colloidal silica (30 wt.% water suspension containing sodium stabilising
counterion, Sigma-Aldrich) sodium hydroxide (NaOH) pellets (anhydrous,
SigmaAldrich). GEO40™ SOL-1030Na colloidal amorphous silica with a 12 nm
mean particle size (Geo-12) (30 wt.% water suspension stabilised by sodium
hydroxide, Geo 40 Limited) extracted from a geothermal waste fluid. Zeolite Y
(Zeolyst

International, CBV 720), H form, Si/AL = 30/1. SA=720 m?/g. Palladium (Il) chloride
(PdClI2)(Sigma-Aldrich); Sodium (II) tetrachloroplatinate hydrate

(Na2PdCl4exH20)(Sigma-Aldrich).
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4.5.2. Sodalite Synthesis
Sodalite was synthesised starting with an aluminate solution which consisted of 5.00
g sodium hydroxide (NaOH) dissolved in 10.00 g of distilled water (dH20), with the
gradual addition of 0.54 g of aluminium powder. The mixture was stirred until a clear
solution was acquired named Alsol. A silica solution (Sisol) was made by dissolving
9.40 g of NaOH in 16.00 g of dH20 with the gradual addition of the geothermal silica
source (GEO40™) or Ludox which resulted in a thick, white solution which was
further mixed with vigorous stirring at 60 °C for 1 hour to obtain a clear silica
suspension. A further 10.20 g of dH20 was added at the same temperature and
stirred for 30 minutes. Also was then added dropwise to Sisoi Over ice with vigorous
stirring. The crystallisation process was performed in a polypropylene bottle at 60 °C

for 47 hours under static conditions. The crystalline product was recovered via
centrifuge and washed (until pH~9) before drying at 50 °C overnight and calcining for
4 hours at 550 °C at a 5 °C/min ramp rate to produce the final sodalite zeolite

(GeoSOD or Lud-SOD).

4.5.3. Zeolite Precious Metal Loading

Sodalite: 100 mg of palladium (II) chloride (Sigma-Aldrich) and 60 mg of sodium
tetrachloroplatinate (Il) hydrate (Sigma-Aldrich) were each dissolved in 25 ml of

dH20 before being added dropwise to 3.0 g of the sodalite zeolite under stirring. The
catalyst was then left for 2 hours under stirring at 40 °C. Copious amounts of dH20
were used to wash the sample whilst under vacuum filtration before being left to dry
overnight at room temperature. The catalyst was then calcined at 550 °C for 3 hours
at a ramp rate of 5 °C/min to give the final catalyst Geo-SOD-PdPt and Lud-

SODPdPt.
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IW-Zeolite Y: 100 mg of palladium (lI) chloride (Sigma-Aldrich) and 60 mg of sodium
tetrachloroplatinate (Il) hydrate (Sigma-Aldrich) were each dissolved in 25 ml of
dH20 before being added dropwise to 3.0 g of the zeolite Y under stirring. The
catalyst was then left for 2 hours under stirring at 40 °C. Copious amounts of dH20
were used to wash the sample whilst under vacuum filtration before being left to dry

overnight at room temperature. The sample was then calcined at 550 °C for 3 hours

at a ramp rate of 5 °C/min to give the final catalyst, HY-PdPt-IW.

Vortex-Zeolite Y: A 3.5ml solution of dH20, 100 mg of palladium (II) chloride
(SigmaAldrich) and 60 mg of sodium tetrachloroplatinate (II) hydrate (Sigma-Aldrich)
was added in 50 yL additions to 3.0g of zeolite Y. Between each 50 pL addition, the
sample was vortex mixed for 20 minutes at 900 rpm. After the final 50 pL of the

solution was added, the sample was vortex mixed for 60 minutes at 900 rpm forming
a dough-like ball. The catalyst ball was oven-dried overnight at 80 °C and then

crushed using a pestle and mortar. Copious amounts of dH2O were used to wash the

sample whilst under vacuum filtration before being left to dry overnight at room

temperature. The powdered sample was then calcined at 550 °C for 3 hours at a
ramp rate of 5 °C/min to give the final catalyst, HY-PdPt-VM.
Zeolite Y: 7.2 g of palladium (Il) chloride (Sigma-Aldrich) and 4.0 g of sodium

tetrachloroplatinate (1) hydrate (Sigma-Aldrich) were each dissolved in 50 ml of

dH20 before being added dropwise to 60.0 g of the zeolite Y under stirring. The
catalyst was then left for 2 hours under stirring at 40 °C. Copious amounts of dH20

were used to wash the sample whilst under vacuum filtration before being left to dry
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overnight at room temperature. The sample was then calcined at 550 °C for 3 hours
at a ramp rate of 5 °C/min to give the final catalyst, HY-PdPt.

4.6. Catalyst Washcoat

To create the washcoat, 0.05 g of methyl cellulose was added to 10 ml of deionised
water. 3.0 g of catalyst was added to this mixture and vortex mixed for 5 minutes to
suspend the catalyst within the mixture. The monolith's initial weight was recorded
before slowly dipping and withdrawing the monolith into the solution up to three
times. Once oven-dried overnight at 70 °C and calcined to remove any organic

material at 550 °C for 3 hours at a ramp rate of 5 °C/min, the final weight was

recorded. The initial weight was then subtracted to give the catalyst loading weight
on the substrate. This was repeated until an approximate 0.2 g washcoat had been

achieved.

4.7. Conclusions

To conclude this chapter, a WASP Delta 4070 robocast printer was utilised to
manufacture a basic ceramic structure with a simple 90° woodstock pile design
using kaolin ceramic powder as a starting material. Further to this, a tailored ceramic
resin was produced using a stepwise manufacturing process for the purpose of
producing a 3D printed ceramic substrate with a highly complex internal structure.
Optimisation of the resin’s key components, such as the amount of dispersant,
photoinitiator and solid content, was investigated. Although alternative resins have
been produced in literature, no resin with a composition like the one produced in this
study was found elsewhere specifically utilising cordierite as the ceramic filler. This
was an extremely time consuming and difficult part of the research which prevented

anything else from progressing until achieved making a key milestone and
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achievement of the project. The methodology for printing a green body was then
described, along with the full post-treatment required to successfully produce a
ceramic body using the resin. This is also believed to be the first time in literature
that these unique designs have been constructed into ceramic substrates using DLP

technology.

5. Substrate Manufacturing Results

Chapter 5 covers the results of the 3D printed monoliths and catalysts. This begins
with the designs produced using CAD technology and a discussion around how the
properties vary per design. The characterisation results for each catalyst and both
3D printed prototype substrates are then discussed. Below are the CAD images of
the designs constructed, an explanation of how they were produced, and a table

listing each design's physical properties.

The designs have been manufactured with the fibres of a standard wood stockpile
design modified in the X, Y and Z planes. This results in variations regarding the
OFA, CPSI, surface area and the number of exposed faces. Designs can then be
tailored to match or improve the properties of a 400 CPSI monolith before comparing

the substrates for catalytic performance.

5.1. Designs
The initial design was based on a common woodstock pile structure which was
simple to print using the first 3D printer acquired, robocasting. This first design was
used as an initial proof of concept for 3D-designed monoliths. Due to how the

robocast printer works, the design had to be producible using individual strands or
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fibres. The design consisted of stacked fibres with a width of 0.7 mm due to the
printing nozzle limitation. It was concluded that this design was the most effective at
maximising the substrate surface area within the printer's capabilities. The design is

shown in Figure 45.
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Figure 45: CAD design of a 0.7 mm, 90° woodstock pile monolith.

5.1.1. Digital Light Processing Designs
The DLP printing technique allows a much higher printing resolution concerning wall
thickness. A substrate was designed that reduced the fibre width down to the
minimum the material was capable of printing. This was concluded at 0.4mm before
printing issues arose. The above design in Figure 45 was edited accordingly,
producing a woodstock pile design for comparison with the robocast substrate but
using a wall thickness of 0.4 mm, reduced from 0.7 mm. This led to an increase in
the CPSI from 223 to 330. The number of exposed faces, the OFA and the surface
area also improved. Figure 46 below shows the CAD design of the 0.4mm, 90°

woodstock pile monolith.
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Figure 46: CAD design of a 0.4 mm, 90° woodstock pile monolith.
Other designs were then produced utilising the capabilities of the DLP printing
technique. This included introducing features such as overhangs. The use of
individual fibres was kept consistent, but the layers of fibres were rotated along
different planes — including the X, Y, and Z. This was not possible with the robocast
printer as the material used is not self-supporting, meaning overhangs were not
possible. A table consisting of the properties of all the designs produced using the
DLP printer is listed below. The key properties affecting the catalytic activity of a
monolith are included with a more in-depth review of each design category explored

below.

Table 6: The physical properties of each DLP monolith design tested.

Design . Surface Area AL Cj Open frontal
Variation ) exposed CPSI
Category (mm?) faces Area (OFA)
0.4 mm 10755 6684 0.58 330
0.5 mm 10538 5698 0.52 287
Fibre Width
0.6 mm 10133 5313 0.48 252
0.7 mm 9758 4694 0.44 223
30° 10505 3868 0.40 331
X-Plane | 5. 10523 4710 0.39 427
Rotation
60° 10516 5110 0.36 480
75° 10587 5102 0.39 413
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5° 8638 2612 0.39 292
Y-Plane 10° 8858 4224 0.33 292
Rotation 15° 7962 4162 0.22 292

30° 7746 3674 0.00 0

7.5° 10458 5942 0.52 287
Z-Plane 10° 10498 5818 0.52 287
Rotation 15° 10585 6358 0.52 287

30° 8827 4486 0.52 287

0.4 mm 11712 636 0.58 330

Commercial
0.18 mm 15740 870 0.76 400

5.1.1.1.  Fibre Width Reduction

The first category of designs to be produced using the DLP printer entailed reducing
the width of the individual fibres. This allowed a comparison of the robocast
substrate with the DLP substrate using the same fibre width. By decreasing the fibre
width, the surface area, the number of exposed faces, the open frontal area (OFA)
and CPSI are simultaneously increased. Starting with the 0.7 mm design in Figure
45 and finishing with the 0.4 mm design in Figure 46, the intermediate 0.6 and 0.5

mm structures tested are displayed below in Figures 47 and 48.
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Figure 47: CAD design of a 0.5 mm, 90° woodstock pile monolith.
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Figure 48: The CAD design of a 0.6 mm, 90° woodstock pile monolith.
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Figure 49: A series of graphs comparing the surface area, open frontal area, number of exposed faces and CPSI of 90°
woodstock pile designs with a fibre width of 0.4, 0.5, 0.6 and 0.7 mm.

51.1.2. X-Plane Variation

The X-plane variation consisted of alternatively rotating each layer of stacked fibres
by a set degree in the X-plane. For example, the 60° X-plane substrate started with
a layer at 0°, with the second layer being rotated at +60° and the third layer being
rotated at -60° to the first layer before the 4" layer was a repeat of the first layer at
0°. For this design set, the CPSI ranges from 331 — 480, albeit with different-sized
and shaped channels across each individual design, as seen in Figures 50 - 53.
Because of the channel shape variation, a specific comparison for changing the
CPSI and catalytic performance in this category is difficult. As for the surface area
and OFA, they only differ by 0.77 % and 0.04 respectively, making the changes small
compared to the number of exposed faces, which has the greatest variation across
the four design categories of 24 %. The small change in the surface area and OFA
allow a valuable view into how changing the channel shape and size whilst
increasing the number of exposed faces may affect catalytic activity within this

design category.
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Figure 50: CAD design of a 0.5 mm, 30° fibre rotation in the X-plane monolith.
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Figure 51: CAD design of a 0.5 mm, 45° fibre rotation in the X-plane monolith.
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Figure 52: CAD design of a 0.5 mm, 60° fibre rotation in the X-plane monolith.
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Figure 53: CAD design of a 0.5 mm, 75° fibre rotation in the X-plane monolith.
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Figure 54: A series of graphs comparing the surface area, open frontal area, number of exposed faces and CPSI of designs
with a fibre width of 0.5 mm rotated in the x-plane by 30°, 45°, 60° and 75°.

5.1.2. Y-Plane Variation

The Y-plane variation consisted of rotating the individual fibre layers by a set degree
in the Y-plane. Using the 5° Y-plane rotation as an example, the first layer was
produced flat to the Y-axis at 0°. The second and third layers were then added at +
and — 5° rotation in the Y-plane and stacked on top of the initial layer. This unit was
then repeated to build up the monolith, as seen in Figure 55. The result is a set of
designs where the open channel width is reduced but with a fixed number of fibres
still in the top layer, as seen in the side-on CAD image in Figure 55.

For most of the designs in the Y-plane, CPSI was constant, whilst OFA was reduced
by up to 0.39 as the angle increased, more so than any other design category. This
means that as the Y-angle increases, more of the frontal area is covered by a

catalyst wash-coated surface. The exception is the 30° design which effectively had
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no clear channels through the monolith and the lowest surface area of any design
tested. Compared to the traditional 90° woodstock pile design, the Y-plane variations
had reduced surface areas by 18-28 %. Some of the lowest numbers of exposed
faces also belong to Y-plane designs. Especially the 5° variation, which contained
the lowest number of exposed faces of any 3D design tested at 2612. Figures 55 —
58 display the CAD designs of all four models tested in the Y-plane rotation design

category.

Figure 56: CAD design of a 0.5 mm, 10° fibre rotation in the Y-plane monolith.
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Figure 58: CAD design of a 0.5 mm, 30° fibre rotation in the Y-plane monolith.
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Figure 59: A series of graphs comparing the surface area, open frontal area, number of exposed faces and CPSI of
designs with a fibre width of 0.5 mm rotated in the Y-plane by 5°, 10°, 15° and 30°.

5.1.3. Z-Plane Variation

The Z-plane variation consisted of rotating each layer of fibres by a set degree in the
Z-plane. Using the Z-axis 10° as an example, the first layer was placed flat on the
Zaxis at 0°. The second and third layers were added at + and - 10° and stacked on

top of the original first layer. This unit was then repeated, building up the monolith.

As a result, the designs created have a consistent CPS| and OFA, matching that of
the traditional 90° wood stockpile structure. This translates to all the Z-axis variations
and the 90° wood stockpile having the same cross-sectional pattern in the direction
of gas flow, as seen in Figures 60 — 63 and Figure 45. However, the Z-plane
variation creates an almost funnel shape directed towards the substrate's centre with
small pockets inside the monolith. As the rotation angle increased from 7.5° to 10°,
the size of the pockets increase. From 10° to 15°, the size decreases, but the
number of pockets increases. At 30°, the surface area and the number of exposed
faces decrease by around 16.6 % and 29.4 % respectively but with OFA and CPSI
staying constant. This category allows a good insight into the effect of the internal
structure when both CPSI and OFA are equal to the straight-channelled commercial
monolith. It can be assumed that some improvement in the catalytic performance
could be due to the complexity of the internal structure potentially inducing

turbulence.
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Figure 60: CAD design of a 0.5 mm, 7.5° fibre rotation in the Z-plane monolith.
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Figure 61: CAD design of a 0.5 mm, 10° fibre rotation in the Z-plane monolith.

RN S
N\ .

T |
‘HiNINININ N NNININININ
wmmin(n]n|e|s)nm=r
mmrlllllmm

“(mjm|u]n|nin]nin
<|u|u|n|ul>

RIRRRNNRNRNNNS

Figure 62: CAD design of a 0.5 mm, 15° fibre rotation in the Z-plane monolith.
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Figure 63: CAD design of a 0.5 mm, 30° fibre rotation in the Z- plane
monolith.
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Figure 64: A series of graphs comparing the surface area, open frontal area, number of exposed faces and CPSI of
designs with a fibre width of 0.5 mm  rotated in the Z-plane by 7.5° 10°, 15° and 30°.

5.2. Catalyst Results

Table 7 displays the XRF and BET results of the catalysts synthesised. There are
some holes in the data where time restrictions and instrument demand limited the
ability of what was collected. The loading of each precious metal can be observed
after impregnation. The comparison between the GEO (geothermal synthesised
sodalite) and LUD (Ludox synthesised zeolite) shows a slight difference in Si/Al ratio.
The Geo sodalite zeolite had a Si/Al ratio of 1.29 before impregnation and 1.23 after
impregnation. The Lud sodalite zeolite had a Si/Al of 1.26 both before and after
impregnation. The difference in the ratio is considered very small, with both sodalite

structures being regarded as having a low Si/Al ratio.

Table 7: XRF and BET data from the catalysts tested. (*=company data)
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Al2O3 SiO2 PdO PtO- Na:O  SAset

(mass%) (mass%) (mass%) (mass%) (mass%) (m?Qg) SUA

Geo-SOD 32.8 42.2 - - 24.0 65.7 1.29
Geo-
SODPJP! 28.7 354 0.98 0.30 24.0 63.9 1.23
Lud-SOD 33.2 419 - - 26.0 1751 1.26
Lud- 31.8 40.2 0.95 0.28 243 51 1.26
SODPdPt ' ' | | ’ ’
ZeoliteY 4.36 94.2 - - 0.0 720* 21.6
ZeoliteYPdPt-
W 4.68 77.3 1.18 0.48 0.63 - 16.5
ZeoliteY-
PAPLVM 4.71 721 1.25 0.79 0.16 - 15.3
ZeoliteYPdPt

eolte 263 84.8 6.87 2.97 ] . 322

The total loading of precious metal for the sodalite was consistent at around 1.2 % of
the catalyst total weight. A reduction in the surface area of approximately 124 m?/g to
51 m?/g can be seen in the Ludox sodalite after metal impregnation, implying that the
impregnation process negatively impacted the surface area and potential
morphology of the zeolite. However, XRD data in Figure 61 shows that the sodalite
structure is maintained after precious metal impregnation. There could also have
been an error when measuring the initial sample surface area. However, time
restraints and limited instrument access prevented a second measurement from

being conducted so this surface area reading is reviewed tentatively.

As for the Zeolite Y, a slightly higher Si/Al ratio is reported at 21.6. After the various
precious metal loading methods, the ratio changes between the range of 15.3 —
32.2. This shows that each preparation method has a slightly different effect on the
zeolite morphology. This includes the precious metal loading, where each loading
method resulted in a somewhat different final precious metal loading in the catalyst

with the vortex mixed zeolite maintaining a higher final precious metal content.
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Platinum tetrammine chloride was selected as the precious metal salt due to its
availability in the lab therefore reducing the costs of manufacturing as a limited

budget prevented any other alternatives being purchased.

The XRD patterns in Figure 65 confirm the structures of the zeolites. The
diffractogram patterns for both the Geo and Lud zeolites are typical of a SOD
pattern.?'® The Ludox synthesised sodalite has a slightly higher intensity than the
geothermal sodalite. Ludox is an established material for zeolite preparation implying
the geothermal waste material could be a viable alternative as a silica source for

zeolite synthesis.
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Figure 65:XRD pattern for each zeolite synthesised and tested.

5.3. 3D Printed Substrate Characterisation

5.3.1. Robocast Substrate Characterisation

Figure 66 shows the measurement of the sintered ceramic substrates. The original
designs were scaled up to account for the shrinkage during sintering. Shrinkage was
measured at around 8 % for the circumference and around 11 % on the Z-axis,
which explains the greater height change compared to the circumference. This is

common for products produced using robocast printing and has been accounted for
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due to a lower concentration of ceramic particles between the individual layers and

gravitational effects when sintering occurs.

Figure 66: Images of the printed robocast substrates being measured using a microcaliper .

Figure 67 displays the SEM images of the substrates produced by robocast after
thermal post treatment. Image A displays the width of the fibres which after
shrinkage is around 680 microns, limited by the printer's nozzle size. Image B shows
the channel width which for this print was around 357 microns. Image C illustrates
the internal cross-section of the robocast 90° substrates. The individual layers which
are stacked to produce the substrate can also be seen. The activity results for the

substrates produced are discussed later in the thesis in section 9.5.2.
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Figure 67: SEM images of the 90° robocast substrate after sintering but before wash coating. A & B=Cross sectional image
of the substrate face in the direction of gas flow. C= Internal image of the substrate showing the build of the individual
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5.3.2. DLP Substrate Characterisation

Images of the green body and final ceramic substrate produced using DLP
technology are shown in Figure 68 below. The height and circumference of the
greenbody designs were scaled up to account for shrinkage during the burnout and
sintering. The dimensions of the green body and final ceramic substrate were
measured using a microcaliper and are shown in Figure 68. The initial dimensions of
the greenbody were a height of 23.76 mm and a circumference of 23.36 mm. The
height was increased slightly more than the circumference due to the Z axis usually
undergoing larger shrinkage during sintering. The final circumference of the DLP
ceramic substrate was measured at 19.72 mm, a decrease of around 16 %. The final
height was measured at 19.23 mm, an approximate 19 % shrinkage. These
shrinkage values are in accordance with those reported in the literature of
approximately 15-30 %.220- 221 After heat treatment, shrinkage was larger for the DLP
substrate compared to the robocast substrate. This is due to being comprised of a
larger percentage of organic material when compared to the robocast substrate,

meaning there is a larger void to fill during sintering of the model.

Table 8: Dimensions of the 3D substrate printed using the digital light processing technique.

Pre-Sintering (mm) Post-Sintering (mm) Shrinkage (%)
Circumference 23.36 19.72 15.6
Height 23.76 19.23 19.1
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Figure 68: A-D: Images of the green body and ceramic substrate produced using DLP technology being measured using a
microcaliper. E: A side image of both the green body before and after heat treatment.

Figure 69 below displays SEM images of the 90° woodstock pile DLP greenbody.
Image A shows an individual fibre which has been measured at 501 um. The
individual fibres were not scaled up, unlike the circumference and height, as
shrinkage was an opportunity to increase the CPSI. Image B displays a
crosssectional image of the greenbody showing the various channels of the
substrate. Image C displays the internal cross section of the monolith which displays
the individual layers used to build up the design. The layer thickness was measured
as

1.096 mm.
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Figure 69: SEM images of the DLP substrate. A: An image of the individual horizontal fibre. B: An image of the crosssection
of the substrate. C: An image of the internal cross-section showing the individual layers used to build up the monolith.

Further SEM images were taken after the green body had been subject to the heat
treatment process. The images are displayed in Figure 70 below. Slight cracks can
be seen on the surface of the substrate, which is to be expected. This is a result of
the gaseous compounds escaping from inside the substrate via the surface. The

width of the individual fibre was measured at 342.8 um, a decrease of around 31 %.
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Figure 70: SEM images of the ceramic substrate produced using DLP technology. A: An image of the cross-section of the
substrate. B: An image of an individual horizontal fibre.

Figure 71 below shows an SEM image of a DLP substrate with the washcoat

applied. The catalyst washcoat can be seen on the surface of the substrate.

Figure 71: Image of a 0.5mm 90° wood stockpile design after the catalyst washcoat has been applied.

5.3.3. Conclusions

Autodesk Fusion 360 was then employed to produce various monolith designs which
could be printed using Robocast or DLP 3D printing methods. An initial 90° wood
stockpile design was produced before a further 15 designs were created, by rotating
the same fibres used to construct the wood stockpile design in each of the X, Y and
Z planes. CPSI, OFA, the number of exposed faces and the surface area were all
measured using the CAD software. The properties of these designs were compared

as the rotation angle increased through each design category.
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Several catalysts were successfully synthesised for the purpose of completely
oxidising methane. Sodalite was successfully synthesised using a geothermal waste
product as a silica source resulting in a comparable zeolite to when using a
wellknown reagent, Ludox. Two methods were then explored for precious metal
application including an incipient wetness technique and a vortex mixing method.
Both provided a successful method for the addition of platinum and palladium to a

zeolite support.

Characterisation of the ceramic substrates and catalysts synthesised was discussed
with techniques used including XRF, XRD and SEM imaging to confirm the catalysts
compositions. The robocast substrate was confirmed to have a shrinkage of around
8 %. The DLP substrate had a recorded shrinkage of around 31 % which resulted in
a substrate with a fibre width of around 342 pym. These results were then utilised to

help produce active catalytic substrates for the purpose of methane oxidation which

is discussed in greater detail in chapter 6.

6. Catalyst Activity Testing

Chapter 6 covers the catalytic testing aspect of this thesis. This helps to answer the
ultimate aim of this thesis which is to try and reduce the amount of methane
produced from an emissions stream. The testing protocol is explained, and the
testing system used is shown. The substrates were then broken down into
categories to help compare the effects of different designs. A commercial substrate
having undergone the same catalyst wash coating process is included for
comparison to a traditional monolith system. All tests were conducted three times

with an average reading taken, unless stated otherwise.

6.1. Catalyst Testing Methodology
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6.1.1. Testing Rig

The catalytic activity of each sample was studied in a steel tube fixed bed reactor
positioned inside a temperature-controlled furnace (Vecstar type VCTFS5, CAL
Controls Ltd, CAL9500, CAL3300). Each substrate was loaded into the steel tube
(20 mm internal diameter, 1 mm thickness, 20 mm length) between two glass wool
plugs and wrapped in foil. A 50 mL/min feed mixture comprising He:O, equal to 4:1,
was used to pre-treat all substrates. The feed mixture was then altered to 100
mL/min comprising of He:O2:CHa, equal to 85:10:5 for catalytic testing. All gases
were supplied via main gas lines, and each flow was maintained using Bronkhorst
UK GF40 Series mass flow controllers. The reaction products were measured by an
Agilent 7890B series gas chromatograph equipped with a Carboxen 1006 Plot fused
silica capillary column (30 m x 0.53 mm) connected via a 6-way gas sampling valve
to a thermal conductivity detector. Measurements were recorded at 25 °C intervals
(after holding the temperature for 10 minutes) starting at 200 °C using a ramp rate of

10 °C/min. Conversion was calculated using equation 10:

Conversion — %= +45%&"+45'0 X 100%
(Eqn 10)

+4$%&

Figure 72 shows an image and a schematic of the Mark 2 testing rig.
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Figure 72: A photograph(top) and schematic(bottom) of the testing rig.
6.1.2. Gaseous Reactant Calibration Curve

The calibration curves for the Mark 2 testing rig were assembled by injecting a

known amount of gas through the GC and measuring the peak area produced by the
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TCD detector. By injecting a known concentration of gas, the raw TCD signals could
then be used to convert future TCD signals to gas concentration measurements

during catalytic testing.

Figures 73, 74 and 75 below show the graphical representation of the gas flow sent
through the GC column and the corresponding response factor for CH4, O2 and CO..
The regression line was taken from the plotted points, and the equation of the line
was used to calculate the concentration of each gas which was present during
catalytic testing using the area produced by the TCD detector. During low CHa
concentration, CO2 was utilised to assess the conversion of CH4 by how much CO2

had been produced.

Flow rates below 5.0 % (5.0 mL/min) were avoided due to both a higher chance of
error from the mass flow controllers and the experimental conditions not requiring

such low values.

6.1.2.1. Methane

CH, Calibration
200000 -
180000 A y=15666x-19060 . *
160000 - R2=0.9919 e
140000 A e
© 120000 - PRI
& o004 L
80000 { e
60000 - e
40000 4 e
20000 4 e
0 e :
20000 "1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
CH, %

Figure 73: Calibration curve for methane.

Page | 116



6.1.2.2. Carbon Dioxide
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Figure 74: Calibration curve for carbon dioxide

6.1.2.3. Oxygen
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Figure 75: Calibration curve for oxygen.

6.2. Powder Catalyst Testing Results

Figure 76 displays the light-off curves for each of the five catalysts synthesised in
section 8.4. All the catalysts synthesised were active for the complete oxidation of
methane but at varying levels. Unsurprisingly, ZeoliteY-PdPt, loaded with around 10
% precious metal is the most active catalyst. This catalyst had the highest
percentage conversion of methane at each temperature. However, the remaining
four catalysts show an interesting pattern across the temperature range. In the
lower temperature range between 240 — 350 °C, the best-performing sodalite
catalyst is Lud-SOD-PdPt and the best zeolite-performing catalyst is HY-PdPt-VM. At
the maximum temperature of 510 °C, all HY zeolites outperform the sodalite

catalysts.
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Figure 76: Light-off curve for each catalyst synthesised. Flow Rate = 100ml/min. Gas Composition: He= 85 %, 0,=10 %,
CH,=5 %.

Comparing the sodalite catalysts, the Ludox-synthesised sodalite has slightly better
methane conversion at lower temperatures. However, by the higher temperature of
450 - 510 °C, the difference in conversion is a maximum of 3 %, implying a more
consistent reactivity between the two sodalites at the higher temperature range. Both
sodalite catalysts had a very similar precious metal loading, so it can be assumed
that the difference in reactivity is most likely caused by the arrangement of the active
sites and not the metal content. Using a different reactant during the sodalite
synthesis could influence how the active sites and precious metals arrange
themselves on the surface. However, further investigation would be required to

confirm this.

Comparing both Y zeolite catalysts, the effect that the method for precious metal
application can have on activity is much clearer. The vortex mixed catalyst displays a
higher methane conversion across the entire temperature range whilst
simultaneously achieving a much higher final conversion of 100 % compared to 91
% for the incipient wetness technique. These results align with a study by Banerjee

et al. They compared the effect of vortex mixing and incipient wetness synthesis of a
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Pd-Al,O3 catalyst for the purpose of complete methane oxidation.??2 The vortex
mixing method produced precious metal particles with a slightly smaller diameter
which was linked to higher activity at lower temperatures. The difference between
their activity reduced as the temperature increased over 450 °C which is in line with
the results in this study. However, this precious metal loading technique is much

harder to replicate for larger volumes of catalysts.

The most active catalyst was the ZeoliteY-PdPt with a 10 wt.% precious metal
loading. Due to being the most active, this catalyst was selected for the wash coating
of the substrates. To understand the effect of using different samples of the same
batch-synthesised catalyst, five samples were taken from the same batch, and each
underwent a full methane activity study using the catalyst testing rig. The light-off
curves are displayed in Figure 77. There is a slight spread in the results but the

lightoff curves were consistent, producing the same shape and achieving over 90 %
conversion at roughly the same temperature, just above 425 °C. Activation of all the
samples occurred between 275 — 300 °C, with the majority occurring at the latter. A
study by A. Doyle and L. Tosheva used the same gas composition with a lower total
flow rate of 50 ml/min and achieved activation temperatures of around 250 °C for
Pdloaded faujasite catalysts. No glass beads were used to support the catalyst,
which could have created localised hot spots within the catalyst sample, which may
account for the lower activation temperature. Additionally, the lower flow rate
increases the reactant contact time with the catalyst resulting in an improved
performance but generally, the catalyst samples performed similarly.??3 A second
publication by A. Doyle and J. Kamieniak used the same testing conditions again but
using Pd-hydroxyapatite catalysts with a similar precious metal loading of around 10

%. There was no significant reactivity recorded above 450 °C. This is around 100

150 °C higher than the Pd-zeolite samples in this study shown in Figure 76. The
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surface area was only averaging around 40 m?/g for the hydroxyapatite catalysts,
which is approximately 680 m?/g lower than the Y zeolite and 20 m?/g lower than the

sodalite zeolite, which could account for the lower activity.??*

Due to the nature of synthesising catalysts, it is difficult to produce exact regularity
per catalyst sample, meaning there will almost always be a slight difference between
the activity of samples. For this reason, one large batch was synthesised in the hope

of reducing any synthesising differences as much as possible.
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Figure 77: Light-off curves for five individual samples of the HY-PdPt batch catalyst synthesised. Flow Rate = 100ml/min.
Gas Composition: He= 85 %, 0,=10 %, CHs=5 %.

6.2.1. Substrate Testing Conditions
The washcoat applied to each substrate weighed approximately 0.2 g £ 0.005 g. The
variation was due to the difficulty of reproducibility in the wash-coating method, a
common issue when dip-coating monoliths.??> Each monolith design was printed and
tested once unless stated otherwise. The methane conversion was measured three
times at every temperature, and an average was calculated to obtain a conversion

result for each individual temperature.

6.3. Substrate Activity Results
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6.3.1. DLP Fibre Width

The first set of testing results consisted of reducing the fibre width of the monoliths.
This was partly to find the lower limit capable of being printed whilst simultaneously
allowing a study to further understand the effect that reducing a monolith's fibre width
has on catalytic activity. As seen in section 6.4.2.1., these designs consisted of a

90° woodstock pile design with the fibre width labelled in the graph's key. Table 8

displays the properties of the designs tested in this category. At the lower
temperature range, the monoliths all reacted very similarly. The T1o09% value is the
same for all four designs. There is an almost unrecognisable change of only 3 % in
methane conversion up to around 400 °C. Over 400 °C, as the fibre width reduced,
methane conversion increased more significantly. At the maximum temperature of

550 °C, the highest conversion was recorded using the 0.4 mm substrate, achieving

a conversion of 89 %. In comparison, the lowest recorded methane conversion at
this temperature was achieved using the 0.7 mm monolith, at which maximum
conversion was recorded as 74 %, a difference of 15 %. One reason for the decline
in the performance of the 0.6 and 0.7 mm substrates could be due to the application
of the washcoat. Each substrate underwent the same washcoat process described in
section 9.4. As the CPSI of a substrate decreases, the surface area also decreases.
This change is most significant from the 0.5 mm to the 0.6 mm substrate. Since the
catalyst loading was the same, this resulted in the washcoat thickness increasing. If
the washcoat is too thick, even with a sufficient number of catalytic active sites, not

all the sites are necessarily accessible, which results in reduced activity.?26 227

Although the maximum conversion was achieved with the 0.4 mm substrate, when
attempting to print more complex internal geometries, the structure's mechanical
integrity became slightly compromised, so a fibre width of 0.5 mm was selected for

future studies. This was also decided since there was only a slight decrease in
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performance between the 0.5 and 0.4 mm monoliths, with the largest difference

being a 5 % conversion at 450 °C.

Table 9: Properties of the substrates designed with a reduced fibre width.

Surface  Number of Open
T10% Ts0% Ts0% - T10% (mm?) Exposed Frontal CPSI

(°C) (°C) (°C) W Faces Area
0.4mm 338 459 121 % 6684 0.58 330
0.5mm 338 469 131 10538 5698 0.52 287
0.6 mm 338 503 165 10133 5313 0.48 252
0.7mm 338 482 144 9758 4694 0.44 223
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Figure 78: Light-off curve for 90° wood stockpile design, DLP printed substrates with a reducing fibre width. Flow Rate =
100ml/min. Gas Composition: He= 85%, O>=10%, CH;=5%.

6.3.2. X-Axis Variation

The next set of substrates tested included those with a variation in the X-axis rotation
angle. These designs were capable of being produced using both robocast printing
and DLP printing which allowed a useful comparison of the two printing techniques.
The light-off curves for the DLP-printed and robocast-printed substrates are
displayed in Figure 79 and Figure 80 respectively. Generally, the DLP substrates
performed better than the robocast-printed substrates. However, their behaviour over
the full temperature range displays interesting results. The robocast substrates were

activated at a lower temperature than the DLP substrates. The DLP substrates were
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consistently activated at 350 °C but with some variation in the activation conversion
percentage, a range of 9 % across the DLP prints. The robocast substrates were
activated over a larger temperature range starting at 300 °C but mostly at 325 °C.

The lower activation temperature could potentially be accounted for by the lower
OFA when compared to the DLP prints. The larger fibre width results in a larger initial
contact surface, making it more likely for the incoming gas flow to encounter the

catalyst and react, hence improving conversion.

As the temperature of the reaction increased, the DLP substrates displayed a greater
improvement in conversion, more so at the higher temperature range above 500 °C.
At the highest temperature of 550 °C, the average conversion for the DLP substrates

is 95 % compared to only 82 % for the robocast substrates. The range of conversion

between both sets of samples was consistent at 10 %. Once activation had been
achieved and the temperature surpassed 400 °C, the DLP substrates consistently

achieved greater methane conversion, which could be accountable to the higher

internal surface area and CPSI compared to the robocast samples.

Regarding the individual rotation in angle, there are consistencies across the two
printing styles. The best-performing angle rotation was 75°. The 75° substrates
achieved the highest final conversion percentage across both printing styles,
achieving a maximum of 100 % for the DLP printed substrate at 550 °C. This may be
related to the fact that the 75° substrate has the largest surface area in this group of
substrates by 49 mm?. The substrate which activated last for both sets of substrates
is the 90° rotation. This could be rationalised by the fact it has the largest OFA of
0.52 compared to the next closest, 0.40, which belongs to the 30° substrate. A larger
OFA means a smaller initial contact surface for the reactant gases to initially react,

potentially reducing initial activity. The 90° substrate also has the lowest CPSI.
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However, this is difficult to directly assign to the reason for the lower activity due to

the variation in channel shape and size. These results offer insight into the

improvement DLP printing can offer compared to robocast printing. The remaining

designs tested were all printed using DLP technology after this discovery.
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Figure 79: Light-off curve for DLP printed substrates with 0.5mm wide fibres rotated along the X-axis. Flow Rate = 100
ml/min. Gas Composition: He= 85 %, 0,=10 %, CH;=5 %.
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Figure 80: Light-off curve for robocast printed substrates with 0.7 mm wide fibres rotated along the X-axis. Flow Rate = 100

ml/min. Gas Composition: He =

Table 10: Properties of the DLP substrates designed with rotated fibres along the X-axis.

85 %, O,=10%, CHy =5 %.

Number of Open
T10% Ts0% Ts0% - T10% Surface Exposed Frontal PS|
(°C)  (°C) (°C) Area (mm?) P
Faces Area
DLPX30 368 421 53 10505 3868 0.40 331
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DLPX45 354 459 105 10523 4710 0.39 427

DLPX60 400 452 52 10516 5110 0.36 480
DLPX75 372 423 51 10587 5102 0.39 413
DLPX90 400 442 42 10538 5698 0.52 287

6.4. Advanced DLP substrate activity testing

6.4.1. DLP and Commercial Substrate Comparison
The third stage of testing involved a comparison between a 90° woodstock pile DLP

printed substrates and a 400 CPSI commercial monolith. The design of the 90°

woodstock pile substrate is the most comparable to the commercial monolith due to
the same channel shape when analysing from the cross-sectional area in the
direction of the gas flow. However, the interconnectivity of the channels differs,
resulting in changes to several properties, such as the surface area and the number

of exposed faces.

Testing began with a commercial monolith which had undergone the same
washcoating procedure as all the other substrates. For reproducibility purposes,

three individual samples were tested and the results are displayed in Figure 81.
Methane activation occurred between 325 °C and 375 °C. Below 400 °C, methane
conversion gradually increased before a sharper increase, per temperature
increment, above 400 °C for all three samples. The final conversion at 550 °C for the

three samples averaged 80 % with a range of 11 % across the three samples. All

three samples exhibited a similar pattern of methane conversion.
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Figure 82: Light-off curve for four 90 woodstock pile DLP printed substrates with a 0.5 mm fibre width. Flow Rate = 100
ml/min. Gas Composition: He= 85 %, 0> = 10 %, CHs =5 %.

Table 11: Properties of a DLP-90°-0.5mm fibre width substrate and a commercial monolith.
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Number of

Average  Average Average  Surface Exposed Open
T (°C) Tson (°C) Tso%- Area Faces Frontal CPSI

T1o% (°C) (mm?) Area
Commercial 376 464 88 15740 870 0.76 400
DLP90X 325 380 55 10538 5698 0.52 287

The DLP-printed substrates showed a noteworthy improvement in converting
methane. The light-off curves in Figure 82 reveal that these substrates exhibited
better methane conversion across all the temperatures tested. Four samples were
tested, each having been printed with a different batch of DLP resin and all having

undergone the same wash coating procedure. Activation of all four samples occurred
at a lower temperature range, 275 — 300 °C, compared to the commercial monoliths.

This could be justified by the lower OFA of 0.24, but the most significant

improvements were observed at the higher temperature range. All four substrates

tested showed over 90 % methane conversion above 450 °C before achieving 100

% conversion above 500 °C. These activities were not achieved by the 400 CPSI

commercial monolith at any temperature.
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Figure 83: Light-off comparing the average conversion data for a commercial monolith and a 90° DLP substrate with a 0.5
mm fibre width. Flow Rate = 100 ml/min. Gas Composition: He= 85 %, O> = 10 %, CH; =5 %.

6.4.2. Z-Axis Variation

The fourth testing category consisted of DLP printed substrates with a 0.5 mm fibre
width, with each printed layer of fibres rotated along the Z axis. The light off curves

are displayed in Figure 84. The key indicates the angle at which each substrate’s
fibres were rotated, for example, Z7.5 was a rotation of 7.5° producing the substrate

designs seen in Figure 70.
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Figure 84: Light-off curve for four DLP printed substrates with a 0.5 mm fibre width and rotation of the fibres in the Z axis.
Flow Rate = 100 ml/min. Gas Composition: He = 85 %, O> = 10 %, CH; = 5 %.

Table 12: Properties of a DLP substrate with 0.5 mm fibres rotated along the Z-axis.

Number of

R Ts0%  T50%- T10% Surface Exposed Open
T10% (°C) °C) °C) Area E Frontal CPSI

(mm?) aces Area
Z7.5 363 410 47 10458 59.42 52 287
Z10 346 405 59 10498 58.18 52 287
Z15 353 407 54 10585 63.58 52 287
Z30 335 378 43 8827 44.86 52 287

The testing results show similarities between the 7.5°, 10° and 15° substrates. At
temperatures above 400 °C, methane conversion is almost inseparable. All three
substrates achieved 100 % methane conversion at 500 °C with no more thana 1 %
difference at any given temperature above 400 °C. Below 400 °C, there is some
variation in the results. Although all three substrates became active at 325 °C,
between 325 °C and 400 °C there was a slight difference between methane

conversion. The largest range observed was 9 % at 375 °C, with the Z10 performing
slightly better than both the Z7.5 and Z15.

The outlier for this set of results is the Z30 substrate. It was activated 25 °C lower
than the other three substrates and consistently outperformed them at every

remaining temperature interval. The largest improvement was seen at 400 °C where
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Z30 exhibits a 30 % improvement in methane conversion compared to the next best

substrate, Z10.

Considering all four substrates have a consistent OFA and CPSI of 0.52 and 287,
respectively, the remaining properties are of interest. Surprisingly, the substrate with
the lowest surface area and the number of exposed faces performed the best, which
contradicted the initial assumptions. However, upon reviewing the CAD drawings for
these designs, the Z30 has a more intricate internal structure with more internal
chambers. This could be responsible for the improvement in activity as the increased
internal complexity increases the turbulence within the substrate. Further research,
including CFD analysis, may help to prove this theory but was beyond the scope of

this project's results.

6.4.3. Y-Axis Variation

The fifth category of substrate designs to be tested included the DLP printed
substrates, with a 0.5 mm fibre width, with each layer of fibres rotated in the Y axis.
Figure 84 displays the light-off curve results. The graphs key uses the same naming

technique as the previous results. All the Y-axis substrates that were tested achieved
100 % conversion at 500 °C. Out of the four substrates tested, Y15 and Y30
performed best, surpassing the performance of Y5 and Y7.5 across the full
temperature range. Even at 450 °C, Y15 and Y30 managed to achieve over 99 %

conversion.
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Figure 85: Light-off curve for four DLP printed substrates with a 0.5 mm fibre width and rotation of the fibres in the Y-axis.

Flow Rate = 100 ml/min. Gas Composition: He = 85 %, O> = 10 %, CH;= 5 %.

Table 13: Properties of a DLP substrate with 0.5 mm fibres rotated along the Y-axis.

T10% Ts0% Tso%-T10%  Surface Number of Open
(°C) (°C) (°C) Area Exposed Frontal CPSI
Faces Area
Y5 330 389 59 8638 26.12 39 292
Y10 356 396 40 8858 42.24 33 292
Y15 300 375 75 7962 41.62 22 292
Y30 318 373 55 7746 36.74 0 0

Most of the substrates were activated at 300 °C except for Y7.5 which activated at

325 °C. At 300 °C, Y5, Y15 and Y30 had a methane conversion range of 3 % with

Y15 performing the best converting 10 % of the methane. As the temperature

increased, the difference between the four substrates was more prominent. The

largest difference was observed at 375 °C, where there was a methane conversion

range of 23 % between Y7.5 and Y30.

At temperatures over 400 °C, the difference in methane conversion between the four

substrates was smaller, with Y15 and Y30 still outperforming Y7.5 and Y5, but the

difference in results narrows down to only 10 % at 425 °C. It is at temperatures
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below 400 °C where the variation of the substrate design seems to have the most

prominent effect. This could be related to the reduction in OFA. Y15 and Y30 perform
best and have a significantly lower OFA, 0.22 and 0.00 respectively. This results in a

larger initial surface area for the reactants to encounter the catalyst.

6.4.4. Best Performing Substrates

Figure 86 below displays the light-off curve for the best-performing substrates from
each category of designs. The substrates that were 3D printed using DLP technology

performed better than the commercial 400 CPSI substrate across the entire
temperature range. This was especially notable at 425 °C, where there was over
three times as much methane conversion. When the temperature was raised to 550
°C, the commercial monolith achieved a maximum conversion of 80 %, while all

three DLP printed substrates achieved 100 %. Upon comparing the commercial
substrate to the DLP printed substrates, some interesting differences were observed

between certain properties.
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Figure 86: Light-off curve for the best-performing DLP printed substrate from each design category and a commercial
substrate. Flow Rate = 100 ml/min. Gas Composition: He = 85 %, O, =10 %, CH; = 5 %.

Table 14: Properties of the best performing DLP substrate and a commercial monolith.
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Tsow- Surface  Nymber of Open

-{:(O:; -{fé; T10% (mm?) Exposed Frontal ~ CPSI
(°C) 15740 Faces Area
Commercial 376 464 gg  ‘\rea 870 0.76 400
Z30 335 378 43 8827 4486 0.52 287
Y30 318 373 55 7746 3674 0.00 0
X90 325 380 55 10538 5698 0.52 287

The commercial 400 CPSI monolith has a higher OFA compared to the 3D printed
substrates by around 0.24 than the next closest substrate, Z30. This could contribute
to the enhanced activity of Z30. However, as the OFA continues to decrease across
the DLP printed substrates, this doesn’t necessarily lead to a significant
improvement in their activity. This suggests that there may be other factors
contributing to the observed increase in activity. The CPSI is another property which
is advantageous towards the 400 CPSI monolith, containing up to an extra 113
channels than the next closest substrate, X90 or Z30. However, Y30 has
substantially fewer channels than any of the other four substrates without showing
substantially better activity results. This implies the improvement in activity may not
be solely attributed to CPSI. When it comes to surface area, the 400 CPSI monolith
has the largest surface area of the four substrates, measuring at 15740 mm?2. In
comparison, X90 measures at 10538 mm?, a difference of 5202 mm?, representing
just over a 30 % decrease. If it was a simple connection of an increased surface
area improving catalytic activity, the 400 CPSI commercial monolith should

outperform the three DLP printed substrates; however, this is not the case.

The one property which stands out in comparison is the number of exposed faces.
The commercial monolith only contains around 870 compared to 7746, 8827 and
10538 for Y30, Z30 and X90, respectively. This increase ranges from between 9 to
12-fold. A higher number of exposed faces is likely a cause for an increase in
turbulence within the system, which has been proven in the literature to result in

improved catalytic activity.228: 229
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6.4.5. Substrate Lifetime Study
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Figure 87: Light-off curve for a study of the lifetime of a 90° woodstock pile design substrate with a 0.5mm fibre width. Flow
Rate = 100 ml/min. Gas Composition: He = 85 %, O> =10 %, CH; =5 %.

To understand the behaviour of the substrate over time, a lifetime study was
conducted with the results displayed in Figure 87. A single washcoated monolith was
subject to an activity test, before being soaked at a set temperature for 6 hours to
simulate substrate ageing. The graphs key refers to the light-off curve for the
substrate after the temperature it was aged at. For example, the 600 °C light-off
curve had undergone a full activity test before the temperature was increased to 600
°C for 4 hours, then cooled back down to 150 °C. A complete activity run was then
conducted with the results shown in the 600 °C light-off curve. After the activity run,
the temperature of the substrate was increased to 650 °C for 6 hours, cooled back
to 150 °C where another activity run was performed, with the results displayed in the
650 °C light-off curve and so on. The final temperature was concluded at 800 °C,

mainly due to the safety of the furnace and a visually significant drop-off in activity.

Based on the results, it has been observed that the substrate's activity experiences a

significant decline across the temperature range once it hits over 600 °C. This
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provides evidence that the catalyst loses its effectiveness as it ages, particularly
when temperatures exceed 600 °C within the system. If this substrate is integrated

into a real-life system that reaches such high temperatures, a more stable catalyst
may be necessary, even if it means sacrificing some catalytic activity. Nevertheless,
the substrate itself remains usable beyond these temperatures, indicating that the
DLP printed substrate can be utilized for this purpose if required. To gain a deeper
understanding of how different catalysts behave when wash-coated onto this
substrate at higher temperatures, further investigation is necessary, which falls

outside the scope of these results.
7. Conclusions

An investigation was conducted into the effectiveness of 3D printed substrates for
the purpose of complete methane oxidation. The aim was to try and reduce the

amount of methane produced by a vehicle exhaust stream.

24 CAD designs were produced with varying internal geometry, and their physical
properties were recorded, including their surface area, open frontal area, channels
per square inch and the number of exposed faces. This allowed a comparison
between important properties which maybe influential to the catalytic effectiveness of

monoliths.

Two 3D printing methods, namely robocasting and digital light processing, were first
utilised to manufacture a simple 90° woodstock pile design substrate. It was
concluded that DLP was more capable of creating a) more complex internal
geometries and b) more refined printing definition, including thinner substrate walls,
so was selected to investigate further. A unique DLP resin suitable for the printing
purpose of this study was therefore produced, using a stepwise process consisting
of over 50 wt.% solid cordierite loading with a cure time of under 10 seconds. This

was the first of its kind mentioned in scientific literature and was an extremely time
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consuming and difficult part of the research which required lots of trial and error. It is

considered one of the greater achievements of this research.

Once the resin had been optimised, the 24 substrates were manufactured and
compared for their catalytic activity at completely oxidizing methane. A top-of-the-line
catalytic testing rig equipped with a gas chromatography analytical instrument and a
thermal conductivity detector was utilised. To ensure accuracy, each sample was
subjected to the same wash coating method with the same catalyst to generate

catalytic active samples for testing.

The 3D printed substrates displayed a higher level of mass transfer compared to
honeycomb monoliths, mostly due to the interconnectivity of their channels and
therefore increased number of exposed faces increasing the level of internal
turbulence in the system. Although the research showed the surface area is usually
lower for 3D printed substrates, their catalytic activity is usually better. All the 3D
printed substrates outperformed the commercial substrates at every temperature
tested. When reviewing the best-performing 3D printed substrates, there was a
substantial improvement of over three times as much methane conversion compared
to the commercial monolith. These results display the improvement 3D printed

substrates can offer catalytic activity.

8. Future Works

There is great potential to explore how turbulence can further improve catalytic
conversion. Progressing the development of intricate designs which optimise the
relationship between back pressure and catalytic activity could lead to even better
substrates. An interesting avenue for this could be introducing the use of Al to try
and produce an ideal design. Specific parameters, such as flow rate, temperature

and reaction conditions could be fed into the program which could produce a design
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maximising turbulent flow and mass transfer to gain the best results in terms of

catalytic conversion.

Additionally, using DLP technology to produce a full-size catalytic converter for
testing under industrial conditions would provide additional understanding of the
effectiveness of 3D printed substrates for catalytic purposes. This allows result
collection which closer aligns to real-life conditions, giving a more telling insight into
the effectiveness of 3D printed substrates compared to commercial counterparts.
Considering the 3D printed substrate also has a lower surface area than a
commercial monolith, there is potential for further research to see if a lower loading
of catalyst could produce the same catalytic result which could result in a lower cost

of catalyst per monolith if successful.

Furthermore, this thesis could act as a blueprint to trial additional gaseous catalytic
reactions such as NOx abatement. Depending on the substrate produced, further
reactions could be trialled which utilise a different catalyst wash coated on the solid

substrate.

All the above are viable options to further expand the scope of this work and would

contribute to the larger scientific picture.
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