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A dearth of literature regarding the fabrication of separation membranes via 

indirect additive manufacturing undermines the significant progress made by 3D 

technologies to improve resolution, printing time, and ease of operation. That is to say, 

the benefits of 3D printing may be realized even with an indirect route. This thesis aims 

to employ bench-scale stereolithography (SLA) to print a mold design that may be 

combined with a conventional technique to consistently yield viable alumina membrane 

supports for separation application. An iterative approach was applied to mitigate 

potential sources of variability, including poor mold design, mold casting, and ceramic 

substrate coating. Once the procedure was established, multiple alumina supports were 

fabricated, characterized, and coated with zeolite A(LTA) separation layers for 

pervaporation separations. The alumina supports demonstrated highly-ordered 

macroscopic structures, asymmetric microstructures, acceptable dimensional shrinkage 

(15.4%-18.5%), moderate density (2.89g/cm3), and good porosity (35.5%). The LTA-

coated asymmetric membrane exhibited excellent separation performance with a flux of 



	

0.800 kg/(m2•h) and a separation factor of 5190 for the pervaporation separation of an 

ethanol-water mixture. Although the generalizability is limited to other high-resolution 

bench-scale SLA printers, it is clear that high-quality ceramic separation membranes or 

substrates may be fabricated with an indirect additive manufacturing approach. Thus, the 

findings of this thesis provide a highly repeatable and reproducible fabrication pathway 

for challenging materials and geometries while still exploiting the unparalleled precision 

and control of 3D printing.    
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Chapter 1: Introduction and Overview 
 
1.1. Background 
 
1.1.1. Separations 
	
 A number of environmental concerns, such as air pollution and water 

contamination, have become increasingly pervasive and necessitate novel solutions to 

mitigate their effects. Many of these concerns may be combated with separation methods. 

Separations, which encompass purification and concentration processes, are integral 

components to many industrial chemical plants, and as a result, many of a plant’s 

resources are allocated to these separation operations. Bin Liang and colleagues cited that 

over 50% of a plant’s energy usage is appropriated to these operations.1 The impact of 

these processes is not confined to chemical plants alone, as David Sholl’s group 

communicated in “Seven Chemical Separations to Change The World.” Sholl’s group 

stated that 10% to 15% of the United States’ total energy consumption was attributed to 

separations.2 They postulate that if more energy-efficient methods were employed for 

these separations in the U.S., a 100 million tonnes reduction in carbon dioxide emissions 

and a 4 billion dollar decrease in energy could be realized.2 2 

1.1.2. Membranes 
	

Membrane separation is the selective removal of materials in a mixture by allowing 

components to permeate across the membrane while others remain in the feed. Efficient 

separations typically exploit differences in the size of the species or the chemical potential 

across the membrane. Membrane separations have often been lauded as energy-efficient 

alternatives to conventional operations. They bear several more advantages over 
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conventional separations, including facile operation, small footprint, and high separation.3 

They are employed in various applications, including gas separations, carbon capture and 

sequestration, desalination, and solvent purification. Applications with harsh conditions or 

swelling concerns, for instance, are more aptly addressed with ceramic membranes. 

Ceramic membranes are composed of metal oxides such as alumina (Al2O3), titania 

(TiO2), zeolites (i.e., aluminosilicate), non-metal oxides such as carbides and nitrides, or 

some combination of oxides and non-oxides. Ceramic membranes are typically asymmetric 

with varying porosity layers. Table 1.1 classifies ceramic membranes based on pore size. 

Table 1.1. Ceramic membranes based on pore size and permeation mechanism. 
Acronyms: Nanonfiltration(NF),Ultrafiltration(UF), Microfiltration.(MF) Adapted from 
ref. 3 

 

Table 1.1 demonstrates the versatility and tunability of ceramic membranes as 

they cover an extensive range of pore sizes and accommodate several different 

applications. 

1.1.2.1. Alumina Membranes 
	

Of the ceramic membranes, alumina has garnered increased attention. In addition 

to the chemical and physical stability characteristic of ceramic materials, alumina 

demonstrates extreme hardness, electrical resistivity, and corrosion resistance.4These 

advantages have led to the use of alumina membranes in water treatment, food 
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processing, and pharmaceuticals. Thus, alumina has developed a niche where quality is of 

the utmost importance. Even with these desirable traits, alumina membranes have failed 

to gain ubiquity because fabrication is a costly, complicated multi-step process with low 

reproducibility.5–7Fortunately, the burgeoning field of additive manufacturing or 3D 

printing seems well-equipped to help eliminate or, at the very least, mitigate the 

shortcomings associated with alumina membrane fabrication. 

1.1.3. Additive Manufacturing 
	
 Additive manufacturing is the deposition of material, layer-by-layer, along a 

computer-aided design (CAD) path. Additive manufacturing techniques are broadly 

categorized under four types: photopolymerization, powder, material extrusion, and 

lamination. Figure 1.2 provides examples of each technique, along with schematics of 

operation. Of these techniques, photopolymerization is the best equipped, at this time, to 

handle the fabrication of separation membranes, owing to its high resolution. For 

example, Matthias Wessling’s group has succeeded with photopolymerization techniques 

as they were able to print polydimethylsiloxane (PDMS) membranes with direct light 

processing (DLP) printing.8 DLP is similar to SLA, but it uses a DLP projector to 

generate cross-sections rather than a UV laser. Wessling and colleagues' success 

notwithstanding, direct printing of separation membranes has achieved limited success 

overall and significantly less with inorganic and alumina membranes. 
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Figure 1.1 Schematic summary of AM techniques. Acronyms: stereolithography (SLA), 
two-photon polymerization (TPP), continuous liquid interface production (CLIP), 
selective lasersintering (SLS), fused deposition modelling (FDM), direct writing 
assembly (DWA), laminated object manufacturing (LOM), and selective deposition 
lamination (SDL). Adapted from 9. 
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1.2. Motivation and Objectives 
	
 Currently, research efforts for the additive manufacturing of alumina membranes 

have been focused primarily on direct fabrication.9–11 Although direct printing of the 

membrane is ideal, developing a mixture composition that is compatible with a given 

technique is a non-trivial endeavor primarily because of resolution and material 

limitations.9–11 The pursuit to directly fabricate alumina membranes has resulted in a lack 

of exploration of indirect methods. This potentially undermines and ignores the 

significant advancements many printing techniques have made to improve resolution, 

printing time, and surface finishes.9 Such improvements could potentially yield a robust 

mold that in turn improves the final structural characteristics of the alumina membrane. 

Thus, a failure to explore improved 3D technologies and indirectly implement them into 

membrane fabrication has limited researchers from truly exploiting all aspects of 3D 

printing. 

 This paper seeks to assert that the benefits of 3D printing may be realized even 

with an indirect fabrication route. That is to say, even as a complement to a conventional 

technique,3D printing may not only simplify but also enhance the repeatability and 

reproducibility of the fabrication procedure. To illustrate this impact of 3D printing, the 

objectives of the study and implied research questions are the following: 

1. Envisage and design a mold that is theoretically compatible with a 

conventional technique (e.g., Phase Inversion or Slip-Casting). This objective 

will address the following questions: (a)What are the possible designs, (b) with 

what software will the mold design be constructed, and (c)how must the mold 

be designed to ensure compatibility? 
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2. Print the mold design with a 3D printing technique with high accuracy and 

consistency. The following research questions will be answered:(a) what printing 

technique will be employed, (b) how do the advantages of this printing technique 

accommodate conceived designs, and(c) what elements of design will affect 

printing viability? 

 
3. Preliminarily employ a conventional technique to determine if mold is capable of 

yielding an alumina membrane. This objective will address the following 

questions:(a) what conventional techniques are available, (b) how will these 

techniques be executed, (c) do these techniques yield near-net shapes, and (d) 

what determines successful application? 

4. Develop a facile highly repeatable and reproducible procedure to fabricate an 

alumina membrane using the mold. This objective will address the following 

questions:(a) what is the final alumina concentration in the casting solution (b) 

how is the concentration determined, (c) how the membrane matrix is obtained, 

(d) how the alumina membrane is demolded, (e) how is the alumina densified, 

and (f) what are the desired morphological characteristics? 

5. Characterize the alumina membrane and use this data to highlight the effects of 

3D printing. The following research questions will be answered:(a) what are the 

methods of characterization, (b)what do the results of these characterizations 

imply about the membrane, (c) are there any discernable trends, (d) are these 

trends consistent with literature, and (e) what is the added value of using 3D 

printing? 
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6. Use the alumina membrane as a support in a practical separation process and 

analyze its performance. This objective will address the following questions:(a) 

what separation process will be explored, (b) why is the alumina membrane used 

for this process, (c) what will be used as the separation layer, and (d) what is the 

interplay between support and separation layer? 

 

 This study will contribute to the knowledge of available lab-scale alumina 

membrane fabrication techniques by offering a novel indirect fabrication route that 

exploits 3D printing. Furthermore, it will discuss how indirect 3D printing can help to 

control membrane characteristics and how that can impact the deposition of a separation 

layer. 5 This will help to address the current shortage of research in this area and serve as 

a reference for the continued exploration of additive manufacturing with alumina, as well 

as, ceramics. 

1.3. Preliminary Limitations of The Study 
	
 This section will present the limitations that were apparent at the beginning of this 

study by discussing the scope, availability of resources, and generalizability of findings. 

The scope of this study is confined to the lab-scale fabrication of alumina 

membranes. That is to say, a great deal of development of 3D printing techniques and 

additional research must occur before considering scaling-up.9–11 Also, the research 

methodology is more concerned with reducing complexity rather than cost as 

comparative estimates are difficult to quantify. This analysis may appear subjective, but it 

will be presented through the perspective of critical process parameters. 
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 Experiments in this study were executed by two graduate-level students in about 1 

year. Students have a developing knowledge of complex topics employed such as zeolite 

synthesis and quaternary component mass transfer. However, these are topics that take 

several years of experience to fully grasp.  

 Physical access to various printing techniques was also limited, which in turn 

restricts the generalizability of the findings to the printing technique employed in this 

study. In other words, because there are over 50 printing techniques available and this 

study only explores one, it would be incorrect to say indirect fabrication is similarly 

impactful with other printing techniques.9,10 

1.4. Structure of Study 
	

Now that the motivation, objectives, and limitations have been established, this 

section will provide an overview of the content to be presented in the upcoming chapters. 

Chapter 2 will discuss objectives 1, 2, and 3 along with the underlying research 

questions. This will provide insight to the evolution and selection of the final mold 

design. Chapter 3 will address objectives 4 and 5 along with the underlying research 

questions. It will discuss how the process parameters were manipulated to establish the 

final methodology. Additionally, it will discuss the impact of 3D printing on the final 

membrane properties. Chapter 4 will address objective 6 along with the underlying 

research questions. It will discuss whether the alumina membranes are viable functional 

supports. It will also discuss how 3D printing and resulting surface morphology impact 

the formation and performance of the separation layer. Chapter 5 will conclude the study 

with a final assessment of important findings and discussion on how these findings can 
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potentially lay the foundation for further exploration of alumina membrane fabrication 

with additive manufacturing. 
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Chapter 2: Mold Design, Development, and Selection 
 

In this chapter, the iterative procedure of designing and developing a suitable 

mold is discussed. A generalized process flow diagram from design idea to preliminary 

fabrication methods is provided in Figure 2.1 

 

Figure 2.1. A generalized process flow diagram for mold design fabrication and 
exploration. Orange-colored boxes represent decision-making steps or bottlenecks that 
contribute to the iterative nature of the process. 
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Figure 2.1 presents the initial exploration process to fabricating an alumina 

substrate that will lay the foundation for finalizing and optimizing the procedure in 

chapter 3. Admittedly, there is some overlap between chapters as casting techniques must 

be employed to determine mold viability, but the interpretations will change. For 

instance, “Successful Casting” in Figure 2.1 and chapter 2 as a whole, refers to the ability 

of the mold to simply isolate an alumina substrate; whereas, in chapter 3, it will refer to 

attaining specific properties on the final sintered support. In other words, although the 

discussion of casting techniques overlaps, the focus of chapter 2 is on the mold, and the 

focus of chapter 3 is on the support itself. It is important to bear this distinction in mind 

as it will elucidate the rationale behind the decision-making in this chapter.  

  As communicated in the introduction, this chapter will address objectives 1,2, 

and 3, and the structure of this chapter will mirror as such. Thus, the first section will 

discuss the designs explored and their construction. Secondly, the efficacy of these 

designs to be printed with stereolithography will be assessed and presented. Then, a 

discussion of preliminary casting techniques employed to fabricate an alumina support 

will be offered. Finally, the chapter will culminate with the selection of the mold design 

that best satisfies the following criteria: 

o The design must print accurately and consistently. 

o The mold must present a pathway to yield an isolated alumina substrate.  

o The alumina substrate should be near-net shape. 

o The pathway must provide promise of achieving high repeatability and 

reproducibility. 
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2.1. Designs 
	

This section will briefly describe how conceived supports were transposed to 3D 

digital renderings. It will delineate procedure, impetus, and intended usage for each 

design.  

All mold designs were cylindrical and concave so that material could be cast to 

yield supports with tubular configurations. Tubular configurations are attractive because 

of their good fouling resistance and high cleaning efficiency.12 Moreover, the tubular 

configuration was selected because it was intriguing enough to explore with 3D printing 

and likely the most feasible of configurations. For instance, a hollow fiber configuration 

would likely exceed the aspect ratio constraints of the printer, and a flat-sheet 

configuration would fail to show the ability to fabricate complex geometries.13,14 

All designs were constructed using SolidWorks 2022. Once the designs were 

completed, they were exported as .STL files. 

2.1.1. Movable Mold 
	
 On the top plane, two concentric circles were drawn. The innermost circle had a 

diameter of 9.40 mm (0.37 in), and the outermost circle had a diameter of 11.43 mm 

(0.45 in). These diameters corresponded to a thickness of approximately 2 mm (0.08 in). 

Using “extruded boss/base,” the sketch of concentric cylinders was projected along the z-

axis to a height of 25.4 mm (1 in). At the top of the outer cylinder, using the “reference 

geometry” feature, a new plane was created. Thereafter, the new plane was used to sketch 

a circle with a diameter of 6.60 mm (0.26 inch). Then, using the “extrude-thin” feature, 

the circle was simultaneously projected to a height of approximately 1 mm (0.04 inch) 
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and given a thickness of 0.25 mm (0.01 inch). Once the cylinder was completed, a new 

plane perpendicular to an arbitrary point on the curved surface was generated. This plane 

was used to generate a fin that extended from the center cylinder to the top of the outer 

cylinder. Using the “circular pattern” feature, multiple copies of the fin were created 

around the center cylinder, and the design was completed, as seen in Figure 2.2(A). To 

complete the mold, a separate non-attached solid cylinder with a base was also designed. 

The non-attached cylinder was constructed with two separate extruded boss/base steps. 

The base was designed to have a diameter of 8.89 mm (0.35 in), and the inner cylinder 

had a diameter of 6.35 mm (0.25 in) and was projected to a height of 25.4 mm, as shown 

in Figure 2.2(B). 

 

 

Figure 2.2. (A) SolidWorks image of the outer cylinder of the movable mold. Outer 
surface of outer cylinder is 11.43 mm. The outer cylinder is 2 mm thick. The thin 
cylinder in the center is used to anchor the detached inner cylinder (B) SolidWorks image 
of the inner cylinder with attached base. Inner cylinder has a diameter of 6.35 mm and 
length of 25.4 mm. 
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The mold design was conceived as a means to simulate wet-spinning phase 

inversion. The movable mold's outer cylinder was designed to anchor the inner cylinder 

without being permanently attached, hence the center cylinder with attached fins. 

Additionally, the base of the inner cylinder was designed to be slightly smaller than the 

inner walls of the outer cylinder. This design would allow the inner cylinder to slide 

through the outer cylinder and extrude the material, rendering the movable mold a 

candidate for colloidal processing.   

2.1.2. Solid Cylindrical Mold 
	

The solid cylindrical mold was constructed by, firstly, drawing a circle of 12.19 

mm (0.48 in) on the top plane.  Using extruded boss/base, the circle was projected along 

the z-axis to a height of 27.94 mm (1.10 in). Then, using the SolidWorks built-in “shell” 

feature, the top face of the cylinder was selected, and 10.16 mm (0.40 in) of this fully 

solid cylinder was rendered hollow, which corresponded to an outer cylinder thickness of 

approximately 1 mm. Also, using the shell feature, the bottom face was selected under 

the option multi-thickness to control the depth of the shell. From the top of the cylinder to 

the newly developed base, this hollow region had a depth of 25.4 mm (1 in). A new 

sketch was initiated on the positive z-face of the base. This sketch was used to draw a 

circle with a diameter of 6.35 mm (0.25 in) that would later be extruded to a height of 

25.4 mm, as shown in Figure 2.3.The resulting thickness of the annular cavity was 1.875 

mm (0.075 in). 
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Figure 2.3.  SolidWorks image of completed Solid Cylindrical Mold. Thickness of the  
annulus is 1.875 mm; Diameter of the inner rod is 6.35 mm. Outer diameter of the outer 
cylinder is 12.19 mm.    

The solid cylindrical mold was explored with colloidal processing techniques and 

pyrolysis.     

2.1.3. Mesh Cylindrical Mold-Helical Approach 
	

The first step in constructing the mesh cylindrical mold via the helical approach 

was to sketch a rectangle on the top plane. The size of the rectangle was arbitrary and 

relatively unimportant as long as it was large enough to fit a circle with a diameter of 

10.16 mm. Once the rectangular sketch was complete, it was projected using extruded 

boss/base, and a circle with a diameter of 10.16 mm was drawn on the positive z-face of 

the rectangular prism. Using the “curves” feature, a spiral/helix curve was drawn in the 

positive z-direction. This spiral/helix curve eventually served as a path for subsequent 

features. At an arbitrary point along the circumference of the circle, circular cross-

sections were drawn. Then using the circular pattern feature for sketches, multiple copies 

of the cross-section were populated around the circle. Using the “sweep” feature, the 

cross-sections were projected in the positive z-direction along the path of the spiral. At 

the top of these projections, a new plane was created using the reference geometry 
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feature. On this plane, the exact same procedure of sketching a circle, establishing a 

helical/spiral path, and sweeping the cross sections was executed. The only exception was 

that the path and, therefore, the sweeps were oriented in negative z-direction. The result 

was a number of interconnecting cylinders comprising the outer cylinder. An inner 

cylinder with a diameter 6.35 mm was added to the center of the base to ensure cast parts 

would be hollow. The completed design is given in Figure 2.4. 

 

Figure 2.4. SolidWorks image of mesh cylinder designed via helical approach inner 
cylinder diameter is 6.35 mm. 

The mesh cylindrical mold via the helical approach was conceived in response to 

several challenges that the solid outer cylinder presented regarding mass transfer and 

internal pressure buildup. The mesh design would provide an increased surface area 

which would bode better, in theory, for mass transfer.15  This design was intended to be 

used with colloidal processing and pyrolysis.    

2.1.4. Mesh Cylindrical-Alternative Approach 
	

The procedure for constructing the base and circular sketch for the alternative 

approach was identical to that of the helical approach. At an arbitrary point along the 

circumference of the circle, a smaller circle of approximately 0.51 mm (0.02 inch) in 
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diameter was drawn and projected along the z-axis. Using the reference geometry feature, 

a one-line axis line of revolution was established at the origin that allowed for a separate 

cylinder to interconnect with the recently projected z-axis cylinder. Using the circular 

pattern feature for the cylinder projecting along the z-axis and the “linear pattern” feature 

for the revolving cylinder, multiple copies of each were made until the mesh outer 

cylinder was fully developed. Finally, a solid 6.35 mm diameter cylinder was constructed 

in the center by initiating and extruding on the positive z-face of the base. The complete 

design is given in Figure 2.5.  

 

Figure 2.5. SolidWorks image of mesh cylinder designed via alternative approach. The 
outer diameter of the outer inncer cylinder 9.65 mm. The outer diameter of the inner rod 
is 6.35 mm. The area of the holes is 1.52 mm. 

 The mesh cylinder via the alternative approach was conceived in response to 

inconsistent printing of the mesh cylinder via the helical approach. It was believed that 
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lack of upward curvature would result in more consistent printing. This design was 

intended to be used with pyrolysis and colloidal processing. 

2.2. SLA 
	

This section will detail the printing of the aforementioned designs with SLA. 

Printing orientation, support, and printing success will be provided for each design.  

SLA is a technique that implements a UV laser to trace and cure a photosensitive 

liquid resin to obtain the desired design. SLA is advantageous because it yields smooth 

surfaces and high resolution of small intricate details.9 Such a quality is crucial for the 

aforementioned molds that have small holes. 

To print the aforementioned designs, a Formlabs 2 printer was used. An image of 

the Form 2 is provided in Figure 2.6. 

 

 

Figure 2.6. An image of the Form2, which has a build volume of 145x145x175mm. It is 
Formlabs’ second-generation desktop printer and was used to print the designs presented 
in this study.16 

The Form 2 employs a bottom-up orientation. The bottom-up orientation has a 

transparent bottom surface that allows the light of the laser to pass through and cure a 
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cross-section along the design path, but it prevents the cured resin from sticking to the 

surface. The resin is detached from the bottom of the tank and moves up with the build 

platform. The Form 2 produces the desired design by repeatedly UV curing and detaching 

from the bottom surface layer-by-layer until the object is complete.   

The Form 2 comes with a companion program, PreForm. In Preform, the design 

.STL file is imported, and the orientation, support, and layer thickness are set. Most of the 

standard resins are capable of layer thicknesses of 25, 50, and 100 microns. Selecting the 

appropriate layer thickness is dependent upon design features and the resin used, as there 

is a tradeoff between time and improved accuracy. Therefore, as a general rule, a layer 

thickness of 25 microns is reserved for capturing designs with intricate features.17   

2.2.1. Printing of Movable Mold 
	

In Preform, the inner and outer cylinder designs were oriented vertically with 

auto-generated mini-supports at the bases. Formlabs’ High-Temperature resin was used 

to print both designs concurrently. There were 178 layers that printed over 1.25 hours. 

The prints were subsequently washed in an Isopropyl (IPA) bath for 5 minutes and placed 

in a curing oven at 80 °C for 120 minutes. 

 The fins on the top of the outer cylinder presented a challenge as they were 

overhangs, which are extended unsupported features. Nevertheless, the majority of the 

fins did successfully print, but the thinness of these features resulted in fragility. In fact, a 

portion of one of the fins broke, as shown in Figure 2.7. 
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Figure 2.7. Finished movable mold after printing with Formlabs standard High-
Temperature V2 resin and post-processing. The outer and inner cylinder are shown 
together to demonstrate how the mold will be used. 

This compromised the parts ability to be reused and, therefore, the resulting 

ceramic’s reproducibility. The inner cylinder printed without issue which may also be 

seen in Figure 2.7 

2.2.2. Printing of The Solid Cylindrical Mold 
	
 Printing of the solid cylindrical mold was straightforward. In PreForm, the design 

was oriented vertically with auto-generated mini-supports at the base. A layer thickness 

of 100 microns was selected because there were no intricate details. Formlabs’ High-

Temperature resin was used to print 328 layers over 5.75 hours. The print was 

subsequently washed in an IPA bath for 5 minutes and placed in a curing oven at 80 °C 

for 120 minutes. The final parts were printed accurately with well-defined smooth 

surfaces as shown in Figure 2.8. 
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Figure 2.8. Finished solid cylindrical mold after printing with Formlabs standard High-
Temperature V2 resin and post-processing. The solid cylindrical mold was printed with 
high accuracy and smooth finishes. 

	
2.2.3. Printing of Mesh Cylindrical Mold-Helical Approach 
	

In PreForm, the mesh mold via the helical approach was oriented vertically with 

auto-generated mini-supports at the base. A layer thickness of 25 microns was selected so 

that the printer would capture the small holes of the design. Formlabs’ High-Temperature 

resin was used to print 328 layers over 1.75 hours. It was subsequently washed in an IPA 

water bath for 5 minutes and placed in a curing oven at 80 °C for 120 minutes.  

Printing the mesh mold designed via the helical approach was complicated by the 

presence and shape of the small holes in the outer cylinder. This was further exacerbated 

by the upward curvature of the interconnecting shapes. This combination of design flaws 

resulted in overhangs.  Figure 2.9 shows that this manifested in poorly defined holes or 

complete hole closure. 
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Figure 2.9. Finished Mesh Mold via Helical Approach after printing with Formlabs 
standard High-Temperature V2 resin and post-processing. Considerable hole closure was 
observed. 

	
 The inaccuracies in printing were the result of drooping, which is when layers 

spill onto other lower layers prior to hardening.18 One way to combat this is to add 

support structures to the overhangs. 18However, given the size and number of holes, 

additional supports led to an overly complex design in PreForm with virtually no 

improvement in printing success.  

2.2.4. Printing of Mesh Cylindrical Mold-Alternative Approach 
	

In PreForm, the mesh mold via the alternative approach was oriented vertically 

with auto-generated mini-supports at the base. Formlabs’ High-Temperature, Draft, and 

Clear resins were used. Of these resins, the Clear displayed the best printing performance 

and will be discussed hereafter; both High-Temperature and Draft resins suffered from 

hole closure. After selecting a layer thickness of 25 microns, Formlabs’ Clear resin was 

used to print 1199 layers over the course of 5.25 hours. It was subsequently washed in an 

IPA bath for 10 minutes and placed in a curing oven at 60 °C for 15 minutes.  
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Although the mesh mold via the alternative approach was susceptible to hole 

closure, a significant improvement over the helical approach was observed. Molds 

printed with clear resin exhibited no hole closure as Figure 2.10 demonstrates. 

 

Figure 2.10. Finished Mesh Mold via Alternative Approach after printing with Formlabs 
standard Clear V2 resin and post-processing. Virtually no hole closure was observed. 

The improved printing performance may be attributed to the design’s ability to 

support itself coupled with the Clear resin curing faster than other resin types under UV 

light.13,18  

2.3. Analysis Of Casting Techniques 
	
 This section will discuss the efficacy of the molds in producing alumina supports 

when coupled with conventional techniques, thereby addressing objective 3. 

   It must also be noted that the intimate details of the procedures for these 

techniques will be omitted in this section and discussed in greater detail in chapter 4 if 

relevant. This section seeks to present how these techniques helped to guide the decision-

making on selecting a design for continued exploration rather than providing a final 

methodology.  

2.3.1. Colloidal Processing with Movable Mold 
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The slurry with the composition presented in Table 2.1 was used to cast and asses 

mold viability. 

Table 2.1. Composition of slurry used in initial exploration of molds.  

Compound Weight Percentage (%) 

Alumina 56 

Polysulfone(PS) 7 

PVP K30 2  

N-Methyl-2-pyrrolidone (NMP) 35 

 
The slurry was loaded into a syringe and placed at the base of the mold, and a 

force was applied to the syringe plunger. This loading process proceeded until the slurry 

filled the annular cavity of the mold. Once the load was complete, a force was applied to 

the base of the inner cylinder to push it through the outer cylinder into a DI water bath. 

The resulting structures after several trials are presented in Figure 2.11. 

 

Figure 2.11. Three separate trials of colloidal processing with the movable mold. (A) 
Green body is slightly longer than desired.(B) Most accurate green body of the trial. 
However, right end is thinner. (C) Green body was severely deformed. 
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Figure 2.11 (B) demonstrates that the movable mold could yield a usable green 

body. However, Figure 2.11(A) and Figure 2.11(C) indicate that the movable mold was 

not able to do this consistently. In addition, all three green bodies were thinner than 

desired as they did not assume the thickness of the mold. This thinness may be attributed 

to very quick demixing as both the inner and outer surfaces were exposed to water 

simultaneously.19 

 
2.3.2. Colloidal Processing with Solid Cylindrical Mold 
	

The solid cylindrical mold's loading process was identical to the procedure 

presented in section 2.3.1 Once the mold was filled, the mold and the slurry were 

immersed in a DI water bath for approximately 48 hours. The immersion in water was to 

solidify the slurry and form the membrane matrix. After the mold was removed from the 

DI water bath, the procedure stalled as the substrate could not be demolded. The outer 

cylinder of the mold could not be removed from the membrane without potentially 

damaging the membrane. 

In an effort to isolate and retain the alumina substrate, the mold/substrate 

composite was sintered with the hope that the membrane would maintain its structure. 

After sintering, it was observed that the membrane had collapsed, failing to retain the 

shape of the mold. The mold was believed to have collapsed before the alumina particles 

could sinter together. This theory was further validated by a Thermogravimetric Analysis 

(TGA) experiment on the High-Temperature mold with a Shimadzu TGA-50, 

incrementing temperature 5°C/min under 50ml/min airflow. 	
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The TGA experiment determined that over 87.5% of the mold had decomposed 

by 450° C, which constitutes a significant gap from the onset of alumina sintering, 

typically between 1100 °C to 1700 °C.20–22 Thus, a technique that would enable the mold 

to retain its shape well beyond this decomposition range was desired. 

2.3.3. Pyrolysis  
	

According to multiple studies, shape retention for the mold beyond the 

decomposition range specified in 2.3.2 was, in fact, possible.15,23 When placed in an inert 

environment with constant gas flow, the molds should convert to a sp2-rich form known 

as glassy carbon. 15,23 The prevailing logic was that if the mold was able to retain its 

shape up to onset sintering temperatures, an alumina support could be fabricated. 

However, many of these studies cited a 75% to 80% reduction in size so original designs 

would have to be scaled up quite significantly. 

A preliminary experiment was conducted with the solid cylindrical mold without 

scaling up for anticipated shrinkage. The mold was placed in a tube furnace, where it was 

subjected to 200 ml/min of Ar flow. With a ramp rate of 2 °C/min, the tube furnace 

temperature was raised to 600 °C and held for two hours. Then, with a ramp rate of 5 

°C/min, the temperature was increased to 1000 °C, held for two hours, and subsequently 

cooled. After completion of this profile and examination of the remaining material, it was 

clear from the dark black color that conversion to glassy carbon had occurred, but the 

mold had failed to retain its shape, as shown in Figure 2.12. 
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Figure 2.12. Image of solid cylindrical mold after completing sintering profile while 
subjected to 200ml/min Ar flow. The solid cylindrical mold converted to glassy carbon 
but did not retain shape. 

	
The failure of the mold to retain its shape was the result of an inherently flawed 

design for pyrolysis. The solid bulky design impeded the degassing of the mold, which 

lead to high internal pressures and the subsequent collapse of the structure.15 It was 

determined that a mesh structure with a higher surface area would allow for gas exodus 

without impinging upon the mold structure. 

 

2.3.4. Colloidal Processing with Mesh Structure via Alternative Approach 
	
 Although the mesh structure was initially conceived to be compatible with the 

pyrolysis process, practical limitations prevented continued exploration. The preliminary 

experiment left a large amount of residual carbon material on the stainless-steel 

connections of the tube furnace. Even with a mesh structure, continued trial-and-error 

experimentation would have likely led to permanent damage and premature replacement 

of the stainless-steel piping. Thus, there was an incentive to revisit colloidal processing 

with the newly fabricated mesh structure. 
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 The procedure proceeds as it did in section 2.3.2. One difference in procedure when 

compared to that of the solid cylindrical mold was that the mesh cylindrical mold was 

wrapped in Teflon tape to cover the holes of the outer cylinder. The wrapping helped to 

hinder the slurry material from escaping the annulus when loading. After removing the 

mold and membrane composite from the water and allowing adequate time to dry, a fully 

isolated alumina green body, as shown in Figure 2.13, was obtained by mechanically 

demolding.  

 

Figure 2.13. Isolated alumina green body after completing phase-inversion via immersion 
precipitation and demolding.  

	
This was one of the true advantages of casting with the mesh cylindrical mold 

compared to the other molds; the thin features of the outer cylinder made isolating the 

alumina membrane feasible. Despite this progress, the alumina support still collapsed 

upon sintering. The cause of the collapse was traced back to immersion precipitation, as 

shown in Figure 2.14 
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Figure 2.14. Image of mold/slurry composite immersed in DI water while slurry 
undergoes phase-inversion to form membrane. The surrounding white material is alumina 
that has leached from the slurry.  

	
Figure 2.14 shows a large amount of white material surrounding the mold. It was 

hypothesized that this was alumina leaching from the slurry during phase inversion. A 

TGA experiment was performed to verify this hypothesis. In the TGA experiment, a pre-

sintered hollow fiber of the same composition known to undergo successful sintering was 

provided by a colleague and used for comparison. The data for this TGA experiment is 

provided below in Figure 2.15. 
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Figure 2.15. TGA data comparing tubular and hollow fiber green bodies. TAM refers to 
the tubular alumina membrane that experienced leaching. HFM refers to the hollow fiber 
membrane known to undergo successful sintering. 

	
The TGA data in Figure 2.15 confirmed that alumina was, in fact, leaching from 

the slurry. Although debinding temperature depends on the ceramic and binder being 

used, generally most of the organic material has decomposed by 600 °C.24 After 600 °C, 

the weight percentage primarily refers to the ceramic material remaining in the sample. 

Therefore, the data in Figure 2.15 implies that only 40% of the original tubular alumina 

membrane sample was alumina. Juxtaposing this with the hollow fiber membrane, whose 

alumina concentration in the sample was 88%, it was clear that this little alumina was not 

enough to maintain its structure during sintering, hence the collapse. Despite the collapse, 

the results from colloidal processing with the mesh cylindrical mold via the alternative 

approach were auspicious as the focus shifted from designing a viable mold to tailoring 

the slurry composition to obtain an alumina support with the mesh cylindrical mold via 

alternative approach. 
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2.4. Selection  
	

This section will explicitly state why the mesh cylindrical mold via the alternative 

approach was selected to fabricate alumina membranes and why other molds were 

eliminated from further exploration. Additionally, it will discuss why colloidal processing 

was selected as the technique to couple with the mesh cylindrical mold via the alternative 

approach. 

2.4.1. Movable Mold 
	

Although the movable mold was able to produce alumina green bodies, there were 

significant differences in structure between the green bodies. In addition to the disparities 

between green bodies, there were significant differences between the green bodies and 

the intended design; the green bodies were much thinner than intended. Moreover, the 

printing of the movable mold was not entirely successful as part of the fins were 

damaged, which impugned the design’s printing consistency. Thus, a lack of 

reproducibility and accuracy in regard to casting and printing led to the exclusion of the 

movable mold. 

2.4.2. Solid Cylindrical Mold 
 
 The solid cylindrical mold was eliminated because it was difficult to demold, and 

the solid outer cylinder hindered mass transfer. Once the slurry was loaded in the annular 

region of the mold, there was no approach to detach the mold from the membrane without 

damaging the membrane. Even with an alternative approach such as pyrolysis, the solid 

bulky structure collapsed due to an internal pressure buildup.  
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2.4.3.  Mesh Cylinder via Helical Approach 
	

As discussed in section 2.2.3, the mesh cylinder via the helical approach was 

difficult to print successfully as hole closure typically occurred. The inability to print 

well-defined holes precluded its exploration with colloidal processing. Additionally, it 

was far more challenging to control hole size via the helical approach than the alternative 

method. Thus, even if the hole closure was the result of the High-Temperature resin 

rather than an inherently flawed design, the lack of tunability forced this design to be 

excluded. 

2.4.4. Mesh Cylinder Via Alternative Approach 
	

The mesh cylinder via the alternative approach offered a number of advantages 

over the other designs. The holes on the outer cylinder allowed for radial mass transfer 

through direct contact with the coagulation bath. Furthermore, because of their thinness, 

the struts on the outer cylinder were easily broken, allowing the alumina support to be 

released. Ultimately, these advantages culminated in a design that could potentially 

fabricate supports with high accuracy, repeatability, and reproducibility. The final 

dimensions for the mesh cylinder via alternative approach are provided in Table 2.2. 
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Table 2.2. Final Dimensions for Mesh Cylinder via Alternative Approach 

Dimension Value (mm) 

Outer Diameter 9.65 

Inner Diameter 6.35 

Volume 1.05 (mL) 

Diameter of Interconnecting Cylinders 0.51 

Annulus Thickness 1.65 

Area of Holes 1.52 

Length 25.4 

 

 Colloidal processing was selected as the technique to fabricate alumina substrates 

because of its ease of operation, expected reproducibility, and scalability. Pyrolysis was 

not considered because it was damaging to the equipment. Furthermore, pyrolysis was 

prohibitive in that molds would need to be five times larger to achieve the desired final 

dimensions. 

2.5. Conclusions  
 

This chapter demonstrated that the Form 2 was capable of printing the mesh 

cylindrical mold via the alternative approach with high accuracy consistently. Although it 

was susceptible to hole closure, its superior design allowed it to self-support. This 

allowed the mesh cylindrical mold via the alternative approach to outperform other 

designs during preliminary fabrication testing. Thus, it was concluded that the mesh 

cylindrical mold via the alternative approach would provide the best chance to fabricate 

an alumina substrate after optimizing the procedure.  
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Chapter 3: Fabrication of Alumina Substrate (Support) 
 

3.1. Introduction 
 

In this chapter, the mesh cylinder via alternative approach (simply “mesh 

cylinder” hereafter) was identified as a mold with which a cast slurry could be solidified 

and eventually isolated in the shape of the mold. However, it was also observed that a 

robust alumina membrane was not yet attainable as the green body would collapse upon 

sintering. This chapter builds on these observations and presents how various aspects of 

the preliminary procedure were manipulated and optimized until an alumina membrane 

was obtainable consistently. Once the repeatable procedure has been presented, 

discussion will proceed to characterization of the alumina membranes. From this 

characterization, the impact of 3D printing on attaining membranes with similar 

morphological properties will be assessed.  

The fabrication procedure is decomposed into 5 major steps: slurry development, 

loading, phase-inversion/solve extraction, demolding and sintering. The content will be 

presented within an iterative framework to highlight that final methodology is consistent 

with objective 4. The advantage of this strategy is that the evolution from preliminary 

methods and accompanying rationale is easily discernable. The properties of the final 

alumina substrates were measured and discussed. They will illuminate various 

relationships with solid loading, sintering holding time, and sintering temperature. 

3.2. Materials  
 

N-Methyl-2-pyrrolidone (NMP), Polysulfone(PS, average Molecular weight 

(Mw) ~ 35,000), and Polyvinylpyrrolidone (PVP, average Mw~ 40,000) were purchased 

from Sigma Aldrich. Anhydrous ethanol was purchased from Pharmco. Polyvinyl Butyral 
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(PVB, B-98, Mw 40,000-70,000) was purchased from Acros Organics. Alumina (Al2O3) 

was purchased from Alfa Aesar with an average particle size between 0.25 and 0.35 

microns. 

3.3. Alumina substrate development  
 
3.3.1. Slurry Development 
 

This section will discuss why an NMP/Alumina/PVB system was chosen as the 

casting slurry and how the final composition was determined. 

For all intents and purposes, mixing for the following systems was the same. The 

organic components were mixed at 60 rpm for at least 8 hours on a VWR magnetic 

stirrer. The necessary alumina powder was then added incrementally to the organic 

solution and allowed to mix for 48 hours, at which point a uniform slurry was typically 

obtained.  

(A) NMP/PS/PVP/Alumina: In the first system explored, NMP, PS, and PVP 

functioned as the solvent, binder, additive, respectively. This system is commonly used to 

fabricate alumina hollow fibers.25,26NMP is commonly used as a solvent due to its polar 

nature, relatively high boiling point, and its wide range of solvency for inorganic and 

organic compounds.27Polysulfone is known for its stability, high mechanical strength, 

and ease of modification.28 PVP is used as a pore-former that increases the hydrophilic 

character and viscosity of the doping system, which typically results in a structure with 

finger-like pores.29,30 The weight percentages for this slurry are provided in Table 2.1. 

 As communicated in Chapter 2, this combination of components was 

unsuccessful with the mesh cylinder; however, the slurry was successful with the 

movable mold with respect to obtaining a sinterable green body. Together, these 
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observations indicated that this slurry was capable of yielding a tubular membrane when 

all surfaces were in simultaneous contact with the non-solvent phase. Otherwise, 

polysulfone was not capable of sufficiently entrapping the alumina particles into the 

membrane matrix. Although the mechanism is not entirely understood, one possible 

explanation considered the interaction between polysulfone and alumina.  

Generally, polymer binding proceeds through physical or functional group 

interaction.31 Of the two binding mechanisms, physical interaction or physisorption 

typically leads to weaker interactions. Polysulfone likely adsorbed to alumina through 

physisorption, and its weak interaction was overcome by alumina’s affinity for water.32,33 

This resulted in a leaching rate greater than the precipitation front rate, hence the alumina 

accumulation in the water bath. 34The slurry’s inability to yield a membrane that satisfied 

the established criteria necessitated a new slurry composition. 

(B) Ethanol/Polyvinyl Butyral (PVB)/Alumina:  In this system, ethanol and PVB 

operated as the solvent and binder, respectively. When ethanol and PVB are mixed in 

solution with a ceramic phase, it is typically done for tape casing applications.35Ethanol is 

commonly used as a solvent because it is inexpensive, volatile, non-toxic, and 

amphipathic, which makes it a compatible solvent for many compounds.36 PVB is used as 

a binder because of its strength, solubility, and tunable glass transition temperature.35,37  

The slurry composition explored for this system is provided in  Table 3.1. 
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Table 3.1. Composition of Ethanol/PVB/Alumina system given in weight percentages.   

Compound Weight Percentage (%) 

Alumina 50 

Ethanol 43.75 

PVB 6.25  

	
The major difference between the PVB-based system and the PS-based system 

was the performance during phase inversion. The PVB-based slurry greatly improved 

alumina retention within the slurry. There was virtually no alumina accumulation in the 

coagulation bath. The improved retention may be explained through a portion of the 

chemical structure of PVB in Figure 3.1 

 

Figure 3.1. Terpolymer structure of PVB. Image is adapted from ref 38. 

 The terpolymer structure in PVB is the result of incomplete conversion of PVA 

and products remaining linked in the polymer chain during the fabrication process.38  

This structure contains a carbonyl group and a hydroxyl group that chemically interact 

with the surface of alumina.39  The result is a strong bond that is able to tightly hold 

alumina in the membrane matrix during phase inversion. 
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Although the slurry was able to successfully entrap the alumina particles, it did 

suffer from an incomplete filling of the mold, also known as short shots. It was difficult 

to pinpoint what caused the short shots as there were a number of potential reasons, but 

they were likely a result of ethanol’s volatility, which had a twofold effect: quick drying 

and susceptibility to air bubbles.40 Quick drying resulted in partial solidification of 

sublayers which in turn resulted in weak bonding between successive layers.40 The 

presence of air bubbles restricted the flow of the slurry. Thus, a solvent that would not 

suffer from these shortcomings was desired.  

(C) NMP/PVB/Alumina: NMP was substituted for ethanol to confirm if the 

incomplete filling of the mold was in fact attributed to ethanol’s volatility. In theory, 

NMP should prevent quick drying as it is far less volatile than ethanol. Initial NMP 

composition was maintained at 43.75% so adequate comparisons between NMP and 

ethanol could be drawn. The complete slurry composition is provided Table 3.2. 

	
Table 3.2 Composition of NMP/PVB/Alumina system given in weight percentages 

Compound Weight Percentage (%) 

Alumina 50.0 

NMP 43.75 

PVB 6.25  

	
The doping solution with NMP exhibited improved mold filling. The final 

sintered membrane retained the mold design with greater accuracy, as shown in Figure	

3.2. 
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Figure 3.2. Alumina membrane green body from NMP/PVB/Alumina slurry. The slurry 
resulted in better filling which in turn led to better shape retention of the mold. However, 
there are large holes, surface defects, and slight tilt. 

	
Implementing NMP as the solvent led to significant improvement and established 

that this combination of components could yield a membrane with the intended design. 

However, large macroscopic holes portended a weak unsatisfactory microstructure with 

pinholes and defects. Thus, the focus shifted to tailoring the alumina weight percentage to 

limit the presence of these impediments. 

(D) Slurry Rheology: The weight percentage of alumina, at a fixed ceramic to binder 

ratio of 8, was varied from 50% to 60%, incrementing by 5%. The solid loading was 

fixed to this range because mixing above 60% was not feasible and below 50% would 

yield undesirable mechanical properties. A ceramic to binder ratio of 8 was selected to 

obtain smaller pores.25 A HAAKE MARS iQ Rotational Rheometer with air bearing 

characterized the flow behavior of the slurries at different alumina weight fractions. 

Characterizing the flow provided insight and guidance as to what solid loading would 

yield the most desirable membrane. 

Stress-controlled and strain-controlled experiments were run on the different 

compositions. Slurries with a solid loading of 50% and 55% exhibited Newtonian flow; 
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whereas, slurries with a solid loading of 60% exhibited shear-thinning flow. Stress-

controlled and strain-controlled experiments for a solid loading of 60% are displayed in 

Figure 3.3 

 

Figure 3.3. Rheological data for slurries with alumina weight fraction of 0.60.(A) Shear-
controlled data with viscosity and stress as response variables. (B) Stress-controlled data 
with viscosity and shear rate as outputs. Both plots indicate shear-thinning behavior. 

	
The shear-thinning behavior observed in Figure 3.3 is desired in casting or mold 

applications because it allows the slurry to flow under the high shear rate conditions in the 

syringe but remain fixed in the mold under low shear rates.41 The shear-thinning behavior 

at 0.60 alumina loading helped to improve the filling of the mold and mitigate the presence 

of holes and short shots. 

3.3.2.  Slurry Loading 
	
 Before loading, the slurry was degassed for 10 minutes under vacuum with an 

Isotemp Vaccum Oven (Model 280A). A degassing time of 10 minutes was decided upon 
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after performing preliminary experiments at 10 minutes, 20 minutes, and 30 minutes. 

Higher degassing times led to slurry drying, so they were rejected in favor of 10 minutes.   

Degassing the slurry helped to eliminate air bubbles that could result in large pores and 

compromise the final ceramic structure.41	

After degassing the slurry, the inner cylinder was lubricated. Lubrication was a 

critical step as it allowed for separation of the alumina membrane from the mold without 

compromising membrane structure. Preliminary fabrication procedures did not include a 

lubrication step, resulting in membrane distortion due to mechanical pulling (Figure 

2.13). Lubrication of the mold resulted in a reduction in friction between the inner 

cylinder and alumina substrate. The lubricant creates a fluid film so the two surfaces are 

not in direct contact with each other as shown in Figure 3.4. 

 

Figure 3.4. Schematic demonstrating the effect of adding a lubricant on the interaction 
between two solid surfaces. Adapted from ref. 42 

	
With a pipette, Super Lube silicone oil was used to lather the inner surface of the 

mold. Silicone oil was selected as the lubricant because its low surface tension (0.02 

J/m2) allows it to wet most surfaces.43 Furthermore, its viscosity was sufficiently high 
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enough to produce a thick enough film to readily pull the alumina membrane off the 

mold. 	

The outer cylinder of the mold was wrapped tightly with Teflon tape. The mass of 

the mold with Teflon tape was obtained. Then, a disposable 1 ml Luer-slip syringe was 

loaded with the degassed slurry. A 22-gauge, 38.1 mm long needle with a beveled tip was 

attached to the syringe and placed at the base of the mold. A force was applied to the 

syringe plunger until the slurry filled the mold cavity. The mold was intermittently tapped 

during the filling to prevent the slurry from mounding and ensure uniformity. After the 

annulus was filled with slurry, the mass of the mold with the slurry was obtained. The 

slurry amount added to the mold was determined with the masses before and after 

loading. This measurement procedure was done in lieu of tracking the volume in the 

syringe to avoid incorrect measurements due to dead volume. 

3.3.3. Phase-Inversion/Solvent Extraction Via Immersion Precipitation  
 
	 After loading the mold, the Teflon tape was removed and the mold/slurry 

composite was immersed in a DI water bath. Water, as a non-solvent for PVB, initiated a 

state of thermodynamic instability for the slurry. It was then energetically favorable for 

the slurry to undergo what is known as “bindoal demixing.” During bindoal demixing, 

the slurry separated into a polymer-rich phase and a polymer-lean phase where the 

polymer-rich phase formed the membrane matrix, and the polymer-lean phase formed the 

pores of the membrane.34,44 A simplified ternary phase diagram depicting the pathway is 

offered in Figure 3.5. 
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Figure 3.5. Ternary phase diagram of polymer, solvent, non-solvent with a representative 
pathway of binodal demxing. Adapted from ref 45 

	
In Figure 3.5,  point B corresponds to an arbitrary point where the composition 

lay on the bindoal. At this point, nuclei originated, and the slurry demixed into the two 

phases. The polymer-rich phase was still liquid, but the continued counter-diffusion of 

the solvent and non-solvent led to the solidification of the polymer-rich phase at point C. 

After this point, diffusion slowed until point D was reached. 

The kinetics of the phase inversion process are also critical as they dictate the 

morphology of the resulting structure. It is believed that “instantaneous demixing,” which 

is characterized by the rapid exchange of solvent and non-solvent, results in the formation 

of finger-like or tear-like macrovoids. 26,34,46–48Conversely, “delayed demixing,” which is 

characterized by pore formation after a sufficiently long time, results in a denser sponge-

like structure. 26,34,46,47,49 However, the demarcation between instantaneous and delayed 

demixing is not well-defined in literature and must be determined empirically case-by-

case.34,48  
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3.3.4. Demolding 
	

After 24 hours of immersion in the coagulation bath, the mold/substrate 

composite was removed and cut at the base using a blade. Cutting at the base was done to 

remove the substrate from the inner cylinder of the mold while keeping it attached to the 

outer cylinder. The substrate was allowed to dry for approximately 24 hours. After 24 

hours, the outer cylinder was removed from the substrate by mechanically pulling at the 

struts. The demolding process was executed in this manner to minimize damage to the 

substrate. 

After the samples were demolded, they were qualitatively analyzed. The analysis 

included describing the presence of holes, non-uniformities, cracks, and so forth. Each 

membrane was also assigned a unique ID (UID) and stored in a container until sintering. 

3.3.5. Sintering 
 

Before placing alumina tubes into the furnace, the lengths, inner diameters, and 

outer diameters were measured using a caliper with an intrinsic measurement error of 0.1 

mm. Calipers ensured high accuracy and precision of dimensional measurements. Green 

body measurements were critical to determining dimensional shrinkage post-sintering.	

After demolding and dimensional measurement, the alumina green body was 

sintered to yield the final dense alumina membrane. The alumina green body was 

subjected to the sintering profile in Figure 3.6 
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Figure 3.6. Sintering profile used to fabricate alumina membranes. 

 
 The temperature profile in Figure 3.6 was adapted from the preliminary trials with 

the NMP/PS/PVP/Alumina system. Although the NMP/PVB/Alumina system 

 was significantly different, the temperature profile was suitable because most binders 

decompose at 600°C.24 Furthermore, extant literature indicates that the majority of PVB 

decomposes by 440 °C, and this temperature may be depressed even more in 

PVB/alumina systems due to the catalytic character of alumina.50,51 The holding time at 

1000 °C was incorporated to enhance homogenization. Finally, the sintering temperature 

of 1500 °C was selected because it approached the upper limit of the sintering 

temperature range for alumina and, in theory, helped to maximize physical and structural 

properties. 

The above sintering profile was varied to determine the effects of manipulating 

process parameters on alumina microstructure and physical properties. The two process 

parameters that were manipulated were sintering temperature and holding time. Holding 
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time varied from 6 hours, 8 hours, and 10 hours at a fixed temperature of 1500 °C. 

Sintering temperature was varied from 1500 °C, 1550 °C, and 1600 °C at a fixed holding 

time of 6 hours. 

3.4. Properties of sintered alumina substrates 
	
3.4.1. Macrostructure 
	

This section will qualitatively describe the structure of the alumina supports. 

Characterizing sintered alumina parts was important because it allowed for intra-study 

comparison and inter-study comparison. The parts demonstrated a well-defined pattern on 

the outer surface, well-defined radial cross-sections, and were principally linear in the axial 

direction. In addition, they were not frail as they did not collapse upon touch and could be 

dropped without breaking. There were defects, but none of the defects were egregious 

enough to discard the support. Images of the sintered alumina supports are provided in 

Figure 3.7. 

 

 
Figure 3.7 Images of Sintered Alumina Supports. (A) Similarities between sintered 
alumina supports lengthwise. (B) Similarities between sintered alumina supports radially. 

	
 The similarities between the sintered parts in Figure 3.7 support the notion that 

the procedure is repeatable. Loading and phase inversion via immersion precipitation are 

anisotropic processes that could have resulted in macroscopic disparities. Therefore, 
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although there are minor differences between the supports, it is clear that potential 

sources of macroscopic variability were properly mitigated in the fabrication procedure. 

3.4.1.1. Changes with Height 
 

The sintered alumina substrates were qualitatively characterized as height was 

varied. It was important to vary height as many applications will necessitate longer 

membranes. Thus, it was imperative to determine whether fabricating at increased heights 

was feasible and if structural integrity would be maintained as the height varied. Figure 

3.8 provides an image of the three different heights together. 

 

 

Figure 3.8 Sintered alumina supports at the three different heights (25.4 mm, 50.8 (2 in) 
mm, and 76.2 mm (3in)) explored. 

 
The supports in Figure 3.8 illustrate that the procedure could be scaled-up to 

accommodate 50.8 mm and 76.2 mm parts. They showed a minimal loss in structural 

integrity as the longer parts also had well-defined outer surface patterns and were 

principally linear. However, the 76.2 mm support did suffer from a slight tilt due to 
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instability of mold’s inner cylinder. The inner cylinder was unstable because it 

approached aspect ratio constraints at 76.2 mm.16 Thus, although it was still principally 

linear, it was not as accurate as the smaller supports.    

3.4.1.2. Digital Microscopy 
	

Some of the samples were analyzed under digital microscopy. A Dino-Lite 

handheld digital microscope with adjustable magnification between 10x-90x was used to 

obtain high resolution macroscopic images. Images from digital microscopy with 

specimen UID 7 are provided in Figure 3.9 

 

Figure 3.9 Images from digital microscopy for specimen UID 7. (A) Outer surface with 
highly ordered pattern. (B) Bottom radial cross-section. (C) Top radial cross-section. (D) 
Close-up of outer surface with highly ordered pattern. 

	
Figure 3.9 displays how the elements of the mold design manifested into features 

on the final alumina support. For instance, Figure 3.9(A) and (D) show the highly ordered 

pattern on the outer surface resulting from mold design holes. The pattern provided the 
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support with a tangible roughness. Literature regarding the effect of surface roughness is 

dichotomous as some contend it increases mass flux, while others say it decreases mass 

flux.52–54 In any case, it may be concluded that the effect of roughness is application-

dependent which renders the alumina support all the more versatile given its smooth 

inner surface. The smoothness of the inner surface may be seen in Figure 3.9(C) and (D). 

Also in these images, the well-defined outer and inner diameters may also be seen. 

However, some minor inconsistencies were present as well. In Figure 3.9(B), the outer 

diameter was slightly damaged in the top right region, likely as a result of demolding. In 

Figure 3.9(C), the shape and size of the diameters deviate slightly from the base in Figure 

3.9(B). Neither of these issues was especially prevalent in the population of samples and 

may be tabled as characteristics unique to specimen 7. 

 
3.4.2. Dimensions 
 

After removing alumina tubes from the furnace, the lengths, inner diameters, and 

outer diameters were measured using a caliper with an intrinsic measurement error of 0.1 

mm. Calipers ensured high accuracy and precision of dimensional measurements. 

Sintered body measurements were critical to determining dimensional shrinkage post-

sintering. Quantifying the degree of shrinkage was essential because it captured the 

deviation from the intended design. Equation (3.1) presents the equation for dimensional 

shrinkage. 

 ∆𝑋 = $
𝑋! − 𝑋"
𝑋"

$ ∗ 100 (3.1) 
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In equation (3.1), X2 refers to the value of the dimension after sintering, and X1 is 

the value of the dimension prior to sintering. The dimensional shrinkage values for the 

total population, irrespective of fabrication parameters, is provided in Table 3.3.  

Table 3.3. Shrinkage values in the Axial, Radial Outer Diameter and Radial Inner 
Diameter directions for the entire population of samples. 

Dimensional 

Shrinkage 

Min (%) Median (%) Max (%) Mean (%) STD (%) 

Axial 1.00 15.4 24.0 15.4 4.00 

Radial (Outer) 6.25 16.3 23.3 15.9 4.26 

Radial (Inner) 8.33 18.3 29.4 18.5 4.90 

	
The average shrinkage values were below 20%, with averages ranging from 

15.4% to 18.5 %. These values are slightly higher than other studies that fabricated 

alumina tubular membranes with around 10.0% shrinkage, but they were lower than other 

studies that employed SLA that reached shrinkage values as high as 60.8%.55 However, 

these studies used different systems, which would also influence the degree of shrinkage. 

Furthermore, scaling up mold design to compensate for this shrinkage is not prohibitive 

and can be executed easily with a Form 2. Another intriguing result in Table 3.3 is that 

the inner diameter underwent the most significant amount of shrinkage with the highest 

values for min, median, max, and mean. This is an indication that the membranes did, in 

fact, develop an asymmetric structure. The inner diameter likely underwent delayed 

demixing, which resulted in a relatively dense layer with smaller pores. Smaller pores 

typically shrink faster, hence the increased shrinkage percentage for the inner surface.56 
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Error! Reference source not found.The relationships between the dimensions and solid 

loading, sintering temperature, and holding time were explored.  

3.4.2.1.  Effect of Solid Loading 
	

Solid loading is known to have a pronounced effect on the degree of shrinkage in 

ceramic systems. Shrinkage is an accepted by-product of the fabrication procedure, but 

typically, it can be controlled by increasing the solid loading. Thus, it was critical to 

determine how the NMP/PVB/Alumina system would behave with increased alumina 

concentration. Figure 3.10 presents the nature of this relationship for this study. 

 

Figure 3.10.The effect of alumina weight fraction on dimensional shrinkage in the (A) 
axial direction, (B) radial direction for the outer diameter, and (C) radial direction for the 
inner diameter. Values provided are an average at a weight fraction 

 
Figure	3.10 shows that for this system the relationship between solid loading and 

shrinkage was likely not linear, as a weight fraction of 0.55 was a locus of maximum 

shrinkage in two of the three dimensions and minimum shrinkage in the other. Assuming 

this observation was not the result of sample variability, this implies that the arrangement 

of particles at this solid loading was inefficient in the axial direction and on the inner 
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surface of the tube.57 Conversely, a weight fraction of 0.60 represented a maximum in 

particle packing efficiency.57 Interstitial pore space was minimized at this weight 

fraction, resulting in reduced shrinkage.57 The opposing trends observed for the OD 

shrinkage and ID shrinkage substantiate the presence of an asymmetric membrane and 

imply a gradient in terms of particle packing along the radial direction.  

 
3.4.2.2. Effect of Holding Time  
	

The effect of sintering holding time on dimensional shrinkage was examined. The 

results of this experiment are presented in Figure 3.11 

 
Figure 3.11. The effect of sintering holding time on dimensional shrinkage in the (A) 
axial direction, (B)radial direction for the outer diameter, and (C) radial direction for the 
inner diameter. Values provided are an average at a given holding time. 

	
 With the exception of the axial shrinkage percentage at a holding time of 8 hours, 

all samples experienced an average dimensional shrinkage greater than 15% regardless of 

holding time. Also, with the exception of the axial shrinkage, (due to the 8-hour holding 
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time) dimensional shrinkage tended to increase with an increase in holding time. This 

occurrence is in accordance with literature that asserts shrinkage with increased holding 

time stems from a decrease in the number of pores and an increase in grain growth. 58 

Given the outstanding literature and sample variability, the decrease in axial shrinkage at 

8 hours of holding time was likely an aberration.   

3.4.2.3. Effect of Sintering Temperature 
	

Quantifying the effect of sintering temperature on shrinkage is paramount because 

minor variations in sintering temperature can result in substantial changes in shrinkage. 

The effects of sintering temperature on shrinkage in this study are given in Figure 3.12.   

 

 

Figure 3.12. The effect of sintering temperature on dimensional shrinkage in the (A) 
axial direction, (B)radial direction for the outer diameter, and (C) radial direction for the 
inner diameter. Values provided are an average at a given sintering temperature. 
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For the axial and inner diameter, maximum shrinkage was observed at a 

maximum temperature of 1600 °C with axial and inner diameter shrinkages of 17.6 and 

20.5%, respectively. This observation is consistent with literature, as an increase in 

temperature stimulates shrinkage, particle migration, and rearrangement.59 Despite this 

observation at 1600 °C, the relationship between temperature and shrinkage was 

ambiguous. For instance, a minimum outer diameter shrinkage of 16.4% at 1550 °C was 

not expected. Although the anisotropy of the support may partially explain this, it is more 

appropriately ascribed to the array of concurrent processes that occur in the latter stages 

of sintering, some of which are simultaneously a boon and hindrance to shrinkage.56,60      

 
3.4.3. Compressive Strength  
	

Compressive strength is the resistance of a material to failure when subjected to 

compressive forces. Compressive tests are often used for brittle ceramic materials as they 

are less susceptible to surface defects inherent in ceramic materials.61,62 Compressive tests 

are important because they serve as a good indicator of mechanical strength. This study 

was concerned with determining the ultimate compressive strength of the samples, which 

is the stress required to rupture.  

A Tinus Olsen H25KT Universal Test machine was used to obtain the ultimate 

compressive strength. Samples were oriented vertically and in contact with the top and 

bottom platens. In the companion program, specimen dimensions were entered, and the 

top platen was set to move at a speed of 1 mm/min. Figure 3.13 provides a picture of the 

setup. 
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Figure 3.13. Image of compression test setup to determine ultimate compressive strength. 
The top platen travels at a speed of 1 mm/min. 

 The companion program provided an output with the changes in position and 

force during the trial. With the force data, the ultimate compressive strength was 

calculated with eq (3.2). 

 𝜎#$%&'())*+( =
𝐹%,-
𝐴  (3.2) 

 
 

In equation (3.2) ,scompressive refers to the ultimate compressive strength, and Fmax 

refers to the maximum force imposed on the sample during the trial. A is given by the 

following: 

 𝐴 =
𝜋
4 ∗ (𝑂𝐷

! − 𝐼𝐷!) (3.3) 

 
 

Equation (3.3) is the radial area of the tube. OD and ID refer to the outer and 

inner diameter, respectively, of the alumina membrane. 

Compression tests were performed on a subset of samples that were fabricated 

with 25.4 mm long molds. These samples were selected to avoid premature failure due to 

buckling with high aspect ratio parts.63 The relationships between compressive strength 

and solid loading, sintering temperature, and holding time were explored. 
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3.4.3.1. Effect of Solid Loading 
	

The effect of varying the alumina weight fraction on the ultimate compressive 

strength was explored. The results are presented in Table 3.4. 

Table 3.4. The effect of varying solid loading on the ultimate compressive strength of 
alumina membranes. Compressive strength values are an average for a given weight 
fraction.  

Weight Fraction (kg/kg) Compressive Strength (MPa) 
0.50 8.10 
0.55 10.4 
0.60 13.5 

  
Although all the values observed in this study were lower than the compressive 

strength values of other studies, the trend was consistent with typical observations in 

literature for ceramic materials.62,64,65An increase in solid loading typically leads to more 

mechanically robust materials.64,65 In this study, the maximum compressive strength at a 

weight fraction of 0.60 is likely attributed to improved casting, which resulted in a more 

homogenous and less porous structure.   

3.4.3.2. Effect of Sintering Temperature 
	

Sintering temperature was varied, and the effect on compressive strength was 

investigated. The results are provided in Table 3.5. 

Table 3.5. The effect of varying sintering temperature on the ultimate compressive 
strength alumina membranes. Compressive strength values are an average for a given 
sintering temperature. 

Sintering Temperature (°C) Compressive Strength (MPa) 
1500 53.2  
1550 23.0 
1600 17.9 

 
The compressive strength decreased with increasing sintering temperature. This 

trend is inconsistent with trends in literature as compressive strength and mechanical 
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properties, in general, increase with sintering temperature. 66–69Increasing the temperature 

results in increased densification and reduced porosity, which enhance the sample's 

mechanical properties.69 Specimen UID 6, sintered at 1500, likely confounded the results 

of this particular experiment. From a qualitative standpoint, specimen 6 was perhaps the 

best-fabricated membrane. It had uniform inner and outer diameters and no apparent 

cracks or holes. This uniform macrostructure manifested into a study-high compressive 

strength of 91.46 MPa. This value explains why 1500 °C yielded the highest average 

compressive strength and the large gap between the other two values. Although 

significant membrane dissimilarity is not believed to be a pervasive flaw in the 

compression analysis of this study, this is a drawback of compression analysis with 

anisotropic samples that are not adequately oriented to achieve 2D isotropy.63 

3.4.3.3. Effect of Holding Time 
 

Sintering holding time was varied, and the effect on compressive strength was 

examined. The results are presented in Table 3.6. 

Table 3.6. The effect of varying sintering holding time on the ultimate compressive 
strength alumina membranes. Compressive strength values are an average for a given 
sintering holding time. 

Holding Time(h) Compressive Strength (MPa) 
6 53.2 
8 13.5 
10 18.3 

  
 Contrary to expectations, the holding time of 6 hours had the highest compressive 

strength at 53.2 MPa. Holding time should increase mechanical strength by decreasing 

interlayer spacing, the number of pores, and increasing particle size. 58The population of 

samples sintered for 6 hours includes sample UID 6. Thus, the issues communicated in 

3.4.3.2 apply to this analysis.  
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3.4.4. Density 
	

Determining the density of the alumina substrates was important because high 

density typically correlates positively with good mechanical properties.70 Furthermore, 

precisely controlling density may improve membrane efficiency for water separations as 

much as 30 to 40%.71 Thus, knowing the membranes’ density was critical when gauging 

their potential in subsequent applications. 

The density of the membranes was calculated using Archimedes’ principle. 

Archimedes principle states that the buoyant force acting on an object immersed in a fluid 

is equal to the weight of the displaced fluid.72 The first step in calculating the density was 

to take the mass of the dry alumina membrane. Then, the alumina sample was suspended 

in a beaker of DI water, and the mass was retaken. Once the sample mass in the dry and 

suspended states was determined, eq. (3.4) was used to calculate the density. 

 

 𝜌)./)0',0( =
𝑚1'2

𝑚1'2 −𝑚).)&(31(1
(𝜌4,0(' − 𝜌,*') (3.4) 

 

In eq. (3.4), mdry refers to the dry sample mass in air, msuspended refers to the mass 

of the sample when suspended in water,rwater is the density of water, rair is the density of 

air, rsubstrate is the density of the membrane. 

Density measurements were obtained for every sample. Descriptive statistical 

information about the population, irrespective of fabrication parameters, is provided in 

Table 3.7 
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Table 3.7. Descriptive statistical information regarding density for the entire population 
of samples 

Min (g/cm3) Median (g/cm3) Max (g/cm3) Mean (g/cm3) STD (g/cm3) 

2.42 2.90 3.37 2.89 0.21 

	
Density ranged from 2.42 to 3.37 g/cm3 with an average of 2.89 g/cm3. These 

correspond to moderately strong density values. The effects of solid loading, sintering 

temperature and holding time on density were also explored. 

3.4.4.1.  Effect of Solid Loading 
	

The effect of alumina solid loading on the density was explored. It was important 

to explore this relationship as literature suggests that an increase in solid loading results 

in an increase in density.64,65,73The relationship between these two variables is published 

in Figure 3.14 

 
Figure 3.14 Density as a function of alumina solid loading in casting slurry. Values are 
averages for given weight fraction 

	
 Given that a weight fraction of 0.50 had an average density of 3.12 g/cm3 and a 

weight fraction of 0.60 had an average density of 2.90 g/cm3, the findings in this study 
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did not typify the observations seen in extant literature. In fact, they suggested the 

contrary as density decreased with an increase in solid loading. However, these results 

are not necessarily in direct contradiction with prevailing thought as most studies do not 

communicate the balance of components after increasing the solid loading. In this study, 

since the ceramic to binder ratio was fixed at 8, an increase in solid loading corresponded 

to an increase in PVB. Alumina is particularly sensitive to changes in PVB content as a 

slight rise in PVB weight percentage can significantly increase carbon residue content on 

the alumina surface during burnout.31 Residual carbon content is problematic during the 

sintering phase, where it works to slow the densification rate.74 Thus, the observed 

decrease of density with solid loading resulted from increased particle packing not 

overcoming a pronounced carbon contamination effect. Such findings provide an 

opportunity to future works to quantify the strength of this effect during the sintering 

step. 

3.4.4.2. Effect of Holding Time 
	

It was essential to investigate the relationship between holding time and density. 

Holding time provides an alternative means of maximizing density. Increased holding 

time may be employed in lab setups where necessary sintering temperatures are high and 

prohibitive. However, the impact of holding time on density on is generally weaker than 

temperature.75  Figure 3.15 presents the interaction between holding time and density in 

this study. 
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Figure 3.15. Density vs. changes in holding time. Values are averages for given holding 
time. 

	
In this study, the maximum density observed of 2.97 g/cm3 occurred at the 

maximum holding time of 10 hours. This observation is consistent with literature as the 

maximum time typically allows for more particle rearrangement and hole closure, which 

lend to a denser membrane.59,76 Also consistent with the literature is that the effect of 

holding time is not overwhelmingly strong as the value of 2.97 g/cm3 is slightly higher 

than 2.81 g/cm3 and 2.76 g/cm3 at 6 and 8 hours, respectively.75 Despite these 

observations, the lack of a monotonic increase coupled with sample variability temper the 

generalizability of these results. A future study could improve upon the reliability of 

these conclusions by gathering additional data points at each holding time to help 

distinguish whether the densities are roughly the same or whether a marginal increase in 

density is indeed observed.   
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3.4.4.3. Effect of Sintering Temperature 
	

The effect of sintering temperature on density is a commonly explored 

relationship. An increase in temperature is typically employed to obtain a membrane with 

maximum density.20,66–69,75 Thus, it was intriguing and of consequence to determine how 

this particular system would respond. The results for this relationship in this study are 

provided in Figure 3.16  

 

 
Figure 3.16. Density vs. changes in sintering temperature. Values are averages for given 
sintering temperature. 

	
Density remained reasonably constant as the sintering temperature increased. The 

density values ranged from 2.81 g/cm3 to 2.86 g/cm3 for the three temperatures. This 

occurrence was contrary to expectations as the variables, such as viscosity and 

diffusivity, that promote densification are typically expressed as exponential functions of 

temperature.75However, the results may be reconciled with literature if sintering is 

viewed as a process with stages. The majority of densification has likely occurred or is 

occurring at 1500° C. Thus, incrementing the temperature within this range minimally 
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increases the density.77 This range likely corresponds to the latter stages of sintering and 

is predominated by other phenomena, such as grain growth.77 

3.4.5. Porosity 
	

In this study, porosity refers to “open porosity,” which is defined as the fraction of 

interconnected pore volume to the total bulk volume of the porous material.78 Porosity is 

a critical parameter for applications in which fluid must access the pores for successful 

operation, such as a membrane support.79 Porosity is also an indicator of mechanical 

strength, as the two tend to correlate inversely.80 

The porosity of the alumina samples was calculated via the saturation method. 

Samples were placed in DI water for 7 hours to ensure pores were fully saturated. The 

samples were removed from water, and the samples were weighed. Equation (3.5) was 

used to calculate the porosity. 

 

 𝜙 =
𝑚),0.',0(1 −𝑚1'2

𝑚),0.',0(1 −𝑚).)&(31(1
∗ 100 (3.5) 

 
 

In eq. (3.5), msaturated refers to the mass taken after the samples were removed from 

DI water, and f is the porosity. The values for mdry and msuspended were used from earlier 

density calculations in section 3.4.4. 

Porosity measurements were obtained for every sample. Descriptive statistical 

information about the population, irrespective of fabrication parameters, is provided in 

Table 3.8 
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Table 3.8. Descriptive statistical information regarding porosity for the entire population 
of samples 

Min (%) Median (%) Max (%) Mean (%) STD (%) 

18.7 37.9 52.9 35.5 8.59 

 

The porosity in this study ranged from 18.7% to 52.9% with an average porosity 

of 35.5%. These porosity values are in accordance with other studies that have fabricated 

tubular alumina membranes through a phase-inversion process.47 High porosity makes 

the alumina membranes excellent candidates for substrates in composite membranes. The 

effects of solid loading, sintering holding time, and sintering temperature on porosity 

were also explored. 

 
3.4.5.1. Effect of Solid Loading 
	

The effect of solid loading on the porosity of the samples was explored. It was 

important to explore this relationship because many applications require a balance 

between maximizing solid loading and maintaining high porosity. The interaction 

between these variables observed in this study are presented in Figure 3.17. 
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Figure 3.17. Porosity as a function of alumina solid loading in casting slurry. Values are 
averages for given weight fraction.  

 
Figure 3.17 shows that an increase in solid loading results in a decrease in 

porosity with a weight fraction of 0.60 having the lowest porosity at 36.2%. The 

relationship between porosity and alumina solid loading mirrors that of compression 

strength and alumina solid loading. As discussed, compressive strength and porosity are 

generally inversely correlated, and this study provides additional credence to this 

perceived relationship. The increase in alumina particles results in a decrease in alumina 

particle-particle distance.73 During sintering, the increased packing of alumina particles 

allows gaps to be closed more efficiently, thereby reducing porosity. 

3.4.5.2. Effect of Holding Time 
	

The response of porosity values to changes in holding time were investigated. 

Observing the porosity as a function of holding time is important because it provides 

another piece of information to render a decision regarding final methodology. 
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Additionally, the relationship between the variables can be difficult to predict as some 

authors suggest a roughly linear decrease in porosity with increased holding times, while 

others intimate a parabolic minimum. 58,59,75The relationship between these variables for 

this study is shown in Figure 3.18 

 

Figure 3.18. Porosity values vs. changes in holding time. Values are averages for given 
holding time at a fixed sintering temperature of 1500.  

	
As the holding time increased from 6 hours to 8 hours, no substantial change was 

observed as the averages were similar with similar sample variability. A noticeable 

change in porosity, however, was detected as the holding time increased from 8 to 10 

hours, with porosity reaching a low of 28.3%. These results indicate that appropriate 

holding times were employed for these alumina green bodies because a parabolic 

minimum was not observed. This finding implies no deterioration of the underlying 

microstructure due to abnormal grain growth.77 76,81The low observed at 10 hours may be 

attributed to the particles having extended time to undergo diffusion.59,76,81 Thus, 
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continued analysis of these alumina membranes could explore the extent to which an 

increase in holding time may be exploited until it leads to deterioration. 

3.4.5.3. Effect of Sintering Temperature 
	

The effect of sintering temperature on the membrane porosity was examined. As 

communicated in section 3.4.4.3 literature suggests that manipulating sintering 

temperature has a greater impact on properties such as density and porosity. Therefore, it 

is critical to identify what temperatures are congruent with objectives. Results of this 

study are presented in  Figure 3.19 

 

Figure 3.19. Porosity values vs. changes in sintering temperature. Values are averages 
for given sintering temperature at a fixed holding time of 6 hours 

	
As the sintering temperature increased from 1500 ° C to 1550° C, a slight increase 

in porosity was observed. From a microstructural perspective, it is unclear what may have 

led to this slight increase. Ceramic studies that have shown similar behavior have 
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attributed it to volume expansion. However, this conclusion is incongruent with this study 

because of the stable density values observed with changing temperature in 4.8.3. 

Therefore, the notion of volume expansion is rejected, and the observation is deemed a 

symptom of the inherent variability of the 1500 °C. sample. Discussion from 1500 °C to 

1550 °C notwithstanding, the porosity value at 1600 °C of 19.4% did appear to be 

significant. A porosity value of 19.4% marked a precipitous decline from the porosity 

values of 35.0+% at the other two temperatures and cannot be rejected due to variability. 

Furthermore, it gives credence to the theory that sintering temperature has a nonlinear 

relationship with membrane properties.75 In future studies, when examining porosity, the 

methodology employed in this study could be improved by expanding the temperature 

range and incrementing by 100 °C to clarify the relationship better. 

3.4.6. Microstructure 
	

This section will validate earlier observations by supplementing them with 

Scanning Electron Microscopy(SEM) analysis .SEM is a powerful tool that provides high 

resolution images of materials at a micrometer scale. The inner surface, outer surface, 

radial cross section, and pore size distribution were examined with a Tescan XEIA 

Plasma FIB/SEM machine.  

3.4.6.1. Sintering Temperature 
 
 The effect of sintering temperature on the inner surface of the alumina supports 

was examined.  As communicated in section 3.4.4.3, the lack of a monotonically 

increasing trend for density with a rise in temperature may be attributed to grain growth. 

Thus, it was essential to scrutinize the underlying microstructure to corroborate these 

claims. The results of this investigation are presented in Figure 3.20. 
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Figure 3.20 SEM images of the inner surface with changes in temperature from (A) 1500 
°C, (B) 1550 °C, and (C) 1600 °C Images were obtained 5.0k magnification. 

	
  All temperatures exhibited a highly densified inner surface microstructure. There 

was a slight variation in the densification of the inner surface with an increase in 

temperature. However, there was a pronounced change in grain size as the temperature 

increased. As shown in Figure 3.21(A), the grain size at 1500 °C is relatively small, with 

pores located between grain boundaries. Increasing the temperature to 1550 °C increases 

grain growth and leads to irregular grain shapes. At 1600 °C, the trend continues as 

grains are significantly larger and pores become embedded within the grains. Pore 

occlusion also explains some of the earlier shrinkage observations. 

3.4.6.2. Effect of Solid Loading 
	

The change in microstructure of the outer surface with increased solid loading 

was analyzed. SEM images for this relationship are provided in Figure 3.21 
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Figure 3.21 SEM images of outer surfaces at (A)0.50 solid loading, (B) 0.55 solid 
loading, (C) 0.60 solid loading. Images were obtained at 5.0k magnification. 

	
Figure 3.21 shows an improvement in the outer surface microstructure as the solid 

loading was increased. In Figure 3.21 (A), the outer surface was ravaged by defects, 

including pinholes, cracks, and craters. At a solid loading of 0.55, in Figure 3.21(B), 

cracks and craters are not as prevalent. However, pinholes continue to persist and 

interrupt the continuous structure. These pinholes are also present at a solid loading of 

0.60 but to a much lesser extent. Pinholes are problematic because they interrupt the 

continuous microstructure, which can lead to weakened mechanical strength and coating 

difficulty. 

The SEM images were also used to determine the pore size distribution for the 

outer surface at various solid loadings. To determine the pore sizes, images at 10.0k 

magnification were scaled using Image J. The threshold on these images was then 

adjusted to establish a binary color gradient, where the outlines of the pores are colored 

red. Once the pores were isolated from the background, the diameter was measured using 

the built-in Image J analysis tools. The results of this procedure are provided in Table 3.9. 
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Table 3.9 Descriptive statistical information regarding pore size distribution for different 
solid loadings 

Solid loading Min (µm) Median (µm) Max (µm) Mean (µm) STD (µm) 

0.50 3.50 8.54 38.8 10.3 5.95 

0.55 1.21 1.97 6.31 2.46 1.33 

0.60 0.50 1.46 6.22 1.75 1.02 

	
 As seen in Table 3.9, variability in pore size increases with a decrease in solid 

loading. Low solid loadings led to a broad pore size distribution. A broad pore size 

distribution portends poorly for separation performance because it increases the 

permeability of the membrane.82   

 
3.4.6.3. Cross Section 
	

The cross-sections of the tubular supports were investigated to determine if the 

anisotropic microstructure was visible in the radial direction. Examination of the cross-

section would allow for comparison with other studies as the radial cross-section is 

typically used to determine the presence of finger-like or sponge-like pores. Different 

magnifications of the radial cross-section are presented in Figure 3.22 

 

 
Figure 3.22. Radial cross-section at magnifications of (A) 50x and (B) 2500x. 
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 Figure 3.22 (A) However, there are very few of these voids, and they do not 

traverse the circumference of the outer cylinder. Figure 3.22 (B) provides a close-up of 

this region but no additional evidence other than well-defined grains of roughly the same 

shape. Thus, it was concluded that neither finger-like nor sponge-like pores were 

observed from the radial SEM images. This occurrence was unexpected, but it was not 

without precedent as Zhu et al. also did not observe pores with a definite shape. They 

attributed these observations to the thickness of the membrane. This explanation may also 

apply since this study also had membranes of 1 mm to 2 mm in thickness. 

3.5. Conclusions 
 

This chapter delineates a reliable and repeatable procedure that could use the 3D 

printed mesh cylinder from chapter 2 and yield an alumina substrate. A schematic of the 

process is provided in Figure 3.23. 

	

Figure 3.23 Schematic of Fabrication Procedure. 
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 The iterative approach limited the potential sources of variability, which helped 

to consistently produce alumina substrates. The substrates were characterized extensively 

and relationships between manipulated variables and sintered properties were 

illuminated. From this characterization it was clear that 3D printing imposed a tangible 

surface roughness, allowed for well-defined radial features, and provided high 

repeatability. Furthermore, the microstructure of the substrates could be tailored with 

solid loading, holding time, and sintering temperature. The ideal combination of these 

independent variables was a solid loading of 0.60, holding time of 6 hours and sintering 

temperature of 1500. This combination of variable values reinforced the substrate with 

good density, porosity(>30%), and compressive strength, all of which were necessary for 

practical application.  
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Chapter 4: LTA Composite Membrane for Ethanol-Water 
Pervaporation Separation 

 
This chapter will discuss how the fabricated alumina substrates were employed as 

supports zeolite membrane deposition for an ethanol-water pervaporation separation 

process. 

4.1. Introduction 
 

Liquid-liquid separation and purification are critical to many industrial processes. 

However, many liquid-liquid separation steps are energy-intensive, thermodynamically 

limited, and detrimental to the environment.83,84 Membranes have garnered a significant 

amount of interest as cheaper, cleaner, and more efficient alternatives.85Alumina 

membranes, in particular, are highly desirable because they are thermally stable, 

chemically stable at low pH, and do not swell.84These characteristics make asymmetric 

alumina membranes excellent candidates for pervaporation. 

 Pervaporation is the separation of a liquid mixture by partially vaporizing it 

through a nonporous selective membrane. A generalized lab-scale schematic is provided 

in figure 5.1. 

 

 

Figure 4.1 Lab-scale schematic of the pervaporation process. Adapted from ref. 7  

	
The driving force behind pervaporation is the difference in partial pressures 

between the permeate side and feed side. At a lab scale, this pressure difference is 

maintained by vacuum pumping on the permeate side. The selectivity of the membrane is 
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governed by the permeability of the components in the feed stream. This makes 

pervaporation particularly intriguing as it can potentially separate close-boiling point and 

azeotropic mixtures. As the demand for sustainable energy alternatives increases, 

ethanol-water separation to yield anhydrous ethanol becomes increasingly important. 

This separation will be discussed herein.	

 Although the fabricated alumina membranes could be used in their present 

condition, their porosity is not ideal for ethanol-water separation and would result in poor 

separation.86It is much more effective to coat the alumina membranes with a thin dense 

selective layer and use the alumina membranes as a mechanical support. 

Zeolites, crystalline aluminosilicate materials, are often used as selective layers 

owing to their tunable functionalities, stability under harsh conditions, and well-defined 

pore size. Of the class of zeolites, Zeolite A(LTA) has drawn attention in separations 

related to polar molecules because of its high hydrophilicity. More specifically, LTA has 

demonstrated excellent performance in ethanol/water pervaporation, achieving separation 

factors greater than 10,000.5 Thus, this chapter will explore the pervaporation 

performance of LTA selective layers on the alumina membranes. 

4.2. Experimental 
 
4.2.1. Materials 
 

 Silicic acid hydrate – 100 Mesh Powder (SiO2 x H2O), sodium hydroxide (NaOH, 

flake, 98%), aluminium isopropoxide (Al[OCH(CH3)2]3, 98+% ), and 

tetramethylammonium hydroxide (TMAOH, C4H13NO, 25% w/w aq. ), were obtained 

from Alfa Aesar. LUDOX Silica (AM-30) and sodium aluminate were obtained from 

Sigma Aldrich. 
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4.2.2. Zeolite Synthesis  
	

 Zeolite membrane synthesis began with zeolite seed preparation. Precursors 

NaOH, TMAOH, SiO2 x H2O and H2O were added to a perfluoxy copolymer (PFA) 

bottle and allowed to mix for approximately 8 hours on a magnetic stirrer. Once a clear 

homogenous solution was obtained, aluminum isopropoxide was added to the solution 

and stirred for 6 hours. After 6 hours, a clear gel with a molar composition of 11.25 SiO2: 

1.8 Al2 O3:6.7(TMA)2O:1.2 Na2O:700 H2O. The gel was transferred to a convection oven 

at 70 °C, where it remained for 72 hours. Using repeated centrifugation at 5000 rpm for 

15 minutes, the seeding crystals were purified and concomitantly washed in DI water 

until the pH was below 9. Finally, the seeds were calcined at 550 °C for 6 hours. 

To form a colloidal suspension, 1.96% of zeolite seeds by weight were added to a 

balance of water. The alumina substrates were dipped in the colloidal suspension 5 times 

to coat both the inner and outer surfaces of the substrate. The coated alumina substrate 

tubes are then allowed to dry at room temperature for 48 hours.	

To develop the zeolite membrane on the alumina substrate, sodium aluminate and 

NaOH were added to the required amount of water and mixed on a magnetic stirrer for 15 

minutes. While still mixing, Ludox silica was slowly added dropwise. After 12 hours of 

mixing, a clear gel with a molar composition of 5 SiO2: 1Al2O3:50Na2O:1000H2O was 

obtained. The gel and seeded alumina tubes were transferred to an autoclave, where 

hydrothermal growth occurred at 100 °C for 5 hours. The tubes were subsequently 

washed several times with DI water and dried over 8 hours at 60 °C. 

4.2.3. Pervaporation Tests 
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Prior to setting up the apparatus for pervaporation, an ethanol-water mixture with 

a 90:10(ethanol to water) weight composition was prepared. Büchner flasks were 

weighed so permeate masses could be determined after a predetermined set time of 1 

hour. 

For the pervaporation setup, the composite alumina membrane was immersed into 

the ethanol-water mixture in an oven at 70 °C. With stainless steel pipes, the membrane 

was connected to the necks of 2 Büchner flasks. One Büchner flask was used to capture 

the transient permeate; while the other was used to capture the steady-state permeate. The 

Büchner flasks were kept in cold traps that used liquid nitrogen to condense the permeate 

vapor. The side arms of the Büchner flasks were attached to a vacuum pump to maximize 

the pressure gradient on the permeate side. A schematic representation of the 

experimental setup is provided in Figure 4.2. 

 

Figure 4.2 Schematic of Pervaporation setup. 

Once the experiment was initiated, 10 minutes were allotted for the system to 

reach steady state. At this point, flow was redirected from the Büchner flask 
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corresponding to the transient state to the Büchner flask corresponding to the steady state. 

The system remained in this state for 1 hour at which point the experiment was complete 

and samples were analyzed. 

4.2.4. Pervaporation Analysis 
	

Immediately after the pervaporation experiment ended, the steady state Büchner 

flask was weighed to capture the mass of the effluent permeate stream. With this 

additional information, the total mass flux was calculated: 

 

 𝐽" =
𝑚&

𝐴 ∗ 𝑡		 
(5.1) 

 

In equation 5.1, mp corresponds to the mass of the permeate, A is the membrane 

surface area, and t is the allotted time. Afterwards, the concentrations in the effluent 

permeate stream were determined with gas chromatography (Agilent Technologies 

7890A). For each sample, 2 injections were taken and averaged. The area under the peaks 

of the chromatograph output was calculated and then compared to a calibration curve to 

determine the concentration. With the concentrations, separation performance was 

calculated with the following: 

 
𝛼 =

𝑦, 𝑦/<
𝑥, 𝑥/<

 
(5.2) 

 

Equation 5.2 is the ratio of the mass fractions in the permeate phase to the ratio of 

the mass fractions in the feed stream. In equation 5.2, y and x refer to permeate and feed 

compositions, respectively. 
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4.3. Results and Discussion 
 
4.3.1. Independent Performance of Alumina Substrate 
	

The performance of the alumina substrate without zeolite coating was assessed to 

test the hypothesis that the substrate would perform poorly without a selective layer. 

Determining the alumina support’s independent performance was vital because it would 

clarify the zeolite layer's efficacy and prevent alumina’s inherent hydrophilic character 

from confounding results. Table 4.1 presents the flux and separation factor for the 

independent run. 

	
Table 4.1 Separation performance for alumina support 37 prior to zeolite coating 

UID Flux (kg/(m2•h)) Separation Factor(kg/kg) 

37 26.2 1.10 

 
 
Although high flux and low separation were expected, the results in Table 4.1 

neared extremes. Even in systems where the support is also used as the separation layer, 

it is not uncommon to see low fluxes in the range of 1 kg/(m2-•h)) to 10 kg/(m2-•h)).87 

Thus, the large flux and decreased permeation resistance suggested the presence of 

macrovoids, perhaps to an extraordinary extent. In any case, these results were promising 

as they confirmed that the effect of the zeolite layer would be isolated and portended 

good substrate function. 

 
4.3.2. Performance of The Ceramic Membrane 
	

The pervaporation performance of the composite membrane after one zeolite 

growth cycle was gauged. Information from this experiment would indicate whether the 
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3D fabricated alumina support could be used in practical applications, especially with a 

separation layer that is particularly sensitive to the properties of the support. The flux and 

separation factor for this experiment are provided in Table 4.2 

	
Table 4.2 Separation performance for alumina support 37 after one cycle of zeolite 
coating. 

UID Flux (kg/(m2•h)) Separation Factor(kg/kg) 

37 0.800 5190 

 
 
 With a value of 0.800 kg/((m2•h)), the flux was markedly lower than that without 

zeolite coating. This finding suggested that a dense zeolite layer had, in fact, grown on 

the alumina support. Further evidence of successful zeolite deposition is provided by the 

separation factor of 5190. Not only do the results suggest the alumina support with a 

coated zeolite layer can facilitate the separation of water from ethanol, but they are also 

consistent with the oft-observed tradeoff between flux and separation in literature. To 

further contextualize the results, they were compared against other alumina/separation 

layer pairings for ethanol dehydration in Table 4.3. 

	
Table 4.3 Performance data for the dehydration of ethanol on a-Alumina supports from 
various studies  

Membrane 
Support 

Separation 
Layer 

Flux(kg/(m2•h)) Separation 
Factor(kg/kg) 

Temperature
(°C) 

Reference 

a-Alumina Zeolite A 2.15 10,000 75 88 
a-Alumina Zeolite X 0.89 360 75 88 
a-Alumina Zeolite Y 1.59 130 75 88 
a-Alumina PVA 1.05 38 70 89 
a-Alumina NaA 3.80 3600 125 90 
a-Alumina Zeolite A 0.80 5190 70 This Study 
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 Table 4.3 indicates that despite the defects communicated in chapter 4, the 

alumina support in this study functioned well enough to exploit the selective permeability 

of zeolite A separation layers. This study's separation factor of 5190 outperformed other 

hydrophilic separation layers on a-Alumina, such as zeolite X, zeolite Y, NaA, and PVA. 

However, Table 4.3 also indicates that zeolite A's separation ability is not maximized in 

this study, as Tanaka and colleagues achieved a separation factor of 10,000 with an 

increased flux of 2.15 kg/(m2-•h)).88 This suggests that the support morphology can be 

improved to foster better zeolite growth, leading to better performance. 

4.3.3. Microscopic Analysis of Zeolite Deposition  
	

To confirm the deposition of the zeolite layer onto the support, the composite 

membranes were analyzed via SEM. SEM images of the coated substrate along with a 

bare support for comparison are provided in Figure 4.3 
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Figure 4.3 SEM images of coated and bare substrates. (A) Outer surface of coated 
Support UID 37, (B) Inner surface of coated Support UID 37,(C) Outer surface of bare 
Support UID 38,( D) Inner surface of bare Support UID 38. All images were obtained at 
10.0k magnification with the exception of (B) which was obtained at 4.99k 
magnification. 

	
In Figure 4.3, UID 38 was used for comparison because it was fabricated under 

identical conditions and should have a similar microstructure. A distinct zeolite layer was 

observed on the inner and outer surfaces. SEM images in Figure 4.3(A) and (B) reveal 

the crystalline cubic morphology of LTA.91 Based on the SEM images, the crystal size is 

roughly 2.5 µm. The crystal size in agreement with the findings of Yu et. Al. who argue 

that a TMAOH/NAOH of approximately 50, such as the one used in this study, should 
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result in a crystal size around 2 µm.92 Knowledge of the crystal size is important because 

it controls the diffusivity and adsorption of feed components.92 Furthermore, smaller 

crystals lead to more uniform zeolite layers.92 However, a unform zeolite layer was not 

observed on the smooth inner surface as expected. As shown in Figure 4.3(B), the zeolite 

crystals are interspersed on the alumina support. Discontinuity in the zeolite surface is not 

ideal for separation performance. 

4.4. Conclusions 
	

This chapter aimed to identify alumina substrates that could be used in a 

separation process of practical significance. The substrates were coated with zeolite A 

and employed in a pervaporation process to separate water from an ethanol feed. The 

results indicate that the 3D printed alumina substrates with zeolite coating could achieve 

robust performance for ethanol dehydration that is comparable, if not better, than other a-

alumina composite systems.  

It was critical to first determine if the substrate was viable in a pervaporation 

process as the requirements of the support are less stringent.85 Even with less stringent 

requirements, expectations were tempered given the factors challenging favorable results, 

including macropores, dents and defects, and surface roughness.5 Despite these 

challenges, the membrane’s performance and SEM images indicated that a seed-assisted 

growth method could lead to successful zeolite deposition on the alumina support, but it 

did impugn the perceived need for a smooth and uniform surface when dip coating the 

seed solution. As previously communicated, substrate roughness was perceived to be a 

challenge to overcome for zeolite deposition. However, this was not observed as the 

highly ordered roughness imposed by 3D printing led to a complex interaction between 
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the support and zeolite layer that was conducive to zeolite deposition. 53,54,93,94This 

study’s methodology was limited in that its analysis of this behavior was merely 

qualitative. Future studies could build upon these findings by quantifying the impact of 

alumina-support patterning on LTA deposition. 
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Chapter 5: Conclusions and Future Work  
	
5.1. Conclusions 
  

This thesis aimed to develop a unique design and procedure for the fabrication of 

alumina substrates that exploited the accuracy and precision of 3D printing without being 

prohibitively limited by the constraints of a particular printer. In addition, this study 

sought to employ the fabricated substrate in a practical separation procedure not only as a 

proof-of-concept but also to highlight the advantages of 3D printing. Preliminary 

fabrication tests indicated the mesh cylinder via the alternative approach provided the 

best chance of consistently producing alumina substrates. Chapter 4 validated this theory 

as multiple substrates were produced with similar dimensions, roughness, durability, and 

underlying microstructure. Then, the substrates were coated with LTA and underwent 

pervaporation performance testing where they demonstrated that they could reasonably 

separate water from ethanol. The results of this study suggest that the research objectives 

were realized. The success of this study validates indirect fabrication as a viable lab-scale 

alternative to fabricating separation membranes with performance comparable to other 

fabrication techniques.  

The study was not without its limitations. As communicated in the introduction, 

generalizability is limited to applications involving the Form 2. SLA printing is in the 

upper echelon of printing technologies concerning resolution. Printers with lower 

resolution may not yield supports with the same degree of repeatability and 

reproducibility. Moreover, the research conducted in this study was performed to 

establish feasibility. Thus, there were a number of topics that were broached but not fully 

explored. The following section will provide future directions for these topics. 
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5.2. Future Work 
To advance this study in the future, the following research directions can be 

explored.   

(1) Reversal of asymmetric structure: The conclusions in chapter 2 may be 

expounded upon by designing a new mold that would allow for the reversal of the 

microstructure observed in this study. This may be accomplished by meshing the inner 

cylinder and rendering the outer cylinder solid. Although the solid outer cylinder was 

unable to be demolded in this study, future studies could attempt to make the outer 

cylinder sufficiently thin to make demolding feasible. If this is still unsuccessful, studies 

could adapt a similar demolding procedure to this study where the outer cylinder is 

lubricated, the inner mesh cylinder struts are broken, and the support is demolded by 

pulling on the inner surface. In any case, a successful study of this alternative design 

would provide further evidence of indirect fabrication’s ability to tailor the 

microstructure of final parts. 

(2) Procedural Optimization: There are several options in which future studies 

could explore the topics of chapter 3. This section will focus on implementing additives 

and membrane fabrication for other systems. 

Although the procedure in this study was manipulated to limit the variability 

incurred during loading and immersion precipitation steps, future research could build 

upon this by incorporating additives. No dispersants, sintering additives, or co-binders 

were used in this study because feasibility with the indispensable components needed to 

be established. Now that it has been established, an additive such as polyethylene glycol 

(PEG), which is often used as a co-binder in PVB/Alumina systems, may be 

incorporated.95 The introduction of PEG could improve the rheological behavior of the 
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slurry or reduce the PVB-induced carbon contamination believed to have influenced this 

study. This would expand the working knowledge of what sintered properties are 

attainable with this system and the derivatives of this system. 

Conceivably, the technique employed in this study is compatible with any ceramic 

or polymer, provided it is in a flowable system. Thus, researchers could attempt to 

fabricate membranes of polymer and ceramics that are notoriously difficult to fabricate 

traditionally. This would corroborate that the technique in this study is versatile and 

virtually untethered. 

(3) Performance Enhancement with Well-Patterned Roughness: As 

communicated in chapter 4, roughness can lead to a complex interaction that enhances 

the deposition of colloidal materials52,53,94. Thus, researchers could explore how 3D-

printing imposed roughness influences the deposition of separation layers. This would 

differ from previous roughness studies as they did not have comparable control to impose 

and pattern this roughness. A roughness study may be coupled with an issue in composite 

membranes, such as the inner surface coating of seed-assisted zeolite. 

 In some applications, it is beneficial to coat the inner wall with the zeolite layer 

because it protects the zeolite layer from mechanical damage.5 However, conventional 

seeding deposition methods such as dip coating are not as effective when coating the 

inner surface. Researchers could use a design similar to the one presented in 0 to impose 

roughness on the inner cylinder and assess its effect on seed deposition. Such a study 

would be impactful as it would provide an alternative solution with enhanced 

reproducibility to a commonly encountered problem in zeolite deposition. 
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