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Abstract 

Heterogeneous catalysts for energy intensive reactions, like steam methane reforming and methane 

decomposition, use technical ceramics to serve as the support for the active component of the catalyst. 

Low thermal conductivities of ceramics, when compared to metals, means that the temperature profile 

inside of a ceramic dramatically drops off rapidly, even in applications where processing temperatures 

can exceed 900°C. In a packed bed, this leads to uneven temperatures contributing to many problems 

that affect the longevity and effectiveness of process equipment. Increasing the thermal conductivity 

of ceramics catalyst supports provides a means of improving efficiency, lowering maintenance costs, 

lowering process energy demands, and reducing waste. 

 

Additive manufacturing in chemical engineering applications has begun to enable process 

intensification through production of previously unattainable geometries using innovative materials. 

This additive manufacturing process involves a solid powder mixture and an ink combined via binder 

jetting powder printing—a process that uses the selective deposition of a liquid onto a powder to hold 

it together layer-by-layer. The green-body produced by this process can then be post-processed by 

sintering to produce the final ceramic part. The ink for binder jetting contains a soluble metal salt that 

is spread throughout the part during its production. When post-processing is conducted, the active 

component is already thoroughly dispersed into the part, which removes the necessity of performing a 

separate wash-coating step typical in catalyst manufacturing.  

 

Baseline samples were printed in plastic and metal to compare geometries allowable via 3D printing 

to the standard packed-bed configuration. Pressure drop in the geometries explored was as low as 

66% of the baseline, and 73% of the baseline for the column with the highest thermal conductivity 

values. Values of thermal conductivity increased by as much as 146% in plastic and 210% in metal 

relative to the measured thermal conductivity of the baseline column. 

 

Energy-dispersive x-ray spectroscopy tests on post-processed parts showed that the amount of active 

component distributed within the part was favourable compared to catalysts used in industry, but that 

the industrial catalysts had a higher absolute amount of nickel in the samples tested. Modifications to 

the post-processing of the part were performed to determine the effect of using pore formers to 

increase surface area and the prevalence of features beneficial to catalytic reactions which were 

observable through scanning electron microscopy. The samples produced were measured against an 

industry catalyst for the BET surface area, nickel dispersion, and support material phases. The 

measured surface area of the industrial samples was much higher than the prepared samples, but the 

composition of the support material had significant differences. The industry catalyst contained a 
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much higher amount of nickel according to the results from the energy-dispersive x-ray spectroscopy 

tests, but the distribution of that nickel was better in the prepared samples.  

 

Results produced in this work can be combined to yield a method for manufacturing substrates for 

catalysis via additive manufacturing with very well-dispersed active components. By including the 

active component as a soluble ingredient in the ink, a typical process step in catalyst manufacturing 

can be bypassed entirely. 
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Nomenclature 

Symbol   Definition     Units 

βm   Roots of Bessel functions   [dimensionless] 

CAo   Initial concentration of A   [mg/mL], [g/mL] 

χ   Surface roughness ratio (Wenzel’s)  [dimensionless] 

Dh   hydraulic diameter     [m]  

d   Diameter      [m], [µm] 

dfA   Differential fractional conversion of A   [dimensionless] 

ε   Bed voidage     [dimensionless] 

fA,in   Fractional conversion of A entering the reactor [dimensionless] 

fA,out   Fractional conversion of A exiting the reactor [dimensionless] 

κ   Permeability parameter    [m2] 

L   characteristic length     [m], [cm], [µm] 

m   Mass       [g], [kg] 

OFA   open face area      [m2], [cm2], [mm2] 

Oh   Ohnesorge Number     [dimensionless] 

-rA   Rate of disappearance of A in terms of the   

fractional conversion of A 

φ   material-dependent factor on permeability,  

porosity, and a constant derived experimentally  

ρ   Density      [g/mL], [g/cm3], [kg/m3] 

r   Radius      [µm, mm, cm, m] 

Re   Reynolds Number     [dimensionless] 

SSA   Specific surface area     [m2/g] 

SA   Surface area      [m2], [cm2], [mm2] 

σ, σl   Surface tension of liquid   [N/m], [mN/m] 

σsl   Interfacial tension between liquid and solid [N/m], [mN/m] 

σs   Surface free energy of solid   [N/m], [mN/m] 

τ   Reactor space time    [s-1], [hr-1] 

θ   Contact angle     [°, degrees] 

μ   Viscosity, Dynamic     [Pa·s], [mPa·s], [kg/(m·s)] 

υ   Viscosity, Kinematic     [m2/s] 

Q   Volumetric flow rate    [m3/hr],  

v   Velocity      [m/s] 

V   Volume       [m3], [cm3], [mL], [pL] 

Ve   Empty volume     [L], [m3] 
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VR   Volume of Reactor (Reaction vessel)  [L], [m3] 

Vs   Volume solids      [L], [m3] 

VT   Total volume     [L], [m3] 

We   Weber Number      [dimensionless] 

Z   Fromm’s parameter, Z number (Oh-1)   [dimensionless] 

 

Abbreviation  Definition 

3D   three-dimensional 

3DP   (powder) binder jetting 3D printing 

ABS   acrylonitrile-butadiene-styrene 

BET method  Brunauer–Emmett–Teller method (used to determine surface area) 

CAD   computer aided design 

CIJ   continuous inkjet (type of print head) 

CSAIL   Computer Science and Artificial Intelligence Laboratory at the Massachusetts  

Institute of Technology 

DIW   direct ink writing (robocasting) 

DOD   drop on demand (type of print head) 

DSC   differential scanning calorimetry 

DTA   differential thermal analysis 

EBM   electron beam melting 

EtOH   ethanol 

FDC   fused deposition of ceramics 

FDM   fused deposition modelling 

FFF   fused filament fabrication 

GHSV   Gas Hourly Space Velocity 

HP   Hewlett-Packard 

LENS   laser-engineered net shaping  

PAA   Poly(acrylic) acid 

PEG   Polyethylene glycol 

PEO   Polyethylene oxide 

PF   pore former 

PMMA   Poly(methyl) methacrylate 

RP   rapid prototyping 

SEM   scanning electron microscope or microscopy 

SLA   stereolithography 

SLS   selective laser sintering 
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SLM   selective laser melting 

STL/.stl   file format generally provided to a slicer to generate the files needed for a 3D  

printer 

TGA   thermo-gravimetric analysis 
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1.1 Introduction 

With an ever-increasing demand for hydrogen in the chemical industry, particularly in refining, 

improving hydrogen production within existing equipment could save companies significant capital 

costs from installation of new equipment and infrastructure. Improved catalyst efficiency can lead to 

higher production, fewer equipment outages, and lower long-term cost of ownership of equipment. 

Using additive manufacturing could allow for a greater degree of control over the catalyst 

macrostructure and also allow for printing geometries not achievable by traditional manufacturing 

methods.  

 

Steam methane reforming has been the primary source of hydrogen in the chemical processing and 

refining industry since the first large scale reformer was commissioned by Standard Oil of New Jersey 

in Baton Rouge, Louisiana, in 1930[1]. The process involves sending methane and steam into a large 

piece of fired equipment called a reformer. The reactants are directed through tubes inside the 

reformer where a catalyst is present to help the reaction proceed at a greater rate. The reactions 

associated with this process require high temperatures and pressures to proceed. Steam methane 

reforming was chosen as the reaction of interest since it is a well-established process and because it is 

highly-endothermic, making energy savings particularly important and easier to observe. 

 

Current catalysts used in industrial steam methane reformers are generally nickel-based catalysts on 

pelletized porous alumina support. The heat transfer within the reformer is relatively poor, and the 

catalyst itself is susceptible to excessive fouling due to carbonaceous deposits, poisoning, or a 

combination of both. The pressure drop created by running high pressure gas through packed beds can 

be severe.  

 

The idea of catalytic monoliths has been widely explored in the environmental pollution control 

industry, particularly as catalytic converters in automobiles, but has not gained the same prevalence in 

any other industry. Adapting catalytic monoliths for use in steam methane reformer tubes theoretically 

allows the user to take advantage of the low pressure drop across monoliths as well as increased 

mechanical integrity relative to traditional catalysts. Traditional ceramic manufacturing methods such 

as slip casting, templating, tape casting, or extrusion[2] are limited in their ability to form certain 

geometries. The geometries being explored through this work would also theoretically allow for 

modular construction to maintain specific orientation and therefore heat transfer characteristics down 

the entire length of the reformer tube. 

 

The greatest improvements to this very mature process lie in revising the design of the catalyst that 

fills the reformer tubes and increasing process intensification. The catalyst may be modified in macro-
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scale, micro-scale, and composition. The macro-scale geometry of the catalyst influences the pressure 

drop through the reformer tube. A significant energy loss occurs due to the high pressure drop of most 

traditional catalyst systems in operation today. Modification of the micro-scale geometry and the 

composition of the catalyst can improve heat transfer, mass transfer, and dispersion of catalytically 

active sites[3]. Additionally, these factors can change over the life cycle of the catalyst; as it is 

exposed to high temperatures and pressures, the catalyst can lose activity due to sintering and carbon 

formation.  

 

Additive manufacturing has been developed to a point over the last thirty years that it can be used for 

materials with which typical steam methane reforming catalysts are fabricated. The additive 

manufacturing industry consists of many different technologies for many different materials. 

However, the first technology to be patented was stereolithography which uses a laser in a bed of 

resin to cure a photosensitive polymer in a layer-wise fashion to build a part. Shortly after 

stereolithography was patented, fused deposition modelling and selective laser sintering were both 

developed[4]. Like most additive manufacturing methods, these techniques all use a repeated layering 

method to build up a part layer by layer. All three of these technologies have patents that have expired 

and smaller versions of these machines have become available to the general public for a small 

fraction of the cost of industrial machines.  

 

Powder printing is one of the most diverse material methods for additive manufacturing available in 

desktop printers. Metal, ceramic, plastic, and composite powders are all available for purchase from 

various manufacturers, some of which cater specifically to the additive manufacturing market. Using 

powder printing allows for experimentation with the traditional industry standard of alumina-rich 

catalyst support and with the addition of the ink described in this work, with nickel dispersed 

throughout for promotion of the reforming reaction. With this method it should be possible to print 

other powdered materials such as other ceramics, zeolites, composites, and metals.  
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1.2 Outline 

The aim of this work was to demonstrate a proof-of-concept for a 3D printed catalyst and ceramic 

catalyst support, and to characterise the properties of the samples produced herein. The 3D printed 

catalyst should ideally be robust with high thermal conductivity and catalytic activity. This thesis 

covers the adoption of additive manufacturing (also known as 3D printing) to produce catalyst 

supports and dispersion of the active catalytic component into that process. This work includes the 

development of complex geometries in more common materials with the extension to ceramics and 

active metal dispersants in simple geometries. 

 

An investigation of the hydrogen market, steam methane reforming, heterogeneous catalysis, and 

additive manufacturing are presented in the literature review (in Chapter 2).  

 

The requirements for a catalyst that performs well in steam methane reforming include: 

• Catalytic Activity 

• Effective Heat Transfer 

• High Mechanical Strength 

• Low Pressure Drop 

• Resistance to Carbon Formation and Sintering 

The structure of the catalyst can affect all of the aforementioned factors. Proceeding with a single 

monolith design versus the traditional packed bed design has the potential to positively affect all of 

the previously mentioned properties. This is discussed further in Chapter 3.  

 

Chapters 4 and 5 discuss adapting the 3DP process (described in the literature review in Chapter 2) for 

the purpose of producing catalytic substrates and incorporation of the catalytically active substance. 

Chapter 4 focuses on the development of the ink for use in the 3D printer and Chapter 5 focuses on 

the powder and its consolidation, as well as part production, with the ink developed and described in 

Chapter 4. Chapter 5 additionally covers the use of pore formers to increase surface area and 

favourable geometries for catalysis and the use of different sintering profiles. In addition to this, 

Chapter 5 contains scanning electron microscopy (SEM) images for different pore formers, pore 

former loading levels, and the effect of different sintering profiles. 

 

Chapter 6 contains the results from characterisation tests performed on the samples produced via the 

process adapted as described in Chapters 4 and 5. Tests include energy-dispersive x-ray spectroscopy, 

x-ray diffraction, BET surface area characterisation, and temperature programmed desorption. Testing 

was conducted for the purpose of determining whether the samples produced via the process from 
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Chapter 4 and 5 have commonalities with a currently utilised industry catalyst for primary steam 

reforming.  

 

The outcome of this research is a potentially viable source of producing steam methane reforming 

substrates for catalysts via additive manufacturing. The process for generating this product comprises 

the bulk of this thesis.  
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Chapter 2: Literature Review 

 

Literature Review 
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2.1 Introduction 

The hypothesis of this work is that, using additive manufacturing, the methodology for demonstrating 

the theoretical feasibility of a monolithic support can be manufactured that shows improved properties 

important to catalytic performance. 

 

To address the hypothesis of this work properly for the reaction(s) and market(s) of interest, those 

market(s) and reaction(s) must be briefly explored. The motivating reasoning must be put forth that 

suggests why a monolithic support might be advantageous, its favourability over current solutions, 

and how the manufacture of the proposed structures could be achieved using the suggested 

technology. To ensure the background of all of these matters is adequately covered and to ensure that 

this work is original in its execution, a study of the existing uses for these new technologies in the 

same and similar areas must also be explored.  

 

2.1.1 Hydrogen Market and Driving Factors 

2.1.1.1 The Global Hydrogen Market 
In 2008, the global market for hydrogen represented over US $40B, with a sales increase of 6% year 

over year the previous five years[5]. The market was valued at US$130B[6], [7] in 2017. This number 

is predicted to hit between US$180B[8] and more than US$200B[6] by 2025, with one report 

predicting a value of US$183B[7] by 2023. Figure 2.1 represents the global hydrogen market between 

2016 and 2023. 

 

 

Figure 2.1. Hydrogen Generation Market by Region (in Billion US$) taken from Markets and Markets 

report[9] 
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Hydrogen gas is used most prevalently in ammonia production (49%), followed by petroleum refining 

(37%), and then methanol production (8%). The remainder of the market is used in various diverse 

applications (6%)[5]. A great deal of the hydrogen market growth is due to increased regulation 

around petroleum refining products and a drive for lower sulphur content in fuels. Regulations are 

being extended to encompass more types of fuels and in more countries, particularly in the Asia-

Pacific region[10], so this market segment is also projected to increase.  

 

Hydrogen is being explored as a possible alternative to dependence on fossil fuels, driven by concerns 

about air pollution and climate change. While hydrogen production from renewable resources is in 

development, increasing the efficiency by which hydrogen can be produced using the current 

predominant technology should help to meet the increase in demand. Use of hydrogen in fuel cells, 

distribution systems, and traditional internal combustion engines is currently the subject of much of 

the alternative energy industry’s research. The main advantage of pursuing hydrogen as an alternative 

fuel in internal combustion engines is the lack of emissions compared to traditional hydrocarbon fuels. 

When used in internal combustion engines, hydrogen fuel produces hot air, water vapour, and small 

amounts of nitrous oxides. Traditional hydrocarbon fuels produce nitrous oxides, carbon dioxide, 

carbon monoxide, and other undesirable compounds that are thought to contribute to climate change.  

 

All of these technologies, however, require hydrogen production from one of several modern routes, 

including steam methane reforming, partial oxidation, electrolysis, and gasification, among 

others[11]. Globally, 68.8% (by volume) of the hydrogen produced in 2016 was produced via steam 

methane reforming[8]. This work seeks to explore an aspect of the currently employed industrial 

methods for producing hydrogen—specifically, the catalysts used for producing hydrogen through 

steam reforming and methane decomposition. Both these reactions are endothermic and require 

relatively extreme process conditions[12]–[15]. They can both utilise a Nickel-alumina catalyst[14], 

[16]–[18]. This important commonality formed the basis for the decision to use an alumina support 

with a nickel coating for the catalyst development experimentation with additive manufacturing (3D 

printing) within subsequent chapters. 

 

2.1.2 Hydrogen Production 

2.1.2.1 Steam Methane Reforming 
Steam methane reforming is one of the oldest methods for generating hydrogen that is still in 

predominant usage today, principally where there are large stores of natural gas. Steam methane 

reforming has been the primary source of hydrogen in the chemical processing and refining industry 

since the first large scale reformer was commissioned by Standard Oil of New Jersey in the United 

States in 1930[1]. Steam methane reforming is common in areas with cheap sources of methane or 

natural gas, but reforming of higher hydrocarbons is not uncommon in regions where these are the 
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cheaper fuel source. The steam methane reformer generates synthesis gas, commonly known as 

“syngas”, which is then used in the generation of methanol, ammonia, and hydrogen. The process 

involves sending methane and steam into a large piece of processing equipment called a reformer. The 

reactants are directed through tubes inside the reformer where a catalyst is present to help the reaction 

proceed at a greater rate. The reactions associated with this process require high temperatures (500°C 

to 1100°C), pressures (20 bar to 30 bar), and the presence of a catalyst to proceed at what is 

considered to be a reasonable and commercially-viable rate[19]. 

 

The chemistry of steam methane reforming is well known. The overall reaction is given below.  

CnHm+nH2O→nCO+ (n+
m

2
) H2, (−∆H298

0 < 0) 

The overall process is highly endothermic, requiring a very high heat input. Industrially, the reaction 

is operated at a higher steam-to-carbon ratio than is required by stoichiometric ratio and high 

temperature—limited by the tube metallurgy and failure rate of the reformer tubes. The rates of 

reaction have been studied extensively. The first rigorous, and still highly cited, kinetics study for 

steam methane reforming is the work of Xu and Froment[20] that specifies equilibrium values for the 

reactions associated, as well as rates of reaction that are dependent upon the partial pressures of the 

chemical species present. The rates are strongly dependent upon the effective mass diffusivity.  

 

Most reformers are classified by the style of heat-input. There are top-fired, side-fired, and Foster-

Wheeler terrace-walled reformers. The most commonly encountered type is the top-fired reformer. 

The reformers, or furnaces, are discussed in greater detail after the section on methane decomposition. 

 

Figure 2.2. Typical configuration of a top-fired large-scale steam methane reformer[21] with tubes 

typically between 6 and 12 metres in length. 

 

The U.S. Department of Energy lists steam methane reformation as the primary source of hydrogen in 

the United States[22]. Steam methane reformation is fairly common in the United States of America 
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and Canada where there are large supplies of natural gas and other methane-rich fuel sources. 

Worldwide, steam methane reforming accounts for approximately 48% of global production[23]. 

Steam methane reforming has been industrially relevant since the 1930s, but its discovery dates to 

roughly sixty years prior. 

 

Hydrogen has been produced from hydrocarbons in the presence of steam since its discovery in the 

late 1860s. Tessie du Motay[24] and Charles-Raphaël Maréchal described a process in 1868 where 

hydrocarbons and steam were directed over calcium oxide to form hydrogen and calcium carbonate. 

Ludwig Mond[25] was the first person credited with using Nickel in this process in 1889. Steam 

methane reforming was further studied in the period between 1890 and the mid-1920s, but the first 

detailed study was not published until 1924. The study, conducted by Neumann and Jacob, seemed to 

renew interest in the production of hydrogen and syngas from natural gas and other methane-rich 

gases[1]. Many separate patents, which claimed a wide range of compositions, were issued for steam 

methane reforming catalysts in and around 1930. One of the first of these patents, by Wietzel, Haller, 

and Hennicke, claimed a nickel-alumina activated catalyst for use in “externally heated long 

chambers, the walls of which consist of a material of high heat conductivity which is resistant to high 

temperatures… such as chromium nickel.”[26]. This description is highly representative of the 

modern reformer as shown in Figure 2.3. 

 

Figure 2.3. View from inside a top-fired catalytic steam reformer. Banks of tubes shown on left and 

right[27]. 

 

The more detailed series of hydrocarbon steam reforming can be described using the following series 

of equations: 
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 CnHm+nH2O → nCO+ (n+
m

2
) H2, -∆H298

0 <0 

CO+H2O ↔ CO2+H2 , -∆H298
0 =41.2 kJ/mol 

CO+3H2 ↔ CH4+H2O , -∆H298
0 =206.2 kJ/mol 

Methane concentration increases with pressure, but decreases with a higher steam-to-carbon ratio[28]. 

Typically, the steam-to-carbon ratio and the catalyst exit temperature are used as the two major 

manipulated factors that relate to the final gas composition[28]. Steam methane reforming results in a 

net volume expansion and is therefore favoured by lower pressure. The second equation is more 

commonly known as the water gas shift (WGS) reaction.  

 

2.1.2.2 Methane Decomposition 
In order to evaluate the performance of nickel on alumina catalysts, more than one reaction can be 

used to provide this characterisation. In addition to steam methane reforming, another reaction that 

can use a nickel on alumina catalyst is methane decomposition, however, the temperature ranges of 

operation are different in each reaction. The combustion of methane in the gas phase can only occur in 

certain temperature ranges. Temperatures reached during reaction can exceed 1600°C, where NOx 

products can also be formed[29]. Precious metal catalysts allow for the initiation and propagation 

steps necessary for catalytic combustion to occur at temperatures closer to 550°C [12]. Propagation 

steps are generally rapid and are highly exothermic. It is important to remember that undesirable side 

reactions are also possible, depending on the temperature over which the experiment is conducted and 

the parameters of the catalyst used. This makes the use of catalysts in this reaction particularly 

important. Methane decomposition is represented in the following equation: 

CH4→C(s)+2H2,  ∆H298
0 =75.6 kJ/mol 

Where operating temperatures are lower than “light-off” temperatures, the kinetics are the dominating 

factor in rate performance. The light-off temperature is considered to be the boundary temperature 

between diffusion limited and kinetically-controlled regime[30]. The kinetics of catalytic oxidation of 

methane over various types of noble metal catalysts have been studied extensively and are well 

known[13], [29], [31]. The feed ratio of oxygen-to-methane has been observed to have a strong effect 

on the degree of oxidation. Other important factors in precious metal catalysts for this reaction include 

the loading of the metal on the support, the presence of different reactivities of adsorbed oxygen on 

the surfaces of the precious metal, and pre-treatment conditions (esp. pre-treatment with reactant 

mixtures), among others. 

 

2.1.2.3 Furnaces 
For both of the above reactions, high temperature process equipment is required. The most common 

form of this type of equipment is known as either a reformer or a furnace. The terminology is often 

used interchangeably. Typical furnace tubes are made from high alloyed steels in order to withstand 
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sustained high temperatures over long periods of time. As mentioned in the Wietzel, Haller, and 

Hennicke patent, the tubes typically contain high amounts of Nickel (Ni) and Chromium (Cr)[26]. 

Two fairly common nickel-chrome superalloy materials of construction for furnace tubes include 

IN519 (Cr 24%, Ni 24%, Nb 1.5%, Co 3%) and HK40 (Cr 25%, Ni 20%, Co 4%). Configuration of 

furnaces is often a closely guarded trade secret within companies. However, beginning in the 1970s, 

vertically-tubed furnaces became the standard within industry, which solved some of the problems 

with maintaining the horizontally-tubed furnaces common in the 1950s and 1960s. The furnace tubes 

are generally between 70 mm and 160 mm in diameter and 6 to 12 metres in length with a 10 mm to 

20 mm wall thickness[1] with pressure drops drops of 1 to 3 bar[32] along the length of steam 

reformer tubes. 

 

Figure 2.4 is a profile of tube wall temperature versus length of the tube in the reformer for a top-fired 

reformer (I), side-fired reformer (II), and a constant heat input reformer (III). Calculations for Figure 

2.4 and Figure 2.5 were based on results from a one-dimensional pseudo-homogeneous model 

(assuming there is only transport via plug flow in the axial direction) for catalyst tubes with the 

following given conditions:
p

H2O
p

CH4

⁄ = 3.9, pexit = 3.1 MPa, qav 81 kW·m-2, dt =122 mm and Z=12 m. 

 

Figure 2.4. Temperature profile along tube length for different furnace arrangements showing impact 

of firing arrangement for given operating conditions and tube geometry[1]. 

 



13 

 

 

Figure 2.5. Heat flux profile along tube length for different furnace arrangements showing impact of 

firing arrangement for given operating conditions and tube geometry[1]. 

 

Other technologies for producing hydrogen and syngas include the partial oxidation of fuel oil and 

coal gasification. These technologies will not be considered in the scope of this work. The primary 

obstacle to these technologies becoming more prevalent is around the relatively large initial capital 

investment. Both of these technologies have a significantly higher initial investment than a steam 

methane reforming plant[1]. The operating costs also tend to be higher with partial oxidation of fuel 

oil and oil gasification. The energy demand for these reforming alternatives is also significantly 

higher than traditional steam methane reforming. Depending on the local cost of feedstock, sometimes 

this cost is justified when the cost of an alternate feedstock is sufficiently low, but the majority of 

these plants are constructed where there are large reserves of natural gas or where costs for shipping 

natural gas are low.  

 

The water gas shift reaction is one of the equilibrium reactions that makes up the wider process of 

steam methane reforming. There is sometimes a high temperature and a low temperature water gas 

shift reaction used to adjust the ratio of hydrogen to carbon monoxide in the process before further 

purification and processing. The use of either a high-temperature or a low-temperature reactor 

depends on the requirements for the syngas. Syngas that has been treated in a WGS reactor will not 

need to undergo carbonyl sulphide hydrolysis conditioning as part of the downstream processing. 

Carbonyl sulphide hydrolysis conditioning converts carbonyl sulphide into hydrogen sulphide and 

carbon dioxide which are more easily removed in downstream processing. The fuel source for the 

reaction typically dictates the choice of location and type of the WGS reactor[33].  

CO+ H2O → CO2+ H2, ∆H298
0 =-41 kJ/mol 
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This reaction has been used in industries such as fertilizer/ammonia production, power generation, 

petroleum refineries, etc., as has the reverse water gas shift reaction: 

CO2+ H2→ CO + H2O, ∆H298
0 =+41 kJ/mol 

The reverse water gas shift reaction is slightly endothermic and uses carbon dioxide and hydrogen as 

the reactants to produce steam and carbon monoxide[34]–[36].  

 

The greatest improvements to the very mature processes involved in steam methane reforming lie in 

the design of the catalyst that fills the reformer tubes. The process is generally reported as between 

74% and 85% efficient with modern catalyst developments[37]. The catalyst may be modified in 

macro-scale, micro-scale, and composition. The macro-scale geometry of the catalyst influences the 

pressure drop through the reformer tube. A significant energy loss occurs due to the high pressure 

drop of most traditional catalyst systems in operation today. Modification of the micro-scale geometry 

and the composition of the catalyst can improve heat transfer, mass transfer, and dispersion of 

catalytically active sites[3]. Additionally, these factors can change over the life cycle of the catalyst; 

as it is exposed to high temperatures and pressures, the catalyst can lose activity due to sintering and 

carbon formation. Often, industrial scale reformers will use a combination of different catalysts inside 

of each tube to try and take advantage of differing conditions along the length of the tube. 

  



15 

 

2.1.3 Heterogeneous Catalysis 

Heterogeneous catalysts are typically solid phase catalysts in either a liquid- or gas-phase reaction. 

Steam methane reforming is a gaseous reaction that typically uses a solid catalyst[1]. The form of the 

solid catalyst is typically a metal oxide with a transition metal deposited on the surface through one of 

several different methods which maximise parameters important to improve the surface area, 

dispersion, heat conduction, and diffusive length scales[38]–[40]. 

 

The support choice for the noble metal drastically affects performance of the catalyst. The support 

material selection is generally based on porosity, thermal stability, thermal conductivity, surface area, 

reactivity with reactants or products, chemical stability, and catalytic activity. Ceramics have an 

excellent record of being suitable support structures for noble metal substrates. Alumina is widely 

used due to cost, but another suitable material may be zirconia or ceria. The thermal expansion 

coefficient of the washcoat (over standard reaction conditions) must be similar to the substrate since a 

large difference would result in destruction of the catalyst. Porous alumina typically shows more 

promising performance life than non-porous alumina. γ-alumina is generally used for washcoats 

because it has a relatively high surface area. Over 1000°C, γ-alumina undergoes a phase change into 

𝛼-alumina which has a much lower relative surface area.  

 

Supported metal catalysts generally perform better than unsupported metal catalysts due to dispersion 

over a greater surface area, the reduction of thermal degradation, and activity from the unsupported 

metals from interactions of the metal with the support[41], [42]. Palladium and platinum have been 

the most widely used noble metal catalysts[29], but most commonly Ni and Cu-based catalysts 

supported on ceramics are used for SMR and WGS, respectively.  

 

2.1.3.1 Existing Catalyst Types 
Catalysts in the field of hydrogen production have advanced at a rather slow rate because of the need 

to balance the enormous energy demands of the reactions, including temperatures up to 1000°C, with 

the large pressures (20 to 30 bar) required for the reaction to proceed[19]. Materials for catalysts have 

widely been accepted to be group VII metals (usually Nickel) supported on high specific surface area 

ceramics to maximize the area available for catalytic activity[43]. The major problem with having 

ceramics as the material of choice for a catalyst support is their heat conductivity, as well as the 

processing requirements for traditionally manufactured technical ceramics.  

 

Catalyst deactivation is another important factor in the life of the catalyst in conjunction with 

deactivation reversibility. Poisoning and sintering are the two most widely explored types of catalyst 

deactivation.  
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2.1.3.2 Active Metal Composition of Catalyst 
The saturation of the active component of a metal catalyst varies with regard to different reactions. In 

steam methane reforming where nickel catalysts are used, a concentration of more than 20 wt% Ni has 

not been found to have significant impact on improvement of catalyst performance[43]. Catalysts for 

steam methane reforming and methane decomposition have been widely tested with different amounts 

of deposited nickel. The amount of nickel on support oxides ranges from very low loading[44](1 

wt%) to very high loading[45](~38 wt%). The amount of nickel present in the samples (tested in the 

literature) should be used to ensure the sample contains enough nickel to have catalytic activity for the 

reaction in question. 

 

2.1.3.3 Supports 
Technical ceramics (especially metal oxides such as alumina, magnesia, titania, etc.) have been used 

as catalyst supports for many years. The catalyst support needs to be chosen carefully so that it 

positively contributes to, or at least does not inhibit, the activity of the supported species. As 

described earlier in this chapter, metal oxides have many properties that make their use as supports 

attractive. They are resistant to many extreme temperature and pressure conditions, are relatively inert 

in many chemical reactions, and are able to maintain these properties for relatively long times[45]. 

Additionally, supports should have a high specific surface area and allow for wide distribution of the 

active catalysing metal. The specific material or combination of materials chosen depends on the 

reaction of interest, and ceramics are often combined to optimise mechanical strength, surface area, 

and other important properties of interest[39], [46], [47]. 

 

2.1.3.4 Traditional Catalyst Manufacturing Methods  
Catalysts are commonly used in the manufacture of hydrogen through catalytic cracking of 

hydrocarbons[23] and other petroleum refining operations. Heterogeneous catalysts are used to reduce 

the cost of chemical manufacture[48]. The market for catalysts is expected to reach USD$34.3B by 

the year 2024[49]. 

 

The industrial cost of hydrogen production using current catalysts is between $1.34-$2.27/kg[37]. Of 

the hydrogen that is produced from fossil fuels, the sources are broken down as follows: 

 

Table 2.1. Fossil fuel sources for hydrogen production[37] 

Feedstock Share of Market 

Natural Gas 48% 

Heavy Oils/Naphtha 30% 

Coal 18% 

Other 4% 
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The components of a catalyst typically include a binder, metal oxide, metal precursor, lubricant, 

modifier, plasticiser, and porogen[50]. The manufacture of these metal on metal-oxide catalysts 

typically follow a route similar to that illustrated below: 

 

Figure 2.6. Typical Catalyst manufacturing process, reproduced from “From Powder to Technical 

Body: The Undervalued Science of Catalyst Scale Up”[50] 

 

The modifier may be introduced in different steps depending on what function it performs[50]. 

The two most common methods of preparing the Nickel particles on the alumina support include 

impregnation of some salt in solution onto the support and co-precipitation. Co-precipitation is 

typically more complex to achieve with γ-alumina[51].  

 

The tubes in steam methane reformers are generally filled with a catalyst which is supported on 

pellets of a high surface area substrate such as γ-alumina[52]. Unfortunately, due to their non-

integrated, discrete nature and the properties of ceramic substrates, there are heat and mass transfer 

limitations that mean the efficiency of this process can only be approximately 65-75%[53]. The heat 

transfer limitations arise from the tube being heated to 900°C - 1100°C, while there is a limited 

number of discrete “point” contacts between the tube wall and the catalyst pellets and the same 
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between catalyst pellets inside of the reformer tube. This leads to a radial temperature gradient as well 

as “hot-spot” formation along the reformer tubes. These hot-spots are detrimental to the 

microstructure of the tube metallurgy, as the tube life is exponentially influenced by the temperatures 

that the tubes experience. For example, tubes held at 1050°C will undergo creep and other injurious 

behaviours much faster than tubes held at 900°C. High alloy metals are able to withstand roughly half 

of the stress over a period of time when the temperature is raised from 900°C to 1000°C[54]. This is 

important because performing tube replacements inside a reformer is a very costly procedure[55]. 

 

Heat transfer correlations in this field, particularly with respect to conductive monolithic structures, 

have only been rigorously explored relatively recently. The work of Boger and Heibel[56], Groppi 

and Tronconi[57], Votruba[58], and Jones[56] has formed the basis for most of these correlations. 

Recent work by Busse[59] and Razza[60] has begun to further apply these correlations to additive 

manufactured structures and wall-coupled structures, respectively. Multi-material printing of ceramics 

and metals, as in the work of Zhang and Bandyopadhyay[61], could enable experimental validation of 

some of these correlations.  

 

The motivation behind the research described here is to increase the efficiency and reliability of 

catalysed reactions, especially highly endothermic, heterogeneous, mass-diffusion-limited catalysed 

reactions. These types of reactions use multi-material systems and, therefore, have boundary layer 

limitations. 3D printing may be a solution to these limitations and work is already underway to 

produce multi-material objects within a single print job and to have those materials be either 

functionally-graded[61] or close-coupled[62], [63]. 3D printing is an attractive solution because it 

offers a potential solution to the important issue of transport limitations—that is, the gas being able to 

contact the active catalyst component quickly and easily[19]. 

 

2.1.4 The “Form” factor 

Traditionally, in steam methane reforming, packed beds of catalyst pellets have been used. Over the 

years, the pellets have been changed in shape to help optimise the pressure drop and catalytic activity 

of the process. The pressure drop increases as the pellet size decreases, but the catalytic activity 

increases with surface area at a smaller diffusional path length (generally resulting from a greater 

number of smaller pellets). One reason for investigating fractal geometries is that they tend to reflect 

an increased surface area to volume ratio with each iteration. The reaction is estimated to take place 

within roughly the first hundred microseconds, and therefore is dominated by diffusion-limited 

mechanisms. 

 

In industry, gas compression is very energetically expensive; minimizing this pressure drop allows 

higher pressure to be maintained for downstream processing at reduced energy cost. Monolithic 
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structures appear to be an attractive alternative with some studies showing a decrease in pressure drop 

of up to two orders of magnitude[57]. However, the competing aims of heat transfer, pressure drop, 

and adsorption optimization make the exact composition and geometry of the monolith the subject of 

much research and interest.  

 

The work of pioneers like Kozeny[64], Carman[65], [66], and Ergun[67], paved the way for detailed 

mathematical correlations for pressure drop in packed beds and porous media. As spherical catalyst 

beads became smaller, higher catalyst surface area was achieved, but at the cost of greater pressure 

drop. One of the oldest and most common catalyst particle shapes used is the Raschig ring, but the 

structure does not have as much surface area as some other cylindrical pellet shapes[68]. Currently 

popular in the hydrogen production industry (see Figure 2.7) is a cylindrical shape with smaller 

internal cylindrical channels throughout. The introduction of channels into the cylindrical pellet 

decreases pressure drop through the packed bed while increasing surface area and it therefore makes 

an attractive alternative to traditional spherical or cylindrical catalyst pellets. 

 

Figure 2.7. Steam methane reforming catalyst (Quadralobe) from Johnson Matthey, with diameter of 

13 mm[69]. 

 

The macro-geometry of the catalyst pellets are most commonly produced through moulding or 

extrusion processes. Using 3D printing to produce these macrostructures allows for shapes that are not 

possible to manufacture with moulding or extrusion. 

  

Monolithic structures have been used as supports for many chemical reactions, primarily in 

environmental applications[70]; the most abundant example of this use is the common automobile 

catalytic converter[30],[71]. They, however, have not been extensively used in chemical synthesis and 

reaction, since they are generally adiabatic and have a low specific volumetric catalytic activity[72]. 

Monolithic structures offer advantages that could be applied to other reactions to leverage the 

advantages presented by these supports. There are many energy intensive reactions that use catalysts 

within common chemical engineering practice, including steam methane reforming and other 

13mm 
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hydrocracking reactions. Steam methane reforming is a very well-studied series of reactions used for 

generating hydrogen and syngas in the chemical processing industry and makes an excellent example 

for further study.  

 

2.1.4.1 Fractal Geometries 
Fractals have been defined as a specific set of structures that have self-similarity and a non-integer 

dimensionality[73], but Benoit Mandelbrot, the father of fractal geometry, defined fractals more 

generally as a “set whose Hausdorff dimension strictly exceeds its topological dimension”[74]. The 

topological dimension is the space that is generally considered when working with Euclidian 

geometry. The Hausdorff dimension is an abstract idea and slightly more complicated: requiring a 

greater knowledge of theoretical mathematics than was employed in this body of work. It is briefly 

explained in Appendix 3.I: Fractal background and information. 

 

Through systematically controlling the geometry of catalyst structures by using fractals or using 

advantageous geometries made possible by 3D printing, the goal of maximising the regions of 

catalytic activity becomes quantifiable in a way it has previously not been. Using fractals introduces 

self-similarity and repeated structures on different length scales, offering the opportunity for the 

reactive species to be exposed in ways that are highly reproducible. With the equations and 3D CAD 

models used in the printing the geometries can be specifically measured and, through structure 

optimisation, can be further modified. The fractal geometries in Chapter 3 have non-integer 

dimensions, evaluating to between 2, which is considered flat, and 3, which is considered to be 

volume filling[75]–[78].  

 

Because fractals commonly appear in certain natural physical systems, which are the result of millions 

of years of evolution, it makes sense that these would be an ideal way to explore issues surrounding 

heat and mass transfer as these structures have been optimized by nature for nutrient transport[76]. 

The IFS-type fractal (iterated function system) was selected for its repeatability and relative simplicity 

of unit-cell generation for creating monoliths. It was also noted that these fractals go to some finite 

minimum volume as surface area is increased with each iteration of the fractal. Since this type of 

relationship yields favourable geometric relations, other types of fractals were explored to attempt to 

take advantage of the multitude of geometries that can be generated by fractals. These structures are 

typified by lungs, blood vessels, and even at the molecular size range for molecules[76]. Fractal 

systems have been studied to evaluate porous media[79]–[82] and their fractal network heat transfer 

properties[83], [84] have been investigated. Pence[84] found that, for heat sinks, the pressure drop 

and wall temperatures were lower than in parallel channel heat sinks. It is also noted in Pence’s work 

that the microscale geometries of the fractals within micro-mixers enhanced diffusive mass transport. 

To take advantage of fractal networks for catalysis and transport phenomena, fractal structures were 
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layered into monoliths, and then the properties associated with these columns were computed in 

Chapter 3. A traditional honeycomb monolith, a computer-generated pseudo-random packed bed 

column, and a “blank” column were included with the fractal columns for benchmarking purposes. A 

triply-periodic minimal surface structure was included in Chapter 3 for additional breadth, taking 

advantage of the low surface-area to volume ratio found in such structures. 

 

2.1.4.2 Monoliths 
Monoliths generally have many advantages over packed beds including: higher mechanical strength, 

more even flow distribution, improved heat transfer, lower pressure drop, and improved mass transfer 

performance[85]. Use of monolithic catalysts, though they are typically made from materials with low 

thermal conductivity, changes the dominant mode of radial heat transfer inside of the reactor to 

conduction, which demonstrates significant improvement of both radial and axial heat transport not 

present in packed bed reactors due to lack of connectivity[86]. 

 

Despite the numerous advantages of monoliths, there are a few disadvantages: higher cost of 

manufacture; lower loading or poor distribution of the active phase of the catalyst; requisite 

implementation of new catalyst fabrication procedures; and the practical limitation of monolith length 

(since the tubes are typically 10 – 12 meters in length), which would necessitate stacking of multiple 

monoliths on one another[85]. In addition to the disadvantages of monolithic catalysts outlined by 

Zamaniyan et al., typical ceramic parallel channel monoliths are essentially adiabatic, which makes 

temperature control of the process fluid inherently difficult[86]. The geometries explored in this thesis 

(mostly in Chapter 3) include a parallel channel monolith for a baseline, but most of the columns 

involve connected channels. 

 

Monolithic structured supports can lead to an increase in space velocity, allowing the required size of 

the reactor to be reduced, which has many applications including fuel cell technology. As yet, this 

does not appear to be cost-effective, but development of mass production and economies of scale 

could help to minimise or eliminate the difference. One study by Farrauto et al. showed up to 10 times 

the space velocity of an equivalently-sized packed bed reactor, although Farrauto points out that 

combining steam reforming with methane combustion is what helps to lower the resistance to heat 

transfer[52]. This idea is better illustrated in the article by Zanfir and Gavriilidis which can be visually 

summarised in Figure 2.8. 
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Figure 2.8. Model of the boundary between the steam reforming and methane combustion interface. In 

a steam reformer, the reforming channel would be the inside of the tube where the catalyst is 

loaded[87]. 

 

This improvement in space velocity is mostly due to the heat transfer resistance being lowered 

compared to that of traditional packed bed reformers where this is typically a controlling factor. The 

pressure drop, in this same study[52], was shown to decrease by 80-90% in monoliths with high open 

frontal areas, potentially saving on energy utilization and energy costs associated with process gas 

compression. Monoliths that are wash-coated with a highly active metal catalyst (specifically using 

precious metals such as Rh, Ru, and Pt) have shown even greater resistance to the chemical and 

mechanical degradation occurring typically during reactor start-up or shut-down[52]. 

 

Using a monolithic catalyst form also typically introduces a gap between the monolith and the reactor 

wall. There are many approaches being researched in order to minimise the effect of this gap on heat 

transfer between the monolith and the reactor wall[86]. Zamaniyan, Mortazavi, Khodadadi, and 

Manafi have proposed the use of tube fitted bulk monolithic catalysts (TFBMCs) which are monoliths 

that are spaced to generate fluid mixing between each piece[85]. TFBMCs are constructed completely 

of the active phase of the catalyst in order to promote active surface area and are wrapped in a metal 

sheath to promote heat transfer and assist with issues commonly encountered with monoliths. These 

issues include crushing with temperature fluctuation, easier loading and removal, and a way to 

overcome the theoretical gap present between the bulk monolithic catalyst and the wall of the reactor 

tube[85]. In an article by Tronconi, et al., experiments were conducted with different monoliths, each 

with different thermal conductivities[88]. A copper honeycomb monolith showed no radial 

temperature profile, but rather a varying temperature profile along the length of the monolith as the 

reaction neared completion. They also experimented with ways of reducing the gap effect between the 

monolith and the wall of the reactor. When they used aluminium fins to allow for conduction between 

the monolith and the wall, film heat transfer coefficients between 400 and 500 W/(m2K) were 

measured. Boger and Heibel performed a study on the effect of the gap between conductive monoliths 

inside a tube, with the tube immersed in a jacket of cooling water to keep the section between the inlet 
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and outlet of the cooling jacket isothermal[56]. When the group investigated the same monolith with 

no special treatment to increase contact between the monolith and the wall, the film heat transfer 

coefficient was about half of what was able to be achieved with enhanced monolith-to-wall 

contact[88]. This shows agreement with other research that shows wall-effects are significant and 

cannot be ignored when calculating overall effective thermal conductivity values. 

 

In terms of the honeycomb structure, no radial convection takes place within the channels, as 

confirmed in an earlier study[88]. However, high conduction rates may occur throughout the solid 

structure, depending on the thermal conductivity of the material and the void fraction, again in 

agreement with the earlier article by Tronconi et al. The size of the gap between the monolith and the 

tube influences the heat transfer resistance significantly. It was determined that the greater the 

clearance between the catalyst and the internal tube wall, the greater the heat transfer resistance[56] 

and the greater the risk that a significant portion of the process gas will bypass the monolith 

altogether. Since it has been demonstrated that the size of the clearance at the monolith-tube interface 

is of significant importance in heat transfer, forming a monolithic structural support that has 

dimensions as close as possible to the inner diameter of the reactor tube would be a prudent path 

forward to mitigate heat transfer limitations. However, there is a trade-off between the improved 

performance from small clearances and ease of loading. It has been shown that for clearances of 50-

100 μm, force was required to insert the monoliths into a tube[56]. This poses a significant challenge 

considering reformer tube length is typically between 10 and 12 metres, and catalyst crushing is a 

significant concern within industry[1].  

 

The large potential contact area between the support and the heated walls introduces significant 

motivation to pursue a method for producing a support that will take advantage of the potential for 

improved heat conduction. It is also possible that the monolithic structures will yield advantageous 

pressure drops over conventional catalysts. This will be explored in Chapter 3. 

 

2.1.5 3D Printing 

Additive manufacturing, commonly termed 3D Printing, has been developed to a point over the last 

thirty years that it can be used for materials with which typical steam methane reforming catalysts are 

fabricated. The additive manufacturing industry consists of many different technologies for many 

different materials. The first technology to be patented was stereolithography, which uses a laser in a 

bed of resin to cure a photosensitive polymer in a layer-wise fashion to build a part. Most additive 

manufacturing methods use a repeated layering method to build up a part layer by layer. Shortly after 

stereolithography was patented, fused deposition modelling and selective laser sintering were both 

developed[4]. All three of these technologies have patents that have expired and more consumer-
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friendly versions of these machines have become available to the general public for a small fraction of 

the cost of industrial machines.  

 

2.1.5.1 Some Common Methods of Additive Manufacturing 
Of the three main material classes (plastics, metals and ceramics), plastics are the lowest cost material 

choice when producing a conceptual design or prototype. The most widely adopted method of 3D 

printing in plastic is a process called Fused-Deposition Modelling, or FDM. This method was used to 

produce the plastic (ABS) prototype monoliths tested in Chapter 3. The printer used was a Stratasys 

Dimension Elite. Acrylonitrile-butadiene-styrene (ABS) was chosen for its versatility within the 

temperature range -30°C and 90°C[89].  

 

The most common method of metal additive manufacturing is a process called selective laser 

sintering. This process involves using a laser to selectively and partially melt metal powder into a 

specific shape for a desired layer of specific thickness that corresponds to the printer resolution. More 

powder is added to the bed and the sintering/melting process is repeated. This procedure is repeated 

until the desired part is completed, then the extraneous powder is purged from the bed (usually via a 

vacuum process) and the remaining part is removed[90]. This is the process used to produce the metal 

monoliths tested in Chapter 3. 

 

The thermal characterisation experiments that were carried out using ABS plastic and stainless steel 

15-5PH monoliths in Chapter 3 are only meant to be an analogue to the type of thermal response that 

would be observed in a much higher temperature range typical of the high temperature reactions 

investigated in this work (e.g. steam methane reforming, methane decomposition, etc.).  

 

Electron Beam Melting (or EBM) is gaining ground for its unique ability to process alloys that are 

traditionally difficult to manufacture, like Grade 5 Titanium (Ti-6Al-4V) which is primarily used in 

the aerospace industry[91]. EBM is also useful for building complicated structures of variable 

porosity. The electron beam is controlled by changes in an electromagnetic field rather than a change 

in position of mirrors as in selective laser melting. This allows for a greater degree of control but can 

only be used with electrically conductive materials[92]. 

 

Selective Laser Melting can also be used for ceramics, the advantage thereof being that there is no 

post-processing hardening step, just removal of extraneous powder[93]. Lithography-based Ceramic 

Manufacturing is another type of process that does not require a secondary or post-processing step due 

to the nature of the process. A photosensitive suspension consisting of a ceramic, photoinitiator, 

monomer, and various additives is exposed to light through a complex arrangement of mirrors and 
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light-emitting diodes (LEDs) which results in a fully dense part. Schwentenwein and Homa achieved 

an alumina density of over 99.3% of theoretical using this method[94].  

 

Ceramic printing is currently the subject of much research for potential applications in engineering 

and biotechnological applications. There are not currently any particular front-runners for wide 

applicability since most technologies require post-processing of some sort, generally sintering the 

green body produced by the additive manufacturing device. Direct Ink Writing, or Robocasting, was 

one of the first technologies that produced a fully-dense ceramic part[95]. Direct Ink Writing uses a 

ceramic “ink” that is extruded from a nozzle in a manner analogous to fused deposition modelling 

(FDM) in plastic. The “ink” development is the most crucial aspect of this type of printing, due to the 

necessary rheological properties for printing and the later polymer removal (debinding) during 

sintering[95]. 3D printing using a liquid “pre-ceramic resin” is a fairly new technology introduced in 

early 2016. This method makes use of photo-sensitive polymers and existing stereolithography 

machines to cure the resin in a layer-wise fashion, making parts of mostly uniform shrinkage and no 

porosity according to an article published in Science[96].  

 

3DP (or powder bed inkjet binder jetting), is a process invented at the Massachusetts Institute of 

Technology’s Computer Science and Artificial Intelligence Laboratory (MIT CSAIL) in 1993. The 

process utilizes a liquid binder that is applied to a powder layer in a specific pattern according to that 

“slice” of the part. Next, more powder is applied and more binder applied in the shape of the next 

slice. The surrounding powder acts as a support and can be removed after the part has finished 

printing, generally by vacuuming or another similar dust removal process[97]. Care needs to be 

exercised with this method due to the process utilizing large amounts of powder. Powder for this 

process can be metal, ceramic, plastic, composite, or a mixture thereof as the binder(s) used are 

compatible with the powders used and are able to hold the shape of the green body prior to post-

processing. Post-processing consists of either chemical treatment or sintering. Plastics are frequently 

post-processed via chemical treatment, while metals and ceramics are mostly post-processed via 

sintering due to inherent material properties[98].  
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Figure 2.9. Binder jetting powder bed printing (3DP) process[99]. 

 

The amount of ink to powder is determined by the overlap of printed droplets as well as how many 

times the cartridge fires a nozzle in that specific location. Both of these are able to be controlled by 

manipulating the coding that is responsible for the cartridge performance in the 3DP printer used in 

this work. The ink saturation is also affected by the evaporation time and ratio of capillary spreading 

to inertial penetration. The time scales are explained well in Figure 2.10 by Derby et al [100]. 

 

Figure 2.10. Time scale versus drop diameter with effects of impact-driven versus capillary driven 

effects.[100] 

 

Inertial penetration (or impact driven penetration) is important over very short time scales, but 

capillary spreading dominates the behaviour over longer periods of time. This means that the 

dominant force in the wetting of the ink is capillary penetration. Capillary penetration is also 

discussed in greater detail in Section 4.1.4.  
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2.1.5.2 Technologies emerging with multi-material potential 
A number of 3D printing technologies can actually be used in multi-material printing, which for the 

use of this work could theoretically allow for a co-printed substrate with catalyst inside a pressure 

containing chamber. Ceramics and metals could be printed using the same machine via the same 

technology and be fully-functional components for an end user[62].  

 

2.1.5.3 Robocasting 
Robocasting, or Direct-Ink Writing (DIW), is a 3D printing method that utilises a similar extrusion 

process analogous to that found in FDM printers. In FDM printers a filament is passed through a 

heated extrusion nozzle. In DIW, a heavily loaded suspension is dispensed onto a platform through a 

syringe in shapes dictated by the design file fed into the printer’s computer interface[31], [95]. DIW 

has been used with suspensions that contain multiple materials mixed together to form a paste. DIW 

generally uses a post-processing hardening step. This might include drying, heating, or hardening 

through chemical infiltration[101]–[104]. DIW has been used to produce materials including 

glass[101], [104], ceramics[95], [102], [105]–[107], and biological materials[108]–[110]. 

 

2.1.5.4 Material jetting 

ExOne (North Huntingdon, PA, USA) was founded in 2005 as a spin-off of the company that was the 

original licensee of 3DP (developed at MIT CSAIL) beginning in 1996. Since the original license of 

3DP, ExOne[111], [112] has used many materials with this technology including sand, metal, and 

ceramic. They sell printing systems at different scales (research and development to heavy equipment 

manufacturing) and parts on demand. They specialise in binder jetting technologies for many different 

materials. 

 

Swedish company Höganäs AB introduced the Digital Metal P2500 3D metal printer[113] in 

September 2017. This printer has a resolution down to 1 micron and uses metal powders to print 

objects with binder jetting technology[114]. The machine incorporates a powder-removal step and a 

sintering step for additional hardness and part mechanical integrity. They also print components on 

demand. They are one of the few companies that use this technology that produce and sell 3D printed 

parts as opposed to just selling the printers. This technology is, for now, only using metal powders. 

 

ComeTrue, a company based in Taiwan, launched a printer[115] also based on binder jetting 

technology using ceramic powders in June 2018. They had earlier launched a printer that used 

thermoplastic powders with full-colour capabilities. The new printer, the M10 Ceramic machine, uses 

composite ceramic powders with inkjet cartridges that allow for full-colour 3D printing. This printer 

still requires significant post-printing work including powder removal, quick-hardening infiltrant 
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addition, and kiln firing[116], [117]. This printer seems to be geared more towards hobbyists or model 

production than functional products. 

 

2.1.5.5 LENS 
Laser-Engineered Net Shaping (LENS) is an older technology (invented in the late 1990s) that comes 

out of Sandia National Laboratories for functionally graded metallo-ceramic parts. The technology 

utilises a laser and two or more powder supply chambers to feed powder at a controllable rate to a 

designated location for application via layer-by-layer melting[118]. This allows for a continual 

fluctuation in the composition, if desired, and a varied melting profile by varying the power of the 

laser[61], [119]. This technology has been marketed by Optomec (Albuquerque, New Mexico) since 

1998[120]. The printers manufactured by Optomec use a unique multi-axis platform that allows parts 

to be manipulated as material is added in a functionally-graded manner. In this way, parts can be 

formed from multiple technologies or existing parts can be repaired. This technology produces fully-

dense parts. 

 

2.1.5.6 Other Technologies 
Within the realm of droplet-based additive manufacturing methods, acoustophoretic printing[121], a 

new technique detailed in a 2018 Science Advances article, has been detailed as a method for printing 

liquids of viscosities that are incompatible with regular inkjet technologies. The article details that 

liquids with viscosities between 0.5 and 25,000 mPa*s and describes the creation of droplets of 

different sizes. The authors of the article anticipate uses in food, optics, biological printing, and 

others. This technology could be useful for integrating droplet-based printing of the type of 

functionalised inks developed in Chapter 4 without having to sacrifice heavier metal loading for 

compatibility with traditional inkjet cartridge mechanisms. 

 

A method of printing all liquid components developed at the Department of Energy’s Lawrence 

Berkeley National Laboratory that uses multiple materials, specifically in the liquid form, was 

announced in March 2018[122]. This technology was demonstrated by injecting water into a silicon 

oil. Stable structures were able to be printed that maintained mechanical integrity for months. This 

technique used nanoparticle surfactants to stabilise the structures at the interface like a plastic film. 

This technique uses a syringe to dispense one liquid in a continuous or semi-continuous stream.  

 

2.1.6 Use of 3DP over other printing methods 

There are five main technologies for producing ceramic pieces via additive manufacturing. These 

technologies include Fused Deposition of Ceramics (FDC), Robocasting or Direct Ink Writing (DIW), 

Stereolithography (SLA), Selective Laser Sintering (SLS) and powder bed binder jetting (3DP). FDC 

and DIW both rely on the extrusion of a filamentous ceramic-loaded suspension followed by post-
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processing[123]. Stereolithography is relatively new to ceramics though it has been used with plastics 

since the late 1980s. Photosensitive resins containing ceramic powders have been demonstrated for 

use with SLA[96].  

 

Due to the specific end-use for the printed parts, the technology for additive manufacturing needed to 

be able to satisfy a number of conditions. These conditions include: 

• Compatibility with ceramics 

• Ability to achieve sufficient ceramic density and maintain that mechanical strength 

• Stability of raw material that would not result in stratification due to density differences in 

materials making up the printed piece  

• Suitability for co-integration of nickel deposition and part preparation 

A desire for the conditions above to be satisfied, as well as the required supporting structures 

minimised, led to choosing 3DP. 3DP has additional advantages that are explored in the Discussion 

section of this chapter. These requirements and others are listed in Table 2.2 below. 

 

Table 2.2. Comparison of selected ceramic additive manufacturing technologies  
Medium Binder Post-Treatment 

FDC Paste Filament Sintering 

DIW Paste Liquid/Ink Sintering 

SLA Resin UV resin Sintering 

SLS Powder Laser None 

3DP Powder Liquid/Ink Sintering or Infiltration 

 

An article by Ludwig, et al.[124] compared SLA, FDC, DIW, and 3DP. A cylinder was printed using 

each of the methods and all were subjected to simultaneous binder removal and calcination. These 

cylinders were heated at a ramp rate of 1°C /min and were held at their final temperatures for 1 hour. 

These final temperatures were 650°C, 800°C, 1000°C, 1200°C, and 1400°C. The cylinders from this 

study are shown in Figure 2.11. 
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Figure 2.11. Printed structures produced using different ceramic AM techniques[124] (a) SLA (b) 

FDC (c) DIW (d) 3DP. 

 

Near full density is achievable using the ceramic-compatible additive manufacturing methods. The 

amount of densification required for the part depends on the part’s end use. The goal of this thesis 

centres around the creation of a catalyst substrate. Metal oxides (technical ceramics) are used 

specifically in this application for their resistance to extreme conditions but the high specific surface 

area of these materials is critical in creating a successful substrate. Therefore, full density of ceramic 

structures is not needed in this application (and can, in fact, provide unfavourable conditions) as it is 

in cutting tools made from tungsten carbide or silicon nitride or the porcelain used in household 

dishes. 

 

3DP was selected because the powder composition is able to be tuned and mixed prior to printing and 

filling of supply chambers and because the ink used in the printing process can be used to deposit 

aqueous nickel salts on the powder, allowing for simultaneous part creation and nickel impregnation. 

This allows for the entire wash-coating step of typical catalyst manufacturing to be bypassed. This 

was discussed in Chapter 1.  

 

2.1.7 Additive Manufacturing and Chemical Engineering 

Since additive manufacturing is a relatively new technology, there is much research to be done 

involving the understanding of the material properties relative to traditionally manufactured 

components – especially with regard to catalyst and catalyst structure manufacture.  This technology 

will need to be further explored for the materials and methods being used in these experiments to 

allow more research to be conducted on 3D printing catalysts that are integrated with tube walls to 

allow for improved heat conduction and mass transfer. These investigations should also be explored 

for multi-material printing for applications at high temperatures and pressures. This could greatly 
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affect the chemical catalysis industry as many of these reactions are performed at high temperatures 

and pressures, but require a combination of materials in order to facilitate the catalytic reaction.  

 

Of the three main material classes (plastics, metals and ceramics), plastics are the lowest cost material 

choice when producing a conceptual design or prototype. The most widely adopted method of 3D 

printing in plastic is a process called Fused-Deposition Modelling, or FDM. This method was used to 

produce the prototype monoliths tested in this study. The printer used was a Stratasys Dimension 

Elite. Acrylonitrile-butadiene-styrene, or as it is commonly known, ABS, was chosen for reasons 

detailed because of its versatility within the temperature range -30°C and 90°C[89]. The thermal 

characterisation experiments that were carried out using ABS plastic and stainless steel 15-5PH 

monoliths are only applicable to a much lower temperature range than what is used in steam methane 

reforming. However, ABS and stainless steel 15-5PH are used here to generate information about the 

conductivity and heat transfer coefficient intrinsic to the geometry of the objects, not their material of 

composition. Further studies using more industrially relevant materials such as alumina-based 

ceramics and nickel-chrome super alloys should be conducted before implementing these geometries 

in an industrial environment. 

 

3D printing of monoliths is a relatively recent idea within chemical engineering unit operations. This 

process has been utilized to produce columns for chromatography with a range of highly 

homogeneous internal structures[126]. As a proof of concept, Fee et al., demonstrated that the 

column, packing, distributors, and fittings can all be printed in a single piece, reducing operational 

complexity. It was also found that in a honeycomb structure, flow distribution was not completely 

uniform and some parts of the column were not utilized, but introducing a fractal distributor corrected 

for the misdistribution. Bead-like structures that were 3D printed, but uniformly arranged, were also 

studied, and it was found that radial mixing was greatly improved[127]. Octahedral beads were 

printed in these columns with different degrees of overlap (varying the porosity while keeping other 

variable constants i.e. particle arrangement and tortuosity). Porosity has an opposite effect to what is 

expected in packed bed columns, controlling for other variables. This led to an important discovery 

with respect to chromatography in that porosity was not the most effective variable to control, but 

instead the uniformity of the flow channels[127].  

 

2.1.7.1 Printing pressure vessels 
While some research has been done on metals and ceramics relating to the compressive strength, yield 

strength, and other similar properties, there has been little research carried out using additive 

manufacturing for pressure vessels. This would be critical if an integrated structure were to be 

developed, resulting in co-printing of the catalyst structure and the tube wall. This has possible 

applications in many industries including aerospace, chemical and petrochemical, pharmaceutical, 
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robotics, and maritime, to name a few. Prototypes for pressure relief in plastic have been printed and 

been liquid pressure tested to fracture at 460 psi and 580 psi, or approximately 3.2 MPa and 4.0 MPa, 

but after further revision of part design, the part did not burst until 1150 psi, or 7.9 MPa. These 

prototypes were produced using stereolithography[125].  

 

2.1.7.2 Printing for reactions 
A group at the University of Glasgow, headed by Leroy Cronin, has been doing research on 

“reactionware”[128], [129]-a term coined to describe pieces of process equipment that have some 

reactivity built into them using 3D printing. Symes, et al[129] presented an article in 2012 that 

demonstrated the use of a robocasting machine to create “self-healing, reusable and robust 

reactionware” for applications in chemical synthesis and analytical spectroscopy. The incorporation of 

3D printing allowed for improved process integration and intensification. The piece incorporated 

separate precursor holding chambers, a mixing chamber, a reaction chamber, and a view window to 

observe the reaction. In 2016, Kitson et al. presented a paper that presents multiple methods for 

producing reactionware from FDM 3D printing methods[128].  

 

2.1.7.3 Printing for catalysis 
There has been some research on the production of catalyst supports through 3D printing. A review 

article by Ludwig, et al. was published in 2018 about 3D printing catalyst supports[130]. This article 

presented four different methods of preparing ceramic catalyst supports while comparing and 

contrasting the methods to highlight the advantages and disadvantages of four different proposed 

methods.  

 

2.2 Conclusion 

This literature review has covered the scope of the motivation for technological improvement of 

catalysts in extreme conditions and potential means for achieving these improvements. Monolithic 

catalysts have been used in environmental applications for decades, but have not been widely adopted 

due to potential issues around incorporation with existing technologies. 3D printing offers a 

potentially attractive solution that is explored further in this work. Chapter 3 details the heat and 

momentum transfer questions around monolithic structures that have been 3D printed. Chapter 4 

addresses the issue of developing an ink to deliver the catalytically active metal to the support 

material and Chapter 5 discusses the joining of this ink with the support material as well as the 

thermal treatments necessary. Chapter 6 is devoted to the characterisation of the printed pieces. 

 

The literature space clearly shows research in areas involving 3D printing for chemical engineering 

processes regarding process intensification, in particular. The space has not yet been fully explored. 

The goal of this work was to serve as a launching point for producing catalysts for the reactions 
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covered here from ceramic supports with the catalytically active component integrated through 3D 

printing. This thesis describes the work undertaken to yield a proof-of-concept but leaves further 

refining of optimal parameters and functional geometries to the recommendations for future work. 
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Chapter 3: Investigation of Monolithic Geometries for Use as Catalyst 

Supports 

Investigation of Monolithic Geometries for 

Use as Catalyst Supports 
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3.1: Introduction 

Monolithic structures have been used as supports for many chemical reactions, primarily in 

environmental applications[70]; the most abundant example of this use is the common automobile 

catalytic converter[71]. Monolithic structures offer advantages that could be applied to other reactions 

to leverage the advantages presented by these supports. There are many energy intensive reactions 

that use catalysts within common chemical engineering practice including steam methane reforming 

and other hydrocracking reactions. Steam methane reforming is a very well-studied series of reactions 

used for generating hydrogen and syngas in the chemical processing industry and makes an excellent 

example for further study.  

 

Reforming of hydrocarbons is currently responsible for the majority of the world’s supply of 

hydrogen[5]. Catalysts in this field have advanced at a rather slow rate for several reasons including 

the conservative nature of the industry (due to the market size and need for stability) and the need to 

balance the enormous energy demands of the reactions. These energy intensive requirements include 

temperatures up to 1000°C and high pressures (20 to 30 bar) required for the reaction to proceed[19]. 

Materials for catalysts have widely been accepted to be metals (usually Nickel due to cost) supported 

on high specific surface area metal oxides to maximize the area available for catalytic activity[43]. 

The major problem with having ceramics as the material of choice for a catalyst support is their heat 

conductivity, as well as the processing requirements for traditionally manufactured technical 

ceramics. The tubes in the reformer (as introduced in Chapter 2) are generally filled with a catalyst 

which is supported on pellets of a high surface area substrate such as gamma-alumina[52]. 

Unfortunately, due to their non-integrated, discrete nature and the properties of ceramic substrates, 

there are heat and mass transfer limitations that mean the efficiency of this process can only be 

approximately 65-75%[53]. The heat transfer limitations arise from the tube being heated to 900°C - 

1100°C, but there only being a limited number of discrete “point” contacts between the tube wall and 

the catalyst pellets and the same between catalyst pellets inside of the reformer tube. This leads to a 

radial temperature gradient as well as “hot-spot” formation along the reformer tubes. These hot-spots 

are detrimental to the microstructure of the tube metallurgy, as the tube life is exponentially 

influenced by the temperatures that the tubes experience, e.g. tubes held at 1050°C will undergo creep 

and other injurious behaviours much faster than tubes held at 900°C. High alloy metals are able to 

withstand roughly half of the stress over a period of time when the temperature is raised from 900°C 

to 1000°C[54]. This is important because performing tube replacements inside a reformer is a very 

costly procedure[55]. 

 

The work of pioneers like Kozeny[64], Carman[65], [66], and Ergun[67], paved the way for detailed 

mathematical correlations for pressure drop in packed beds and porous media. As spherical catalyst 
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beads became smaller, higher catalyst surface area was achieved, but at the cost of greater pressure 

drop. One of the oldest and most common catalyst particle shapes used is the Raschig ring, but the 

structure does not have as much surface area as some other cylindrical pellet shapes[68]. Currently 

popular in the hydrogen production industry (see Figure 2.7) is a cylindrical shape with smaller 

internal cylindrical channels throughout. The introduction of channels into the cylindrical pellet 

decreases pressure drop through the packed bed while increasing surface area and it therefore makes 

an attractive alternative to traditional spherical or cylindrical catalyst pellets. 

 

It is common for pressure drops of 1 to 3 bar[32] to occur along the length of steam reformer tubes. 

The tubes are almost exclusively constructed of nickel-chromium alloys due to their favourable high 

temperature properties and their contribution to the steam reforming catalytic process, as most 

industrial catalysts use a nickel-based catalyst[45]. Depending on the size and throughput, there may 

be several hundred tubes in each reformer[19].  

 

In industry, gas compression is very energetically expensive, and so minimizing this pressure drop, 

allows higher pressure to be maintained for downstream processing. Monolithic structures appear to 

be an attractive alternative with some studies showing a decrease in pressure drop of up to two orders 

of magnitude[57]. However, the competing aims of heat transfer, pressure drop, and adsorption 

optimization make the exact composition and geometry of the monolith subject to much research and 

interest. Systematically controlling the geometry by using fractals or controlling it by using 

advantageous geometries (made possible by 3D printing), the goal becomes quantifiable in a way it 

has previously not been. The high degree of precision involved in producing the CAD (computer-

aided design) files lends itself well to simulations and predictability as opposed to a packing fraction 

available from randomly packed tubes. Using fractals introduces self-similarity and repeated 

structures on different length scales, offering the opportunity for the reactive species to be exposed in 

ways that are highly reproducible. 

 

Heat transfer correlations in this field, particularly with respect to conductive monolithic structures, 

have only been rigorously explored relatively recently. The work of Boger and Heibel[56], Groppi 

and Tronconi[57], Votruba[58], and Jones[56] has formed the basis for most of these correlations. 

Recent work by Busse[59] and Razza[60] has begun to further apply these correlations to additive 

manufactured structures, and structures coupled to walls, respectively. Multi-material printing of 

ceramics and metals, as in the work of Zhang and Bandyopadhyay[61] could enable experimental 

validation of some of these correlations.  

 

The motivation behind the research described here is to increase the efficiency and reliability of 

catalysed reactions, especially highly endothermic, heterogeneous, mass-diffusion-limited catalysed 
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reactions. These types of reactions use multi-material systems and, therefore, have boundary layer 

limitations. 3D printing may be a solution to these limitations and work is already underway to 

produce multi-material objects within a single print job and to have those materials be either 

functionally-graded[61] or close-coupled[62], [63]. 3D printing is an attractive solution because it 

offers a potential solution to the important issue of transport limitations—that is the gas being able to 

contact the active catalyst component quickly and easily[19]. 

 

Traditionally, in steam methane reforming, packed beds of catalyst pellets have been used. Over the 

years, the pellets have been changed in shape to help optimise the pressure drop and catalytic activity 

of the process. The pressure drop increases as the pellet size decreases, but the catalytic activity 

increases with surface area at a smaller diffusional path length (generally resulting from a greater 

number of smaller pellets). One reason for investigating fractal geometries is that they tend to reflect 

an increased surface area to volume ratio with each iteration. Iteration refers to the self-similarity 

present in fractal structures and represents the ability to provide the same features on different length 

scales. More information about fractals can be found below and in Appendix 3.I. The reaction is 

estimated to take place in the first hundred microseconds or so, and therefore is dominated by 

diffusion-limited mechanisms. 

 

3.1.1 Fractal Geometries 

Some of the generated structures that were analysed as part of this work follow self-similar patterns 

(also called fractals) to maximize the advantage that may be taken from a particular feature type in a 

specific geometry. Fractals have been defined as a specific set of structures that have self-similarly 

and a non-integer dimensionality[73], but Benoit Mandelbrot, the father of fractal geometry, defined 

fractals as a “set whose Hausdorff dimension strictly exceeds its topological dimension”[74]. The 

topological dimension is the space that is generally considered when working with Euclidian 

geometry. The Hausdorff dimension is somewhat abstract and slightly more complicated requiring a 

greater knowledge of theoretical mathematics than was employed in this analysis, but is briefly 

defined in Appendix 3.I. 

 

The fractal geometries in this chapter should have a non-integer dimension, typically evaluating to 

between 2, which is considered flat, and 3, which is considered to be volume filling[75]–[78].  

 

Because fractals commonly appear in certain natural physical systems, which are the result of millions 

of years of evolution, it makes sense that these would be an ideal way to explore issues surrounding 

heat and mass transfer, noting that these structures have been optimized by nature for nutrient 

transport[76]. The IFS-type fractal (iterated function system) was selected for its repeatability and 

relative simplicity of generation. It was also that these fractals go to some finite minimum volume as 
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surface area is increased with each iteration of the fractal. Since this type of relationship yields 

favourable geometric relations, other types of fractals were explored to attempt to take advantage of 

the multitude of geometries that can be generated by fractals. These structures are typified by lungs, 

blood vessels, and even at the molecular size range for molecules[76].  

 

Fractal systems have been studied to evaluate porous media[79]–[82] and have been studied for their 

fractal network heat transfer properties[83], [84]. Pence[84] found that for heat sinks, the pressure 

drop and wall temperatures were lower than in parallel channel heat sinks. It is also noted in that 

author’s work that micro-mixers were explored and the microscale geometries of the fractals 

enhanced the diffusive mass transport. To take advantage of fractal networks for catalysis and 

transport phenomena, we layered some fractal structures into monoliths, and then computed the 

properties associated with these columns. A traditional honeycomb monolith and a computer-

generated pseudo-random packed bed column were included for comparison. A triply-periodic 

minimal surface structure is included in this study for additional breadth, taking advantage of the low 

surface-area to volume ratio found in such structures. 

 
Figure 3.1. This fractal-based flow distributor was used to test heat transport in a study by Pence[84]. 

 

3.1.2 Monoliths 

Monoliths generally have many advantages over packed beds including: higher mechanical strength, 

more even flow distribution, improved heat transfer, lower pressure drop, and improved mass transfer 

performance[85]. Using monolithic catalysts, even though they are typically made from materials 

with low thermal conductivity, changes the dominant mode of radial heat transfer inside of the reactor 

to conduction which demonstrates significant improvement of both radial and axial heat transport not 

present in packed bed reactors due to lack of connectivity[86]. 
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Figure 3.2. Ceramic monoliths with straight-through channels[144]. 

 

Despite the numerous advantages of monoliths, there are a few disadvantages, including higher cost 

of manufacture, lower loading or poor distribution of the active phase of the catalyst, new catalyst 

fabrication procedures would have to be implemented, and the monoliths cannot currently be 

manufactured in very long lengths (since the tubes are typically 10 – 12 meters in length) so multiple 

monoliths would need to be stacked on one another[85]. In addition to the disadvantages of 

monolithic catalysts outlined by Zamaniyan et al., typical ceramic parallel channel monoliths are 

essentially adiabatic, which makes temperature control of the process fluid inherently difficult[86]. 

 

Monolithic structured supports can lead to an increase in space velocity (allowing the required size of 

the reactor to be reduced, which has many applications including fuel cells). One study by Farrauto et 

al. showed up to 10 times the space velocity of an equivalently sized packed bed reactor, although 

Farrauto points out that combining this reaction with another reaction that is highly endothermic in a 

heat exchanger-like structure would be necessary to provide the required heat flux. This is because 

heat transfer resistance is a controlling factor in traditional packed bed reformers. The pressure drop, 

in this same study, was shown to decrease by 80-90% in monoliths with high open frontal areas, 

potentially saving on energy utilization and energy costs associated with process gas compression. 

Monoliths that are wash-coated with a highly active metal catalyst (specifically using precious metals 

such as Rh, Ru, and Pt) have shown even greater resistance to the chemical and mechanical 

degradation that typically occurs during reactor start-up or shut-down[52]. 

 

Using a monolithic catalyst form also typically introduces a gap between the monolith and the reactor 

wall. There are many approaches being researched in order to minimise the effect of this gap on heat 

transfer between the monolith and the reactor wall[86]. Zamaniyan, Mortazavi, Khodadadi, and 

Manafi have proposed the use of a tube fitted bulk monolithic catalysts (TFBMCs) which are 

monoliths that are spaced to generate fluid mixing between each piece and are constructed completely 
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of the active phase of the catalyst in order to promote active surface area and are wrapped in a metal 

sheath to promote heat transfer and assist with issues commonly encountered with monoliths 

including crushing with temperature fluctuation, easier loading and removal, and a way to overcome 

the theoretical gap present between the bulk monolithic catalyst and the wall of the reactor tube[85]. 

In an article by Tronconi, et al., experiments were conducted with different monoliths, each with 

different thermal conductivities[88]. A copper honeycomb monolith showed no radial temperature 

profile, just a varying temperature profile along the length of the monolith as the reaction neared 

completion. They also experimented with ways of reducing the gap effect between the monolith and 

the wall of the reactor. When they used aluminium fins to allow for conduction between the monolith 

and the wall, film heat transfer coefficients between 400 and 500 W/(m2K) were measured. Boger and 

Heibel performed a study on the effect of the gap between conductive monoliths inside a tube, with 

the tube immersed in a jacket of cooling water to keep the section between the inlet and outlet of the 

cooling jacket isothermal[56]. When the group investigated the same monolith with no special 

treatment to increase contact between the monolith and the wall, the film heat transfer coefficient was 

about half of what was able to be achieved with enhanced monolith to wall contact[88]. This shows 

agreement with other research that shows wall-effects are significant and cannot be ignored when 

calculating overall effective thermal conductivity values. 

 

Figure 3.3. Details of the locations of thermocouples in the article by Boger and Heibel to examine the 

effect of the gap between the monolith and the tube[56]. 

 

In terms of the honeycomb structure, no radial convection takes place within the channels, which 

concurs with an earlier study[88]. However, high conduction rates may occur throughout the solid 

structure, depending on the thermal conductivity of the material and the void fraction, again in 

agreement with the earlier article by Tronconi et al. The size of the gap between the monolith and the 

tube influences the heat transfer resistance significantly. It was determined that the greater the 

clearance between the catalyst and the internal tube wall, the greater the heat transfer resistance[56] 

and the greater the risk that a significant portion of the process gas will bypass the monolith 

altogether. The work by Boger and Heibel provided a more detailed study of the gap between 

monolith and the wall to better understand the effect of the gap between the tube and its 
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accompanying catalyst. This work was done without any sort of enhancement of the heat transfer 

between the materials in order to better understand the effect of the gap. This work and others 

provided evidence that the clearance at the monolith-tube interface is of significant importance in heat 

transfer, forming a monolithic structural support that has dimensions as close as possible to the inner 

diameter of the reactor tube would be a prudent path forward to mitigate heat transfer limitations. 

There are a few concerns that must be addressed in order to do this successfully. Firstly, there is a 

trade-off between the improved performance from small clearances and ease of loading. It has been 

shown that for clearances of 50-100 μm, force was required to insert the monoliths into a tube[56]. 

This poses a significant challenge considering reformer tube length is typically between 10 and 12 

metres, and catalyst crushing is a significant concern within industry[1]. Secondly, this causes another 

significant problem in the form of mismatched thermal coefficient of expansion between metal oxide 

supports and the metal tubes in reformers. Metals are excellent thermal conductors while metal oxides 

are not. There is significant potential for graded ceramo-metallic printing additive manufacturing 

methods to address this concern. The conditions during start up and shut down can also be 

problematic given the different thermal conductivities of the materials. Thermal cycling fatigues 

materials in general, but close-coupling two dissimilar materials provides further stress.  

 

3D printing might be able to help some of these concerns and the technologies identified in Chapter 2 

include some of the more promising research directions to answer these issues. 

 

3.1.3 Pressure Drop Characterisation 

To characterize the pressure drop within the monoliths constructed for this work, equations from 

chromatography and soil engineering were explored as those fields have previously well characterised 

shape, porosity, and tortuosity for porous media.  

 

In straight-channel monoliths, the open face area and hydraulic diameter are particularly important in 

determining the pressure drop along the length of the monolith[131]. Typically, pressure drop across 

monolithic catalysts is lower than comparable packed bed catalysts. 

 

The Ergun equation is often used to establish a relationship between the pressure drop in a packed bed 

and information about the particles used in that packed bed[67] when the velocity in the bed is in the 

“transient” regime—that is, neither entirely laminar nor turbulent. 

 ∆P=1.75
ρ(1-ε)L

Dhε3
v2+150

μL(1-ε)2

Dh
2ε3

v [Equation 3.1] 

The Ergun equation can be modified to take into account non-uniform spheres, but has limitations 

when it comes to non-spherical particles. This study will attempt to find coefficients to the Ergun 
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equation for each monolith type. The coefficients of the Ergun equation have been developed from 

matching the terms to experimental data for a wide range of velocities.  

 

The Ergun equation is a combination of two terms: the pressure drop due to laminar flow and the 

other which represents the pressure drop due to turbulent flow. The laminar flow term is known as the 

Blake-Kozeny equation. It is proportional to the superficial velocity, v [Equation 3.2].  

 ∆P=150
μL(1-ε)2

x2ε3
v [Equation 3.2] 

The turbulent flow term is also known as the Burke-Plummer equation. It is proportional to the 

superficial velocity squared [Equation 3.3]. 

 ∆P=1.75
ρ(1-ε)L

xε3
v2 [Equation 3.3] 

When the inside of a bed has non-linear channels and Darcy’s law is not applicable, the more general 

Forchheimer equation can be applied. The Forchheimer equation has the squared-term to account for 

the increased turbulence attributable to the increased flow[132]. The velocity-squared form of the 

equation is given in Equation 3.4.  

 ∆P=CV+BV2 [Equation 3.4] 

B and C are defined in Equations 3.5 and 3.6.  

 B= φρ [Equation 3.5] 

 C= 
μ

κ
 [Equation 3.6] 

The coefficients B and C can be substituted into Equation 3.4 giving Equation 3.7 

 ∆P = 
𝜇

𝜅
𝑉 + 𝜑𝜌𝑉2 [Equation 3.7] 

where κ is the permeability of the material and 𝜑 is a material-dependent factor that depends on the 

permeability as well as the porosity and an experimentally-derived constant. This factor, φ, can be 

further broken down depending on the relationships present in the internal geometry of the structure, 

but it is usually an experimentally-derived constant. 

 

The Forchheimer equation is applicable in the strong inertia flow regime. Kozeny[64] proposed his 

equation (which was further developed by Carman[65], [66]) based on the assumption of flow through 

a solid medium with conduits, so that the Hagen-Poiseuille conditions can be applied. In the columns 

used in this work, the traditional permeability of the material is better defined as a function of the 

porosity, the pore area fractal dimension, and the tortuosity fractal dimension. This relationship given 

by Xu and Yu[133] is a function of porosity, ξ, and fractal dimension, ψT. 
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where Cf is a coefficient depending on the pore area fractal dimension and the tortuosity fractal 

dimension, given as 
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=

+−

 [Equation 3.9] 

The relationship between the permeability, porosity, and fractal dimension has been explored mainly 

in work relating to membranes[133], [134] and porous media like stones and sand[79], [82], [135]–

[138].  

 

3.1.4 Thermal Characterisation 

The thermal characterisation carried out in this work mostly considers the contribution of conduction 

to determine the thermal conductivity. In reality, the thermal conductivity is a function of the heat 

transfer due to both the conductivity of the structure and the forced convection over the cylinder 

where the temperature at the wall of the cylinder is held constant at either a low temperature 

(approximately 0.5°C) or a high temperature (approximately 30°C). The thermal characterisation 

performed in this work makes several assumptions including that the stagnant nature of the air inside 

of the monolith does not affect the flow and therefore exempts the “flow” from entrance and exit 

effects which can typically only be ignored for very small radius-to-length ratios. The thermocouple 

holders are assumed to contribute negligibly to the shape enough that the semi-infinite cylinder 

approximation can be used. The monoliths are further assumed to behave like a continuum with 

isotropic properties.  

 

The temperature profile of the monolith as a semi-infinite cylinder allows the use of Equation 3.10 

which was derived from the solution for one-dimensional transient heat conduction in a semi-infinite 

cylinder of radius, r0.  

 T(r,t)=T∞+(T
i
-T∞) ∑

2

β
m

 
J1 (β

m) J0(β
m

r/r0)

J0
2(β

m)+J1
2(β

m) 

∞
m=1  e-β

m
2

Fo  [Equation 3.10] 

J0 and J1 are Bessel functions of the zeroth and first kind, respectively. Values for these functions at 

specific values can be found in many textbooks including Mills’ Heat Transfer[139]. Bessel functions 

are commonly used with cylindrical problems and are linear second-order equations that represent the 

temperature distribution with respect to space and time. The Fourier number (Fo) is a dimensionless 

parameter that comes out of performing a non-dimensionalisation of Fourier’s law[139]. Fo is 

represented in Equation 3.10 and defined by Equation 3.11. 𝛽𝑚 represents the eigenvalues for a given 

Biot number stemming from the dimensionless form of the convective boundary condition. 

 Fo=
αt

r0
2  [Equation 3.11] 

The Biot number is defined as the ratio of the surface heat transfer to the internal heat transfer and is 

represented by Equation 3.12. 
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 Bi=
LCh

k
 [Equation 3.12] 

There are a few important underlying assumptions that must be made in order to use Equation 3.10 to 

model the thermal behaviour within the printed monolithic cylinders. As already mentioned, this work 

makes several assumptions. In order to use the approximation of a semi-infinite cylinder, these further 

assumptions must be made:  

1. Radial symmetry about the origin 

2. The cylinder has a single thermal conductivity applicable to the whole structure (i.e. the 

cylinder is a single conducting medium) 

3. Convective heat transfer is occurring at the surface of the cylinder 

Making these assumptions introduces some significant error into the system. This error was deemed to 

be acceptable because it allowed for a direct comparison of the thermal conductivity of different 

geometries to one another and greatly simplified the analysis.  

 

The heat transfer due to forced convection is characterised by the determination of a dimensionless 

parameter known as the Nusselt number. Nusselt number correlations can be found in heat transfer 

texts[139], [140] and the literature continues to expand as a result of further research[141]–[145]. The 

Reynolds (Re) number and the Prandtl (Pr) number, the rate of viscous diffusion to thermal diffusion, 

are helpful in determining the appropriate Nusselt correlation which in this case is represented by the 

Churchill-Bernstein correlation given in Equation 3.15 for PrRe≥0.2. 

 Re=
ρvd

μ
 [Equation 3.13] 

 Pr=
ν

α
=

cpμ

k
 [Equation 3.14] 

 Nu̅̅ ̅̅ =0.3+
0.62Re1 2⁄

Pr1 3⁄

[1+(0.4 Pr⁄ )2 3⁄ ]
1 4⁄ [1+ (

Re

282000
)

5 8⁄

]
4 5⁄

 [Equation 3.15]  
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3.2: Materials and Methods 

3.2.1 Geometric Characterisation 

Some of this work was completed computationally. Theoretical geometries were generated and their 

characteristics were calculated using a series of software programs and plug-ins. These include 

Mathematica[146], SolidWorks[147], ImageJ[148], [149], and Canny Edge Detector[150]. The 

properties of these structures were analysed using pre-determined criteria that has traditionally been 

important in heterogeneous catalysis and strongly energetically-dependent reactions. Additional 

parameters were calculated from the geometries to try and characterize the columns according to their 

fractal nature such as the Minkowski-Bouligand dimension, also known as the box counting 

dimension. 

 

The printed monolithic structures all have common outer dimensions as indicated in Figure 3.4.  

 

Figure 3.4. Dimensions of 3D printed monolithic columns. 

 

The holes along the outside diameter of the monolith were designed for the insertion of thermocouples 

as part of the thermal characterisation experiments. The grey area indicates where the patterned part 

of the monolith is located. Note that the white space between the two black rings which indicates the 

presence of a gap meant to mimic the imperfect connection between the monolith and the tube that 

contains it (denoted by the outermost black ring). Figure 3.12 shows the patterns used in the pressure 

drop characterisation and the thermal characterisation in metal. Figure 3.7 shows how the plastic 

(ABS) monoliths were treated prior to using them in the thermal characterisation experiments for 

plastic. The monoliths for the “blank” geometry as well as the “gyroid” geometry were not produced 

in plastic due to printer resolution issues for these geometries. 
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3.2.2 Pressure Drop Characterisation 

Pressure drop measurements were taken from 3D printed metal monoliths manufactured via Selective 

Laser Melting by Rapid Advanced Manufacturing (Tauranga, New Zealand). The metal monoliths 

were generated from Stainless Steel 15-5PH powder with a particle size distribution between 15 and 

45 microns. The 3D printer used was a Renishaw AM250. A layer thickness of 50 microns was 

specified and the laser power was set at 200 Watts. 

 

Experimental verification of pressure drop was done using a specially designed vessel (see Figure 

3.5). 

 

Figure 3.5. Pressure drop vessel for holding monoliths during pressure drop characterisation. Left: 

Assembled, Right: Disassembled. 

 

The vessel was used in line with a filter, regulator, valve, and a differential manometer as indicated in 

the experimental setup shown in Figure 3.6. 

 

Figure 3.6. Pressure drop measurement set up. 

 

Data was collected at flow rates of 20.0, 30.0, 40.0, 50.0, and 60.0 SLPM of compressed air for each 

monolith. Data was recorded manually at each flowrate. The processed data can be found in the 

Results and Discussion section. The procedure can be found in Appendix 3.II. 
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3.2.3 Thermal Characterisation 

Temperature measurements were taken for both plastic and metal monoliths to obtain a more detailed 

understanding of the thermal performance due to the geometry rather than the specific material. 

Plastic (ABS- acrylonitrile-butadiene-styrene) and metal (stainless steel 15-5PH) were used because 

of their drastically different material properties of interest- specific heat capacity and thermal 

conductivity. 

 

Each plastic structure was drafted in SolidWorks and printed using a Stratasys Dimension Elite printer 

using material ABSplus P430, which is a proprietary ABS material. These were printed in cooperation 

with the Mechanical Engineering department in the 3D Printing and Additive Manufacturing suite 

located at the University of Canterbury. The printer settings are found in Table 3.1 below. The items 

in bold represent the values selected from the available options—if more than one option was 

available. 

Table 3.1. Printer settings for Stratasys Dimension Elite Printer. 

Printer Setting or Treatment Possible Values and Value Used 

Model Interior Spare-Low Density, Sparse-High Density, 

Solid 

Layer Height 0.178 mm, 0.254 mm 

Support Fill Sparse, Basic, SMART, Surround 

Part Treatment for Support Removal Soak in 5% caustic at 70°C 

Material ABSplus – black 

 

Sheng et al[151] measured the thermal conductivity of a series of microfibrous entrapped catalyst 

(MFEC) monoliths by inserting the catalyst support into a copper tube and submerging the 

arrangement in a water bath. Thermocouples were used to measure the temperature change with time 

over the cross section of the support in order to determine the effective thermal conductivity. The tube 

was filled with stagnant nitrogen gas at ambient pressure. A similar method was proposed for 

measuring the thermal conductivity of the ABS and stainless steel 15-5PH 3D printed monoliths. 

 

Since the cylinders were manufactured by 3D printing, there was some inherent porosity in each of 

the structures. For the experimental method to be successful and the cylinders not become filled with 

water, the plastic cylinders needed to be sealed. The ABS monoliths were painted with PVC-acetone 

glue to make them water-tight. Metal washers were affixed to each end with an epoxy resin and the 

same epoxy resin was used to affix tubing to each end inside the washers. Thermocouples were 

inserted along the length of the monolith and hot glue was used to keep them in place and to make 

water-tight. Stoppers were inserted into either end. Water-tightness was tested by applying positive 

pressure via tubing on one end with a stopper on the other and submersed in water, if any defects were 
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noted they were remedied before experiment was carried out. These measures trapped the stagnant air 

at atmospheric pressure inside the cylinder and also ensured that water could not enter the internal 

structure. The thermal conductivity of water is 0.584 W/(m·K) at the conditions of interest[139] 

which is above that of the ABS plastic at 0.18 – 0.33 W/(m·K)[139], [152] and below that of the 

stainless steel 15-5PH, which is 15.8-17.9 W/(m·K) [153],[154]. Any water within the structure would 

significantly skew the results. The thermal conductivity of air at the conditions of interest, as air 

makes an effective insulator, is between 0.0244 W/(m·K) and 0.0266 W/(m·K).  

 

Figure 3.7. Sealed ABS plastic printed monoliths for thermal characterisation. 

 

A heat transfer coefficient, hc, was first obtained from a solid aluminium cylinder of known thermal 

conductivity and specific heat capacity in the shape of the 3D printed plastic and metal monoliths. 

This heat transfer coefficient was used in all of the subsequent calculations of the thermal 

conductivity of the plastic and metal monolithic structures. This heat transfer coefficient was 

calculated assuming that there was forced convection over a cylinder, necessitating the determination 

of a Nusselt number.  

 Nu=
hcL

k
=

convective heat transfer

conductive heat transfer
  [Equation 3.16] 

The Nusselt correlation was of the same form as that described earlier in this chapter by Equation 3.15 

as put forth by Churchill and Bernstein[139]. 

 

Temperature measurements were also taken from 3D printed metal monoliths manufactured via 

Selective Laser Melting by Rapid Advanced Manufacturing (Tauranga, New Zealand). These are the 

same metal monoliths described in the “Pressure Drop Characterisation” section with the geometry 

detailed in Figure 3.4. 

 

Experimental temperature measurements were obtained using a hot water bath maintained at 30 

degrees Celsius and an ice water bath maintained as close to zero degrees Celsius as possible. The 
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temperatures in the hot water bath and the ice water bath were monitored throughout the duration of 

the experimental runs. The experimental setup is shown in Figure 3.8.

 

Figure 3.8. Thermal characterisation measurement set up. 

 

Data was collected with a thermocouple data logger, PICO logger TC-08 (PICO Technology Limited, 

Cambridgeshire, UK) using PicoLog data logger software and Type K thermocouples with Stainless 

Steel 310 sheaths (RS Pro, ). Three thermocouples were inserted into each monolith at the 25 mm, 50 

mm, and 75 mm ports and hot-glued in place. Either end was capped off with a metal washer hot 

glued to the end. The centre of the washer was covered by a hose adapter attached via epoxy resin and 

clear, flexible plastic tubing was attached so that either end was outside of the water bath at all times 

and air at ambient conditions was maintained inside of the monolith at all times. Data was recorded 

automatically for every thermocouple, at a frequency of once per second. The monolith was 

submerged in the ice water bath until all thermocouples read values less than 1.5 degrees Celsius, then 

the monolith was immediately transferred to the hot water bath, with data being recorded the entire 

time. The monolith was alternately moved between the ice water bath and hot water bath. The 

monolith was cooled until the three thermocouples read a value less than 1 degree Celsius. The 

monolith was then moved to the hot water bath and data was recorded until the data showed that the 

temperature inside the monolith remained consistently at or above 30 degrees Celsius. The three 

thermocouples were then removed from the current monolith and inserted into to the next monolith 

and sealed with hot glue so that testing could continue. This process was repeated until each monolith 

had been tested. The raw data was processed and fitted to a model of heat transfer over a semi-infinite 

cylinder. The experimental data was graphed versus the expected model performance for all recorded 

temperature readings. The relative fit of the experimental data and a graph of the experimental versus 

predicted data for one monolith are detailed in the Results and Discussion section with the raw data 

and remaining fit comparisons and graphs appearing in Appendix 3.VI.   
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3.3: Results and Discussion 

The aim of this chapter was to navigate the optimisation of pressure drop, heat transfer, and catalytic 

activity (by assuming the catalytic activity has a direct relationship to surface area). In order to 

successfully reach an optimal value for each parameter, the relation of each of these properties to the 

object’s geometry must be considered. Results of this work are tabulated below and in the Appendices 

as indicated. 

 

3.3.1 Geometric Characterisation 

Table 3.2 lists the occupied volume and internal surface area values for each of the patterned columns 

(not including data for the “Blank” column). 

Table 3.2. Inherent properties of computer-generated columns. 

 
Unit Dodeca Pollen 

Pseudo- 

RPC Gyroid Escher Honeycomb 

Solid 

Volume mm3 2.59E+04 2.69E+04 3.85E+04 3.29E+04 2.76E+04 4.45E+04 

Internal 

SA mm2 2.72E+04 5.18E+04 5.13E+04 3.80E+04 3.64E+04 6.58E+04 

 

The “unit cell” of each structure is represented in Figure 3.9, but it should be noted that these are all 

on different size scales. There are bars in each box that represent 1 mm. The highly variable surface 

area is a function of the size of the unit cell and the “pores” that are formed when these are assembled. 

The unit cells are repeated in the x- and y- directions to build the faces of the columns and then 

integrated into the tubular “shell”. The concentric cylinder around that represents the wall of the tube 

in the tubular reformer and the space between the two is an exaggeration of the gap present between 

the catalyst and the tubular reformer wall. The different geometries explored were compared with a 

more traditional monolith shape, the “honeycomb” column that is a circular arrangement of 

hexagonally-shaped parallel channels as shown in Figure 3.9(f), 3.10(f), and 3.11(f). This shape will 

be referred to as “honeycomb” throughout the work. 
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Figure 3.9 Unit cells for column manufacturing. (a) Dodeca (b) Pollen (c) Pseudo-RPC (d) Gyroid (e) 

Escher (f) Honeycomb 

 

The bed voidage can be defined as the empty volume (Ve) divided by the total volume (VT). The total 

volume is the summation of the empty volume and the solid volume, VS.  

Table 3.3. Calculated Properties of Computer-Generated Columns 

  Dodeca (a) Pollen (b) 

Pseudo-

RPC (c) Gyroid (d) Escher (e) 

Honey-

comb (f) 

SA/V [m-1] 1.96 4.36 1.93 1.79 2.45 1.63 

Bed 

Voidage, ε 0.76 0.76 0.42 0.58 0.69 0.09 

 

The fractal columns have a Minkowski-Bouligand dimension that increases with the surface area to 

volume ratio, which makes inherent sense as this dimension is calculated as a function of logarithmic 

relationship of the “number of boxes” filled by the fractal. This is explained further in Appendix 3.I.  

 

(a) (b) (c) 

(d) (e) (f) 1mm 1mm 

1mm 1mm 

1mm 

1mm 
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Figure 3.10 shows what the columns look like as computer-generated images from the top-down 

view. There is a clear gap between the two central cylinders of the column.

 

Figure 3.10. View looking from the top of the six-patterned columns. (a) Dodeca (b) Pollen (c) 

Pseudo-RPC (d) Gyroid (e) Escher (f) Honeycomb 

 

 
Figure 3.11. Side cut of all columns. (a) Dodeca (b) Pollen (c) Pseudo-RPC (d) Gyroid (e) Escher (f) 

Honeycomb 
 
Self-similar structures were chosen to be replicated at a “unit cell” as depicted in Figure 3.9, and then 

layer-wise to create monolithic structures that have a certain periodicity (see Figure 3.10 and Figure 

3.11). Self-similar geometries were chosen because they allow for greater degree of complexity while 

maintaining the same type of features over several different length scales. Repeating these structures 
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over different length scales allows for the reaction to proceed over the most desirable feature size, 

while using the benefits of additive manufacturing to generate structures that take advantage of 

existing technologies and rapidly evolving additive manufacturing technologies—namely monoliths 

that may or may not be integrated with the exterior structure of the tubular reactor. The repetition 

scale chosen was chosen as a function of current 3D printing technology limitations of feature size, 

currently around 400nm due to high cost of printing in more detail.  

 

Figure 3.12. Stainless steel 15-5PH 3D printed metal monoliths used in pressure drop and thermal 

characterisation. Back left to right: Gyroid, Escher, Honeycomb. Front left to right: Blank, Dodeca, 

Pollen, Pseudo-Random Packed Column. These columns are printed versions of the renderings from 

Figures 3.9, 3.10, and 3.11. 

 

Common fractal structures of the complex number type (e.g. Mandelbrot- or Julia-fractal structures 

which were among the first fractals described) would not yield structures easily achievable with the 

3D printing technology available. More information about fractal theory and the different types can be 

found in the work of Barcellos [74], Takayasu [76], Falconer [77], and Schroeder [301]. Complex 

number It is for this reason, as well as the unnecessary complication that generating fractals based on 

imaginary numbers creates, that this study only used iterated function system (IFS) fractals. Due to 

the nature of 3D printing, most of the structures are fractals that have been slightly modified to allow 

for connecting what would otherwise be discrete features. To produce fractal structures the advantage 

of 3D printing becomes evident through the production of geometries not otherwise possible, but a 

limitation of this technology is that those structures must always be connected in some aspect so that 

the printed structures will all be incorporated into a physically stable final structure and not become 

more than one piece once printed[126].  
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3.3.2 Pressure Drop Characterisation 

The pressure drop correlations obtained experimentally can be summarised below. Data was collected 

for each column in triplicate at several different flow rates. Details of the regression can be found in 

Appendix 3.III.  

 

 

 

Table 3.4. Pressure drop coefficients for Forchheimer equation. 

Model 
Blank Dodeca Escher Gyroid Honeycomb Pollen 

Pseudo-

RPC 

B 4.65E+03 7.85E+03 7.74E+03 7.48E+03 1.18E+04 9.27E+03 8.73E+03 

C -2.65E+03 -5.00E+03 -4.58E+03 -4.58E+03 -5.56E+03 -5.90E+03 -5.11E+03 

SSE 2.80E+06 7.04E+06 6.06E+06 5.56E+06 1.35E+07 8.79E+06 1.15E+07 

RMSE 4.64E+02 7.36E+02 6.83E+02 6.54E+02 1.02E+03 8.22E+02 9.41E+02 

 

The columns of the table are listed by best fit from left to right—Gyroid, Honeycomb, Blank=Escher, 

Dodeca=Pollen, and lastly, Pseudo-RPC. 

 

Table 3.5. Average experimental pressure drop for running 60.0 SLPM (~1.8 m/s).  
Blank Dodeca Escher Gyroid Honeycomb Pollen Pseudo-

RPC 

Pressure 

Drop [Pa] 1.03E+04 1.64E+04 1.68E+04 1.60E+04 2.81E+04 1.94E+04 1.91E+04 

 

Table 3.5 gives the values of measured experimental data for actual pressure drop measured for each 

of the columns. The lowest pressure drop is from the Blank column, which was printed as a baseline 

to establish the pressure drop occurring due to friction and the apparatus. The Dodeca, Gyroid, and 

Esher columns are all approximately the same at the lowest value. Then the Pollen, RPC, and on the 

outside, the Honeycomb column. The Honeycomb column is well above the others. The open face 

area (OFA) of the Honeycomb monolith is much less than the other columns. 

 

Figure 3.13 is a graph of the measured and calculated pressure drop data plotted against the superficial 

velocity. The upper and lower confidence interval (at 95%) is shown by the dashed lines above and 

below the solid calculated pressure drop curve. The rest of the graphs follow the same characteristic 

curve that correlates to the Forchheimer equation by the coefficients presented in Table 3.4and can be 

found in Appendix 3.V. 
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Figure 3.13. Dodeca column pressure drop versus linear average (or superficial) velocity for the 

Forchheimer equation. 

 

As previously stated, the relationship between pressure drop and the geometry of the structured 

catalyst is extremely important and can lead to energy loss, hot spot formation, and catalyst crushing 

if not adequately compensated for in initial design. Most existing pressure drop relations within 

chemical engineering focus on packed beds of sphere-like particles or on structures that have non-

interconnecting channels that do not introduce any flows that are not parallel to the overall flow 

direction. These pressure drop relations are not adequate to fully describe the structures that can now 

be manufactured via 3D printing and that were produced in this study. The field of civil engineering, 

specifically equations that have been developed around the study of porous sandstone, soil, and other 

“porous media”, has many of these correlations. The most general form, the Forchheimer equation, 

consistently matches the data obtained in this study. Further study of 3D printed structures with non-

parallel channels and non-spherical packings should be conducted. In order to ensure that flow is 

hydrodynamically developed, the length of the printed piece should ideally be much greater than the 

parts tested here. These fabricated parts were limited by the build volumes of the printers used to 

construct the parts. More 3D printers are being built with larger build volumes, and so this will likely 

be possible in the near future. 

 

In many industrial processes, the flow rates are given in gas hourly space velocity (GHSV) which for 

a packed bed reactor is defined as: 

 GHSV=
gas volumetric flow rate

volume of catalyst
 [Equation 3.17] 

where the space velocity is the inverse of the reactor space time or the volumetric flow rate divided by 

the total volume of the reactor. 
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 GHSV=
1

τ
=

Q

VR
  [Equation 3.18] 

 τ=
VR

Q
=CAo ∫

dfA

(-rA)

fA,out

fA,in
  [Equation 3.19] 

To provide data about the performance of a typical industrial catalyst versus the proposed designs 

extrapolated to an industrial scale, several assumptions need to be made about the design and 

operation of a steam methane reformer. The values in literature for the gas hourly space velocity of 

steam methane reforming processes vary from 300 h-1 to as high as 100,000 h-1 [12], [155]–[162]. One 

data point provided from an industrial source was given as approximately 1500 h-1. Assuming a steam 

methane reformer with 600, 12-meter long tubes with an inner diameter of 120 mm each, the total 

volume of a reactor can be calculated to be approximately 81 m3. Using the bed voidage of each 

monolith pattern, the regressed data given by fitting the data to the Forchheimer equation, and a 

constant linear average velocity of approximately 1.8 m/s1, the pressure drop for these theoretical 

reformers is given in Table 3.6. 

 

Table 3.6. Pressure Drop information for columns with extrapolated data relating to industry. 

  Dodeca Pollen Pseudo-RPC Gyroid Escher Honeycomb 

Bed Voidage 0.76 0.76 0.42 0.58 0.69 0.09 

V of catalyst per tube, m3  3.22E-02 3.31E-02 7.91E-02 5.69E-02 4.15E-02 1.24E-01 

V of catalyst all tube, m3 1.93E+01 1.98E+01 4.74E+01 3.41E+01 2.49E+01 7.44E+01 

V all tubes, m3 8.14E+01 8.14E+01 8.14E+01 8.14E+01 8.14E+01 8.14E+01 

Empty volume, VR, m3 6.21E+01 6.16E+01 3.40E+01 4.73E+01 5.65E+01 7.01E+00 

Q, m3/hour 4.20E+04 4.10E+04 4.15E+04 4.25E+04 4.18E+04 4.13E+04 

GHSV [h-1] 2.18E+03 2.07E+03 8.76E+02 1.25E+03 1.68E+03 5.55E+02 

Linear avg velocity [m/s] 1.80E+00 1.80E+00 1.80E+00 1.80E+00 1.80E+00 1.80E+00 

dP Calculated (0.1m) [bar] 9.19E-02 1.38E-01 1.46E-01 1.47E-01 2.49E-01 1.65E-01 

Extrapolated dP(12 m) [bar] 1.10E+01 1.65E+01 1.75E+01 1.76E+01 2.99E+01 1.98E+01 

dP Measured (0.1m) [bar] 5.24E-02 6.49E-02 7.21E-02 4.76E-02 4.91E-02 1.48E-01 

Extrapolated dP (12 m) [bar] 6.28E+00 7.79E+00 8.65E+00 5.71E+00 5.89E+00 1.77E+01 

 

For this case, it assumed that the steam methane reformer is a tubular reformer with a design basis of 

300,000 N·m3 of H2 per hour[19]. The net energy consumption for an efficient tubular reformer is 

between 11 and 13 MJ/(N·m3)[19]. If it is further assumed that the hypothetical reformer is powered 

by energy from the combustion of natural gas, the cost to run this plant would be about USD128.1 

million per year. This assumes the price of natural gas is USD 0.1448/m3[163] and that natural gas has 

an energy density of 38.6 MJ/m3 [22], [163]. 
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Furthermore, if it is assumed that the reformer runs 8760 hours per year and it takes 1083 MJ/s to 

operate, then the yearly running cost would be USD$128.1 million. Since the tubular reformers are 

operated at high temperatures and high pressures, the cost of compression is assumed to be 

significant. A hydrogen plant using steam methane reforming usually has only a primary reformer 

which operates at higher temperature and (relatively) lower pressure, maybe 880°C and 20 bar[33]. A 

rule of thumb is that for every 2 psig (0.138 bar) of pressure increase or decrease changes the power 

requirements by 1% in the respective direction[164], [165]. A pressure drop of 2 bar means that the 

power requirement for the compressor needs to be increased by 15%. 

 

3.3.3 Thermal Characterisation 

The thermal characterisations performed were for plastic (ABS) and metal (stainless steel 15-5PH) 3D 

printed monoliths. The ABS monoliths were produced using FDM on a Stratasys Dimension Elite 

printer, as described in the Material and Methods section of this chapter. The stainless-steel monoliths 

were produced using SLM on a Renishaw AM250 printer. The temperature profiles obtained were 

plotted with the theoretical performance of each monolith using parameters obtained from the intrinsic 

properties of the materials as well as a heat transfer coefficient obtained through experimentation as 

described in the materials and methods section under the heading of “Thermal Characterisation”. 

Detailed results comparing the experimental and theoretical data in graphical form can be found in 

Appendix 3.VI. 

 

The temperature profiles for each internal geometry all follow the same form characteristic of forced 

convection over a cylinder. The internal radial temperature profile is assumed to follow Equation 3.10 

as explained in the “Thermal Characterisation” section of the Introduction. 

  

Obtaining the thermal conductivity was the main goal of the thermal profiling measurements in both 

the plastic (ABS) and metal (stainless-steel 15-5PH) monoliths. A summary of the heat transfer 

characteristics of each monolith type is included in Table 3.7. The Biot number was previously 

defined as the ratio of the surface heat transfer to the internal heat transfer and is represented by 

Equation 3.12. 

 

Since the Biot numbers are much greater than 0.1 (two orders of magnitude higher), non-spatially 

uniform and transient condition equations must be used for characterisation of temperature behaviour. 

The values for the Biot number as well as a are on the same order of magnitude for both ABS and 

metal structures.  
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Table 3.7. Relevant heat transfer characteristics of the different monolithic geometries. The 

geometries are listed in descending order of thermal conductivity, k, of the metal structures. 

  Dodeca Pollen Gyroid Escher Honeycomb RPC Units 

kABS 6.77E-01 4.52E-01 N/A 5.50E-01 3.83E-01 4.62E-01 W/(m·K) 

kmetal 2.35E+00 1.67E+00 1.54E+00 1.21E+00 1.13E+00 1.12E+00 W/(m·K) 

αABS 2.85E-07 1.90E-07 N/A 2.31E-07 1.61E-07 1.94E-07 m2/s 

αmetal 7.18E-07 5.12E-07 4.70E-07 3.71E-07 3.45E-07 3.42E-07 m2/s 

BiABS 4.25E+01 6.36E+01 N/A 5.23E+01 7.51E+01 6.22E+01 None 

Bimetal 1.23E+01 1.72E+01 1.87E+01 2.37E+01 2.55E+01 2.57E+01 None 

Bed Voidage, 

 ε 0.76 0.76 0.58 0.69 0.09 0.42 None 

Vs/VT 40.24% 41.32% 52.29% 57.47% 76.73% 49.52% None 

T∞ (Water  

Bath) 303 303 304 304 303 304 K 

Tinitial (Ice  

Bath) 274 274 274 274 274 274 K 

The convective heat transfer coefficient used for all monoliths was h = 2053 W/(m2K), as described in 

section 3.2: Materials and Methods. 

 

The thermal response of each of the columns follows a characteristic curve demonstrated in Figure 

3.14 and Figure 3.15. Equation 3.12 was fit to the experimental data by a minimisation of least 

squared error method. These calculations were performed by first calculating values for each 

temperature at successive times for the Biot and Fourier numbers as well as α, the thermal diffusivity. 

The thermal conductivity was then calculated using the numbers derived from this fitting process. 

 

Figure 3.14. Thermal response over time of the Dodeca column printed in ABS. 
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Figure 3.15. Thermal response over time of the Dodeca column printed in Stainless Steel 15-5PH. 

 

Given that the residuals of these plots are not normal or random, there are several observations that 

can be made. The first is that the error in the model may be inconsistent across the observed data 

range, i.e. homoscedasticity cannot be established. The second is that since each point depends on the 

value of the one before it, the values cannot be assumed to be independent. The third is that the model 

used is only an approximate solution relying on several underlying assumptions which were explained 

in section 3.1.4 Thermal Characterisation. The graphs of the model versus experimental data showed 

approximate linearity, but the residuals showed non-normal distribution in Figure 3.16. 
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Figure 3.16. Plot of experimental data vs model data with plot of residuals for Dodeca column. 

For the remaining graphs, see Appendix 3.VI. 

 

Different regions of the modelled data have different relative importance with respect to the 

minimisation of errors. The area that is most important is the area undergoing rapid temperature 

change, i.e. where 
dT

dt
 is highest.  

 

Increasing the number of paths that exist between the heat source and the active site of the reaction 

speeds up the delivery of thermal energy to the site of the reaction. Structured catalysts that possess 

many conduction pathways will have superior performance to those that rely on heat transferred via 

convection alone. This is one of the reasons 3D printing is such an attractive prospect, since in 3D 

printing, the part being produced must have some degree of connectivity for the part to maintain its 

shape. The manufacturing method is important because the 3D additive manufacturing method allows 

for the creation of more direct conductive pathways inside of the structured substrate while allowing 

lower pressure drop inside the structure.  
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In this study, structures were printed in ABS (acrylonitrile-butadiene-styrene) plastic and stainless 

steel 15-5PH. There is not a direct relationship between the geometries and their thermal conductivity 

in relation to the other structures in both of the materials. The order from highest to lowest thermal 

conductivity for the ABS monoliths was: Dodeca, Escher, RPC, Pollen, and Honeycomb. The order 

from highest to lowest thermal conductivity for the metal monoliths was: Dodeca, Pollen, Gyroid, 

Escher, Honeycomb, and Pseudo-RPC. If the thermal conductivity is purely a function of having the 

highest number of conductive paths, it would be expected that the structures with the most occupied 

volume would have the highest thermal conductivity (as solids are typically better conductors than 

gases). This relationship is not directly reflected in structures printed from either material.  

 

There are a few possible explanations for this. The first is that the ABS plastic columns are not 

entirely ABS plastic. They were painted with a thin film of glue to ensure the monoliths were water-

tight. The resolution of the printer that produced these parts was also lower than the resolution of the 

printer that produced the metal parts. When the resolution of the printer is not as high, important 

smaller pieces that could provide connections for conductivity are simply not produced because the 

printer is incapable of manufacturing a feature that small. Furthermore, decreased resolution can lead 

to errors in printing and even gaps where material should have been deposited but was not. 

 

Another possible explanation for this discrepancy in both materials is the fact that the ratio of the 

diameter to the length of the printed monoliths is not small enough to discount “entrance length” 

effects which is another assumption of the semi-infinite cylinder convection equation and of the set-

up of this experiment. This is also important when calculating the contribution of forced convection to 

the overall heat transfer. In a real reformer, there is a not insignificant contribution from radiative heat 

transfer at the temperature conditions for these reactions. This is not taken into consideration within 

the simple model used in calculations here, but radiative heat transfer is not a contributing factor at 

the temperatures over which these experiments were conducted. 

 

With the emergence of new multi-material technologies for printing, in the future the catalytic inner 

contents of a tube may be co-printed with the tube itself which would allow full integration of the 

substrate and the wall, leading to maximum heat conduction by eliminating the gap between the 

catalyst support and the tube. One of the difficulties of that particular goal is to maintain a thermal 

expansion coefficient that will allow for the inevitable heat fluctuations found in all chemical process 

equipment, due to start-up, shut-down, or process fluctuations and upsets. 

 

In the work by Danaci, et al[166], the effective radial thermal conductivity, keff, of stainless steel 

sandwich-like structures with 74% macroporosity was determined to be between the range of 1.83 and 

2.87 W/(m·K). This work, like the thermal characterisation experiment described in this chapter, 
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measured keff in an indirect manner. The directly measured parameter in the furnace used in this[166] 

experiment was the thermal diffusivity, α. The thermal diffusivity was calculated as part of the 

determination of keff in the method employed in this analysis. The thermal diffusivity was calculated 

as part of the determination of keff. This is consistent with the effective radial thermal conductivities 

listed in Table 3.7. The values for the Biot number as well as α are on the same order of magnitude for 

both ABS and metal structures.  

 

The overall porosity (defined here as the unoccupied volume of the structure) of the metal structures 

tested was between 17% and 84%. The work by Busse et al[59] uses a different method for 

determining the effective thermal conductivity in the structures. Their method makes use of a double 

pipe heat exchanger. Their definition of porosity is what has been defined as bed voidage in this work 

(given for different geometries in Table 3.3). The structures they looked at were cylinders that were 

25 mm in diameter and the structures printed in this work were of the dimensions shown in Figure 3.4 

and therefore not a perfect match in geometry—internally or externally. The comparison that can be 

made between the Busse data and the data presented in this chapter is based on the amount of material 

present out of the theoretical material possible if the entire shapes were solid. 

 

All columns were 3D printed with a shell. This is consistent with previously evaluated models to take 

into account the gap that often exists between the monolith and its containing pressure vessel[167]. 

This introduces the two very important problems that exist as an inherent characteristic of the 

currently feasible monolithic structure manufacturing—that is, the potential for bypass around the 

structure and the thermal resistance introduced by having a gas between two conductive pathways 

existing in the solids. The radius used in heat transfer calculations was 0.014 m, or half the outermost 

concentric diameter. The volume and bed voidage are also calculated from this outermost diameter.  

 

The fit for determining the thermal conductivity, 𝑘, was obtained by using a sum of squares error 

minimisation of the formula for one-directional heat transfer assuming that the heat transfer is only 

occurring along the radius of the monolith and that this profile represents that behaviour. The fit is of 

the same shape, but it is not terribly close to the experimental data. This is partly due to the 

assumption of one-directional heat transfer but is also related to the assumption of the constant film 

heat transfer coefficient for a cylinder. The film heat transfer coefficient was obtained for a perfect 

cylinder of aluminium. The thermal conductivity is a known constant value for aluminium which 

allows the calculation of the film heat transfer coefficient using the same one-dimensional equation 

for a cylinder of infinite length (Equation 3.10). In order for these assumptions to be more accurate, 

the radius to length of the monolith would need to be significantly lowered. The equation used also 

makes the assumption that the experimental monoliths are acting as a single conducting continuum, 
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which we know is not true because there are two separate solid structures separated by a gas-filled 

gap. 

 

For a given material, the heat capacity and density can be held constant, and the other formulae that 

depend on these values can be reduced to a factor multiplied by others. These “other” factors were 

then calculated by searching for a minimisation of the sum of squared error between two quantities. 

The first is the difference between the model predicted value at a specific time and the actual 

experimental data at the same time, following the form of Equation 3.10, and the second is the 

difference between two quantities displayed in Equation 3.20: 
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where Fo and Bi are the previously defined Fourier and Biot number, respectively, and J0 and J1 are 

Bessel functions of the zeroth and first kind, respectively.  

 

Current reformers have tubes with inner diameters between 70 and 120 mm, but this is typically a 

limitation of effective heat transfer[19]. The more tubes, the more high-Nickel-Chrome alloy needs to 

be used, increasing both the initial equipment capital cost and the replacement asset costs. If the 

overall effective heat transfer can be increased, the diameter of the tube can be increased, which 

should reduce the amount of metal needed for tubes and tube replacements. The Nickel-Chrome 

alloys that are used to make the tubes in these reformers have very good thermal conductivities at the 

temperature range in which steam methane reforming is usually performed. The metal is strongly 

affected by temperature swings which alter the longevity of the metal by affecting the metal fatigue 

and, consequently, the creep-rupture behaviour that is the primary method of tube failure[168], [169]. 

By changing the effective heat transfer coefficient and modifying the heat transfer profile across a 

tube, the probability of hot-spot formation is reduced and the life of the asset increased. 
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3.4: Conclusion 

In order to produce substrates for highly endo- or exothermic reactions that adequately balance the 

many demands of these types of reactions, multi-parameter optimization must be performed. The 

flexibility of 3D printing gives more manoeuvrability when it comes to geometrical constraints 

traditionally faced by catalyst manufacturers. Two examples of commonly used monolithic 

geometries (the Pseudo-RPC and Honeycomb) were compared with some geometries made possible 

by 3D printing and the printed structures appear to be favoured over traditional structures. The fractal 

columns have surface area to volume ratios that are on par or superior to the traditional honeycomb 

monolith and the pseudo-random packed bed column. They, however, have much lower bed voidage. 

This is important because the void fraction of a monolith is directly related to the pressure drop (as a 

function of the permeability expressed in Equations 3.5 – 3.9) as well as similar correlations not 

detailed in this chapter. Other works focus on this topic and are able to provide further detail of these 

kind of correlations[96], [170]–[172]. 

 

The pressure drop and thermal conductivity evaluated in this chapter suggest that the geometry that is 

most favourable and worth further investigation is the Dodeca (Dodecahedron) followed by the Pollen 

column. It is important to note that the conventional geometries (Honeycomb and RPC/Psuedo-RPC) 

performed worse than some of the newly printed structures, particularly in the heat transfer 

experiments. With respect to the performance of columns with difference in the order of thermal 

performance and pressure drop minimisation, the preference of one property may be desirable over 

the other when employed in industry due to the specific challenges faced by individual reformer 

geometries or operating disciplines. Thus, the ultimate selection of optimal geometry is by necessity 

selected based on unique requirements. Since additive manufacturing is a technology that lends itself 

so well to the creation of differing geometries, a manufacturing company or research and development 

facility is likely to develop their own geometries through optimisation techniques. 

  

The pressure drop and lower bed voidage also has important implications for the heat conduction 

through these structures as the fewer conduction pathways that exist, the worse the conductive 

performance will be and the greater the reliance on convective and/or radiative heat transfer. Future 

work will need to further explore the relationship between conduction and forced convection in these 

structures to ensure the structure adequately addresses all of the heat transfer needs for superior 

catalytic performance while maintaining the low-volume filling geometries that have favourable 

pressure drop relative to existing catalyst support systems. 

  



65 

 

Chapter 4: Ink Development and Characterisation 

Ink Development and Characterisation: 

Compatibility with Drop-on-Demand 

Thermal Inkjet Printing System  
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4.1 Introduction 

4.1.1 Chapter Scope 

The information contained within this chapter covers the development of “inks” for the 3D printer that 

was built as part of this project. The 3D printer is a powder-bed binder jetting inkjet printer. It uses a 

modified inkjet cartridge to spread liquid ink onto a powder surface, forming shapes in a layer-wise 

fashion to produce green bodies that are subsequently post-print heat-treated. This introduction covers 

inkjet printing and its adaptation for use in the 3D printing space. Additionally, the parameters 

important for quantitatively characterising the liquid inks are detailed and calculated for various ink 

formulations. An ink is selected for use via these parameters in conjunction with the liquid’s 

performance in the existing cartridge, which was reverse-engineered to accept ink that was not the 

manufacturer-developed ink. 

 

4.1.2 Inkjet Printing 

Inkjet printing may be defined as the accurate placement of picolitre-sized volumes of a fluid having 

specific properties on an arbitrary substrate[173]. A brief history of inkjet printing is described in the 

work by Martin, Hoath, and Hutchings, beginning with the study of the influence of static electricity 

on droplets in the mid-eighteenth century by Jean-Antoine Nollet[174] and also in the work by 

Perelaer et al[175]. The first published documentation around understanding the generation of 

droplets was by J.E. Fromm at IBM who identified the Ohnesorge number as the appropriate grouping 

of factors to describe droplet formation[100]. Inkjet printing is generally divided into two different 

classes—drop on demand (DOD) and continuous inkjet (CIJ) printing. The two are differentiated by 

the method of ink droplet generation, the size of the droplet that is generated, and the rate of 

generation. DOD methods generate droplets in direct response to a signal. Continuous inkjet (CIJ) 

printing methods involve a continuously-generated string of droplets, wherein a drop is deflected to 

the desired location (rather than a recycling reservoir) upon receipt of a signal (see Figure 4.1 for 

details). DOD methods typically generate droplets between 20 and 50 picolitres whereas CIJ printing 

typically generates droplets around 100 picolitres[100]. This study aims to utilise drop-on-demand 

methods of inkjet printing to print in three dimensions. In order to successfully print in three 

dimensions, the ink’s spreading performance and interaction with the specific substrate will need to be 

carefully studied to create parts with the requisite properties.  
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Figure 4.1. (left) continuous inkjet type print head and (right) drop-on-demand type print head[176]  

 

Drop-on-demand inkjet printing can be classified as one of four types — thermal, piezoelectric, 

electrostatic, or acoustic — depending on the type of displacement mechanism present that dispenses 

the small volumes of ink. Thermal and piezoelectric drop-on-demand systems have come to dominate 

the market due to their lower cost and higher accuracy compared with other methods[177]. A thermal 

drop-on-demand device uses a change in temperature to affect a change in volume (using bubble 

generation) that will generate droplets[100]. A piezoelectric transducer uses an electrical impulse to 

induce a mechanical movement, which in turn generates a change in volume and a pressure wave 

resulting from the acoustic signal, which ejects ink droplets in accordance with the ink’s response to 

the waveform[178]. This electrical impulse is a signal over a certain range that is typically less than 

20 kHz [100]. See Figure 4.2 for an illustration of both a thermal drop-on-demand type head and a 

piezoelectric drop-on-demand type head. 
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Figure 4.2. Two different kinds of drop-on-demand inkjet print heads are shown: (a) thermal and (b) 

piezoelectric.[179] 

 

Since the ink cartridge used in this project is a commercially available product, certain ink properties 

are required for the cartridge to function. Further detail of the development of thermal drop on 

demand systems can be found in other sources[173], [177], [178], [180], [181] but will not be 

explored here in detail. Information about developing inks with the properties necessary to be used 

with these cartridges will be detailed, namely the fundamental variables of surface tension, density, 

and viscosity. 

 

4.1.3 Ink Recipes 

An ink is typically composed of several components that all serve different functions. The solvent is 

the major component and will typically dominate the ink’s resultant density. Inks can also contain a 

binder, dispersant, plasticiser, or other additives to modify the rheological properties to adapt the 

liquid to the required dispensing conditions.  

 

In this work, an additive common to all of the inks was the “catalyst carrier”. This catalyst carrier is a 

highly soluble Nickel salt, which would allow for the deposition of nickel salts throughout the 

substrate when the ink is combined with the pore former and ceramic mixture. The other components 

of the ink are mostly comprised of polymers. When the green body is formed by the combination of 

the ink and substrate, it is then transferred to a furnace for post-processing. The box furnace heats the 

sample in air at a desired rate for a specified length of time. During this thermal treatment, the 

polymers in the ink and the materials used as pore formers will burn out. This leaves cavities where 
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the pore formers were and will result in the Nickel being left behind and then oxidized to form nickel 

oxide on the surface of the ceramic substrate. The development of thermal treatments for the green 

body is explored in more detail in Chapter 5. The reduction/activation step is discussed in Chapter 6 

as the oxygen needs to be removed from the Nickel on the surface before the samples will be reactive. 

 

The relative amounts of components for ink were back-calculated from a suggestion of a recipe for a 

paste used in robocasting. In Rahaman’s[182] book on ceramic processing, he puts forth a “recipe” for 

a ceramic colloidal suspension that consists of consisted of 3 wt.% binder, 2 wt.% dispersant, 1 wt.% 

plasticizer, 45-50 wt.% solvent and 50-60 wt.% ceramic powder. If the powder is removed and the 

other components re-scaled to 100%, the recipe becomes approximately, by weight, 81% solvent, 

8.6% catalyst carrier, 5.1% binder, 3.4% dispersant, and 1.7% plasticiser. For ceramic colloidal 

suspensions, common solvents, binders, dispersants, and plasticisers are detailed below. 

 

Some common solvents include: water, ethanol, benzene, acetone, ethyl acetate, methanol, and 

isopropanol[182]. The most important factor in a successful colloidal suspension is the stability. There 

are basic methods used to ensure the stability of the solution that rely on repulsive forces. The three 

most common include electrostatic stabilisation, steric stabilisation, and electrosteric stabilisation. The 

rheology of the liquid used with the ceramic powder can add to or detract from the stability of the 

green body produced in the consolidation process. The components for each recipe are based on one 

of these three stabilisation methods.  

 

The other additives include the catalyst carrier, binder, dispersant, and plasticiser. The catalyst carrier 

was the addition made to the mixture that would allow for the dispersion of the active metal 

component for the catalyst. Since the catalyst carrier is the novel component in this mixture, it needed 

to be something that would be readily soluble in the solvent chosen with other proven components.  

 

The binder needs to be compatible with the solvent and the dispersant. This means that the binder and 

dispersant need to be soluble in the solvent. The binder and the solvent must also be compatible with 

the plasticiser. The plasticiser molecular weight should be less than the molecular weight of the binder 

as this helps to ensure that the plasticiser will burn out before the binder during thermal processing.  

 

Dispersants (typically used in very small amounts and at approximately 3% from the recipe above) 

function to keep the components at a reasonable distance to each other in order to avoid precipitation 

and coagulation. Three classes of dispersants are common, including inorganic acid salts, surfactants, 

and low- to medium-weight polymers. Chlorides and nitrates can act as inorganic acid salt dispersants 

and are typically extremely soluble in water.  
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As previously stated, the plasticiser needs to be compatible with the solvent and the binder. However, 

the plasticiser and the dispersant have an important role that plays off of one another. This is where 

the different types of stabilisation become very important. For more information about the stability of 

mixtures and the relationship between plasticisers and dispersants, Rahaman’s book[182] on ceramic 

processing is a good resource. 

 

4.1.4 Ink Characteristic Parameters 

Many factors must be considered when choosing the constituent components and saturation level of 

the ink to produce a green body, such that it is stable enough to be transferred from the printer to the 

post-processing furnace, yet meets the rheological demands of the ink cartridge mechanism. In order 

to create the right conditions for this green-body, specific liquid property factors of the ink and ink-

powder mixture must be targeted. These factors include: ink evaporation time, bead width, “Z” –value 

(printability factor), Weber number, Reynolds number, Ohnesorge number, surface tension, viscosity, 

density, droplet size, impact behaviour, and drop absorption and behaviour. The relative amount of 

components was varied in order to obtain ink mixtures with properties that were testable at room 

temperature and within documented acceptable ranges for “printability” factors. 

 

The ink evaporation time is important to consider when trying to study how well the part will “stitch” 

together[183]. Each layer must connect with the layer above it and the layer below it to produce a 

stable green body, or primitive. The ink must be liquid long enough to perform the “stitching” but 

evaporate quickly enough that the green body does not fall apart. The surrounding powder acts as a 

support within powder bed, but the ink also must not travel beyond what is considered acceptable for 

a limitation on the minimum feature resolution. 

 

The Reynolds number is a measure of the turbulence of the fluid, or the ratio between inertial and 

viscous forces[174]. 

 Re=
vρd

μ
, [Equation 4.1] 

where v = velocity, d = characteristic length, ρ = density, and µ = dynamic viscosity. 

 

The Weber number is used to describe the ratio between the energy of the moving droplet versus the 

surface energy of the droplet[174]. 

 We= 
v2ρa

σ
, [Equation 4.2] 

where the surface tension is symbolised by sigma, σ. 

 

The Ohnesorge number was developed in the work of Fromm[184] for characterisation of drop 

formation.  
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 Oh=
√We

Re
=

μ

(σρa)1 2⁄ , [Equation 4.3] 

It is independent of fluid velocity and is commonly used to describe behaviour of fluid droplets. 

 

These parameters are mainly dependent on specific liquid properties including the base measurable 

properties of surface tension, viscosity, and density. Droplet size can be calculated from the surface 

tension. The impact behaviour is a function of the viscosity, impact force (from mass and acceleration 

due to gravity in the case of a sessile drop or the ejection force in the case of a jetted drop), and 

powder particle size distribution.  

 

Fromm’s parameter, or the printability factor (Z), is the inverse of the Ohnesorge number (Z = Oh-1). 

Derby proposed the range 1 to 10 and Reis proposed the range 4 to 14 as the successful range for 

droplet generation in inkjet cartridges. Conservatively, all inks accepted for further investigation in 

this work have Z values between 4 and 10, to accommodate both the range posited by Derby and the 

range derived by Reis[185].  

 

The ink needs to satisfy a number of parameters including: the splash condition, the generation (or 

lack thereof) of satellite droplets, the minimum droplet formation energy, and other factors that are 

explored in more detail in Chapter 5. They are briefly introduced here to justify the “z-space” shown 

in Figure 4.3, as taken from Derby[100]. 

 

Figure 4.3. Printable region for inkjet printing from Derby's "Inkjet printing of functional and 

structural materials”[100] 

 

Contact angle is an important consideration because it tells the user information about how the ink 

interacts with the substrate and how it will interact in a printed pattern[179]. This is particularly 

important when printing in multiple dimensions, as the drop angle is related to the permeation of the 

droplet in the substrate and the subsequent layer binding. Contact angles less than 90° are typically 
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preferred for stability of printed lines, but substances with low contact angles are more likely to 

separate the solute from the mixture[100]. The contact angle of a good wetting is less than 90° [186].  

 

Surface tension is important because the ink needs to be able to form droplets and not continually run 

out of the print head, thus facilitating the desired drop-wise fashioned patterns being fed electronically 

from the rasterised version of each line of the .stl file as explained in Chapter 2. Having a certain 

surface tension allows beaded structures to form which interact with one another to form patterns as 

described by contact angle. More work on the importance of surface tension and contact angle was 

done by Moon, Guo, and others [183], [187], [188]. The surface tension was measured by the contact 

angle using an optical goniometer (KSV Instruments) as detailed in the Materials and Methods 

section. Manipulation of the surface tension using the dispersant was an important factor in 

determining the suitability of inks for compatibility with the printer cartridge. 

 

The process of inkjet printing generates droplets having diameters less than 100 μm. Most fluids in 

inkjet printing have a density on the order of 1.00 g/cm3 and a surface energy below 0.1 kilogram per 

second 2[100]. The Bond number,  

 Bo=
ρgd

2

σ
 [Equation 4.4] 

is an indication of the importance of gravitational forces on drop spreading. In inkjet printing, the 

Bond number is typically low enough that gravitational effects on spreading can be neglected[173]. 

This assumption has been used within this work. 

 

Contact angles were measured for each ink formulation on a stainless-steel metal plate, because the 

contact angle on porous surfaces is difficult to measure due to spreading and infiltration. The surface 

tension of an ink, the contact angle of the ink on the surface, the surface free energy, and the 

interfacial tension between the ink and the surface are all related by Young’s equation. 

 σs=σsl+σl cos θ [Equation 4.5] 

A solid alumina plate was not used for several reasons. Alumina has very high wettability and 

stainless steel has low wettability. The potential for surface variation, cross-contamination, and 

inability to return to a clean state (due to its natural abrasion resistance) would all be concerns with 

using an alumina plate. For alumina powders, the ink is absorbed into the powder through capillary 

action and is unable to be measured via the equilibrium angle method due to instability. The 

Washburn equation [307] is typically used for determining contact angle on powders: 

 
m2

t
=

Cρ2σ cos θ

η
 [Equation 4.6] 

In this study, the most important measured parameter is the surface tension as that is required to 

calculate the Weber and Ohnesorge numbers.  
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Contact angle has an important effect on the initial spreading behaviour of the ink. The impact of the 

droplet on the powder is described well by Holman et al.[190]. The dominant mechanisms are 

spreading and infiltration[190], [191]. Spreading can further be delineated into impact-driven and 

capillary spreading[100], [183]. Infiltration takes a significantly longer time to affect the droplet 

behaviour, so impact-spreading and capillary-spreading are the mechanisms which dominate the 

initial contact between the droplet and powder. The droplets that are produced by DOD inkjet printing 

have infiltration times on the order of 100 to 500 milliseconds [183], [190].  

 

There is a certain level of consolidation that occurs as the ink absorbs into the powder. This behaviour 

is described in the work of Stringer29 and Lanzetta34 and is important because the contraction of the 

ink/powder mix can form unexpected features in the print that can change the height between the print 

surface and the nozzles. 

 

For all formulations, a constant powder composition was used to ensure consistent results. The high 

specific surface area and temperature stability makes alumina a popular choice for catalyst support 

material. Accordingly, alumina is the technical ceramic powder used in this work. Pore formers were 

mixed with the alumina powder in the solid state as detailed further in Chapters 5 and 6. Several pore 

formers were tested, and the pore former was selected based on experiments detailed in Chapter 5. 

The pore formers were required to be insoluble in all ink formulations proposed in this chapter. The 

alumina powder used in these experiments had an average particle size distribution of around 30 𝜇m. 

This is important to know because the wetting properties of the ink are very dependent on the powder 

properties[183]. Introducing a pore former with a different particle size and chemical composition can 

change the wetting behaviour of the ink.  

 

4.1.5 Information about Cartridge Used 

For initial testing with the cartridges, an ink without the catalyst carrier was developed to avoid 

hazards associated with the heavy metals that typically make up catalytic precursors[39], [50], [193]. 

The development of these “no Nickel” inks are detailed in this chapter. The lack of the catalyst carrier 

had a significant impact on the rheological properties of the inks; therefore, further experimentation 

was needed, even after achieving inks that fell within the “printable range” (as defined by the Z-

number) with the catalyst carrier. It was found that further dilution and/or increasing the relative 

amount of plasticiser had the greatest impact on improving the compatibility of the “no Nickel” inks 

with the HP C6602 thermal drop-on-demand inkjet cartridges. 

 

The HP C6602 inkjet printer cartridge is a thermal drop-on-demand inkjet printer cartridge. There are 

resistors located inside the ink chamber, just above the nozzles by an electrical signal from the 

controller. The resistors are heated by this electrical signal very rapidly to generate a bubble, which in 
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turn displaces enough ink to form the correctly-sized droplet for the given ink formulation. After the 

bubble has displaced the ink, the ink chamber is cooled very rapidly to allow the chamber to be 

refilled with more ink, and the process repeats for as many times as needed[179].  

 

Inkjet printing requires rasterization of whatever is being printed, whether that is a line of text, an 

image, etc.[194]. Rasterization is the process of translating a 2D image into a grouping of 1D patterns. 

When the 1D lines are printed next to one another, they form the 2D image[194].  

 

The size of the nozzles, their spacing, and the size of the droplet ejected from the nozzle(s) are all 

important factors to consider when sizing the distance between each of the 1D patterns. This ensures 

that the patterns are connected but not significantly overlapped with one another. Significant 

overlapping of these patterns can distort the pattern being printed or cause super-saturation, thereby 

leading to long drying times, different spreading/infiltration behaviour of the droplet(s), etc.[187], 

[188], [195], [196]. The surface on which these patterns are printed is a crucial part of setting up the 

required pattern distances, in order to best translate the image from a file to an accurately 

proportioned facsimile.  

 

This cartridge was chosen for several reasons. It has been used in the maker-space fairly widely. As 

such, the mechanism for controlling the cartridge could be extracted and connected to a micro-

controller using already established electrical engineering/mechatronics expertise. The use of this 

cartridge model allowed for the use of existing technologies within the 3D printer “makerspace”, 

including the RAMPS (v. 1.4) board[197] and the InkShield[198]–[200] board—both mounted onto 

an Arduino micro-controller serving as the printer’s control centre. 

 

4.1.6 Nozzle Characteristics Affecting Compatibility 

There are 12 nozzles on the HP C6602 inkjet cartridge. Using the electrical contacts, 1 to 12 nozzles 

can be fired rapidly, with breaks of at least 800 microseconds to ensure the nozzles do not burn out. 

The size of the nozzle means that the density and surface tension of the ink being used are 

predetermined to be of a specific ratio. The characteristic length in the calculations was actually the 

diameter of each nozzle on the ink cartridge (30 𝜇m).  

 

Inkjet printing has been used in printing of three-dimensional objects since the 1990s, beginning with 

the development of the technology known as 3DP at the CSAIL (Computer Science and Artificial 

Intelligence Laboratory) at Massachusetts Institute of Technology (Cambridge, MA, USA)[98]. This 

process involves printing in a layer-wise fashion using an ink that binds the currently-printed layer to 

the layer below and the next layer of powder to be deposited. There are many detailed descriptions of 

this process in the literature, including Sachs’ original work, so the process will not be further 
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explained here [123], [190], [196], [201]–[203]. This process has been explored for plastic and metal 

powders, but with the wide availability of other technologies for these materials (see Chapter 2 for a 

description of some of those technologies that have been adapted for commercial use), it has been 

employed mostly with ceramics[179]. Such applications include those that use heat sensitive 

formulations that cannot use lasers or where the densification provided by lasers is too high for the 

end-use.  

 

Binder jetting printing relies very strongly on interaction between the materials used—the powder 

(substrate) and the binder (ink). There are many different factors important in selecting the inks and 

powders used in binder inkjet printing, and furthermore in selecting the combination of the two. 

Steam methane reforming was chosen as the system of interest because the process is very mature and 

well-studied, enabling the ability to leverage existing literature. Because the system chosen for study 

was steam methane reforming with a Nickel-supported Alumina catalyst, the material choices for 

facilitating the compatibility of the two substances were greatly reduced. Choosing to begin with 𝛾-

alumina, for its high specific surface area, further constrains the powder choices. More information 

about the powder chosen will be presented in Chapter 5. Pore formers (as powder) were introduced to 

the alumina powder to further increase specific surface area during post-processing. The ink formulas 

developed needed to account for solubility, among other properties, during design. 
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4.2 Materials and Methods 

Recipes were developed by following the guidelines given in several articles and books on the 

subject. The printed ceramic green body would have the same relative amounts of components as 

given in the recipe for a ceramic suspension which consisted of 3 wt.% binder, 2 wt.% dispersant, 1 

wt.% plasticizer, 45-50 wt.% solvent and 50-60 wt.% ceramic powder[182]. The ceramic colloidal 

suspension is the ceramic powder combined with one of the inks. 

 

Table 4.1. Ingredients for the different Ink Series. 

Ink Component Type Ink Series #1 Ink Series #2 Ink Series #3 Ink Series #4 

Solvent EtOH (80 wt. 

% or 95 wt. %) 

Ca(OH)2 – pH 

@ 10.5 

EtOH (95 wt. 

%) 

Water 

Catalyst Carrier Nickel 

Chloride 

Hexahydrate 

Nickel Nitrate 

Hexahydrate 

Nickel 

Nitrate 

Hexahydrate 

Nickel 

Chloride 

Hexahydrate 

Binder Poly(acrylic 

acid) 

Polyethylene 

Oxide 

Polyvinyl 

Butyral 

PVA-PEG graft 

copolymer 

Dispersant Stearic Acid 

and/or PEG 

PEG Stearic Acid 

and/or PEG 

PEG 

Plasticizer Glycerol Glycerol Dioctyl 

terephthalate 

Glycerol 

Other Additives 0.1M Zinc (II) 

Chloride 

Nickel 

Acetylacetonate 

N/A N/A 

 

The rheological properties of each ink were tested prior to combination with the ceramic powder and 

pore former, as the liquid (with no suspended solids) will be what is carried through the ink cartridge. 

Therefore, the properties of interest - namely the viscosity, density, and surface tension - were of most 

importance in the form without the presence of solids. From the information obtained in these 

procedures, the following dimensionless quantities can be calculated, which provide a great deal of 

information about the ink and whether it is suitable for piezoelectric drop-on-demand printing. These 

quantities include: Ohnesorge number, Weber number, Reynolds number, and Fromm’s parameter, Z, 

which is a measurement specifically of “printability”[100], [179], [185], [204]. 

 

The rheological properties were measured as indicated below: 

• Kinematic viscosity was measured using a “U-tube” viscometer. The liquid could be drawn 

up above the highest mark on the side of the viscometer with the smaller bulb, and the time it 

takes for the fluid to travel between the two marks on either side of that small bulb is 

proportional to the kinematic viscosity. A fluid of known kinematic viscosity (in this case 
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water) was used to provide a room temperature calibration factor at the time of measurement. 

Dynamic viscosity was then calculated with the measured density using the method 

previously detailed. The procedures for using U-tube viscometers are well-known and 

consistent throughout the literature[205], [206]]. 

• The contact angle was measured using an optical goniometer (KSV Instruments, Helsinki, 

Finland) using the sessile drop method. This was performed on a stainless-steel metal plate. 

This practice is widely detailed and the procedure well established as in the works of Drelich 

and Bracco[207], [208]. 

• The surface tension was measured using the optical goniometer mentioned in the previous 

bullet, using the pendant drop method. The method for performing this type of measurement 

is detailed in the literature[208], [209]. 

• The pH was measured using a wireless handheld immersion pH probe (Ionode, Tennyson, 

Australia). The procedure is detailed in Appendix 4.VII.  

 

The procedure for mixing the inks can be found in Appendix 4.V. 

 

All materials were sourced from Sigma-Aldrich, except the 𝛾-alumina and the PMMA beads. The 𝛾-

alumina was sourced from Inframat and the PMMA beads were sourced from Fischer-Scientific. 

Material properties can be found in Appendix 4.VIII.
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4.3 Results and Discussion 

All properties assume the use of a thermal DOD inkjet cartridge that has the following specifications: 

ink output speed of 20 ips (~0.5 m/s), 30 um nozzle diameter, droplet volume of 29 picolitres, and a 

resolution of 600 dpi with 12 nozzles. The summary table below and the detailed tables that can be 

found in Appendix 4.I which uses the HP C6602 cartridge nozzle diameter as the characteristic length 

in the dimensionless number calculations. 

 

The solvents used in the four recipes tested here (water, two different water/ethanol mixes, and a 

medium-strong base) were chosen based on the different ionic interactions that they had with 

alumina—as alumina can act with neutral, acidic, or basic properties dependent on its surroundings.  

 

Due to the high volatility of most organic solvents, no pure organic solvents were used. The solvents 

were all partly water. This limits the available binders. Examples of binders that are compatible with 

aqueous solvents include PAA, PVA-PEG copolymer, PVB, PEO.  

 

Surfactants and low-to-medium molecular-weight polymers were used as the dispersants in all the 

inks developed for this work. The catalyst carrier was chosen to be a hydrated inorganic acid salt, 

which is most likely an additional source of the dispersive behaviour. This is likely a confounding 

interaction that would need to be further explored in an interactive sense with a more detailed Taguchi 

analysis as discussed later in this section. 

 

The components were also chosen so that the pore formers (discussed in Chapter 5) would be 

insoluble in all ink series. Another requirement for all components was the ability to burn out during 

the sintering process well below the onset of consolidation of the ceramic powders. The sintering of 

α-alumina begins 1400°C and a part is generally considered as fully-dense at 1800°C. The transition 

from the high surface area gamma-alumina to the thermodynamically-stable alpha-alumina is an 

important consideration in developing the sintering profile and in choosing the ink components. 

Nickel supported metal oxides are less stable in oxygen containing environments[42], so another 

recommendation would be to examine the sintering requirements in a pure nitrogen or hydrogen 

environment. The burn-out of ink components in different environments should affect the sintering 

behaviour. For more details regarding sintering, refer to Chapter 5. Faster heating rates lend 

themselves to lower theoretical final densities[210]. The theoretical densities reached a plateau after 

1450°C[210]. From the TGA results, a slight drop in mass occurs between 1050 and 1200°C. This is 

consistent with the literature[211].  
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4.3.1 Ink Formulation by Solvent 

For a summary of the different ink series compositions, refer to Table 4.2. For specific details about 

the compositions and properties of each distinct ink composition see Appendix 4.I, 
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Table 4.2. Summary table for ink series compositions and properties. 

 Ink #1 Ink #2 Ink #3 Ink #4 

Solvent Ethanol/Water Calcium Hydroxide in Water Ethanol/Water Water 

Catalyst Carrier Nickel Chloride Hexahydrate Nickel Nitrate Hexahydrate Nickel Nitrate Hexahydrate Nickel Chloride Hexahydrate 

Binder Poly(acrylic acid) Polyethylene oxide Polyvinyl butyral PVA-PEG graft copolymer 

Dispersant Stearic acid Stearic Acid Stearic Acid Polyethylene glycol 

Plasticizer Glycerol Glycerol Dioctyl Terephthalate Glycerol 

Additive Zinc Chloride Nickel Acetylacetonate 3B, 3C - PEG   

Additive 1B, 1C - PEG 2A - IPA     

  Min Max Min Max Min Max Min Max 

Solvent 73.10% 80.61% 69.52% 87.66% 79.14% 82.58% 0.69% 16.20% 

Catalyst Carrier 7.68% 9.68% 5.19% 8.21% 8.67% 9.89% 1.59% 26.82% 

Binder 5.52% 13.08% 1.97% 4.93% 5.20% 5.94% 0.96% 13.33% 

Dispersant 0.64% 3.07% 1.91% 3.58% 1.02% 3.47% 0.00% 10.29% 

Plasticizer 1.53% 2.01% 0.89% 1.64% 0.08% 1.99% 51.20% 91.82% 

Additive 1.54% 2.03% 1.00% 1.65% 1.48% 2.04%   

Additive 0.00% 1.45% 0.00% 10.77%     

Key Properties Min Max Min Max Min Max Min Max 

Density [kg/m3] 9.50E+02 9.60E+02 1.11E+03 1.14E+03 9.62E+02 9.66E+02 1.04E+03 1.17E+03 

Dynamic Viscosity [Pa·s] 3.13E-03 4.50E-03 8.78E-02 2.13E-01 3.05E-02 4.60E-02 1.23E-06 1.07E-02 

Kinematic Viscosity [m2/s] 3.30E-06 4.69E-06 7.70E-05 1.87E-04 3.06E-05 4.78E-05 2.11E-06 5.95E-02 

Surface Tension [N/m] 2.58E-02 2.64E-02 4.77E-02 7.07E-02 2.53E-02 5.07E-02 3.25E-02 6.83E+01 

Contact Angle [°] 20.87 69.40 41.13 57.00 0.60 50.80 33.60 106.52 

pH 1.33 1.42 5.52 6.60 1.70 2.50 6.01 7.86 

Reynolds number 3.20E+01 4.55E+01 7.14E-02 8.01E-01 3.14E+00 4.75E+00 1.33E+01 7.11E+01 

Weber number 2.72E+01 2.77E+01 1.42E-01 1.21E+01 1.42E+01 2.86E+01 3.16E-02 2.49E+01 

Ohnesorge number 1.16E-01 1.63E-01 2.17E+00 4.34E+00 1.13E+00 1.20E+00 5.31E-02 3.17E+01 

Z 6.13 8.65 0.23 0.46 0.83 0.89 0.75 18.82 
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The ink series #1 was abandoned early on as viscosity was very high and the formulation was difficult 

to work with at room temperature. If printing was to occur at elevated temperatures (40°C or 60°C), 

then this ink series would be worth further exploration. It may also be worth investigating this recipe 

with a different dispersant since the stearic acid caused precipitation and aided in forming cross-

linking of higher molecular weight polymers in the presence of the high molecular weight poly-

acrylic acid. It may also be worth exploring whether a different binder would yield better results. 

Although the inverse of the Ohnesorge number predicts that these inks would have been “printable”, 

in practice, the inks were not useful at room temperature. 

 

4.3.2 Taguchi Analysis Details 

Once it was decided to use the water-based ink for the Taguchi analysis, the “high” and “low” targets 

were established from the earlier trials (the experiments to establish the experimental space based on 

the Rahaman recipe[182]). The L8 (27) orthogonal array was used and the component amounts were 

determined for each trial. The trial compositions were then mixed and tested. As shown in the Results 

section, these inks were all within the printable range as defined by the Z-value (inverse of the 

dimensionless Ohnesorge number, defined in the Introduction of this chapter). Therefore, these 

compositions could be used as the final ink solution. Using the relationship established by completing 

statistical regression with respect to the different components, a relationship can be inferred that 

allows the “tunability” of the dynamic viscosity as described below. 

 

The regressions performed on the data (the density, viscosity, and surface tension against the 

composition of the mixture) show that there is not a statistically significant dependence of the density 

or the surface tension on any of the specific components. The regression for the dynamic viscosity is 

more complex. The regression shows a dependence on the plasticiser and the dispersant. The 

dispersant shows as a clear influence on the viscosity using the early compositions. In the regimes 

where the final inks needed to be (viscosity-wise), the dominating factor was actually the amount of 
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plasticiser; however, it is only when the regression is performed on the viscosity with respect to the 

plasticiser that this becomes clear.  

 

The different ingredients had specific effects on the bulk liquid properties. Some of these effects are 

described in the literature[183], [212], [213]. These are suggested as good chemicals to start with, but 

others can be substituted that perhaps prove to be less obstructive to the small nozzles of the thermal 

DOD inkjet cartridge.  

 

The water-based ink had the best performance with the existing ink cartridge and proved to be the 

most flexible at room temperature—the temperature range of interest for printing in this case. The 

water-based ink also allowed the flushing/unclogging of nozzles with soaking in ethanol or isopropyl 

alcohol. After a time, the nozzles of the ink cartridge became irretrievably clogged and the soaking in 

solvent appeared to damage the electrical contacts on the cartridge. Future formulations could be 

modified to address this issue. Alternately, an inkjet cartridge could be specifically developed to suit 

the given ink. Given the exploration of this work was focused on the ink formulation, the design of 

inkjet cartridges was not prioritized in the experimental portion of this work. This, however, could be 

an area of future study. 

 

The relationships derived from the Taguchi analysis could be extended to other inks having the same 

make-up. The ink base classifications (solvent, binder, dispersant, plasticiser, and catalyst carrier) are 

common to all formulations. If a general relationship could be established for a component class 

rather than a specific chemical as that component, then the model would be more widely applicable. 

The model could be improved with more data—particularly in the extreme regimes that were not the 

focus of this work since a viable ink was the goal of these experiments. 
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The interactions between the different components were not studied, but a more detailed analysis with 

an allowance for the possibility of interactions between the components contributing to one or more 

dependent variables should be considered. As discussed in the beginning of this section, the functions 

of each additive can be two-fold. The field of ceramic colloidal suspension interactions is an active 

and rapidly evolving area of research[214]–[222]. One relatively new article discussed the use of a 

chemical that served a dual function as both binder and dispersant[217]. Another study highlights the 

interaction between binders and dispersants in alumina suspensions[219]. PVA was used in this study 

as a binder and is somewhat analogous to the binder used in Ink series 4 (a PVA-PEG copolymer) and 

the dispersant used in Ink series 4 was PEG. The theory behind the selection of different components 

for the ink series’ was based on the use of different solvents. The literature of inkjet printing says that 

most inks have a density close to that of water. This dictates the other properties as the relationship 

between the density, dynamic viscosity, and the surface tension are what produces the “printability” 

factor introduced in the introduction of this chapter. The study of component interaction is very 

complex but could be particularly enlightening in the case of viscosity with the interaction of the 

plasticiser and the dispersant. The four ink series’ were based on using four different solvents and 

different methods of ionic stability that could be used with the properties of the solvent.  

 

Given that the components of the mixture must add up to 100%, there must always be one floating 

value. In this analysis, the solvent was used as the floating value. This works only up to a point, as 

there must be some minimum value above which the mixture is a liquid with reasonable viscosity at 

room temperature and below which the liquid’s viscosity would not allow for reasonable behaviour in 

the function as a printer ink. 

 

It would also be worth exploring non-linear regressions for these variables to understand if these 

could better represent the relationship between the variable and a specific measured property (density, 
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dynamic viscosity, or surface tension). This would require a more rigorous statistical analysis than the 

one used in this study. 

 

The other ink formulations could also be analysed via orthogonal array experiments. This would be a 

good way to establish whether the relationships that have been derived are affected by the specific 

chemical or whether the chemical’s function is within the mixture (e.g. dispersant, binder, etc.) as 

discussed in the first half of this section. For example, the addition of stearic acid (octadecanoic acid) 

to the ink mixtures at an elevated temperature (approximately 50°C) yielded promising results (see 

Ink Series’ 1 and 3). Printing at a higher temperature with the stearic acid, or at least operating the 

cartridge and dispensing mechanism at an elevated temperature, would likely yield a stronger green 

body due to its lack of solubility in water at room temperatures. Stearic acid is commonly used in 

manufacturing of plastics, cosmetics, candles, and soaps. It is a waxy white solid at room temperature. 

The stearic acid mixed in the inks that were unable to be tested had precipitated out as shown in the 

pictures in Figure 4.4. This property might be able to be incorporated into an elevated temperature 

printing process the results in a more robust green body upon cooling in a room temperature 

environment. Green bodies will be discussed further in Chapter 5. 

 

 

Figure 4.4. (on left) Ink 1A (in the middle) Ink 1B (on right) Ink 3A 
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The ink that was chosen to move forward with was ultimately dictated by the properties of the inkjet 

cartridge and the compatibility of the ink with different components of the printer. The water-based 

ink components were relatively innocuous (aside from the addition of the catalyst carrier). The 

volatility of the solvent was also a major concern. The green body needed to remain “wet” long 

enough for the body to form a reasonably stable piece. This will be further addressed in Chapter 5. 
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4.4 Conclusion 

This work has yielded several ink formulations (containing nickel salts) that are within the 

theoretically printable range of inkjet drop-on-demand printing. The properties of the ink that 

determine its “printability” are a relationship between the density, dynamic viscosity, and surface 

tension. This can also be described in terms of dimensionless numbers—specifically the Reynolds 

number, Weber number, and Ohnesorge number. Drop on demand (DOD) inkjet printing makes use 

of ink droplets that are typically between 20 and 50 picolitres[100]. The inks designed here were 

designed specifically for use with the HP 6602 inkjet printer cartridge. These cartridges have 12 

nozzles arranged at a distance that allows for a resolution of 96 dpi[223]. This does not apply non-

OEM inks or to printing surfaces other than what the cartridge was designed for (which is regular 

printer paper).  

 

There was considerable effort involved in making an ink that was compatible with the existing 

cartridge to avoid having to manufacture a new cartridge. Developing a printer cartridge specifically 

tailored to a binder/powder system for 3DP would be a plausible next step. The quality control within 

the HP C6602 cartridges themselves was highly variable. This was due to several factors, the most 

obvious being that these cartridges were “used” and the electrical contacts or nozzles had the potential 

to be damaged even before exposure to the non-OEM ink. This adds a level of complexity that could 

be avoided by using fresh cartridges each time but would significantly add to the cost and time 

required for the ink removal process discussed in Chapter 5. Designing a cartridge custom-built for an 

ink that would react in a way that would cause greater stability within the green body would be an 

important step forward for this research, particularly if the benefits of having a higher viscosity ink 

used would affect green-body stability. 

 

Given the limitations of the cartridge, the relationship between the components of the ink was 

explored to try and affect the properties that would determine whether the resultant mixture would be 
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printable. Taguchi experimental design was used to try and determine how, or if, the components and 

their relative level affected the properties of density, dynamic viscosity, and surface tension. There 

was no statistically significant component effect observed except for the dependence of the dynamic 

viscosity on the amount of dispersant. There may be confounding variables, specifically the 

plasticiser, dispersant, and catalyst carrier. A further investigation into the possibility of this should be 

evaluated in future work. 

 

The relationship between the ink and spreading and infiltration within the ceramic powder will be 

discussed in greater detail in Chapter 5.  
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Chapter 5: Binder Jetting Powder Printing and Analysis 

Binder Jetting Powder Printing and Analysis 

of Precursors 
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5.1: Introduction 

5.1.1 Chapter Scope 

As described in Chapter 2, the method of using a powder with a liquid applied in a layer-wise fashion 

is known as binder jetting powder 3D printing or 3DP. For a more detailed overview of the evolution 

of 3D printing and the operating methodology, refer to Chapter 2. This chapter delves into the details 

of preparing catalyst substrate materials for printing and the printing of simple geometries to 

demonstrate the printer can produce simple shapes that will be tested in Chapter 6 for properties 

important to catalysis. The ink preparation was covered in Chapter 4, but this chapter covers the ink 

and ink cartridge compatibility, the powder preparation, and post-processing of the parts.  

 

5.1.2 Modification of binder jetting powder printing method: 

This method has been slightly modified from its original method to suit the purposes of this work. The 

powder that is used is a blend of ceramic powder and a pore former. The purpose of the pore former is 

to introduce a way to increase the porosity and internal surface area of the final product. The original 

method[98], [183], [190], [192] discusses the use of a binder. This binder is the liquid used to bind the 

powder together. In this work, that binder is referred to as an ink (discussed in detail in Chapter 4). 

There are multiple components to the ink: binder, dispersant, plasticiser, solvent, and catalyst carrier. 

The binder, dispersant, plasticiser and solvent aid in making the ink have the necessary properties to 

ensure the ink is printable from the existing cartridge. The catalyst carrier is the critical component of 

the ink for the purposes of this work. It allows metal salts to be solubilised and deposited through the 

powder. This allows for excellent dispersion of the metal used to make the object catalytically active. 

Methods and results for characterising the spread and amount of metal through the final part (after 

post-processing) are discussed in Chapter 6. The post-processing will be elaborated on in this 

chapter—specifically, the development of sintering profiles will be studied. The integration of the 

catalyst carrier into the printer ink introduces an additional level of complexity to the printing that is 

not present in any known instance of binder jetting powder printing. 
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5.1.3 Powder selection 

The majority of the powder base in catalyst development is chosen for high specific surface area, inert 

nature, and availability as well as cost. Metal oxides are commonly used as heterogeneous catalyst 

supports for high temperature reactions[224]–[226]. Alumina is a common catalyst support and has 

been studied extensively for use in high temperature reactions[40], [52], [234]–[237], [157], [227]–

[233]. The densification of alumina and alumina mixed with other materials as a function of 

temperature and temperature profile (specifically ramp rate) has also been widely studied[210], [211], 

[238]–[240]. The most thermodynamically stable form of alumina is α-alumina. The powder used in 

this work begins as γ-alumina, and the sintering profile developed was to try and minimize the 

conversion of γ- to α-alumina. 

 

Figure 5.1. Microstructural evolution of Boehmite to α-Al2O3 via γ-Al2O3[211] 

 

5.1.4 Selection of- and considerations for- pore formers 

Pore formers are important as a means to create greater surface area, to create interconnectivity of the 

pores, and to create the ledges that promote the kind of activity we hope to promote in the final 

sintered structures. The pore formers have a large impact on the effective gas diffusivity which is of 

crucial importance in determining the region in which the active reaction can be performed. Pore 
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formers are used in a variety of industries, commonly in coatings for pharmaceuticals to aid in 

absorption—another high surface area application[241]. Pore formers are typically sugars or polymers 

that do not dissolve in the mixture, holding their shape and creating a cavity when they burn out 

during the sintering process[239]. The melting and boiling points are crucial in selection of pore 

formers as are particle sizes and shape. The biocompatibility may also be a consideration depending 

on the product end use. Pore formers can be anything from cellulosic powders to polymeric beads. 

 

Pore formers typically yield pores on the same order of the size of the original pore former particle 

size in the final sintered part (taking into account there may be some shrinkage during the sintering 

process depending on whether chemical treatment or heat treatment is used for post-processing)[239]. 

The size, shape, and melting/boiling points are the relevant considerations for the choice in pore-

former. Pore formers can decrease the length scales for diffusive properties[167] through modifying 

the burnout rate of porogens—effecting the interconnectivity of pores and shortening the required 

effective diffusion distance.  

 

The pore formers in this work needed to have specific properties in order to be combined with the 

chosen alumina powder and the formulated inks from Chapter 4. These requirements include: 

• Burn out completely at a slow ramp rate from the printed parts at temperatures less than 

400°C in order to avoid cracking or causing structural defects in the part/ 

• Be insoluble in all of the ink solvents (water, calcium hydroxide (pH 10.5), and ethanol) 

• Be inert with respect to the ink components and also not react with the powder 

• Not absorb too much water when exposed to humid environments 

Additionally, the pore formers should be of varying sizes and shapes that allow for testing of optimal 

surface area creation and to allow for additional edges to increase nickel exposure for increasing 

reactivity.  
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5.1.5 Mixing of ink and powder 

As stated in the introduction of Chapter 4, the way that the ink and powder interact is defined by 

liquid properties of the ink: surface tension, viscosity, and density. The ejection velocity of the ink 

droplets, ink evaporation time, droplet size, and some dimensionless numbers (Ohnesorge, Weber, 

and Reynolds numbers) are also important, but many of these are interconnected and all come back to 

the surface tension, viscosity and density. This work tested the effect of different amounts of ink-to-

powder on the micro- and nano-structure through SEM image analysis. Samples were prepared by 

hand-mixing and printing. The procedures for these tasks are detailed in the relevant Appendices 

given in the Materials and Methods section.  

 

The amount of ink to powder is determined by the overlap of printed droplets as well as how many 

times the cartridge fires a nozzle in that specific location. Both of these are able to be controlled by 

manipulating the coding that is responsible for the cartridge performance in the 3DP printer used in 

this work. The ink saturation is also affected by the evaporation time and ratio of capillary spreading 

to inertial penetration. The time scales are explained well in Figure 2.6 by Derby et al [100]. 

 

Inertial penetration (or impact driven penetration) is important over very short time scales, but 

capillary spreading dominates the behaviour over longer periods of time. This means that the 

dominant force in the wetting of the ink is capillary penetration.  

 

The information in this chapter will establish which porogen, or pore former, should be used and 

which powder mixing method to use. A few preparation methods for the samples were performed in 

order to show the difference between the micro- and nano-structure of each preparation method (die-

press, hand-mixing, and printing). The printer settings will be explored, and the optimum settings will 

be described. The sintering profile (post-processing conditions) will be explored and the selection of 
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sintering profiles will be given with support SEM images. Validation of expected final weight will be 

determined through TGA. 
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5.2: Materials and Methods: 

For this work, a γ-alumina powder (Inframat Advanced Materials, Manchester, CT, USA) with a 

small particle size distribution (35-45 microns) was used[242]. This powder was chosen for its high 

surface area (100 ± 30 m2/g)[242]. The mean particle size distribution was chosen to be around 40 

microns due to flowability concerns which are of critical importance in powder bed recoating needed 

to be achieved through new layer deposition [307]. Particles smaller than 25 microns also represented 

additional hazards because the powders became airborne more readily, representing a potential 

respiratory hazard. 

 

Rice starch[243], cellulose[244] and poly-methyl methacrylate (PMMA)[245] were used as the pore 

formers. The rice starch and cellulose were obtained from SigmaAldrich (Sydney, Australia) and the 

PMMA was obtained from Fischer-Scientific (Auckland, New Zealand).  

 

The particle size distributions vary between the three chosen pore formers. The particle size 

distribution of the rice starch varies according to the amylose/amylopectin ratio31–33.  

 

The rice starch and PMMA beads are both roughly spherical but the cellulose is rod-shaped. The rice 

starch, cellulose and PMMA all have comparable surface area as determined by N2 BET or taken from 

existing literature (see Table 5.1).  

Table 5.1. Geometrical Properties of Pore Formers 

 Rice Starch Cellulose PMMA 

Shape Roughly spherical Rod-like Spherical 

Particle Size [µm] 5- 30[246], [247] ~20[244] 50-150[245] 

Surface Area [m2/g] 1.3[249], [250] 1.3[251]–[253] up to 0.12 

 

 

2 This figure was calculated assuming perfectly spherical beads of a 50 µm diameter. 
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When the pore formers were mixed with the γ-alumina powder and compressed, the pore formers 

became distorted from their original shapes. The cellulose was affected the most due to the non-

spherical shape. This is visible in the Results section for the die-pressed samples (Figure 5.12 through 

Figure 5.17). 

 

Uchida, et al.[254], studied pore formers, specifically polystyrene and PMMA, for use with ceramic 

materials as bone implants. These products required a large, interconnected pore network. This was 

achieved by using a very slow ramping rate, holding the material at lower temperatures for longer to 

allow the porogens to melt and then vaporise in a way that resulted in a very high porosity 

(approximately 50%).  

 

The procedure for operating the printer can be found in Appendix 5.IV. The procedure for loading the 

HP C6602A inkjet cartridges with custom ink can be found in Appendix 5.V. 

 

5.2.1 Powder Mixing and Compositions 

The powder mixing procedures can be found in Appendix 5.I, and the procedure for hand-mixing 

powder and ink can be found in Appendix 5.III. The first mixing method is not described in detail 

below because the method was simple shaking by hand, which was deemed to be too variable for 

further exploration. 

 

The second mixing method was to use a custom-built tumbling mixer, pictured below.  
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Figure 5.2. Tumbling mixer (on left) closed (on right) open. 

 

The tumbling mixer used the rotation of bottles inserted into the mixer to provide the mixing. To 

promote further mixing, marbles were added to the bottles.  

 

The third mixing method was a Sackett mixer, also sometimes called a cereal mixer.  

 

Figure 5.3. Sackett mixer (on left) closed (on right) open. 

 

The powder compositions that were mixed and tested can be found in Table 5.2 and the amounts for 

the ink and powder of the hand-mixed samples can be found in Table 5.3. All samples in Table 5.2 

were compressed using approximately 172 bar of pressure.  
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Table 5.2. Compressed, dry samples with composition (weight for mono- and poly-disperse alumina 

and pore formers) 

Sample 

No. 

PF (Powder 

Mix) 

Pore 

Former 

[g] 

Vol 

Frac 

PF 

Weight 

% PF 

Alumina 

[g] 

Al2O3  

Disperse 

4A Rice Starch 9.2 40% 21.80% 32.9 
Mono-

disperse 

4B Cellulose 8.3 40% 20.90% 31.5 
Mono-

disperse 

4C PMMA 7.3 40% 18.00% 33.4 
Mono-

disperse 

5A Rice Starch 3.5 20% 9.48% 33.2 
Mono-

disperse 

5B Cellulose 3.3 20% 9.03% 33 
Mono-

disperse 

5C PMMA 2.7 20% 7.59% 33.3 
Mono-

disperse 

6A Rice Starch 9.19 40% 21.80% 32.9 
Poly-

disperse 

6B PMMA 2.76 20% 7.65% 33.3 
Poly-

disperse 

 

Poly-disperse alumina was used to evaluate the packing density difference between the mono-disperse 

and poly-disperse powders.  

 

Table 5.3. Hand-mixed powder and ink samples using sintering profile MHK135075 and ink 4D. 

Sample 

No. 

Pore Former 

(PF) 

Powder 

Mass [g] 

Ink 

Vol 

[mL] 

Ink 

Mass 

[g] 

Amount 

Ink 
basis 

7A Rice Starch 5.08 7 7.62 40.00% wt 

7B Rice Starch 3.61 3.69 4.02 47.40% wt 

7C Rice Starch 3.89 3.53 3.84 50.30% wt 

7D Rice Starch 4.18 3.5 3.81 52.30% wt 

8A PMMA 2.76 3.79 4.13 40.10% wt 

8B PMMA 3.5 3.55 3.87 47.50% wt 

8C PMMA 3.76 3.45 3.76 50.00% wt 

8D PMMA 4.03 3.35 3.65 52.50% wt 
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5.2.2 Powder Compaction (Die-Press Operation) 

Powder compaction was performed to examine the potential sample mixture composition without ink 

in a format that was more readily comparable to the existing catalyst manufacturing methods that 

generally involve some type of compacting process. 

The powder here was compacted using a die-press and a specially designed die.  

 

Figure 5.4. Half of die with pressed sample inside (dimensions are in cm). 

 

The procedure for performing powder compaction (specifically operation of the die-press) can be 

found in Appendix 5.II. 

 

5.2.3 Printing 

The binder jetting powder printing process involves the selective deposition of a binder on a powder 

substrate in a layer-wise fashion. New layers of powder and patterns of binder are added 

consecutively until the part is completed. Post-processing in the form of sintering or infiltration is 

typical. In this work, the post-processing step is sintering. 

 

5.2.4 Assembly of the printer 

The printer that was built in order to fabricate these parts is based off an open-source printer[255]. 

Details on building the shell and gantry of the printer as well as the necessary wiring to connect the 
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needed electrical components are in Appendix 5.VII. The code development and modification is 

detailed in Appendix 5.VIII. 

 

The main body of the printer was constructed from acrylic pieces. These were laser cut to exact 

specifications in drawings. The x-y gantry was constructed with polypropylene blocks that followed 

guiding metal rods. Stepper motors, bearings, pulleys, wiring, and screws were purchased and used in 

the electro-mechanical assembly. For more information about the building and programming 

associated with the printer, refer to Appendices 5.VII and 5.III. 

 

 

Figure 5.5. Final version of the binder jetting powder 3D printer (schematic on left, actual on right). 

 

5.2.5 Loading Ink Cartridges 

The HP C6602 printer cartridge is composed of several parts which include: the plastic casing, the 

nozzle array, the electrical contacts for signal transmittance, the thermal resistors, a sponge for 

controlling head pressure on the resistors, and the ink itself[223]. The cartridge was cut open and the 

internals were thoroughly washed with de-ionised water. The manufacturer ink has to be fully 

removed from the cartridge and the cartridge needs to be washed with water to ensure that none of the 

Z1 

bin 

Z2 

bin 
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dye-based ink remains. The cartridge was then filled with the new ink. For further details regarding 

this practice, refer to Appendix 5.V. The sponge has been treated with a hydrophobic coating in order 

to prevent the ink from being absorbed into the sponge in excess, which would preclude it from being 

discharged from the cartridge. 

 

5.2.6 Sintering Processes 

The sintering process was studied through the use of a box furnace, a thermogravimetric analyser 

(TGA), and a scanning electron microscope (SEM). 

 

The box furnace used in this work is a LindbergMPH 1700°C Small Chamber Box Furnace[256] 

(Lindberg MPH, Riverside, MI, USA). The thermogravimetric analyser (TGA) used in this work was 

a Netzsch STA 449 F3 Jupiter®. The TGA has a Type S thermocouple and was capable of measuring 

temperatures up to 1650°C. The design is top-loading and environments of nitrogen and air (nitrogen-

oxygen mixture) were made available for the measurement. All measurements conducted in this work 

were conducted under flowing air (nitrogen-oxygen mixture). The wet samples were loaded into an 

alumina crucible on the DTA head of the TGA[257]. The alumina crucibles had previously been 

cured in a box furnace in air to temperatures above those being used in the measurements. The 

temperature program was then tailored to the samples by using very low heating rates below 400°C to 

show high resolution in areas of rapid mass loss. 

 

5.2.7 SEM Equipment and Use 

JEOL JSM-7000F Field Emission Scanning Electron Microscope (Tokyo, Japan) was used to obtain 

all SEM images. The operation of this equipment is detailed by the operating manual for the 

equipment[258] and operating instructions from the University of Illinois[259]. Image analysis was 

performed on ImageJ[148], [149] (Version 1.51w) (Bethesda, MD, USA) to determine average pore 
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size first by filtering the image using the Canny Edge detector[150] and then processed with the 

“Analyze Particles” option under the “Analyze” menu. 
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5.3: Results and Discussion 

5.3.1 Porogens 

The rice starch used in this study was procured from Sigma-Aldrich[243] and, as can be seen in the 

SEM images Figure 5.6, is typically between 5 and 15 microns. The PMMA beads have a particle size 

distribution of between 50 and 150 microns[245] and are shown in Figure 5.8. 

 

  

Figure 5.6. SEM images of loose rice starch (left) x2500 (right) 150. 

 

  

Figure 5.7. SEM images of loose cellulose (on left) x1500 (on right) x230. 
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Figure 5.8. SEM images of loose PMMA beads (on left) x1000 (on right) x50 

 

The literature accompanying each of the pore formers gave a description of the loose material. The 

images in Figure 5.6, Figure 5.7, and Figure 5.8 are in agreement with that documentation. The shape 

of the rice starch is approximately spherical (although more accurately termed polyhedral). The loose 

cellulose powder shows the irregularity expected of this polymeric material. Since the PMMA beads 

are produced in spherical beads intentionally, their spherical shape is a verification of that 

expectation. The surface of the PMMA beads have some defects and occasionally the beads are 

oblong or partially fused to another. 

 

5.3.2 Comparing powder mixing methods 

To compare the three available mixing methods, blue food colouring was applied to the porogens and 

then dried. The white gamma-alumina powder was then mixed with the blue rice starch, cellulose, and 

PMMA beads. Each sample was visually examined for homogeneity using the coloured porogens to 

determine the relative degree of mixing.  

 

The first mixing method explored was the use of an ultrasonic mixer. As shown in Figure 5.9, the 

alumina powder and pore formers did not mix at all. No SEM images were taken of these samples as 

the powders did not mix. 
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Figure 5.9. Using ultrasonic mixer: γ-alumina powder mixed with (from left to right) rice starch, 

cellulose, and PMMA beads 

 

 

Figure 5.10. a) Tumbling mixer with rice starch, (b) Tumbling mixer with cellulose, and (c) Tumbling 

mixer with PMMA beads. (d) Sackett mixer with rice starch, (e) Sackett mixer with cellulose, and (f) 

Sackett mixer with PMMA beads. 

 

Both the tumbling mixer and the Sackett mixer showed a high degree of mixing, but the tumbling 

mixer allowed the powder to be mixed in self-contained glass bottles which made the final collection 

from the mixer much easier. The size of the powders was not compatible with the Sackett mixer as 

after a few runs, the powder started to accumulate in the seals and would rapidly lead to deterioration 

of the mixer. Therefore, the tumbling mixer was selected for use. Using the tumbling mixer lends 

itself readily to process scale-up.  
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5.3.3 Compressed sample images post-sintering 

The temperature profile for all dry samples (4A-6B in Table 5.2) which had the following steps: ramp 

up 10°C/min between 20°C and 1200°C, ramp up 5°C/min up to 1350°C, then hold at 1350°C for an 

hour, ramp down 5°C/min to 1200°C, then 10°C/min to 20°C. 

 

All dry samples (4A-6B) were compressed using a die press (see Figure 5.11 and Figure 5.4 for 

pictures of die assembly and inside of die) to 172 bar. Samples 4A-4C contain 40% v/v pore former 

with the remainder as γ-alumina powder, and samples 5A-5C contain 20% v/v pore former with the 

remainder as γ-alumina powder. The compositions of all of these samples can be found in Table 5.2. 

 

Figure 5.11. Assembled die clamped to hydraulic press with punch depressed 

 

The powder was fed into the die to form a cylindrical pellet with domed ends. The uniaxially pressed 

samples were removed from the die and fired in the furnace according to the temperature profiles 

detailed just after this section heading (5.5.3). After the samples were fired, they were removed from 

the furnace and found to be completely intact and without cracks. These samples were not 

characterised for strength as those tests were beyond the scope of this work. In order to prepare the 

fired samples for SEM analysis, a small piece was chipped off of the larger sample and prepared using 

the procedure describing sample preparation for SEM analysis mentioned in section 5.2.7 SEM 
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Equipment and Use. In the SEM images below, all samples were compressed to 172.4 bar (2500 psig) 

and fired to 1350°C. 

 

An ideal SEM image would show areas of densification as well as areas of rougher areas that add to 

the surface area on the micro-scale. The densification needs to be enough that the part remains strong, 

but not so much that the part is smooth and does not have micro-scale roughness. The zoomed in 

images for samples 4C and 5C are good examples of this.  

 

The ideal support will have a lot of areas for nickel to deposit onto and be accessible from multiple 

angles. The ideal support will have a high level of interconnectivity of the pores. From this, sample 

5A could be a poor choice due to the extensive pocketing that would block access points to the nickel 

that could be deposited into the pockets that make up most of the surface. 

 

Figure 5.12. SEM images of sample 4A (40v/v% rice starch) at different magnifications (on left) 

x3300 (on right) x45 
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Figure 5.13. SEM images of sample 4C (40 v/v% PMMA) at different magnifications (on left) x5000 

(on right) x160 

 

 

Figure 5.14. SEM images of sample 5A (20 v/v% rice starch) at different magnifications (on left) 

x2200 (on right) x170. 
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Figure 5.15. SEM images of sample 5C (20 v/v% PMMA beads) at different magnifications (on left) 

x5000 (on right) x160. 

 

The different levels of pore formers in sample set 4 versus sample set 5 show that there are fewer 

pores created in series 5, however, the microstructure of each appears to be affected very little. The 

rice starch samples (4A and 5A) show an interesting contrast in their different magnifications. The 

lower level of loading in Figure 5.14 appears to have a very positive effect on the microscale. The 

surface contains many half-pocketed structures which are advantageous in providing increased surface 

area and edges for catalytic activity. 

  

The following samples were prepared using the tumbling mixer and were then die-pressed to 172.4 

bar (2500 psig). They were fired with the same temperature profile described above and the porogens 

were burned out. These samples show that the wide particle size distributed alumina powder resulted 

in a denser final product according to examination of the resulting SEM images. The wide range of 

alumina particle sizes results in finer packing and further densification.  
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Figure 5.16. Sample 6A (40v/v% rice starch) at two different magnifications (on left) x1500 (on right) 

x150. 

 

 

Figure 5.17. Sample 6B (20v/v% PMMA beads) at two different magnifications (on left) x950 (on 

right) x200. 

 

From Figure 5.12 through Figure 5.17, it is clear that the rice starch and the PMMA resulted in more 

regular pores. Rice starch made smaller pores than the PMMA, and appeared to give a rougher 

surface. The amount of pore former that was initially chosen for the printer was 20%v/v for rice 

starch. This comes from a compromise between final sintered strength with porosity for hand mixed 

parts. The ideal microstructure in these images would be a large number of spaces where pore formers 

were located and burned-out, resulting in many pocketed shapes embedded in the surface shown. 



 

110 

 

From Figure 5.16 and Figure 5.17, the poly-disperse alumina clearly shows a lower surface area and 

larger overall areas of densification per the SEM images. The lower surface area of the alumina 

powder with the larger distribution size is not desirable from a reaction standpoint, but it does offer 

increased strength on the macroscales. 

 

The hand-mixing of alumina powder, pore former, and ink is not able to provide a direct comparison 

to the binder jetting powder printing process. Since a direct comparison is not applicable, it follows 

that the amount of pore former in the powder might need to be adjusted in the printing. As both the 

hand-mixing and printing processes do not involve the exertion of pressure onto the samples, the 

shape and prevalence of pore formers can be assumed to be similar. The pore former amount had to be 

refined further when the parts were printed instead of being hand mixed in order to find if other 

compositions would yield more favourable structures. These other compositions are explored in 

Chapter 6. 

 

5.3.4 Powder and Ink Mixing: Effect of ink level on structure 

Enough liquid needs to be used that the powder is fully wetted. Additionally, the powder should be 

compacted in some way between layers, so that it is pushed down onto the previous layer. The ink 

amount deposited needs to be increased without getting hit by the roller that trails behind the cartridge 

as part of its assembly.  

 

The ink/powder mixture results in a pseudoplastic fluid and, resembles the behaviour of a Bingham 

plastic. Examples of Bingham plastics include mud, toothpaste, and mustard. Bingham plastics are 

able to hold peaks when the stress that has been causing deformation has been removed[260].  

 

See Figure 5.19 for an example of this behaviour that was maintained through the firing process of the 

ink/powder mixture. This gave a unique pointed shape.  
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Figure 5.18 and Figure 5.19 show how well the ink and powder mix together and that the shape of the 

deposited sample retains its shape throughout the firing process. 

 

Figure 5.18. Showing mixing of powder and ink 4D (on left) partially mixed (on right) completely 

mixed and held on spatula. 

 

Mixing the powder and ink yields a non-Newtonian fluid. The behaviour is pseudoplastic, specifically 

that of a Bingham plastic. Hand mixing the powder and ink at different amounts of powder-to-ink 

(given in Table 5.4 in gave mixtures that had a dynamic viscosity similar to peanut butter (~30 

Pa·s)[261]. After firing, the sample retained its peak, showing that even over the heating range, the 

material exhibited pseudoplastic behaviour long enough to solidify in this unlikely shape.  

 

 

Figure 5.19. Sample after sintering. Top-down view. 
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For the printing process, the amount of ink deposited in each pass and layer and the compaction of 

powders between layers are both parameters that should be explored further.  

 

5.3.5 Level of ink saturation effects on structure 

In order to determine whether the relative amount of ink to powder had an effect on the structural 

properties of samples, several samples were mixed together with ink formulation 4D3 to see if any 

structural differences could be observed. These images are Figure 5.XII-1 through Figure 5.XII-8. All 

samples were fired with a consistent temperature profile at a ramp rate of 7.5°C/min from 20°C to 

1200°C, then ramp up 5°C/min to 1350, then hold at 1350°C for an hour, then ramp down to 1200°C 

at 5°C/min, then ramp down to 20°C at a ramp rate of 7.5°C/min. The samples were all hand-mixed 

and the details of the powder mixed and pressed can be found in Table 5.5. These samples were not 

pressed because the ink served as the binding method. Samples 4A through 6B were uniaxially-die 

pressed because the powder was tested without any ink and some bonding method was needed to 

examine the structure of the pore formers.  

 

The following amounts of ink and powder were mixed together to form samples 7A through 8D. 

Table 5.4. Samples with Powder Weight Compositions 

Sample 

No. 

Powder 

Mass [g] 

Ink Vol 

[mL] 

Ink Mass 

[g] 

Alumina 

Weight % 

7A 5.08 7.00 7.62 40.0% 

7B 3.61 3.69 4.02 47.4% 

7C 3.89 3.53 3.84 50.3% 

7D 4.18 3.50 3.81 52.3% 

8A 2.76 3.79 4.13 40.1% 

8B 3.50 3.55 3.87 47.5% 

8C 3.76 3.45 3.76 50.0% 

8D 4.03 3.35 3.65 52.5% 
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The SEM images (Figure 5.XII-1 through Figure 5.XII-4) show a mixture of alumina powder with 

rice starch as a porogen mixed together with ink 4D (as detailed in Chapter 4 and according to the 

composition reported in Table 5.4). After firing, the samples (7A-7D and 8A-8D) were whole and 

intact. Some appeared to be rougher than others. The SEM images of the alumina powder (with either 

rice starch or PMMA as the porogen) with different amounts of ink do not to appear to be 

significantly different from one another. All SEM images are shown in Appendix 5.XI, but two 

images showing the general trend of these images are below in Figure 5.20 and Figure 5.21. The rice 

starch (Figure 5.20) showed slightly greater promise as giving a good balance between densification 

and porosity. 

 

   

Figure 5.20. Sample 7B (contains 52.6 wt% ink) under SEM (on left) x4500 (on right) x450. 

 

   

Figure 5.21. Sample 8B (contains 52.5 wt% ink) under SEM (on left) x4500 (on right) x450. 
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The implications for the final 3DP process are that a wide range of ink saturations can be used with 

the alumina powder and still construct similar microstructures. The amount of ink deposited onto the 

powder is therefore limited at the lower end by what is required for adhesion and the upper region by 

what can be absorbed and dry between layers to ensure the new powder layer does not disturb the 

previously printed layers.  

 

Due to the limitation of ink deposition on the non-compacted powder within the printer, additional 

samples were mixed by hand to more closely mimic the actual ink-to-powder amounts. These samples 

were quite flaky and the final fired pieces are shown in Figure 5.22. 

 

Figure 5.22. From top left to bottom right: Ink 4T7 with alumina and rice starch, 0v/v%, 5v/v%, 

10v/v%, and 20v/v%. 
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The characterisation of how the ink, porogens, and alumina powders perform over the range of 

temperatures for which the sintering occurs gives important information that can confirm or deny 

hypotheses about what the structure is subjected to under these temperature conditions. The behaviour 

of the ink and porogens in the lower range of the sintering profile (<400°C) is of the most importance 

since the greatest area of mass loss occurs in this region. If the temperature ramp rate goes up too 

quickly the potential for cracking and bubbling increases. The next section details the attention paid to 

this area. 

 

5.3.6 Binder burn-out  

Figure 5.23 is a graph of the temperature versus weight loss of a sample of γ-alumina, pore former, 

and ink 4D. This graph was chosen because Ink Series 4 was the only ink solution compatible with the 

ink cartridge used in this printer.

 

Figure 5.23. Mass remaining versus temperature for Sample 9A with Ink 4D across three different 

heating rates. 
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The temperature profile used for all TGA experiments is as follows: 

Table 5.5. Thermogravimetric analysis temperature profile including ramp rates. 

Step 

Start 

Temperature 

[°C] 

Final 

Temperature 

[°C] 

Ramp 

Rate 

[°C/min] 

1 20 120 1 

2 121 400 2 

3 401 1300 5 

The sample was then allowed to cool to room temperature naturally. The different ramp rates were 

used to provide greater resolution for determining the burn-out temperatures of each component. 

 

The first temperature regime is for solvent evaporation. The second temperature regime is for 

everything else (glycerol, PVA-PEG copolymer (Kollicoat IR), PEG and pore former), and the last 

(third) temperature regime is for densification of the alumina powder. The properties for these 

chemicals can be found in Appendix 4.VIII and the composition of Ink 4D can be found in Appendix 

4.I. The sample contained 40%v/v which equates to 22 wt% rice starch with the balance of the powder 

being alumina. The total wet sample weight was 56.3 mg. The powder weight (combined pore former 

and alumina) was 29.6 mg. The mass of the ink was 26.7 mg. If all of the ink burned out, except the 

nickel deposited in the sample, then the weight of the final sample should be equal to the amount of 

alumina in the powder plus the amount of nickel in the ink. The total mass loss is consistent with what 

is expected when hypothesising that the ink and porogens burn out. 

 

5.3.7 Sintering Profiles 

A sintering profile needed to be developed so that the parts would have some mechanical strength 

while balancing the need for a connected network of porosity and pore sizes above the practical limit 

for gas phase diffusion within the catalyst. The parts should be able to stand under their own weight 

and should also be able to withstand gas flows passing through at high GHSV[155], [160], [262]. In 
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addition, a goal of this work moving forward would be to produce parts of sufficient mechanical 

strength to allow stacking of the pieces inside of a tubular reactor or furnace tube.  

 

The sintering profile is a balance between the development of mechanical strength (densification) and 

the desired (maximised) surface area. Using a high surface area ceramic powder at the start, γ-

alumina, and then spending minimal time above 1000°C could maximise the amount of γ-alumina. 

The alumina powder in its γ-form has a higher specific surface area that is decreased with increasing 

temperature and time spent at a temperature greater than 1000°C. Thermal treatment of alumina below 

1000°C does not fuse the particles together enough to form mechanically stable parts with the 

relatively coarse powder size that was used. The addition of other ceramic materials with lower 

sintering points is an area for future consideration. The addition and burnout of pore formers aids in 

the creation of additional surface area (demonstrated in Chapter 6) but has a detrimental effect on the 

mechanical strength of the part. 

 

For the hand-mixed samples, a sintering profile was used that reached up to 1350°C, but in the printed 

samples, sintering profiles were tested up to 1450°C and 1550°C. The hand-mixed samples, even 

though they were sintered at a lower final temperature, were able to be subjected to higher mechanical 

stresses, but were more likely to crack during the sintering process. The printed samples were much 

less likely to crack during the heating cycle, but did not have the same handling ease of the hand-

mixed samples. These observations demonstrated the need for modification of the sintering profile 

within the printed samples to develop a structure that would be able to be handled more vigorously 

without falling apart in order to withstand practical process conditions. 
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Table 5.6. Sintering profiles used in Chapters 5 and 6 

Profile Name Step 1  Step 2 Step 3 Step 4 Step 5 Step 6 

MHK135010 [°C 

to°C] 

25-1200 1200-1350 1350 1350-1200 1200-25 N/A 

MHK135010 rate 

[°C/min] 

+10 +5 Hold for 1 

hour 

-5 -10 N/A 

MHK135075 [°C 

to°C] 

25-1200 1200-1350 1350 1350-1200 1200-25 N/A 

MHK135075 rate 

[°C/min] 

+7.5 +5 Hold for 1 

hour 

-5 -7.5  

1350 UD [°C to°C] 25–1200 1200–1350 1350–1200 1200–25 N/A N/A 

1350UD rate [°C/min] +7.5 +2.5 -2.5 -7.5 N/A N/A 

1450 UD [°C to°C] 25–1200 1200–1350 1350-1450 1450-1350 1350–1200 1200–25 

1450UD rate [°C/min] +7.5 +2.5 +1 -1 -2.5 -7.5 

1550 UD [°C to°C] 25–1200 1200–1350 1350-1550 1550-1350 1350–1200 1200–25 

1550UD rate [°C/min] +7.5 +2.5 +1 -1 -2.5 -7.5 

 

5.3.9 Working with the Printer 

The printer required significant efforts in construction (mechanical and electrical) and coding. In 

order to print a part, Solidworks[147] was used to generate an .stl file. This .stl file was passed to the 

slicing software (adapted from the slicer found as part of Budding’s[255] work) that determines the 

pattern for that layer and thickness as well as the total number of layers to be used. This slicing 

program then translated each layer’s image into rasterised into lines of “1”s and “0”s which would tell 

the cartridge to deposit or not deposit ink as it moved across the build platform. The details for the 

slicing program are included in Appendix 5.VIII. The g-code was modified from existing g-code 

produced for the PWDR printer by Alex Budding[255].The g-code used with this printer gave the 

instructions to the mechanical components on the movement of the cartridge through an Arduino 

MEGA microcontroller (used under a Creative Commons Attribution Share-Alike 2.5 license) along 

the x-y axes and the movement of the supply and build platforms (z1 and z2). This g-code can also be 

found in Appendix 5.VIII. The printer built for this project used a combination and modification of 
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open-source software including the RAMPS v1.4 board[197] and the InkShield board[200]. The 

InkShield board was developed by Nicholas C. Lewis as an open-source controlling method for HP 

C6602 printer cartridges. The HP C6602 cartridge has been fairly widely used for inkjet projects 

including Ytec’s Plan B[263], BioPrinter[264] and in the original PWDR printer[255]. 

 

In order for the prints to form cohesive parts, a number of parameters were adjusted. The final result 

of this experimentation resulted in the settings described here. These nozzles were designed to eject 

ink at 20 inches per second (which is about 0.5 m/s) at a resolution of 600 dpi. This has been adjusted 

to eject ink at 40 inches per second (which is about 1.0 m/s) and a resolution of 300 dpi. Since the 

resolution is considered to be more important here, the ejection speed was not adjusted. A maximum 

of 12 nozzles firing per cartridge location. The number of times the cartridge can fire in a single 

location can be adjusted by the “saturation” parameter. This saturation parameter was set to 10 for 

these prints. The size of each ink droplet is fixed based on the properties of the ink that will discharge 

from the given printer cartridge. The ratio of surface tension, density, and dynamic viscosity (inverse 

Ohnesorge number) as previously discussed in Chapter 4 was also fixed due to the cartridges being 

pre-fabricated for use with a different ink. The ink produced in this work needed to closely match the 

ink originally used in the cartridges. Further information on the ink developed and the HP C6602 

cartridges can be found in Chapter 4. 

Table 5.7. Printer settings used in production of all successfully printed parts. 

Repetitions of each layer 3 

Saturation 10 

Layer Passes  2 

Layer Thickness [mm] 0.1333 

The sponge inside the HP C6602 thermal DOD inkjet cartridge reacts poorly with non-water based 

inks. The cartridge can, however, be run without the sponge as long as the rheological properties of 

the ink are compatible with both the thermal DOD system and the nozzles.  
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The calcium hydroxide-based ink series (Ink #2 series) from Chapter 4 had a high apparent viscosity. 

The high viscosity was a barrier to compatibility with the HP printer cartridge due to the 

incompatibility of this ink with the sponge, but also because the discharge of ink was seemingly 

prevented, even without the sponge present in the cartridge. No ink droplets were generated by the 

nozzles. 

 

Ink series 3 (the ink from Chapter 4) was ethanol-based and had a lower viscosity at room 

temperature. The apparent viscosity was low enough that it was tested with the HP printer cartridge, 

but the ink was incompatible with the internals of the cartridge. This ink was evaluated for 

compatibility with the inkjet cartridge. Unfortunately, the sponge inside of the cartridge began to 

disintegrate when exposed to this ink. When the ink cartridge was run without the sponge, the ink 

actually dripped out of the inkjet nozzles without any signal for dispensing. 

The minimum effective layer thickness, below which a new powder layer will not spread over the 

entire build platform, was determined to be a layer thickness of 0.1 mm—equivalent to 150 steps. 

Each layer is controlled by a variable in the command prompt that allows you to set the number of 

steps in each layer. For example, 200 steps were used with the pieces produced here and is equivalent 

to a layer thickness of 0.13333 mm. There was a small delay (800 μs) built into the firing between 

each printer nozzle to ensure that the electronics did not burn out[198]. The cartridge is a thermal 

drop-on-demand cartridge which means that the cartridge needs time to cool between pulses or the 

cartridge nozzles become irretrievably blocked. The cartridges being used in this experiment are old, 

recycled cartridges. Some of the nozzles have been already burned out or clogged beyond what can be 

saved through soaking with a solvent. When nozzles are blocked initially, the printed parts will shear 

along a plane where that nozzle does not fire. The white stripes indicate a location where a nozzle did 

not fire as it should have, resulting in sheared pieces when a solid rectangular block should have 

printed (as shown in Figure 5.24). 
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Figure 5.24. Picture of printed pieces with sheared planes from missing nozzle positions and crushed 

area from handling delicate green bodies. 

 

Nozzle clogging occurred in the ink cartridges with continued use. As long as the part was being 

printed if there was sufficient ink, the nozzles would not block up. Any significant pause or delay in 

printing of the next layer would almost exclusively lead to blocking. In order to resolve this blocking, 

the cartridge could be set in a shallow dish on top of a paper towel or other wicking material saturated 

with 95% ethanol. This allowed the ink to begin flowing again if the clogging was on the outside of 

the nozzles. Sometimes this process was insufficient to fully clear the nozzles. The custom ink could 

be removed along with the sponge to run a 95% ethanol solution through the nozzles as the viscosity 

of the ethanol allows it to flow through the nozzles without firing. This process exposes both sides of 

the nozzle to the clearing solution.  

 

The binder concentration within aqueous solutions has a more directly measurable effect on the 

minimum printed feature size than in solvent-based solutions[183]. The features after printing were 

difficult to measure because the parts lost their original shape (crumbled) upon application of mild 

Sheared plane from 

missing nozzle (lack 

of ink saturation) 

Area illustrating the 

delicacy of “green” 

unfired parts. 
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stress with missing nozzles as shown in Figure 5.24. These parts can be fired after printing without 

cracking but they are still more delicate than would be acceptable for use in an industrial reformer. 

 

Figure 5.25. Picture of printed square with all nozzles firing (green body). 

 

Figure 5.26. Fired pieces printed with sheared planes from blocked nozzles showing consistency 

between green bodies and final parts. 
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Figure 5.27. Fired printed squares with additional ink (a) additional 1.5 mL of ink (b) additional 1.0 

mL of ink (c) additional 0.5 mL of ink (d) no additional ink. 

 

To test whether additional ink would have a positive or negative effect on the printed green bodies, 

additional ink was added to these squares after being removed from the surrounding, unbound powder 

shown as green bodies in Figure 5.27. These squares showed that the addition of further ink resulted 

in extensive cracking. This is likely due to the additional ink causing it to lose a greater amount of 

what was holding it together (the ink and pore formers) disappearing at the same rate but for a larger 

amount relative to the amount of powder.  
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5.4: Conclusion 

In this chapter the powder mixing method was determined, the porogen was selected, and the 

composition was set to a small range. The printer for this binder jetting powder printing method was 

constructed and is described in this chapter along with the associated settings that were used with the 

ink chosen in Chapter 4. Samples were produced through hand-mixing and printing and were 

characterised by TGA and SEM methods. 

 

5.4.1 Powder Mixing 

The best mixer for the powders, pore former and alumina, was the Sackett mixer. Due to the small 

scale of the Sackett mixer and its inability to handle powders of the small quantity used in this work, 

that mixer was not used for most of the work described here. The tumbling mixer was chosen to move 

forward with instead. Enough powder could be mixed in one two-hour run that would supply the 

production of several small parts. The tumbling mixer also had a number of controllable variables that 

lent itself well to repeatability. It was preferable to the Sackett mixer due to the ease of removing the 

powder from the mixer. Since it was mixed inside of glass bottles, the powder did not have to be 

scraped or washed out of the mixer leading to maximum recovery of the powder. The tumbling mixer 

was also favoured because it yielded powder amounts that were consistent with the amounts required 

to fill the printer. In the future, further investigation into mechanical mixing should be conducted, 

potentially using a v-mixer. 

 

The decision for the powder composition was based on the images obtained from the SEM. The rice 

starch showed the greatest promise as giving a good balance between densification and porosity. The 

mixing of the rice starch in the alumina powder also appeared to be more uniform than the mixing of 

the PMMA beads—most likely due to the smaller size of the rice starch versus the PMMA beads and 

the relationship to the size of the alumina powder. The powder composition selected to use for testing 

of printed components was rice starch powder with mono-distributed alumina particles for increased 
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porosity. In Chapter 6, the test results for small volume percent of rice starch loading (0 vol % – 20 

vol%) are demonstrated for elemental distribution, surface area, pore size, relative intensity (signal 

response to a controlled temperature program as part of temperature-programmed desorption). 

 

5.4.2 Ink-to-powder mixing 

The amount of ink to powder (alumina plus pore former) was experimented with in both hand-mixed 

samples and by tuning the saturation settings for the printer. The samples that were roughly 50 wt% 

ink and 50 wt% powder showed the greatest mechanical integrity with a lower allowable sintering 

temperature resulting in parts of greater mechanical strength—that is, the fired parts could be handled 

without immediate crumbling and could be mounted onto plates for viewing in the SEM without 

disintegrating. In the printer, this ink saturation was not feasible. The highest saturation (three passes 

of the ink being discharged 10 times in each position, with two passes of the complete pattern 

between each powder layer) that still allowed the printer to function as designed was used. The 

printed samples had fewer issues with cracking than the hand-mixed, moulded samples. The cracking 

seen in the hand-mixed samples is likely due to the higher ink concentration causing air pockets to 

form and collapse through the sintering process.  

 

5.4.3 Thermal processing 

The sintering profiles used in this work were shown to behave differently with “hand-mixed” samples 

than with the printed samples. The “hand-mixed” samples showed a higher mechanical strength than 

the printed samples, even when the same amounts of ink and powder were used in both processes. The 

sintering profiles yielded parts that would successfully sinter and retain their shape, but the printed 

parts would crack or disintegrate upon mild stresses when handling or abrupt impact. The greatest 

area of concern for cracking parts and destabilisation occurred over the lower temperature regime of 

the printed parts. Slowing down the initial ramp up of the heating profile will alleviate some of this 

stress, but the available furnace for this work did not have the required level of control for providing 



 

126 

 

sufficiently controllable ramping under temperatures below the boiling point of the solvent and 

porogens. 

 

5.4.4 Using the Printer 

The third iteration of the printer that was built and used to produce the parts tested in this work was a 

step ahead of its predecessors. There were printed parts that were able to be transferred from the 

powder bed to the furnace and were fired successfully (without cracks). There is still much room for 

improvement with the printer and learning the best way to use the printer to produce parts of desired 

characteristics. Suggestions for improving the printer and printing process are below.  

 

5.4.5 Path Forward and Recommendations 

Sintering profile recommendations will be given in Chapter 6 because the measurements of surface 

area and type of alumina phase present in the product will be given in Chapter 6. 

 

The printer was built specifically to be incredibly flexible and allow for further exploration to 

maximise the performance with respect to the end goal of the item being printed. The ink saturation, 

layer thickness, number of printed passes, powder feed, metal content of the ink, etc. are all variables 

that can be changed from print to print. The thermal inkjet cartridge chosen was for convenience and 

already having a controlling mechanism that could be combined with the existing microcontroller. 

The use of new cartridges rather than recycled cartridges could also be tried initially in order to see if 

the dispensing of the complete amount of the OEM ink builds up any resistance within the nozzles of 

the cartridge—that is, if vestiges of the OEM ink and the designed ink interfere in a destructive 

manner. New cartridges were not used in this work due to the expense required and the general lack of 

availability of these older style cartridges. If a different cartridge were to be used with this setup, the 

electronic control of the cartridge would need to be re-worked because a different cartridge would 

have different signal processing. The manufacture of an ink cartridge that would have had a different 



 

127 

 

nozzle size, metallurgy, etc, was not undertaken as it is out of the scope of this work. Analysis of the 

dead cartridges should be undertaken to determine the major cause of failure and if possible, used to 

maximise the life of the cartridges. 

 

The printer roller should be modified so that it does not pick up wet powder. This could potentially be 

achieved by modifying the software to include an additional pause between layers to allow for more 

drying time. This was briefly addressed as part of the information derived from mixing different 

amounts of ink to powder to see if the parts would successfully form a cohesive part. Additionally, in 

order to reduce some of the potential for physical obstruction of level switches by powder clogging, 

magnetic micro-switches (for the powder bin levels) could be looked into as a possible future 

hardware upgrade. 

 

Determining the optimum powder composition and printer settings, using a previously identified ink, 

showed that green bodies were able to be produced by the printer and that these parts were able to be 

fired without cracking. These parts show that this construction method is possible even if the process 

itself will need to be refined for further usage and to adapt the printer to larger and more robust 

structures. 

 

Given that these parts are constructed from Nickel spread on and throughout alumina, they should be 

similar to catalysts currently used in steam methane reforming processes. Bringing together the 

information from Chapters 3, 4, and now 5, demonstrates that these parts may show an improvement 

on existing catalyst technologies after further research is performed allowing for optimisation of this 

extraordinarily complex process. Chapter 6 contains the results of further characterisation testing 

performed on an industrial catalyst currently in use and some samples generated with the results from 

Chapters 4 and 5. 
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Chapter 6: Characterisation of Samples 

Characterisation of prepared catalysts versus 

an industrial catalyst 
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6.1: Introduction 

6.1.1 Chapter Scope 

The aim of this work has been to utilise existing knowledge to demonstrate that a catalyst and its 

support can be manufactured using 3D printing. Specifically, this work was to establish that a proof-

of-concept could be produced for manufacturing a structure via 3D printing that demonstrated 

performance similar to an existing industrial catalyst during several standard catalytic characterisation 

tests. These tests were carried out on un-reduced samples (with the exception of the temperature-

programmed reduction/desorption, TPR/TPD) for both the industrial catalyst and the manufactured 

samples. This chapter provides the basis for the assumption that these tests are sufficient to establish 

that a proof-of-concept has been developed and also provides the details of those test results. The 

scope of this work does not include verification of catalytic activity under reacting conditions, the 

production of an optimised reacting catalyst structure using 3D printing (even though structures were 

produced and tested in Chapter 3) or the development of a mechanically robust sample capable of 

withstanding weights necessary for industrial usage. Typically, adsorption data alone is not enough to 

indicate the possibility or impossibility of catalytic performance[265]. However, catalytic activity can 

be inferred from adsorption data presented in this chapter as the composition of the samples prepared 

is consistent with known catalysts for the steam methane reforming reaction[1], [14], [16], [161], 

[266]–[269] as well as the methane decomposition reaction[13], [17], [18], [270]. A pathway to 

structural optimisation and mechanical integrity will be discussed in the future work section of the 

conclusion.  

 

6.1.2 Catalyst Characterisation 

There are many methods used to characterise catalysts. Heterogeneous catalysts used in high-

temperature reactions like methane decomposition and steam methane reforming typically consist of a 

high surface area substrate with an active phase dispersed over its surface. For more details about this, 

see Chapter 2. As previously established, the important parameters of a catalyst of this type revolve 
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around surface area, thermal stability, mechanical integrity, dispersion of active phase, and 

maximisation of thermal and mass diffusivity. In order to optimise these parameters, an in-depth 

examination of the performance of the “wet” samples and the “dry” samples was performed.  

 

In Chapter 5, scanning electron microscopy (SEM) and thermogravimetric analysis (TGA) were used 

to develop sintering profiles for samples that had been printed using the ink developed and tested in 

Chapter 4. The 3D printing method was described briefly in Chapter 2 with more detail added in 

Chapters 4 and 5, with the printing method demonstrated in Chapter 5. The TGA conducted in 

Chapter 5 yielded information on how the burn-out of the ink binder and pore-formers would occur 

and, therefore, what sort of temperature profile might be needed at low temperatures (<400 degrees 

Celsius) to maximise the size and spread of the pores prior to higher temperature densification. The 

SEM provided images of the micro- and nano-structures that would be obtained through different 

sintering profiles and combinations of pore formers with the alumina powder. In this chapter, the 

SEM images of an industrial catalyst will be presented for comparison to the printed and hand-mixed 

samples that were shown in Chapter 5. 

 

The tests that are included in this chapter were performed on both the industrial catalyst samples and 

samples produced via the 3D printer and subsequent furnace-treatment. The tests included: energy-

dispersive x-ray spectroscopy (EDS), Brunauer-Emmett-Teller (BET) surface area analysis, x-ray 

diffraction (XRD), and reduction followed by temperature-programmed desorption (TPD) with 

hydrogen and methane gases, respectively. 
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6.2: Materials and Methods 

The materials and methods used for performing the characterisation tests on the catalyst and proof-of-

concept samples are detailed below by test. All samples were prepared using an ink, pore former, and 

alumina powder. The table below explains the amounts of each component in the samples tested. 

6.2.1 Energy Dispersive X-ray Spectroscopy 

Energy-dispersive x-ray spectroscopy (EDS) was performed on a JSM-IT300 InTouchScope™ 

Scanning Electron Microscope (JEOL Ltd., Tokyo, Japan). A sputter coater (EMS 150T ES 

Combined Sputtering and Carbon Coating System, Hatfield, PA, USA) was used to coat the samples 

with a thin layer of carbon in order to make the samples visible in the SEM prior to performing any 

EDS measurements. Samples were coated using a carbon coating program that used 5- five second 

pulses of 62 A current for carbon deposition from carbon rods inserted into the specially-designed 

head. 

 

After the samples were coated, they were inserted into the SEM chamber and the chamber was 

evacuated to high vacuum conditions. The image was focused in the main “SEM” mode, but in order 

for the elemental image analysis and capturing program to run, the “BSE-C” mode was selected after 

focusing to turn on the backscatter detector. Further focusing, adjusting of brightness/contrast, etc., 

was performed after the selection of the new detector input. The software, AZtec3D (Oxford 

Instruments, Abingdon, United Kingdom), was used for image capture and elemental analysis. A 

summary of relevant findings is located in the EDS sub-section of the Results and Discussion section. 

The detailed results can be found in Appendix 6.I. 

 

6.2.2 Brunauer-Emmett-Teller Surface Area Analysis 

A Micromeritics Gemini VI Brunauer-Emmett-Teller (BET) analyser (Micromeritics Instrument 

Corporation, Norcross, Georgia, USA) was used for the Nitrogen/BET characterisation. The software 

used was the Gemini software and the method used was as described in literature[271], [272]. 
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The samples were prepared by measuring pre- and post-degas weight on a lab mass balance and using 

the post-degas weight as an input to the analysis software. All samples were degassed for at least 24 

hours prior to the surface area measurement being performed in the Micromeritics VacPrep 061 

sample degasser (Micromeritics, Norcross, Georgia, USA). A (carbon black powder) standard was run 

on the analyser to ensure the calibration of the equipment was accurate. The analysis software was set 

to recalculate the saturation vapour pressure (PS0) at each point using an empty sample tube for 

reference. 

 

The Nitrogen/BET method uses the following equations to characterise the Nitrogen adsorption on the 

surface of the samples: 

 

P

PS0

V[1-
P

PS0
]

=
1

CVm
+

[
(C-1)

(CVm)
]

P

PS0

 [Equation 6.1] 

where C is a constant related to the energy of adsorption, P is the pressure at the point of 

measurement, PS0 is the saturation vapour pressure (also defined as the vapour pressure of liquefied 

gas at the adsorbing temperature), V is the volume (at standard temperature and pressure, STP) of gas 

adsorbed at pressure P, and Vm is the volume of gas (STP) required to form an adsorbed 

monomolecular layer)[271]. The formula for the calculated surface area of the sample, As, can be 

given by the following formula: 

 AS=
VmAgmN

A

M
 [Equation 6.2] 

where Vm is the monolayer adsorbed gas volume at STP, Agm is the area of each adsorbed gas 

molecule, NA is Avogadro’s number, and M is the molar volume of the gas[271]. 

 

Liquid nitrogen for the analyses was obtained from the Physics department at the University of 

Canterbury (Christchurch, New Zealand). 
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The results of these analyses are tabulated in the Results and Discussion section of this chapter. The 

full surface area analysis reports can be found in Appendix 6.II. 

 

The firing profiles for samples were detailed in Chapter 5 but are also included below in Table 6.1. 

Table 6.1. Firing Profile details. 

Profile Name Step 1  Step 2 Step 3 Step 4 Step 5 Step 6 

1350 UD [°C to°C] 25–1200 1200–1350 1350–1200 1200–25 N/A N/A 

1350UD rate [°C/min] +7.5 +2.5 -2.5 -7.5 N/A N/A 

1450 UD [°C to°C] 25–1200 1200–1350 1350-1450 1450-1350 1350–1200 1200–25 

1450UD rate [°C/min] +7.5 +2.5 +1 -1 -2.5 -7.5 

1550 UD [°C to°C] 25–1200 1200–1350 1350-1550 1550-1350 1350–1200 1200–25 

1550UD rate [°C/min] +7.5 +2.5 +1 -1 -2.5 -7.5 

 

Some of the powder-to-pore former (PF) compositions were detailed in Chapter 5 but are also given 

below in Table 6.2. 

 

Table 6.2. Mix compositions: powder to pore former. 

Composition 

Name 

Powder Pore Former Powder Amount Pore Former 

Amount 

Mix 1 γ-Alumina Rice Starch 100 v/v% 0 v/v% 

Mix 2 γ-Alumina Rice Starch 95 v/v% 5 v/v% 

Mix 3 γ-Alumina Rice Starch 80 v/v% 20 v/v% 

Sample 7C3 γ-Alumina Rice Starch 60 v/v% 40 v/v% 

 

Pores within porous materials are typically classified into one of three categories: macropores, 

mesopores, and micropores. The ranges for these pore sizes are listed in Table 6.3. The pore sizes 

within the samples tested in Chapter 5 were characterised with SEM imaging and BET surface area 

 

3 Samples 7C and 7D contain different amounts of ink. Sample 7C contains 50.2 weight % ink 4D by weight. 
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characterisation. The SEM images were then analysed using ImageJ and processed with the “Canny 

Edge Detector” plug-in and then the “Analyze Particles” function.  

 

Table 6.3. IUPAC Pore Size Definitions. 

Size Micropores Mesopores Macropores 

Size [nm] <2 2<x<50 50< 

Size [Å] <20 20<x<500 500< 

 

6.2.3 X-ray Diffraction 

The X-ray diffraction (XRD) analyses were performed by Callaghan Innovation (Lower Hutt, New 

Zealand). For the XRD analysis, the samples were required to be crushed very finely (10-15 μm).  

 

The XRD analysis was done on a Bruker D8 Advance diffractometer (Bruker Corporation, Billerica, 

Massachusetts, USA) that was equipped with a 60 mm Goebel mirror (Cobalt-Kα radiation—

weighted mean wavelength 1.79026 Å) producing a parallel beam 1 mm high. The goniometer radius 

was 300 mm. The diffracted beam was passed through a 0.23°-parallel plate collimator and detected 

using a Na(Tl)I scintillation counter. The tube was run at 40 kV (35 mA). The step interval was 0.05°, 

2θ and the count time was 4 seconds per point. 

 

The XRD output data was received from Callaghan Innovation as .asc files and analysed with the 

Match! (Crystal Impact GbR., Bonn, Germany) software (version 3.7.1.132) for phase identification 

from powder x-ray diffraction data. The software used the complete COD reference pattern database 

(version COD-Inorg REV211633 2018.10.25)[273]–[277] for reference patterns. Diffractograms for 

samples are included in section 6.3.3 X-ray Diffraction.. 

 

The raw sample data and detailed reference patterns can be found in Appendix 6.III. 
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6.2.4 Reduction and Temperature-programmed desorption 

A BELCAT II unit (BEL JAPAN, INC., Osaka, Japan) was used to perform the reduction and 

temperature-programmed desorption (TPD). Hydrogen gas (5% H2 in Ar) and methane gas (10% CH4 

in Ar) obtained from BOC Gases (Christchurch, New Zealand) were used for the reduction and 

temperature-programmed desorption, respectively.  

 

The recording software used was the standard software, BELCAT II Version 0.4.5.19, developed by 

BEL JAPAN Inc. (Osaka, Japan) for use with the BELCATII hardware unit. This software saved the 

data as a .CSV file.  

 

The temperature program and gas flows can be found in Table 6.4.  

Table 6.4. Pre-treatment steps, gas flows, and temperature conditions. 

STEP Gas name Flow rate(sccm) Time (min) Target temp.(°C) Cooling FAN 

1  1:He 30 60 30 OFF 

2  1:He 30 67 700 OFF 

3  2:H2/Ar 30 180 700 OFF 

4  1:He 30 72 35 ON 

5  1:He 30 120 35 OFF 

6  5:CH4/Ar 30 180 35 OFF 

7  1:He 30 30 35 OFF 

 

Table 6.5. Temperature-programmed desorption (TPD) program details. 

Time for detector stabilization 30 

Target temp. 700 

Ramp rate 10 

Target temp. holding time 20 

Carrier gas name Carrier gas name=He  

Flow 30 

MFC Total flow 30 
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The temperature program and gas flows were consistent for all samples, and the complete reports for 

the TPD can be found in Appendix 6.IV.  
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6.3: Results and Discussion 

Abbreviated results of the tests described in the Materials and Methods section are tabulated below 

and the full results are in attached Appendices, as indicated. There were seven samples used in the 

EDS and TPD tests. The BET results are presented for samples of different firing profiles, different 

mixing methods, and the industrial catalyst. The XRD was performed on an industrial sample and a 

printed sample.  

 

6.3.1 Energy Dispersive X-ray Spectroscopy 

There were six samples consistently used in the EDS and TPD tests. The results for each of these 

seven samples are given below for the EDS testing. Complete reports including electron images are 

included in Appendix 6.I. 

 

Table 6.6 and Table 6.7 are listed separately to show the difference in elemental composition. The 

non-industrial samples have no calcium, silicon, or sulphur. Also, the amount of nickel is much lower 

relative to the other elements (aluminium and oxygen). The results for the industrial catalyst sample 

are provided first, followed by the results from the samples produced in this work. 

 

Table 6.6. EDS results from industrial samples (solid piece and powder). 

Industrial-Piece Atomic Wt. % Industrial-Powder Atomic Wt. % 

Al 15.4% Al 30.0% 

O 29.1% O 38.6% 

Ca 4.0% Ca 9.4% 

Ni 51.4% Ni 21.9% 

Si 0.1% Si 0.1% 

S 0.0% S 0.0% 
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Table 6.7. Calculated weights of components from EDS data for industrial samples (solid piece and 

powder). 

Industrial-Piece Industrial-Powder 

  Weight [g]   Weight [g] 

Al 2.44E-02 Al 8.35E-02 

O 4.60E-02 O 1.07E-01 

Ca 6.33E-03 Ca 2.62E-02 

Ni 8.13E-02 Ni 6.10E-02 

Si 1.58E-04 Si 2.78E-04 

S 0.00E+00 S 0.00E+00 

Total 1.58E-01 Total 2.78E-01 

 

EDS is essentially a surface technique, which is why the compositions between the “piece” and the 

“powder” are so great. Since the powder is the ground-up sample it takes into account the entirety of 

the composition, not just what is on the surface. The industrial catalyst piece is produced via a wash-

coating method that enhances the amount of nickel on the surface of the sample. 

 

XRD was performed to confirm the state of the nickel present in the catalyst, i.e. the reducibility and 

stability of the compounds within the structure. Since the samples that were produced in this thesis 

use a constant composition of ink, there is no difference between the solid and the powdered. 

Additional characterisation techniques, such as XRF, were not performed because it was believed that 

the combination of the EDS and the XRD would give a complete picture of the composition of 

elements in the samples.  
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Table 6.8. EDS results from samples. 

HM-

S7C-

Undil Wt. % 

PTD-

1350- 

5% Wt. % 

PTD-

1350- 

20% Wt. % 

PTD-

1550- 

5% Wt. % 

Al 52.7% Al 64.7% Al 65.0% Al 65.0% 

O 42.4% O 32.6% O 33.4% O 33.4% 

Ni 4.9% Ni 2.6% Ni 1.7% Ni 1.7% 

 

Table 6.9. Calculated weights of components from EDS data for hand-mixed and printed samples. 

HM-S7C-Undil PTD-1350-5% PTD-1350-20% PTD-1550-5% 

  

Weight 

[g]   

Weight 

[g]   

Weight 

[g] 
 

Weight 

[g] 

Al 1.58E-01 Al 1.32E-01 Al 1.91E-01 Al 8.60E-02 

O 1.27E-01 O 6.67E-02 O 9.54E-02 O 6.90E-02 

Ni 1.47E-02 Ni 5.32E-03 Ni 1.99E-02 Ni 1.04E-02 

Total 3.00E-01 Total 2.04E-01 Total 3.06E-01 Total 1.65E-01 

 

The amount of nickel present in each sample can be modified by adjusting the amount of dissolved 

nickel salt in the ink. The first sample (HM -S7C-Undil) used Ink 4D. The remaining samples used 

Ink 4T7. The amount of nickel in each sample given in Tables 6.7 and 6.9 was used to normalise the 

signals for the TPD plots in section 6.3.4 Reduction and Temperature-programmed desorption. 

 

6.3.2 Brunauer-Emmett-Teller Surface Area Analysis 

The industrial catalyst tested was a sample supplied by a supplier of catalyst for steam methane 

reforming processes. For the results given in Table 6.10, the sample had not been reduced prior to 

testing. The nickel present on the catalyst was still in the nickel-oxide form. None of the samples 

tested were reduced prior to BET testing. The surface area measurements are different from what 

would be measured in a reduced sample. The active sites within a catalyst are formed during the 

reduction process prior to using the catalysts in a reacting system. It is important the pores are above 2 

nm (20 Å) to ensure accessibility of the activated component. 
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Table 6.10. Selected measurements from industrial catalyst results. 

Single point surface area at p/p° = 0.250036426 21.1945 m²/g 

BET Surface Area: 21.7210 m²/g 

Langmuir Surface Area: 31.5867 m²/g 

t-Plot Micropore Area: 2.0126 m²/g 

Adsorption average pore width (4V/A by BET): 112.8338 Å 

Desorption average pore width (4V/A by BET): 114.4642 Å 

 

 

Figure 6.1. Adsorption/Desorption Isotherm linear plot for a piece of industrial catalyst. 

 

The Type IV isotherm most closely matches the isotherm plot in Figure 6.1. The hysteresis loop 

present in this isotherm plot is consistent with the loop type H1—as per IUPAC convention[278]. 

This indicates a variation in pore size that resides within the mesoporous region. The H1 loop present 

is also typical of capillary condensation (in the mesopore structures) hysteresis. Within solids known 

to have mesopores, like typical industrial catalysts, the presence of this hysteresis loop is fairly 

common. 
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A hand-mixed sample was tested using undiluted nickel ink (4D). The composition of the ink can be 

found in Chapter 4 and the composition of the powder can be found in Table 6.2. This sample was 

heated using the 1350UD profile detailed in Table 6.1. 

 

Table 6.11. Selected measurements for given samples (and Ink 4D) BET analysis. 

Sample Composition 

7C 

PTD-1350 

-0% PF 

PTD-

1350 -5% 

PF 

PTD-

1350-

20% PF 

PTD-

1550-

5% PF 

Firing Profile 1350UD 1350UD 1350UD 1350UD 1550UD 

p/p°  0.250  0.250  0.217  0.250  0.250  

Single point surface area at p/p° [m²/g] 2.54  2.81  3.58  4.11  1.09  

BET Surface Area [m²/g] 2.67 2.89  3.85  4.30  1.20  

Langmuir Surface Area [m²/g] 3.96  4.21  5.43  6.34  1.86  

t-Plot External Surface Area [m²/g] 2.77  2.70  3.90  4.06  1.32  

Adsorption average pore width (4V/A 

by BET) [Å] 
47.7  53.0  40.3  47.9  39.2  

Desorption average pore width (4V/A 

by BET) [Å] 
47.3  52.9  38.9  47.7  37.6  

 

Figure 6.2. Adsorption/Desorption Isotherm linear plot for Sample 7C (see sample key). 
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This plot (and other adsorption/desorption isotherm linear plots from hand-mixed or printed samples) 

is similar to the Type II isotherm[278]. Type II isotherms are typically associated with non-porous or 

microporous adsorbents. The small surface area would lend credence to this theory, but the calculated 

average pore width is larger than micropores (<2 nm or <20 Å)[279]. 

 

The BET data from these runs shows that the pores in the hand-mixed and printed samples are small 

mesopores (~2 to 5 nm).  

 

The shape of all the isotherm linear plots, except the plot for the industrial catalyst piece, is consistent 

with a Type II isothermal plot. The Type II shape is a sign of unrestricted monolayer-multilayer 

adsorption[279]. The flat part of the isotherm corresponds to monolayer formation. Type II isotherms 

are typically associated with non-porous or microporous adsorbents[278]. The small calculated 

surface area supports this theory. The calculated average pore width is lower than the industrial 

samples, but they are still larger than what is considered to be a microporous substrate (pore size <2 

nm)[279]. 

 

The industrial catalyst has mesopores (~11nm). To increase the size of the pores in the printed catalyst 

to more closely approximate the industrial sample, larger pore formers could be used, but the current 

printer and its settings have some substantial limitations that would not allow for robust parts with 

larger pores to yield surface areas (and pore sizes) comparable to the industrial catalyst. For more 

information about the printer, its’ limitations, and areas of future work, refer to Chapter 5. A low 

amount of the rice starch pore former can still yield a relatively large increase in the BET surface area, 

as can be seen in the comparison of the samples fired with the 1350UD profile with 0% v/v pore 

former and the 5% v/v pore former. These very small mesopores were created using rice starch—

which has lower surface area on par with the cellulose. Calculated possible surface areas are given as 

a range – this is due to the location or pores (at surface versus inside of the structure)[280] as well as 
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the actual size of the porogens which are subject to variation. The SEM images of the rice starch 

samples versus the PMMA samples showed that the rice starch created smaller pores since the size of 

the porogen itself was smaller. This meant that the pores would cause less of an issue with regard to 

structural stability of the part produced. The mechanical strength of the fabricated parts was very low 

(as discussed in Chapter 5) and any advantage at the onset of the research that would provide 

additional mechanical stability through enabling higher densification through smaller, but connected, 

ceramic material was seen as the better choice for creating the parts for this initial work.  

 

According to the SEM images, the PMMA beads yielded more regular pores (almost exclusively 

spherical in shape) and the cellulose powder yielded pores of irregular shape--like the rice starch. The 

irregularity of the pores leads to more edges, which has been shown to increase the availability of the 

catalytic particles due to larger exposure area for interacting with the gas flows via the gas diffusivity.  

 

In the hand-mixed samples prepared in Chapter 5, the samples produced using a rice starch mix 

appear to be more mechanically robust than the samples using the PMMA beads as pore formers. The 

irregularity of the pores produced was a further bonus over the PMMA beads. The irregularity of the 

pores produced by the cellulose would have been similarly advantageous, but the products formed as 

a result of the cellulose composition were problematic. The largest issue with using the cellulose as a 

pore former is the products formed as a result of the decomposition of cellulose. According to one 

source, the maximum weight loss rate was at 355°C[281]. This is consistent with the results presented 

in Chapter 5 of the TGA analysis of sample 9B. Thermal degradation temperature (Td), maximum 

thermal degradation temperature (Tdm1), and final thermal decomposition temperature (Tdm2) were 

obtained from TGA data in air[282], [283]. In flowing air at a temperature ramp rate of 9°C/min or 

10°C/min, at 400°C, the char yield was 25% and 23%, respectively[283]. Char is very rich in carbon, 

which acts as a poison for these types of catalysts[268], [284], [285]. The maximum weight loss from 

char occurs between 600°C and 700°C[286]. For the ramp rates presented in the Li article[283], Td is 
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around 280°C, Tdm1 is 321°C, and Tdm2 is approximately 480°C. While the carbonaceous char was able 

to be removed to some extent, as supported in Cordioli paper[286], the carbon was unable to be 

completely removed. As shown in the cellulose containing samples, the number of pores produced 

relative to the other two porogens was small. For further pictorial evidence, refer to Appendix 5.XI. 

 

6.3.3 X-ray Diffraction 

The diffractogram for the industrial catalyst is shown below. This diffractogram was produced from 

data taken as described in the Materials and Methods section and shows the peaks and approximate 

relative compositions for the metal oxides present.  

 

Figure 6.3. XRD diffractogram for industrial catalyst sample (as received). 

The diffractogram for the printed sample is shown below. The percent compositions listed on the 

figures are only approximate.  
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Figure 6.4. XRD diffractogram for printed sample (as fired, no reduction). 

The diffractograms for the industrial sample versus the prepared sample shows a difference in the 

crystallographic structure of the Nickel form. This is reflected in the amount and configuration of the 

Nickel compounds. The industrial catalyst contains Nickel (II) oxide (NiO) and the prepared catalyst 

is consistent with Aluminium nickel spinel (Al2NiO4). The Nickel (II) oxide is very traditional and 

widely used in nickel-coated catalysts[287]–[290]. This is reduced in a hydrogen-rich environment to 

leave exposed Ni(2+) ions[51], [289]. Several more recent studies have extolled the use of spinel-

structures to improve the exposed surface area of the nickel[291]–[295] as it is still the Ni(2+) ion 

upon oxidation. Being bound in the spinel form, the Nickel ions tend to be more stable over long term 

use[294]. There are catalysts that include aluminium nickel spinel as well as aluminium magnesium 

spinel (MgAl2O4) or zinc aluminate spinel (ZnAl2O4). The presence of the spinels not only increases 

the surface area, but it also appears to improve the stability of Ni/γ-Alumina catalysts and coking 

resistance[294]. The spinels are popular in dry reforming in addition to steam reforming[294].  

 

https://www.britannica.com/science/oxygen
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The nickel aluminate spinel in the prepared sample is likely formed because of the difference in nickel 

integration. NiO is commonly associated with a wash-coating process. The NiAl2O4 is associated with 

a mixture containing nickel undergoing a sintering profile that reaches at least 1100°C[296]. 

 

6.3.4 Reduction and Temperature-programmed desorption 

The details of the pre-treatment program can be found in Materials and Methods section The data 

from all profiles that were run are included in Appendix 6.IV. The results below are only a brief 

overview of the profiles that were run as part of this chapter. This data was chosen to illustrate the 

most pertinent analogues between the industrial sample and the prepared samples.  

 

For all samples during the time when the entire program was running, Figure 6.5 and Figure 6.7 

illustrate the output signal versus temperature normalised for the total sample weight and the weight 

of catalyst in the sample, respectively. 
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Figure 6.5. Signal versus temperature for TPD of all samples normalised for total sample weight. 

 

The samples produced in this work are difficult to separate from one another in Figure 6.5, so Figure 

6.6 shows a zoomed-in view of the signals that are all grouped together. 
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Figure 6.6. Signal versus temperature for TPD of all samples normalised for total sample weight-

zoomed view. 

 

Figure 6.7 is a closer look at the signal versus time normalized for the active ingredient weight (the 

nickel weight calculated from the EDS samples). 
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Figure 6.7. Signal versus temperature for TPD of all samples normalised to the weight of Nickel in the 

sample. 

 

The most important findings from this section of the results and discussion section includes the 

desorption behaviour and the normalized desorption values for the amount of active catalytic 

component (nickel in this case) present. The summary of these numbers is included in the data 

analysis that was part of the EDS experiments. The calculation of the normalised amount of nickel 

present in the samples was done the same way that the total sample weight normalisation was 

performed. In the case of the nickel normalised samples, the signal was divided by the amount of 

nickel calculated from the EDS amounts. In the total sample weight samples, the number used for 

division was the weight of the sample used in the TPD characterisation. In Figure 6.5 and Figure 6.6, 

the printed and hand-mixed samples are all very tightly grouped. 
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Methane adsorption on the catalyst is the first step in the reaction mechanism for steam methane 

reforming[14], [160], [269], [297] and for methane decomposition[18], [225], [298]. By showing that 

the desorption occurs on these samples and that the desorption characteristic curves occur at the same 

time and temperature as an industrial catalyst, the initiation of the reaction can be inferred. The major 

desorption peak that occurs in these all of these samples occurs between 100°C and 145°C. In some 

samples it is shifted to higher temperatures, likely skewed due to the presence of a smaller peak at 

higher temperatures that is evident in the industrial samples (particularly the chipped piece). If the 

peak is not tall enough, peak broadening is likely to occur[299], [300]. Within the Nickel weight 

normalised results, the greatest amount of methane is desorbed by the lightly porous printed sample. 

This is promising and indicates that further research should be continued in the production of these 

types of printed catalyst supports. Again, the testing of the adsorption/desorption characteristics of the 

samples is not a total proof of catalytic activity. This was previously stated in section 6.1.2 Catalyst 

Characterisation[265], however, since these materials are widely used within the steam methane 

reforming process, it is an indicator that these materials should also show this activity. 

 

To increase the absorption/desorption of methane on the printed catalyst samples, a greater amount of 

nickel should be included. The best way to do this would be to modify the ink developed in Chapter 4 

to include a higher concentration of the nickel chloride hexahydrate. This was not conducted in this 

work because of the need for a further modified inkjet cartridge that would be required for an ink 

containing a higher metal concentration as it is thought that the heating of the Nickel that occurs 

during the thermal nature of the DOD cartridge (HP C6602) causes the deposition of Ni material in 

and around the nozzles, eventually leading to total blockage. The development of an ink cartridge that 

can handle an ink containing a metal salt without clogging should be a priority for continuing this 

work. Using a technology that does not introduce such a sharp temperature gradient within the 

chamber is a recommendation for the future work to be conducted on this topic. The needs for a 

different ink cartridge and the requisite changes are discussed further in Chapters 4 and 5. Also, the 
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inclusion of promoters into the powder substrate that have been found to increase activity in these 

types of catalysts is also recommended. This is commonly found in industrial catalysts (as 

demonstrated by the testing of the industrial catalyst samples) and can be found in much of the 

literature surrounding catalyst improvement for heterogeneous catalysts for steam methane reforming.  
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6.4: Conclusion 

The aim of this chapter was to use binder jetting powder printing (3DP) with powder and solubilised 

metal ink to print parts that demonstrate properties that are consistent with an industrial catalyst for 

demanding applications like methane decomposition and steam methane reforming. The tests used to 

analyse the printed parts and the industrial catalyst included energy-dispersive x-ray spectroscopy 

(EDS), Nitrogen-BET surface area analysis, x-ray diffraction (XRD), and reduction coupled with 

temperature-programmed desorption (TPD) of methane. With the results of these tests, which are 

typically used to characterise catalysts, the proof-of-concept has been established and further 

investigation. 

 

The results of the testing (EDS, BET, XRD, TPD) show that similar results were obtained from the 

industrial catalyst samples and the samples manufactured from the base materials of the alumina 

powder and the solvated nickel salts. The printed samples have much lower surface area than the 

industrial catalyst and lower crush strength. This can be attributed to a much lower density of the 

printed samples. Chapter 5 included some suggestions on how to rectify this issue. 

 

Going forward there are many things that can be adjusted to improve the mechanical strength and 

surface area. The modifications of the printer that are detailed in the conclusion of Chapter 5 would be 

the best place to start since the mixing of the powder and ink is where the substrate really comes 

together. The powder used could also be further pre-processed with spray drying to create a more 

controlled size distribution of the alumina powder. Alternative materials should also be explored. 3DP 

lends itself well to using different powders, different inks, or even different mixes of powders. 

Industrial catalysts are typically a mixture of different metal oxides for increased strength and 

sintering resistance. Now that the concept has been demonstrated, further optimisation should be 

performed. The incorporation of a more stable transfer method between the printer and the furnace 

would help with the breakages that occur in the green body state (stage modification as discussed at 
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the end of the results and discussion and in the path forward section of Chapter 5). An inkjet cartridge 

specifically for use with inks containing a solubilised metal would also be preferred since the existing 

reverse engineered cartridges tend to become irretrievably clogged or burn out relatively quickly. This 

was discussed in the conclusion section of Chapter 5 as part of the future recommendations for work 

in this area.  

 

Additionally, the sintering of these parts was only performed in a box furnace at atmospheric pressure 

and composition. Using a different method of sintering could have a positive effect on the 

densification of the final form of the product. For example, sintering in a pressured environment (or 

an environment where the steam to hydrogen ratio has been modified) has been shown to affect the 

diameter of the nickel particles formed in the product[44]. By further modification of the sintering 

process, in a controlled composition environment or in a pressurised environment[291] (or both), 

could also have effects on the crystallographic form of the Nickel present, the size of the nickel 

particles, the mechanical integrity.  

 

The field of heterogeneous catalysis for hydrocarbons and the production of highly stable and strong 

substrates has a very long history of development and a lot of research with many scientists and 

industrial resources—which were not available at this level. This work shows the proof of concept 

feasibility for the described binder jetting powder printing manufacturing method but requires further 

research and confirmation of this process. 
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Chapter 7 

Conclusion and Path Forward 
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7.1 Conclusion 

There is a significant gap in the literature specifically using binder-jetting powder printing technology 

for catalyst support development. The potential for 3D printing technology with improved geometries 

has been explored in several aspects of chemical engineering, but binder jetting technologies that 

allow for very even and high dispersion of a highly-loaded ink have not been demonstrated until the 

work presented in this thesis. The binder jetting powder process can produce parts of the materials 

commonly used in heterogeneous catalysts for steam methane reforming and methane decomposition 

reactions. Several geometries have been proposed for the manufacture of future parts out of this 

ceramic substrate material. By including the solubilised Nickel, the sintering step and reduction are 

the only processes needed prior to use. An entire step can be eliminated. Wash coating steps, co-

precipitation methods, etc., are time consuming steps within typical catalyst manufacturing processes. 

If these steps can be eliminated, the production time and cost could be reduced. 

 

In this work, I have showcased the building and testing of prototype structures for catalytic supports. 

These structures include geometries not possible to produce through conventional means. The 

characterisation that was performed was not only performed on these “macro geometries” for 

temperature and pressure drop performance but also of the micro- and nano-geometries for surface 

area, active catalytic component concentration and location, and a comparison to an actual catalyst 

currently used in industrial reformers in operation today. 

 

As part of building these structures, inks were developed through material selection to rheological 

property modifications through rigorous design of experiments methodologies. The development of 

these inks has allowed for the incorporation of the nickel component that allows for the formation of a 

non-traditional crystallographic form within the samples that has shown promise in literature as a 

method of incorporating nickel that is more resistant to common methods of deactivation for the 

active catalytic component. This method also allows a more widespread distribution of the nickel 
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throughout the structure, making the interconnectivity and porosity of these substrate structures 

increasingly important, which can positively contribute to the overall reactivity by further lowering 

the required diffusive length scale to access these points.  

 

This thesis includes the adaptation and integration of several electromechanical open-source projects 

to produce a printer capable of producing samples that support the findings that these samples can be 

further developed and improved showing great promise for further adaptation. The building of this 

printer and the supporting software that allows for its operation will be a great launching point for 

further research and the building of a reactor and its accompanying system (described in Appendices 

7.I and 7.II) will enable the exploration and characterisation of these samples in reacting conditions. 

By further building on the printer by incorporating expertise from mechatronics and other relevant 

authorities or industrial partners using suggestions given in Chapter 5, the possibilities for adaptation 

to multi-material and metallo-ceramic applications is well within the realm of possibility. This work 

has given an excellent foundation for establishing the use and development of these type of products, 

not only for the reaction and materials focused on in this work, but also with other materials—which 

was one of the initial attractions of the powder-based binder-jetting methodology chosen. 

 

Several areas in chemical engineering have begun to adopt the use of 3D printing technologies to 

ideas and designs that were not previously achievable through CNC machining or other subtractive 

manufacturing techniques. The ever-expanding material portfolio of additive manufacturing allows 

for an increase in customisability. In addition, the increasing scale on which these parts are able to be 

produced represents a new frontier for development of materials and devices.  
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7.2 Future Perspectives and Final Remarks 

The next stage of this work should involve further improvements to the printer, the binder removal 

and sintering process, and variation in powder feedstocks. The best mixture for producing a catalyst 

might be a combination of mono-disperse and poly-disperse alumina powders due to the higher 

surface area that results from the mono-disperse powder, but also retaining some of the mechanical 

integrity imbued by the use of the wider particle size distribution powder. Different levels or 

combinations of porogens could be used to maximise the advantageous geometries for catalytic 

activity. To do this, the samples should be tested in a reaction environment and the conversion 

products should be measured. A reaction vessel compatible with a furnace that can supply the 

requisite temperatures was constructed as part of this work. The designs for the reaction system have 

also been performed and should be implemented to enable the testing required for these samples. The 

details of this system are included in Appendix 7.II.  

 

Further work should also focus on improving the performance and reliability of the inkjet cartridges. 

Either a more thorough cleaning method for the cartridges that does not damage the delicate electrical 

contacts needs to be developed or the cartridge itself needs to be changed. The electromechanics 

required for this type of project were deemed to be outside the scope of this work, but would be 

extremely advantageous when moving forward. 

 

The work in this thesis is a survey of areas specifically required to enable the construction of a 

catalytic substrate, and eventually an active catalyst (the support for which is presented in Chapter 6) 

using binder jetting powder printing to form previously unattainable geometries via 3D printed shapes 

and deposit the solubilised Nickel throughout the parts with the goal of improving distribution and 

accessibility of the active catalyst particle to improve efficiency of that catalyst.  
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The results described in this work show strong promise for a future improvement in heterogeneous 

catalysts in extreme service.There are many improvements that will need to be made to this process to 

make it desirable to be adapted for industrial catalyst production. The two largest opportunities for 

improvement are the mechanical strength and surface area. There are a number of modifications that 

could be made to the printer to help with these issues that are detailed in the conclusion of Chapter 5. 

The powder used could also be further pre-processed with spray drying to create a more controlled 

size distribution of the alumina powder. Alternative materials should also be explored. Binder jetting 

powder printing lends itself well to using different powders, different inks, and even mixes of 

powders. Industrial catalysts are typically a mixture of different metal oxides for increased strength 

and also to improve sintering resistance. Now that the concept has been demonstrated, further 

optimisation should be performed in this manner. The incorporation of a stable transfer method 

between the printer and the furnace would help with the “wet” breakages that occur. An inkjet 

cartridge specifically for use with inks containing a solubilised metal would also be preferred since 

the existing reverse engineered cartridges tend to become irretrievably clogged or burn out relatively 

quickly. 

 

Some other experiments that need to be conducted include: 

• Establishing practical limitations for minimum thicknesses of printed parts 

• Improving powder removal process for parts (vacuum, suction, forced air cleaning to remove 

powder in difficult to reach microfeatures. 

• Improving wet part transfer between printer platform and furnace 

• Optimisation of sintering profiles with new materials 

• Multi-material printing for co-printing of catalyst and metal tubes. 

Chemical characterisation of the reacting flow over the catalysts will also need to be conducted. In 

Appendix 7.I, the details for a reactor designed for steam methane reforming conditions and testing of 

printed monolithic structures are included. This reactor has been already been constructed using 
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conventional materials used in industrial steam methane reforming. Additionally, the design of the 

supporting systems and gas flows has also been completed and can be found in Appendix 7.II. The 

use of these systems was beyond the scope of this thesis, but the construction of the reactor and the 

robust design of the accompanying system will be helpful in the continuation of this work. 

 

The novelty of what has been produced is a new capacity for producing a ceramic additive 

manufactured structure that has the active component introduced without wash coating or a post-

infiltration step.  

 

A degree of manipulation of the microstructure and the ability to produce macrostructures with this 

binder jetting powder printing technology with the embedded nickel has been demonstrated.
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Appendix 3.I: Fractal background and information 

Smooth curves may be characterised as some function of a length, F(p), where that length is made up 

of segments, p. This function is then some multiplier of the segments, J. This function evaluates to a 

finite limit with decreasing values of that line segment. Fractals, however, cannot be characterised in 

this fashion. In fractals, the function diverges to infinity as the line segments approach a length of 

zero.  

The equation for representing a smooth curve is below. 

 F(p)=p·J   

For fractals, there is some exponent, ψH, greater than 1, which will make the product of p and J remain 

finite.  

 F(p)=pψ
H·J 

This exponent is known as the Hausdorff dimension, ψH. 

 ψ
H

∶= lim
p→0

log J

log(1 p⁄ )
 

The Minkowski-Bouligand dimension, ψM, is slightly simpler to use from an imaging standpoint and 

in most cases is equal to the Hausdorff dimension. Its use is justified since ψM is the same for both 

smooth curves and fractals. The Minkowski dimension uses an area, ζ, that is some function of the 

segment p. 

ψ
M

= lim
p→0

log ζ(p)

log 1/p
+2 

For strictly self-similar fractals, the Hausdorff dimension and the Minkowski-Bouligand dimension 

are thought to be equal[301]. 
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Appendix 3.II: Testing Procedure for Pressure Drop 

1. Set up pressure drop rig as shown below: 

 

2. Seat metal monolith onto base of chamber (depicted below) 

 

3. Close chamber and tighten wing nuts equally. 

 

Monolith seats on gasket 
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4. Connect 6 mm ID hose to inlet and outlet of chamber 

5. Turn on compressed air at wall 

6. Turn on MFC 

7. Set flow rate set point on MFC to 20.0 SLPM 

8. Turn the knob at the wall to set pressure of air coming out of wall at 40 psig. 

9. Record data (actual flow rate, pressure at mass flow controller, and pressure drop through digital 

manometer) for three points approximately thirty seconds apart when flow is stable 

10. Change flow rate set point on MFC to 30.0 SLPM 

11. Record data (actual flow rate, pressure at mass flow controller, and pressure drop through digital 

manometer) for three points approximately thirty seconds apart when flow is stable 

12. Continue to increase the flow rate set point on the MFC by 10.0 SLPM until you reach 60.0 

SLPM, taking measurements as described previously, 
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Appendix 3.III: Pressure Drop Experiment Results Regression Calculation 

Details 

The setpoint (in SLPM) and pressure drop (in Pa) were used, along with the calculated superficial 

velocity and Reynolds number are given in the table below. 

Table 3.III-1. Pressure drop data from monolithic all tested monolithic geometries. 

DODECA   

Setpoint 

[SLPM] 

Superficial 

Velocity 

[m/s] dP [Pa] 

 

2.00E+01 8.28E-01 2.14E+03 5.57E+03 

2.00E+01 8.20E-01 2.07E+03 5.52E+03 

2.00E+01 8.31E-01 2.14E+03 5.59E+03 

3.00E+01 1.17E+00 4.55E+03 7.85E+03 

3.00E+01 1.15E+00 4.48E+03 7.77E+03 

3.00E+01 1.17E+00 4.55E+03 7.88E+03 

4.00E+01 1.41E+00 7.79E+03 9.50E+03 

4.00E+01 1.41E+00 7.79E+03 9.49E+03 

4.00E+01 1.41E+00 7.86E+03 9.52E+03 

5.00E+01 1.60E+00 1.17E+04 1.08E+04 

5.00E+01 1.61E+00 1.18E+04 1.08E+04 

5.00E+01 1.61E+00 1.18E+04 1.08E+04 

6.00E+01 1.75E+00 1.61E+04 1.18E+04 

6.00E+01 1.75E+00 1.61E+04 1.18E+04 

6.00E+01 1.75E+00 1.61E+04 1.18E+04 

    

POLLEN   

Setpoint 

[SLPM] 

Superficial 

Velocity 

[m/s] dP [Pa] 

 

2.00E+01 8.28E-01 2.34E+03 5.57E+03 

2.00E+01 8.21E-01 2.34E+03 5.53E+03 

2.00E+01 8.25E-01 2.34E+03 5.55E+03 

3.00E+01 1.15E+00 5.24E+03 7.71E+03 

3.00E+01 1.14E+00 5.17E+03 7.67E+03 

3.00E+01 1.16E+00 5.38E+03 7.82E+03 

4.00E+01 1.41E+00 8.89E+03 9.50E+03 

4.00E+01 1.38E+00 8.76E+03 9.27E+03 

4.00E+01 1.40E+00 8.89E+03 9.40E+03 

5.00E+01 1.57E+00 1.32E+04 1.06E+04 

5.00E+01 1.57E+00 1.30E+04 1.06E+04 

5.00E+01 1.57E+00 1.32E+04 1.06E+04 

6.00E+01 1.71E+00 1.81E+04 1.15E+04 

6.00E+01 1.71E+00 1.80E+04 1.15E+04 

Re= 
ρvd

μ
 

Re= 
ρvd

μ
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6.00E+01 1.71E+00 1.80E+04 1.15E+04 

    

PSEUDO-RPC  

Setpoint 

[SLPM] 

Superficial 

Velocity 

[m/s] dP [Pa] 

 

2.00E+01 8.28E-01 2.69E+03 5.57E+03 

2.00E+01 8.42E-01 2.83E+03 5.67E+03 

2.00E+01 8.02E-01 2.55E+03 5.40E+03 

3.00E+01 1.14E+00 5.45E+03 7.69E+03 

3.00E+01 1.14E+00 5.45E+03 7.71E+03 

3.00E+01 1.15E+00 5.45E+03 7.71E+03 

4.00E+01 1.40E+00 8.96E+03 9.44E+03 

4.00E+01 1.41E+00 9.10E+03 9.50E+03 

4.00E+01 1.40E+00 9.03E+03 9.45E+03 

5.00E+01 1.59E+00 1.32E+04 1.07E+04 

5.00E+01 1.59E+00 1.32E+04 1.07E+04 

5.00E+01 1.59E+00 1.32E+04 1.07E+04 

6.00E+01 1.72E+00 1.83E+04 1.16E+04 

6.00E+01 1.74E+00 1.85E+04 1.17E+04 

6.00E+01 1.73E+00 1.85E+04 1.17E+04 

    

GYROID   

Setpoint 

[SLPM] 

Superficial 

Velocity 

[m/s] dP [Pa] 

 

2.00E+01 8.33E-01 2.14E+03 5.61E+03 

2.00E+01 8.26E-01 2.07E+03 5.56E+03 

2.00E+01 8.40E-01 2.14E+03 5.65E+03 

3.00E+01 1.17E+00 4.69E+03 7.86E+03 

3.00E+01 1.15E+00 4.55E+03 7.75E+03 

3.00E+01 1.16E+00 4.55E+03 7.80E+03 

4.00E+01 1.41E+00 7.65E+03 9.47E+03 

4.00E+01 1.41E+00 7.79E+03 9.52E+03 

4.00E+01 1.42E+00 7.79E+03 9.56E+03 

5.00E+01 1.61E+00 1.18E+04 1.08E+04 

5.00E+01 1.62E+00 1.16E+04 1.09E+04 

5.00E+01 1.62E+00 1.17E+04 1.09E+04 

6.00E+01 1.77E+00 1.61E+04 1.19E+04 

6.00E+01 1.77E+00 1.61E+04 1.19E+04 

6.00E+01 1.77E+00 1.60E+04 1.19E+04 

    

ESCHER   

Setpoint 

[SLPM] 

Superficial 

Velocity 

[m/s] dP [Pa] 

 

Re= 
ρvd

μ
 

Re= 
ρvd

μ
 

Re= 
ρvd

μ
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2.00E+01 8.24E-01 2.25E+03 5.55E+03 

2.00E+01 8.17E-01 2.23E+03 5.50E+03 

2.00E+01 8.21E-01 2.23E+03 5.53E+03 

3.00E+01 1.14E+00 4.71E+03 7.69E+03 

3.00E+01 1.14E+00 4.72E+03 7.70E+03 

3.00E+01 1.15E+00 4.76E+03 7.72E+03 

4.00E+01 1.40E+00 7.92E+03 9.39E+03 

4.00E+01 1.39E+00 7.89E+03 9.38E+03 

4.00E+01 1.39E+00 7.89E+03 9.38E+03 

5.00E+01 1.59E+00 1.18E+04 1.07E+04 

5.00E+01 1.59E+00 1.19E+04 1.07E+04 

5.00E+01 1.58E+00 1.17E+04 1.06E+04 

6.00E+01 1.74E+00 1.63E+04 1.17E+04 

6.00E+01 1.74E+00 1.62E+04 1.17E+04 

6.00E+01 1.74E+00 1.62E+04 1.17E+04 

    

HONEYCOMB  

Setpoint 

[SLPM] 

Superficial 

Velocity 

[m/s] dP [Pa] 

 

2.00E+01 8.16E-01 4.52E+03 5.49E+03 

2.00E+01 8.17E-01 4.50E+03 5.50E+03 

2.00E+01 8.24E-01 4.58E+03 5.55E+03 

3.00E+01 1.13E+00 8.38E+03 7.58E+03 

3.00E+01 1.13E+00 8.24E+03 7.59E+03 

3.00E+01 1.12E+00 8.33E+03 7.57E+03 

4.00E+01 1.37E+00 1.35E+04 9.24E+03 

4.00E+01 1.37E+00 1.34E+04 9.24E+03 

4.00E+01 1.37E+00 1.33E+04 9.19E+03 

5.00E+01 1.56E+00 1.92E+04 1.05E+04 

5.00E+01 1.57E+00 1.96E+04 1.05E+04 

5.00E+01 1.57E+00 1.96E+04 1.06E+04 

6.00E+01 1.70E+00 2.60E+04 1.15E+04 

6.00E+01 1.70E+00 2.60E+04 1.14E+04 

6.00E+01 1.72E+00 2.58E+04 1.16E+04 

The pressure drop data was fit to the Forchheimer equation. 

 ∆P = 
μ

kfh
V + φρV2 [Equation 3.III-1] 

 ∆P = CV + BV2 [Equation 3.III-2] 

The data for all of the pressure drop experimental runs from each different monolith were entered into 

an excel worksheet. The volumetric flowrate in standard litres per minute (SLPM) was converted to a 

linear average velocity using the equation: 

Re= 
ρvd

μ
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 SLPM=LPMx×
294.26

Tgas
×

Pgas

14.696
 [Equation 3.III-3] 

where Tgas is in Kelvin and Pgas is in psia and then converting litres per minute to metres per second 

by: 

 1 
L

min
=1.667×10-5 m3

s
 [Equation 3.III-4] 

This value was then divided by the cross-sectional area of the printed column face (3.8E-04 m2). This 

gives the superficial velocity given in Table 3.III The SLPM values between 10.0 and 60.0 translate to 

a velocity range between 0.8-1.8 m/s. For each geometry, the values of A, B, and C will be different. 

 

For these experiments, the fluid was air, the length was a constant 0.1m, and the bed voidage is 

known for each geometry. There is no straightforward manner for calculating the equivalent spherical 

diameter for the different geometries, excepting the pseudo-randomly packed column. The values of 

the calculated superficial velocity and the measured pressure drop were graphed against each other 

and fit to the form of the Equation 3.III-2. Numbers for B and C (the coefficients in Equation 3.III-2) 

were determined by performing a minimisation of the sum of squares error for the 15 experimental 

runs for each geometry. The values of each of these coefficients are in Table 3.III-2. 

Table 3.III-2. Pressure drop coefficients for the Forchheimer equation. 

 
Blank Dodeca Escher Gyroid 

Honey-

comb 
Pollen 

Pseudo-

RPC 

B 4.65E+03 7.85E+03 7.74E+03 7.48E+03 1.18E+04 9.27E+03 8.73E+03 

B low 4.02E+03 6.75E+03 6.71E+03 6.54E+03 1.02E+04 7.98E+03 7.30E+03 

B high 5.28E+03 8.95E+03 8.76E+03 8.43E+03 1.34E+04 1.06E+04 1.02E+04 

C -2.65E+03 -5.00E+03 -4.58E+03 -4.58E+03 -5.56E+03 -5.90E+03 -5.11E+03 

C low -3.64E+03 -6.67E+03 -6.13E+03 -6.03E+03 -7.91E+03 -7.82E+03 -7.27E+03 

C high -1.67E+03 -3.33E+03 -3.03E+03 -3.14E+03 -3.20E+03 -3.97E+03 -2.95E+03 

SSE 2.80E+06 7.04E+06 6.06E+06 5.56E+06 1.35E+07 8.79E+06 1.15E+07 

R2 9.84E-01 9.81E-01 9.84E-01 9.85E-01 9.85E-01 9.81E-01 9.75E-01 

Adj R2 9.82E-01 9.80E-01 9.82E-01 9.84E-01 9.84E-01 9.80E-01 9.74E-01 

RMSE 4.64E+02 7.36E+02 6.83E+02 6.54E+02 1.02E+03 8.22E+02 9.41E+02 
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Appendix 3.IV: Pressure Drop through Metal Monoliths versus Air Flow 

(Superficial or Linear Average Velocity) 

The graphs in this Appendix show the results of the pressure drop testing described in the Materials 

and Methods section of Chapter 3 for obtaining pressure drop across the metal monoliths via the 

procedure detailed in Appendix 3.II: Testing Procedure for Pressure Drop. The experimental data 

(black dots) was fit to the model using the Forchheimer equation (solid blue line). 

 

Figure 3.IV-1. Pressure Drop versus Superficial velocity (Blank Column) 
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Figure 3.IV-2. Pressure Drop versus Superficial velocity (Dodeca Column) 

 

Figure 3.IV-3. Pressure Drop versus Superficial velocity (Pollen Column) 
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Figure 3.IV-4. Pressure Drop versus Superficial velocity (Pseudo-RPC Column) 

 

Figure 3.IV-5. Pressure Drop versus Superficial velocity (Escher Column) 
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Figure 3.IV-6. Pressure Drop versus Superficial velocity (Honeycomb Column) 

 

Figure 3.IV-7. Pressure Drop versus Superficial velocity (Gyroid Column)  
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Appendix 3.V: Thermal Characterisation Regression Calculation Details 

The fit for determining the thermal conductivity, k, was obtained by using a sum of squares error 

minimisation of the formula for one-directional heat transfer assuming that the heat transfer is only 

occurring along the radius of the monolith and that this profile represents that behaviour. The fit is of 

the same shape, but it not terribly close to the experimental data. This is partly due to the assumption 

of one-directional heat transfer but is also related to the assumption of the constant film heat transfer 

coefficient for a cylinder. The film heat transfer coefficient was obtained for a perfect cylinder of 

aluminium. The thermal conductivity is a known constant value for aluminium which allows the 

calculation of the film heat transfer coefficient using the same one-dimensional equation for a 

cylinder of infinite length. In order for these assumptions to be more accurate, the radius to length of 

the monolith would need to be significantly lowered. The printed monolithic structures only have an 

approximate ratio of diameter to length of 3. The equation used also makes the assumption that the 

experimental monoliths are acting as a single conducting continuum, which is not true because there 

are two separate solid structures separated by a gas-filled gap used to simulate the real gap that is 

present when using an interchangeable monolithic support structure inside of a tube reactor. 

 

For a given material, the heat capacity and density can be held constant, and the other formulae that 

depend on these values can be reduced to a factor multiplied by others. These “other” factors were 

then calculated by searching for a minimisation of the sum of squared error between two quantities. 

The first is the difference between the model predicted value at a specific time and the actual 

experimental data at the same time, following the form of the first equation below. The second is the 

difference between two quantities involving the Bessel functions and their roots: 

 T(r,t)=T∞+(T
i
-T∞) ∑

2

β
m

 
J1 (β

m) J0(β
m

r/r0)

J0
2(β

m)+J1
2(β

m) 

∞
m=1  e-β

m
2

Fo  [Equation 3.V.1] 

 β
m

J1(β
m

)-Bi∙J0(β
m

) [Equation 3.V.2] 
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where Fo and Bi are the defined Fourier and Biot numbers, respectively, defined in Chapter 3. J0 and 

J1 are Bessel functions of the zeroth and first kind, respectively.  
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Appendix 3.VI: Thermal Characterisation Graphs [Metal and Plastic] 

The graphs in this Appendix show the results of the thermal characterisation of the 3D printed monoliths (both in stainless steel 15-5PH and ABS, denoted by 

“Metal” and “Plastic”, respectively) described in the Materials and Methods section of Chapter 3 for obtaining the temperature change inside the monoliths 

via the procedure detailed in the Materials and Methods section of Chapter 3.  

The first set of graphs shows the thermal response over time. The second set of graphs shows the experimental versus model data to show how well the two 

correlate to one another. 

   

Figure 3.VI-1. Dodeca column model and experimental monolith temperature profile with time in (on left) metal (on right) plastic 
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Figure 3.VI-2. Pollen column model and experimental monolith temperature profile with time (on left) metal (on right) plastic 

  

Figure 3.VI-3. Pseudo-RPC column model and experimental monolith temperature profile with time (on left) metal (on right) plastic 
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Figure 3.VI-4. Escher column model and experimental monolith temperature profile with time (on left) metal (on right) plastic 

  

Figure 3.VI-5. Honeycomb column model and experimental monolith temperature profile with time (on left) metal (on right) plastic 
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Figure 3.VI-6. Gyroid column model and experimental monolith temperature profile with time in metal 
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The following section has the graphs of the model vs experimental thermal data, as well as a graph of 

the residuals for each different geometry. As above, the metal and plastic versions of the geometry are 

displayed next to one another when available. 

Table 3.VI-1. Fit parameters for thermal characterisation of plastic and metal monoliths. 

Fit Name SSE R2 Adj R2 RMSE Coeff 

95% CI 

low 

95% CI 

high 

ABS_Dodeca 8.24E+02 9.78E-01 9.78E-01 1.45E+00 9.96E-01 9.96E-01 9.97E-01 

ABS_Pollen 1.53E+03 9.65E-01 9.65E-01 1.92E+00 1.00E+00 1.00E+00 1.00E+00 

ABS_RPC 5.42E+02 9.81E-01 9.81E-01 1.08E+00 9.98E-01 9.97E-01 9.98E-01 

ABS_Escher 2.08E+02 9.90E-01 9.90E-01 8.33E-01 1.00E+00 1.00E+00 1.00E+00 

ABS_Honeycomb 2.43E+02 9.96E-01 9.96E-01 5.89E-01 1.00E+00 1.00E+00 1.00E+00 

Metal_Dodeca 2.85E+01 9.98E-01 9.98E-01 3.87E-01 9.98E-01 9.98E-01 9.98E-01 

Metal_Pollen 8.90E+01 9.97E-01 9.97E-01 4.62E-01 1.00E+00 1.00E+00 1.00E+00 

Metal_RPC 1.36E+02 9.91E-01 9.91E-01 8.24E-01 1.00E+00 1.00E+00 1.00E+00 

Metal_Escher 1.36E+02 9.91E-01 9.91E-01 8.24E-01 1.00E+00 1.00E+00 1.00E+00 

Metal_Honeycomb 1.52E+02 9.88E-01 9.88E-01 8.73E-01 1.00E+00 1.00E+00 1.00E+00 

Metal_Gyroid 1.25E+02 9.91E-01 9.91E-01 8.12E-01 1.00E+00 1.00E+00 1.01E+00 

 

The thermal characterisation data (experimental versus model) is shown below with the residual plots.
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Figure 3.VI-7. Experimental versus model data for (on left) Dodeca column (on right) Pseudo-RPC column with graph of residuals. 
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Figure 3.VI-8. Experimental versus model data for (on left) Pollen column (on right) Honeycomb column with graph of residuals. 
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Figure 3.VI-9. Experimental versus model data for (on left) Escher column (on right) Gyroid column with graph of residuals. 



 

A3VI.9 

 

Table 3.VI-2. Model parameters from thermal regressions of plastic and metal monoliths 

Material Variable Dodeca Pollen 

Pseudo-

RPC Escher Honeycomb Gyroid 

Plastic 

Bi 4.25E+01 4.87E+01 6.22E+01 5.23E+01 7.51E+01 N/A 

α 2.85E-07 2.48E-07 1.94E-07 2.31E-07 1.61E-07 N/A 

k 6.77E-01 5.90E-01 4.62E-01 5.50E-01 3.83E-01 N/A 

Metal 

Bi 1.23E+01 1.72E+01 2.57E+01 2.37E+01 1.65E+01 1.87E+01 

α 7.18E-07 5.12E-07 3.42E-07 3.71E-07 5.35E-07 4.70E-07 

k 2.35E+00 1.67E+00 1.12E+00 1.21E+00 1.75E+00 1.54E+00 
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Appendix 4.I: Detailed Tables of Ink Compositions and Tested Properties 

Four different ink formulations were chosen and tested for compatibility with the powder bed binder 

jetting printing system. These four inks were based on different theories of stabilisation. The solvents 

were chosen to have different volatilities (and therefore drying times). The solvents include two 

different ethanol/water mixtures, dilute calcium hydroxide, and water. The ink series’ are classified by 

their solvents. 

Table 4.I-1. Ink Series 1-Composition and Critical Properties.  
 Ink #1A Ink #1B Ink #1C 

Ingredients (Wt%) 

Water/EtOH (20/80) 73.10% 77.56% 80.61% 

Nickel Chloride Hexahydrate 7.68% 9.68% 8.42% 

Poly(acrylic acid) 13.08% 5.82% 5.52% 

Stearic Acid 3.07% 1.45% 0.64% 

Glycerol 1.53% 2.01% 1.77% 

0.1M Zinc Chloride 1.54% 2.03% 1.79% 

PEG 0.00% 1.45% 1.26% 

Key Properties 

Density [kg/m3] 9.61E+02 9.60E+02 9.50E+02 

Droplet Diameter [m] N/A4 2.05E-03 2.04E-03 

Dynamic Viscosity [Pa·s] N/A 4.50E-03 3.13E-03 

Kinematic Viscosity [m2/s] N/A 4.69E-06 3.30E-06 

Surface Tension [N/m] N/A 2.64E-02 2.58E-02 

Contact Angle [°] N/A 69.40 20.87 

pH N/A 1.33 1.42 

Reynolds number N/A 3.20E+00 4.55E+00 

Weber number N/A 2.72E-01 2.77E-01 

Ohnesorge number N/A 1.63E-01 1.16E-01 

Z N/A 6.13 8.65 

  

 
4 This ink formed a solid at ambient conditions and the test for its respective properties was unable to 

be performed. 
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Table 4.I-2. Ink Series 2 - Composition and Critical Properties.  
Ink #2A Ink #2B Ink #2C Ink#2D 

Ingredients (Wt%) 

Calcium Hydroxide 69.52% 87.66% 87.39% 86.29% 

Nickel Nitrate 

Hexahydrate 

8.21% 5.19% 6.20% 6.28% 

PEO 4.93% 3.12% 2.33% 1.97% 

Stearic Acid 3.29% 1.91% 1.93% 3.58% 

Glycerol 1.64% 1.08% 1.12% 0.89% 

Nickel Acetylacetonate 1.65% 1.04% 1.04% 1.00% 

IPA 10.77% 0.00% 0.00% 0.00% 

Key Properties 

Density [kg/m3] N/A5 1.14E+03 1.11E+03 1.14E+03 

Droplet Size [m] N/A 3.08E-03 3.00E-05 3.00E-05 

Dynamic Viscosity [Pa·s] N/A 2.13E-01 1.20E-01 8.78E-02 

Kinematic Viscosity 

[m2/s] 

N/A 

1.87E-04 1.08E-04 7.70E-05 

Surface Tension [N/m] N/A 7.07E-02 6.04E-02 4.77E-02 

Contact Angle [°] N/A 57.00 47.0 41.13 

pH N/A 5.52 6.4 6.60 

Reynolds number N/A 8.01E-02 1.38E-01 1.95E-01 

Weber number N/A 1.21E-01 1.37E-01 1.79E-01 

Ohnesorge number N/A 4.34E+00 2.68E+00 2.17E+00 

Z N/A 0.23 0.37 0.46 

 

  

 
5 This ink formed a solid at ambient conditions and the test for its respective properties was unable to 

be performed. 
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Table 4.I-3. Ink Series 3 - Composition and Critical Properties.  
Ink #3A Ink #3B Ink #3C 

Ingredients (Wt %) 

Water/EtOH (5/95) 82.58% 79.23% 79.14% 

Nickel Nitrate Hexahydrate 8.67% 9.88% 9.89% 

Polyvinyl Butyral 5.20% 5.93% 5.94% 

Stearic Acid 3.47% 1.48% 1.02% 

Dioctyl terephthalate 0.08% 1.99% 1.98% 

PEG 
 

1.48% 2.04% 

Key Properties 

Density [kg/m3] N/A6 9.62E+02 9.66E+02 

Droplet Size [m] N/A 2.84E-03 2.00E-03 

Dynamic Viscosity [Pa·s] N/A 4.60E-02 3.05E-02 

Kinematic Viscosity [m2/s] N/A 4.78E-05 3.06E-05 

Surface Tension [N/m] N/A 5.07E-02 2.53E-02 

Contact Angle [°] N/A 50.8 60.1 

pH N/A 2.5 1.7 

Reynolds number N/A 1.53E+01 3.22E+01 

Weber number N/A 1.39E+01 1.97E+01 

Ohnesorge number N/A 1.24E-01 1.38E-01 

Z N/A 8.09 7.25 

 

 

 

 

 
6 This ink formed a solid at ambient conditions and the test for its respective properties was unable to 

be performed. 
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Table 4.I-4. Ink Series 4 - Composition and Critical Properties.  
Ink #4A Ink #4B Ink #4C Ink #4D Ink4E Ink #4D0 Ink #4D1 Ink #4D2 

Ingredients (Wt%) 

Water 81.23% 79.21% 79.99% 80.22% 79.86% 51.20% 71.83% 73.52% 

Nickel Chloride Hexahydrate 8.51% 9.89% 10.00% 10.29% 10.22% 7.00% 6.96% 6.70% 

PVA-PEG graft copolymer 5.10% 6.82% 5.66% 4.12% 5.17% 26.82% 10.15% 9.69% 

PEG 3.41% 2.05% 2.57% 3.81% 1.64% 13.33% 8.95% 8.59% 

Glycerol 1.75% 2.04% 1.79% 1.56% 3.10% 16.20% 2.11% 1.50% 

Key Properties 

Density [kg/m3] 1.13E+03 1.13E+03 1.13E+03 1.13E+03 1.17E+03 N/A7 1.08E+03 1.09E+03 

Droplet Size [m] 2.74E-03 2.32E-03 2.68E-03 2.68E-03 4.31E-03 N/A 2.14E-02 1.37E-03 

Dynamic Viscosity [Pa·s] 1.07E-02 1.05E-02 1.05E-02 7.02E-03 4.10E-06 N/A 1.91E-05 1.23E-06 

Kinematic Viscosity [m2/s] 9.50E-06 9.28E-06 9.30E-06 6.23E-06 5.34E-02 N/A 4.76E-02 5.95E-02 

Surface Tension [N/m] 5.53E-02 4.00E-02 5.34E-02 5.30E-02 4.75E+01 N/A 3.56E+01 6.83E+01 

Contact Angle [°] 107 63.9 68.9 64.8 36.8 N/A 104 116 

pH 6.2 6.1 6.0 6.1 6.1 N/A 7.8 7.4 

Reynolds number 1.58E+00 1.62E+00 1.61E+00 2.41E+00 2.23E+00 N/A 3.18E-01 4.03E-01 

Weber number 1.53E-01 2.13E-01 1.59E-01 1.59E-01 1.88E-01 N/A 1.78E-01 1.70E-01 

Ohnesorge number 2.48E-01 2.85E-01 2.47E-01 1.66E-01 1.95E-01 N/A 1.33E+00 1.02E+00 

Z 4.04 3.50 4.04 6.03 5.13 N/A 0.75 0.98 

 
7 This ink formed a solid at ambient conditions and the test for its respective properties was unable to be performed. 
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Appendix 4.II: Z-value plots by ink series 

This appendix shows the location of the Z-values (Fromm’s parameter or the inverse Ohnesorge 

number) for each of the ink formulations. Each ink series is on its own separate figure. The figure for 

ink series #4 includes the data from the Taguchi analysis and the inks produced after the analysis.
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Figure 4.II-1. Ink Series 1 - Z numbers (1/Oh) 



 

A4II.3 

 

 

Figure 4.II-2. Ink Series 2 - Z numbers (1/Oh). 
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Figure 4.II-3. Ink Series 3 - Z numbers (1/Oh). 
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Figure 4.II-4. Ink Series 4 - Z numbers (1/Oh). 
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Figure 4.II-5. Z numbers (1/Oh) for Ink Series 4-Taguchi trials, controls, and Chump/Champ confirmation. 
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Figure 4.II-1 through Figure 4.II-4 show the location of the Fromm’s parameter, Z, for each ink 

formulation and where it occurs in the printable space. Even using a less conservative rage on the 

lower end of the scale for printability (1<Z<10, proposed by Derby[173]), the Z-values for Ink series 

#2 and #3 are still outside of the proposed range. Figure 4.II-5 shows the Fromm’s parameter values 

for the Taguchi trials, controls, and chump/champ (confirmation of experimental correlation). 

 

It is typical for droplets in inkjet applications to have diameters between 10-100 microns [178]. 

Original in the calculations for this chapter, droplet diameter was calculated using the measured 

surface tension and density of each ink. The droplet diameter may be determined by using Tate’s law, 

W=mg=2πlγ.[188], [209] 

 

By assuming the droplet is a sphere, the volume can be described as a function of the radius. 

V=
4

3
πl

3
 

and the mass may be substituted for the density multiplied by this volume. 

m=ρV=
4

3
πρl

3
 

By substitution and solving for l, the characteristic length becomes, 

l=√
3γ

2ρg
 

Thus, a formula may be obtained that depends on the directly measurable parameters of ink density 

and ink surface tension. The characteristic length obtained using Tate’s law is the droplet radius.  

 

If using the calculated droplet size as the characteristic length from using Tate’s law, which relates the 

weight of the droplet (as a sphere) to the characteristic length (in this case the droplet radius) and the 

surface tension, then the values for Z of the Ink series are within the printable range for Inks 2D, 3B, 

and 3C. The values of Z for these inks would be 4.23, 8.09, and 7.23, respectively. However, as the 

experiments made clear, the actual important characteristic length in the calculations was actually the 

diameter of each nozzle on the ink cartridge (30 μm). The characteristic length of 30 μm led to the 

real values for Ink series 2 and 3, shown in Figure 4.II-2 and Figure 4.II-3. 

 

In aqueous solution, ceramic powders are hydrated on the surface to form hydroxyl groups and the 

rate of this reaction is inversely related to temperature[302]. The water-based ink (series 4) went 

through the most formulaic iterations. The Taguchi analysis was performed on this ink. There were 

several formulations of this ink that fit within the printable range previously discussed. This ink was 

evaluated in Chapter 5 for compatibility with the inkjet cartridge. An ink was found that was 

compatible with the existing printing mechanism in the chosen HP cartridge (model C6602). This ink 
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was developed without the nickel chloride hexahydrate initially to allow for experimentation while 

avoiding potential exposure issues with the solvated nickel. The properties of the non-nickel 

containing ink (Ink#4D2NN-diluted to 25% in DI water, with extra glycerol) were measured and an 

ink containing the nickel chloride hexahydrate was created with approximately the same properties. 

Two of the inks generated in the Taguchi trials (Ink #4T7 and Ink #4T8) yielded values that were very 

close to the non-nickel containing ink discussed earlier. Ink #4T7 was chosen to use for all further 

printing in Chapter 5 and in the samples tested in Chapter 6 unless otherwise specified.  

 

Aqueous-based inks are preferred over solvent based inks because prior research has found that they 

display a greater jet stability[95], [183]. In addition to this demonstrated stability, the chosen ink 

cartridge uses a water based ink and was therefore designed to function accordingly. This is important 

because one of the internal parts of the cartridge is a dense sponge to assist in regulating the head 

pressure of the fluid (to keep the ink from running out of the cartridge when the cartridge is not in 

use). This sponge was treated with a mildly hydrophobic solution in order to prevent the sponge from 

absorbing liquid ink in excess and allowing the ink to be pulled from the foam for dispensing[303]. 

The binder concentration within aqueous solutions also has a more directly measurable effect on the 

minimum printed feature size than in solvent-based solutions[183]. This has been explored further in 

Chapter 5. 
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Appendix 4.III: Taguchi Experimental Set Up and Results 

The Taguchi method is a way of reducing the number of experiments needed to be performed to 

extract significant data. This is made possible by constructing experiments via orthogonal arrays. For 

more on the Taguchi methods and the construction of orthogonal arrays. The results of the 

experiments were analysed to look for the composition of a mixture that would have a value within 

the printable range for the dimensionless parameter and to estimate the contribution (if any) of 

individual factors.  

 

Table 4.III-1. L8(27) orthogonal array[304] for construction of Taguchi variable trial compositions. 

L8 (27) 

No 1 2 3 4 5 6 7 

1 1 1 1 1 1 1 1 

2 1 1 1 2 2 2 2 

3 1 2 2 1 1 2 2 

4 1 2 2 2 2 1 1 

5 2 1 2 1 2 1 2 

6 2 1 2 2 1 2 1 

7 2 2 1 1 2 2 1 

8 2 2 1 2 1 1 2 

 
a b a c a b a 

 
    b   c c b 

 
        

  
c 

Group 1 2   3       
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Table 4.III-2. Experimental Key for Taguchi experiments. 

Abbrev. Ink Name Expanded Ink Name 

Ink #4T1 Water-based Ink Taguchi Trial #1  

Ink #4T2 Water-based Ink Taguchi Trial #2 

Ink #4T3 Water-based Ink Taguchi Trial #3 

Ink #4T4 Water-based Ink Taguchi Trial #4 

Ink #4T5 Water-based Ink Taguchi Trial #5 

Ink #4T6 Water-based Ink Taguchi Trial #6 

Ink #4T7 Water-based Ink Taguchi Trial #7 

Ink #4T8 Water-based Ink Taguchi Trial #8 

Ink #4C1 Taguchi Experimental Control #1 

Ink #4C2 Taguchi Experimental Control #2 

Ink #4C3 Taguchi Experimental Control #3 

Ink #4C4 Taguchi Experimental Control #4 

Ink #4C5 Taguchi Experimental Control #5 

Ink #4 Chump Taguchi Experimental Paper Chump (validation experiment) 

Ink #4 Champ Taguchi Experimental Paper Champ (validation experiment) 

Ink#4D2NN Ink #4D – no nickel 

Ink #4T7-2 Second batch of Ink trial #7 

Ink #4T8-2 Second batch of Ink trial #8 
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Table 4.III-3. Ink Series 4 - Taguchi Trials Composition and Critical Properties.  
Ink #4T1 Ink #4T2 Ink #4T3 Ink #4T4 Ink #4T5 Ink #4T6 Ink #4T7 Ink #4T8 

Ingredients (Wt%) 

Water 91.82% 89.53% 86.68% 84.28% 88.44% 86.12% 86.93% 84.75% 

Nickel-Chloride Hexahydrate 4.94% 7.21% 4.89% 7.21% 4.90% 7.21% 4.90% 7.22% 

PVA-PEG 1.59% 1.59% 4.86% 4.87% 1.59% 1.59% 4.87% 4.89% 

PEG 0.97% 0.96% 2.88% 2.89% 2.89% 2.89% 0.96% 0.97% 

Glycerol 0.69% 0.71% 0.70% 0.75% 2.18% 2.19% 2.34% 2.18% 

Key Properties 

Density [kg/m3] 1.05E+03 1.08E+03 1.08E+03 1.09E+03 1.09E+03 1.09E+03 1.10E+03 1.08E+03 

Droplet Size [m] 2.83E-03 2.85E-03 2.78E-03 2.86E-03 2.86E-03 2.88E-03 2.85E-03 2.15E-03 

Dynamic Viscosity [Pa·s] 2.22E-03 2.29E-03 7.23E-03 7.78E-03 4.26E-03 4.25E-03 4.91E-03 5.14E-03 

Kinematic Viscosity [m2/s] 2.11E-06 2.12E-06 6.71E-06 7.13E-06 3.93E-06 3.89E-06 4.47E-06 4.76E-06 

Surface Tension [N/m] 5.51E-02 5.73E-02 5.46E-02 5.83E-02 5.79E-02 5.92E-02 5.84E-02 3.25E-02 

Contact Angle (Equilibrium Angle) [°] 52.8 49.4 55.5 46.9 50.0 40.2 33.6 38.5 

Reynolds number 7.11E+00 7.07E+00 2.24E+00 2.10E+00 3.82E+00 3.85E+00 3.35E+00 3.15E+00 

Weber number 1.43E-01 1.41E-01 1.48E-01 1.41E-01 1.41E-01 1.38E-01 1.41E-01 2.49E-01 

Ohnesorge number 5.33E-02 5.31E-02 1.72E-01 1.78E-01 9.81E-02 9.66E-02 1.12E-01 1.58E-01 

Z 18.77 18.82 5.81 5.61 10.19 10.36 8.93 6.32 
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Table 4.III-4. Ink Series 4 - Taguchi Trials (Controls), No-Nickel Ink and Final Cartridge Inks Composition and Critical Properties. 

 
Ink #4C1 Ink #4C2 Ink #4C3 Ink #4C4 Ink #4C5 

Ink #4 

Chump 

Ink #4 

Champ 

Ink 

#4D2NN 

Ink 

#4T7-2 

Ink 

#4T8-2 

Ingredients (Wt%) 

Water 86.91% 86.91% 86.91% 86.91% 86.91% 80.06% 92.00% 91.44% 86.93% 84.75% 

Nickel-Chloride 

Hexahydrate 6.17% 6.18% 6.17% 6.17% 6.18% 5.99% 6.00% 0.00% 4.90% 7.22% 

PVA-PEG 3.33% 3.33% 3.33% 3.33% 3.33% 7.98% 0.21% 2.54% 4.87% 4.89% 

PEG 2.02% 2.02% 2.02% 2.02% 2.02% 4.99% 0.31% 2.21% 0.96% 0.97% 

Glycerol 1.57% 1.57% 1.57% 1.57% 1.57% 1.00% 1.50% 3.81% 2.34% 2.18% 

Key Properties 

Density [kg/m3] 1.05E+03 1.04E+03 1.05E+03 1.06E+03 1.07E+03 1.12E+03 1.06E+03 1.06E+03 1.10E+03 1.08E+03 

Droplet Size [m] 2.79E-03 2.79E-03 2.78E-03 2.78E-03 2.76E-03 3.00E-05 3.00E-05 2.74E-03 3.00E-05 3.00E-05 

Dynamic Viscosity [Pa·s] 4.46E-03 4.44E-03 4.26E-03 4.31E-03 4.40E-03 2.14E-02 1.37E-03 4.89E-03 4.91E-03 5.14E-03 

Kinematic Viscosity [m2/s] 4.24E-06 4.22E-06 4.05E-06 4.10E-06 4.17E-06 1.91E-05 1.23E-06 4.63E-06 4.47E-06 4.76E-06 

Surface Tension [N/m] 5.38E-02 5.29E-02 5.31E-02 5.34E-02 5.30E-02 4.76E-02 5.95E-02 5.18E-02 5.84E-02 4.98E-02 

Contact Angle 

(Equilibrium Angle) [°] 59.76 45.24 51.34 47.49 50.75 35.60 68.28 30.23 33.60  38.52  

Reynolds number 3.54E+00 3.52E+00 3.69E+00 3.68E+00 3.64E+00 7.86E-01 1.16E+01 3.24E+01 3.35E+01 3.15E+01 

Weber number 1.47E-01 1.48E-01 1.48E-01 1.49E-01 1.51E-01 1.77E-01 1.33E-01 1.53E+01 1.41E+01 1.63E+01 

Ohnesorge number 1.08E-01 1.09E-01 1.04E-01 1.05E-01 1.07E-01 5.35E-01 3.16E-02 1.21E-01 1.12E-01 1.28E-01 

Z 9.24 9.15 9.59 9.54 9.37 1.87 31.68 8.29 8.93 7.82 
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Appendix 4.IV: Viscosity Regression Details and Statistics 

The Taguchi experiments were set up to test for component amount effect on three different 

measurable properties: density, dynamic viscosity, and surface tension. These are the three key 

variables used in the dimensionless numbers of importance in the prediction of the “printability” from 

the z-number. 

 

For dynamic viscosity dependent only on a linear model of the percent dispersant, the following 

equation has regression statistics as given below in Figure 4.IV-1. 

μ = 0.403(% Dispersant) 

 

Table 4.IV-1. Summary statistics (95% CI) for dynamic viscosity regression to percent dispersant. 

Regression Statistics 

Multiple R 0.928 

R2 0.860 

Adjusted R2 0.810 

Standard Error 0.00517 

Observations 21 

 

Table 4.IV-2. ANOVA table for dynamic viscosity (linear) regression to percent dispersant. 

ANOVA 
     

 
df SS MS F Significance F 

Regression 1 0.00329 0.00329 123 9.53E-10 

Residual 20 0.000534 2.67E-05 
  

Total 21 0.00382       

 

For an empirical model of the dynamic viscosity, the data from the Taguchi analysis is actually better 

represented by an equation of the form: 

μ = a(% Dispersant)+b(% Dispersant)2 

This is likely due to the presence of an unidentified interaction between the ink components. As 

previously stated, plasticisers and dispersants can often have complementary effects. 
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Figure 4.IV-1. Dynamic viscosity and predicted dynamic viscosity versus percent dispersant 

 

A slightly improved fit can be obtained by allowing the intercept to equal a non-zero value, but it 

makes no physical sense that a negative dynamic viscosity could be obtained in any circumstance.  
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Appendix 4.V: Mixing the Inks 

This procedure requires wearing gloves, a lab coat, safety glasses, and enclosed shoes. Be sure to 

review the specific hazards of the chemicals being mixed. 

 

Drop-on-demand type printer ink requires certain properties. The ink at this stage consists of the 

solvent, nickel additive, binder, plasticiser, and dispersant. The properties need to be tested to 

determine the ink’s printability as well as splash behaviour and penetration (both spreading and 

infiltration). 

 

Prepare ink solutions according to the recipes given in the Tables within the text of the chapter. This 

will yield the appropriate amounts of solvent, surfactant, dispersant, binder, and plasticiser. Normally, 

it is around 5 wt.% binder, 4 wt.% dispersant, 2 wt.% plasticizer, with the balance made up of solvent.  

 

The materials required for each ink series are listed in Appendix 4.VIII: Material Properties and 

Sources. 

 

Note: Any mixing of powder must be done in a fume hood until it is dissolved in liquid. 

Note: Removing any of the nickel additives from their bottles and adding them to the ink mixture 

must be performed inside of a fume hood.  

 

In order to mix together: 

1. Measure out appropriate amounts of ingredients as per table (ink should make 250 mL total) 

2. Combine in a 500 mL beaker in the following order:  

a. Solvent 

b. Catalyst carrier 

c. Binder 

d. Plasticizer 

e. Dispersant 

3. Insert magnetic stirring bean into beaker containing solution 

4. Stir over hot plate (with the heat off) for 30 minutes, or until mixture appears to be 

homogeneous. 

5. Proceed with testing ink properties: density (as given in Appendix 4.VI: Measuring Density), 

surface tension, kinematic viscosity, etc. as described in the body of chapter 4. 
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Appendix 4.VI: Measuring Density 

1. Obtain three small beakers that can be used to accurately measure the volume of the mixed 

ink (i.e. 50 mL beaker) 

2. Obtain mass of a beaker. Record mass of beaker. 

3. Pour in ink sample to beaker. 

4. Obtain mass of beaker and ink sample. Record mass of beaker and sample. 

5. Read volume from beaker. Record volume of sample. 

6. Repeat steps 2 – 5 for the other two beakers, using the same amount of sample, each time 

transferring as much of the sample as possible into the new beaker. 

7. Divide mass by volume to obtain the density of the sample, as per formula below. 

(density of sample)=
[(mass of beaker+sample)- (mass of beaker)]

(volume of sample)
 

The average of these three values will be accepted as the density of the sample. 
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Appendix 4.VII: Measuring pH 

1. Calibrate the pH probe. 

o Insert the wireless handheld immersion pH probe into the stock solution of pH 7 and 

select and hold the “calibrate” button 

o Remove the pH probe from the pH 7 solution and let air dry for 20 seconds 

o Insert the wireless handheld immersion pH probe into the stock solution of pH 4 and 

select and hold the “calibrate” button 

o Remove the pH probe from the pH 4 solution and let air dry for 20 seconds 

o Insert the wireless handheld immersion pH probe into the stock solution of pH 10 and 

select and hold the “calibrate” button 

o Remove the pH probe from the pH 10 solution and let air dry for 20 seconds 

o The pH probe is now ready to use 

2. Use pH probe to obtain pH of solution.  

3. Record pH measured in buffer solution. 

4. Remove pH probe from buffer solution and place in sample. 

5. Record pH of sample measured. 

6. Rinse pH probe with distilled water. 

7. Replace pH probe in buffer solution. 

8. Repeat steps 2-5 twice to obtain three measurements of the pH of the sample. 

The average of these three measurements will be recorded as the pH of the sample. 
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Appendix 4.VIII: Material Properties and Sources 

Table 4.VIII-1. All materials, their properties, and suppliers used to create the inks (in Chapter 4) and printed parts (in Chapters 5 and 6) 

Chemical Name Source CAS No. Formula 

Molecular 

Weight 

(g/mol) 

Density 

(g/mL) 

Particle Size 

Distribution       

(If 

Applicable) 

Melting 

Point 

[°C] 

Boiling Point 

[°C] 

0.1M - Zinc (II) Chloride Sigma-Aldrich 7646-85-7 ZnCl2 136.3 1.01 N/A  N/A N/A 

𝛾-alumina powder (mono-

disperse) Inframat 1344-28-1 Al2O3 101.96 3.70 35-45 µm 2072 2980 

Calcium Hydroxide Sigma-Aldrich 1305-62-0 Ca(OH)2 74.1 2.25 N/A N/A N/A 

Cellulose Sigma-Aldrich 9004-34-6 (C6H10O5)n 162.14 1.50 ~20 µm 260-270 decomposes 

Dioctyl terephthalate Sigma-Aldrich 6422-86-2 C24H38O4 390.56 0.98 N/A 30 400 

Ethanol (Anhydrous) Sigma-Aldrich 64-17-5 C2H6O 46.07 0.789 N/A -114.1 78.4 

Glycerol Sigma-Aldrich 56-81-5 C3H8O3 92.1 1.25 N/A 17.8 290 

Nickel (II) acetylacetonate Sigma-Aldrich 3264-82-2 C10H14NiO4 256.91 1.45 N/A 227 decomposes 

Nickel (II) Chloride Hexahydrate Sigma-Aldrich 7718-54-9 Cl2Ni·6H2O 237.68 3.55 N/A 140 973 

Nickel (II) Nitrate Hexahydrate Sigma-Aldrich 13138-45-9 N2O6Ni·6H2O 290.8 2.07 N/A 56.7 136.7 

Poly (acrylic acid) - 35 wt% 

solution, 100 mL Sigma-Aldrich 9003-01-4 (C3H4O2)n 100000 1.14 N/A  N/A N/A 

Poly (ethylene glycol) - PEG Sigma-Aldrich 25322-68-3 (C2H4O)n·(H2O) 20000 1.27 N/A 66 250 

Poly (ethylene oxide) - PEO Sigma-Aldrich 25322-68-3 (C2H4O)n·(H2O) 600000 1.21 N/A 65 >250 

Poly (methyl methacrylate)  Fischer-Scientific 9011-14-7 (C5O2H8)n 35000 1.19 50 - 150 µm 160 200 

Poly (vinyl butyral) Sigma-Aldrich 63148-65-2 C14H24O5 272 1.08 N/A 90-120 N/A 
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PVA-PEG graft copolymer, 

Kollicoat IR Sigma-Aldrich N/A N/A ~45 Daltons 0.38 N/A 209 N/A 

Rice Starch Sigma-Aldrich 9005-25-8 (C6H10O5)n 284.5 1.50 ~5 - 10 µm 256 decomposes 

Stearic Acid Sigma-Aldrich 57-11-4 C18H36O2 284.5 0.85 N/A 69.3 361 

Water (De-Ionized) N/A 7732-18-5 H2O 18.02 1.00 N/A 0 100 
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Appendix 5.1 Testing various methods of mixing powders  

Three methods for mixing powders were tested, this was to establish the most effective method to be 

used throughout the project. The three methods tested involved a Sackett mixer, a tumbling mixer, 

and hand-shaking. 

 

First, the pore formers were dyed with blue food colouring. A small amount of each of the three 

different powders (rice starch, cellulose, and PMMA) were mixed with 20 mL of blue food colouring. 

The samples were allowed to dry overnight. Agglomeration of the powders occurred during the drying 

and so a mortar and pestle were used to break down the agglomerates.  

 

Figure 5.I-1. Dried rice starch and food colouring (on left) after drying (on right) after crushing 

  

After the dyed porogen had dried and been crushed, it was weighed out against an equal amount by 

weight of γ-alumina powder. These were combined into Schott bottles for the hand mixing and the 

tumbling mixer. Samples were created for the Sackett mixer for each pore former and set aside for 

mixing. 

 

The tumbling mixer accepted up to 6-1L Schott bottles. Each bottle was filled with a powder 

containing the level of porogen/alumina being mixed or tested.  

 

The hand mixed samples showed some mixing, but the method was determined to have too many 

variables for acceptable reproducibility, 
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Figure 5.I-2. Tumbling mixer (on left) closed (on right) open. 

 

 

Figure 5.I-3. Open Sackett mixer, top and front covers removed. 

 

The degree of mixing is illustrated in Figure 5.I-4 and shows the relative mixing in the tumbling 

mixer versus the Sackett mixer. 

 

Figure 5.I-4. a) Tumbling mixer with rice starch, (b) Tumbling mixer with cellulose, and (c) Tumbling 

mixer with PMMA beads. (d) Sackett mixer with rice starch, (e) Sackett mixer with cellulose, and (f) 

Sackett mixer with PMMA beads.
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Appendix 5.II Powder Compaction (Die-Press Operation) 

Powder compaction was performed using a die-press and a specially designed die. 

 

Figure 5.II-1. Assembled die loaded onto press and clamped in place. 

 

The procedure to perform the powder compaction with the die press is as follows: 

1. Coat the inside of the mould with a lubricating spray. Allow to dry. 

2. Assemble die using hex bolts and nuts. 

3. Clamp die to press surface. 

4. Lower the press to ensure it is properly aligned. If it needs to be adjusted, release the clamps 

and reposition the die. 

5. Raise the press. 

6. Load powder (γ–alumina powder and the selected pore former) into the empty mould. Using a 

funnel helps. 
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Figure 5.II-2. Punch above assembled die on hydraulic press. 

7. Operate the die press, ensuring that the vent valve is closed so pressure can be built up. 

8. Continue to operate the press until the pressure reads 2500 psig (172.4 bar or 17.24MPa). 

9. Release the vent valve to release the pressure. The die press will retract.  

10. Once it is clear of the die, remove the die from the clamps. 

11. Undo the hex bolts and nuts to open the die. 

12. Remove the pressed sample from the die. 

This procedure was used to produce the die-pressed samples that give the SEM images for samples 

4A-4C, 5A-5C, 6A, and 6B.
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Appendix 5.III Powder and ink mixing (by hand) 

The procedure for hand mixing ink and powder (composed of the γ–alumina powder and the selected 

pore former) is fairly simple. The steps are listed below. 

1. Weigh an amount of ink and an amount of powder  

2. Combine in a clean glass beaker 

3. Use a spatula to mix the liquid ink into the powder 

4. Continue mixing until mixture is smooth 

5. If additional ink needs to be added to ensure appropriate wetting of the powder, document 

how much (by mass). 

6. Calculate the mass fraction of the ink in the mixture. The best results were obtained with 50-

60 wt% ink. 
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Appendix 5.IV Printing 

Section 5.IV.A Operating methodology 

 

Figure 5.IV-1. Schematic of 3DP process adapted from the Oasis[99] project. 

 

The most basic description of this 3DP process is a series of steps that are repeated until the part is 

completed.  

1. The supply chamber is filled with the powder of choice. 

2. The supply chamber platform raises by one layer and the build chamber platform lowers by 

one layer. 

• The distance moved in the z-direction(i.e. layer thickness) defines the vertical resolution 

of the part. 

3. Powder is moved from a supply chamber to a build platform via a roller. It is spread on the 

build platform in a single direction to a uniform thickness into a region of a specified size 

4. An ink cartridge, mounted on an xy-gantry, moves over this layer, spraying binder in a 

pattern. 

5. The binder spreads through the powder, causing the powder to coagulate into a specific shape. 

6. Steps 2-5 repeat until the height of the part is surrounded by powder. 

7. The part within the powder will need to sit for a varied amount of time (dependent on the 

complexity of the part in terms of the needed support that is provided by the surrounding 

powder to allow the part to harden.  
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8. The loose, dry, excess powder is removed from the build chamber to be recycled.  

9. The green-body (soft part) will need to be carefully transferred to post-processing. In this 

work, that means that the green-body is transferred into a fully sintered alumina dish that is 

inserted into a box furnace for firing. 

 

Section 5.IV.B Using the printer 

 

Figure 5.IV-2. Final version of the binder jetting powder 3D printer. 

1. Load powder into Z1 and Z2 platforms. Load powder in Z2 bin to approximately 0.5 mm 

below the lip of the bin (this enables easier part removal). Load powder into the Z1 bin to 

approximately 5 cm below the lip of the bin. 

2. Load inkjet printer cartridge onto carriage assembly. 

a. Jog the Z1 platform down several large steps to avoid touching the nozzles of the 

cartridge to the powder in the Z1 powder bed. 

b. Angle the cartridge and set the front end into the holder 

c. While holding the lid on the cartridge, rotate the cartridge so that the lip on the top of 

the cartridge catches inside the holder. There should be two clicks and the cartridge 

should be parallel to the benchtop. 

d. Restore Z1 platform to desired height to begin print. 

3. Set the desired saturation, number of repetitions, interlacing option, and step size in the 

command prompt 

4. Ensure at least one layer has been deposited on the Z2 platform (command n in the command 

prompt) before starting the print. 

Z1 

bin Z2 

bin 
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5. Start the print by pressing “p” in the command prompt. 

How to - Using Software (using slicer)  

1. Save as .stl from preferred CAD program 

2. Clear “PWDR” folder at the location being used to generate the sliced files 

3. Load .stl into “Processing” slicer 

4. Press “Convert” to translate .stl file to .DAT files in “Processing” slicer 

5. Copy .DAT files from computer location from the sliced files folder to SD card in folder 

“PWDR” 

Operating the printer 

1. Load a sliced file onto an SD card. 

2. Insert SD card into designated slot on printer. 

3. Plug USB for printer into USB port on computer tower 

4. Turn on power to printer 

5. Load “pUTTy”. Select “Powder Printer” and “Load” 

6. When the command prompt comes up, follow instructions. After determining initial 

locations, hit ‘?’ for a full list of possible commands. 

7. To print a file that has been loaded on the SD card, press “p” and “Enter” in the command 

prompt 
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Appendix 5.V Loading Ink Cartridges (with pictures) 

1. Test the printer cartridge for number of working nozzles by printing a test pattern onto a piece 

of paper loaded into the Z2 bin. This can be done by entering command “t1” or “t2” into the 

command prompt. 

2. Load the cartridge into a vice to secure it in place 

3. Use a box cutter or small flat head screwdriver to pry the lid from the cartridge. Use the knife 

or screwdriver along the seam at the top of the cartridge. Set the lid aside. 

4. After putting on gloves and preparing a dish, remove the sponge from the cartridge with 

tweezers. 

5. The sponge will need to be rinsed with DI water until the water runs clear. Set it aside to dry. 

6. The ink cartridge should be emptied of any residual ink. The cartridge should then be 

thoroughly flushed with DI water. The lid should also be cleaned with DI water to remove 

any residual ink. Set the lid aside to dry. 

 

Figure 5.V-1. Opening ink cartridge illustration of steps. 

7. Once the water coming out of the cartridge is clear, fill the cartridge halfway with DI water. 

8. Fill a wide dish with DI water so that the nozzles will be completely submerged, and place the 

water-filled cartridge into the wide dish. Leave overnight. If necessary, this process can be 

repeated. It should be repeated until the water that runs out of the cartridge is clear. 

9. Once the cartridge is clean, pour a small amount of denatured ethanol into the cartridge to 

help evaporate the water from the cartridge. Also wipe down the external nozzles with a paper 

towel soaked in denatured ethanol. 
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10. Pour out the ethanol. 

11. Use a syringe with a needle to load the custom ink into the empty cartridge.  

12. The sponge will need to be pushed into the cartridge. Saturating the sponge with the ink can 

be a long process, but this can be expedited by inserting a needle into the sponge and filling 

specific areas to speed up the saturation process. 

 

Figure 5.V-2. Cleaning ink cartridge steps with pictures and refilling cartridge. 

13. Check that there is residual ink in the bottom by lifting the sponge. Push the sponge down as 

far as possible so that it sits securely against the bottom of the inside of the cartridge. 
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Appendix 5.VI Table of Powder and Ink Mixture Compositions 

Table 5.VI-1. Table of Sample compositions. 

 Sample  

Number 

PF  

(Powder Mix) Amt PF basis Amt Al2O3 basis Ink Amt Ink basis 

Powder 

Mixing  

Method 

Die Press 

Pressure 

Mixing  

Method Profile 

1A Rice Starch 50.18% weight 49.82% weight None N/A N/A Civil 2500 psig N/A N/A 

1B Cellulose 49.78% weight 50.22% weight None N/A N/A Civil 2500 psig N/A N/A 

1C PMMA 50.01% weight 49.99% weight None N/A N/A Civil 2500 psig N/A N/A 

2A Rice Starch 49.60% weight 50.40% weight None N/A N/A Shake 2500 psig N/A N/A 

2B Cellulose 49.79% weight 50.21% weight None N/A N/A Shake 2500 psig N/A N/A 

2C PMMA 49.78% weight 50.22% weight None N/A N/A Shake 2500 psig N/A N/A 

3A Rice Starch 49.96% weight 50.04% weight None N/A N/A Sackett Mixer 2500 psig N/A N/A 

3B Cellulose 50.07% weight 49.93% weight None N/A N/A Sackett Mixer 2500 psig N/A N/A 

3C PMMA 49.97% weight 50.03% weight None N/A N/A Sackett Mixer 2500 psig N/A N/A 

4A Rice Starch 40.00% volume 60.00% volume None N/A N/A Civil 2500 psig N/A 130010 

4B Cellulose 40.00% volume 60.00% volume None N/A N/A Civil 2500 psig N/A 130010 

4C PMMA 40.00% volume 60.00% volume None N/A N/A Civil 2500 psig N/A 130010 

5A Rice Starch 20.00% volume 80.00% volume None N/A N/A Civil 2500 psig N/A 130010 

5B Cellulose 20.00% volume 80.00% volume None N/A N/A Civil 2500 psig N/A 130010 

5C PMMA 20.00% volume 80.00% volume None N/A N/A Civil 2500 psig N/A 130010 

6A Rice Starch 40.00% volume 60.00% volume None N/A N/A Civil 2500 psig N/A 130010 

6B PMMA 20.00% volume 80.00% volume None N/A N/A Civil 2500 psig N/A 130010 
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7A 4A (RS) 40.00% volume 60.00% volume 4D 40.0% weight Civil None 

Hand 

Stir 130075 

7B 4A (RS) 40.00% volume 60.00% volume 4D 47.4% weight Civil None 

Hand 

Stir 130075 

7C 4A (RS) 40.00% volume 60.00% volume 4D 50.3% weight Civil None 

Hand 

Stir 130075 

7D 4A (RS) 40.00% volume 60.00% volume 4D 52.3% weight Civil None 

Hand 

Stir 130075 

8A 4C (PMMA) 40.00% volume 60.00% volume 4D 40.1% weight Civil None 

Hand 

Stir 130075 

8B 4C (PMMA) 40.00% volume 60.00% volume 4D 47.5% weight Civil None 

Hand 

Stir 130075 

8C 4C (PMMA) 40.00% volume 60.00% volume 4D 50.0% weight Civil None 

Hand 

Stir 130075 

8D 4C (PMMA) 40.00% volume 60.00% volume 4D 52.5% weight Civil None 

Hand 

Stir 130075 

Alumina 

+ NiO Rice Starch 20.00% volume 80.00% volume T7 unk 
 

Civil None printed? 130075 

Printed 

(no Ni) Rice Starch 20.00% volume 80.00% volume T7 unk 
 

Civil None printed 130075 

Printed 

(NiO) Rice Starch 20.00% volume 80.00% volume T7 unk 
 

Civil None printed 130075 
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Appendix 5.VII Mechanical Construction of the Printer 

The design for the printer was based on the design of a printer developed by Alex Budding at the 

University of Twente as part of a Master’s project. The details of that project can be found at the 

following links: https://github.com/Pwdr/Pwdr-Model-0.1 and http://pwdr.github.io/.  

 

The main differences between the printer described at those links and the printer that was used in this 

work are detailed below and broken down by category: 

Mechanical: 

• The acrylic parts that were originally 5 mm thick were modified to be 4.5 mm thick.  

• Replacement of acrylic parts of carriage with polypropylene 

• Replacement of sleeve bearings with linear bearings to allow for smoother travel 

Electrical: 

• The wiring was a combination of the RAMPS 1.4 board and the InkShield board both 

mounted on an Arduino Mega 2560. 

o The RAMPS board is a product of the RepRap community and is used under the 

GNU public licence (GPL). 

o The InkShield board was purchased from the developer, Nicholas C. Lewis. 

o The InkShield source code is open source and downloaded from github; the Inkshield 

hardware design is licenced under the Creative Commons Attribution-Share Alike 

licence; the InkShield Arduino libraries are licenced under the CC-GNU LGPL.  

• Some of the pins had to be remapped in order to allow the RAMPS board and the InkShield 

board to be stacked and mounted on a single Arduino MEGA board. 

• These boards were mounted into a sealable box above the printer to allow them to be 

protected from the powder within the printer. 

Software: 

• The software is a combination of what was developed for the pwdr printer, the InkShield 

board, the RAMPS 1.4 board, and existing Arduino libraries. 

 

https://github.com/Pwdr/Pwdr-Model-0.1
http://pwdr.github.io/
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Appendix 5.VIII. Code for printer 

To run the code for the printer, two programs are needed. The first is the Arduino IDE[305] and the 

second is a specific (old) version of “Processing”—specifically version 1.5.1. At the time of writing, 

the Processing[306] version 1.5.1 can be found on the website as the oldest stable version.  

 

The code written for the operation of the printer consists of the firmware, the graphical user interface 

(GUI), and several associated files including: printFile, jogController, and voidsController.  

 

The code works as described below: 

1. .stl file Inputs to “Processing” 

2. “Processing” Outputs To “Arduino” 

3. “Arduino” Outputs to printer movement (as g-code) 

4. gcode is sliced into layers 

5. For each slice, the image is rasterised to lines that tell the printer to dispense or skip 

dispensing ink for each position. 

6. After each layer is printed, the ink carriage returns to home, the supply platform moves up the 

layer thickness and the roller deposits the new powder on top of the previously printed layer 

for another layer to be printed. 

7. Step 6 is repeated until the part is complete. 

8. Loose powder should be removed from the build chamber so the part can be removed and 

post-processed. 

 

The full code is embedded in the file below.  

Printer Code-All 

Final.docx
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Appendix 5.IX. Ink compatibility with HPC6602A cartridges 

In Chapter 4, three inks were pursued for carrying the nickel in a binder to hold the ceramic powder 

together during the binder-jetting powder printing process. Four solvents were initially tested 

including water, ethanol/water, and dilute calcium hydroxide. When it was time to test compatibility 

with the ink cartridges, each ink was tested for compatibility with the HP C6602A inkjet cartridge. 

 

The ethanol-based inks were chemically incompatible with the foam inside of the ink cartridge that is 

used to hold ink and to regulate head pressure of the ink over the nozzles. When the sponge was 

exposed to the ethanol/water mixtures, the foam expanded to larger than its original size and the 

macrostructure of the sponge clearly destabilised. Pieces began to fall off when exposed to the inks 

and the sponges were unable to be recovered for use after they had been used with ethanol. 

 

The calcium hydroxide-based ink was too viscous to react properly with the cartridge. 

 

The water-based ink had the best results and behaved the most consistently with the OEM ink. The 

water-based ink is the only ink that was used to print pieces with the printer due to the inability of 

other inks to work with the cartridge. 
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Appendix 5.X Preparing and Testing Samples via SEM 

The process for preparing and testing samples in the SEM includes the pre-treatment step of coating 

the samples. This is done using a sputter coater. The sputter coater used here is a Quorum EMS 150T 

ES. After the samples are coated, they are transferred to the SEM. The equipment used in this work 

was a JEOL JSM-7000F Field Emission Scanning Electron Microscope. 

 

Section 5.X.A Coating Samples 

1. Break pellet to reveal a cross section of interest. For whatever surface is being studied, ensure 

that the surface is facing upwards. 

2. Using a hot glue gun glue the sample to a circular metal plate. 

3. Once all samples are glued to the plate, place the plate on the rotating platform inside the 

sputter coater. 

4. Using the Quorum EMS 150T ES, coat the samples once with Platinum using the Pt Quorum 

Program, with a sputter current of 30 A, sputter pressure of 2x10-3  Pa, duration of 180 

seconds, and at a distance of 80 mm.  

5. Once these selections have been made on the coating machine, turn the argon on and ensure 

the pressure gauge reads above 5000 Pa. 

6. Select “Run” from the touch screen to coat the samples.  

7. Once the run has completed, remove the plate by lifting the arm. 

8. Using conductive carbon paint assure the platinum on the top of the pellet samples are 

connected to the plate via the carbon paint, Figure 5.X-2.  

 

 

Figure 5.X-1. Sputter Coater - Quorun EMS 150T ES 
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Figure 5.X-2. Platinum coated pellets 

 

Section 5.X.B Using the SEM 

1. Once the samples are coated, tape the circular plate to the 3MR Platform using double sided 

conductive carbon tape. In order to assist with the identification of samples in the image of the 

SEM, record the orientation of the plate with respect to the holder (specifically the “dovetail” 

of the platform). 

2. Measure the highest point of the tallest sample and add 2 mm for safety – this value will be 

entered later into the SEM to adjust the height between the platform and the lens. 

3. Vent the SEM exchange chamber to ambient pressure.  

4. Install the platform within the exchange chamber door with the dovetail facing outwards from 

the door.  

5. Close the door and evacuate the exchange chamber to vacuum.  

6. Using the handle push the sample into the SEM main chamber. 

 

 

Figure 5.X-3. SEM setup 
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7. Set the working distance and tallest point of sample on the computer. Use the IR camera to 

make sure the samples do not touch the lens.  

8. Record the emission voltage, water flow, SIP-1, SIP-2 and nitrogen pressure in the log book.  

9. The SEM can only be used once a vacuum of 5x10-4 Pa has been achieved. 

10. Once this occurs, turn on the electron beam by pressing the dark green “HT” button which 

will light up. 

11. Find the coordinates of the samples using the image taken from the plate being as far from the 

lens as possible and record them for help with identification.  

12. Use the control panel to move the platform and to zoom and focus, adjusting stigmatism and 

beam alignment accordingly. 

13. Take images by pressing the ‘Photo” button on the control panel.  

14. Once all images are collected, remove the platform from the main chamber to the exchange 

chamber using the handle, pull all the way out.  

15. Vent the exchange chamber.  

16. Open exchange chamber door and remove platform. 

17. Close the exchange chamber door and press the “EVAC” button. 

18. Discard or save the samples, wash the plate and return the platform.  

19. Download images from the computer using share folder and a thumb drive or other memory 

storage device. Ensure that the image and the associated text file are copied as this will 

provide the scale bar on the bottom of the image. Otherwise this will not appear on the final 

image that is saved.  



 

A5XI.1 

 

Appendix 5.XI All SEM images from Chapter 5 

Not all of the SEM images relevant to conclusions derived from Chapter 5 are included in the body 

text. The further supporting images are included below. 

 
Figure 5.XI-1. SEM images of sample 4A (40v/v% rice starch) at different magnifications (on left) 

x3300 (on right) x45 

 

 
Figure 5.XI-2. SEM images of sample 4B (40v/v% cellulose) at different magnifications (on left) 

x5000 (on right) x220 
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Figure 5.XI-3. SEM images of sample 4C (40 v/v% PMMA) at different magnifications (on left) 

x5000 (on right) x160 

 

 

Figure 5.XI-4. SEM images of sample 5A (20 v/v% rice starch) at different magnifications (on left) 

x2200 (on right) x170. 
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Figure 5.XI-5. SEM images of sample 5B (20 v/v% cellulose) at different magnifications (on left) 

x5000 (on right) x220. 

 

 

Figure 5.XI-6. SEM images of sample 5C (20 v/v% PMMA beads) at different magnifications (on 

left) x5000 (on right) x160. 

 

The different levels of pore formers in sample set 4 versus sample set 5 show that there are fewer 

pores created in series 5, however, the microstructure of each appears to be affected very little. The 

rice starch samples (4A and 5A) show an interesting contrast in their different magnifications. The 

lower level of loading in Figure 5.14 appears to have a very positive effect on the microscale. The 

surface looks like it has many half-pocketed structures which are advantageous in providing increased 

surface area and edges for catalytic activity. 

  

The following samples were prepared using the tumbling mixer and were then die-pressed to 172.4 

bar (2500 psig). They were fired with the same temperature profile described above and the porogens 

were burned out. These samples show that the wide particle size distributed alumina powder resulted 
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in a denser final product. The wide range of alumina particle sizes results in finer packing and further 

densification.  

 

Figure 5.XI-7. Sample 6A (40v/v% rice starch) at two different magnifications (on left) x1500 (on 

right) x150. 

 

 

Figure 5.XI-8. Sample 6B (20v/v% PMMA beads) at two different magnifications (on left) x950 (on 

right) x200. 
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Appendix 5.XII All SEM images for different ink saturations 

The SEM images (Figure 5.XII-1 through Figure 5.XII-4) show a mixture of alumina powder with 

rice starch as a porogen mixed together with ink 4D. After firing, the samples (7A-7D and 8A-8D) 

were whole and intact. Some appeared to be rougher than others.   

   

Figure 5.XII-1. Sample 7A (contains 60 wt% ink) under SEM (on left) x4500 (on right) x45. 

 

   

Figure 5.XII-2. Sample 7B (contains 52.6 wt% ink) under SEM (on left) x4500 (on right) x450. 

 

    

Figure 5.XII-3. Sample 7C (contains 49.7 wt% ink) under SEM (on left) x4500 (on right) x450. 
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Figure 5.XII-4. Sample 7D (contains 47.7 wt% ink) under SEM (on left) x4500 (on right) x450. 

 

The following images (Figure 5.XII-1 through Figure 5.XII-4) show a mixture of alumina powder 

with PMMA beads as a porogen mixed together with ink 4D (as detailed in Chapter 4).  

   

Figure 5.XII-5. Sample 8A (contains 59.9 wt% ink) under SEM (on left) x4500 (on right) x450. 
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Figure 5.XII-6. Sample 8B (contains 52.5 wt% ink) under SEM (on left) x4500 (on right) x450. 

 

   

Figure 5.XII-7. Sample 8C (contains 50.0 wt% ink) under SEM (on left) x4500 (on right) x450. 

 

   

Figure 5.XII-8. Sample 8D (contains 47.5 wt% ink) under SEM (on left) x4500 (on right) x450. 

 

As can be seen in these images, there is no noticeable difference in the morphology when using 

different levels of ink saturation.  
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Appendix 5.XIII Thermogravimetric Analysis Details 

The graph for the thermogravimetric analysis (TGA) report (including TG, DTG, and DTA curves) is below. All three curves are on the graph below. The TG 

curve shows the mass loss with time, the DTG curve shows the temperatures where the greatest weight change occurs, and the DTA curve shows the 

temperature at which the largest signal changes occur.  

 

Figure 5.XIII-1. Peak identification for TG, TGA, DTG experiments for sample with rice starch and ink 4D.
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Overall, the TGA results for this sample shows that the sample used Ink 4D (47.4 wt%) and rice 

starch as the pore former (11.6 wt%). The temperatures corresponding to the ink components and the 

rice starch align nicely with the expected burn out conditions. 
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Appendix 6.I Full Energy-dispersive X-ray Spectroscopy Reports 

In the Materials and Methods section as well as the Results and Discussion section, Energy-dispersive 

x-ray spectroscopy (EDS) is discussed. It is performed with a scanning electron microscope (SEM) 

that is equipped with a special backscatter detector and an analysis program. The details of the 

apparatus can be found in 6.2: Materials and Methods. The EDS section of the Results and Discussion 

section contains a summary of the nickel dispersion within the printed samples compared to the 

industrial catalyst sample. More detailed results of these tests are included in this Appendix. 

 

Section 6.I-A. Industrial catalyst piece 

 

Figure 6.I-1. Electron image for EDS of solid piece of industrial catalyst. 
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Figure 6.I-2. Elemental analysis from EDS of solid piece of industrial catalyst. 

 

Figure 6.I-3. Nickel distribution on electron image for solid piece of industrial catalyst. 
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Section 6.I-B. Industrial catalyst-powdered 

 

Figure 6.I-4. Electron image for EDS of powdered industrial catalyst. 

 

Figure 6.I-5. Elemental analysis from EDS of powdered Industrial catalyst. 
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Figure 6.I-6. Nickel distribution on electron image for powdered industrial catalyst. 

 

Section 6.I-C. All images for HM-S7C-Undil 

 

Figure 6.I-7. Electron image for EDS of hand-mixed sample 7C with Ink 4D. 
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Figure 6.I-8. Elemental analysis from EDS of hand-mixed sample 7C with ink 4D. 

 

 

Figure 6.I-9. Nickel distribution on electron image for sample 7C with ink 4D. 
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Section 6.I-D. Sample PTD-1350-5% 

 

Figure 6.I-10. Electron image for EDS of printed sample fired using 1350UD profile, Mix 1, and ink 

4T7. 

 

Figure 6.I-11. Elemental analysis from EDS of printed sample fired with 1350UD profile, Mix 1, and 

ink 4T7. 
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Figure 6.I-12. Nickel distribution on electron image for printed sample fired with 1350UD profile, 

Mix 1, and ink 4T7. 

 

Section 6.I-E. Sample PTD-1350-20% 

 

Figure 6.I-13. Electron image for EDS of printed sample fired using 1350UD profile, Mix 3, and ink 

4T7. 
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Figure 6.I-14. Elemental analysis from EDS of printed sample fired with 1350UD profile, Mix 1, and 

ink 4T7. 

 

Figure 6.I-15. Nickel distribution on electron image for printed sample fired with 1350UD profile, 

Mix 3, and ink 4T7. 

 



 

A6I.9 

  

Section 6.I-F. Sample PTD-1550-5% 

 

Figure 6.I-16. Electron image for EDS of printed sample fired using 1550UD profile and Mix 1. 

 

 

Figure 6.I-17. Elemental analysis from EDS of printed sample fired with 1550UD profile, Mix 1, and 

ink 4T7. 
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Figure 6.I-18. Nickel distribution on electron image for printed sample fired with 1550UD profile, 

Mix 1, and ink 4T7. 
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Appendix 6.II Full Brunauer-Emmett-Teller Reports 

All BET reports include a table of all the measurements taken plus the plot of adsorption and 

desorption isotherms. The discussion of these results can be found in the Results and Discussion 

section of Chapter 6. 

 

Section 6.II-A. Full report for “as-received” industrial catalyst 

Table 6.II-1. Complete BET measurements for industrial catalyst piece. 

Summary Report 
 

Surface Area 
 

Single point surface area at p/p° = 0.250036426: 21.1945 m²/g 

BET Surface Area: 21.7210 m²/g 

Langmuir Surface Area: 31.5867 m²/g 

t-Plot Micropore Area: 2.0126 m²/g 

t-Plot External Surface Area: 19.7085 m²/g 

BJH Adsorption cumulative surface area of pores between  

17.000 Å and 3000.000 Å diameter: 23.647 m²/g 

BJH Desorption cumulative surface area of pores between  

17.000 Å and 3000.000 Å diameter: 25.2534 m²/g 

Pore Volume    

Single point adsorption total pore volume of pores less than 1247.822 

Å diameter at p/p° = 0.984238955: 0.061272 cm³/g 

Single point desorption total pore volume of pores less than 1227.362 

Å diameter at p/p° = 0.983971361: 0.062157 cm³/g 

BJH Adsorption cumulative volume of pores between 17.000 Å and 

3000.000 Å diameter: 0.062849 cm³/g 

BJH Desorption cumulative volume of pores between 17.000 Å and 

3000.000 Å diameter: 0.062456 cm³/g 

Pore Size 
 

Adsorption average pore width (4V/A by BET): 112.8338 Å 

Desorption average pore width (4V/A by BET): 114.4642 Å 

BJH Adsorption average pore diameter (4V/A): 106.310 Å 

BJH Desorption average pore diameter (4V/A): 98.926 Å 
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Figure 6.II-1. Isothermal plot of adsorption/desorption from Industrial catalyst piece. 

 

Section 6.II-B. Full-report for powdered industrial catalyst 

Table 6.II-2. Complete BET measurements for powdered industrial catalyst. 

Summary Report 
 

Surface Area 
 

Single point surface area at p/p° = 0.250109207: 23.3979 m²/g 

BET Surface Area: 24.0967 m²/g 

Langmuir Surface Area: 35.1811 m²/g 

t-Plot Micropore Area: 1.4236 m²/g 

t-Plot External Surface Area: 22.6731 m²/g 

BJH Adsorption cumulative surface area of pores between 17.000 

Å and 3000.000 Å diameter: 

26.090 m²/g 

BJH Desorption cumulative surface area of pores between 17.000 

Å and 3000.000 Å diameter: 

27.4509 m²/g 

Pore Volume 
 

Single point adsorption total pore volume of pores  

less than 1243.989 Å diameter at p/p° = 0.984189496: 

 0.062092 cm³/g 

Single point desorption total pore volume of pores  

less than 1259.948 Å diameter at p/p° = 0.984393387: 

 0.062678 cm³/g 

BJH Adsorption cumulative volume of pores  

between 17.000 Å and 3000.000 Å diameter: 

 0.064023 cm³/g 
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BJH Desorption cumulative volume of pores  

between 17.000 Å and 3000.000 Å diameter: 

 0.063600 cm³/g 

Pore Size 
 

Adsorption average pore width (4V/A by BET): 103.0707 Å 

Desorption average pore width (4V/A by BET): 104.0444 Å 

BJH Adsorption average pore diameter (4V/A): 98.158 Å 

BJH Desorption average pore diameter (4V/A): 92.675 Å 

 

 
Figure 6.II-2. Adsorption/Desorption Isotherm linear plot for powdered industrial catalyst. 

 

Section 6.II-C. Full-report for HM-S7C-Undil 

This sample was produced by hand-mixing alumina with PMMA as a pore former (sample 7C as 

defined in Chapter 5) with ink 4D. The details of how these samples were prepared can be found  

 

Table 6.II-3. Complete BET measurements for sample 7C with ink 4D and profile 1350UD. 

Summary Report   

Surface Area   

Single point surface area at p/p° = 0.250212418: 2.5391 m²/g 

BET Surface Area: 2.6749 m²/g 

Langmuir Surface Area: 3.9609 m²/g 

t-Plot External Surface Area: 2.7746 m²/g 
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BJH Adsorption cumulative surface area of pores between 17.000 Å 

and 3000.000 Å diameter: 2.723 m²/g 

BJH Desorption cumulative surface area of pores between 17.000 Å 

and 3000.000 Å diameter: 2.5236 m²/g 

Pore Volume   

Single point adsorption total pore volume of pores less than 

1276.226 Å diameter at p/p° = 0.984596021: 0.003192 cm³/g 

Single point desorption total pore volume of pores less than 

1280.132 Å diameter at p/p° = 0.984643867: 0.003164 cm³/g 

BJH Adsorption cumulative volume of pores between 17.000 Å and 

3000.000 Å diameter: 0.003495 cm³/g 

BJH Desorption cumulative volume of pores between 17.000 Å and 

3000.000 Å diameter: 0.003400 cm³/g 

Pore Size   

Adsorption average pore width (4V/A by BET): 47.7311 Å 

Desorption average pore width (4V/A by BET): 47.3108 Å 

BJH Adsorption average pore diameter (4V/A): 51.343 Å 

BJH Desorption average pore diameter (4V/A): 53.885 Å 

 

 

Figure 6.II-3. Adsorption/Desorption Isotherm linear plot for Sample 7C (see sample key). 
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Section 6.II-D. Full-report for PTD-1350-0% 

Table 6.II-4. Complete measurements for alumina printed sample (with no pore former) fired with 

1350UD profile 

Summary Report   

Surface Area   

Single point surface area at p/p° = 0.250161423: 2.7801 m²/g 

BET Surface Area: 2.8694 m²/g 

Langmuir Surface Area: 4.1977 m²/g 

t-Plot Micropore Area: 0.0988 m²/g 

t-Plot External Surface Area: 2.7706 m²/g 

BJH Adsorption cumulative surface area of pores between 17.000 Å 

and 3000.000 Å diameter: 2.951 m²/g 

BJH Desorption cumulative surface area of pores between 17.000 Å 

and 3000.000 Å diameter: 2.7756 m²/g 

Pore Volume   

Single point adsorption total pore volume of pores less than 

1268.190 Å diameter at p/p° = 0.984496646: 0.003377 cm³/g 

Single point desorption total pore volume of pores less than 

1270.337 Å diameter at p/p° = 0.984523315: 0.003358 cm³/g 

BJH Adsorption cumulative volume of pores between 17.000 Å and 

3000.000 Å diameter: 0.003710 cm³/g 

BJH Desorption cumulative volume of pores between 17.000 Å and 

3000.000 Å diameter: 0.003671 cm³/g 

Pore Size   

Adsorption average pore width (4V/A by BET): 47.0742 Å 

Desorption average pore width (4V/A by BET): 46.8146 Å 

BJH Adsorption average pore diameter (4V/A): 50.295 Å 

BJH Desorption average pore diameter (4V/A): 52.904 Å 
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Figure 6.II-4. Adsorption/Desorption Isotherm linear plot for alumina printed sample (with no pore 

former) fired with 1350UD profile. 

 

Section 6.II-D. Full-report for PTD-1350-5% 

Table 6.II-5. Complete measurements from printed sample Mix 1 fired with 1350UD using ink 4T7. 

Summary Report   

  

Surface Area   

Single point surface area at p/p° = 0.217348002: 3.5843 m²/g 

BET Surface Area: 3.8525 m²/g 

Langmuir Surface Area: 5.4271 m²/g 

t-Plot External Surface Area: 3.9018 m²/g 

BJH Adsorption cumulative surface area of pores between 17.000 Å and 

3000.000 Å diameter: 3.457 m²/g 

BJH Desorption cumulative surface area of pores between 17.000 Å and 

3000.000 Å diameter: 3.3417 m²/g 

Pore Volume   

Single point adsorption total pore volume of pores less than 144.480 Å 

diameter at p/p° = 0.855390647: 0.003883 cm³/g 

Single point desorption total pore volume of pores less than 144.434 Å 

diameter at p/p° = 0.855344008: 0.003742 cm³/g 
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BJH Adsorption cumulative volume of pores between 17.000 Å and 3000.000 

Å diameter: 0.003874 cm³/g 

BJH Desorption cumulative volume of pores between 17.000 Å and 3000.000 

Å diameter: 0.004063 cm³/g 

Pore Size   

Adsorption average pore width (4V/A by BET): 40.3124 Å 

Desorption average pore width (4V/A by BET): 38.8512 Å 

BJH Adsorption average pore diameter (4V/A): 44.826 Å 

BJH Desorption average pore diameter (4V/A): 48.630 Å 

 

 

Figure 6.II-5. Adsorption/Desorption Isotherm linear plot for Mix 1 printed sample fired with 

1350UD profile. 

 

Section 6.II-E. Full-report for PTD-1350-20%  

Table 6.II-5. Complete measurements from printed sample Mix 3 fired with 1350UD using ink 4T7. 

Summary Report   

Surface Area   

Single point surface area at p/p° = 0.250137665: 4.1101 m²/g 

BET Surface Area: 4.3042 m²/g 

Langmuir Surface Area: 6.3368 m²/g 

t-Plot Micropore Area: 0.2476 m²/g 

t-Plot External Surface Area: 4.0566 m²/g 
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BJH Adsorption cumulative surface area of pores between 17.000 Å and 

3000.000 Å diameter: 3.882 m²/g 

BJH Desorption cumulative surface area of pores between 17.000 Å and 

3000.000 Å diameter: 3.9481 m²/g 

Pore Volume   

Single point adsorption total pore volume of pores less than 1264.472 Å 

diameter at p/p° = 0.984450236: 0.005155 cm³/g 

Single point desorption total pore volume of pores less than 1273.331 Å 

diameter at p/p° = 0.984560367: 0.005138 cm³/g 

BJH Adsorption cumulative volume of pores between 17.000 Å and 

3000.000 Å diameter: 0.005110 cm³/g 

BJH Desorption cumulative volume of pores between 17.000 Å and 3000.000 

Å diameter: 0.005513 cm³/g 

Pore Size   

Adsorption average pore width (4V/A by BET): 47.9064 Å 

Desorption average pore width (4V/A by BET): 47.7461 Å 

BJH Adsorption average pore diameter (4V/A): 52.656 Å 

BJH Desorption average pore diameter (4V/A): 55.856 Å 

 

 

Figure 6.II-6. Adsorption/Desorption Isotherm linear plot for Mix 1 printed sample fired with 

1350UD profile. 
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Section 6.II-F. Full-report for PTD-1550-5%  

Table 6.II-6. Complete BET measurements from printed sample Mix 1 fired with 1550UD using ink 

4T7. 

Summary Report 
 

Surface Area   

Single point surface area at p/p° = 0.250123825: 1.0915 m²/g 

BET Surface Area: 1.2049 m²/g 

Langmuir Surface Area: 1.8604 m²/g 

t-Plot External Surface Area: 1.3240 m²/g 

BJH Adsorption cumulative surface area of pores between 17.000 Å and 

3000.000 Å diameter: 1.002 m²/g 

BJH Desorption cumulative surface area of pores between 17.000 Å and 

3000.000 Å diameter: 0.8381 m²/g 

Pore Volume   

Single point adsorption total pore volume of pores less than 1269.744 Å 

diameter at p/p° = 0.984515962: 0.001180 cm³/g 

Single point desorption total pore volume of pores less than 1283.933 Å 

diameter at p/p° = 0.984690144: 0.001132 cm³/g 

BJH Adsorption cumulative volume of pores between 17.000 Å and 

3000.000 Å diameter: 0.001132 cm³/g 

BJH Desorption cumulative volume of pores between 17.000 Å and 

3000.000 Å diameter: 0.001243 cm³/g 

Pore Size   

Adsorption average pore width (4V/A by BET): 39.1792 Å 

Desorption average pore width (4V/A by BET): 37.5726 Å 

BJH Adsorption average pore diameter (4V/A): 45.198 Å 

BJH Desorption average pore diameter (4V/A): 59.340 Å 
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Figure 6.II-7. Adsorption/Desorption Isotherm linear plot for Mix 1 printed sample fired with 

1550UD profile. 
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Appendix 6.III Full X-ray diffraction Reports 

In the Materials and Methods section as well as the Results and Discussion section, X-ray Diffraction 

(XRD) is discussed. The details of the apparatus can be found in 6.2: Materials and Methods. Details 

of these XRD reports are included for three samples below, including an “as-received” industrial 

sample, a “reduced and reoxidised” industrial sample, and a fired sample. Further details of these 

reports can be found in this Appendix. 

 

Section 6.III-A. Full report for “as-received” industrial catalyst 

Sample Data 

Radiation  X-rays 

Wavelength  1.790300 Å 

Table 6.III-1. Matched Phases in industrial sample. 

Index Amount (%) Name Formula sum 

A 68.2 Corundum Al2O3 

B 23.2    Nickel Oxide Ni O 

C 8.6 Lime Ca O 

 15.7 Unidentified peak area  

A: Corundum (68.2%) 

Formula sum   Al2O3 

Entry number   96-900-9681 

Figure-of-Merit (FoM)  0.806556 

 

B: Ni O (23.2%) 

Formula sum   Ni O 

Entry number   96-152-6381 

Figure-of-Merit (FoM)  0.734935 

 

C: Lime (8.6%) 

Formula sum   Ca O 

Entry number   96-900-6701 

Figure-of-Merit (FoM)  0.604976 
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Figure 6.III-1. Diffractogram for industrial sample. 
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Table 6.III-2. Peak residuals for industrial samples. 

Peak Data Counts Amount 

Overall peak intensity 3002 100.00% 

Peak intensity belonging to selected phases 2057 68.54% 

Unidentified peak intensity 944 31.46% 

 

Section 6.III-B. Full report for “reduced and reoxidised” industrial catalyst 

sample 

Sample Data 

Radiation X-rays 

Wavelength 1.790300 Å 

Table 6.III-3. Matched Phases in industrial “reduced and reoxidised” sample. 

Index Amount (%) Name Formula sum 

A 71.5 Corundum Al2O3 

B 19.6 Nickel Oxide Ni O 

C 8.9 Lime Ca O 

 14.7 Unidentified peak area  

A: Corundum (71.5%) 

Formula sum                             Al2O3 

Entry number   96-900-9682 

Figure-of-Merit (FoM)  0.649981 

 

B: Ni O (19.6%) 

Formula sum   Ni O 

Entry number   96-432-0488 

Figure-of-Merit (FoM)  0.794424 

 

C: Lime (8.9%) 

Formula sum   Ca O 
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Entry number   96-900-6736 

Figure-of-Merit (FoM)  0.620700 

 

Table 6.III-4. Peak list for industrial reduced sample 

No. 2theta [°] d[Å] I/I0 FWHM Matched 

1 9.23 11.1210 157.11 0.2000  

2 11.86 8.6610 284.11 0.2000  

3 23.30 4.4325 308.55 0.2000  

4 28.83 3.5961 155.63 0.2000  

5 29.69 3.4942 895.94 0.2000 A 

6 33.81 3.0782 280.40 0.2000  

7 35.15 2.9644 167.29 0.3000  

8 36.26 2.8769 217.49 0.2000  

9 38.04 2.7470 282.33 0.2000  

10 38.61 2.7078 266.82 0.2000  

11 40.37 2.5943 736.62 0.3000  

12 41.16 2.5464 360.43 0.2000 A 

13 42.76 2.4557 256.14 0.5000 C 

14 43.23 2.4302 367.94 1.3000  

15 43.71 2.4044 344.87 0.5000 B 

16 45.38 2.3204 163.40 0.3000  

17 50.14 2.1126 221.67 0.5000  

18 50.91 2.0825 1000.00 0.4000 A, B 

19 51.68 2.0536 483.69 1.6000  

20 52.44 2.0261 278.92 0.8000  

21 59.72 1.7978 187.70 0.2000  

22 61.17 1.7593 251.93 0.3000  

23 62.02 1.7374 218.30 0.2000 A, C 

24 66.75 1.6272 160.15 0.5000  

25 68.06 1.5995 535.70 0.2000 A 

26 70.39 1.5531 173.01 0.7000  

27 71.24 1.5370 314.46 0.5000 A 

28 74.63 1.4767 249.34 0.5000 B 

29 76.10 1.4524 198.79 0.4000  

30 79.30 1.4029 249.36 0.3000 A 
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Table 6.III-5. Integrated Profile Areas Based on Calculated Profile for industrial reduced sample. 

Profile area Counts Amount 

Overall diffraction profile 270682 100.00% 

Background radiation 218573 80.75% 

Diffraction peaks 52109 19.25% 

Peak area belonging to selected phases 12204 4.51% 

Peak area of phase A (Corundum) 5540 2.05% 

Peak area of phase B (Ni O) 5226 1.93% 

Peak area of phase C (Lime) 1438 0.53% 

Unidentified peak area 39905 14.74% 

Table 6.III-6. Peak Residuals for industrial reduced sample. 

Peak Data Counts Amount 

Overall peak intensity 2367 100.00% 

Peak intensity belonging to selected phases 350 14.78% 
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Figure 6.III-2. Diffractogram for industrial reduced sample. 
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Section 6.III-C. Full report for printed sample with Nickel ink 

Sample Data 

Radiation   X-rays 

Wavelength   1.790300 Å 

Table 6.III-7. Matched Phases in printed nickel ink sample. 

Index Amount (%) Name Formula sum 

A 91.2 Corundum Al2O3 

B 8.8 Nickel Aluminate Spinel Al2NiO4 

 16.6 Unidentified peak area  

A: Corundum (91.2%) 

Formula sum   Al2O3 

Entry number   96-900-9681 

Figure-of-Merit (FoM) 0.896982 

 

B: Al2NiO4 (8.8%) 

Formula sum   Al2NiO4 

Entry number   96-900-5990 

Figure-of-Merit (FoM) 0.807050 

 

Table 6.III-8. Peak list for printed nickel ink sample 

No. 2theta [º] d [Å] I/I0 FWHM Matched 

1 13.33 7.7146 18.86 0.1000  

2 22.25 4.6397 71.60 0.3000 B 

3 29.82 3.4786 538.63 0.2000 A 

4 36.76 2.8390 60.54 0.2000 B 

5 41.11 2.5494 897.61 0.3000 A 

6 43.39 2.4213 255.97 0.3000 B 

7 44.22 2.3781 369.22 0.2000 A 

8 48.84 2.1653 15.85 0.1000 A 

9 50.88 2.0840 1000.00 0.3000 A 
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10 52.96 2.0076 109.47 0.3000 B 

11 54.24 1.9636 23.51 0.2000 A 

12 58.15 1.8421 17.59 0.2000 B 

13 61.97 1.7389 426.82 0.3000 A 

14 66.20 1.6391 26.56 0.3000 B 

15 68.02 1.6005 867.36 0.3000 A 

16 70.78 1.5456 98.79 0.3000 A,B 

17 72.66 1.5110 83.24 0.3000 A 

18 78.17 1.4198 119.67 0.4000 B 

19 79.24 1.4037 304.22 0.3000 A 

Table 6.III-9 Integrated Profile Areas Based on Calculated Profile for printed nickel ink sample 

 

Profile area Counts Amounts 

Overall diffraction profile 528272 100.00% 

Background radiation 283390 53.64% 

Diffraction peaks 244882 46.36% 

Peak area belonging to selected phases 157105 29.74% 

Peak area of phase A (Corundum) 132179 25.02% 

Peak area of phase B (Al2NiO4) 24926 4.72% 

Unidentified peak area 87777 16.62% 

 

Table 6.III-10. Peak residuals for printed nickel ink sample 

Peak data Counts Amount 

Overall peak intensity 12958 100.00% 

Peak intensity belonging to selected phases 12612 97.33% 

Unidentified peak intensity 346 2.67% 
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Figure 6.III-3. Diffractogram for printed nickel ink sample. 
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Appendix 6.IV Full Reduction and Temperature Programmed Desorption 

Reports 

In the Materials and Methods section as well as the Results and Discussion section, reduction and 

temperature-programmed desorption (TPD) is discussed. It was performed on a BELCATII unit from 

BEL JAPAN, Inc. (Osaka, Japan). The details of the apparatus can be found in 6.2: Materials and 

Methods. The Reduction and TPD section of the Results and Discussion section contains brief 

relevant information from the TPD reports. Further details of these reports can be found in this 

Appendix. 

 

The temperature profile and gas feed rates were held constant across all samples. These can be found 

in Table 6.IV-1 below. 

Table 6.IV-1. Pre-treatment parameters for all TPD experiments. 

Step Gas name 

Flow 

rate 

(sccm) 

Time 

(min) 

Target 

temp. 

(°C) 

Cooling 

FAN 

1  1:He 30 60 30 0: Off 

2  1:He 30 67 700 0: Off  

3  2:H2/Ar 30 180 700 0: Off  

4  1:He 30 72 35    1: Use 

5  1:He 30 120 35 0: Off 

6  5:CH4/Ar 30 180 35 0: Off 

7  1:He 30 30 35 0: Off 

 

The temperature program after the pre-treatment was constant for all samples and included an 

intermediate stabilizing step, holding the sample at the last condition for 30 minutes, and a 

temperature ramp at 10°C/min up from 30°C to 700°C. The sample was held at 700°C for 20 minutes 

and then the sample was allowed to cool. 
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The summary of the signal intensity over temperature for all samples is given in the following three 

figures. The first shows the absolute intensity of signal normalised with respect to the sample weight 

versus the temperature program. The second is a zoomed view of the same graph to give a better view 

of the non-industrial samples. The third figure shows the signal intensity of the sample normalised 

against the amount of nickel measured in the samples that was calculated from the EDS results earlier 

in these appendices.
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Figure 6.IV-1. Signal intensity versus temperature for all samples normalised by sample weight. 
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Figure 6.IV-2. Signal intensity versus temperature for all samples normalised by sample weight (zoomed in view). 

30 75 120 165 210 255 300 345 390 435 480 525 570 615 660 705

In
te

n
si

ty
 (

a.
u
.)

Temperature [°C]

Signal vs Temperature (normalised for total sample weight-zoom view)

Industrial Piece

Industrial Powdered

HM-UndilS7C

PTD-1350-5pct

PTD-1350-20pct

PTD-1550-5pct



 

A6IV.5 

  

  

Figure 6.IV-3. Signal intensity versus temperature normalised for amount of nickel.
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Section 6.IV-A. Piece of industrial catalyst 

CF 

(count/mmol) 35274177 
     

No. of peak 2 
     

X-axis Time scale 
    

No. 

Start 

time(sec) 

End 

time(sec) 

Time 

width(sec) 

Peak 

position(sec) 

Area 

(count) Temperature 

1 1874 3641 1768 2418 1330215 123.1°C 

2 3642 3653 12 3646 3745 351.5°C 

 

Section 6.IV-B. Powdered industrial catalyst 

CF(count/mmol) 34312044 
    

No. of peak 1 
    

X-axis Time scale 
   

No. 

Start 

time(sec) 

End 

time(sec) 

Time 

width(sec) 

Peak 

position(sec) Area(count) 

1 1956 3911 1956 2487 813671 

    
140°C 

 

 

Section 6.IV-C. HM-S7C-Undil 

CF(count/mmol) 34312044 
    

No. of peak 1 
    

X-axis Time scale 
   

No. 

Start 

time(sec) 

End 

time(sec) 

Time 

width(sec) 

Peak 

position(sec) Area(count) 

1 1968 3352 1385 2318 133995 

    
105.1°C 
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Section 6.IV-D. PTD-1350-5% 

CF(count/mmol) 34312044 
    

No. of peak 1 
    

X-axis Time scale 
   

No. 

Start 

time(sec) 

End 

time(sec) 

Time 

width(sec) 

Peak 

position(sec) Area(count) 

1 1968 3634 1667 2327 107957 

    
108.5°C 

 

Section 6.IV-E. PTD-1350-20% 

CF(count/mmol) 34312044 
    

No. of peak 1 
    

X-axis Time scale 
   

No. 

Start 

time(sec) 

End 

time(sec) 

Time 

width(sec) 

Peak 

position(sec) Area(count) 

1 1987 3628 1642 2375 141629 

    
115.1°C 

 

Section 6.IV-F. PTD-1550-5% 

CF(count/mmol) 34312044 
    

No. of peak 1 
    

X-axis Time scale 
   

No. 

Start 

time(sec) 

End 

time(sec) 

Time 

width(sec) 

Peak 

position(sec) Area(count) 

1 1962 3653 1692 2388 14930 

    
119.2°C 
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Appendix 7.I Reactor Design 

A reactor was designed and constructed as part of this work. The reactor itself was built, pressure 

tested, and weld-checked. The system for generating and running steam methane reforming for this 

reaction vessel was designed but never executed. The entire system was not constructed due to time 

and budget constraints.  

 

The design of the reaction vessel and the supporting system is documented here for use in future 

work. 

 

 

Figure 7.I-1. Picture of completed reaction vessel. 
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The reactor was specifically designed to function inside of a furnace that the university had obtained. 

This clamshell furnace needed to be mounted on a vertical stand (which was quoted as part of the 

larger system design) so the reactor could be positioned as shown in the picture. The flanges were 

designed to be outside of the furnace. 

 

Figure 7.I-2. Lindberg/MPH furnace for reactor heating. 

The furnace is a Lindberg/MPH single-zone furnace capable of reaching 1200°C. The model number 

is 55322-3, and the heated length inside of the furnace is 305 mm. The vertical stand model is 553-

VFS.  

 

The reactor also needed to be designed with an internal volume of less than 1 litre for safety 

considerations given the pressures needed for steam methane reforming processes. The hazard level 

for pressure vessels was calculated according to the standard, “AS 4343-2005”. The calculations for 

hazard level are included in the excel document below. 

Determining Hazard 

Level-Final.xlsx
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The reactor was designed to meet or exceed the requirements for the ASME Boiler and Pressure 

Vessel Code. Both the flanges and the minimum required thickness for all components were taken 

into account in the excel documents below. The design of the reactor requires information on the 

properties of the material of construction chosen. UNS no. S31000 (310), a high nickel-chrome alloy, 

was chosen because of its high resistance to creep and stress at elevated temperatures as well as the 

high corrosion resistance.  

Flange Design 

Calculations-FINAL.xlsx
 

Reactor Required 

Thickness calculator(ASME Code 2009b included).xlsx
 

The vessel was drawn in Solidworks so that drawings could be generated for the construction. These 

drawings are included in .pdf form. 

Final Dimensioned 

Drawings (26-1-2018).pdf
 

 

The raw material for building the reactor was quoted and obtained from Magellan Metals. 

Inv. 45153 Part 1.pdf

 

The details for confirmation of metal composition confirmation are included immediately below. 

Inv. 45153 Part 2 

(cert).pdf
 

The bolts required for closing the reactor were sized as part of the flange sizing calculations. They 

were quoted as below. 

QUOTE6904726-ANZ

OR Bolts.pdf
 

The hydraulic pressure testing was performed by Lyttelton Engineering and the certification is 

included here. 

40NB Spool MDR.pdf
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The reactor can be operated at a maximum pressure of 20 bar and a maximum temperature of 900°C. 

The design of reaction vessels is such that the total stress is a function of both the maximum 

temperature and pressure. To some extent, the maximum pressure can be modified is the maximum 

temperature is lowered, and vice-versa.  
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Appendix 7.II System Design 

All documents have been archived with Matt Watson for future execution. The documents have also 

been embedded in this appendix. Each document is preceded by a brief description of the file 

contents. 

 

The necessary components of this system include: gas bottles (or feed) for the gases, a water reservoir 

for steam generation, valves, pressure relief device(s), pressure and temperature monitoring systems, 

and analytical equipment for the outlet of the reaction system in order to characterise the output of the 

reaction system to measure the final composition of the gas feed. Additional equipment might be 

needed to prepare the exiting gas feed for analysis. In addition, the output of the system will need to 

be vented to a safe location. 

 

The furnace stand, as previously mentioned, was quoted. This quote from Lindberg/MPH is included 

below. 

UNIVERSITY OF 

CANTERBURY - MICHELLE KRAMER - Q29793 - 12-19-17.pdf
 

The tubing, gas bottles, and mass flow controllers required for the system were sized according to 

desired space velocities within the system. 

Sizing Tubing, Gas 

Bottles, and MFCs(based on reactor Space Velocities).xlsx
 

A high pressure/temperature steam generator is required for use with this system. The required 

temperature, pressure, and flow rate of the steam is achievable with the equipment quoted here from 

Cellkraft. 

Quotation_D-1412.pd

f
 

The final analytical system for the output could either be a gas chromatography system or a 

specialised analyser, such as one from Horiba. From Horiba, the system explored and quoted was the 

VA-5111G Multiple Gas Analyser including: NDIR bench for measuring Carbon Monoxide with a 

range of 0-2% to 0-25% with up to 4 additional ranges at additional price; NDIR bench for measuring 

Carbon Dioxide with a range of 0-2% to 0-25% with up to 4 additional ranges at additional price; 

NDIR bench for measuring Methane with a range of 0-2% to 0-25% with up to 4 additional ranges at 

additional price. This system quoted at approximately $26,000 NZD in June of 2017. The addition of 

a sample conditioning system from Horiba was an additional $9,000 NZD in June of 2017. 


