Imperial College
London

MICRO-CHANNEL ENHANCED ALUMINA MEMBRANES —
DESIGNING AND TAILORING THEIR PROPERTIES FOR
WIDENED APPLICATIONS

By

Melanie Wei Ting Lee

A Thesis Submitted for the Degree of Doctor of Philosophy and the Diploma of Imperial
College London

April 2016

Faculty of Engineering

Department of Chemical Engineering



Declaration of Originality

I hereby declare that this thesis and the work reported herein was composed by and originated
entirely from me. Information derived from the published and unpublished work of others has
been acknowledged in the text and the relevant references are included in this thesis.

Melanie Wei Ting Lee

Imperial College London, April 2016



Copyright Declaration

The copyright of this thesis rests with the author and is made available under a Creative
Commons Attribution Non-Commercial No Derivatives license. Researchers are free to copy,
distribute or transmit the thesis on the condition that they attribute it, that they do not use it
for commercial purposes and that they do not later, transform or build upon it. For any reuse

or redistribution, researchers must make clear to others the license terms of this work.
Melanie Wei Ting Lee

Imperial College London, April 2016



Abstract

Ceramic membranes have the potential to replace polymeric membranes in existing
membrane processes as well as expanding their applications to unexplored territories.
However, they only hold a small market share out of all the other membrane materials, and
the main deterrents are high capital costs, lower performance, and brittleness. Hereby, in this
thesis, significant progress has been made addressing the above-mentioned bottlenecks. By
using the micro-channel inducing combined phase inversion and sintering method, ceramic
asymmetric membranes with greatly enhanced performance and widened applications were
fabricated.

Firstly, improved understanding of the formation mechanisms of these micro-channels
was achieved by fabricating alumina disc membranes. Parameters such as: suspension
composition, membrane width, and coagulation temperature were manipulated and a wide
range of different micro-channels were formed. The microfiltration membranes with the long
and cylindrical micro-channels exhibited the highest water permeation flux and can be
potentially used in water treatments. Furthermore, the micro-channel properties were
mimicked using the Rayleigh-Taylor Instability.

Next, six hollow fibre cross-section morphologies were designed and delivered via the
use of different bore fluids, air gap, and polymer sacrificial layers in order to control the
surface at which the micro-channels are open at. Apart from improving permeation flux, the
opening of the micro-channels allows access to these pockets of space, which can be used to
store and pack functional materials to form highly compact systems. The presence of micro-
channels compensates the membranes’ mechanical stability, and therefore, a method for
improving mechanical stability was put forward: to form multi-channel hollow fibres, tubes
or monoliths with a plurality of micro-channels and increased cross-section area. The
resultant membranes exhibited improved bending strengths. Finally, a potential new
application of the hollow fibre with open micro-channels was studied. Adsorbents were
packed into the micro-channels, to form a hollow fibre GC column perform oxygen and

nitrogen separation, and an 8 m long column managed to separate the two components.
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Chapter 1: Introduction

Chapter 1 provides some background knowledge of ceramic membranes, followed by the objectives for

each chapter and an overview for the thesis

1.1 Background

In recent years there has been a steady growth in the applications of membranes
across a wide range of sectors, such as: water treatment, food, beverage,
biotechnology, pharmaceutical, oil and gas industries, reaction engineering, energy
generation, and more. The most sought after features of membranes are their flexible
selectivity and permeability, allowing only what you want through at the rate desired.
In particular, membranes have anchored themselves a firm position in separation
processes, which can be in the liquid, gas or mixed phases. Furthermore, the general
trend of transitioning to more energy efficient technologies, meeting the increasingly
stringent emission standards, striving for more and more compact systems, and
reducing the total amount of waste produced act as main drivers for the development
of membranes and membrane processes.

In both the past and today, polymeric membranes have dominated the
membrane market, and due to their expanded applications, many other sectors’
awareness and interest in membrane technology have also increased. This brought
forth widened challenges that these membranes must face, including a greater range
of environments and conditions to operate in, and they must be more specifically
tailored for optimised performance. As the environments and conditions that the
membranes are desired to operate in become harsher and more extreme, the drive for
alternative, more robust membrane materials began to rise. Membranes with good
chemical, thermal, and mechanical stabilities are desired, which led to the
development of inorganic ceramic membranes. These membranes provide long-term
stable performances, and can operate in extreme conditions.

However, research for ceramic membranes was slower and less widespread

when compared with organic membranes. Their main drawbacks include: high capital



costs, brittleness, and lower packing densities when arranged in modules. Although
the rate of development was slower, significant progresses have been made in the past
40 years. The development of various different deposition techniques such as
chemical vapour deposition (CVD) and sol-gel, etc, have allowed the fabrication of
higher performing membranes for expanded applications in nanofiltration, reverse
osmosis, gas separation, reaction, pervaporation, and more. For many advanced
applications, the same bottlenecks are hindering their industrialisation and larger-
scale uses, such as: high capital cost, long and tedious fabrication process, low
packing densities and high mass transfer resistances due to thick membrane
thicknesses.

On the other hand, the emergence of the combined phase inversion and
sintering method has created highly asymmetric membrane substrates that have
superior performance as well as shortened and cheaper fabrication processes. In
particular, the ability to manipulate the finger-like macrovoids, which has been
traditionally seen as a disadvantage in polymeric membranes, is the main feature that
enhanced the membrane performance as well as potentially debottling the limitations.
After careful manipulation of fabrication parameters, their identity was transformed
from a redundant void of space that weakens the membrane mechanically, to a pocket
of space that extends the surface area of the membrane and can act as storage space,
which can further expand their applications.

This study focuses on negating all of the abovementioned issues associated
with ceramic membranes in order to easily reproduce high performing and economic
ceramic membranes for expanded applications. The study is split into four main
categories: fundamental study on the formation of micro-channels in alumina
membrane systems, the manipulation of the micro-channels in alumina disc and
hollow fibre membranes, the improvement of mechanical stability by adjusting
membrane geometry, and finally, a possible broadened application of the newly

developed membranes.

1.2 PhD Objectives

The objective of this thesis is to design and fabricate tuneable micro-channel

enhanced ceramic membranes via the combined phase inversion and sintering method



for tailored and widened applications. Firstly, a fundamental study is carried out to
investigate the factors that affect and influence micro-channel growth and
characteristics in flat disc membranes. In this study, preliminary simulation attempts
are used to predict and control the types of micro-channels that can be formed more
quantitatively. The knowledge gained from this study is then transferred to ceramic
hollow fibre membranes, and distinctively different micro-channelled membranes are
fabricated using different bore fluids and air gap, and subsequently, characterised and
tested for water filtration. The membrane structures are further expanded by the
formation of multi-layer membrane precursors with sacrificial layers, to form open
micro-channels at the surfaces desired. The potential applications of these membranes
are discussed. Then, a study is carried out to improve the mechanical stability of
micro-channelled membranes, by developing multi-channel hollow fibre, tubular, and
monolithic membranes. Finally, gas chromatography, a potential application of the
micro-channelled ceramic membrane whereby the stationary phase is deposited and

packed into the micro-channels, is studied.

1.2.1 Fundamental Study on the formation of micro-channels in ceramic

membranes — Spatial structure and simulation

The purpose of this chapter is to gain an improved fundamental understanding behind
the formation of micro-channels in ceramic membranes systems. This is achieved by
first simplifying the phase inversion process by forming alumina flat disc membranes
to reduce the amount of variables that can affect the development of micro-channels.
The effects of 5 different solvents in the ceramic suspension on the macro- and
microstructures of the disc membranes are studied. Membrane characteristics such as
pore size, pore size distribution, mechanical strength and pure water permeation flux
are studied and the stratified micro-channel densities and periodic distances are also
quantified. The effect of the membrane skin layers on pure water permeation flux are
studied. The Rayleigh-Taylor instability phenomenon is also proposed as the cause
for the formation of micro-channels and preliminary simulations were carried out to

mimic the micro-channel characteristics.



1.2.2 High flux micro-channelled ceramic disc membranes for water treatments

and spinning of microfibres

This chapter further studies the different fabrication parameters that can affect the
formation of micro-channels based on the knowledge gained from the previous
chapter, in effort to improve membrane performance in terms of water permeation
flux. The effects of alumina loading in the ceramic suspension, membrane thickness,
and coagulation temperature on the macro- and microstructures of the membranes are
studied and the stratified micro-channel densities and periodic distances are
quantified. The membranes made with different alumina loadings are further
characterised in terms of pore size, pore size distribution, mechanical strength, and
pure water permeation flux and the micro-channel characteristics are explained with
preliminary simulations. A potential application of using micro-channelled disc
membranes for the spinning of microfibers is also tested successfully to fabricate YSZ

fibres.

1.2.3 Micro-structured alumina hollow fibre membranes

This chapter applies the knowledge gained from the previous two chapters onto
hollow fibre membranes for improved packing density. Three distinctly different
asymmetric alumina hollow fibre membrane morphologies are designed and
fabricated by manipulating the spinning conditions, such as bore fluid choice and air
gap. The membranes are characterised in terms of cross-section morphology, pore
size, pore size distribution, mechanical strength, and pure water permeation flux.
Effects of sintering temperature on these membrane properties are also studied and
the most promising design for potential applications in aqueous microfiltration are

discussed and studied further.



1.2.4 New open micro-channelled alumina hollow fibre membrane structures

toward broadened applications

This chapter is focused on improving the performance and expanding the applications
of asymmetric ceramic membranes, by forming open micro-channels in a single step
through using polymer sacrificial layers during spinning. 3 types of alumina hollow
fibres with open micro-channels at the desired surface(s) are designed and fabricated.
The membranes are characterised in terms of cross-sectional morphology, pore size,
pore size distribution, mechanical stability, and pure water permeation flux. Potential

applications of these new designs are also briefly discussed.

1.2.5 Micro-structured alumina multi-channel capillary tubes and monoliths

This chapter aims to improve the mechanical stability of the micro-channelled
ceramic membranes by fabricating multi-channel capillary and monolith tubes. 1-
channel, 3-channel hollow fibres and 7-channel and 19-channel capillary/monolith
tubes are fabricated with micro-channels in the cross-section. The membranes are
characterised in terms of cross-sectional morphology, pore size, pore size distribution,
mechanical property, and pure water permeation flux. The water permeation flux of

the multi-channel tubes are further improved by selectively sealing channels.

1.2.6 A high-capacity open bore GC column based on alumina hollow fibres

This chapter looks into detail a potential application of ceramic hollow fibres with
open micro-channels: as a gas chromatography column. The alumina hollow fibres
with open micro-channels are used as the support to hold 5A molecular sieve particles
to separation oxygen and nitrogen in air. Factors such as column length and carrier
gas flow rate and their effects on separation performance are studied. The
performance of this new type of GC column is compared with conventional packed

and capillary columns.



1.3 Thesis structure and presentation

This thesis consists of 10 chapters in total; to design and develop micro-channelled
ceramic membranes for more broadened applications. Chapter 1 introduces the topic
of membrane processes and why ceramic membranes should be researched into, and
in particular, ceramic membranes with micro-channels. It also includes the main
objectives of this thesis. Chapter 2 reviews the literature available on ceramic
membranes, with emphasis on the combined phase inversion and sintering fabrication
method and water treatment applications. Chapter 3 describes all the materials that
were used, as well as the experimental procedures and characterisation techniques that
were carried out. Chapter 4 is for improving the fundamental understanding of the
micro-channel formation mechanisms, by studying simplified flat disc systems and
developing preliminary simulations to mimic the micro-channel characteristics.
Chapter 5 builds from the knowledge gained in Chapter 4 and further improves on the
fundamental understanding by testing a series of fabrication parameters in effort to
develop high flux micro-channelled membranes. Chapter 6 transfers and applies the
knowledge gained from disc membranes onto hollow fibre membranes for much
improved packing densities and develops 3 types of different asymmetric structures
by using different bore fluids and air gap. Chapter 7 concentrates on developing
ceramic hollow fibre membranes that can have open micro-channel at any desired
membrane surface by spinning with polymer sacrificial layers to expand the
application of asymmetric membranes. Chapter 8 describes a method for increasing
the asymmetric membranes’ mechanical strength, by producing multi-channel tubes
and monoliths. Chapter 9 looks in more detail into a potential new application for
asymmetric ceramic hollow fibres with open micro-channels: as a gas
chromatography column. Chapter 10 concludes the thesis, with regards to the

achievements made and future works that can be carried out.



Chapter 2: Literature Review

Chapter 2 reviews the development of inorganic membranes in terms of fabrication methods, geometry

designs, micro-structural designs, as well as their applications

2.1 Membrane Principles and processes

A membrane can be defined as a semi-permeable active or passive barrier, which
when placed under a certain driving force, separates one or more selected species or
components of a mixture whilst the rest is rejected [1]. Most of the existing membrane
process can be categorised into the following: microfiltration (MF), ultrafiltration
(UF), nanofiltration (NF), reverse osmosis (RO), gas separation, pervaporation, and
electrodialysis. The processes differ in terms of the pore size, the separation
mechanism, as well as the driving force for separation. Micro- and ultrafiltration
separate via sieving through pores, and reverse osmosis separates via the commonly
accepted solution-diffusion model and they are driven by partial pressure differences
across the membrane. Gas separation is the separation of selected gas species through
a membrane that is selectively permeable to certain species of gases via a partial
pressure difference across the membrane. Pervaporation is when permeate is passed
as a gas through the membrane, whereby one side contains a liquid and the other side
vapour and is driven by the vapour pressure difference. Finally, electrodialysis
separates ions in aqueous solutions via a charged membrane driven by electrical
potential differences. The emphasis of this review will be on the pressure-driven
processes, mostly micro- and ultrafiltration and water treatment.

Due to the large range of membrane processes available today, it is difficult to
pinpoint specific research priorities, as they vary from industry to industry, as well as
application. In 1989, the Membrane Technology and Research, Inc (MTR) performed
a study addressing the research priorities in the membrane separation industry [2]. For
MF and UF, the highest priority research topics include: fouling-resistant long-life
membranes that are high temperature, solvent, wide pH, and oxidant resistant, low-

cost membrane modules and low energy module designs. Although the study was



performed more than 20 years ago, many of the issues still remain as important
research areas today. Most of the progress was concentrated on organic membranes
and operating systems, and inorganic membranes were not given as much attention
mostly because they were much more expensive. The development of cheap
asymmetric inorganic membranes with high packing densities and permeation fluxes

can be seen as a possible solution to most of the challenges listed above.

2.2 Development in ceramic membranes and their

fabrication processes

Ceramic materials can be made into membranes; which can be both porous and dense.
Using ceramic materials as membranes have advantages of high chemical, thermal,
and mechanical stabilities over organic membranes. Below is a brief overview of the

history of ceramic membranes, describing the loose trends and major developments.

2.2.1 Brief history of ceramic membrane developments over the past 50

years

The earliest uses of ceramic membranes dated back to the 1940s for enriching
uranium in nuclear power plants [3]. In the entire 60s and 70s there was little growth
in ceramic membranes, and they were mostly used in very niche fields and in the food
and dairy industry, for carrying out micro- and ultrafiltration functions. The research
interest in ceramic membranes began to grow in the 80s, whereby more durable and
chemically and thermally stable membrane materials were desired due to the increase
in general membrane applications. The first tubular and monolithic membranes were
also available for commercial use [4], and ceramic membranes became increasingly
popular in the emerging food, dairy, and biological industries [5-8]. The main
attractions that brought ceramic membranes to these industries include robustness,
sterilisability, and their ability to be cleaned in harsh conditions. In order to reduce
costs, monolithic hexagonal configurations were developed [4]. However, the
applications of ceramic membranes stayed almost entirely in aqueous MF, UF, and

some gas separation processes [9, 10].



From the 1990s onwards, there was a rapid increase in research and
development of ceramic membranes, including a large expansion in applications, and
the development of additional materials and fabrication methods. Ceramic membranes
were no longer viewed solely as separation barriers, but carried out other tasks such as
reactions and energy generation and researchers concentrated on integrated processes.
There was a boom in research on membrane reactors, such as the enzyme
immobilised membrane reactor and catalytic membrane reactor. Applications
included the dehydrogenation of organic compounds such as ethylbenzene to styrene
[11, 12], steam reforming and water gas shift to produce H, [13-15], and partial
oxidation of methane to synthesis gas [16-18], etc. This development was much
facilitated by the fabrication of hydrogen permeable palladium membranes supported
on porous ceramic substrates [19-21], and mixed ion conducting membranes for
oxygen transport [22-24]. Solid-oxide fuel cells were also popular topics to provide
electricity with high efficiency and low emissions [25]. There was also an increase in
the application of ceramic membranes in water treatment; in particular, the
appearance of membrane hybrid systems such as coagulation-microfiltration and
adsorption-ultrafiltration [26], and photodegradation of organic materials with TiO,
[27]. There were larger scale studies for treating and reusing wastewater from
buildings [28], and in treating primary sewage effluent [29]. Membrane bioreactors
using ceramic membranes were popular studies [30-33], mainly for the treatment of
wastewater. A newer field that received increasing attention was membrane
emulsification [34-36].

In terms of development in fabrication, the CVD method was introduced to
make UF ceramic membranes with thin functional layers [37, 38]. Improvements in
the sol-gel technique was achieved, for the formation of smaller pores and controlled
porosity [39, 40], as well as other new deposition techniques such as slipcasting,
filtration, coating, and permformation [41]. Phase inversion was also first introduced
in the 90s, to form the first asymmetric ceramic membranes via wet-spinning with a
polymer in suspension [42].

Ceramic membranes started appearing in a wider range of configurations, and
the hollow fibre configuration was fabricated in effort to increase the packing density
of the modules [42, 43]. Some research efforts have also been paid to improve the

membrane modules [44], so that they can handle the high temperature conditions that



are required by the new applications. However, the main deterrent for using ceramic
membranes industrially and commercially remained the investment costs.

The 2000s saw an expansion in applications, fabrication techniques, and
materials for ceramic membranes. Much research on membrane reactors were
continued from the 90s, but there was little attempt at industrial use, and the main
deterrent was the cost of the microporous membranes, which would require radical
changes to membrane and module design to improve [45]. It was recognised that
affordable, efficient, long term reliable membranes and optimised reactor design and
up-scale process analysis were needed for further growth of membrane reactors.
There was some increasing attention on renewable energy sources, such as the direct
solar thermal splitting of water using ceramic membranes [46, 47], and using ceramic
membranes to refine biodiesel [48]. Much attention was given to oxygen separation
[49, 50], and hydrogen technology to make rechargeable batteries or for hydrogen
energy sources [51, 52]. There was more attention on hybrid systems for wastewater
treatment and drinking water production [53-55], and a growth on membrane
emulsification [56-58]. Other applications concerning ceramic membranes included
hollow fibre membrane contactors [59, 60], hydrophobic ceramic membranes from
grafting for membrane distillation [61-63], and using ceramic monoliths as the
stationary phase in chromatography [64].

In terms of fabrication, the combined phase inversion and sintering technique
became more studied [65, 66], which can achieve the fabrication of asymmetric multi-
layered membranes in a single step [67]. This method was also explored for a range of
ceramic materials, such as YSZ hollow fibres [68, 69] and composite membranes
[70].

In terms of membrane materials, researchers doped ceramic materials for ion-
conducting membranes [71-73], and other materials studied include SiC [74-76] and
anodic aluminium oxide [77, 78]. A lot of zeolite studies were carried out for
applications such as pervaporation and heavy metal removal from wastewater [79-81].

From 2010 onwards to now, there is still a rapid expansion in ceramic
membrane research and development, particularly for integrated systems to form
synergies with other technologies. In particular, hybrid systems with advance
materials have received a lot of attention. Emerging areas include using ceramic
membranes to treat oily wastewater and oil field wastewater, etc [82-84]. A rise in

attention on membrane reactors is experienced, due to the rise of dual-layer
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membrane reactor [85], multifunctional catalytic membrane reactors [86], and
membrane hollow fibre micro-reactors etc [87]. Asymmetric hollow fibre membranes
are attractive as they have lower mass transfer resistances and higher packing
densities compared with older membrane reactors. There has been an increase in
researches for carbon dioxide separation using dual-phase membranes [88], as well as
carbon dioxide capture [89, 90], as power plants aim for zero-emission and
sustainable fuel production [91, 92]. Renewable methods for producing electricity
with ceramic membranes is still studied, with developments such as the microbial fuel
cell for converting organic biomass into electricity [93].

One particular area that is receiving on-going increasing attention is the use of
nanoparticles in ceramic membrane structures for enhanced performance and widened
applications. Application examples include water treatment [94], hydrogen recovery
from hydrocarbons and gas separation using ZIF-8 particles in membranes [95, 96],
and graphene oxide membranes on ceramic supports for pervaporation, nanofiltration,
or oil and water separation [97-100].

Research on the combined phase inversion and sintering method continued
with promising progress. The method can produce micro-channels, which are opening
up the applications for ceramic membranes. A wider variety of materials have been
used with this method to fabricate hollow fibre porous membranes, such as stainless
steel [101]. Other novel fabrication methods include centrifugal casting [102], and the
emulsion-templated method for making porous membrane materials [103]. The quest
for cheaper membrane materials continues, and from 2010 onwards, much research
was carried out on making membranes from low cost clay [104-107].

As can be seen from the developments, many achievements have been made
over the past half-century, and the applications of ceramic membranes have spread
extensively and are projected to continue doing so. As ceramic membranes become
more and more competitive cost wise, there should be increasing situations whereby
they will be chosen over or replace polymeric membranes, due to their robustness and
great chemical and thermal stabilities. The focus of this literature review will be
mainly on pressure-driven membrane processes, such as micro- and ultrafiltration in

aqueous conditions.
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2.2.2 Desirable membrane characteristics and their design

To understand the type of membrane properties desired for pressure-driven membrane
processes, it is important to first understand the membrane transport mechanisms.
Transport models can help to identify the structural parameters that affect the
membrane performance. Different pore geometries exist depending on the fabrication
processes and hence different models can be used to describe the transport through
these different geometries. For example, the pores can be depicted as parallel
cylinders, or a network of tightly packed spheres. For pores formed from voids
between tightly packed spheres, the Carman- Kozeny relationship can be used to
describe membrane flux assuming no interaction between the fluids and surface of the

membrane [1]:

3

&g s
kuS2(1-¢g)2 Ax (2.1)

]:

where J is the membrane flux (m’/(m*s)), K is the Carman- Kozeny constant
(depends on pore shape and tortuosity), € is the porosity, S the specific surface area
(m*/m’), u is the permeate viscosity (N-s/m?), AP is the pressure difference (N/m?)
and Ax is the membrane thickness (m). Membrane selectivity and permeation flux are
major indicators of membrane performance and from Equation 2.1, it can be seen that
structural parameters such as high porosity and thin membrane thickness can lead to
higher membrane fluxes. The different characteristics of the membrane can be
designed and tailored by using different fabrication techniques and controlling the

related fabricating parameters during the course of production.

2.2.3 Material and microstructure

Various membrane materials are available for MF/UF processes. The choice of the
membrane material affects the practicality and sustainability of the filtration operation
and hence can be chosen based on the specific application requirements.

Some examples of ceramic materials include alumina (y-Al203, a- Al203),
zirconia (ZrO2), titania (T102), glass (SiO2), and silicon carbide (SiC), etc. Ceramic

membranes offer superior temperature and chemical tolerances, leading to an
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extensive range of applications across many industries. They can be an important and
environmentally friendly component in helping companies achieve “zero discharge”
state. However, the main drawback from using ceramic membranes for water
treatment is their high capital cost, hence large-scale membrane applications or less
challenging water purification processes are still dominated by polymeric membranes.
As shown from Table 2.1, commercial ceramic membranes for MF/UF processes
consist mainly of a-Al,Os as the substrate, and a-Al,Os, TiO,, or ZrO, as the selective
separation layer. According to experiments from the literature there is a general
consensus that chemical stability (in highly acidic or basic environments) decreases in
the following trend: TiO,, ZrO,, a-ALO;, Y-AlLOs;, SiO, [108-110]. Generally,
inorganic membranes can withstand organic solvents, chlorine and other oxidants, are
less susceptible to microbial attack than polymeric membranes, and can be used from
pH values 0 to 14 (TiO; and a- Al,O3) [108, 111].

Ceramic membranes are generally accepted to have high mechanical strength
in terms of compressibility. They can be backwashed at elevated pressures operated
over a longer period of time compared to polymer membranes [112, 113]. However a
disadvantage of ceramic membranes is their brittleness, hence they must be handled
with care and choice of housing and sealing should be carefully considered. The
pressure required to drive MF is from 0.1 to 2 bar, and much higher for UF [114]. The
maximum operating pressure specified by a hollow fibre ceramic membrane
manufacturer is 6 bar. [115].

As mentioned before in Section 2.2.2, the microstructure across the membrane
cross-section and surfaces are the key properties that dictate the performance and
usability of a membrane for a certain application. In terms of the cross-section
morphology, a membrane can be categorized into symmetric and asymmetric
structures. A symmetric membrane has a uniform -cross-section, whereas an
asymmetric membrane does not, as shown in Figure 2.1a and Figure 2.1b (or Figure
2.1c), respectively.

For MF and UF processes asymmetric membranes consisting of a thin skin
layer on top of a porous sub-layer are desired. The top layers of UF membranes are
much denser than MF membranes; hence they require higher trans-membrane
pressures and generally have lower permeability. The asymmetric structures are
associated with higher permeation flux, as the effective membrane thickness can be

much thinner than in symmetric membranes. The porous sub-layer acts to provide
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adequate mechanical strength. This type of structure combines high selectivity of the
skin layer with good permeation fluxes.

An asymmetric membrane can be either integral or made of several layers,
known as a composite. The top and porous layers of an integral asymmetric
membrane are normally made of the same material (Figure 2.1¢) and for composite
membranes the top skin layer and the porous sub-layer can be made of different

materials (Figure 2.1b).

X238 188 mm ‘

Figure 2.1 Scanning Electron Micrograph of the cross-section of a) a symmetric

alumina substrate [116], b) three-layered alumina membrane/support composite

[117], and c) an asymmetric integral alumina membrane [86]
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Table 2.1 List of commercially available ceramic membranes for MF/UF

Company Product Material Technical Specifications
Pore Size Channel Packing  Pure water flux
(um) diameter/Outer density  (L-m->*h""-bar™))
diameter (m*/m?)
(mm)
ItN Nanovation AG ~ CFM Systems® Substrate: 0.2 3.0 91.8 -
[118-120] a-ALOs
Selective layer:
a- Al,O3/ZrO;
Meidensha Ceramic 0-AlLO; 0.1 - 36.1 1,670
Corporation Membrane Unit
Flat Sheet [121]
LigTech Silicon Carbide SiC 0.2 - 37.7 -
International, Inc Flat Sheet
Membrane [122]
LigTech Silicon Carbide SiC 0.04, 0.1, - - 3,000 4,000
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Flat Disc International, Inc

Tami Industries

Atech Innovations

gmbh
Tubular/
Monolith
Kubota
Corporation
LigTech

International, Inc

Pall Corporation

Flat Disc
Membrane [123]

CERAM™ [124]
ISOFLUX™ [125]
Ceramic

membranes [126]

Filcera® [127]

SteriMem® [128],
CoMem® [65],
CoMem® Conduit
[129], and
Aquasolution®
[130]
Membralox® [131,

1.0
Ti0, 0.002-14
MF: 0L-A1203 MF: 0.1 -
UF: TiO, 1.2
UF: up to
0.05 and
MWCO: 5
kD
ALO; 0.1
SiC 0.04, 0.1,
1.0
Substrate: ALO; MF: 0.1 —

16

2.5-8.0/10.0 -
52.0

9.0/13.0

3.0-17.0/25.0 -
146.0

3.0-6.0

68.2

285

10,000



Veolia Water Ltd
Hyflux Ltd
Hollow
Fibre
Media & Prcoess
Technology Inc

132]

Ceramem® [133-
135]

InoCep® [136,
137]

MPT hollow fibre

membranes [138]

Selective layer
MF: Al,O5 or
71O,

UF: TiO,

MF: a-Al,Os5,
SiC, TiO,
UF: SiC, SiO,,
TiO,

(X-A1203

(X-A1203

5.0
UF: 1.0
and
MWCO:
0.1 kD

02-0.5

002-14

0.004 - 0.2

2.0-5.0/142.0

3.0/4.0

1.0-3.5

MF:
1,200
UF: 800

157

502

250 - 4,500
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A composite membrane’s properties and performance can be tailored by using
different materials in different layers. Some disadvantages of composite membranes
include the high complexity of the membrane fabrication process, which requires
many steps, and the possibility of membrane failure due to delamination of the
separation layer, which occurs during the sintering or variation of filtration pressures
[139]. Integral membranes are homogenous in composition, but can also be highly
structurally varied in layers or distinct regions, depending on their fabrication
methods.

As shown in Figure 2.1c and Figure 2.1b, the cross-sectional microstructure of
the integral membrane and the composite membrane vary significantly, despite both
being asymmetric membranes. The integral membrane in Figure 2.1c is normally
achieved by the combined phase inversion/sintering method [140], whereas the
composite in Figure 2.1b is made by skin deposition on top of a multi-layer substrate
support. The integral membrane consists of two different types of sub-structures:
sponge-like structures and micro-channel structures. The sponge-like structure can
provide the membrane with the desired selectivity and the micro-channel structures
can reduce the overall membrane resistance to permeate flow. On the other hand, the
composite membrane consists of pores formed by the voids between the particle
packing only and the membrane selectivity is provided by the finer particles at the top
layer and at a lower magnification the entire cross-section will appear like a sponge-
like structure.

Integral and composite ceramic membranes can be made via different
fabrication methods, and the choice of method will largely depend on the membrane

configuration and microstructures that are desired.

2.2.4 Membrane configurations

There are a wide variety of membrane geometries available, depending on the shape
formation technique chosen in the fabrication process. Ceramic membranes come in
two main types of element configurations, i.e. flat and cylindrical membranes. The
choice of the membrane configuration depends largely on the application, such as the

required operating and feed conditions.
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2.2.4.1 Flat membranes

Flat ceramic membranes can come in a disc or sheet form. The packing density of
disc membranes is generally low and hence they are limited to use in small scale
industrial, medical, and laboratory applications. Commercial ceramic flat sheet
membranes may have thicknesses of around 6 mm and can be multi-channeled across
their cross-section, as shown in Table 2.1 and Figure 2.2. Flat sheet membranes are
easy to replace when packed in modules and can also handle high turbidity feeds.

Mechanical cleaning of ceramic flat sheet membranes is also most versatile; it can

withstand air scrubbing, backwashing, and high-pressure water jet cleaning.
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Figure 2.2 Product photograph of a commercial multi-channeled alumina flat sheet

membrane (CFM Systems®) from ItN Nanovation AG [141]
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2.2.4.2 Cylindrical membranes

Single-channel tubular membranes have diameters of generally between 10 — 25 mm,
shown in Table 2.1 and Figure 2.3. They are more suitable for the separation of feeds
that have high turbidity and large amount of suspended solids. Due to their larger
diameters and robustness they can be more easily cleaned mechanically, and high
cross-flow velocities can also be used to control fouling. To further improve the
packing density of the tubular membranes, they can be fabricated as multi-channel
tubes, called monoliths, with surface area to volume ratio of up to 782 m?/m’, as
shown from Table 2.1. In effort to improve the packing density, hexagonal monoliths
have also been developed (Figure 2.3a). Monolith membranes offer the same
advantages as the singular tubular membranes. However, when running in the inside-
out configuration, the pressure drop of the permeate flow across the monolith could
be quite high due to the long and tortuous path that it has to travel to reach the outer
surface of the monolith, hence, limiting the size of the outer diameter that can be
used. The patented CeraMem® from Veolia Water Ltd. solves this problem by adding
multiple conduits across the monolith through which the permeate will flow through

and then collected at the end of the module (Figure 2.3¢).

Figure 2.3 Product photograph of a) Pall Corporation Membralox® multi-channeled
alumina membranes [131], b) LiqTech International, Inc’s SiC SteriMem® products

[128], and c) Veolia Water Ltd CeraMem® element [ 134]
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Ceramic hollow fibre membranes have diameters of between 2.0 to 4.0 mm
[65, 66, 116, 142] (Figure 2.4), meaning compact modules with high effective
membrane surface areas can be achieved. Furthermore, Fraunhofer IGB, Ltd stated
that ceramic hollow fibres of down to 0.5 mm outer diameter have been fabricated via
combined phase inversion and sintering [113], potentially increasing the packing
density that can be achieved further. In addition, they require lower trans-membrane
pressures to drive permeate flow due to the thinner membrane, and can be cleaned

easily, using methods such as backwashing and forward flushing.

Figure 2.4 Product photograph of alumina hollow fibre alumina membranes from

Hyflux Ltd [121]
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2.2.5 Development in membrane modules and units

The design of the membrane module is important in achieving the highest packing
density possible for the particular membrane element whilst offering effective
filtration. The different membrane elements are packed in a unit called the module
and these modules are often arranged and connected in a specific way to form a unit,
offering great efficiencies. The unit(s) is then integrated with other components such
as pumps, pipes, control systems, etc, to form a membrane system and part of the
water or wastewater treatment plant. The following section describes the ceramic

MF/UF modules and units available commercially.

2.2.5.1 Module and unit designs

There are many different module designs available for the different ceramic
membranes and their choice depends largely on the application, the demand of the
process, and any spatial limitations and economical factors. The arrangement and
packing of the membrane elements can be divided into two main types, i.e. flat
membranes and cylindrical membranes.

The membrane elements may be contained in pressure vessels or immersed in
a fluid medium at atmospheric pressure. For the contained modules the ceramic
membranes are packed and fitted inside a pressure vessel and trans-membrane
pressure is applied at one end of the vessel with the feed. The immersed unit allows
easier replacement of the membrane elements or modules and is also more flexible to
tailor to specific needs and demands. Furthermore, they enable air sparging in the unit
to improve permeation and reduce fouling by promoting turbulence. Both flat sheet
and cylindrical membranes can be packed in this way and this type of system requires

less energy to operate than the contained units.

2.2.5.2 Flat membranes

Ceramic flat membranes can come in the form of flat sheets or flat discs, as described

in Section 2.2.4, and can both be packed into plate-and-frame modules. The contained
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plate-and-frame configuration consists of stacking the flat membranes on top of one
another with porous spacers in between. The size of the spacing depends on the
amount and size of suspended solids in the feed. The feed enters the module from one
end and is collected at the membrane support plates. Such a module is easy to operate
and membrane defects can be detected and replaced simply. However, their packing
density is low and so most of the time they are limited to use for small-scale
applications.

The flat sheet membranes with multiple channels can be stacked next to one
another and form an immersed module, as shown in Figure 2.5. These flat sheet
membranes are connected at the two ends to permeate collector(s) and then packed
together and supported by a metal framework that is then immersed in the feed
medium. The permeate enters from the membrane’s outer surface into the channels
inside the flat sheets and are then collected at the end(s) of the membrane. These
modules can then be further stacked together to easily increase productivity. The
energy consumption of the immersed module is lower than that of the contained
module, due to the lower pressure driving force requirements. The membranes can
also be replaced easily as they are produced and sealed sheet by sheet. In addition,
their ability to handle feeds with high contents of suspended solids means that they
are commonly used in MBRs for treating wastewater. Packing densities of around
52.6 m*/m’ is reached using the CFM Systems® from ItN Nanovation AG, by
stacking units on top of one another (Table 2.1). However, this is still significantly
lower than the packing densities offered by polymeric flat sheet membranes that are

spiral wound (700 — 1000 m*/m”) [143].
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Figure 2.5 Product photograph of a ceramic flat sheet module from a), ItN

Nanovation AG; and b), a ceramic flat sheet system from Meidensha Corporation
[144]

2.2.5.3 Cylindrical membranes

Tubular membranes are often packed as a bundle inside a casing which could be a
contained vessel or an open vessel, as shown in Figure 2.6. The feed solution may be
fed though the centre of the tubular or monolith membranes, and the permeate is
collected outside the tube in the module casing. This operating mode requires high
operating flow rates and the pressure drop can be quite large and hence, the energy
consumption is highest compared to the other module designs. However, due to the
relatively large channel diameters of tubular and monolith membranes, they are
suitable for feed streams with larger particles, and cleaning of these membranes is
also more facile. The tubular or monolith membranes can also be packed and
supported by a partly open housing support and operated by immersion into the feed
solution, similar to the immersed flat sheet modules, offering similar advantages and
disadvantages. The immersed tubular modules are commonly used in MBRs for larger
scale applications and also for treating harsh feed streams.

Hollow fibre membranes can also be packed in a similar way in their modules,
as shown in Figure 2.4. Ceramic hollow fibre membranes are generally packed

together and immobilised at both ends and then placed in a cylindrical housing. The
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fully contained module is more suited for small-scale applications, such as for
domestic scale drinking water treatment. Hollow fibre modules can potentially offer a
much higher packing density and form more compact systems, saving space and
improving productivity. As shown in Table 2.1, the packing density offered by
commercial ceramic hollow fibre modules is still not as competitive (502 m*/m’
offered by Media and Process Technology Inc) as some of the multi-channel tubular
module designs (up to 782 m*/m’ offered by Ceramem® module from Veolia Water
Ltd). This is mainly attributed to the relatively large ceramic hollow fibre outer
diameters from most of the suppliers (3-4 mm from Table 2.1). Furthermore, their
intrinsic brittleness makes them more difficult to be packed into bundles, as well as
limiting their lengths. Hence cassette-style modules for ceramic hollow fibre
membranes are not available, whereby the hollow fibres are supported at the top and
bottom only and are immersed fully into the feed solution with no housing. In

addition, the lack of open vessel designs for the hollow fibre membrane elements

mean that their application for immersed MBR is still limited.

Figure 2.6 Product photograph a) of an immersed ceramic tubular membrane module

from Kubota Corporation [145]; and b) a contained module from Pall Corporation
[146]

2.2.5.4 Housing, sealing and operation

The membrane modules consist of the housing, sealing materials and the membrane.

The type of housing used for the membrane varies depending on the membrane,

module type, and operating configuration. For contained cylindrical membranes the

membrane is packed and enclosed in a vessel, shown in Figure 2.7. For outside-in
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feed configuration or immersed cylindrical membranes, the housing may have
openings that expose certain areas of the membrane element. Kubota Corporation’s
Filcera® ceramic membrane filtration system uses a rectangular housing that is open
at the upper surface (Figure 2.6a). Flat sheet ceramic membranes are normally sealed
at the top and bottom to a permeate collector. They are then stacked together and
supported by a stainless steel frame into modules such as the Meidensha
Corporation’s ceramic membrane unit, and ItN nanovation AG’s CFM System®
(Figure 2.5).

Typical module housing materials include stainless steel, titanium, and plastic.
Stainless steel is most commonly used for its good chemical and thermal stability, as
well as great robustness. Although plastic housing is a cheaper choice, it often limits

the conditions within which the membranes can operate.

Figure 2.7 Product photograph of the CeraMem® contained module and housing
from Veolia Water Ltd [112]

The type of seal used on the membranes varies depending on the membrane
and module type. They are important as they prevent contaminant leakage into the
permeate stream. Mostly O-rings and gaskets are used to cover the perimeter of the
membrane ends where both the feed and permeates are exposed. The material used for
sealing the membranes depends on the required operating conditions of the MF/UF,
which will change depending on the application. Typical sealing material includes

rubber, silicon, PTFE, and PVC.
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There are many different module designs for the flat sheet and tubular (single
and multi-channel) ceramic membranes. However, due to the much larger dimensions
of the flat sheet and tubular elements, their packing density is still lower than the
polymeric membrane modules offered, making them less competitive for large scale
applications, or when space is limited in a treatment plant. Hollow fibre membrane
modules have the potential to improve the packing density significantly, but most of
the ones offered on the market have relatively large outer diameters, leading to lower
packing densities. The commercially available hollow fibre modules are limited, for
example, there are limited open-vessel modules and no cassette-style ceramic hollow
fibre modules for large-scale immersion applications, and so limits their applications

to small-scale MF/UF applications.

2.2.6 Fabrication techniques

The fabrication of ceramic membranes is generally a multi-step process, and can be
broken up into 3 different stages: the preparation of the ceramic powder paste or
suspension, the shaping of the ceramic powder into the desired goemetry, and then
heat treatment which includes calcination and sintering [140]. After these main steps,
additional layer deposition followed by further heat treatment steps can tailor the
membrane selectivity as well as other membrane properties. The choice of method for
each step depends on the desired membrane configuration, quality, morphology,
mechanical and chemical stability, and the selectivity of the final membranes.
However, the fabrication method should also be easy to replicate and economical

without compromising the quality of the final membrane.

2.2.6.1 Ceramic powder paste and suspension preparation

The ceramic powder preparation stage processes the raw inorganic material into the
shape and size distribution desired for the membrane fabrication. This can be in the
form of milling or chemical particle preparation. Often, the ceramic powder is made
into a paste or suspension for shape formation to be possible. During this step

additives can also be added to the ceramic material. The choice of suspension
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medium, additives, and powder are important in affecting the membrane
microstructures and quality. Deflocculants or dispersants, often in the form of various
fatty acids and esters, can be added to stabilize the ceramic particles in suspension, in
order to achieve high particle loadings and continuously high quality ceramic
membranes [ 140, 147-149]. Magnesium oxide has been used as a sintering additive to
lower the sintering temperature required for the formation of alumina hollow fibre
membranes via combined phase inversion and sintering method [150]. Other
additives, such as the polymer binder is used to maintain the shape of the ceramic
membrane precursor, and plasticizers can be used to increase flexibility and ease of

handling of the suspensions, for tape casting or extrusion methods [151].

2.2.6.2 Shaping

The shaping step is the physical process whereby the ceramic material is transformed
from a suspension or powder paste form into the membrane geometry. Methods that
can create ceramic membranes and substrates include: pressing, tape casting, slip
casting, extrusion, phase inversion, foam techniques, and leaching techniques.

Pressing is a simple and quick method for producing flat ceramic membranes
[152-154]. A force is applied over an area of ceramic powder (varies from 10 MPa-
100 MPa [155]) until the particles are consolidated. This method produces
membranes of a symmetric structure, due to the uniform force applied across the area
of ceramic material, and are commonly used for making disc membranes. Meanwhile,
this method is not very flexible in fine-tuning microstructures and there is a limitation
on the thickness to diameter ratio of the membrane that can be achieved. In addition,
it is a batch fabrication process, and has been used primarily for making membranes
to use in laboratories, rather than commercially.

The tape casting method is used for the formation of flat sheet ceramic
membranes [156-158]. A tape cast suspension is first prepared with the ceramic
material, a liquid dispersing medium, and organic additives to provide the suspension
with pseudo-plastic behaviour. Then the suspension is transferred into a reservoir
controlled by a blade that can be height adjusted over a mobile carrier film.

Subsequently, the suspension film is dried in a controlled environment. Tape casting
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is a more flexible method that can make flat sheet membranes as well as coating
layers onto membrane supports.

Slip casting uses a porous mould to form the shape of the ceramic membrane
[159, 160]. When the ceramic suspension is poured into the mould, the solvent is
extracted into the pores of the mould due to the capillary force, leaving ceramic
particles on the surface of the mould. Slip casting is commonly used to form tubular
membranes with high surface quality, density, and uniformity. Important factors that
affect the final quality of the membranes created via this method include slip density
and viscosity.

Extrusion is a method popular for the fabrication of tubular, monolithic, and
hollow fibre/capillary membranes [9, 161-164]. It is a process whereby an inorganic
stiff paste is forced through an orifice of a designed shape and compacted by applying
high pressure. The paste must have plastic properties to form and maintain the shape
of the membrane precursors; hence additives are added to the ceramic powder. The
paste is then forced through a die at high pressure (around 20 MPa) to produce hollow
tubes.

Combined phase-inversion/sintering [65, 66, 116] is a relatively new method
for fabricating microstructured ceramic hollow fibre membranes. Solvent-non-solvent
exchange induced precipitation of the polymeric binder and micro-channelling
phenomenon occur during the membrane fabrication, distinguishing this method from

conventional ram-extrusion, and will be further introduced in Section 2.2.6.5.

2.2.6.3 Heat treatment

After the forming step, the ceramic membrane precursors are produced. They are then
dried and treated with heat. This heat treatment step consists of three main steps
[140]: presintering, thermolysis, and final sintering with the purpose of removing any
components other than the ceramic material, to strengthen the membrane, and to
consolidate the microstructure and dimensions of the final membrane.

Presintering occurs at around 200 °C. Presintering is used to remove any water
from the membrane precursors, which may be in the form of water chemically bonded
to the ceramic particle surfaces, or as water of crystallization within the inorganic

phases. The thermolysis, or calcination step, is the process whereby all the organic
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components in the membrane precursor are removed. The sintering stage is where the
major changes to the porosity and pore size occur, the final shape of the ceramic
membrane consolidated, and mechanical strength improved. In general, the higher the
sintering temperature, the higher the mechanical strength but the porosity of the final
membrane is lowered.

Important parameters that affect thermal stability of ceramic membranes are
the sintering activity and phase transformation of the membrane material and the
support [108]. During sintering, the ceramic material is kept at a certain temperature
long enough for the material to approach its equilibrium structure. The final
membrane structure can be maintained for temperatures up to 100-150 °C below the

sintering temperature, which is normally extremely high (over 1000 °C) [151].

2.2.6.4 Layer deposition for composite membranes

Additional layer deposition can be used to alter or enhance the ceramic membrane
properties, for example, to change the membrane selectivity, porosity, hydrophilicity,
conductivity, permeability, bio-compatibility, etc. In order to form composite
membranes, layer deposition methods are required to add additional layers onto a
symmetric substrate. Each layer normally consists of ceramic particles of different
sizes, to achieve a gradient pore structure across the membrane cross-section.
Multiple layers are normally required to reach the desired selectivity at the end.

Dip or spin coating is the most commonly used method for layer deposition
onto a support [156, 165, 166]. Dip coating method is when a support is dipped into
and then withdrawn from a ceramic powder suspension. Upon withdrawal from the
suspension, the liquid will be sucked into the support pores along with the ceramic
particles due to the capillary forces, if they are small enough in size. Spin coating
rotates the substrate while the suspension is deposited over the substrate surface.

Sol-gel method can be used to fabricate membranes with high selectivity with
pores from 100 nm down to a few nanometres, and is commonly used to form ceramic
ultrafiltration membranes [157, 167-171]. A colloidal (consists of alkoxide) or
polymeric solution is first deposited over a membrane substrate, by means of dip

coating, whilst it is being converted into a gel form by hydrolysis and condensation or

30



polymerisation. Afterwards, it is heat treated to form a thin and uniform skin over the
membrane. There are many other coating techniques such as chemical vapour
deposition (CVD), neutron sputtering, plasma, etc., and details of these can be found

elsewhere [111, 140, 151].

2.2.6.5 Combined phase inversion and sintering technique

As described by the previous section, the traditional and common method for the
production hollow fibre membranes is to use extrusion followed by sintering.
However, this would give rise to symmetric membranes and additional layer
deposition and heat treatment steps are required to produce the required selectivity, as
shown in Figure 2.1b. An alternative and innovative method for producing ceramic
hollow fibre membranes is the combined phase inversion and sintering technique [65,
66, 86, 116, 120, 134, 150, 172, 173]. It is a flexible technique that can produce both
symmetric and a wide range of asymmetric ceramic membranes in one step for both
flat sheet and hollow fibre geometries, as shown in Figure 2.1a and Figure 2.1c. Due
to the presence of the large micro-channel structures, they can reduce mass transfer
resistance to achieve permeation fluxes that are highly competitive to the membranes
formed via the conventional methods.

A suspension consisting of ceramic particles and polymer binder in a solvent
is first prepared, then through solvent-non-solvent exchange induced phase inversion
of the polymer binder, the ceramic particles are immobilised in their desired geometry
by casting (flat membrane), or spinning (hollow fibre membrane). This method can
easily tailor and form membrane precursors with various specific morphologies.
Then, similar to all the other ceramic fabrication methods, the membrane precursors
undergo a heat treatment session (Section 2.2.5.3) to remove all the organics as well
as consolidating the final membrane structure and mechanical strength.

The spinning process is achieved via tube-in-orifice spinnerets. These
spinnerets can deliver simultaneous extrusions of the ceramic suspension, bore liquid,
and any other components in separate layers with tailored thicknesses. Figure 2.8 is a
schematic of a typical dual-layer spinneret for the spinning of single-layered ceramic

hollow fibres. Here, two separated streams can be extruded simultaneously through
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the spinneret, and once they leave the spinneret, they come into contact with one
another, as well as with the external coagulation bath, whereby solvent and non-
solvent exchange and phase inversion occurs. These spinnerets can be designed to
simultaneously extrude multiple layers or multiple channels, and can be specifically

tailored for a wide range of hollow fibres.

Ceramic suspension

Bore fluid

Figure 2.8 Schematic drawing of a dual-layer spinneret. The ceramic suspension and
bore fluid are extruded simultaneously through the concentric orifices with no contact

with one another until they leave the spinneret

Although the process of spinning ceramic hollow fibre membranes is similar
to the spinning of polymeric ones, the rules and optimisation of the polymeric
spinning system cannot be applied directly to the ceramic spinning process, due to the
significantly different composition of the spinning suspension. The presence of a
large amount of ceramic particles also changes the mechanisms behind the formation
of the different membrane sub-structures. Two basic sub-structures have been
achieved within the membrane cross-section: sponge-like denser structures, and
micro-channels, which can be closed or open, as shown in Figure 2.9. The positioning
and dimensions of these different sub-structures can be tailored mainly by changing

the parameters during spinning.
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Figure 2.9. Scanning Electron Micrograph of the cross-section morphology of a), a

symmetric alumina hollow fibre; and (b-d), different asymmetric alumina hollow

fibres formed by combined phase inversion and sintering [86, 116, 127]

The combined phase inversion and sintering method was first introduced in
the early 90s [42], and it was not until the early 2000s that more researchers embarked
on developing this technique [66]. Initial studies looked mainly at the alumina
suspension composition, to find the best formulation, and investigated the effects of
alumina particle size, particle size distribution, alumina particle to polymer ratios, and
sintering temperatures on the membrane structure and performance [65, 66]. Then, the
research expanded to tailoring the membranes for expanded applications, such as gas
separation [174, 175], multi-layered ceramic membranes, [67, 70] and other ceramic
materials [176, 177]. The morphology was quite commonly studied, and the effects of
various parameters on the morphology of these membranes from the literature is

reviewed in the following section.

33



2.2.6.5.1 Micro-channel structures in the phase inversion ceramic

membranes

The unique and flexible morphology of the ceramic membranes fabricated by the
combined phase inversion and sintering technique is one of the key properties that
gave rise to their broadened applications and improved performances. Here are the
explanations of the terminology adopted for the different sub-structures used in this
review. A common asymmetric ceramic membrane made via this method consists of
two main components: finger-like structures and sponge-like structures (Figure 2.10),
loosely like those typically found in polymeric membranes. The entire ceramic
membrane scaffold consists of ceramic particles packed and sintered together. The
structure at regions whereby ceramic particles are stacked on top of one another,
forming a uniform porous structure, is named the sponge-like region. The gaps
between the ceramic particles become the pores of the membrane, and the continuous
layer of packed ceramic particles with the smallest pore size becomes the separation
layer. Another type of structure commonly found in phase inversion membranes is the
finger-like macrovoids. These are large empty spaces in the membrane that are
isolated, and for polymeric membranes, mainly act to reduce the membrane’s
mechanical stability. In polymeric membranes they are undesirable, but in ceramic
membranes, they are the component that can improve and offer potentially increased
functionalities. They can be tailored and fabricated to be intensely packed, long, and
cylindrical. Hence, in this review, they are not named finger-like macrovoids, but
instead, denoted as micro-channels.

Higher performances are normally expected with these asymmetric
membranes, as the effective membrane thickness can be much thinner than in
symmetric membranes. Furthermore, these micro-channels can be potentially used to
load functional materials, such as adsorbents or catalysts, forming highly compact
systems. Therefore, the design and control of the micro-channels is highly important
in order to tailor membranes specifically for enhanced performance. To begin with, a
fundamental understanding of the formation mechanism is highly desired, and below
are some of the theories that have been used to explain the formation of the micro-

channels.
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<———Micro-channel

Sponge-like
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Figure 2.10 Schematic of the different sub-structures that can be found in ceramic

membranes made via the combined phase inversion and sintering method

2.2.6.5.2 Fundamental Study on the formation of micro-channels

There is very little research available that looks at the fundamentals behind the
formation process of the micro-channels in ceramic systems. Within the polymeric
membrane research community, there is a wider range of theories available to explain
the formation of the finger-like macrovoids. Possible origins of these structures are
interfacial instabilities, which can arise from many different sources, such as:
interfacial tension gradients (marangoni instability) [178], viscosity gradients (viscous
fingering) [179], or density gradients (Rayleigh-Taylor Instability (RTI) [180-182],
and so on.

It has been noticed that the micro-channels or finger-like macrovoids mostly
have a regular and periodic placement in the membranes, which have therefore led
researchers to connect them to periodical surface disturbing waves [183]. The theories
that have been put forth used linear stability analysis to find the wavelengths most
likely to grow into micro-channels from the surface disturbances [184]. These surface
disturbing waves have been linked to various different sources, ranging from surface
tension gradients (the Marangoni effect) [178], the difference in viscosity or density
between two contact fluids [179, 182], or the gradient of solidification and shrinkage
rate along the interface [185]. Frommer et al. provided some qualitative explanation
using the Marangoni instability [186], which Ray et al. mentioned was unlikely to
cause the finger-like structures, due to the slow speed of the finger growth caused by
the Marangoni instability [183]. He proposed that the excess intermolecular potential

is more likely to cause the growth of these fingers. In his study he derived the distance

35



between the longest fingers to be 4.2 times the membrane thickness. On the other
hand, Addad and Panine suggested that a “diffusional shock™ at the interface between
the polymer solution and coagulation bath can lead to the growth of finger-like
structures due to hydrodynamic instabilities, such as the Rayleigh-Taylor instability
[187]. Although there is no consensus on the specific physical phenomenon that
causes the formation of micro-channels, it can be agreed that they are generated by
one or more interfacial instability between the ceramic suspension and the coagulant.
Although there is little research on the fundamentals behind the formation of
micro-channels in ceramic systems, there are plenty of studies on the effect of
suspension preparation and phase inversion process parameters on the ceramic

membrane morphologies, and they are reviewed below.

2.2.6.6 Effect of Fabrication Parameters on Membrane Morphology

2.2.6.6.1 Effect of Ceramic Suspension Preparation Parameters

a) Effect of Ceramic Particle Size

Zhang et al. studied the effects of cordierite particle size on the hollow fibre
membrane morphology formed by the combined phase inversion and sintering
method [176]. It was observed that when the larger particle size (7.8 um) was used,
the morphology consisted of a macrovoid inner region and a thin sponge-like outer
region. When smaller particles were used (1.6 um), the membrane consisted of large

enclosed micro-channel structures.

b) Effect of Non-solvent Additives

The presence of non-solvent additives in the ceramic suspension can dramatically
affect the morphology of the inorganic membranes. The effect of suspension viscosity
on the hollow fibre morphology was studied in more detail by Kingsbury, using water
as a non-solvent additive in the ceramic suspension to increase suspension viscosity
[116]. Overall, it was found that as the water content in the ceramic suspension was
increased, the viscosity of the suspension also increased, and micro-channel length

was reduced as a result. At a certain weight percentage of water, all of the micro-
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channels can be eliminated. It was concluded that the formation of these enclosed
micro-channel structures could be avoided if the suspension viscosity is above a
certain threshold before non-solvent influx occurs [116].

Choi et al. studied the effects of using 1,4-dioxane in the ceramic suspension
as a non-solvent additive on the morphology of the alumina hollow fibre membrane
[150]. It was observed that a closely packed sponge-like structure was formed in place

of the enclosed micro-channels.

2.2.6.6.2 Effect of Spinning Parameters

a) Effect of Air Gap

Kingsbury and Wang et al. studied the effect of air gap distance on membrane
morphology [188, 189]. Results showed that micro-channel lengths from the shell
side decreased as air gap is increased. During the time that the nascent fibre traveled
through the air gap, micro-channels were already initiated from the lumen side, and
grew towards the shell side in parallel to polymer precipitation from the lumen
surface. Therefore, upon immersion into the coagulant bath, polymer precipitation
from the shell side commenced and the micro-channel started to grow, but this growth
was terminated shortly due to the micro-channels that have already grown and
immobilised from the lumen side. The greater the air gap, the more time the micro-

channels had to propagate from the lumen towards the shell side.

b) Effect of Bore Fluid Choice

Tan et al. controlled perovskite hollow fibre morphologies by using different bore
fluids in a study [127]. They added NMP solvent to the bore fluid, which was water or
ethanol in different weight percentages, and discovered that the denser separation
layer at the lumen side reduces with increasing solvent content, and can be fully

eliminated, leaving open micro-channels. This result was corroborated by Othman et

al. [125].

37



¢) Effect of Bore Fluid Flow Rate

Kingsbury et al. studied the effects of the internal coagulant flow rate on the
morphology of hollow fibre membranes [86]. It was observed that as the internal
coagulant flow rate is decreased, the thickness of the sponge-like region increased. At
the lowest coagulant flow rate the sponge-like structure was seen to dominate the
inner fibre surface, with isolated micro-channels within the sponge-like region. This
was because at lower coagulant flow rates, the driving force was insufficient to
overcome the interfacial tension and hence micro-channels were not formed.
Increasing the internal coagulant flow rate encouraged the growth of micro-channels
due to an increase in the interface velocity. It was also observed that the increase of

the internal coagulant flow rate eliminated the formation of isolated voids [116].

d) Effect of Immersion Method

Wang et al. studied the effects of different immersion methods of the casting solution
on the morphology of the flat sheet alumina membranes [189]. When the casting film
was immersed slowly, the morphology consisted of a symmetric structure with no
visible voids. When the casting film was immersed from sliding at a height, the
structure was asymmetric with long micro-channels of different sizes. This
highlighted the importance of an interface moving velocity and the presence of a
critical moving velocity that initiated the micro-channel formation process. The
microstructure of the top layer of the membrane immersed horizontally and slowly
showed no evidence of polymers in the top layer, whereas when the flat sheet was slid
from a height of 10 cm, one can see the network of fibrous polymer surrounding the
tightly packed alumina particles.

Immersion time also had an affect on the final membrane morphology [189].
The flat sheet membrane that was immersed for 1 minute in the coagulant water
showed no evidence of micro-channels whereas the membrane that was immersed for
5 minutes had much longer micro-channels. Water accumulation was observed on the
membrane top surface after removing from the coagulation bath for short immersion
times. This showed that the micro-channel formation process was faster than the
phase inversion process. The one-minute immersion time in the coagulant was not

enough for the shape of the micro-channels to be consolidated and reversal of the
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micro-channels occurred. Therefore, the difference in micro-channel lengths

represented the position of the phase inversion front.

e) Effect of External Coagulant Choice

Wang et al studied the effect of different external coagulants on the membrane
morphology [189]. When the casting film was slid into the ethanol coagulation bath,
much longer micro-channel lengths were observed compared to when combined NMP
and water was used. Similar to the effect of bore liquid choice, this was explained by

the difference in precipitation rates of the polymer solution.

2.2.6.6.3 Effect of Heat Treatment Parameters

It was observed by Kingsbury that the sponge-like region of alumina hollow fibre
membranes densified after sintering whereas the micro-channels were retained, which

was also agreed by Zhang et al. in cordierite hollow fibres [116, 176].

2.2.6.7 Ceramic membrane selective layer properties

The selective layer of the ceramic membrane is the layer of continuously stacked and
sintered ceramic particles that provides the membrane with its separation function.
For filtration processes the size of the voids between the ceramic particles (pore size)
denotes the cut off of the membrane, and the amount of these voids affect the porosity
and performance of the membrane. As mentioned in Section 2.2.2, in order to
maximise the volumetric flux of the MF and UF membranes, structural parameters
such as surface porosity should be maximised, pore size distribution as narrow as
possible, and the membrane thickness minimised. This section reviews the studies on
how various fabrication parameters can affect the selective layer properties of ceramic
membranes. First, the different properties that are core to the selective property as

well as membrane performance are described and explained.
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2.2.6.7.1 Pore Size and Pore Size Distribution

Filtration through a porous membrane works by size exclusion and its effectiveness
depends highly on the pore size of the membrane [1]. Therefore, the pore size
determines the size from which the particles will be filtered out and the process
application that the membrane falls into. For MF applications, the membranes are
rated in micrometre units, and for UF applications the membranes are rated in terms
of Molecular Weight Cut Off. The MWCO is the molecular weight of the
macromolecule of which 90 % will be retained on the upstream side [190].

The pore size also plays an important role in determining the permeation rate
through the membrane, as can be seen in Equation 2.1. A membrane’s resistance to
fluid flow depends on both the diameter of the smallest pores and the thickness of the
active separation layer. In addition, a narrow pore distribution is desired in order to

provide high selectivity.

2.2.6.7.2 Volumetric Porosity

Volumetric porosity or overall porosity, is the volume of air in the three dimensional
membrane structures and it is usually given as a percentage of the membrane’s total
volume. It is generally independent to pore size and thickness, instead, depends on the

ceramic/polymer ceramic suspension, spinning process and the thermal treatment.

2.2.6.7.3 Surface Porosity

Surface porosity is the fractional pore area, which is the ratio of the pore area to
effective membrane area A, multiplied by the number of pores, as described by
Equation 2.2 [1]. Together with the effective membrane thickness, they are very
important parameters that determine the membrane flux. Porous membranes should
have a high enough number of pores for transporting mass but at the same time the
lowest trans-membrane fluid resistance possible [177]. MF membranes exhibit a wide
variation in surface porosity, ranging from 5 to 70 % but should be at least 35 % in
order to reduce the ceramic membrane’s resistance to fluid flow [177]. UF membranes

have much lower surface porosity due to their much smaller pore sizes and are

40



normally in the range of 0.1 to 10 % for polymeric membranes, and 10 to 50 % for

ceramic membranes [191].

2

¢ = brnrt (2.2)

where A, is the membrane area (m?), and p, the number of pores.

2.2.6.7.4 Effective Skin Thickness

The effective membrane thickness is an important factor in determining the
membrane flux and resistance to fluid flow. It is desired for the membrane to be as

thin as possible to reduce the resistance to fluid flow.

2.2.6.7.5 Surface Roughness

The surface roughness is an important factor in determining the thickness of the
additional coating layers that can be attained on top. This is particularly significant in
applications where the ceramic membrane acts as a porous support. In addition,
surface roughness can also affect the fouling tendency of the ceramic membranes
during MF/UF applications. Microscopic roughness on the surface of the membranes
increases the surface area and thus increases the area available for adsorption. It also
deteriorates the hydrodynamics near the surface thus increases the likelihood of
concentration polarization [191]. Many factors such as: ceramic powder particle size,
sintering temperature, and sintering time can affect the surface roughness of the final
membrane substrate [140].

Similarly to membrane morphology, many different factors affect the surface
microstructure of the final inorganic membrane across the entire membrane
fabrication process. The following section reviews the different factors that affect the

surface membrane properties.
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2.2.6.7.6 Effect of Ceramic Suspension Preparation Parameters on surface

properties

a) Effect of Ceramic Particle loading

Choi et al. studied the effect of the alumina content in the ceramic suspension on the
surface microstructure of the hollow fibre membrane formed by the combined phase
inversion and sintering method [150]. At an alumina concentration of 65 wt.% (0.4
um particle size), the pore size of the hollow fibre was 0.2 um, porosity 40 %, and the
pore size distribution was narrow and sharp. At alumina concentrations below 65

wt.% the pore size distribution was very broad.

b) Effect of Ceramic to Polymer Ratio

The weight ratio between ceramic to polymer is an important factor in determining
the pore size and porosity of the hollow fibres. Tan et al. studied the effect of the
ALO; to PES ratio on the alumina hollow fibre membrane performance and
morphology [66]. It was found that as the Al,Os: PES ratio was increased, the pore
size of the membrane increased but surface porosity was reduced. The pure water
flux, porosity, and maximum pore size were found to have decreased as the Al,Os:
PES ratio increased [173]. As the ratio was increased, the packing of the particles
improved, and the interspace between the particles became smaller and the overall

hollow fibre became more compact.

¢) Effect of Ceramic Particle Size

Dobo et al. stated in his patent that using smaller sized inorganic particles in the
ceramic suspension leads to the formation of smaller pores and defect free hollow
fibre, regardless of the inorganic powder used [192]. Tan et al. also investigated the
effect of using different sized alumina particles on the surface microstructure of the
hollow fibre membranes, but found difficulties in forming spinnable ceramic
suspensions with 0.01 pum only [66]. Porous alumina hollow fibre membranes have

selectivity in the microfiltration range when 1 um particles were used [116].
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d) Effect of Particle Size Distribution

Liu et al. studied the effect of using different particle size and size distribution on the
alumina hollow fibre membranes’ surface microstructure [65]. Different ratios of 1,
0.3 and 0.01 pm alumina particles were used. The membrane formed from the 0.3 pm
particles was much denser than when 1 pm particles were used, and as a result gas
permeation decreased as the particle size of the alumina was decreased.

Tan et al. also studied the effect of ceramic particle size distribution on the
surface microstructure of the membrane formed [66]. As the amount of 0.01 um
particles was increased in a blend with 1 um particles, the maximum pore size
decreased but average pore size increased, and indicated that blending led to increased
uniformity. Membranes in the ultrafiltration range were made when mixtures of 0.01
and 1 um particles were used. The results were matched the results of other studies
[65, 173]. The same results were obtained when other ceramic materials were used,
such as YSZ and cordierite [120, 176]. Also, it was observed that the surface and
volumetric porosity increased as the weight percentage of 0.01 pm was increased. The
phenomenon was not explained due to the complexity of the pore forming process,
which occurred during coagulation and sintering. However, this was contrary to the
theoretical prediction by Lu, whereby porosity is predicted to decrease when smaller

particles are used alone [193].

e) Effect of non-solvent Additives in ceramic suspension

Kingsbury et al. studied the effects of adding different non-solvent additives in the
ceramic suspension on the membrane surface microstructure.[188] Addition of water
led to an increase in the proportion of sponge-like region in the hollow fibre. The
peak pore size for the shell side was around 0.1 — 0.2 pm, representing the pores
formed from the sponge-like region. The peak pore sizes on the lumen side formed by
the entrances to the micro-channels were dramatically reduced (from 5 to 1 pm with
water content of 2 and 4 wt.%, respectively). Further addition of water led to
elimination of the peak representing the micro-channel entrances. When ethanol was
added, the suspension viscosity underwent an initial decrease and only increased at
higher ethanol concentrations. The membrane pore size was observed to have

decreased significantly (down to 1 um), despite the reduction in suspension viscosity.
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This showed that polymer precipitation rate is also important in determining the pore

size of the entrances to the micro-channels.

2.2.6.7.7 Effect of Phase Inversion Process Parameters on surface

properties

The phase inversion step is the process whereby the pores of the membranes are
initially formed. In ceramic hollow fibre membranes two types of pores have been
observed: primary and secondary pores. The primary pores are formed by the spaces
between the tightly packed ceramic spheres, whereas the secondary pores are larger
and are entrances to the micro-channels in the membrane bulk, which can be partially
open, or fully open. In addition, the presence of pores formed on the sides of micro-
channels have been confirmed by Wang et al, which were believed to be formed by

finger splitting during the micro-channel formation process and phase inversion [189].

a) Effect of Air Gap

Kingsbury did an extensive study on the effect of the membrane fabrication
parameters on the surface microstructure of alumina hollow fibre membranes [188].
The pore sizes that were the entrances to micro-channels (lumen side) were found to
fluctuate greatly when a lower bore flow rate was used (7 ml/min) and calcined at
1450 °C. When air gaps of 3, 7, 9, and 13 cm were used, the lumen side pore sizes
were between 4 - 5 um. For air gaps of 5 and 11 cm, the lumen side pore sizes were
0.4 and 1.3 um, respectively. However, at 12 ml/min, the pore size of the micro-

channel entrances stayed in the range of 7-9 um.

b) Effect of Internal Precipitant Flow Rate

Kingsbury studied the effect of precipitation flow rate on the surface microstructure
of alumina hollow fibre membranes [188]. Bore fluid flow rates of 3 - 15 ml/min were
used with an air gap of 15 cm and were calcined at 1450 °C. The pores formed by the
micro-channel entrances at the lumen side were found to increase considerably with

increasing bore flow rate (from 1.2 um with 6 ml/min to 9 um with 15 ml/min). At a
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bore fluid flow rate of 3 ml/min, there was insufficient driving force for the formation

of micro-channels and therefore there were no pores from micro-channels observed.

¢) Effect of Immersion Methods

Wang et al. studied the effect of different immersion methods of flat sheet membranes
during casting on the microstructure of alumina flat sheet membranes [189]. When the
membrane was immersed for 30 s, small packing pores between the alumina particles
of the membrane precursor surface were observed. For the membrane immersed for 1
minute, bigger secondary pores were observed on the surface, believed to be the

entrances to the micro-channels in the bulk membrane.

2.2.6.7.8 Effect of Thermal Treatment Parameters

The multi-stage heat treatment processing stage is when the most dramatic changes
occur to the surface microstructure of the membrane. The sintering step is where the

final shape, size, distribution and amount of pores are determined.

a) Sintering Mechanisms

The sintering process consists of three stages: the initial stage; the intermediate stage,
and the final stage [194]. These different stages have different characteristics and
features and occur at different sintering temperatures. During the initial stage, the
predominant mass transport mechanism is diffusion. During this stage there is rapid
interparticle neck growth, whereby the surface of particles are smoothened and
porosity decreases slowly and interconnected open pores are rounded. The
intermediate stage follows after the pores have reached their equilibrium shape and
takes up most of the sintering process and can be affected by multiple mechanisms.
Shrinkage occurs during this stage and the mean porosity decreases significantly and
grain growth is slow. During the final stage the pores shrink continuously and may
reach a limited size or be eliminated completely. The grains of much larger size
disappear rapidly and pores within the larger grains shrink relatively slowly. The
following section describes the observations made from literature in regards to the

effect of sintering conditions on the membrane microstructure.
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b) Effect of Sintering Temperature

Tan et al. found that as sintering temperature is increased, the maximum pore size is
reduced, but the average pore size remained unchanged [66]. Therefore, increasing the
sintering temperature encourages uniformity of the membrane pores, but at the same
time both the surface and volumetric porosity undergo reductions. Liu et al. observed
that pore quantity and pore size changed after sintering and they depend on sintering
temperature, as well as the alumina particle size and the composition of the ceramic
suspension [65].

Wang et al. observed that the pore quantity and size changed after sintering
from SEM images, but the general structure was maintained [173]. Sintering
temperatures between 1200 °C to 1600 °C were used on alumina. Both the pure water
flux and porosity underwent a dramatic decrease as sintering was increased to 1400
°C, but from 1400 °C to 1600 °C, the rate of decrease was much slower. Maximum
pore size was also found to decrease with increasing sintering temperature. At a
sintering temperature of 1600 °C, the pure water flux, porosity, and maximum pore
size of the final membrane was found to be 2398 L/m>h, 40.8 %, and 1.5 pum
respectively. The final membrane fell under the performance range of a
microfiltration membrane. The appropriate sintering temperature was suggested to be
between 1400 °C and 1600 °C for alumina, but at least 1500 °C is required to achieve
membranes with good mechanical strength.

Kingsbury also studied the effect of sintering temperature on the pore size
distribution of alumina hollow fibre membranes fabricated with 15 cm air gap [188].
From mercury intrusion data it was found that a bimodal pore distribution exists, one
representing the pores due to the sponge-like region, and the other for the pores that
were the entrances to the micro-channels. The peak pore size from the sponge-like
region increased from 0.12 pm to 0.18 pm when calcination temperature increased
from 1200 to 1400 °C. Above 1500 °C the sponge-like region densified due to
particle growth during sintering. Pore size increased whereas the porosity decreased
for the pores at the shell side, and at 1500 °C, the extent of membrane shrinkage was
sufficient to eliminate the voids. The pore size at the lumen side was observed to have
increased by a small amount from 6 to 7 um (1200 to 1600 °C). Although particle
growth also occurred on the lumen side, the extent of shrinkage was insufficient to

reduce the pore size significantly.
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2.2.6.8 Mechanical Properties

It is important for the ceramic hollow fibre membranes to exhibit adequate
mechanical strength for packing into a module without breakage, as well as to enable
long-term and continuous operation. As mentioned in Section 2.2.3, a disadvantage of
ceramic membranes is their brittleness. This section reviews the different factors that
the mechanical strength of the ceramic membranes made via the combined phase
inversion and sintering method depend on. Due to the asymmetric structure, hollow
fibres made by this method generally have lower mechanical strengths when
compared with the symmetric ceramic membranes. Commercially available alumina
capillary membranes have bending strengths of up to 125 MPa [195]. Asymmetric
alumina membranes made via combined phase inversion and sintering have reached
bending strengths of 91.4 MPa (1550 °C) [196], which is noticeably lower. The
mechanical stability of the membrane made via this method is affected by many
different factors, such as the ceramic suspension, sintering conditions, and the
membrane morphology. Below is a review of the literature available which studied

the various fabrication parameters on membrane mechanical strength.

2.2.6.8.1 Effect of Suspension Particle Size Distribution

Increasing the packing of the alumina suspension by blending the particles of
different sizes allowed for higher solid loadings of the suspension. Early on, Liu et al.
studied the effects of different alumina powder size combinations in the suspension
on the bending strength of the final membranes [65]. It was found that by adding
smaller nano-sized alumina particles (mixture of 1.0, 0.3 0.01 pum) into the
suspension, the 3-point bending strength increased from 76.1 MPa to 107 MPa at
1550 °C. Kingsbury also found similar results [188]. The difference in mechanical
strength was greater at higher sintering temperatures. This is because adding smaller
particles can improve the packing in the suspension, and hence there is improved

contact between each particle during sintering.
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2.2.6.8.2 Effect of reinforcing additives in ceramic suspension

Improving the mechanical stability of ceramics by reinforcement with fibres or
particles have been commonly studied [197]. The presence of these whiskers or fibres
can deflect cracks by acting as bridges between cracks. Commonly used materials for
reinforcing ceramics are: silicon carbide, titanium carbide, carbon, carbon nanotubes,
stainless steel, etc. In ceramic hollow fibres made via the combined phase inversion
and sintering method, SiC nanofibres have been added to the membranes, which led

to an improvement of 40 % in bending strength [198].

2.2.6.8.2 Effect of Membrane Morphology

Sponge-like structures provide higher mechanical strength than micro-channels.
Therefore, by varying the ratio of micro-channels to sponge-like structures, the
mechanical strength can be altered [116]. When the thickness of one of the sponge-
like layer at the lumen side was reduced [127], the bending strength decreased
significantly as well, and when this sponge-like layer was eliminated completely, the

bending strength of LSCF membranes dropped from around 150 MPa to 115 MPa.

2.2.6.8.3 Effect of Sintering Temperature

Sintering temperature is the most important factor that determines the mechanical
strength of the final hollow fibre membrane. During the first step of sintering, surface
and grain boundary diffusion causes the formation of grain boundaries, and surface of
the particles in the particle compact smoothens. Strong interconnected porous
microstructure forms and mechanical stability is increased [155]. Then, at higher
temperatures, grain growth will occur, during which larger grains will grow by
consuming the surrounding smaller grains. During this stage, the mean pore size will
increase whereas porosity decreases.

Wang et al. studied the effect of sintering temperature on the final alumina
hollow fibre properties [173]. It was observed from cross-sectional SEM images that

the alumina particles become more and more compact with increasing sintering
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temperature, and suggested that the higher sintering temperature must be maintained
in order to produce membranes with good mechanical strength and permeability. An
appropriate sintering temperature of between 1400 °C and 1600 °C was
recommended. This is because the fusion and bonding of particles that is essential to
increasing membrane strength occurred at high temperatures. A similar trend has been
observed with other ceramic materials [138, 177]. Liu et al. tested a range of sintering
temperatures from 1500 °C to 1600 °C and the bending strength increased from 48.6
MPa to 182.4 MPa [65].

However, a compromise always has to be made between the porosity and
mechanical strength when a high sintering temperature is involved. A study suggested
the use of a controlled sintering process by using PESf as not just a polymer binder,
but also a pore structure “stabilizer” [199]. By thermally treating the membrane
precursors, the PESf is not completely removed during the first stage of heat
treatment. Instead, some of the PESf is converted to carbon at 1450 °C in an
environment devoid of oxygen, which allows mechanical strengthening of the

alumina membranes without losing significant porosity.

2.2.7 Ceramic membrane materials

The combined phase inversion and sintering technique has been successfully applied
to a wide range of ceramics as well as metals with a range of different pore sizes [65,
138, 176, 200-202]. The common ceramic materials such as alumina, titania [203],
and zirconia [68] have been used to make ceramic hollow fibre membranes via this
fabrication method. Different materials were studied in effort to expand and cater to
new application needs, as well as to negate current bottlenecks. Titania membranes
have been fabricated mainly due to their photocatalytic properties, and can be used to
perform simultaneous physical separation and photocatalytic oxidation to treat
wastewater [203]. YSZ was used to produce high mechanical strength hollow fibre
membranes, due to their intrinsic hardness [69, 177], and have expanded applications
as the electrolyte material for solid oxide fuel cells and ceramic support for catalytic
reactions, etc. SiC have been used in phase inversion to form highly mechanically
robust and permeable hollow fibre membranes [204]. Also, SiC nanofibre reinforced

alumina hollow fibre membranes were made to improve mechanical stability without
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increasing the fabrication costs too much and had a maximum bending strength of up
to 218 MPa with 5 wt.% SiC and sintering temperature of 1450 °C [198]. Perovskite
membranes, on the other hand, were developed for their super conducting properties,
for oxygen or hydrogen permeation in catalytic reactions [127, 205, 206]. Different
sources for ceramic materials have also been looked at, such as using waste fly ash for
its mullite content [207], cordierite [176] and kaolin [142].

An improved understanding of the fabrication parameters on the ceramic
membrane morphology, performance, and properties has been achieved. The
designing and engineering of the two types of sub-structures have led to distinctively
different membrane morphologies (Figure 2.9), and generated a string of potential
applications. These applications include: hollow fibre membrane micro-reactors,
membrane contactors, solid-oxide fuel cells, gas separation, etc [60, 86, 141, 146,
208]. In particular, the morphology consisting of one sponge-like skin layer on top of
a layer of micro-channels (Figure 2.9d) is expected to dramatically reduce the trans-
membrane resistance to permeate flow. The single thin separation layer provides the
membrane with its selectivity and the micro-channels can reduce the mass transfer
resistance significantly. This morphology is expected to excel in aqueous MF/UF
applications compared to the conventional composite asymmetric ceramic
membranes.

On the other hand, the fundamental mechanisms behind the formation of the
different sub-structures need further research efforts. A clearer understanding of the
mechanisms behind the formation of the unique sub-structures would allow easier and
more advanced designing of the different morphologies and engineering of the
production process.

All in all, the combined phase inversion and sintering method can potentially
open the opportunity for ceramic membranes in large-scale water and wastewater
treatments, by offering a hugely reduced fabrication process and cost, and great
flexibilities in microstructure design. However, further improvements are still
required before this method can be fully commercialized, for example, to improve
pure water permeation without sacrificing its mechanical strength, and to have a better
fundamental understanding of the microstructure formation mechanisms to enable a

reliable and reproducible fabrication process at large scales.
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2.3 Ceramic membranes for Microfiltration and

Ultrafiltration applications

Due to the high chemical, thermal stabilities, and robustness of ceramic membranes,
they have been commonly applied in applications whereby polymeric membranes
cannot be used. For example, ceramics can be used in harsh environments such as at
high temperatures, in aggressive chemicals (solvents, highly acidic or caustic
solutions), and oily water. Unlike polymeric membranes, ceramic membranes do not
swell in solvent and can be treated with strong cleaning agents and sterilized at high
temperatures, as well as withstanding high pressures for backwashing. All these
advantages have made long-term flux stability possible for ceramic membranes, and
encourage commercial scale usage [108]. Recently, ceramic membranes have also
been garnering increasing attention for applications in milder operating conditions
whereby polymeric membranes dominate, due to the increase in packing density of

the membrane modules and reductions in capital costs.

2.3.1 Drinking water production

MF and UF membranes are used extensively in producing drinking water, and can
handle both small- and large-scale capacities [209]. Small-scale MF/UF applications
include transportable membrane systems, and in large scale applications MF/UF
membranes can be used as standalone or hybrid systems in a water treatment process
train. This market has been and is still currently dominated by polymeric membranes,
but recently the incorporation of ceramic membranes for producing drinking water
has been increasing [210-213]. Water sources used to produce drinking water can
vary considerably from groundwater, lakes and rivers, municipal wastewater, to
seawater. The final water that is safe to drink must fulfil standards set by the World
Health Organisation or by the European Union, free of suspended solids,
microorganisms, and harmful chemicals.

Small-scale ceramic membrane MF/UF systems can serve several purposes,
such as to: improve the quality of tap water, reduce the volume or recycle household

wastewater, provide safe drinking water in remote areas with limited resources such
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as during camping or hiking, and provide safe drinking water in developing nations or
during humanitarian crises.

To produce drinking water from surface water for a large community, or in
other words, for municipal use, large systems are required. The water purification
process will consist of a process train of different steps. As the design of the process
depends on the feed quality and the final water quality, preparing drinking water from
surface water is much more expensive as it requires more purification steps. A typical
process train for purifying surface water consists of: a prefiltration unit, addition of
chemicals, natural filtration, disinfection, fine filtration, and preservation and storage.
Ceramic MF/UF membrane units may be used to replace conventional particle
removal units such as coagulation and sedimentation, as well as disinfection unit(s).
Furthermore, the ability to reject microorganisms, bacteria, and viruses can reduce the
amount of chemicals required to be added to drinking water, overall saving
considerable space. For the production of drinking water from seawater, ceramic
MF/UF units may be used to provide pretreatment to reverse 0smosis.

Studies in literature have shown that ceramic MF/UF membranes alone can
provide permeate turbidity low enough for drinking standards, as well as being
effective in removing microorganisms, organic matter, and disinfection by-product
(DBP) precursors [210, 211, 214]. Due to the hydrophilic and inorganic characters of
the ceramic membranes, they are less affected by organic fouling when compared to
polymeric membranes [215]. However, high turbidity water (up to 80 NTU) can lead
to membrane fouling and significant permeate flux declination, which can be
recovered via chemical cleaning. The membrane pore size also appears to affect the
rate of flux decline, as Harman et al. suggested that the smaller 4 nm pore size
membrane fouls mainly by the formation of a cake layer, whereas pore clogging may
dominate in the larger 10 nm pore size membrane [214].

To minimise the effect of fouling, much research has been carried out to
analyse the performance of hybrid ceramic membrane systems, such as the
combination of ceramic membrane MF/UF with activated carbon for natural organic
matter (NOM) removal [216-219], coagulation for reducing organics and viruses [55,
220-222], photocatalytic reactions [223-225], and ozonation to remove NOM [226,
227] and subsequent formation of DBPs [228]. The use of the coagulation and MF/UF

hybrid system is preferred from an economic point of view.
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2.3.2 Municipal wastewater/sewage treatment

The treatment and recycling of municipal wastewater is common and a highly
important part of today’s water management. Municipal wastewater consists of
household, commercial and institutional wastewater. A typical sewage treatment plant
consists of the following steps: pretreatment for the removal of large and heavy
debris, followed by primary treatment, used to remove the suspended inorganic and
some organic particles, then secondary treatment for the biological conversion of
dissolved and colloidal organics into biomass and then tertiary treatment for the
further removal of suspended solids or nutrients and disinfection.

MF/UF can be incorporated in the treatment train as standalone processes or
combined with the activated sludge process to form hybrid systems such as the
membrane bioreactor (MBR). This can reduce the steps in secondary and tertiary
treatment, for example, eliminating the need for sedimentation and secondary
disinfection, saving space as well as reducing wastes such as disinfection by-products
(DBPs) that need to be treated and disposed of. Ceramic membranes can be used to
replace the traditional polymeric membranes for sewage treatment as the quick
fouling of the polymeric membranes limits them to shorter operating lifetimes. They
can be cleaned under harsher cleaning conditions and therefore offer longer and more
reliable operation, as well as less servicing and maintenance, reducing long term
operating costs. The flat sheet and cylindrical membrane elements are suitable to be
combined with MBRs and the modules can be operated in the immersed mode or as a
separate external unit. The immersed mode consists of the membrane module
immersed in the aeration basin, and permeate is extracted via suctioning. The external
configuration consists of pumping the mixed liquor at high pressure through the
membrane from one surface. Due to the higher trans-membrane pressure required for
the external configuration, their permeate flux is also generally higher [229].
However, the energy and space consumption of the immersed configuration tends to
be lower, making them more suited for large-scale wastewater treatments.

Many studies have been carried out to analyse the effectiveness of ceramic
MBR systems for treating municipal wastewater [230-233]. Xing et al. [104] looked
at using external cross-flow ceramic ultrafiltration membrane bioreactor for urban
wastewater reclamation. The system provided a high removal efficiency, removing

carbon oxygen demand (COD) of an average of 97 % and the reclaimed water could
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be reused directly for municipal or industrial purposes after additional treatment
[230]. The lab-scale immersed ceramic membrane bioreactor has offered COD
removal of more than 92 % during the course of a prolonged sludge retention time
(142 days) for the treatment of simulated high strength wastewater (consisting of
glucose and protein) [234]. Using longer sludge retention times can reduce the
amount of sludge produced and cut down the cost of sludge treatment.

Fouling was found to be mainly affected by the membrane’s microstructure,
surface roughness and pore sizes in immersed ceramic bioreactor systems [235]. The
ceramic membrane with the roughest surface and largest pore size (0.3 um) has the
highest fouling potential whereas the membrane with the smoothest surface and
smallest pore size (0.08 um) fouls the least. Using air sparging has been found to be
an effective, simple and economical method to improve permeate flux and reduce
concentration polarisation and fouling in external-loop air lift ceramic membrane
bioreactors and the immersed ceramic membrane bioreactor [233, 234, 236].
Anaerobic membrane bioreactors may have lower energy consumptions [237].
However, inorganic fouling in anaerobic membrane bioreactors by struvite has been
observed in ceramic membranes [238] and requires periodic alkaline backflushing to

recover the permeate flux.

2.3.3 Industrial wastewater treatment

The composition of industrial wastewater varies dramatically across the industries,
and the choice of membrane technology will vary according to the contaminants. Due
to increasingly stringent regulations on waste discharge and the increasing costs of
clean water, industries are more motivated on treating and recycling wastewater,
which can potentially save significant amounts of the operating costs.

Typical contaminants in industrial wastewater are: suspended solids,
particulates, colloids, bacteria and viruses, dissolved inorganics such as heavy metals,
salts, nuclear wastes, acids or alkalis, volatile organics such as aromatics, aliphatics,
alcohols, halogenated hydrocarbons and non-volatile organics such as phenolics,
polyaromatic compounds, pesticides, insecticides, surfactants and dyes. Similar to
sewage treatment, MBRs are a popular treatment unit in the treatment train. Upstream

and downstream treatment units will vary depending on the desired quality of the final
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effluent (ultra pure water, process water, etc). Ceramic MBRs are commonly used for
small-scale treatment of high strength industrial wastewater, as they are more robust,

stable, and reliable.

2.3.4 Produced water

Produced water is the largest waste stream generated from oil and gas operations.
MF/UF is a promising technology to use as one of the units to treat produced water, as
it is a low energy consumption process and can cut down the amount of harsh and
expensive chemicals required to treat the wastewater. Polymeric membranes have
been commonly used to remove organic contaminants as well as suspended particles
prior to desalination so that the water can be reused. However, as the feed has a high
composition of organic contaminants, oil, and grease, the polymeric membranes can
be degraded and fouled quite easily, requiring regular replacements. Ceramic
membranes offer higher stability in such conditions and may prolong the lifetime of
the membrane and can also be cleaned more easily.

Many studies have been carried out to investigate the performance of ceramic
membranes in oil/water treatments in laboratory or pilot-scale [84, 239-241]. Studies
showed that the using MF/UF ceramic membranes can give permeate streams of very
high quality, with less than 6 ppm total hydrocarbons, and perform better than
polymeric membranes. However, an important limitation is the permeate flux decline
due to fouling by waxes and asphaltenes. Backwashing was found to be a useful

cleaning method to prevent the permeate flux decline [242].

2.3.5 Food and beverage industries

Microfiltration and ultrafiltration are important processes in the food and beverage
industries. They can be used to achieve clarification, sterilisation, concentration, and
purification of the final product in place multiple traditional process units. For the
diary industry MF can be used to clarify the cheese whey [243], concentrating and
defatting milk as well as sterilising it by rejecting microorganisms [244]. In the sugar
refining and beverages industry, MF and UF membranes are used to clarify the

products such as maple syrup, wine, beer, juices, and vinegar [245-250]. Wastewater
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generated in these industries can also be recycled with the help of MF/UF membranes
in order to save operating costs. Ceramic porous MF/UF membranes have
demonstrated success in the food and beverage industries, offering superior long-term

performance in these applications over polymeric membranes.

2.3.6 Commercial ceramic applications

Ceramic membranes have been implemented commercially in the industries
mentioned in Section 2.3.1 to 2.3.5 for the treatment of aqueous feeds. In terms of
producing drinking water, there are far fewer ceramic membrane drinking production
systems than polymeric ones, mainly due to their high capital costs. However, Veolia
Water Ltd has developed a mobile ceramic UF system for providing emergency
drinking water [140, 251]. The system consists of a treatment train in the order of
coagulation, adsorption, prefiltration, ultrafiltration using ceramic monolith elements,
and UV and chlorination disinfection, providing up to 360 m*/day permeate flow fit
for drinking purposes.

For large-scale drinking water production the cost of ceramic membranes can
be somewhat recuperated by their reliable performance and long operating lifetimes,
for example, a ceramic MF system by Metawater Co., Ltd has been operating for 15
years [252]. Metawater Co., Ltd’s systems typically consist of coagulation, dead-end
microfiltration using ceramic monolith elements, followed by disinfection with
chlorine, and has the treatment capacity of between 1,000 to 100,000 m>*/day for the
treatment of clear raw water.

Due to the superior stability and operating lifetimes of ceramic MF/UF
membranes, they can also be used as a pretreatment step prior to reverse osmosis for
desalination. A drinking water plant in Qassim replaced their polymeric UF
pretreatment membranes with ceramic flat sheet membranes, which has reduced the
membrane replacement frequency dramatically and has a treatment capacity of 42,000
m?/day [253].

For the treatment of municipal wastewater or sewage, the performance of
ceramic MBRs are highly competitive compared to the polymeric systems. Similar to
the drinking water production plants, implementation of ceramic membranes is

mainly limited by their high cost. There are examples of commercial ceramic MBR
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systems being implemented in small-scale wastewater treatments, such as in a school
and an airport by Likuid Nanotek [148]. They use external cross-flow configuration to
treat domestic wastewater with capacities ranging from 38 to 50 m’/day and the
permeate flux is recovered solely by periodic chemical cleaning. For larger-scale
wastewater treatments the ceramic immersed MBR is more commonly used, for
example, [tN Nanovation AG has installed the immersed ceramic flat sheet membrane
modules with a capacity to treat 150 and 1,300 m*/day of sewage feed in two different
sewage treatment plants [149, 150]. No membrane servicing or maintenance has been
required since operation began in 2011 for one of the plants, and chemical cleaning is
used once a year (oxidant and chelating agent) to maintain the permeation flux.
Ceramic membranes have found more frequent uses in the treatment of
industrial wastewater, as they are normally more challenging to treat. Examples of
ceramic MBRs include an external MBR using ceramic tubular membranes from
Likuid Nanotech to treat industrial waste of between 3 to 300 m*/day, which has been
commercially used in an olive oil, wine and narcotics production plants. For all of
their ceramic MBRs, the quality of the final effluent is clean enough to be directly
discharged [148]. Another application includes the ceramic MBR installed for
treatment and recycling of up to 1,400 m*/day of highly pigmented wastewater by Pall
Corporation [151]. Complete retention of the insoluble pigments is achieved using the
monolith ceramic membranes running in external configuration, and up to 50 % of the
wastewater can be recycled. A larger-scale ceramic MBR has been scheduled for
installation in a demonstration plant by Meidensha Corporation to treat and recycle up
to 4,550 m’/day of industrial wastewater by combining the upflow anaerobic sludge
blanket technology with the 0.1 um alumina flat sheet MBR system [254].
Commercial operations of ceramic membranes in produced water treatment
are much more limited, compared to other application areas such as the food and
beverage industry and industrial wastewater treatment. For treatment of produced
water, the ceramic membranes typically run in cross-flow configuration [255]. An
example is the full-scale facility in Colorado, which uses ceramic membranes as one
of the units to treat oily wastewater [153]. The process train consists of dissolved air
floatation, pre-filtration, ceramic microfiltration, activated carbon adsorption and then
the water is supplied to a reverse osmosis plant, providing municipal drinking water.
In addition, Veolia Water Ltd has developed a system consisting of ceramic monolith

membranes to treat produced water, which has so far been installed at 60 locations
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[154]. Their typical performance includes removal of 98.7 % turbidity and effluent
has less than 1 ppm oil and grease [155][151][154][158]. Furthermore, a ceramic
(SiC) membrane module will be installed for commercial use in Columbia and
Venezuela, after the trial period offered consistent reductions of oil concentration
from 20 — 100 ppm to less than 5 ppm [256].

Ceramic membranes are most commonly used in the food and beverage
industry [244]. One commercial system for the removal of bacteria and spores from
milk using MF is the Tetra Alcross” Bactocatch. The raw milk is first separated into
skim milk and cream, then the former undergoes microfiltration leaving the
concentration of bacteria in the permeate to be less than 0.5 % of the original value
[257]. Ceramic membranes were also chosen and installed by Atech Innovations
gmbh over polymeric membranes in a commercial citrus fruit juice production plant
due to their high performance as well as resistance to essential oils from the fruit
skins. Another commercialisation includes the use of tubular ceramic monolith
membranes at high velocity cross-flow configuration in a glucose production plant to
minimise gel layer formation, and is able to produce 180 m*/day of glucose [258].

Ceramic MF/UF membranes have been used across a wide range of different
applications involving water and wastewater treatment. They are most commonly
used in the food and beverage industry and the treatment small-scale industrial
wastewater. Laboratory, pilot and some commercial case studies have shown potential
and advantages of using ceramic membranes for large-scale municipal wastewater
treatment and the provision of safe drinking water. Due to the many benefits offered
by ceramic membranes, their global incorporation into more drinking water treatment
plants is anticipated. Promising developments include the installation of ceramic flat
sheet membranes from ItN Nanovation AG in Saudi Arabia to pretreat seawater in
2013 [259]. In addition, three pilot plants using ceramic membrane hybrid systems
with suspended ion exchange and ozone for drinking water treatment plants will be
installed in the United Kingdom, Australia and Singapore by PWN Technologies
[147]. The incorporation of ceramic membranes in MBRs also clearly offers many
advantages such as ease of maintenance and long-term reliability. High capital
membrane costs along with the energy consumption by continuous aeration
contributes to a large proportion of the MBR’s operating costs, and both deter the
growth of ceramic MBRs for large-scale sewage treatment. Therefore, further

research and optimisation of the immersed membrane bioreactor will be anticipated to
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widen the use of ceramic membranes. The main overriding limitation to the
commercial implementation of ceramic membranes for most large-scale water
treatments is their high capital cost, despite their overall longer lifetimes and ease of

maintenance.

2.3.7 Emerging research areas related to porous ceramic membranes

In the past 20 years, increasing attention has been paid to the formation of synergetic
systems, known as integrated membrane hybrid systems. This is the combination of
multiple processes into one system to perform multiple tasks simultaneously, with
improved performance when compared with using any one of the technologies by
themselves.

Much of the recent research efforts on ceramic membrane synergetic
technologies have circled around the integration of functional nanoparticles with
membranes. The various nanoparticles can be mainly categorised into sorbents and
catalysts, and they work to expand the functionality of the membranes, making the
membrane systems much more powerful. In terms of sorbents, a few of the state-of-
the-art materials include: carbanaceous materials such as carbon nanotubes and
graphene, zeolites, metal organic frameworks, amine solid sorbents, silica sorbents,
etc. Photocatalytic nanoparticles include titania and graphene.

Carbonaceous sorbents have been investigated extensively on ceramic
substrates. Carbon nanotubes have high surface area, thermal and electrical
conductivity, and great mechanical strength, and have exhibited extremely high gas
and water permeation [260-262]. In water treatment applications, they have been
effective in removing a range of organic contaminants, such as bacteria, phenol, and
dyes through adsorption [263, 264]. Their main drawbacks today are the high cost and
complicated preparation processes for CNTs, which make them very difficult to
produce on a larger scale. Similarly, graphene and its derivatives, such as graphene
oxide, have shown to have both high selectivity and good fluxes for gas [265]. They
have potential to be applied in nanofiltration, pervaporation, and gas separation but
are unstable in the dry state on ceramic hollow fibre substrates. Research on

composite graphene-ceramic membranes is still at an early stage and attention is
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focused on improving the fabrication process, and in particular, for forming defect
free, thin, and air-stable graphene oxide composite layers [98, 100, 266, 267].

Zeolite-coated ceramic membranes have been fabricated that can achieve high
fluxes similar to those of ultrafiltration membranes, with increased selectivity
comparable to nanofiltration and reverse osmosis processes [268]. The zeolites are
coated on top of the ceramic membranes as a thin layer and have been studied to treat
wastewater and brackish water for reverse osmosis desalination [269, 270]. They have
been more commonly used in applications such as pervaporation and gas separation
[271, 272]. Current limitations with zeolite composite membranes are low fluxes due
to the thick zeolite membrane layer, high cost of the ceramic membrane support, as
well as difficulty to up-scale.

In the past decade, porous metal-organic-frameworks (MOFs) have been
becoming increasingly popular as a research topic. They have exhibited powerful
adsorption capabilities, can be customised, and also be synthesised under milder
conditions. In terms of water treatment, there is a study which used a water-stable
UiO-66 polycrystalline membrane on top of ceramic substrates in potential
desalination applications with very promising results [273]. There are far more studies
on MOF-integrated ceramic membranes in gas separation and pervaporation [274-
276]. Existing challenges include developing water stable MOFs, and the practical
application of thin-film MOF membranes is still a considerable distance away due to
the expensive, time consuming, and low-yield MOF synthesis methods.

On the other hand, titania, zinc oxide, and ferric oxide have been applied to a
range of ceramic membranes, whereby they can be coated as an additional functional
layer on top of the membranes to photocatalyse organic components in wastewater
[268]. Graphene oxide has also been combined with titania to form composites for
photocatalysis, which can perform in both near-UV/Vis and visible light irradiation
[277]. Silver particles have been used to mitigate biofouling during filtration
processes [278, 279].

Straying away from water treatment applications, catalytic nanoparticles have
also been used with ceramic membranes to form membrane reactors. For the common
symmetric hollow fibre reactors, catalysts are layered on the membrane surface by
solution technologies, such as sol-gel and impregnation [280, 281]. Dual-layer
ceramic membranes have also been fabricated through co-extrusion and co-sintering

for partial oxidation of methane as well as micro-tubular solid oxide fuel cells [259,
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282, 283]. There are also a few studies that dispersed the catalyst into the membrane
micro-channels open from the lumen side to form a microstructured catalytic hollow
fibre reactor for methane steam reforming with improved productivity rates [284], and
for oxidative coupling of methane with increased yield [285]. The micro-channels
offer additional volumes whereby catalysts can be deposited.

One of the main challenges that currently exist is the difficulty in
immobilising nanoparticles in ceramic membranes. Currently, almost all of the related
studies have applied the nanoparticles as an additional layer on the ceramic support
structures, using methods such as sol-gel, dip coating [165, 286, 287],
electrophorectic deposition [288, 289], and chemical vapour deposition [290], etc.
Existing challenges include ensuring that the membrane layers are defect free,
continuous, and as thin as possible. Furthermore, the lower packing densities of
ceramic membranes, as well as high substrate costs have hindered their larger-scale

industrial uses.

2.4 Prospects and challenges

From a technical viewpoint, the outstanding robustness and integrity of ceramic
membranes have secured their positions in dealing with the wastewater systems where
at least an aggressive environment is involved, and contribute to a sustainable and
strong growth towards wider applications. Technical innovations in promoting
separation performance and engineering designs keep driving the development of
ceramic membrane products towards an application-orientated pattern. In particular,
new membrane fabrication techniques such as the combined phase inversion and
sintering method is expected to see wider applications in membrane production
facilities. They offer a much simpler fabrication cycle and can make highly
microstructurally varied membrane morphologies that can be tailored according to the
application. In terms of membrane design, the presence of hollow fibre membranes is
expected to grow in the ceramic membrane market, to offer much greater treatment
capacities for larger scale applications. The potential of a wider range of ceramic
materials other than the commonly used alumina membranes and membrane
substrates, as well as membrane hybrid systems, are also expected. In terms of

applications, there is a trend in increasing use of ceramic membranes for larger-scale,
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wastewater treatments, especially in MBRs, as the cost of ceramic membranes is
reduced. Anticipated cheaper ceramic membrane prices combined with higher
packing densities of hollow fibre configuration will increase applications in
municipalities, and more space-efficient module designs, especially for hollow fibre
membranes are expected to penetrate the market to meet the higher demands.

The widespread use of ceramic MF/UF membranes in water treatments is still
limited by many challenges. A key challenge is to reduce the capital cost of ceramic
membranes, which can be met by reducing the steps in the fabrication process and
lowering the sintering temperature. The emergence of cheaper fabrication processes,
such as the combined phase inversion and sintering method, can potentially reduce the
fabrication costs of ceramic membranes. The performance of the porous membranes
formed by this method needs to be improved so that both good mechanical strength
and high porosity can be achieved simultaneously. Improved fundamental
understanding of the formation mechanisms of ceramic membrane microstructures
can help to improve the reliability and reproducibility of the fabrication process,
particularly useful when producing membranes from different ceramic materials and
when production is scaled up. The micro-channels have been shown to improve the
performance of membranes due to reduced mass transfer resistance, and can have
already widened the ceramic membrane applications. So far, there is little research on
how these micro-channels are formed as well as which factors affect their
characteristics. In order to expand their applications, it would be highly useful to be
able to design and control the micro-channel properties, such as their density, length,
and shape, etc. Although the presence of micro-channels in the ceramic membranes
can enhance performance and expand applications, their presence compromises the
mechanical stability of the hollow fibres. This limits their potential to be
industrialised and therefore research is required to improve this aspect of the

membranes whilst maintaining the micro-channel structures.
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Chapter 3: Experimental

Chapter 3 lists and describes the common materials used, experimental procedures and

characterisation methods employed in this thesis

3.1 Materials

Aluminium oxide powders of 1 pm (alpha, 99.9% metals basis, surface area 6—8 m*/g)
were purchased from Alfa Aesar (Chapters 4 — 6) and Inframat Corporation (Chapters
7 — 9) and used as supplied. 3-YSZ powders of < 0.5 um were purchased from
Inframat Corporation and used as supplied. Polyethersulfone (PESf, Radal A300,
Ameco Performance, USA) and Arlacel PI135 (polyethyleneglycol 30—
dipolyhydroxystearate, Unigema) were used as binder and dispersant, respectively.
Dimethyl Sulphoxide (HPLC grade, VWR International), N-Methyl-2-pyyrolidone
(HPLC grade, VWR International), Dimethylacetamide (HPLC grade, Sigma
Aldrich), dimethylformamide (HPLC grade, Sigma Aldrich) and triethyl phosphate
(HPLC grade, Sigma Aldrich) were used as the solvents and deionized water or
ethanol (HPLC grade, VWR) were used as the non-solvents. Hexane was used as the

immiscible bore fluid (HPLC grade, Sigma Aldrich).

3.2 Preparation of ceramic suspensions

First the dispersant Arlacel P135 was weighed and dissolved in the chosen solvent.
Then the ceramic powder was added to the solvent. This mixture was then
rolled/milled with 20 mm agate grinding balls for 48 h. PESf was then added and the
suspension was milled for a further 48 h. The continuous suspension was then
transferred to a gas tight reservoir and degassed under vacuum until bubbles were no

longer visible.
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3.3 Preparation of alumina discs

Once the suspensions have been degassed, they were poured into a stainless steel
mould of 2 mm thickness and 30 mm diameter and then horizontally placed in a
coagulation bath of deionized water (Figure 3.1). A continuous deionised water flow
was applied across the water bath to ensure constant fresh non-solvent supply. The

moulds were left in the coagulation bath for 2 h and the alumina disc precursors were

removed.
ﬁ [ S /
Fresh DI —
water in Water and
- y solvent out
/ \ Coagulation bath
Stainless steel Ceramic flat disc
membrane mold membrane precursor

Figure 3.1 Schematic of the ceramic disc membrane preparation set-up

3.4 Preparation of alumina hollow fibres

Once the suspensions have been degassed, they were transferred to 200 ml Harvard
Stainless steel syringes. The suspension was then extruded through the designated
tube-in-orifice spinnerets, and their designs are described in the corresponding
Chapters 4-8. The suspension was extruded into a coagulation bath that contained
deionised water (Figure 3.2). The extrusion rates of the different layers of the
spinnerets were controlled and monitored by two Harvard PHD 22/2000 Hpsi syringe
pumps. The hollow fibre membrane precursors were left in the external coagulation

bath overnight for phase inversion to complete. To remove traces of the solvent, the
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membrane precursors were immersed in an excess of DI water, replaced every

48 h. They were then straightened in room temperature.

Syringes
a /

Motor units

Spinneret

Coagulation
bath — T2

Ceramic hollow >

fibre precursor

Figure 3.2 Schematic of the ceramic hollow fibre membrane preparation set-up

3.5 Heat treatment

The membrane precursors were calcined and sintered in air (CARBOLITE furnace) to
form the final membranes. The temperature was increased from room temperature to
600 °C at a rate of 2 °C/min and held for 2 h, and then to the target temperature
(changes depending on the experiment) at a rate of 5 °C/min and held for 4 h. The

temperature was then reduced to room temperature at a rate of 5 °C/min.

95



3.6 Characterisation

3.6.1 Viscosity

For viscosity measurements samples were first degassed and then collected using the
Model 2020 Rotary Viscometer from Cannon Instrument Company from 1-60 rpm at
20 °C. The viscometer uses concentric cylinder geometry and a sample volume of

5 ml, spindle diameter of 7 mm, and adaptor diameter of 13 mm.
3.6.2 Microscopy

Morphological characterisation was conducted with scanning electron microscopes
(SEM, JEOL JSM-5610 LV for low resolution, and LEO Gemini 1525 FEGSEM for
high resolution) for the membranes which were flexed at ambient temperature until a
fracture occurred prior to being mounted on an SEM slide. Samples were gold coated
under vacuum for 2 min at 20 mA (EMITECH Model K550) before SEM images at
varying magnifications were collected. Optical microscope (Dino-Lite AM2111) was

used for low magnification images.
3.6.3 Porosimetry

For pore size determination mercury intrusion data was collected at absolute pressures
of between 1.38x107and 2.28x10°bar (Micromeritics Autopore IV) with an
equilibration time of 10 s and assuming a mercury contact angle of 130°. The flat disc
membranes were broken into sections of approximately 4 mm in diameter prior to
mercury intrusion analysis.

Gas—liquid displacement measurements were taken using the PoroLux 1000
Porometer. Samples of no more than 3 cm in height were first fitted onto the sample
holders with epoxy resin. The samples were then wetted with Porefil wetting liquid
(perfluoroether) and data was collected. Nitrogen test gas was used between pressures

of 0 to 10 bar with 30 steps.
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3.6.4 Micro-channel characterisation

For assessing the micro-channels at the different strata of the membranes, a fraction
of the membranes was sanded off from the top or the bottom to expose the micro-
channels using 800, 1200 and 2000 grit sanding papers. SEM images were taken for
each sanded stratum and the density of micro-channels was counted using the ImageJ

software.

3.6.5 Mechanical strength

The mechanical property was evaluated by an Instron materials testing system (Model
5544) with a 5 kN load cell, using a three-point bending method where the samples
were positioned onto a sample holder with a span of 20 mm for disc membranes and
30 mm for hollow fibres. For disc membranes they were first cut into rectangular
strips of approximately 5 mm x 1.5 mm x 25 mm. 5 samples were used for each type

of membrane with standard deviation of within 35 %.

The bending strength (o) of the disc membranes were calculated using the following

equation[1]:
3FL
o = m (3 . 1)

where F' denotes the measured force when a fracture occurs (N), L is the distance
between the centres of the supporting rollers (m) and b and 4 (m) are the sample

width and thickness, respectively.

The bending strength (o) for hollow fibres was calculated using the following

equation[2]:

__ 8FLd,
m(do*—d;*)

(3.2)

where F' denotes the measured force when a fracture occurs (N), L is the fibre length

(m), Do and Di are the outer and inner diameters of the fibre (m), respectively.
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3.6.6 Pure water permeation

3.6.6.1 Flat discs

Water permeation tests were carried out using a home designed dead-end system. Flat
disc membranes were sealed at one side to a stainless steel tube of 17 mm internal
diameter and 80 mm length with epoxy resin. The membranes were then fully wetted
by water under vacuum. A constant trans-membrane pressure (1 bar) is applied and
the water permeated through was collected and its weight measured every 5 min over
a duration of 2 h (Figure 3.8). Three samples were tested for each type of membrane

and the sample deviation is less than 25 %.

3.6.6.2 Hollow fibres

For hollow fibres, the membranes were first potted into % inch NPT male connectors
and sealed with epoxy resin at both the connector and at the hollow fibre end. They
were then connected onto a stainless steel vessel and a pressure is applied across the
membrane. Water is collected and its weight measured every 5 minutes over a
duration of 2 h (Figure 3.9). The dead-end permeation tests were conducted with an
out-in mode. Three samples were tested for each type of membrane and the sample

deviation is less than 25 %.
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Figure 3.3 Schematic of the dead-end pure water permeation experiment set-up for

ceramic disc membranes
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Figure 3.4 Schematic of the dead-end pure water permeation experiment set-up for

hollow fibre membranes in the out-in configuration
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Chapter 4: Fundamental Study of micro-
channels in ceramic membranes — spatial

structure and simulation

Chapter 4 This chapter provides a fundamental study into the effect of solvent choice in the alumina
suspension on the formation of micro-channels in disc membranes with preliminary simulation

attempts to mimic the micro-channels

Abstract

In this chapter, alumina membranes with distinct types of micro-channels have been
developed via a micro-channel inducing phase inversion and sintering technique. The
designed membrane morphologies were achieved by using five different solvents:
DMSO, NMP, DMAc, DMF and TEP, which led to unique changes in the macro- and
microstructures of the membranes. The micro-channel shapes vary from long, straight,
cylindrical and densely packed (DMSO) to pear-shaped conical structures (NMP and
DMACc). When DMF and TEP were used, symmetric membranes with sponge-like
structure were formed. These micro-channels display a regular and periodic
distribution and also have a hierarchical spatial structure with a distribution in number,
length and width along the depth of the membranes. Dead end water permeation tests
reveal that the micro-channels can greatly reduce the resistance to water permeation.
Furthermore, the microstructures also vary with a change in solvent, and different
membrane pore sizes were observed. The initialization of the micro-channels was
interpreted using the Rayleigh-Taylor Instability, driven by acceleration on the
interface and facilitated by a difference in density between the suspension and the
coagulant. The spacing between the micro-channels and their hierarchical structure
was quantitatively mimicked using R-T Instability theory and the simulation results

matched the experimental results reasonably well.
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4.1 Introduction

The use of porous ceramic membranes in conventional separation technologies for
water treatment such as micro- and ultrafiltration processes has shown improved long-
term reliability over polymeric membranes [1]. Their many advantages such as
superior chemical and thermal stabilities and mechanical robustness allow them to be
cleaned easily and operated over extended periods of time. They can therefore be a
reliable alternative to use in membrane bioreactors, a fast growing market in water
treatment technologies [2], whereby frequent and strenuous cleaning regimes are
needed. They can also be combined with ion exchange, UV disinfection or activated
carbon, etc, to form other hybrid systems that are gaining attention as cost and space
saving alternatives to the long conventional treatment trains for water treatments [3-
6].

Currently, the main deterrent for the use of ceramic membranes in large-scale
applications is their high fabrication costs when produced via the conventional multi-
step fabrication method [7, 8]. The conventional multi-step method is highly time and
energy consuming and contributes generously to the high capital cost of commercial
ceramic membranes. Furthermore, these commercially available ceramic membranes
are most often found in the tubular or flat sheet configurations, which offer much
lower packing densities compared to hollow fibre or spiral-wound flat sheet
polymeric membranes [7]. The micro-channel inducing phase inversion and sintering
method is a relatively new method for producing asymmetric hollow fibre ceramic
membranes and considerably reduces the number of steps in the fabrication process.
More details on this method can be found in the literature as reviewed in Chapter 2.
The steps are greatly reduced by eliminating the need to deposit additional layers on a
substrate to achieve micro/ultrafiltration selectivity. This method allows facile
fabrication of ceramic hollow fibre membranes, which significantly improves the
packing density. Hence fabrication costs can be potentially reduced and productivity
improved. Also the ability to produce a wide range of different membrane
microstructures means that they can be tailored according to the application [9-25].

The morphology of the membranes formed via the micro-channel inducing
phase inversion and sintering method is unique and advantageous over commercial

ceramic membranes. Not only do they consist of the sponge-like structures formed by
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the packing of the ceramic particles, much larger finger-like structures can also be
formed in the same membrane in one step, similar to those in Loeb Sourirajan
polymeric membranes [26]. For polymeric membranes, these fingers are undesired as
they are generally in the form of macrovoids and can reduce the membrane
performance as well as mechanical stability. However, the finger-like structures
observed in ceramic membranes can resemble micro-channels, which can be long,
straight, cylindrical and highly packed. In terms of filtration, these micro-channels
can reduce the trans-membrane resistance to permeate flow and the sponge-like
structures act as separation layers to offer the desired selectivity. Due to the
advantages offered by these ordered micro-channels, they have widened the
application of ceramic membranes, with examples such as hollow fibre membrane
micro-reactors, solid-oxide fuel cells, membrane contactors, gas separation, etc [15,
18, 20, 23, 27]. Considering the different characteristics and roles of these finger-like
voids in ceramic and polymeric membranes, the term ‘micro-channels’ is used for
ceramic membranes in this article, and ‘finger-like voids’ is used for polymeric
membranes, even if the origin of this structure is the same for both cases.

For the ceramic membranes made via the phase inversion and sintering
method, much literature is available investigating the effects of different fabrication
parameters on the range of cross-section morphologies achievable for various
inorganic materials and applications [9-25]. However, an improved understanding of
the formation mechanism behind these different macro- and microstructures is still
needed in order to be able to accurately control and tailor the membrane
characteristics according to the application. This is important in order to improve the
reproducibility of the fabrication process before large-scale production of these
unique asymmetric membranes can be achieved. Currently there is little consensus on
the mechanisms responsible for the formation of the micro-channels.

For polymeric systems, there is a rich history of researches carried out with
various different theories used to postulate and predict the formation mechanism as
well as characteristics of the finger-like voids. For example, one popular hypothesis is
the skin rupture theory, whereby large mechanical stresses experienced by the thin
skin during immersion precipitation can lead to points of rupture in the skin from
which fingers can be initiated and propagate [28]. Another popular theory attributes
the fingers to the growth of nucleated polymer-lean phases in polymer solutions under

the circumstance of instantaneous demixing. The theories were built upon from with
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more observations and characterisations [29, 30]. However, these theories do not
explain the ordered and periodic spacing between the finger-like structures as well as
their hierarchical distribution along the depth of the membrane. Furthermore, with
polymeric membranes, there is only very limited quantitative data available on the
periodic distance between the fingers, despite the unanimous observation of this
characteristic from many researchers, due to practical constraints. Therefore other
theories put forward to explain the mechanisms behind finger formation also
underwent the same bottlenecks with limited supporting experimental data.

Possible origins of the micro-channels are interfacial instabilities, which can
arise from many different sources, such as interfacial tension gradients (marangoni
instability) [31], viscosity gradients (viscous fingering) [32], or density gradients
(Rayleigh-Taylor Instability (RTI) [33-35], and so on. Interfacial instabilities caused
by periodic perturbations experienced by the surface of the suspension solution during
immersion into another fluid medium can explain the periodic and hierarchical
structure of the micro-channels. One possible type of interfacial instability that may
cause the formation of the micro-channels is the Rayleigh-Taylor Instability (RTI). It
is a naturally occurring phenomenon whereby periodic perturbations at the interface
of two fluids with opposite pressure and density gradients destabilise the interface due
to acceleration on the interface and can form finger-like structures. In later parts of
this chapter, it can be seen that on the suspension/coagulant phase-inversing interface
the requirements for RTI to occur are fulfilled and micro-channels can be initialised
due to the instability.

This chapter aims to gain more fundamental information regarding the
formation of the micro-channels in ceramic membranes by reducing the amount of
parameters affecting the phase inversion process. This was achieved by fabricating
flat disc ceramic membranes and investigating the effects of using five different
solvents as the suspension medium on the final membrane macro- and
microstructures, and in particular, the properties of the micro-channels. For the first
time, the micro-channels in ceramic membranes have been quantified with their
stratified pore densities and periodic distances obtained. An indication of the effect of
differences in morphology on membrane performance in possible water treatment was
thus investigated by looking at the water permeation fluxes of the 5 membranes. Then
a possible mechanism incorporating RTI is proposed to explain the formation of the

different membrane microstructures and preliminary experimental values for the
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characteristic wavelengths of the different membranes were obtained. These values
were mimicked using simulations based on RTI with the conditions of the
suspension/solvent/non-solvent system that can be characterised. A possible direction

for controlling and engineering the different microstructures is thus suggested.

4.2 Experimental

4.2.1 Materials and membrane preparation

The materials used and the experimental procedures for preparing the ceramic
suspensions and disc membranes in this chapter are listed in Section 3.1, 3.2 and 3.3.
The composition of the ceramic suspension is displayed in Table 4.1. The membrane
precursors were heat treated and sintered at 1350 °C following the heating program
described in Section 3.5. The as-obtained membranes are then denoted as Membrane-
DMSO, -NMP, -DMAc, -DMF and -TEP according to the solvent used in the

preparation.

Table 4.1 Alumina suspension composition for the disc membranes with the solvents:

DMSO, NMP, DMAc, DMF and TEP

Component  Composition

(Wt.%)
Solvent 39.3
Alumina 54.8
PESft 5.5
Dispersant 0.4

4.2.2 Characterisation
The characterisation methods such as SEM, viscosity measurement, mercury intrusion

porosimetry, 3-point bending, pure water permeation are listed and described in

Section 3.6.
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4.3 Results

4.3.1 Rheology of ceramic suspensions

Table 4.2 shows the viscosity values of the 5 suspensions consisting of different
solvents at a shear rate of 0.289 s'. Suspension-TEP has a viscosity over the range at
which the viscometer was capable of measuring. During the preparation process
difficulty was encountered when suspending the alumina particles in TEP, and
solvation of the PESf in TEP was only achieved at 80°C.

It can be seen clearly that the viscosity varies significantly when different
solvents are used to disperse the alumina particles and solvate the polymer binder,
despite the identical weight composition. In order to scale for the hydrodynamic
effects of the different suspending media, the relative viscosities, defined as the ratio
of the viscosity of the suspension to the viscosity of the pure suspending media, are
also displayed in Table 4.2. The relative viscosity of the suspension increases in the
order of suspension- DMF < DMAc < NMP < DMSO < TEP. This is due to the
reduction in specific volume of the solvents, as seen in Table 4.2, resulting in higher
volume loadings under constant weight fractions, as predicted by the Quemada model

for hard sphere systems, in equation 4.1 [36].

w=(1-:2)" @)

$max

Where . is the relative viscosity of the suspension, ¢ is the volume fraction of
ceramic powder, and Qmax 1S the maximum achievable volume fraction of ceramic

powder.
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Table 4.2 The effect of solvent choice in the ceramic suspension on their measured

viscosities and densities

Suspension

DMSO NMP DMAc DMF TEP

Apparent 7580 5115 3645 1420 N/A
viscosity 1 at
0.289 5"
(mPa.s)
Viscosity of 1.99 1.70 1.96 0.92 1.60
solvent
(mPa.s)
Relative 3810 3010 1860 1540 N/A
viscosity
/M
Density at 1820 1810 1650 1660 1840
standard
conditions
(kg/m?)
Density of 1100 1030 940 944 1070
solvent

(kg/m’)

The viscosity of the suspension is an important factor in the formation of
ceramic membranes. Often it can have practical implications on the fabrication
process; for example, the viscosity can affect the spinnability of the suspensions [7].
Furthermore, the viscosity of the suspension can affect the cross-sectional
morphology of the membrane, as high viscosities have been shown to resist the
initiation and growth of the finger-like structures that are important in reducing mass

transfer resistance during micro- and ultrafiltration processes [37].
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4.3.2 Characteristics of micro-channels

4.3.2.1 The morphology of alumina discs

Figure 4.1 shows the cross-sectional morphologies of the 5 different sintered alumina
disc membranes. Both asymmetric and symmetric membranes can be formed when
the solvent in the suspension is changed. The asymmetric membranes contain sponge-
like structures and micro-channels of different characteristics (Membrane-DMSO, -
NMP and -DMAc in Figure 4.1a-c) whereas the symmetric membranes (Membranes-
DMF and -TEP in Figure 4.1d-e) consist of a sponge-like structure across the entire
cross-section. It can be seen that when different solvents are used as the suspension
media and solvents for PESf, the difference in membrane morphology is drastic and
this may have major effects on membrane performances, for example, the permeation

flux.

. 3)

Figure 4.1 Cross-sectional SEM images of a) Membrane-DMSO, b) Membrane-
NMP, ¢) Membrane-DMAc, d) Membrane-DMF, ¢) Membrane-TEP

When DMSO was used as the suspension medium and solvent, the cross-
section of the membrane (Membrane-DMSO in Figure 4.1a) consists of two thin
sponge-like layers sandwiching densely packed, long and narrow micro-channels.

These micro-channels initiate near the top of the membrane and propagate
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downwards, stopping shortly before the bottom of the membrane. When NMP was
used, the membrane (Membrane-NMP in Figure 4.1b) has a cross-sectional
morphology clearly different to that of Membrane-DMSO’s. Although the cross-
section also consists of micro-channels, their shape and quantities are quite different.
The micro-channels initiate near the top region of the membrane and grow larger in
size horizontally as they propagate across the cross-section, forming pear-shaped
structures that bend slightly in the lower region of the membrane, as the micro-
channels become influenced by the bottom surface of the mould. Figure 4.1c reveals
the cross-section of the membrane formed from the suspension that has DMAc as the
solvent (Membrane-DMACc). It can be seen that its morphology is similar to that of
Membrane-DMSO’s but the micro-channels are slightly broadened. The micro-
channels initiate at the upper region of the membrane, and grow wider as they
propagate the cross-section, forming slight pear-shaped structures. The micro-

channels appear less wide than the ones in Membrane NMP.

4.3.2.2 Hierarchical structure of the micro-channels

Upon closer inspection of the upper regions of Membranes-DMSO, -NMP and -
DMACc in Figure 4.2, it can be seen that the micro-channels in the membranes present
multiple and distinctive levels, separated by their diameter, length and density. Figure
4.3 schematically shows different levels of the micro-channels in a Membrane-DMSO
specimen. The micro-channels that propagate the furthest down the membranes have
similar lengths and diameters, and can represent the first level. The next level consists
of micro-channels that propagate the second furthest down the membrane, which also
has smaller diameters, and at the next level the micro-channels are even shorter, and
so on. As the levels increase the micro-channel lengths and diameters are reduced and
their micro-channel lengths can be used to distinguish these different levels. Different
levels of micro-channels can also overlap in the membranes, especially for the higher
levels near the top region of the membranes. Furthermore, the number of levels
increases in the direction from the bottom of the membrane towards the top, such that
the density of the channels is extremely high at the top layer. This result is also very

commonly observed in polymer phase-inversion membranes.
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Figure 4.2 Cross-sectional SEM images of the upper region of a) Membrane-DMSO,
b) Membrane-NMP and c) Membrane-DMAc
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Figure 4.3 Cross-sectional image of Membrane-DMSO with the labelled hierarchical

levels

In order to more clearly reveal the hierarchical feature of the micro-channels,
the sintered membranes were polished from the top to remove the skin layer of the
membranes and thus expose the channels. An example of such polished section close
to the top is shown in Figure 4.4. From the image, at least three different sets of
micro-channels can be distinguished according to their diameters. The smaller micro-
channels are very intensely scattered, whereas the number of the largest micro-
channels is the least. These sets of micro-channels are distributed across the plane

quite evenly, showing more or less a regular pattern.

Figure 4.4 A SEM image of a polished section showing the distribution and the
multi-level feature of micro-channels. The image was taken from a section close to

the top surface of a Membrane-DMSO specimen.
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By polishing off different proportions of the sintered membranes, a stratified
micro-channel distribution was obtained, whereby the change in micro-channel
characteristics along the depth of the membranes is revealed. Figure 4.5 shows the
micro-channel density of the membranes on two sections that are close to the top and
bottom surfaces, respectively. It is obvious from Figure 4.5 that the density of the
micro-channels decline drastically along the thickness direction for each membrane
type, and the diameter of the micro-channels increase considerably. Table 4.3 displays
the micro-channel density extracted from SEM images at the different strata. It is
worth to mention that during the practice, the minimum depth at which the micro-
channels can be distinguished under SEM is 40, 30, and 10 um for the membrane-
DMSO, membrane-NMP and membrane-DMAc, respectively. The skin layer that is

polished off is composed of the packing pores between the ceramic particles.

Figure 4.5 SEM images of the sections close to the membrane upper and lower
surfaces. The sections were exposed after polishing off 20-30 % of the membrane

thickness. (a-b) Membrane-DMSO, (c-d) Membrane-NMP and (e-f) Membrane-
DMAc, respectively
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Table 4.3 shows the density of the micro-channels decline along the depth
direction of the membrane, with the most drastic changes close to the top surface. The
rate of change of channel density is softened across the depth of the membrane. The
rate of change of micro-channel density with respect to depth is compared in Figure
4.6, whereby the difference in channel density across adjacent sections is normalized
with the distance between them. It can be seen that for all three membranes, the rate
of channel density reduction is the highest at the top layer, and then decreases quickly
at deeper positions. Interestingly, the changing rate shows roughly an exponential
relation to the depth for all three membranes. An exception is found for the
Membrane-DMAc samples, in which the highest changing speed is recorded at the
layer between 40 and 50 um, rather than the layer closer to the top surface between 10

and 40 um.

Table 4.3 The density of micro-channels on sections of different depths with standard

deviations of within 15 %

Membrane depth Micro-channel density (mm™)

(pm) Membrane-DMSO  Membrane-NMP  Membrane-DMAc¢
10 56700
30 12300
40 7910 4330 32400
50 2620 11300
60 6590
70 2040
100 1290 2910

200 2200 254 892
300 1340 177 537
400 127 278
500 735 97.5 173
1000 414
1500 83.4
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Figure 4.6 The rate of change of micro-channels density with respect to the depth of

the membrane. The data were extracted from Table 4.3.

The effect of solvent in the ceramic suspension on the membrane structure is
also further revealed from the different membranes’ stratified micro-channel
distribution, in Figure 4.6, and Table 4.3. The highest micro-channel density is found
near the top of membrane-DMAc, followed by membrane-NMP, then membrane-
DMSO. It can be seen that Membrane-DMAc has the most asymmetric cross-section
structure, with the initial micro-channel density at the top layer being more than 300
times the density at the lower region. Membrane-NMP is also highly asymmetric with
the initial micro-channel density being more than 120 times higher than the density at
the lower region. Finally, the top-to-bottom micro-channel density ratio for

Membrane-DMSO is around 90, slightly lower than the other two membranes.
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4.3.3 Water permeation and pore structure

Table 4.4 shows the water permeation flux of the 5 membranes under dead-end
filtration at 1 bar trans-membrane pressure. The rank of water permeation flux from
lowest to highest goes in the order of Membrane-TEP < Membrane-DMF <
Membrane-NMP < Membrane-DMAc < Membrane-DMSO. It can be seen that
Membrane-DMSO has the highest water permeation flux of up to 5440 L/m’ bar h.
Membranes-DMF and TEP have the lowest water permeation flux of less than 250
L/m*bar h. It is apparent that the increment in water permeation flux is not linear to
the decrease in membrane thickness, contrary to what is stated by the Carman-Kozeny
models, due to differences in the cross-section morphology and the pore structure of
the membranes. The most dramatic permeation flux increase occurs when the micro-
channels are present in the membrane cross-section, i.e., in Membrane-DMSO,
Membrane-NMP and Membrane-DMAc, due to the much thinner effective membrane
thickness. Membrane-DMF and Membrane-TEP have very low fluxes, as there are no
micro-channels in the cross-section and the effective thicknesses of the membranes
are the highest. The function of micro-channels in the reduction of transport resistance
of water can be evaluated by the water permeation fluxes with different

configurations.

Table 4.4 Water permeation flux, thickness and average pore size of the 5 membranes
with standard deviations of within 25 %
Membrane DMSO NMP DMAc DMF TEP
Water 5440 1010 1160 232 86.5

permeation flux
(L/m’bar h)
Membrane 1.58 1.85 1.66 1.910 2.108
thickness (mm)
Average pore 0.344  0.253 0.280 0.308 0.210

size (um)

In another experiment, the lower sponge-like layer of Membrane-DMSO,
Membrane-NMP and Membrane-DMAc were polished off and the water permeation

flux was measured again, which are shown in Table 4.5. The water permeation fluxes
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all increase remarkably with the lower sponge-like layer removed, but Membrane-
DMAc underwent the largest flux increase, from 1160 L/m® bar h to 12300 L/m* bar
h. In the membranes with micro-channels, the resistance to water permeation is
distributed between the top and the bottom sponge-like layer as well as the middle
region of micro-channels. By assuming that the majority of the permeation resistance
is in the sponge-like layers, the increase of flux after removing the bottom sponge
layer can be used to predict the effective thickness of the membranes, as listed in
Table 4.5. The actual thickness of the bottom sponge-layer is easy to obtain from
SEM images, but the top sponge-layer is hard to tell. It can be recalled from the
previous section that the micro-channel openings start to appear only if the top sponge
layer is polished off 40, 30, 10 um for Membrane-DMSO, Membrane-NMP and
Membrane-DMAc, respectively, thus these values can be taken as the thicknesses of
the top sponge-like layer. The thicknesses of sponge layers and the ratio between the
total sponge layer thickness and the top sponge layer thickness are listed in Table 4.5,
together with the ratio of water fluxes before and after removing the bottom sponge
layer. It is quite clear that for Membrane-DMSO and Membrane-DMAc, the two
ratios are rather close, implying that the majority of the permeation resistance does
distribute in the sponge-like layers, and the resistance in the region of micro-channels
is minor. For Membrane-NMP, there is an obvious deviation between the two ratios,
which implies a certain significant resistance in the micro-channels. It can be
estimated that the resistance in the micro-channel structure of Membrane-NMP is
equivalent to a 76 um thick sponge-like layer, but only 12 and 4 pm for Membrane-
DMSO and Membrane-DMAc, respectively. Even for Membrane-NMP, the effective
thickness of the micro-channel region is still largely reduced compared to the
apparent membrane thickness. The difference of the resistance to water permeation in
the region of micro-channels between Membrane-NMP and Membrane-DMSO,
Membrane-DMAc can be reasonably attributed to the structure of the micro-channels
themselves. As a matter of fact, the density of micro-channels is the lowest in
Membrane-NMP among the three membranes with micro-channels (in Table 4.3, by
comparing the number of micro-channels on the sections with same depth), which
would lead a higher resistance when compared with Membrane-DMSO and

Membrane-DMAc.
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Table 4.5 The correlation of water permeation (standard deviations within 25 %) and

macrostructure for Membranes-DMSO, NMP and DMAc.

‘ Thickness of
Water permeation

5 sponge-like  Ratio of the Estimated
flux (L/m*bar h) Ratio of

layer (um) sponge membrane
the fluxes )
After layer thickness
Sample  Prior to after and )
Bottom thicknesses  from Ratio
sponge before the
sponge Top Bottom (Toptbotto  of fluxes
layer removal
layer m)/top (um)
removal
removal
DMSO 5440 8600 1.58 40 30 1.75 76
NMP 1010 1960 1.94 30 100 4.33 12
DMAc 1160 12300 10.6 10 130 14.0 4

It is worth noticing that even if the effective thickness is taken into account
(the total thickness of sponge-like layers), the permeability of Membrane-DMSO is
still considerably higher than Membrane-NMP and Membrane-DMAc. This can be
explained by the average pore size in the sponge-like layer of the membranes. Table
4.4 also gives the average pore sizes from mercury porosimetry tests. The pore size is
the largest in Membrane-DMSO, about 344 nm, which would give a 50% higher
permeability of the sponge-like layer than Membrane-DMAc and an 85% higher
permeability than Membrane-NMP. It is evident that the choice of solvent affects not

only the macrostructure, but also the microstructure of the membranes.

The water permeation fluxes of the asymmetric membranes are compared with
commercial ceramic membranes, as listed in Table 4.6. After the removal of the
bottom sponge-like layer, Membrane-DMSO and Membrane-DMAc have comparable
water permeation with the silicon carbide flat disc membranes from Liqgtech Ltd,
considering the differences in the membrane pore size. This is interesting as SiC
membranes are intrinsically more hydrophilic and generally have higher water
permeation fluxes than alumina membranes, which makes the asymmetric membranes
with micro-channels formed in this study highly competitive in the ceramic
membrane market. Compared to other alumina membranes that are used in MBRs,

such as the flat sheet membranes from Meidensha Corporation, the water permeation
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fluxes of Membrane-DMSO and Membrane-DMAc formed in this study are
significantly higher. This means that asymmetric alumina membranes with micro-

channels can potentially be competitive alternatives to use in MBRs.

Table 4.6 Comparison of the properties between the alumina membranes with micro-

channels formed in this study and commercial ceramic membranes

Membrane type Configuration Water Material Pore

permeation size

flux (L/m” h) (um)

at 1 bar

Membranes Membrane- Flat disc 8, 600 0-AlLO3 0.34
with micro- DMSO

channels Membrane- Flat disc 12,300 0-AlLO3 0.28
DMAc

(bottom layer

removed)

Ligtech Ltd Flat disc 4, 000 SiC 0.10
Commercial [38]
membranes Meidensha Flat sheet 1,670 0-AlLO3 0.10

Corporation

[39]

A tensile tester was used to gather information about the membranes’
mechanical stability using the three-point bending method. It can be seen from Table
4.7 that the flexural stress of the asymmetric structures is generally lower than the
symmetric ones. Overall, due to the thinness of our samples as well as the low
sintering temperature used, the mechanical stability is quite low. However, the
mechanical strength of these disc membranes are arbitrary and it would be unfair to
compare them with commercial membranes that are usually sintered at much higher
temperatures. It has been shown in this study that water permeation flux is
independent to the overall membrane thickness when there are micro-channels
present, and that majority of the mass transfer resistance is located at the top
separation layer. Therefore, the mechanical stability of these membranes could be

greatly improved by making thicker membranes with micro-channels and then
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manually removing the bottom sponge-like layer. As suggested, the properties of a
range of different commercial multilayer supports have been compared and added as a
table in the manuscript to compare some of the experimental membranes with
commercial membranes in terms of water permeation flux, pore size and material

(Table 4.6).

Table 4.7 Mechanical stability of the alumina disc membranes made from different

solvents with standard deviations of within 35 %

Membrane
DMSO NMP DMAc DMF TEP
Flexural 16.8 12.1 22.5 22.8 35.2
stress
(MPa)

4.4 Discussions

4.4.1 The hierarchical micro-channel structure and linear stability theory

From the description in section 4.2.2, it is very clear that the micro-channels formed

during the phase-inversion process have the following two features:

* The micro-channels distribute uniformly on the planes parallel to the surface
and the channels form regular patterns;
* The micro-channels can be distinguished into multiple levels in terms of

length, diameter and density.

The first feature has long been noticed in polymer phase-inversion membranes, and
some researchers have related it to the periodical surface disturbing waves, which can
explain the regular distribution reasonably well while other proposed mechanisms fail
[40]. These theories analyse the stability of the waves, assuming the wavelength of
the surface disturbance ranges linearly from zero to infinity. The major task of the
linear stability analysis is to find out the most probable wavelengths, at which the
instability of the wave grows the fastest, and consequently the waves disturbing the

surface are amplified to initiate the micro-channels in the membrane [41]. The
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instability of surface disturbances may arise from a range of different sources, such as
of surface tension gradients (the Marangoni effect) [31], the difference in viscosity or
density between two contact fluids [32, 35], or the gradient of solidification and
shrinkage rate along the interface [42]. Inspired by Sternling and Scriven [31, 43],
Frommer et al. incorporated the idea of Marangoni instability to explain the fingers in
phase-inversion membranes. Sternling and Scriven had derived in their article that the
gradient of surface tension led by the diffusion of mass or heat may amplify small
disturbances on the interface between two fluids. In their derivation, Sternling and
Scriven include the diffusivity of the species, the chemical potential gradient, the
viscosity, the density, and the sign of the change of surface tension with surface
species [31]. This comprehensive model comprises of the factors that are deemed
important in membrane fabrication. Frommer et al. failed to use a quantitative
approach to apply the theory of Marangoni instability to the phase-inversion
membranes, and their interpretation was mainly qualitative. Consequently, Ray
suggested that the growth of fingers in membranes induced by the Marangoni
instability would be too slow, mainly due to the very high viscosity. However, in
reality, the formation of fingers is very fast and hence Ray denied the Marangoni
instability as the main mechanism, and proposed that another source of surface
instability, the excess intermolecular potential, should be responsible for the fingers.
Based on the theory, Ray derived that the distance between the longest fingers (the
most probable wavelength) is 4.2 times of the membrane thickness [40]. Although in
their experimental results they did get a distribution of the ratio from 2.5 - 5.1, it
should be noted that Ray used the thickness of the final membrane as the reference,
instead of the thickness of the cast solution that appears in the derivation. It is a
common sense that the thickness of the final membrane is usually several times
smaller than the cast solution, thus the actual wavelength/thickness ratios were far
from 4.2, making the theory invalid here. Another theory based on interfacial
instability is the viscous fingering theory, which was first introduced by Lal & Bansil
and Ren et al. to interpret fingers in polymer membranes [44, 45], which was applied
to the phase inversion process of ceramic/polymer/solvent suspension systems [24,
37]. The viscous fingering theory suggests that the viscosity difference is responsible
for the formation of fingers, however it can be frequently found that viscosity hinders
the finger to grow, thus leaves this theory questionable. Addad and Panine proposed

that there is a “diffusional shock” of the interface between the solution and the
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coagulant bath when both phases are in contact, which may lead to the Rayleigh-
Taylor hydrodynamic instability originating from the density difference between the
solution and the coagulant bath [46]. With the hypothesis, they correlated the mean
distance between the finger entrances on membrane surface to the diffusivity of the
solvents. Their theory did not draw much attention, but it does give light to the source
of the driving force of finger initialization, though some of their theory was over

simplified.

The second feature of multi-level micro-channels has also been noticed in the
membrane community, but has not been clearly characterized until this research. This
feature is not easy to quantify for polymer membranes because of the three-
dimensional arrangement, although some preliminary studies have been done with 3-
D topological techniques [47-49]. For ceramic membranes, it is much easier to do by
polishing as shown in this study. Previous hypothesises using linear stability analysis
only tackled the most advanced fingers and were not able to even qualitatively
interpret the multi-level feature, largely because the feature itself has not been clearly
revealed. In the following discussion, the multi-level feature can be seen as a

projection of the solution of the instability equations.

4.4.2 The Rayleigh-Taylor Instability hypothesis

Phase inversion is an extremely complex process accompanied by plenty of
mechanical, physical and chemical interactions. Focusing on the interfacial changes
when the ceramic suspension contacts the coagulant, some characteristics listed below

can be extracted:

* There is a difference of density, viscosity, composition across the suspension
solution/coagulant interface;

* The interface moves towards the suspension side because of the extraction of
solvent and the contraction of polymer;

* The interface itself starts to change because of the transfer of mass and heat,
including the change of interfacial tension, viscosity, density and solidification.

Gradients of such properties along the interface may appear.

121



Thus, the interface is a moving one between two liquids with considerable density
and viscosity difference accompanied by heat and mass exchange. Many factors
involved here may lead to instability of the interface separately or conjunctionally, as
mentioned above. It should be pointed out that there is another important factor that
has been ignored for a long time: the initial acceleration of the interface. As the
interface moves towards the suspension side from still to a considerable velocity, the
interface must have accelerated to reach its maximum velocity. This acceleration is
actually the “diffusional shock” as has been mentioned by Added and Panine [46]. An
instantaneous contraction of the interface under microscopes can often be observed
when the solution is in contact with water, followed by micro-channel formation,

which supports the existence of the accelerated interfacial movement.

The equation describing the moving interface during phase inversion is recalled [50]:

aX(t
ZO =2 +)2 (4.2)

Here X(t) is the position of the interface as a function of time, J ? is the volume flux of
the solvent from the solution to the coagulant, and J? is the volume flux of the
coagulant diffusing to the solution. Then the acceleration of the interface would be

0*x(W) _ 2I5 | 3¢

atz ~ at at (4.3)

If the out flux of solvent is assumed to be considerably faster than the influx of the
coagulant, then the magnitude of the acceleration can be estimated as Added and

Panine [46].
UE _ | @s=00) | o 1 yaewp oy (4.4)

at 14 DS/DC= +Dgt

Here ¢s and @c are the concentration of the solvent in polymer solution and coagulant

bath, respectively, and Ds and DCH are the diffusion coefficient of the solvent in

ceramic suspension/polymer solution and the coagulant bath.

At the moment when the coagulant bath contacts the solution, t—0,
recommendations from Added and Panine were used, and the time needed for a
diffusion process was set to 2x10%s, and Dg with a magnitude of 107" m%s, D! with
a magnitude of 10" m?/s, which agreed with experimental values [46]. The magnitude

of the interfacial acceleration is found to be around 10°-10” m/s*, which is a very high
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acceleration. Note that when the outflow of the solvent is faster than the inflow of the
coagulant, which is the case for most phase-inversion process, the acceleration is
directed from the lighter coagulant phase to the heavier solution, and this scenario

meets the requirement for facilitating the Rayleigh-Taylor instability.

Rayleigh-Taylor instability happens when there is acceleration on the interface
between two fluids of different densities, to be specific, acceleration towards the
heavier fluid. The instability rises from perturbing waves on the interface, where
some of the waves can be amplified by the acceleration. Here the interface between
the ceramic suspension and the coagulant are considered, and treated as two
incompressible immiscible fluids (in real phase-inversion process, there is
solvent/coagulant exchange between the polymer solution and the coagulant, strictly
speaking it is not an immiscible situation. However since there is always a distinct
interface between them, it can be deemed an immiscible case but with varying
densities, viscosities and interfacial tension). Figure 4.7 gives a simple depiction of a
two-dimensional perturbation on the interface, whose wavelength is A and the initial

amplitude is .

Solvent z Coagulant

Outflux Pr
A

Interface 4;)"
AN Y\ BVA\NVANR
VARV T \

Direction of
acceleration

Non-solvent
influx Suspension
Direction
P
v of density
a :
P20 gradient

MNet acceleration
of the interface

Figure 4.7 Two-dimensional perturbations on the interface of the

suspension/solvent/non-solvent system during phase inversion
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Under acceleration a directed towards the heavier ceramic suspension, the interface
will be unstable and the perturbation will grow. Without considering the effect of

viscosity, the growth rate of the perturbation will be [34]

ent+e—nt
n(t) = no 3osh(nt) = ny— (4.5)
Here n(t) is the amplitude at time t, and
+ Ps—Pc _ T 3
n=da (ps+Pc) k (P5+Pc) k (46)

Where ps and p. is the density of the ceramic suspension and coagulant, respectively,

and T is the interfacial tension.

To allow the interface to be unstable, the right side of Equation 4.6 must be positive,
thus a critical wavelength of the perturbation is required:

T

1. =
¢ a(ps—pPc)

(4.7)

A perturbation whose wavelength is shorter than the critical value would be pushed
back by the interfacial tension, and longer waves will grow and lead instability of the
interface. Although the critical wavelength was induced without considering

viscosity, it is not affected by the viscosity, and valid for viscous conditions.

Equation 4.6 also implies a wavelength at which the disturbance grows fastest, which
will dominate the growth when R-T instability happens. Without consideration of

viscosity, the wavelength of the fastest growth is
Am = V32, (4.8)

In reality, the effect of viscosity must be considered. In this case, the equation

describing the relation between the growth rate and wave number is [51]

k k2T 4k?
B {Z_Z [(0(5 —al)+ a(ps+pc) + 1} (acqs + asqc — k) — 4kasa + W (asvg —

k3
acvc){(acqs - asqc) + k(as - ac)} + 411_2 (asvs - anC)+(qS - k)(Qc - k) =0
(4.9
Where v is the kinematic viscosity, linked with viscosity p by v=p/p,

q is defined by
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qs = |kT+— (4.10)

Vs
and
q. = k++v"—c (4.11)
And a is defined by
ag = # (4.12)
and
a, = p% (4.13)

the subscript s and c denotes the phase of ceramic suspension and coagulant,

respectively.

By solving equation 4.9, the wavelengths (the mean distance between micro-
channels) at which the micro-channels grow faster than others can be determined. To
give an impression of how the R-T instability theory predicts the pattern of micro-
channels, two examples of the solution to equation 4.9 are given. Figure 4.8 and
Figure 4.9 shows the k-n curve as the result of solving equation 4.9 and a simple
visualisation of the membrane cross-section structure under acceleration of 10* m/s”
and other conditions mimicking a typical phase-inversion system, respectively. It
gives a dominating wavelength A, at 25.0 mm that has the highest growth number of
469, and also the secondary and the third extremums at 5.30 mm and 4.63 mm,
respectively. In this circumstance, the secondary and the third extremums have a
much smaller growth number than the dominating wavelength, thus micro-channels
originating from these wavelengths would be much smaller than the primary micro-
channels. If the precipitation front of the polymer is faster than the growth of the
secondary micro-channels, these micro-channels will be frozen at the very beginning
and may not appear as observable features. Therefore in this case, the pattern of
micro-channels would be relatively simple, with one set of dominating micro-
channels and possibly very small micro-channels close to the top. Figure 4.10 is
another typical k-n curve from the solution of Equation 4.9, which was obtained under
acceleration of 10" m/s® and other conditions kept the same with those in Figure 4.8

and it is apparent that it is very different. The dominating wavelength A, is at 271 um,

125



with the highest growth number of 8.4x10°, much higher than that in Figure 4.8.
Figure 4.10 shows an oscillation feature with intensive secondary extremums at
shorter wavelengths. The wavelengths of the first few secondary extremums are
comparable with the dominating one, indicating that the micro-channels from these
disturbing waves have shorter but comparable dimensions. There are many smaller
oscillations at the high wavenumber region, indicating that there will be intensive

smaller micro-channels close to the top surface.
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Figure 4.8 An example of the k-n curve showing the solution of the R-T Instability
equation (Equation 4.9). Parameters used for the calculation: p.=1000 (Kg/m’),
ps=1500 (Kg/m’), u=0.001 (Pa‘s), u=10.000 (Pa-s), T=0.02 (N/m), and a=1x10"
(m/s?)
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Figure 4.9 Cross-sectional schematic of a membrane formed via phase inversion with

micro-channels visualising the solution in Figure 4.8
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Figure 4.10 An example of the k-n curve showing the solution of the R-T Instability
equation (Equation 4.9). Parameters used for the calculation: p.=1000 (Kg/m),
p=1500 (Kg/m’), u=0.001 (Pa‘s), u=10.000 (Pa's), T=0.02 (N/m), and a=1x10’
(m/s?)
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Apparently, with a higher interfacial acceleration, the number and the length of
micro-channels will increase remarkably. Recall from Equation 4.4 that acceleration
is directly related to the diffusion of the solvent; a faster solvent diffusion outwards
often implies higher accelerations, and so it is not difficult to deduce that fast solvent
diffusion often leads micro-channel formation in membranes, which has been
intensively observed and discussed in the membrane community. Of course in
equation 4.9, other factors such as density, viscosity, surface tension are also
included, thus they will affect micro-channel formation too, and those effects can be

evaluated by solving the equation.

4.4.3 Mimicking the experimental results with the RTI theory

Based on the linear stability hypothesis, each micro-channel can be deemed as the
development of interfacial disturbing waves, thus the mean distance between two
micro-channels can represent the wavelength, provided that micro-channels from
different wavelengths can be properly distinguished. The mean distance between
micro-channels (the wavelength) can be obtained from the micro-channel density
(number per unit area) by assuming maximum hexagonal arrangement of the micro-

channels:

243
T 32

dy (4.14)

The hexagonal arrangement is justifiable as it has been commonly observed on

interface and it is a preferred pattern of interfacial disturbance.

With Equation 4.14, micro-channel densities found on the sections of ceramic
membranes (Table 4.3) can be converted to wavelengths. The converted results are
listed in Table 4.8, in which the shrinkage after sintering has been considered to
restore the real value in the green membranes. For all three membranes, the minimum
wavelengths are similar and around 10 pm, whereas the maximum wavelength is 132
um for Membrane-DMSO, and 227 pm, 253 pm for Membrane-NMP, Membrane-
DMAc, respectively. It is worthy to point out that this conversion is rather
approximate, because the multi-level micro-channel structure in the samples of

present research implies overlapping of projections of different sets of micro-channels
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with varied wavelengths. To minimise the influence of overlapping, the micro-
channel density of each stratum is subtracted by the micro-channel density of the next
stratum from the bottom of the membrane. However the overlapping between the
adjacent strata still affects the accuracy of the wavelength. It is obvious that the
influence of overlapping is less for the sections closer to the bottom and more severe
for the sections closer to the top surface. Due to this reason, the conversion from
micro-channel density to the wavelength is unlikely to be reliable for Membrane-
NMP. This is because the maximum depth polished for Membrane-NMP is only 500
um, far from the whole thickness of the membrane, which imply a severe deviation
from the true value due to the overlapping effect. Counting the micro-channel number
on the sections deeper than 500 um had been impossible for Membrane-NMP. This is
because the lower part of the micro-channels is severely diverted and the micro-
channel wall breaks, caused by the influence of the bottom of the mould, and makes it

impractical to count the actual number of micro-channels.

To verify the validity of R-T Instability model in the micro-channel formation
process, the density and the viscosity of the ceramic suspensions have been measured
(Table 4.2) for the input of equation 4.9. The tension of the suspension/water interface
is difficult to measure as it changes too quickly, but the effect of interfacial tension
can be deemed ignored in this scenario because of the high acceleration and high
viscosity. The acceleration of the interface at the moment of contact is not measurable
as it happens under an extremely short time scale, but as mentioned above, a typical
magnitude for a micro-channel forming solvent/ceramic suspension/non-solvent
system is 10° m/s”, thus this value will be guessed within a reasonable deviation range

to solve Equation 4.9.
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Table 4.8 Wavelength converted from the density of micro-channels in Table 4.3

Membrane Wavelength (um)
depth (um) Membrane- Membrane- Membrane-
DMSO NMP DMAc

10 8.10
30 13.8
40 16.0 29.8 12.2
50 50.9 18.5
60 20.8
70 45.2
100 38.2 28.1
200 41.1 140.0 67.0
300 49.2 175.0 78.4
400 226.6 123.8
500 67.4 124.8 95.9
1000 66.5 253
1500 132.4

Figure 4.11 gives the result of a simulation for Membrane-DMSO using an
acceleration of 4x10° m/s®>. The simulation result shows an oscillation similar to
Figure 4.10, indicating a multi-level micro-channel structure, which is true in the real
membrane. In the simulation, the acceleration is chosen so that not only the
wavelength, but also the order of the growth number will match the experimental
results. There is a reasonable assumption that the disturbances with a larger growth
number will go further from the surface of the membrane, and the order of growth

number at different wavelengths can be obtained from the depth of the section in

Table 4.8.
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Figure 4.11 Simulation growth number vs wavenumber for Membrane-DMSO.
Parameters used for the calculation: p. = 1000 (kg/m’), ps = 1820 (kg/m’), p. = 0.001
(Pa.s), ps = 7.58 (Pa.s), T = 0.02 (N/m) and a = 4x10° (m/s?)

Table 4.9 gives a comparison between the simulation and the experimental results,
from which both the wavelengths of interest and the order of growth number/micro-
channel length match very well with errors of less than 16%. In the simulation result,
the highest peak actually lies at the wavelength of 271 pm, which is missing in the
experimental data because of the difficulty in choosing the section in the experiment.
However, it has been found in other specimen the spacing of the longest micro-

channels lie around 300 um, very close to the theoretical wavelength.

131



Table 4.9 Comparison between the experimental and the simulation results of the

micro-channel structure of Membrane-DMSO

Simulation results Experimental results % error of
A (um) n(x10°  rank ofn A (um) depth rank of the
(um) the depth  wavelength
156.5 5.590 1 132.4 1500 1 15.4
65.0 3.432 3 67.4 500 3 3.7
61.6 3.925 2 66.5 1000 2 8.0
51.8 3.054 4 49.2 300 4 4.9
41.0 1.739 5 41.1 200 5 0.4
15.5 1.478 6 16.0 40 6 32

Similarly, by using a properly assumed acceleration, the structure of the
micro-channels in Membrane-DMAc can be mimicked. Figure 4.12 gives the
simulated k-n curve for Membrane-DMAc, the actual spacing of different sets of
micro-channels and the order of length are compared with the simulated result in
Table 4.9. Both wavelengths and the order of the growth number from the simulation
match the experimental results very well. However, the result of the simulation for
Membrane-NMP is not presented here, because the conversion from micro-channel
density data to the wavelength is not reliable due to the limitations of the sample, as
mentioned above. However, although it is just a very rough matching, the range of the
wavelengths obtained experimentally is concurrent with the range of the simulated

wavelengths, which is less than 300 pm.
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Figure 4.12 Simulation Growth number vs wavenumber for Membrane-DMAc.
Parameters used for the calculation: p. = 1000 (kg/m’), ps = 1650 (kg/m’), p. = 0.001
(Pa.s), ps = 3.64 (Pa.s), T = 0.02 (N/m) and a = 5x10° (m/s%)

4.4.4 The shape of micro-channels

The shape of micro-channels is determined by a multitude of factors, and detailed
discussions would be beyond the scope of this chapter, and thus it will be discussed
briefly. In principle, the shape can be affected by the initial momentum of the
penetrating water stream, the energy dissipation from the viscosity of the suspension
and the diffusional inflow of the solvent from surrounding suspension to the micro-
channel. For RT instability, after the initialization of micro-channels during a very
short time scale, self-similar growth of the micro-channels takes place [52]. The
lateral self-similar growing process is largely affected by the initial stage of micro-

channel formation and so the initial growth number is important which can be deemed
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as an index of the momentum of the inflow water stream. The energy of the inflow
water streams is dissipated during the micro-channel formation process because of the
viscosity of the suspension until the energy is consumed. In the case of phase
inversion, the viscosity of the surrounding suspension increases quickly due to the
solvent/non-solvent exchange. In particular, the viscosity of the micro-channel’s side
wall increases quicker than the head due to a higher concentration gradient caused by
shear flow. This leads to faster solvent/non-solvent exchange at the side walls. The
difference in the rate of change of viscosity of the micro-channel’s side wall and head
is one of the reasons why the diameter of the micro-channels usually increases
gradually along the length direction. Therefore, the changing rate of the viscosity
influences the final dimension and the shape of micro-channels. Finally, when the
inflow water stream loses its momentum, the growth of micro-channels rely more on
the diffusion of the solvent from the suspension into the micro-channels. Since the
diffusion is not directed, the growth of micro-channels at this stage tend to be
isotropical, and the head of the micro-channels tend to be round, eventually forming

the pear or tear-like micro-channels.

In this experiment, the growth numbers of the dominating micro-channels vary
for different alumina suspensions, but are very high for all three types of membranes,
which indicate a great momentum of the inflow water streams. In fact the micro-
channels pass through the whole membrane thickness until they reach the bottom.
Membrane-DMSO has slim cylindrical micro-channels, Membrane-NMP has pear-
like shaped micro-channels, and Membrane-DMAc has a micro-channel shape
transmitting from Membrane-DMSO to Membrane-NMP. The difference in micro-
channel shape can be partially attributed to the difference in precipitation rates of
PESf in the different solvents and hence the difference in the changing rate of
viscosity. The Relative Energy Difference (RED) ratios of the different solvents with
PESf are listed in Table 4.10, giving an indication of the PESf solubility in each
solvent [53]. It is clear that DMSO would have the highest precipitation rate due to
the RED being close to 1 and therefore the lowest solubility for PESf, close to its
cloud point. NMP and DMAc, on the other hand, are stronger solvents for PESf with
higher solubilities, hence indicate slower precipitation rates than DMSO. The high
PESf precipitation rate of DMSO means rapid increase of the viscosity of the micro-

channels’ side walls, so that the radial growth of micro-channels is constrained, and a
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slim and cylindrical shape is obtained. The viscosity at the head of micro-channels for
the DMSO case also increases faster than the NMP and DMAc cases, which means a
faster dissipation of the energy, thus the micro-channel’s longitudinal growth in
Membrane-DMSO is limited more than Membrane-NMP and Membrane-DMAc.
Therefore the micro-channels stop just in front of the bottom of the membrane. On the
other hand, the solubility of PESf in NMP is the greatest, and implies the slowest
precipitation and the changing rate of the viscosity, thus the highest extent of radial
growth is expected, resulting in pear-like shape micro-channels. A slow dissipation of
the energy at the micro-channel front is also expected in Membrane-NMP, thus the
micro-channels go further than that in Membrane-DMSO and due to the impact with
the bottom of the mould they are diverted. This causes the micro-channels to bend,
and the micro-channel heads are further enlarged, and the wall between the micro-
channels become broken. Due to the prolonged mobility of the interface surrounding
the micro-channels in Membrane-NMP, diffusional flow of the solvent from the
surrounding suspension may contribute to the growth of the micro-channels as well,
and leads to the more evident radial growth at the micro-channel heads. The solubility
of PESf in DMACc is slightly higher than DMSO but considerably lower than NMP,
thus the shape of micro-channels is in between Membrane-DMSO and Membrane-

NMP, but closer to Membrane-DMSO.

Table 4.10 Hansen Solubility parameters for the five solvents and their relative

energy difference with PESf

Energy from Energy from Energy from  Relative Energy

dispersion permanent dipole- hydrogen Difference
forces &4 permanent dipole bonding oy
(MPa'?) forces 9, (MPa'?) (MPa'?)
DMSO 18.4 16.4 10.2 0.996
DMF 17.4 13.7 11.3 0.915
DMAc 16.8 11.5 10.2 0.924
NMP 18.0 12.3 7.2 0.655
TEP 16.7 11.4 9.2 0.940
PESt 19.6 10.8 9.2
Water 15.5 16 423 5.564
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4.5 Conclusions

The influence of the solvent on the structure of phase-inversion ceramic disc
membranes and the formation of micro-channels in them has been investigated.
Directly from the experimental results, we may summarize the effects of the solvents

as the following:

1. The choice of the solvent determines the macrostructure of the membranes,
cylindrical micro-channels were formed when DMSO is the solvent, and pear
or tear-like micro-channels were formed when NMP or DMAc are the solvent.
Symmetric micro-channel-free membranes were formed when DMF and TEP
were used as solvents.

2. The micro-channels have a hierarchical structure where the length, width and
number of micro-channels change along the depth direction. The distribution
of the micro-channels shows a regular and periodical feature. These
characteristics are also affected by the choice of the solvent. The micro-
channels in the membranes greatly reduce the resistance to water permeation.

3. The choice of solvent also affects the microstructure of phase-inversion

ceramic membranes, leading to changes in the membranes’ pore sizes.
9

The initialization of micro-channels is interpreted by the Rayleigh-Taylor Instability
theory. It is assumed that upon contact between the ceramic suspension and the
coagulation bath, the inter-diffusion of the solvent and the non-solvent leads to rapid
accelerated movement of the suspension/coagulant interface, and the R-T Instability
occurs during which the lighter coagulant invades into the heavier ceramic
suspension. The spacing and the hierarchical structure of the micro-channels are
quantitatively mimicked in this work by using the R-T Instability theory, and the
simulation results match the experimental results reasonably well. Following the R-T
theory, the shape of the micro-channels can be qualitatively interpreted through the
combination of the hydrodynamic and the physical-chemical processes. It is suggested
that during the growing process of the micro-channels, the initial momentum of the
invading coagulant streams, the rate of change of viscosity, and the diffusion of the
solvent from the suspension towards the micro-channels would determine the shape of

the micro-channels.
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The interpretation to the formation of micro-channels includes comprehensive
factors, in which the inter-diffusion of the solvent and the non-solvent is the most
influential. According to the R-T Instability theory, micro-channels form easily if the
outflow of the solvent is considerably faster than the inflow of the non-solvent, and so
the diffusion rate of the solvent often influences the tendency of micro-channel
formation, which matches the empirical rules in the phase-inversion process.
Viscosity matters in the R-T Instability theory, but it does not always give a
monotonic change. Instead, the influence of viscosity is affected by the acceleration
of the moving interface. This also agrees with the experience in phase-inversion
membranes that the effects of the viscosity are complicated. Density is another
important factor in the theory but has been largely ignored in the past. It is required in
the R-T Instability theory that the density of the suspension or the polymer solution
should be heavier than the coagulant to induce micro-channels, otherwise the R-T
instability will not occur. It is also true that in literature, fingers normally will not
occur if a light solvent such as acetone is used, unless the concentration of the
polymer is high enough to reverse the direction of the density gradient across the
interface [54]. In few cases, it has been found that the addition of certain surfactants
can turn membranes from finger-free structures to structures yielding fingers, even if
the polymer solution is lighter [55]. But it is arguable that in this situation, the
surfactant actually greatly increases the solvent/non-solvent exchange rate [55], thus
the density gradient at the interface is instantaneously reversed whilst the acceleration
of the moving interface is still high, and so R-T Instability still occurs. The R-T
instability theory can also be used to interpret the dependence of thickness on the
formation of micro-channels during phase-inversion, which has been commonly
noticed in the practice [56-59]. It can be referenced from the R-T Instability theory
that when the thickness of the membrane is comparable to the wavelength, the growth
number is proportional to the cube of the thickness, and thus the tendency of micro-

channel formation reduces quickly when the membrane thickness is reduced [60].

Although in this study it is believed that the R-T instability can be used to
interpret many fingering phenomena during phase-inversion process, other
mechanisms of finger formation are not excluded. As mentioned before, interfacial
instability can be introduced by many different sources, such as the Marangoni effect

or other gradient of interfacial properties, and may be synergetic to one another to
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further enhance the micro-channel formation process. For example, it has been
observed that the fingers in ceramic membranes can branch out and form highly
porous structures [24]. It is believed that it can be interpreted by the Kelvin-
Helmholtz instability [61, 62], which occurs when the shear flow of the invading
coagulant stream acts on the wall of the main fingers, and likely acts simultaneously

with the R-T instability.

Like other mechanisms proposed before, to accurately predict the number and
dimensions of micro-channels is difficult. Although it has been shown here that the
spacing and the relative lengths of micro-channels can be reproduced based on the R-
T Instability theory, it is hard to obtain the exact value of the acceleration of the
interface. This is due to the complexity of the inter-diffusion of such multiphase
systems; especially in this case whereby the addition of large amounts of ceramic
powder would greatly influence the diffusion process. Besides, the non-Newtonian
feature of the ceramic suspension makes it tricky to apply a proper value of the
viscosity even if it can be measured under ideal conditions. These problems would be

the tasks of future research.
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Chapter 5: High flux micro-channelled ceramic
disc membranes for water treatments and

spinning of microfibres

Chapter 5 studies the effects of more fabrication parameters on micro-channel growth and
development in alumina disc membranes in search for the morphology that will provide the most
improved flux and proposes a potential new application of the membranes for the spinning of

microfibres

Abstract

Micro-channel embedded disc membranes with superior water permeation rates have
been fabricated by the combined phase inversion and sintering method. The micro-
channel properties such as density (the number per unit area), length, diameter and
shape can be tailored according to the application and can be designed and controlled
by applying the Rayleigh-Taylor Instability theory. Physical parameters such as
alumina loading, coagulation bath temperature and membrane thickness were
manipulated to achieve a wide range of micro-channel density and lengths. After
removing the bottom redundant layer via manual polishing, the water permeation flux
of the membrane with 30 wt.% loading reached values of up to 321, 000 L/m*h-bar,
with an overall membrane thickness of 1.80 mm, and an average pore size of 0.778
pum. A new application of ceramic disc membranes was also discussed for the
spinning of microfibres through the micro-channels, and YSZ fibres were successfully

fabricated.
5.1 Introduction
Reducing the thickness of ceramic membranes is the most straightforward and

efficient way to improve permeation fluxes. However, due to the brittle nature of

ceramic materials, ceramic membranes have to be thick enough to hold external

145



impacts. The trade-off can be overcome by engineering the structure of ceramic
membranes whilst keeping the membrane thick, so that the transport resistance inside
membrane body can be minimised and the effective thickness is greatly reduced. Such
a strategy has been implemented in the previous Chapter 4 by introducing micro-
channels in ceramic bodies via an adapted phase-inversion method. In particular, by
using DMSO in the ceramic suspension, well-organised micro-channels can be
introduced into ceramic membranes. These micro-channels can provide close-to-
negligible transport resistance in the supporting layer, and thus helps to enhance the
water permeation fluxes of the ceramic hollow fibre membranes [1-4].

In Chapter 4, it has been found the micro-channels can significantly improve
the water permeation rate of flat discs; therefore it is of great interest to explore the
possibility of using micro-channelled flat sheet ceramic membranes in a plate-and
frame unit, which may greatly enhance the efficiency of relevant water treatment
plants. In this chapter, various fabrication parameters such as alumina loading in the
suspension, membrane thickness and coagulation temperature were systematically
changed to tune the structure of micro-channelled flat sheet alumina MF membranes,
to achieve extraordinary water permeation fluxes of up to 321,000 L m™>h™ bar” with
an average pore size of 0.778 um, which was non-achievable previously with other
conventional methods. The Rayleigh-Taylor instability theory was then used to help
explain how the fabrication parameters influence the characteristics of the micro-
channels. Finally, an additional application of the ceramic disc membranes was
proposed: for the continuous spinning of microfibres such as YSZ fibres through the

micro-channels and preliminary characterisations of the fibres were achieved.

5.2 Experimental

5.2.1 Materials and Preparation of ceramic suspensions

The materials used and ceramic disc fabrication methods are listed in Section 3.1, 3.2
and 3.3. The composition of the membranes made in this chapter are listed in Table
5.1 below. For different membrane thicknesses and coagulation temperatures, the
composition for the suspension with 55 wt.% alumina loading was used. The

composition of the YSZ suspension for spinning microfibres is listed in Table 5.2.
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Table 5.1 Alumina suspension compositions for disc membranes

Component Alumina loading and the other compositions (wt. %)
30 36 45 55 65
DMSO 61.3 56.1 48.0 39.3 30.3
Alumina 30.0 35.8 45.0 54.8 65.0
PESf 8.5 7.8 6.7 5.5 4.2
Dispersant 0.2 0.3 0.3 0.4 0.5

Table 5.2 YSZ suspension composition for making thin microfibres

Component Composition (wt.%)
DMSO 43.5
YSZ 45.0
PESf 10.9
Dispersant 0.6

5.2.2 The preparation of alumina discs

The set-up for fabricating the alumina disc precursors and general method is given

and explained in Section 3.3. The dimensions of the different moulds are as follow:

stainless steel moulds of 1 mm thickness and 30 mm diameter, 2 mm thickness and 30

mm diameter, 4 mm thickness and 30 mm diameter, and a PTFE mould of 30 mm

thickness and 30 mm diameter. For membranes that were less than 1 mm thick, the

volume of suspension required to fill up the 1 mm thickness moulds to the desired

thickness was calculated and injected using 5 mL syringes. For the testing of different

coagulation temperatures, the glass coagulation bath was placed on a heating plate

with a thermometer inserted to control the phase inversion temperature. The

membrane precursors were then dried in air and underwent heat treatment to remove

the organic components and sintered at 1350 °C.
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5.2.3 Spinning of YSZ microfibres

Firstly, 30 wt.% loading alumina disc membranes were sintered at 1600 °C and
mechanically polished with 1200 grit sanding paper to remove the top and bottom
sponge-like regions. Then, the membrane was attached to a stainless steel vessel with
epoxy resin. The vessel was filled with the YSZ suspension and a pressure of 20 bar
was applied to extrude the suspension through the micro-channels of the membrane
and into a coagulation bath where precipitation occurs and the continuous YSZ
microfibres were formed (Figure 5.1). The microfibres were then dried under ambient

conditions and heat treated and sintered at 1300 °C.

Stainless steel

vessel loaded with
ceramic

suspension

Disc membrane

< fixed with epoxy
resin
| Coagulation
l bath
€———— Thin ceramic

fibre precursor

Figure 5.1 Schematic of the set-up for fabricating thin fibres by spinning through

micro-channelled ceramic membranes

5.2.4 Characterisation

All characterisation methods such as morphological characterisation using SEM, gas-
liquid displacement, micro-channel quantification, 3-point bending and pure water
permeation tests are described and explained in Section 3.6. The tensile strength of

the YSZ microfibres were measured using a Deben Microtest stage controller with a
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200 N load cell. Samples 2.0 cm in length were prepared and held in place with
superglue and card paper at the two ends and 6 samples were taken with a standard

deviation of within 35 %.

5.3 Results

5.3.1 Morphological characteristics

Figure 5.2a-e displays the cross-sectional morphology of the 2 mm thick alumina
membranes with different ceramic loadings ranging from 30 wt.% to 65 wt.% (Table
5.1). For all five loadings it can be seen that the membranes consist of densely
packed, cylindrical and long micro-channels that extend across the membrane cross-
section, sandwiched between two denser layers of packed ceramic particles. The
denser layers’ pore sizes can be manipulated to provide the membrane with its
selectivity. The long micro-channels can reduce mass transfer resistance but maintain
essential mechanical stability for the membrane, as shown in Chapter 4. At low
loadings, the micro-channels are much more densely packed, with smaller diameters
(5-15 pm at the top region for 30 wt.% powder loading compared to 20-45 pum at the
top region for 65 wt.% loading) (Figure 5.3, Figure 5.2f-j, and Table 5.3). At higher
loadings, in particular, from 55 wt.% to 65 wt.%, the micro-channel density is
noticeably reduced, and less micro-channels were able to penetrate to the bottom of
the membranes. Thus, the average micro-channel length is reduced as the loading is
increased. From 30 wt.% - 55 wt.% loading, the micro-channels propagate through
the entire membrane, whereas for 65 wt.% loading, the micro-channels terminate at

around 40 % of the membrane thickness.
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Figure 5.2 SEM images of membranes made from suspensions with different alumina

loadings of 30 wt.% (a, f, k), 36 wt.% (b, g, 1), 45 wt.% (c, h, m), 55 wt.% (d, [, n),

and 65 wt.% (e, j, 0). The left column (a-e) shows the whole view of cross-section, the
middle column (f-j) shows the micro-channel openings on a section parallel to the
surface after removal of 500um from the top of membranes, and the right column (k-

o) gives high-resolution SEM images of the top surface
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Figure 5.3 Close up cross section SEM images of (left) the top regions and (right)

the bottom regions of membranes made from suspensions of different alumina

loadings (a-b) 30 wt.%, (c-d) 36 wt.%, (e-f) 45 wt.%, (g-h) 55 wt.%, and (i-j) 65 wt.%
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Table 5.3 Micro-channel densities from different strata of the membranes made with

different alumina loadings with standard deviations of within 20 %

Distance from Micro-channel density (/mm”)
top of Membrane- Membrane- Membrane- Membrane- Membrane-
membrane (UM)  3gyrop  36wt%  45wt%  SSwt% 65 wt%
40 14, 100 8, 160 8,530 7,910 -
100 2,570 3,570 2,500 1, 760 -
200 2,410 1,400 1,490 2,200 -
300 2,370 1,460 1,440 1, 340 -
500 2,510 3,180 464 735 90.1
1000 2,150 908 306 414 233
1500 1,510 1, 150 367 83.4 -

The micro-channel structure shown in Figure 5.2 resembles the well-known
anodic alumina membranes (AAMs) [5-8]. AAMs also have well-arranged long
straight channels, but the channel diameter is much smaller, normally from 0.01 pm
to 0.4 um. In AAMs, liquid permeation fluxes essentially follow the Hagen-Poiseuille
equation and is proportional to the square of channel diameter and the inverse of
membrane thickness [9], therefore there is always obvious trade-offs of permeation
flux vs. channel size and membrane thickness. In practice, free-standing AAMs need
to be at least tens of microns thick (typically thicker than 60 um) to be mechanically
stable for handling. Combining the small channel diameter and the long transport
passage, water permeation flux through commercial AAMs is limited to less than a
few thousand litres per square meter membrane area per hour under one bar pressure
difference (L/ m* h bar™) [10, 11]. On the other hand, AAMs need prolonged time to
make it thick enough to meet the mechanical stability for industrial applications, and
current commercial AAM thickness is normally less than 200 um, which limits their
uses to laboratory only. And it is also worth to mention that AAMs, which are
composed of amorphous alumina material, are unstable in water [9], therefore
unlikely to be used for water treatments. Unlike AAMs, the micro-channelled alumina

membranes presented here have much bigger channels whose size is tens of microns,
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therefore the transport resistance in the channelled supporting layer is negligible and
the permeation fluxes are mainly limited by the denser separation layers.

Figure 5.4 displays the cross-section morphology of membranes prepared
from the 55 wt.% suspension with different thicknesses. It can be clearly seen that
there is a transition from a combination of denser layers and micro-channels, to the
one with a homogenous structure formed by packing of alumina particles. In a 30 mm
thick membrane (Figure 5.4a), which is thick enough for the micro-channels to grow
without the interference from the mould bottom during formation, the micro-channels
are intensive at the top layer and then separated to different sets by their lengths at
lower parts. The longest channels can be clearly distinguished from others, and the
average space between them, which reflects the wavelength of the most advancing
wave, is around 500 pm. For thinner membranes of 4 mm, 1 mm thickness (Figure
54b & 5.4c), and 2 mm thick membrane shown in Figure 5.2, intensive micro-
channels are present in most part of the cross section and then stopped by the mould
bottom. For the 380 um thick membrane (Figure 5.5d), which is thinner than the
wavelength of the longest micro-channels in the 30 mm thick membrane, it is obvious
that the number of the micro-channels is much less than in the thicker membranes
(Table 5.4), but the momentum of the channels was still high enough to by impacted
by the mould bottom and the interaction led the channels to bend severely. However,
when the membrane thickness is reduced to 250 um (Figure 5.4¢), the micro-channels
completely disappeared. It is therefore evident that there is a critical thickness

whereby the formation of micro-channels will be supressed.
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Figure 5.4 Cross-section SEM images of the alumina membranes made from the 55
wt.% suspension with different membrane thicknesses. a) 30 mm, b) 4 mm, c¢) 1 mm,

d) 380 um and e) 250 pm
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Table 5.4 Micro-channel densities from different strata of the membranes of different

thicknesses with standard deviations of within 30 %

Distance from Micro-channel density (/mm®)
top of
membrane I mm 2 mm 4 mm 30 mm
(um)
40 45,700 7,910 2,260 1,390
100 1,250 1, 760 1,510 -
200 1, 080 2,200 - -
300 712 1, 340 - -
500 415 735 773 -
700 78.0 - - -
1000 - 414 414 -
1500 - 83.4 174 -
2700 - - 122 -
3200 - - 28.9 -
3600 - - 14.0 -

The temperature at which phase inversion occurs at is also likely to make
substantial changes to membrane morphology, as can be seen in Figure 5.5. Different
coagulation temperatures led to an increase in the length of the micro-channels, from
approximately 4.7 mm to 5.5 mm and 5.8 mm from 20 °C to 30 °C and 50 °C,
respectively, which coincides with what has been found in integral polymeric systems
[12]. The increase in micro-channel length is most likely attributed to a combination
of increase in the mutual diffusion coefficient and reduction in suspension viscosity,
causing an increase in the interfacial acceleration as well as reduced resistance to
micro-channel growth, respectively. However, this increase in micro-channel length is
not very drastic, most likely due to the almost instantaneous closure of the micro-
channel entrance due to the suspension’s surface tension. This means a continuous
denser structure on the top layer is formed quickly, which dramatically reduces the
solvent and non-solvent exchange rate and thus reducing the acceleration of the
interface. Apart from micro-channel length, the micro-channel density also increased

with increasing coagulation temperature (Table 5.5).
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Figure 5.5 Cross-section SEM images of the alumina membranes with different

coagulation temperatures a) 20 °C, b) 30 °C, c) 50 °C

Table 5.5 Micro-channel densities for membranes made in different coagulation
temperatures after removing 40 um of the membranes’ top surfaces with standard

deviations of within 30 %

Coagulation temperature

20 °C 30°C 50°C

Micro-channel density 1210 2260 4810
(/mm?) at 40 pm from

the top surface
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5.3.2 Water permeation and pore size

Table 5.6 displays the water permeation flux of the membranes made with different
ceramic loadings and their top layer pore size measured by gas-liquid displacement
method. The bottom denser layer was mechanically removed and the overall thickness
was kept at around 1.80 mm. This removed the redundant denser layer at the bottom
which only acts to increase mass transfer resistance, as shown in a previous study [3].
It can be seen that as the loading is reduced, the water permeation flux is increased
dramatically. Although the average pore size increases significantly as well, the
corresponding change in water permeation flux is not proportional to the change in
pore size. Instead, the change in flux is mainly attributed to the decreasing thickness
of the top layer (Figure 5.3), as well as the increased micro-channel density with
decreasing loading (Figure 5.2). The water permeation flux is significantly higher
than commercial flat disc ceramic membranes, and can be potentially be great
candidates for use in membrane bioreactors.

Figure 5.6 reveals the pore size distribution for each alumina loading. The
pore size as well as porosity is dramatically reduced when the loading is increased, as
expected due to increased tightness of the alumina particle packing, and this is
corroborated by the high resolution SEMS (Figure 5.2k-0). At the lowest loadings
such as from 30 — 36 wt.%, the average pore size could be up to 4 times bigger than
membrane 65 wt.%. All loadings provide the separation layer with pore sizes in the

micro-filtration range.
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Table 5.6 Dead-end water permeation fluxes of 5 membranes made from different

ceramic loadings under 1 bar trans-membrane pressure with standard deviations of

within 25 %

Membrane 30wt.% 36wt% 45wt% S55wt% 65 wt.% SiC Flat
disc [13]
Water 321,000 144,000 14, 000 9, 350 1, 700 10, 000
permeation
flux (L/m*
h bar)
Pore size of  0.778 0.603 0.353 0.188 0.175 1.0
the
separation
layer (um)
100
—®—NMembrane 30 wt.%
90
—*—NMembrane 36 wt.%
80 T —&— Membrane 45 wt.%
< 70 T —&—Membrane 55 wt.%
9; 60 —e—Membrane 65 wt.%
o
- 50
c
)
e 40
[
o
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20
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0
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Pore Size (um)

Figure 5.6 Gas-liquid displacement porosimetry data for the membranes made from

suspensions of different loadings after the removal of the bottom sponge layer
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The disc membranes fabricated in this study have superior water permeation fluxes
compared with commercially available disc membranes. When compared to SiC disc
membranes (Table 5.6), which are intrinsically much more hydrophilic than alumina,
the membranes made with the lowest loading (30 wt%) is significantly higher than the

SiC membranes.

5.3.3 Mechanical stability

3-point bending tests were carried out to explore the mechanical stability of the
membranes formed with different ceramic loadings. Table 5.7 displays the breaking
stress of the membranes. It can be seen that ceramic loading does have a significant
impact on the mechanical strength of the membrane, but only up to a certain degree in
this experiment. Below a certain ceramic loading (45 wt.%), increasing the ceramic
loading led to a drastic improvement in breaking stress, due to much improved
contact between the alumina particles, and hence provided more effective sintering, as
well as the increasing thickness of the sponge-like structure. Above this loading, there
begins to be a slight decrease in breaking stress, which is most likely caused by the
difference in cross-section morphology. As seen in Figure 5.2, Membrane 65 wt.% is
the most asymmetric in terms of cross-section morphology, with three distinctly

different membrane sub-structures.

Table 5.7 Mechanical stability of the membranes made from different ceramic

loadings under 3-point bending configuration with standard deviations of within 35 %

Membrane 30 wt.% 36 wt.% 45 wt. % 55 wt.% 65 wt.%

Average 4.70 6.54 16.7 15.8 13.3
breaking
stress

(MPa)

The alumina membranes formed in this study are not mechanically strong
enough for industrial applications, but can be greatly improved by adjusting other
membrane properties such as the membrane thickness without compromising the

water permeation flux, or increasing the sintering temperature. A thicker membrane
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consisting of a thin denser selective layer supported by micro-channels is anticipated

to have improved mechanical stability without sacrificing permeation flux.

5.4 Discussion

5.4.1 Influencing factors

There have been many different theories and interpretations on the origin of the
micro-channels that appear in phase inversion induced membranes. However, the
general consensus is that the finger-like structures are formed by periodical surface
disturbing waves, which have a wide range of different sources, such as surface
tension gradients, viscosity or density differences, or the gradient of solidification and
shrinkage rate along the interface [14-17] One particular theory to explain the
initiation and growth of the micro-channels is the Rayleigh-Taylor Instability [18],
with promising results when used to mimic the micro-channel characteristics [3], as
explained in Chapter 4.

The Rayleigh-Taylor instability occurs when there is an acceleration of the
interface from a lighter fluid towards a heavier one, amplifying the periodic
perturbations at the interface to form finger-like patterns [18]. During phase inversion,
there is a complex network of different processes that occur at the interface in parallel
to each other in the form of mechanical, physical and chemical interactions. When the
suspension is immersed into the non-solvent bath, there is a difference in density,
viscosity and composition across the suspension solution and non-solvent interface.
During the phase inversion process solvent and non-solvent exchange occurs at the
interface, and due to the extraction of solvent as well as contraction of the polymer,
the interface moves towards the suspension side. The mass and heat transfer across
the system leads to the transient nature of this process, and there will be interfacial
tension, viscosity, density and solidification gradients along the interface, which can
all act to destabilise the interface. The wavelengths of the perturbations with sufficient
growth numbers will grow into finger-like structures that are solidified as micro-
channels in the membranes, with specific diameters as well as densities.

There are therefore many factors during the preparation and fabrication steps

that can affect the formation of the micro-channels in these flat disc membranes, such
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as: the density and viscosity of the suspension solution and coagulant, the mutual
diffusion coefficient of the solvent and non-solvent, the precipitation rate of the
polymer binder, etc. Indirect parameters during fabrication can affect a number of the
abovementioned factors, such as ceramic loading, solvent and polymer binder choice
as well as composition, coagulation temperature, non-solvent choice, membrane

thickness, etc.

5.4.2 Simulation

As established in a previous study, Rayleigh-Taylor simulations were applied onto the
ceramic membrane system, in effort to mimic the micro-channel characteristics in
these membranes, with promising results [3]. Here the effect of different parameters
was investigated with the same simulation. When the ceramic loading in the
suspension was changed, various different parameters in the system were changed,
such as the density, viscosity, and acceleration of the interface. Two different
simulations were carried out to make the effect of the different parameters clearer.
The simulations were achieved by linear stability analysis, as explained in detail in a
Chapter 4, which solves for the wavenumbers k and their corresponding growth
numbers n, displayed as k-n curves in Figures 5.7 and 5.8. The wavenumber can be
related to the distance between each micro-channel, whereas the growth number can
give insight into the growth rate and final length of the micro-channels. Figure 5.7
displays the result from simulations carried out with changing viscosities and
densities, but constant acceleration, whereas Figure 5.8 displays the results for

changing accelerations and constant viscosity and density.
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Figure 5.7 Simulation growth number vs wavenumber for 3 different alumina

suspension loadings. Parameters used for the calculation: p. = 1000 (kg/m’), ps =
1440, 1660 and 1850 (kg/m3), pe =0.001, (Pa.s), pus=0.309, 1.38 and 37.8 (Pa.s), T =
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Figure 5.8 Simulation Growth number vs wavenumber for 3 different alumina

suspension loadings. Parameters used for the calculation: p. = 1000 (kg/m’), ps =

1660 (kg/m’), pe = 0.001 (Pa.s), ps = 1.38 (Pa.s), T = 0.02 (N/m) and a = 1x10°, 2x10°

and 4x10° (m/s?)

The k-n curve in Figure 5.7 reveals that as the ceramic loading is increased,

the number of small wavelength (large wavenumbers) perturbations decreases, as the

increasing viscosity led to increased finger growth resistance. This is clear in SEM

diagrams as the micro-channels for the high loadings (65 wt%) are most sparsely
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spaced apart (Figure 5.2), and the experimental wavelengths obtained also support
this (Table 5.8). It is also apparent that there are far fewer distinct levels of micro-
channels of different wavelengths, when compared with 30 wt.% loading (Figure 5.2).
In addition, as the viscosities and densities increase, the simulation shows a vast
increase in the perturbations’ growth numbers, which suggests that the micro-
channels will propagate further. However, due to the influence of the bottom of the
mould on the micro-channel growths, it was not possible to fairly compare the final
lengths of the micro-channels in the disc membranes for the case of different ceramic
loadings. However, the micro-channels in Membrane 65 wt.%, as shown in Figure
5.2, appear to have terminated before reaching the bottom of the membrane. This
contradicts with the simulation results at a high interfacial acceleration. This is
because the change in viscosity would also indirectly cause changes to other
parameters in the complicated phase inversion process. The increase in viscosity is
caused by the increase in solid loading in the suspensions, and increasing the loading
would also reduces the diffusion of the solvent and thus the acceleration of the
interface, which was not measured and hence neglected in the simulation of Figure
5.7. A few arbitrary acceleration values were chosen to look at the effect of
acceleration on the perturbations, and it is apparent that lower acceleration is
accompanied with lower growth number, as shown in Figure 5.8. Figure 5.8 also
shows how increasing acceleration can cause a dramatic increase in growth number of
mostly the small wavelength perturbations. This explains how the micro-channel
wavelengths are much smaller for the membranes made from the low loadings (Table
5.8). Unlike in Chapter 4, it was difficult in this chapter to gather information about
the micro-channels across the different levels, due to the practical limitations of the
experimental procedure. It was difficult to accurately polish off layers of ceramic
material by hand, especially at the top layers for the low loading membranes, and the
acceleration of the interface was arbitrarily chosen, hence the simulations were only
used as a guideline to explain the changes in micro-channel properties, rather than to

predict and mimic them.
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Table 5.8 Comparison between the experimental and simulation results of the micro-

channel structure of membranes made from different alumina loadings

Distance from top

Experimental Simulated Error
Membrane of membrane
wavelength (um) wavelength (um) (%)
(um)
40 11.7 19.0 38.4
30 wt.%
1500 323 28.7 12.5
40 15.7 14.2 10.6
45 wt.%
1500 63.5 21.4 197
40 16.0 15.5 3.2
55 wt.%
1500 132 156.5 15.4
500 131 156 16.0
65 wt.%
1000 223 271 17.7

In light of the Rayleigh-Taylor instability theory, which points out that the
initial growth speed of the micro-channels will be proportional to the cube of the
membrane thickness when the thickness is close to the wavelength of the growing
wave [19], we can expect that the tendency of micro-channel formation reduces
quickly when the membrane thickness is reduced. On the other hand, the speed of
precipitation increases quickly when the membrane thickness decreases [20]. Hence,
when the membrane is thinner than a critical thickness, the precipitation front will
overrun the front of the micro-channels and thus, the formation of micro-channels is
supressed (Table 5.4).

For increasing temperature, the viscosity and acceleration of the interface are
expected to change most substantially. At higher temperatures the viscosity is
reduced, but the acceleration of the interface should be higher, and therefore, from
looking at Figure 5.8, the growth numbers of the small wavelength perturbations
would be higher, hence the higher the micro-channel density (Table 5.5).

The models have helped explain the phenomena of micro-channel formation
in inorganic phase inversion membranes. However, it is difficult to accurately predict
the micro-channel characteristics, due to technical and practical limitations. In terms
of practicality, it is difficult to control accurately the mechanical reduction of the

membrane thickness via manual polishing. Furthermore, due to how intensely packed
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the micro-channels are in some of the membranes, it is difficult to distinguish the
different micro-channel levels from one another to know accurately how much to
remove for each level. In terms of the simulation, it is based on Newtonian fluids but
the ceramic suspensions do not exhibit Newtonian behaviour, especially at the high
ceramic loadings. It was also not possible to experimentally estimate an interfacial
acceleration, and arbitrary values were taken as reference points. However, some
improved understanding was achieved, and the simulations can be potentially used to

help design and control the specific types of micro-channels desired.

5.4.3 Potential new application of micro-channel enhanced ceramic disc

membranes - continuous and facile spinning of microfibres

Micro- or nanofibres have enormous surface areas per unit mass and have an
extensive span of applications that range from filters to reinforcement materials to
tissue engineering. The only promising method that can produce continuous organic
and inorganic micro- and microfibres is electrospinning. However, the electrospinning
method depends on many different variables and can be hard to precisely control, as
well as having low efficiency, and therefore is not widely industrialised for mass-
producing these very thin fibres.

In order for the mass production of ultra thin fibres in the micro- or nano-
range, a fabrication method that is facile, easy to control and operate, efficient, precise
and cost-effective is desired. Using ceramic membranes with open micro-channels as
a medium through which a polymeric or inorganic dilution is extruded through can
potentially be used to produce ultra-thin fibres in large quantities.

The alumina disc membranes fabricated in this study were used (30 wt.% solid
loading) after being sintered at 1600 °C and having their top and bottom sponge-like
layers mechanically removed. They were then used to spin YSZ fibres by extruding a
YSZ suspension containing 1 pm YSZ particles with a polymer additive and DMSO
solvent into a coagulation bath, whereby the polymer will act as binder and
precipitate, forming solid fibre precursors. After calcination and sintering the binder is
removed, leaving pure YSZ fibres (Figure 5.9). After heat treatment and sintering at

1300 °C the final YSZ fibres have diameters of approximately 90 um, and tensile
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breaking strengths of 313 MPa. This method is flexible and can be easily expanded to

fabricate other types of inorganic fibres as well as polymeric microfibres.

Figure 5.9 SEM image of YSZ microfibres sintered at 1300 °C fabricated by

extrusion through alumina disc membranes with open micro-channels

5.5 Conclusions

The effects of alumina solid loading, membrane thickness, and coagulation
temperature on the initiation and development of micro-channels in alumina disc
membranes have been investigated. It was found that the alumina loading has major
effects on the micro-channel density and surface pore size. Low loadings lead to
much more densely packed micro-channels with smaller diameters but the average
pore sizes are much bigger. By removing the redundant sponge-like layer via manual
polishing, the water permeation flux of the membrane with the lowest loading of 30
wt.% achieved water permeation flux values of up to 321, 000 L/m*-h-bar with an
average pore size of 0.778 um and a membrane thickness of 1.80 mm, which is
significantly higher than typical commercial flat disc membranes which have fluxes

of around 10, 000 L/m*h-bar with a similar pore size. However, the mechanical
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stability is low for these highly asymmetric membranes due to their very thin sponge-
like layers. There is potential to improve the mechanical stability without losing the
high permeation flux, by increasing the micro-channel lengths whilst keeping the
sponge-like layer the same thickness. It was also found that there is a threshold
membrane thickness of around 400 um whereby the cross-section structure transitions
from a continuous, sponge-like structure to one with micro-channels. The temperature
at which phase inversion is carried out at also made significant changes to the micro-
channel density and length. From 20 °C to 50 °C, the longest micro-channel length
increased from 4.7 m to 5.8 mm. Overall, there are many factors that influence the
formation of micro-channels in ceramic membrane systems, mainly the density and
viscosity of the suspension and coagulant and the acceleration of the interface.
Simulations based on the Rayleigh-Taylor instability theory was used explain the
micro-channel characteristics in these membranes. The models were able to help
explain the general trends of micro-channel growth with the different fabrication
parameters, but accurate mimicking was not possible due to technical and practical
imitations. In the future improvements include using a more accurate method for
removing ceramic materials, using SEMs to identify the distinct layers of micro-
channels and then used as a guideline for how much to mechanically remove, and
using high-speed cameras to gain an approximate value for the acceleration of the
interface. Furthermore, a new application of these flat disc membranes was discussed:
for spinning ultra-thin polymeric or inorganic fibres. YSZ fibres of 90 um in size
were successfully fabricated by extruding through the open micro-channels of the

membranes made with 30 wt.% alumina loading.
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Chapter 6: Micro-structured alumina hollow

fibre membranes

Chapter 6 transfers the knowledge gained from Chapters 4 and 5 to hollow fibre membranes to
fabricate 3 distinct cross-section morphologies in search for a design suitable for potential water

treatment processes

Abstract

In this chapter, three types of micro-structured alumina hollow fibre membranes, i.e.
Membranes 1, 2 and 3, have been developed and characterised for potential use in
wastewater treatments. They consist of two basic structures: finger-like micro-
channels for reduced transmembrane resistance, and sponge-like layer(s) for micro-
filtration (MF). They have been fabricated via a combined phase-inversion and
sintering technique, whereby the interfacial instability at the suspension and coagulant
interface leads to the formation of a plurality of finger-like voids or micro-channels
within the membranes. The three internal coagulants used were hexane, DMSO and
tap water with air gaps of 0 or 30 cm. Mechanical strength and water permeation flux
were found to be sensitive to changes in membrane morphology, while pore size
distribution of the separation layer(s) were less affected and were all in the
microfiltration range. Membrane 2, with just one very thin separation layer, exhibited
the highest water permeation flux of 1874 L/(m” h) at 0.1 MPa. Effects of sintering
temperature on pore size distribution, mechanical property and water permeation of
the three membranes, in particular Membrane 2, were systematically investigated.
Sintering temperatures between 1300 °C and 1350 °C are suggested for Membrane 2,
taking into consideration of the reduced water permeation at higher sintering

temperatures and the lowered mechanical strength at lower sintering temperatures.
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6.1 Introduction

The scarcity of ceramic membranes in wastewater treatments has historically been
due to their high fabrication costs and intrinsic brittleness, as well as sealing
difficulties and lower packing densities. The most common ceramic membrane
configurations employed in water treatment are the tubular, monolith and honey-comb
architectures, produced by extrusion techniques [1]. However, when compared with
the hollow fibre configuration, (surface area to volume up to 9000 m>m>) [2], the
much lower membrane area provided by the common ceramic membranes can make
them less competitive.

Although extrusion techniques are not inherently energy intensive and
expensive, they can only be used to achieve symmetric membranes. However,
asymmetric membranes with a thin selective layer on top of thicker and more porous
sub-layers made of larger particles are desired for MF and UF applications in order to
reduce the resistance to permeate flow. Conventionally, asymmetric membranes are
achieved by coating a membrane substrate with multiple layers of ceramic particles of
different sizes, which are sintered after each layer coating in order to form a
membrane with a gradated pore structure. These additional steps increase the time and
costs of the overall fabrication process considerably.

The combined phase inversion and sintering technique can produce
asymmetric ceramic membranes with significantly reduced number of steps. This
method can form membrane precursors with a range of different micro-channels and
their surface properties that can be tailored, as demonstrated in Chapters 4 and 5. The
disc membranes with long and intensively packed micro-channels provided much
enhanced water permeation fluxes. However, as mentioned above, the disc
configuration has low packing densities. On the other hand, hollow fibres enhanced
with micro-channels could potentially produce highly compact and productive
membrane modules.

In this study, three distinct membrane morphologies with just one layer of
micro-channels and sponge-like separation layer(s) were designed and delivered by
manipulating the spinning conditions, in particular the bore fluid choice and air gap.
The three types of membranes were characterised and the effects of different ceramic

membrane morphologies on properties such as pore size, pore size distribution,
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mechanical strength and pure water permeation flux were systematically investigated.
The membrane morphology most promising for potential applications in aqueous
microfiltration was further characterised looking at the effects of sintering

temperature on membrane properties.
6.2 Experimental

6.2.1 Materials and alumina suspension preparation
The materials used and the alumina suspension preparation steps are listed in Section
3.1 and 3.2. The composition of the hollow fibres made in this chapter is listed in

Table 3.3.

Table 6.1 Alumina suspension composition for single-layered hollow fibre membrane

Designs 1, 2 and 3

Composition (wt.%)
Layer Design 1 Design 2 Design 3
Ceramic layer DMSO 28.3
Alumina 64.0
PESft 6.4
Dispersant 1.3
Bore fluid Hexane DMSO Water

6.2.2 Preparation of alumina hollow fibres

The spinning process is described in Section 3.2, and in this chapter a dual-layer
spinneret was used, as shown in Figure 6.1. This is a typical spinneret design
consisting of an inner annulus for delivering the internal precipitant, and an outer
annulus for extruding the ceramic suspension. The two annuli keeps the precipitant
and ceramic suspension separated until they are both extruded from the spinneret.
This dual-orifice spinneret can be used in conjunction with different bore fluids and
external coagulation conditions to form different hollow fibre designs. Membrane

Designs 1, 2 and 3 were fabricated using this spinneret with the following conditions
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(Table 6.2). The dried hollow fibre precursors were heat treated and sintered at

temperatures from 1204 °C to 1455 °C.

3.0mm 4

Figure 6.1 Photograph of the double-orifice spinneret for extruding single-layered

hollow fibre membranes

Table 6.2 Fabrication parameters for hollow fibre designs 1, 2 and 3 by changing the

bore fluid and air gap
Spinning Design 1 Design 2 Design 3
parameter
Extrusion rate 7 7 7
(ml/min)
Bore liquid rate 10 10 10
(ml/min)
Air gap (cm) 0 0 30

6.2.3 Characterisation

The characterisation methods such as SEM, mercury intrusion porosimetry, gas-liquid
displacement, 3-point bending and pure water permeation are described in Section

3.6.
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6.3 Results and Discussion

6.3.1 Morphology and microstructure of Membrane 1

From Figure 6.2a-b, it can be seen that when hexane, an “inert” bore fluid that is
immiscible with the solvent (DMSO) in the alumina suspension, is used, a
morphology consisting of two thin sponge-like layers sandwiching one layer of
micro-channels is formed. The micro-channels originate from the outer surface and
extend towards the inner surface and across most of the cross-section. As a result of
zero air gap, phase inversion commences immediately at the outer region of the
nascent fibre as the suspension is extruded through the spinneret. Upon immersion
into the water bath, solvent and non-solvent exchange and polymer precipitation
commences, which leads to an acceleration of the nascent fibre and water interface.
The perturbations at the interface with longer wavelengths than the critical
wavelength will cause an interfacial instability and grow into finger-like micro-
channels, which penetrate the membrane cross-section. The bore fluid is inert and
therefore does not contribute to the solvent and non-solvent exchange at the inner
region of the nascent fibre and only acts to provide adequate hydrodynamic force to
form and maintain the shape of the membrane’s hollow centre. For the same reason,
the micro-channels do not break through the membrane and are terminated next to the

inner surface.
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Figure 6.2 SEM images of a) whole view, b) close-up cross-sectional view, c¢) inner
surface at low magnification, d) outer surface at low magnification, e) inner surface at
high magnification and f) outer surface at high magnification of Membrane 1 sintered
at 1342 °C

Figure 6.2c-f shows the inner and outer surface morphologies of Membrane 1.
At low magnification of 150x, the two surfaces show no observable differences.
However, upon closer inspection at 1200x, the packing pores at the outer surface
appear to be slightly larger than the ones at the inner surface. This means that the pore
size distribution in Figure 6.3a, obtained using the bubble point method, represents
the typical pore structure of the inner surface of Membrane 1, which is appromimately
0.1 pum in size. The counterpart in Figure 6.3b, obtained from mercury intrusion
method, reveals pore size to be approximately 0.23 pum, and changes slightly with

different sintering temperatures. During mercury intrusion the mercury will fill the
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largest surface pores first; hence the 0.23 um peak should represent the pores at the

outer surface. After all the larger surface pores have been filled, the micro-channels

will be then filled, and subsequently the packing pores between the alumina at the

finger peripherals will be filled. Therefore the presence of a pore size gradient across

the membrane may have dampened the presence of the pores on the inner surface. Of

course, such difference in pore size may be due to the different characterization

methods. Moreover, due to the presence of two sponge-like layers, micro-channels

inside Membrane 1 are not differentiable in Figure 6.3. In addition, due to the

similarities in pore size of the two skin layers at the inner and outer surfaces, this

Membrane 1 can potentially operate in both inside-out and outside-in configurations.
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Figure 6.3 Bubble point method data a) and mercury intrusion data b) for Membrane
1 sintered at 1342 and 1455 °C
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6.3.2 Morphology and microstructure of Membrane 2

Figure 6.4a-f shows the cross-sectional morphology and surface structures of
Membrane 2, fabricated using DMSO as the bore fluid, which is highly miscible with
the non-solvent (water). From Figure 6.4a-b, it can be seen that the cross-section of
membrane 2 consists of long micro-channels originating from the outer surface,
which penetrate through the membrane and are open at the inner surface. The outer
region of the membrane consists of a thin sponge-like structure. Similar to Membrane
1, zero air gap allows instantaneous precipitation at the outer surface. The use of a
solvent as the bore liquid means that proper solvent-non-solvent exchange across the
membrane is maintained and precipitation or increased local viscosity at the inner
surface is prevented before the solvent is finally exhausted. This allows continuous
growth of the finger-like micro-channels until they penetrate the inner surface of
Membrane 2. As a result, the separation layer of Membrane 2 is at the outer surface
(or outer thin sponge-like layer), and the highly porous micro-channel packed layer
beneath it would generate little resistance to water permeation. Similar morphologies
have been fabricated for perovskite hollow fibre membranes targeted for oxygen
permeation by using a different solvent: over 70 wt.% NMP mixed with water or

ethanol as the bore fluid [3, 4].
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Figure 6.4 SEM images of a) whole view, b) close-up cross-sectional view, c¢) inner

surface at low magnification, d) outer surface at low magnification, e) inner surface at
high magnification and f) outer surface at high magnification of Membrane 2 sintered
at 1342 °C

From Figure 6.4c-f, the inner surface appears to be much more porous than the
outer surface. The pores at the inner surface are much larger than the pores at the
outer surface and upon closer magnification at 1200x, it can be seen clearly that the
small packing pores surround these large pores. Compared to Membrane 1, the inner
surface of Membrane 2 appears rougher due to the fact that DMSO has been used as
both the bore liquid and solvent in the suspension.

The larger secondary pores are the openings to the micro-channels across the
membrane and can act to reduce the mass transfer resistance across the entire

membrane during water permeation. Pore size distribution of Membrane 2’s
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separation layer is similar but wider than Membrane 1’s (Figure 6.5a), due to the fact
that there is only a very thin surface and sponge-like layer acting as the separation
layer for Membrane 2. The mercury intrusion data in Figure 6.5b reveals a bimodal
distribution, one at 0.23 pm and another between 5 and 20 pm. The much larger pores
should belong to the inner surface openings of the large micro-channels, and the
peaks for the smaller primary pores of both the outer thin separation layer and those
between micro-channels are much narrower, implying a more even pore size
distribution. Due to the much larger pores at the inner surface, Membrane 2 will most

preferably operate in the outside-in configuration.
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Figure 6.5 Bubble point method data a) and mercury intrusion data b) for Membrane

2 sintered at 1342 and 1455 °C
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6.3.3 Morphology and microstructure of Membrane 3

In contrast to Membranes 1 and 2, when water is used as the inner coagulant, together
with an air gap of 30 cm, the cross-sectional structure of Membrane 3, as shown in
Figure 6.6, is formed. The morphology consists of two sponge-like layers of different
thicknesses (sponge-like layer is much thicker at the outer region) sandwiching one
layer of micro-channels (Figure 6.6a and b). 0 cm air gap with water as bore fluid has
been previously reported to give a sandwich-like structure with two layers of finger-
like voids and hence in this study 30 cm was chosen for the formation of long finger-
like voids, in effort to reduce membrane resistance to water filtration[5]. As the
suspension is extruded, the inner surface is in contact with the non-solvent earlier than
the outer surface; hence phase inversion and the formation of micro-channels are
initiated there. Meanwhile, the outer surface is in contact with air and solvent
evaporation and polymer precipitation induced by the moisture in the air would
contribute to an increase in local viscosity at the outer surface. As the nascent fibre
enters the water bath the growth of micro-channels is inhibited from the outer region
due to the area’s increased viscosity. Solvent and non-solvent exchange at the outer
surface further increases the local viscosity and the micro-channels originating from
the lumen side are thus terminated. Due to elongation of the nascent fibre before
entering the water bath, the outer diameter of Membrane 3 (Figure 6.6a) is smaller

than Membrane 1 and 2’s.
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Figure 6.6 SEM images of a) whole view, b) close-up cross-sectional view, ¢) inner
surface at low magnification, d) outer surface at low magnification, e) inner surface at
high magnification and f) outer surface at high magnification of Membrane 3 sintered
at 1342 °C

Figure 6.6¢c-f shows the surface morphology of Membrane 3. At low
magnification, both the inner and outer surfaces appear to be tightly packed with no
large pores, similar to Membrane 1 (Figure 6.2¢ and d). Upon higher magnification at
1200x, it can be observed that the packing pores at the inner surface are slightly larger
than the ones at the outer surface. This indicates that the pore size distribution in
Figure 6.7a (bubble point method) represents the pore structure of the outer thicker
sponge-like separation layer, which is around 0.10 um. The two peaks (0.23 um and
0.54 pum respectively) in Figure 6.7b (mercury intrusion method) indicate the

penetration of mercury from both the inner and outer surfaces, filling the micro-
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channels, corresponding well to the high magnification SEM images in Fig 6.6(e) and
(f). However, the cumulative intrusion of the 0.54 pm peak is around half of the one
at 0.23 pum, because the latter represents the pore volume of both the outer sponge-like
layer and those between the finger-like micro-channels. Membrane III may be able to
operate in both outside-in and inside-out configurations, depending on the feed
quality and the permeate specification.
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Figure 6.7 a) Bubble point method data and b) mercury intrusion data for Membrane
3 sintered at 1342 and 1455 °C

Figures 6.2, 6.4 and 6.6 show that the morphologies of the fabricated alumina
hollow fibre membranes varies dramatically with changes in the spinning parameters.
By changing the type of bore fluid and the length of air gap used during spinning, the

separation layer thickness can be altered. The sponge-like sub-structures are formed
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by the tightly packed ceramic particles immobilised by the precipitated polymer and
the large micro-channels are formed from interfacial instabilities such as the
Rayleigh-Taylor instabilty. The proportion and position of these different sub-
structures within the cross-section can be altered by manipulating with the spinning
conditions, such as: air gap, bore fluid choice, external coagulant choice, extrusion
and bore fluid flow rates, etc. The sponge-like structures can be made very thin,
forming the selective layer of the membrane. By using a solvent as the bore fluid, it
has been observed here that finger-like micro-channels can be designed and formed.
These micro-channels may be able to reduce trans-membrane resistance and improve
mass transfer during filtration. The bubble point method data in Figures 6.3a, 6.5a and
6.7a revealed all three membranes to have separation layer pore sizes of below 0.20
um. This means that they all are suitable for microfiltration. In contrast to the bubble
point method, which reveals information on the open through pores, mercury
intrusion method measures both dead and through pores; hence it can be used to probe

more information about the overall pore structure of the membranes.

6.3.4 Mechanical Strength and Water Permeation Flux

As can be seen from Table 6.3, the membrane morphology has significant influence
on the mechanical properties. Besides the increased mechanical strength at elevated
sintering temperatures for all three membranes, Membrane 1 is slightly stronger than
Membrane 2 with a similar OD, due to the presence of two sponge-like layers.
Membrane 3 has the smallest OD, due to elongation effects during dry-wet spinning,
and the thickest sponge-like layer, but the lowest mechanical strength. In general,
larger micro-channels and thinner sponge-like layers are expected to reduce the
membrane’s mechanical strength. However, there are other factors that may have
reduced Membrane III's mechanical strength, such as a gradient pore size across the
membrane cross-section and the difference in finger-like micro-channel densities
inside the membrane. However, it is comparable with previous counterparts of similar

morphologies [6, 7].
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Table 6.3 Mechanical properties of the three membranes sintered at different

temperatures with standard deviations of within 35 %

Sintering Peak loading (N) Mechanical Strength (MPa)

Temperature (°C) 1 2 3 1 2 3
1342 120 8.6 4.2 58.3 41.8 39.7
1455 18.1 16.6 7.7 116.5 96.3 88.2

Pure water permeation of the three membranes was also tested as shown in
Table 6.4. It can be seen that as the sintering temperature is decreased, the water
permeation flux increases, agreeing well with morphologies and microstructures
discussed above. Due to the presence of one thin sponge-like separation layer (outer
surface), as well as highly porous micro-channels beneath it, Membrane 2 exhibits a
higher water permeation flux (1874 L/(m”**h) measured at 1 bar) compared with
Membrane 1 where the separation layer is slightly thicker and is located at the inner
sponge-like layer. In contrast, Membrane 3 with the thickest sponge-like separation
layer gives the lowest water permeation, although its pore size distribution is quite
similar to the other two membranes. The water permeation fluxes obtained for
Membrane 2 at both sintering temperatures are above 1000 L/(m*-h-bar), which is the

general threshold value for microfiltration membranes [8].

Table 6.4 Water permeation of the three membranes sintered at different temperatures

with standard deviations of within 25 %

Sintering Water Permeation Flux (L/(m”h-bar) )
Temperature (°C) 1 2 3
1342 1069 1874 997
1455 753 1088 664

From these preliminary characterisations, it may be deduced that Membrane 2
would be more promising for usage in aqueous microfiltration treatment with superior

water permeation flux. Further characterisations were then carried out on this
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membrane, i.e. sintered in a wider range of temperatures (1204 - 1455 °C) and the

results are given below.

Mercury intrusion data in Figure 6.8 shows that as the sintering temperature is
increased, the intensity of the first peak, which indicates how porous the sponge-like
structures are at the separation layer, reduces to almost half. Meanwhile, the pore size
shifts from 0.18 um to 0.23 pum. The second peak representing the open micro-
channels reduces from approximately 17 um to 9 pum when the sintering temperature

1s increased from 1204 to 1455 °C.
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Figure 6.8 Mercury intrusion data for Membrane 2 sintered at 5 different

temperatures

Figure 6.9 shows that as the sintering temperature is increased from 1204 °C
to 1445 °C, the mechanical strength also increases. In particular, from 1350 °C
onwards the mechanical strength increases more dramatically, but is compromised
with a significant drop in water permeation flux. Similar trends have been observed in

previous studies [6, 7].
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Figure 6.9 Peak loading and mechanical strength data for Membrane 2 sintered at 5

different temperatures with standard deviations of within 35 %

In general, sintering temperature affects porosity, pore size and thickness of a
membrane, which subsequently affects its water permeation. From 1204 to 1297 °C,
there is no significant change in the sponge-like structure (Fig 6.8), although the O.D.
is smaller. This indicates that the slightly reduced separation layer thickness may lead
to the increased water permeation in this temperature range (Fig 6.10). With further
increased sintering temperatures (1342—1455 °C), the more significant changes in the
sponge-like structure (Fig 6.8) and reduced surface pore size (Fig 6.5(a)) indicate a
less permeable membrane (Fig 6.10), even if its separation layer is supposedly thinner
than the one at lower sintering temperatures. It should also be noted here that,
mercury intrusion data in Fig 6.8 represents the change of sponge-like structure
throughout the Membrane II at various sintering temperatures, which can be slightly
different from the pore structure of its separation layer (outer skin-like sponge-like
layer). Further investigations focusing on the pore structure and actual thickness of
this separation layer will reveal more details of how to further improve its water

permeation.
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Figure 6.10 Water permeation flux data measured at 1 bar difference and the outer

diameters of Membrane 2 sintered at 5 different temperatures with standard deviations

of within 25 %

Overall, sintering conditions can be used to alter the water permeation flux
and mechanical strength of the hollow fibre membranes. A compromise is required in
order for the water permeation flux to be adequately high for water filtration purposes
without losing its mechanical stability. From the results, sintering temperatures
between 1300 °C and 1350 °C should be employed for the alumina hollow fibre

membranes before the membrane undergoes a dramatic dip in water permeation flux.

6.4 Conclusions

Three different membrane morphologies have been achieved in one step via the
combined phase inversion and sintering method. The manipulation of different
spinning conditions such as air gap and bore fluid choice was used to create
asymmetric membranes by altering the thicknesses of the sponge-like structures
formed by the tight packing of ceramic particles and micro-channels formed by
interfacial instabilities. When the ceramic suspension is extruded through the

spinneret with no air gap, the choice of bore fluid has significant impact on the inner
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surface structure. When an inert and immiscible fluid such as hexane is used as a bore
fluid during wet spinning, two thin layers of sponge-like structures are formed at the
inner and outer regions, sandwiching a layer of micro-channels. When a miscible
solvent such as DMSO is used as the bore fluid, the thin sponge-like layer at the inner
region is eliminated and micro-channels are formed. When water was chosen as the
bore fluid with a 30 cm air gap, two layers of sponge-like structures of different
thicknesses sandwiching one layer of finger-like voids is formed. The pore sizes at the
surface of the separation layer(s) of all three types of membranes are less than
0.20 pm, falling in the microfiltration range. Membrane 2 exhibits the highest water
permeation flux of up to 1874 L/(m*h) at 1 bar. This membrane would be expected to
excel in water treatment applications compared to the other structures. This type of
morphology was further characterised and it was found that different sintering
temperatures could be used to alter its water permeation flux and mechanical stability.
A sintering temperature of between 1300 °C and 1350 °C is recommended in order to

have a trade-off between the water permeation flux and mechanical stability.
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Chapter 7: New open micro-channelled alumina
hollow fibre membrane structures toward

broadened applications

Chapter 7 provides a novel method for producing ceramic hollow fibre membranes with open-micro-
channels at any desired surface(s) via the use of polymeric sacrificial layers with potential widened

applications

Abstract

In this chapter, three structural designs for ceramic membranes have been achieved
for the first time through the co-extrusion of polymeric and ceramic layers. During
co-extrusion, micro-channels are initiated due to the Rayleigh-Taylor instability and
they propagate through the different layers. The polymeric layer(s) is then calcined
off during the heat treatment step, which opens the micro-channels and following
sintering a ceramic membrane with open micro-channels ranging from a few to a few
tens of micrometres in diameter can be formed. These long, straight and non-tortuous
micro-channels can be controlled to be open at any or all of the surfaces. Design 4 has
open micro-channels passing through the entire membrane wall, Design 5 has a
separation layer at the lumen and open micro-channels at the shell side, and Design 6
has open micro-channels from both lumen and shell sides sandwiching a separation
layer of sponge-like structure. Aside from having much improved mass transfer
property due to the reduced effective membrane thickness, they can be easily
incorporated into hybrid systems with anticipated improvements in unit compactness
and performance. The pure water permeation of Design 5 reached up to 159, 000
L/m* h bar with pore sizes in the micro-filtration range. The micro-channels are easily
accessible from the shell/lumen side; therefore catalysts or adsorbents can be easily
deposited into the micro-channels. Examples of possible applications include a high-

efficiency dispersing device realised with Design 4; a gas chromatography column for
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gas separation with very low pressure drop realised with Design 5 and a highly

compact membrane micro-reactor for consecutive reactions proposed with Design 6.

7.1 Introduction

The combined phase inversion and sintering method is a promising method for
creating ceramic membranes that have shown various advantages over traditional
methods in Chapter 6. The ability to form finger-like micro-channels in the
membranes due to interfacial instabilities not only reduces mass transfer resistance,
giving rise to competitive pure water permeation fluxes, but also widens the possible
applications of these ceramic membranes [1-8].

In Chapter 6, by eliminating the redundant dense surface and sponge-like
layer, the pure water flux of the membranes can be increased. Furthermore, the micro-
channels are desirable crevices where catalysts or other active components can be
deposited or coated to form hybrid systems [9], but the existence of the dense surfaces
prohibit access to these micro-channels unless solution techniques are employed.

For flat disc membranes, it is very simple to mechanically open the micro-
channels via sanding off the dense surface and/or the sponge-like layer. However, this
is much more difficult to do in hollow fibre membranes. So far, only openings on
hollow fibre inner surfaces have been achieved by incorporating a solvent into the
bore fluid in Chapter 6 as well as in literature [10, 11]. However, there may be
applications whereby other configurations are desired, for example, open micro-
channels at the outer surface only, or open channels throughout the entire membrane
cross-section. The flexibility of the combined phase inversion and sintering method
means that the cross-sectional structure of hollow fibres can be designed and tailored
as desired. In this study, three significantly different membrane cross-sectional
structures with open micro-channels have been designed and fabricated via the co-
extrusion of polymeric and ceramic layers. The co-extrusion of multiple of layers has
been used extensively in both polymeric and ceramic membranes, broadening their
applications whilst reducing fabrication costs [12-15]. Different materials can be used
in the different layers to increase the functionality of the membranes. Dual-layered
polymeric membranes have found use in applications such as pervaporation and

membrane distillation and triple-layered membranes in solid oxide fuel cells [16, 17].
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However, the multi-layered membranes in literature are mostly entirely organic, or
inorganic, and the finger-like structures in these membranes are still enclosed inside
the membranes. In this study, polymeric and ceramic layers were co-extruded, and
following heat treatment the polymeric layer(s) are removed, leaving unique single-
layered ceramic membrane structures. For the first time, ceramic hollow fibres with
open micro-channels at the desired surface(s) have been formed in a single spinning
step as shown in Figure 7.1 and their properties such as cross-sectional morphology,
pore size distribution, mechanical stability and pure water flux were systematically

investigated and their potential applications were discussed.

Design 4 Design 5 Design 6

Figure 7.1 Schematic of the three types of hollow fibre cross-section structural

designs achievable through co-extrusion of ceramic and polymeric layers

7.2 Experimental

7.2.1 Materials and preparation of alumina suspensions

The materials and prepraration method for the alumina suspensions are listed in
Section 3.1 and 3.2. The composition of the alumina suspension for the hollow fibre
designs 4, 5 and 6 are listed in Table 7.1. The composition of the polymer dope for

the membrane emulsion experiment is described in Table 7.2.
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Table 7.1 Alumina suspension composition for hollow fibre membranes Designs 4, 5

and 6
Composition (wt.%)
Layer
Design 4 Design 5 Design 6 Design 3
NMP 336 DMSO 33.6 NMP 33.6  DMSO 33.6
Ceramic | Alumina 60.0 Alumina 60.0 Alumina 60.0 Alumina 60.0
layer PESf 6.0 PESf 60 PESf 6.0 PESf 6.0
Al135 04  Al35 0.4 A135 0.4 A135 0.4
Polymeric | NMP  80.0  TEP 80.0 NMP 80.0 NA
layer PESf 20.0 PESf 200 PESf  20.0
Bore fluid | NMP  70.0 Water 100.0 Water 100.0  Water 100.0

Table 7.2 Polymer dope composition for membrane emulsion experiment

Component Composition (wt.%)
DMSO 90.0
PAN 10.0

7.2.2 Preparation of alumina hollow fibres

The general method for spinning alumina hollow fibres is described in Section 3.4.

Table 7.3 lists the spinning parameters used and Figure 7.2 displays the photographs

of the triple- and quadruple-orifice spinnerets for fabricating multi-layered ceramic

membranes. These spinnerets have multiple concentric annuli, and can extrude many

layers at the same time. The triple-orifice spinneret consists of 3 annuli, and the

quadruple-orifice spinneret consists of 4 annuli. Ceramic and polymeric layers can be

extruded simultaneously to form unique membrane morphologies. Figure 7.2 also

displays the schematics explaining the components of each layer for hollow fibre

designs 4, 5 and 6, and The alumina hollow fibre precursors were then dried and

underwent heat treatment and sintering at 1350 °C, 1450 °C, 1500 °C and 1600 °C.
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Table 7.3 Fabrication parameters for hollow fibre designs 4, 5 and 6

Common single

Design4  Design 5  Design 6
layer hollow fibre
Inner
polymeric N.A. N.A. 0.75 N.A.
layer
Ceramic
Flow rate 16 7 16 7
layer
(mL/min)
Outer
polymeric 1 4 1 N.A.
layer
Bore fluid 25 15 25 15
Air ga
S 0 25 0 25
(cm)
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Ceramic Design 4

suspension

Ceramic inner
layer
Solvent and
non-solvent
mixture
Polymer outer
layer

Bore Fluid Polymer dope

Design 5

Ceramic inner
R U layer

Triple-orifice R Non-solvent
spinneret - 0.8 bore fluid

2.7 mm Polymer outer
Bore Fluid 3.4 mm. S layer
Design 6
QOuter - .
Inner layer olymer outer
layer polymer S layer
dope Polymer inner
E layer
Non-solvent
Quadruple-orifice bore fluid
spinneret < Ceramic
middle layer
Middle layer ceramic
suspension
0.8 mm
2.4 mm
3.4 mm
4.4 mm

Figure 7.2 Photographs of the triple-orifice and quadruple-orifice spinnerets for

extruding dual-layered and triple-layered hollow fibre membranes

7.2.3 Preliminary application experiments

7.2.3.1 Hollow fibre membrane emulsion experiment

Firstly hollow fibres of Design 4 were sintered at 1600 °C and then fitted onto % inch

NPT male connectors and sealed with epoxy resin at both the connector and at the
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hollow fibre end. The hollow fibre was then connected to a syringe filled with PAN
dope, which is controlled by a syringe pump. The rate of dope extrusion was fixed at
0.1 mL/min and the hollow fibre was immersed into a beaker of hexane whilst it was
being constantly mechanically stirred. The solvent in the PAN dope was immiscible
with hexane and hence the hexane turns from clear to cloudy as the amount of PAN
emulsion in hexane is increased. Then the hollow fibre is removed and under
continuous stirring, ethanol is added to the solution. The PAN is insoluble in ethanol

and hence begins to precipitate, forming small polymeric microspheres (Figure 7.3).

Step 1
P —>

Motor unit

Syringe

Hollow fibre

Hexane

Step 2

e
. —

Emulsion ———

Ethano| ————>

—»

Figure 7.3 Schematic of the set-up for the hollow fibre membrane emulsion

Magnetic stirrer

experiment

7.2.4 Characterisation

The characterisation methods such as SEM, gas-liquid displacement, 3-point bending,

pure water permeation are descibed in Section 3.6.
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7.3 Results

7.3.1 Cross-sectional morphology of the micro-structured hollow fibre

membranes

7.3.1.1 Design 4

The cross-sectional structure of Design 4’s membrane precursor is displayed in
Figures 7.4a and 7.4b. Here the outer layer consists of a polymer, and the inner layer
the ceramic material. The micro-channels can be seen to initiate from the polymeric
layer at the shell side (Figure 7.4b) upon contact with the non-solvent in the coagulant
bath at zero air gap, and propagated through the ceramic layer into the weak non-
solvent bore fluid, leaving an open lumen. The polymeric layer was then subsequently
removed during the heat session. This design is achieved via the use of a triple-
layered spinneret, to co-extrude a layer of ceramic suspension inside a polymeric
layer. In this case the choice of bore fluid and solvent for the polymer dope are vital
to ensure open micro-channels at both the lumen and shell sides are achieved. The
polymeric layer needs to be able to form intensive micro-channels that will have
enough momentum to protrude through both layers. Therefore, NMP was chosen to
solvate the PESf in both the outer polymeric and inner ceramic layers, according to
Chapter 4. The bore fluid was chosen to be a mixture of non-solvent and solvent in
order to reduce the precipitation rate at the lumen side, to prevent closure of the
micro-channels in order to form an open lumen.

After calcination and sintering, the final membrane is left with open micro-
channels at both the lumen and shell sides, as can be seen in Figure 7.4c-f. As the
micro-channels are initiated from the shell side, their size at the outer layer is
significantly smaller than the openings at the inner layer. The size and density of the
openings at the shell side can be controlled via adjusting the polymeric, ceramic
layers’ and bore fluid composition as well as membrane thickness. There are many
theories that different researchers have adopted for the source of these micro-
channels, such as: the rapture of membrane surface [18], the growth of polymer-lean
nuclei [19], viscosity gradient [20, 21], surface tension gradient [21-23], or the
gradient of solidification and shrinkage rate along the interface [24]. As discussed in a

previous study, the formation of the micro-channels may also be attributed to the
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Rayleigh-Taylor Instability, which occurs when there is an acceleration on the
interface between two fluids of different masses, and arises from perturbing waves at
the interface (Chapter 4 and 5) Possible sources of acceleration that can cause
interfacial instabilities include the solvent and non-solvent exchange and polymer
precipitation, which leads to the accelerated movement of the interface towards the
polymer solution/ceramic suspension side. The general trends of micro-channel
growth have been recorded, explained and quantitatively mimicked in this previous
study, which explains the effect of different solvents in the ceramic suspension on the
micro-channel lengths, shape and density. For Design 4, it can be therefore predicted
that by using a solvent with a high mutual diffusion coefficient with the coagulant
bath combined with a significant density gradient across the polymer and non-solvent
interface, higher micro-channel densities at both the lumen and shell sides can be
achieved. On the other hand, the polymeric layer thickness would also affect the
micro-channel size and density. A thicker polymeric layer would mean larger micro-
channel openings at the shell side, as the micro-channels would have had longer time
to develop in both length and width before meeting the ceramic suspension. However
this thickness cannot be too high such that the micro-channels lose all of their
momentum before being able to protrude through the lumen. Design 4 can be used as
a substrate from which additional membrane layers can be deposited upon, with much
reduced mass transfer resistance due to the open-channelled structure. Furthermore,
due to the long, cylindrical and non-tortuous micro-channels of Design 4, another
possible application would be as a high-efficiency mixing device to produce

emulsions or dispersions of one liquid phase in another immiscible liquid phase.
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Figure 7.4 SEM cross-section images of the Design 4’s dual-layered membrane

precursor (a-b), sintered fibre at 1500 °C (c-d) and the inner and outer surfaces of the

sintered fibre at 1500 °C (e-f), respectively

7.3.1.2 Design 5

Figure 7.5 displays the cross-sectional morphology of Design 5. From Figure 7.5a and
7.5b, a dual-layered membrane can be seen; this is the membrane precursor for
Design 5. The inner layer consists of alumina particles, immobilised by the
precipitated polymer binder, surrounded by an outer polymeric layer. All of the
micro-channels originate from the lumen side upon contact with the non-solvent bore
fluid, and propagates across the ceramic layer towards the shell, protruding through

into the polymeric layer, as can be seen in the close up SEM (Figure 7.5b). After the
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heat treatment, the polymeric outer layer is removed, leaving an open outer surface.
This type of design is created via the use of triple-layered spinnerets to
simultaneously spin a ceramic layer inside a polymeric layer. During spinning, the
lumen and shell sides will be in contact with the water non-solvent, and phase
inversion will commence at both sides at different times by the use of a long air gap.
The air gap gives time for the micro-channels to develop from the lumen before the
outer polymeric layer comes into contact with the water bath, and here the choice of
solvent in the polymer dope is vital to realise the designed structure. The outer
polymeric layer needs to precipitate slowly enough for the micro-channels to break
through at the ceramic suspension and polymeric layer interface, and to ensure that
the polymer outer layer forms a continuous sponge-like structure near the shell side.
Therefore, in this case, TEP was chosen to solvate the PEST for the outer polymeric
layer. A previous study has shown that no micro-channels are formed during phase
inversion when TEP is used as the solvent, and its precipitation rate is slower than
other common solvents (Chapter 4). The solvent chosen for dispersing the alumina
particles and solvating the PESf for the inner layer is also important, as the
acceleration of the interface at the lumen side needs to be high enough to initiate the
micro-channels as well as to provide enough momentum for the micro-channels to
propagate through the entire ceramic layer and into the polymeric layer. The theory
behind the origin of the micro-channels can be found in the same previous study
mentioned above in Chapters 4 and 5. Based on this previous study, DMSO was
chosen as the solvent to facilitate the growth of long, regular and densely packed

micro-channels.
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Figure 7.5 SEM cross-section images of Design 5’s dual-layered membrane precursor

(a-b), sintered fibre at 1500 °C (c-d) and the inner and outer surfaces of the sintered

fibre at 1500 °C (e-f), respectively

Following debinding and sintering, the polymeric layer is eliminated and the
ceramic inner layer is consolidated, as shown in Figure 7.5¢ and 7.5d. Here it can be
seen that the membrane thickness is reduced significantly (from around 2580 pum
precursor diameter to 1870 um final diameter after sintering at 1500 °C). The lumen
surface is dense and can thus act as a separation barrier, whereas the shell side surface
consists of intensively arranged open micro-channels and together they reduce the
mass transfer resistance of the membranes. The pore size and pore size distribution of
the separation surface can be controlled using different suspension compositions as

well as sintering conditions, and pore size can range from completely dense to
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micrometre-scaled. The size of the micro-channel openings at the shell side can be
controlled by various factors. One method would be to change the composition of
ceramic suspension and bore liquid to provide different driving forces for the
initialisation and growth of the micro-channels, which may result in varied channel
densities and channel sizes. Detailed explanations on the formation of the micro-
channels can be found in Chapters 4 and 5. Another method would be to change the
ceramic layer thickness, with thicker membranes leading to larger micro-channel
openings, as the micro-channels grow in both their length and lateral width across the
radial direction. Due to the ease of access of these micro-channels from the shell side,
catalysts or adsorbents can be easily deposited into these pockets of space, opening a
broad range of different applications, such as water treatment hybrid systems,

membrane micro-reactors, gas separation columns, etc.

7.3.1.3 Design 6

Figure 7.6a and 7.6b display the cross-sectional morphology of the triple layered
membrane precursor for Design 6, which has three layers: two polymeric layers
sandwiching a layer of ceramic material. The inner polymeric layer could not be seen
in the SEM diagram as the polymer shrinks and delaminates from the fibre
immediately after the spinning process. This design is created via the use of a
quadruple-layered spinneret (shown in Figure 7.2). During spinning, phase inversion
will occur at both the lumen and shell sides, starting from the polymeric layers. In this
case, it is desired for the micro-channels to be formed from the polymer sides and into
the ceramic layer. Therefore, similar to Design 4, NMP was chosen for the polymeric
and ceramic layers, and the micro-channels can be seen to originate from both the
shell and lumen sides, breaking through to the ceramic layer, meeting in the middle.
Following debinding and sintering, a ceramic hollow fibre membrane with
open micro-channels at both the lumen and shell sides is formed (Figure 7.6c-f). The
opening sizes of the micro-channels at the inner layer are significantly smaller than
the ones at the outer layer. The size of these micro-channels can again be controlled,
using the methods mentioned for Designs 4 and 5. Furthermore, the sponge-like
separation layer’s pore size can also be tailored without significantly affecting the

micro-channel sizes during sintering. Such a design could be used in applications such
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as a highly compact and efficient membrane micro-reactor for multiple reactions,
whereby two catalytic reactions can take place in series in the catalyst-containing

micro-channels at the different sides of the membrane.
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Figure 7.6 SEM cross-section images of Design 6’s triple-layered membrane

precursor (a-b), sintered fibre at 1500 °C (c-d) and the inner and outer surfaces of the

sintered fibre at 1500 °C (e-f), respectively
7.3.2 Pore size, pore size distribution and micro-channel size

Gas-liquid displacement porosimetry was used to probe information regarding the
through pores of Designs 4 and 5. This method measures the smallest size of the
channels; therefore the results give the opening size on the outer surface for Design 4
and the pore size on the inner separation surface for Design 5. Figure 7.7 reveals the

size distribution of the micro-channel openings on the outer surface of Design 4. The
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graph shows a main peak at 3.41 pm and a smaller peak at 1.65 um, which may be
attributed to different sets of micro-channels in the outer polymeric layer. From the
SEM images (Figure 7.4¢) the inner layer has much larger micro-channel openings of
up to 40 pm in diameter. For Design 5, Figure 7.8 reveals the pore size of the inner
separation surface, which is at around 1 pm and the micro-channel openings at the
outer surface can be seen to range from 10 pm to 40 pm from SEM images (Figure
7.5%). Figure 7.9 shows the mercury intrusion result of Design 6, whereby the sponge-
like layer pore size distribution and the size of the openings for Design 6 can be seen.
The sponge layer pore sizes lie between 0.25-0.30 um, and the bigger pore size
distribution from 1-5 um, which peaked at 3.2 um can be attributed to the openings
on the inner and outer surfaces. The result is concurrent with the SEM images, which
confirms that the micro-channel openings for Design 6’s inner layer mostly range
between 1-2 um (Figure 7.6e), whereas the outer layer micro-channel openings are in

the range of between 3-5 um (Figure 7.6f).
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Figure 7.7 Gas-liquid displacement porosimetry data for membrane Design 4
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Figure 7.8 Gas-liquid displacement porosimetry data for membrane Design 5
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Figure 7.9 Mercury intrusion porosimetry data for membrane Design 6

7.3.3 Water permeation

In water treatment applications, it is desired for the clean water permeation rate to be

as fast as possible. Design 5 has only one very thin separation layer, and its water
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permeation flux is evidently superior to common asymmetric hollow fibres fabricated
in this study and also elsewhere [25], as can be seen in Table 7.4. Design 5 has fluxes
that are about 60 times higher than an asymmetric hollow fibre membrane with denser
inner and outer surfaces and sponge-like layers, reaching fluxes as high as 159,000
L/m* h bar. This is due to the ultra-thin effective separation layer in Design 2, whose
average pore size is around 1 pum, providing sufficient selectivity for microfiltration
applications. The long and open micro-channels provide the membranes with
adequate mechanical stability to be used continuously under a trans-membrane
pressure of 1 bar, which is sufficient for microfiltration. On the other hand, the pure
water permeation fluxes of Design 4 and 6 were omitted, as their designs are not
intended for single-phase microfiltration applications. It can also be noticed that this
flux is dramatically higher than the water permeation flux of Design 2’s in Chapter 6.
Although the pore size of Design 5 (sintered at 1450 °C) is only 4 times larger than
the pore size of Design 2 (sintered at 1342 °C), the flux is around 85 times higher.
This is because for Design 5, the separation layer is much thinner and the micro-
channel density much higher, when compared with Design 2, due to the choice of

solvent and lowered ceramic loading in this study.

Table 7.4 Water permeation flux of Design 5 sintered at different temperatures under
1 bar trans-membrane pressure operated under dead-end filtration mode with standard

deviations of within 25 %

Water permeation flux (L/m” h bar)
Sintering
Phase inversion alumina
Temperature )
¢0) Design 5 Design 3 hollow fibre from
literature[25]
1450 159,000 2500 340
1500 121,000 1872 -
7.3.4 Mechanical property

Table 7.5 displays the 3-point bending strength of the 3 designs. It is apparent that the
cross-sectional morphology, composition of the different layers in the precursors, and

sintering temperature can have dramatic influence on the membrane’s mechanical
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stability. Design 4 has comparable bending strength to a typical asymmetrical ceramic
hollow fibre formed by phase inversion in this study, especially at the lower sintering
temperatures. Design 5 has the lowest bending strength out of all of the fibres
fabricated in this study. Compared with Design 4, although both designs eliminate the
sponge-like layer, the number of micro-channels and thus the porosity in Design 5 is
significantly higher than Design 4’s, and hence the mechanical property of Design 5
is much weaker, and this should be improved in future studies. Design 6 can be
recognised to have the highest bending strength out of all of the fibres compared in
this experiment at all sintering temperatures, due to fact that the design has a thick
sponge-like layer, which give a strong support to the fibre. However, in general the
mechanical stability is lower than others in literature, that have much thicker densely
packed structures [25], and improving mechanical stability should be the focus of

future works.

Table 7.5 3-point bending strength of the 3 designs sintered at different temperatures

with standard deviations of within 35 %

Bending Strength (MPa)
Sintering Phase inversion

Temperature alumina hollow

¢0) Design4  Design5  Design 6 Design 3 fbre from
literature[25]

1350 14.8 2.61 32.6 12.5 -
1450 48.0 6.8 74.5 30.9 130
1500 50.0 10.71 117.4 89.8 150

7.4 Discussions

7.4.1 Propagation of micro-channels at the two-layer interface

The initiation and growth of micro-channels during phase inversion have been pointed
out to be the consequence of interfacial instability in Chapters 4 and 5. We have
studied the flat disc cases of alumina membranes and found that a quantitative

prediction of the development of micro-channels can be achieved by using the
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Rayleigh-Taylor Instability theory. According to the R-T Instability theory, for the
single layer cases, when water comes into contact with the polymer solution or
ceramic suspension, the density difference and the interfacial acceleration would drive
interfacial disturbances to grow quickly at certain wavelengths, and water streams
penetrate into these growing points with a high initial speed, and the momentum of
water streams may lead to the development of long and slim micro-channels in the
membrane. In this study, whereby there were two higher density layers in contact with
the lighter non-solvent, the interface between the two layers lies in the way of
proceeding micro-channels, and various scenarios could be met and the propagation
of micro-channels would occur differently.

In the case of Designs 4 and 6, the micro-channels grow from the polymeric
layer into the ceramic layer, which means that the momentum of the water stream in
the proceeding micro-channels is partially dissipated in the polymeric layer first,
before meeting the interface. The momentum must be adequate after passing the
interface to push the micro-channels into the ceramic suspension, which has a higher
viscosity and resistance to micro-channel growth. This means that if the thickness of
the polymeric layer is increased, dissipation of the momentum in the polymeric layer
will be higher. The remaining momentum that can work onto the ceramic suspension
is smaller, and fewer micro-channels will have the adequate initial momentum to pass
through to the ceramic layer, and the openings will be larger in size but more sparsely
distributed. If the thickness of the polymeric layer is further increased, there will be
no water streams with sufficient momentum to pass the ceramic layer, and no micro-
channels would propagate through. In case of Design 5, micro-channels start from the
ceramic layer and proceed towards the polymeric layer, and at the interface the
viscosity and resistance decrease suddenly, making the front of micro-channels an
easier way to out, and therefore the micro-channels cross over the interface easily,
leaving big open pores on the surface of the ceramic layer when the polymer is

removed after sintering.
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7.4.2 Potential applications of the three unique structured hollow fibres

7.4.2.1 Design 4

As mentioned briefly in the results, the different micro-structures can be used for
different applications, depending on the process and their different requirements.
Design 4 has no active separation layer and therefore cannot be used directly for
separation applications such as micro/ultrafiltration. Its unique structure consists of
straight micro-channels that are open at both the lumen and shell sides, and their size
and amount can be controlled during the spinning process. A potential application of
this structural design would be membrane emulsification, a method that uses low
pressure to force the dispersed phase to permeate through a porous membrane with a
uniform pore size distribution into the continuous phase. This is much simpler, and
requires lower energy requirements and less surfactant when compared with
conventional methods that uses colloid mills, rotor-stator systems, and high pressure
homogenizers [26]. Currently, membrane emulsification faces limitations due to their
low fluxes, intrinsically due to the membranes available on the market. Another
method is called micro-channel emulsification, which uses chips with micro-channel
arrays made via etching, and can produce highly uniform-sized droplets, but main
drawback once again includes low production rates [27]. Design 4 has both the
advantages of membrane and micro-channel emulsification, as it has a fairly uniform
micro-channel size, and very low mass transfer resistance, as well as being able to
form highly compact hollow fibre bundles. The dispersed phase can be pushed
through the micro-channels from the lumen and enter the continuous phase to form
the emulsions, as can be seen in Figure 7.10. As the micro-channel sizes can be
tailored accordingly, a range of different sized droplets can potentially be formed.
Furthermore, the membranes can be produced easily in large quantities, and hence
scale-up would be simple by combining the membranes in modules and can
potentially be used to mass-produce emulsions. Figure 10 displays polyacrylonitrile
spheres formed using a Design 5 hollow fibre membrane in a preliminary study to
first form a continuous emulsion and then followed by precipitation in a non-solvent.
The resulting spheres were successfully fabricated with an average diameter of around

0.1 pm.
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Dispersed phase

Figure 7.10 Schematic of a membrane emulsification process that can be realised

with Design 4

Figure 7.11 SEM of PAN spheres formed from membrane emulsification using

Design 4 followed by phase inversion



7.4.2.2 Design 5

For Design 5, there is only one very thin separation layer at the lumen, and its
advantages include very low mass transport resistance and extremely high geometric
surface area. This makes them desirable for a wide range of applications, such as
micro/ultrafiltration, micro-reactor, membrane hybrid systems, gas chromatography,
etc. For micro/ultra-filtration, the membranes can be used on their own to provide
selectivity against contaminants in wastewater such as sand and large particulates,
colloids, bacteria, volatile organic components, etc. Furthermore, as the micro-
channel densities are very high, these membranes provide an exceptional amount of
accessible geometric surface area and volume, forming pockets in which other
functional materials can be deposited. This opens up an extensive list of possible
applications, such as: membrane micro-reactor with catalysts deposited into the
micro-channels, one-step membrane hybrid system for heavy metal adsorption or a
gas chromatography column by depositing adsorbents into the micro-channels, as
depicted in Figure 7.12. The use of Design 5 membranes for the abovementioned

applications will all potentially reduce a large amount of space required for the same

Y %
@

amount of productivity, forming highly compact systems.

Functional
material deposited
in micro-channels

Separation layer

Figure 7.12 Schematic of membrane Design 5 with deposited functional material in

the micro-channels



7.4.2.3 Design 6

Design 6 has no smooth separation layer that is in direct contact with the feed, and
would therefore not be additionally beneficial in micro/ultra-filtration processes as
large contaminants can get deposited into the micro-channels, and would be difficult
to clean. Instead, this design can possibly be used as a highly compact and efficient
membrane micro-reactor for multiple reactions. As there are two sets of open micro-
channels that are separated by a sponge-like layer, two different reactions can take
place in series at the different sides of the membranes. For example, Design 6 can
potentially be used to combine the methanol reforming reaction with the water gas
shift (WGS) reaction in one hollow fibre membrane reactor to produce hydrogen that
is suitable for fuel cells, as illustrated in Figure 7.13. In this configuration, one side is
packed with methanol reforming catalysts in the micro-channels, and when the feed of
methanol and water vapour pass through the membrane, it will be converted to H,,
CO; and a small amount of CO. The products then flow into the packed WGS
catalysts in the micro-channels of the other side and react with the water vapour fed
from the other side to minimise the concentration of CO, so that the produced
hydrogen will be safe to use in polymer electrolyte membrane (PEM) fuel cells. Such
a compact and highly efficient design would be especially useful to provide quality
hydrogen for mobile devices, in which the space is very much limited.

And since the fabrication technique is applicable to other materials, the
sponge-like layer in the middle of the Design 6 can be made to be selective to one of
the products of the up-stream reaction, and take full advantages of the unique
membrane structure. For example, if the membrane is made of a mixed ion and
electron conducting (MIEC) material that only allow oxygen to permeate but not
others, a decomposition reaction of an oxygen-containing compound and an oxygen-
consuming reaction can be coupled seamlessly. A typical case for the up-stream
reaction would be the catalytic decomposition of CO,, which produces O, and CO at
high temperatures with low equilibrium conversion rate; if the other side of the
membrane is packed with catalysts for partial oxidation of methane (POM) or
oxidative coupling of methane (OCM), which consumes oxygen from the other side
through the middle separation layer, the equilibrium limit of the CO, decomposition

can be broken due to the removal of the oxygen product.
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Water-gas shift reaction

HZ' coz catalysts

Figure 7.13 Schematic of a combined methanol reforming and water shift reaction

process that can be realised with Design 6

7.5 Conclusions

Three new ceramic membrane structural designs have been performed and fabricated
in this study, with long, cylindrical and non-tortuous micro-channels that can be
arranged to be open at either the inner or outer surfaces, or both surfaces via a single-
step co-extrusion method. Design 4, with long, straight and non-tortuous open micro-
channels at both surfaces can potentially be used in membrane emulsification. Design
5 has open micro-channels on the outer surface that greatly reduce the mass transfer
resistance of the membrane, due to the impressively reduced effective membrane
thickness. This was evident in the pure water permeation flux of Design 5, which
reached values as high as 159, 000 L/m” h bar. Due to the very low mass transfer
resistance combined with an exceptional amount of surface area offered by the micro-
channels, Design 5 can potentially be used in a wide range of applications such as:
micro-filtration for water treatment, membrane hybrid systems whereby adsorbents

can be easily deposited into the micro-channels for heavy metal removal, or as a gas



chromatography column with adsorbents in the micro-channels for gas separation.
Design 6 has open micro-channels on both the inner and outer surfaces, with a
sponge-like layer in the centre. This design can potentially be used as a membrane
micro-reactor for consecutive reactions, whereby the micro-channel at the different
sides of the sponge-like layer can perform different reactions by the deposition of
different catalysts. The micro-channel properties such as opening size as well as the
selective layer pore size can be easily tailored according to the application by
adjusting the spinning parameters. The main drawback of these new designs is the
lower mechanical stability, which can be improved in future studies by increasing the

overall membrane thickness whilst maintaining the very thin separation layer.
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Chapter 8: Micro-structured alumina multi-

channel capillary tubes and monoliths

Chapter 8 describes a method for increasing the mechanical stability of ceramic tubular membranes by
fabricating multi-channel capillary tubes and monoliths in attempt to gain both high strength and flux

simultaneously

Abstract

In this chapter, a continuous and single-step fingering inducing phase-inversion
process for fabricating micro-structured alumina multi-channel capillary tubes and
monoliths, which consist of a plurality of radial micro-channels, has been developed.
In addition to the geometrical similarity to conventional ceramic monoliths, the
unique radial micro-channels created in the walls of the multi-channel capillary tubes
(or monoliths) can reduce hydraulic resistance and increase surface area, which are
critically important factors for filtration and catalytic reactions. Furthermore, the
enlarged cross section area of the multi-channel configuration enhances the resistance
to external impacts. The technique described in this study not only can be scaled up
for fabricating monoliths of commercial sizes, but can also be scaled down to make
multi-channel capillary tubes, solving the issue of insufficient mechanical property in

current ceramic hollow fibres.

8.1 Introduction

The presence of radial micro-channels significantly greatly reduces the permeation
resistance to fluids as a membrane, and increases their accessible surface area, which
is critically important for catalytic reactions when employed as a catalyst substrate.

However, these radial micro-channels compromise the membrane’s mechanical

218



property, as seen in the previous chapters. Generally it is preferred to bundle the
hollow fibres/capillary tubes of this type together in order to meet industrial
expectations.

To increase the tube strength to resist external impacts, the most efficient way
is to increase the cross section area of the ceramic tubes. Two strategies can be
adopted to achieve this: one is to use a single-channel configuration and increase the
area of the cross section by increasing the diameters and/or the wall thickness; and the
other option is to use a multi-channel configuration. The former strategy seems
straightforward but in practice faces problems during the phase-inversion fabrication
process. When the thickness or the diameter exceeds a certain value, the precipitation
rate of the nascent fibre reduces quickly and the suspension cannot be solidified in
time, hence the fibre will not be maintained in the desired dimensions because of
severe elongation induced by gravity. Due to this reason, the diameter and the
thickness of ceramic hollow fibres are limited. In fact, even if larger ceramic hollow
fibre/capillary tubes can be made, it will compromise the surface area to volume ratio
as well as their transport convenience.

Multi-channel ceramic monoliths, or sometimes known as ceramic
honeycombs, have been widely studied and used in industries [1], especially in the
fields of catalyst substrates and membrane filtration. Its current fabrication process is
largely based on extruding a ceramic paste through a die or mould, similar to the way
that commercial ceramic tubes are fabricated. The multi-channel monoliths fabricated
through this method have symmetric-structured walls. Even though the monoliths
obtained in such a way can have high surface area to volume ratios, it is still low
when compared with the requirements of a catalyst carrier, and thus an extra coating
of y-alumina is often washed onto the inner surface of the channels to further enhance
the surface area. Thus, the resistance of mass/heat transfer is also significantly
increased due to its microstructure.

Applying the micro-channel inducing phase-inversion technique to the multi-
channel configuration is theoretically advantageous from aspects of both the
fabrication process and the performance of the multi-channel monoliths. In this
chapter, the idea of multi-channel monolith membranes via the micro-channel
inducing phase-inversion method is implemented by delicately designed spinnerets as
described in Section 8.2. The designed spinnerets use certain numbers of well-

arranged parallel nozzles to deliver the internal coagulant, and the rest of the
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encompassed circular area is filled with the ceramic suspension. With such multi-
channel spinneret configurations, the problem of slow precipitation in larger-
dimension single-channel hollow fibres will no longer be an issue, because the
thickness of the internal walls between the channels and the outer wall has been
largely reduced. Furthermore, the internal walls come into contact with the internal
coagulant on both sides, thus the precipitation rate of the suspension is further
improved. With the multi-channel spinnerets, it is now possible to produce ceramic
monolith/capillary tubes of large dimensions. It is also expected that multi-channel
ceramic monoliths produced through this method will minimise the drawbacks of
traditional monoliths by introducing self-organised radial micro-channels in the cross
section of the walls, which will not only reduce the resistance of mass/heat transfer,
but also greatly increase the geometric surface area, which will be beneficial for
catalytic reactors.

Aiming to combine the advantages of phase-inversion induced asymmetric
structures and multi-channel monolith tubes, in this prove-of-principle study, 1-
channel and 3-channel hollow fibres as well as 7-channel and 19-channel
capillary/monolith tubes were successfully fabricated through the micro-channel
inducing phase-inversion method. The macro- and micro-structures of the multi-
channel tubes were characterised, the mechanical property was investigated, and the
mass transport property of the tubes was evaluated from water permeation results.
This chapter also theoretically explored the influence of the macro-structure to the
mechanical property, as well as a feasible route of improving water permeation

through optimised sealing patterns of the multi-channel tubes.
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8.2 Experimental

8.2.1 Materials and alumina suspension preparation

The materials used and the alumina suspension preparation procedure is described in
Section 3.1 and 3.2. The composition of the alumina suspensions are listed in Table

8.1.

Table 8.1 Alumina suspension composition for multi-channel membranes

Component Composition (wt.%)
DMSO 314
Alumina 62.0
PESf 6.2
Dispersant 0.4

8.2.2 Preparation of alumina hollow fibres, multi-channel tubes and monoliths

The spinning process is described in Section 3.4. Table 8.2 and Figure 8.1 display the
spinneret design and spinning parameters for fabricating multi-channel hollow
fibres/tubes/monoliths. The smaller annuli are where the bore fluid is extruded, and
surrounding them is the ceramic suspension. During spinning, multi-channels of bore
fluid is extruded with the ceramic suspension simultaneously, forming multi-channel
membrane precursors. The membrane precursors were heat treated and sintered at

temperatures 1300 °C, 1350 °C, 1400 °C and 1450 °C.
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Figure 8.1 Photograph and schematic of the multi-channel spinnerets for extruding

multi-channel hollow fibre/tubular/monolithic membranes

Table 8.2 Fabricating parameters of micro-structured multi-channel alumina tubes

Spinning Single-channel  3-channel 7-channel 19-channel
parameter
Extrusion 8 10 16 11

rate (ml/min)
Bore liquid 10 14 16 18
rate (ml/min)

Air gap (cm) 1 1 1 0
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8.2.3 Characterisation

The characterisation methods such as SEM, optical microscopy, mercury intrusion
porosimetry, 3-point bending and pure water permeation tests are described in Section

3.6.

8.3 Theoretical analysis of the geometrical influence to the

fractural loading

Long, slim shaped materials are most likely to be damaged by a shear force
perpendicular to the longitude direction, which is particularly important for brittle
materials like ceramics. Hence for the case of ceramic hollow fibres and capillary
tubes, the resistance to a bending force is one of the most important mechanical
properties. This resistance can be properly evaluated by three-point bending tests,
which give the maximum bending force needed to fracture a ceramic sample. In
general, a three-point-bending fractural stress of a circular bar with a symmetric cross

section is determined by

MXR

Omax = 28 (8.1)

Here omax is the fractural stress which is determined by the material and the
microstructure and irrelevant to the geometry of the sample. R is the outer diameter of
the sample. M is the bending moment which is determined by the fractural loading

force F and the span L used during the test:

M= (8.2)

4

And I is the second moment of area defined by
= [y%dA (8.3)

y is the coordinate of the force direction relative to the centre of the cross section, and
the integral over the solid area of the cross section. Apparently I is geometry

dependent. Hence the fractural loading F is expressed by

F = HXImax (8.4)

LXR

It would be useful to analyse how the geometry of the cross section affect the fractural
loading of the ceramic tubes. For comparison, the multi-channel and single-channel

tubes of same material with a fixed outer diameter R were considered, so that the
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fractural loading only varies with 1. To be fair, the area of the cross section was also
fixed so that the fractural loadings obtained were from the same amount of material.
A typical dimension of a single-channel ceramic capillary tube was adopted, say, the
outer diameter of 4 mm and the inner diameter of 2.5 mm for this case study.
Correspondent radius of the channel of a multi-channel tube was set so that the area of
the cross section was the same as the single-channel tube. The configuration of each
tube and the relative fractural loading compared to the single-channel tube are listed
in Table 8.3. It can be seen from the calculation that the fractural loading of multi-
channel tubes is actually lower than the single-channel tube with same cross section
area. The 19-channel monolith is not included in Table 8.3, because the second
moment of area I is difficult to calculate due to the complexity of the cross section
geometry. Shi et al. also experimentally studied the mechanical property of 4-channel
alumina hollow fibres and claimed that the 4-channel configuration itself may
contribute to the improved fractural loading compared with single-channel
configuration [2], but the theoretical analysis in this study suggested that this is not

the case.

Table 8.3 Relative fractural loading of multi-channel tubes.

N O @ QN /00
— 00 BE

Internal radius
1.25 0.7217 0.6250 0.5590 0.4725

(mm)
Distance
between the
tube and N/A 1.0 1.0 1.3 1.2
channel centres
(mm)
Relative
fractural loading 100 88.96 90.46 83.25 86.98
(%)**

* The outer diameter of the tube is 4 mm;

** The fractural loading is normalized by the value of the single-channel tube.
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It is worth mentioning that in the above analysis, the OD and ID of the single-
channel tube were set to 4 mm and 2.5 mm, respectively. The wall had to be set to be
as thick as 0.75 mm to achieve a fair comparison, otherwise the 5-channel and 7-
channel configurations would not be possible to construct whilst the area of the cross
section was maintained. However in reality, such dimensions of single-channel tubes
are difficult to maintain during the phase-inversion process due to the reduced
precipitation rate of the ceramic suspension and the consequent elongation of the
nascent tube. The viscosity of the suspension could be increased to a very high value
to minimize the elongation and maintain the dimensions, but the radial micro-channel
feature in the walls will be lost due to the high viscosity [3]. Thus a typical alumina
hollow fibre which has an outer diameter of 2 mm and an inner diameter of 1 mm was
considered, and the fractural loading was calculated to be 13.83% of the 4/2.5 mm
single-channel tube, and 15.90% of the 7-channel capillary tube in Table 8.3,
assuming they have same microstructure at the walls. Based on the above analysis, if
the multi-channel configurations can effectively enlarge the cross section area of the
phase-inversion monolithic and capillary tubes, which is otherwise unachievable with
the single-channel configuration, the resistance of the tubes to the bending force will

be effectively enhanced.

The arrangement of the channels also affects the fractural loading as can be
shown by calculations. Taking the 7-channel capillary tube in Table 8.3 as an
example, if the distance between the channel centre and the tube centre is changed,
the effect of the distance on the fractural loading can be evaluated, as shown in Figure
8.2. It is obvious that when the channels move towards the shell, the fractural loading
decreases. Whereas it can be expected that the resistance of mass transport will be
reduced when the channels are closer to the outer surface. Hence a careful design of
the spinneret is required to achieve a balance between the mechanical and the mass

transport properties.
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Figure 8.2 The effect of the distance between the channel centre and the tube centre
on the relative fractural loading of a 7-channel capillary tube listed in Table 8.3. The
outer diameter of the tube is 4 mm and the internal diameter of the channels is 0.945

mm.

8.4 Results and discussions

8.4.1 Structure of the multi-channel alumina tubes

Benefiting from the fingering inducing phase-inversion process, micro-structured
alumina monolith tubes consisting of 19 parallel channels obtained after sintering at
1350 °C for 4 h in both cylindrical and hexagonal configurations are shown in Figure
8.3(a-b). The green tube for the cylindrical monolith had an outer diameter of 6.62
mm, and it reduced to 5.68 mm after sintering, which is considerably larger than the
single-channel ceramic hollow fibres available in literatures. The 19 uniform channels
are organised in the same way as the spinneret design (Figure 8.1), leaving a thin
continuous wall around these channels (Figure 8.3c-d). In the wall between the
channels (Figure 8.3c), and the regions between the channels and the outer surface of

the monolith (Figure 8.3d), a plurality of self-organised micro-channels can be
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observed, which is formed due to the growth of interfacial instability at the
suspension/non-solvent interface [3, 4]. Similar to the conventional ceramic monoliths
[1], the parallel multi-tubular channels would allow ideal flow of fluids. Meanwhile,
the radial micro-channels self-organised inside the walls [5, 6] can lead to additional
benefits, such as higher geometric surface area and reduced mass transfer resistances,

which are beneficial characteristics for catalysis related applications.

Figure 8.3 Photographic pictures of 19-channel alumina monolith a) with cylindrical

geometry, b) with hexagonal geometry, and SEM images of the c) wall structure
between channels and d) wall structure between channel and outer surface of the

hexagonal alumina monolith

The pore structure of the 19-channel cylindrical monolith sintered at 1350 °C
was determined by mercury porosimetry, as depicted in Figure 8.4. There is a minor
peak at 0.554 um, but the majority of the pore volume lies at 0.183 um. Similar
bimodal pore size distributions have also been observed previously in single-channel
hollow fibres using NMP as the solvent [5, 6], whereby the hollow fibres had a
dominating peak at 7-10 um and then a minor peak at around 0.16 um. The smaller
pores found at 0.183 pum or at 0.16 um are believed to represent the inter-granule
packing pores between the alumina particles, whereas the bigger pores found at 0.554
um or at 7-10 um represent the size of the micro-channel entrances in the membrane

wall [5, 6]. It is obvious that in the current study, the entrance size (0.554 pm) is
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much smaller than in previous studies (7-10 um), and the corresponding pore volume
is also much lower. The differences can be interpreted from the formation process of
the micro-channels and the structure of the tubes. It has been experimentally verified
that the micro-channels are the consequence of invading streams of the coagulant and
are initiated by interfacial instability [4]. The size of the initial entrance represents the
wavelength of the characteristic interfacial disturbance, which is from tens of microns
to more than a hundred microns as determined in Chapters 4 and 5. The entrance
shrinks during the formation process of the micro-channels due to the surface tension
of the suspension, until the suspension surrounding the entrance precipitates due to
the solvent/non-solvent exchange. Hence, the final size of the entrance of the micro-
channels is largely determined by the precipitation speed of the suspension
surrounding the entrance (and the shrinking speed of the entrance, of course, which in
turn is affected by the interfacial tension of the suspension). Compared with the
suspensions used in previous chapters [5, 6], the suspension used in the current study
contains more ceramic powder (62 wt% vs 58-59 wt%), which would have reduced
the solvent/non-solvent exchange rate and thus prolonged the duration needed for
precipitation to occur, and consequently led to further shrinkage of the micro-channel
entrances to a smaller size, or the eventual enclosure of the entrances completely.
From Figure 8.4, it can be seen that most pore volume is located at 0.183 um, which
represents the inter-granule packing pores, rather than at 0.554 um, which is believed
to represent the entrance of the micro-channels. However, the SEM images in Figure
8.3 show a large volume fraction of the micro-channels in the tube walls. The simple
reason is that most entrances of the micro-channels were completely closed during the
formation process, and the volume of these micro-channels is presented as the
surrounding inter-granule packing pores instead. There was only a small fraction of
micro-channels that were not completely closed, and they left a narrow entrance at
0.554 pm, hence their corresponding pore volume is also small. These narrow
openings, in the opinion of the author, lie on the very thin inner walls (thinner than
100 um at some places) as shown in Figure 8.3, and can be attributed to the faster
precipitation rate of these very thin walls when compared with other parts of the
monolith tube. This is because for the very thin walls, less solvent in the suspension
can be supplied to compensate the loss of solvent at the surface, which leads the

micro-channel entrances to precipitate faster than those on thick walls.
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Figure 8.4 Pore size distribution of 19-channel alumina monoliths sintered at 1350 °C

for4 h

Figure 8.5 presents the cross-section structure of the single-channel and 3-
channel hollow fibres and 7-channel capillary tube sintered at 1350 °C. The OD of the
green single-channel hollow fibre was 2.88 mm and it was reduced to 1.94 mm after
sintering at 1350 °C for 4 h. The OD of the green 3-channel hollow fibre was reduced
from 2.89 mm to 2.57 mm after sintering under the same conditions and finally, the
OD of the green 7-channel was reduced the least proportionally from 3.65 mm to 3.32
mm. It is worthwhile to note that after sintering, the radial shrinkage of the multi-
channel tubes is considerably lower than the single-channel hollow fibre, which was
11.1%, 9.0% and 14.2% for the 3-channel, 7-channel and 19-channel tubes,
respectively, and 32.6% for the single-channel hollow fibre. The obvious difference
seems to be caused by changes in the membrane geometries. However, it is still too
early to speculate the reason for this phenomenon.

The single-channel hollow fibre (Figure 8.5a) has a typical structure of a
membrane formed via phase-inversion. Due to the presence of a 1 cm air gap, the

finger-like micro-channels from the lumen and shell sides have different lengths
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(Figure 8.5b), as explained in previous literature [3]. The channels in the 3-channel
hollow fibre (Figure 8.5c) are evenly distributed over the cross-section but have an
oval shape. The non-circular characteristic of the channels may be attributed to the
geometry-related non-uniform resistance to the hydraulic pressure around the
channels when the bore liquid applies a pressure onto the nascent fibre. The
elongation of the nascent fibre during spinning into the coagulation bath might also
contribute to the oval shape. For the 7-channel capillary tube, the central channel
appears to be more circular than the other 6 channels (Figure 8.5¢), which might be
linked to the fact that it had more “symmetric” resistance to the hydraulic pressure
around the channel than the other 6 channels surrounding it. On the other hand, the 6
channels at the outer region of the 7-channel tube have an egg-like shape and the thin
ends point to the rim, where the resistance to the hydraulic pressure is the least.
Similar to the single-channel phase-inversion ceramic hollow fibres, in the 3-channel
and 7-channel tubes, self-organised finger-like micro-channels appear in the regions
between channels and the outer surface, as well as between the channels themselves
(Figure 8.5d and Figure 8.5f), which has also been seen in the 19-channel tubes as

revealed above.
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Figure 8.5 Photographic pictures of (a, c, e) the single-channel, 3-channel hollow

fibres and 7-channel capillary tube respectively and SEM images of (b, d, f) close-up
of the cross section of single-channel, 3-channel hollow fibres and 7-channel capillary
tube respectively

From mercury porosimetry results, it was observed that the single-channel
hollow fibre and 3- and 7-channel tubes have a single peak and the same pore size at
each sintering temperature, as represented by the single-channel hollow fibre whose
pore size distribution is depicted in Figure 8.6. The single peak represents the size of
the inter-granule packing pores between the alumina particles, and the peak
representing the entrances of the micro-channels in the 19-channel tube (as shown in
Figure 8.4) is not observable here, which suggests that the micro-channels shown in
Figure 8.5 are all enclosed. This is not a surprise, as the walls in the 1, 3, 7-channel
tubes are all thicker than the walls in the 19-channel tube, which leads to slower

precipitation of the micro-channel’s entrances, allowing enough time for all of the
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micro-channels to close, as discussed before. As expected, the sintering temperature
significantly influences the pore size distribution and porosity of the membrane. From
1300 °C to 1350 °C, the size of the inter-granule packing pores is the same at around
0.183 pum, but with reduced quantity. From 1350 °C to 1450 °C, the pore size begins
to change and increases with increasing sintering temperature, but reduces in quantity.
Meanwhile the pore size distribution broadens when the sintering temperature is
increased. These results have been widely found in ceramics, because both pore
densification and pore growth occur during sintering, and generally the pore geometry
determines whether it will shrink or grow. Normally when convex sides surround a
pore (at higher coordination numbers), the centre of curvature is away from the pore,
and the pore grows during sintering. Therefore as the sintering temperature is
increased, the rate of pore growth also increases, and led to a pore size of up to 0.284
pum at 1450 °C. At the same time, the smaller packing pores in the green membranes
that have concave sides and low coordination numbers have a centre of curvature
towards the pore, and so they shrink and densify with increasing sintering

temperature, and led to reduction of the final membrane porosity.
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Figure 8.6 Pore size distribution of the single-channel hollow fibre sintered at

different temperatures between 1300 — 1450 °C for 4 h
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8.4.2 The mechanical property

Three-point bending tests show that, as expected, the fracture loading of the
membranes increase with increasing dimensions of the tubes, due to the larger area of
the membrane cross section, and all tubes show enhanced fractural loading when the
sintering temperature is increased (Figure 8.7). The fracture loadings of the hexagonal
19-channel monolith are almost identical to the cylindrical 19-channel monolith, due
to the fact that their cross section areas are very close, thus only the results of the
hexagonal monolith is presented in Figure 8.7 for simplicity. The 19-channel
monolith has the largest cross section area, and hence the fractural loading is
significantly higher than the other types of membranes fabricated in this study. The
fractural loading reduces in the order of 7-, 3-, and single-channel membrane. As an
example, after sintering at 1450 °C, the fracture loads of the 19-channel monolith and
7-channel capillary tubes reached 42.2 N and 21.7 N, respectively, followed by 9.7 N
and 6.8 N of the 3-channel and single-channel alumina hollow fibres, respectively.
Based industrial experience, a fractural loading of 21 N (with a 60 mm span) is
already comparable to a commercial alumina capillary tube that has been proven to be
sustainable under microfiltration/ultrafiltration working conditions. The 7-channel
tube sintered at 1450°C, and the 19-channel monolith sintered at a temperature higher

than 1350°C, has met the criterion.
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Figure 8.7 Fracture load of the single-channel hollow fibre and multi-channel
monoliths sintered at different temperatures between 1300 — 1450 °C with standard

deviations of within 35 %
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This study shows that an easy way to considerably improve the mechanical
property of these monolith membranes is to elevate the sintering temperature, but this
may also cause adverse effects on the performance of the membranes due to the
reduced porosity as seen in the mercury porosimetry results earlier on Figure 8.6.
Besides using larger dimensions or higher sintering temperatures, another approach
from the aspect of membrane material can also be considered to improve the fractural
loading. It is worthwhile to note that the fractural loading of the 7-channel capillary
tube reported in this research is considerably higher than the 4-channel alumina
capillary tubes with similar diameters reported elsewhere [2] (the results are
compared based on the same testing span), which is likely to be due to the smaller
alumina powder used in this research and hence the finer microstructure. Of course, it
is also reasonable to expect that, by designing the spinneret, the dimensions of the
monoliths can be further enlarged and the quantity of the parallel channels steered
towards those of commercial ceramic monoliths, based on the great flexibility and
sustainability of the phase-inversion process. Thus better mechanical properties can

be foreseen with larger phase-inversion monoliths.

8.4.3 Water permeation

It is well known that multi-channel configurations will potentially compromise the
permeation flux in filtration processes because of the longer transport routes of the
permeate when compared with single-channel tubes. However, this reduction of the
flux can be largely compensated in the phase-inversion multi-channel tubes by the
reduced internal resistance due to the radial micro-channels formed during the

fabrication process.

Water permeation of 1, 3, 7-channel membranes was evaluated under a dead-
end mode as shown in Figure 3.4 and the results are presented in Figure 8.8. The 19-
channel monolith was not tested because in the view of the author, due to the lower
packing density per unit volume, such a high channel number would be more suitable
for other purposes, such as catalytic convertor, rather than for filtration purposes. For
the 1, 3, 7-channel membranes, the permeation flux of the membranes increases when
the number of channels increases, because the actual permeation area is larger.
Furthermore, all of the membranes show a permeation flux linear to pressure up to 4

bar. The 7-channel capillary tube had the highest water permeation flux of up to 1550
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L-m>h"bar" under a sintering temperature of 1300 °C. This is higher than some
commercial monolith microfiltration alumina membranes with a similar pore size [7],
but the fractural loading is only 9.8 N, far below the 21 N criterion needed for

industrial use.
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Figure 8.8 Pressure dependent dead-end water permeation of the single-channel
hollow fibre and multi-channel monoliths sintered at 1300 °C carried out in the out-in

configuration with standard deviations of within 25 %

Improving the sintering temperature leads to higher mechanical property, but
changes the membrane porosity and pore size, leading to degradation of the
membrane’s water permeation properties. Figure 8.9 displays both the fracture load
and water permeation flux of the 7-channel capillary tubes sintered at different
temperatures. A sintering temperature of around 1350 °C is therefore recommended
for the membranes in this research in order to achieve a reasonable balance between
the mechanical property and the permeation flux. At this point the permeation flux is
around 1070 L-m>-h™'-bar’', and the fractural loading is 14.3 N, both are at an
acceptable level, although the fractural loading is still lower than the stringent
industrial requirement. Benefiting from the flexibility of the phase-inversion method,
the mechanical property and the permeability of the multi-channel membranes can
possibly be tuned by changing the fabrication parameters. For example, Chapter 4 has

shown that the permeation property can be enhanced significantly by using other
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solvents in the ceramic suspension, such as DMSO and DMAc rather than NMP, and

these possibilities will be explored in future works.
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Figure 8.9 Fracture load (standard deviation 35 %) and water permeation flux
(standard deviation 25 %) of the 7-channel capillary tube sintered at different
temperatures between 1300 — 1450 °C

Furthermore, sealing the 7-channel capillary tube selectively can enhance the
water permeation flux, which increases the actual permeation area. Figure 8.10
displays the water permeation flux after the centre channel of a 7-channel capillary
tube sintered at 1350 °C was selectively sealed, and the sealing pattern is also shown
in the figure. The water permeation flux increased by around 25% after selective
sealing and reached up to 1330 L-m”h-bar’, which is quite meaningful for
applications where compact modules are preferred. Under such an operation mode,
which applies a considerable pressure difference across the internal walls, the
mechanical strength of the walls may be of concern due to their reduced thickness. As
can be seen from Figure 8.9, the membranes remained intact under a pressure
difference of up to 4 bar, which is high enough for microfiltration processes, and the
water permeation is nearly proportional to the pressure difference. Moreover, water
permeation flux at the same pressure repeated well during the course of increasing

and decreasing the pressure difference between 1 and 4 bar. This indicates that there
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is proper mechanical strength of the walls between the channels, which was further
consolidated via pressure shock tests. In the pressure shock tests the pressure
difference was swung quickly between 0 and 3 bar for 10 cycles, with only small

changes in water permeation observed, which can be attributed to mild fouling.
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Figure 8.10 Stepwise decrease and subsequent increase in trans-membrane pressure
on dead-end water permeation (standard deviation 25 %) of the 7-channel capillary
tube with a selectively sealed channel sintered at 1350 °C and carried out in the out-in
configuration. Note: For the selected sealing patterns, red lines indicate physical
regions of feed side, blue lines indicate physical regions of permeate side, shadows

indicate the blockage to the channel ends of feed side

8.5 Conclusions

Apart from a wide range of single-channel ceramic hollow fibres, the continuous
fingering inducing phase-inversion process is potentially a productive route for
developing micro-structured multi-channel ceramic monolithic and capillary tubular

membranes. Besides flexible control over both the microstructure and the



macrostructure via the phase-inversion method, the monolithic structure leads to
considerably improved mechanical property, which is currently the most outstanding
challenge of single-channel ceramic hollow fibres/capillaries for practical
applications. Moreover, the well-reserved radial micro-channels self-organised inside
the walls lead to higher surface area and reduced mass transfer resistances, all of
which show promising benefits in applications such as water filtration and possibly

for catalytic reactions.
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Chapter 9: A high-capacity open bore GC

column based on alumina hollow fibres

Chapter 9 studies into more detail a potential application of the newly designed
hollow fibre design with open micro-channels for use as the support for a high-

capacity gas chromatography column

Abstract

A new gas chromatography (GC) column configuration has been designed, fabricated
and executed for the separation of gases. The design consists of ceramic hollow fibres
with intensively self-arranged open micro-channels in its wall as the carrier, and the
stationary phase is packed inside the micro-channels. The hollow lumen leads to
negligible pressure drop along the GC column that is similar to the common capillary
columns, whilst the intensively distributed micro-channels provide spacious volume
for packing the stationary phase to realise much enhanced capacity that is close to
common packed columns. Using alumina hollow fibre as an example, this novel
design has been demonstrated as GC columns packed with 5A molecular sieve
particles and used to separate nitrogen and oxygen successfully. Such a GC column
with a length of 8 m was able to separate O, and N, completely, with an injection
volume of 90 pL, which is 20 -30 times higher than a typical capillary column, and a
negligible pressure drop of only 0.01 bar. The theoretical plate number of this column
for oxygen is up to almost 20 times higher than a commercial packed column’s, and

and for nitrogen it is almost 8 times higher.
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9.1 Introduction

Packed and open capillary columns currently dominate the gas chromatography (GC)
industry, and albeit both have their own advantages, they each have their unique
shortcomings as well [1-3]. The traditional packed columns are cheap, easy to set up
as well as to operate but are prone to heterogeneities and are often limited in their
lengths. The open capillary columns are highly efficient but their sampling capacities
are very low, for example, typically 3 - 5 uL injection volume for a 0.32 mm x 30 m
column [4] and requires complex GC systems with an extra sample splitting unit.

In attempt to combine the advantages of the existing column designs as well as to
negate their disadvantages, asymmetric ceramic hollow fibres are looked at for
inspiration. Ceramic hollow fibres offer high chemical, thermal and mechanical
stability as well as high packing densities [5-7]. The common asymmetric ceramic
hollow fibres possess intensive self-arranged micro-channels, which in filtration
applications can reduce the mass transfer resistance, and can potentially be used to
contain a wide range of functional materials to form various functional devices [8].

In Chapters 6 and 7, ceramic hollow fibres with open micro-channels at either the
inner and/or outer surfaces have been achieved, allowing easy access to these free
spaces [9, 10]. In considering the new design of GC columns, these open micro-
channels can act as crevices and pockets of space where the stationary phases such as
molecular sieves can be stored and packed, increasing the capacity of the column
significantly, and will be able to withstand high injection sample capacities, like a
packed column. Such columns based on ceramic hollow fibres also have a hollow
bore in the centre, which massively reduces pressure drop along the column, like a
capillary column. In essence, the design of this column is an upgraded open capillary
column, with functional materials packed in the hollow fibre walls, and an open bore
in the centre, combining the high capacity of packed columns and low pressure drop
of open capillary columns. The configurations of the three mentioned columns are

illustrated in Figure 9.1.
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Packed column Open tubular with solid phase
as an embedded layer

c)

New configuration with solid phase
embedded in micro-channels
Figure 9.1 Common gas chromatography configurations (a-b), and the proposed new

configuration using packed micro-channels in hollow fibres c)

In this study, for the first time, alumina hollow fibres with open micro-channels
have been designed and set up as a GC column. The micro-channels in the hollow
fibres were packed with SA molecular sieve particles and the hollow fibres were
assembled in stainless steel tubes, which were connected with a mass spectrometer
acting as the detector to demonstrate its capability to separate oxygen and nitrogen in
air with minimal pressure drop. The effects of various operating parameters such as

column length and sample gas flow rate on separation properties were investigated.

9.2 Experimental

9.2.1 Materials and alumina hollow fibre preparation

The materials used for the alumina hollow fibre membranes in this chapter are listed
in Section 3.1. 5A molecular sieve was purchased form Sigma Aldrich, UK. The

Argon carrier gas was purchased from BOC, UK. The preparation of the alumina
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suspensions is described in Section 3.2. The alumina hollow fibres with open micro-
channels on the shell side were fabricated using the general spinning procedure as
described in Section 3.4. The method adopted in this chapter is a slightly altered
version of the method used in Chapter 7. The same quadruple-layer spinneret as
described in Chapter 7 was used but instead of using a polymer sacrificial layer on the
outer annuli, a layer of NMP solvent was used instead. The composition is the same
as Design 5’s in Chapter 7, and the ceramic extrusion rate, bore fluid, and NMP outer
layer flowrates were 10 mL/min, 40 mL/min, and 5 mL/min, respectively. The
alumina membranes were heat treated and sintered at 1500 °C, following the

treatment programme listed in Section 3.5.

9.2.2 Deposition of 5A particles into the micro-channels of alumina hollow fibres

The sintered hollow fibres were potted into 4 inch NPT male connectors and sealed
with epoxy resin. On the other hand, 5A molecular sieve particles were dispersed in
water (1.2 g/L) under mechanical stirring. The fibre was then connected to a vacuum
filtering flask connected to a vacuum pump, as shown in Figure 9.2. A vacuum is
applied from the lumen of the hollow fibre, suctioning the molecular sieve particles
into the micro-channels and clear water through the membrane and into the flask. The
hollow fibres were then dried in ambient conditions. The hollow fibres were broken
from the NPT male connectors and packed into 20 cm long stainless steel tubes with
1/8 inch outer diameter and 1.75 mm inner diameter, which were connected by 1/16
inch tubes to form the gas chromatography column, as displayed in Figure 9.3. Prior
to using the columns for gas separation, the entire column was placed in an oven
overnight at 200 °C with argon gas purging through at 30 mL/min to activate the
zeolite as well as to remove the water and air entrapped in the fibres and the

molecular sieve.
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Figure 9.2 Schematic of the deposition process for loading zeolite particles into the

hollow fibres’ micro-channels
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Figure 9.3 Photograph of the gas chromatography column
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9.2.3 Gas chromatograph experiment

The separation of nitrogen and oxygen in air was carried out using the set up in
Figure 9.4 at room temperature (22 £ 1 °C), whereby argon was used as the carrier
gas, air was used as the sample gas, and a mass spectrometer was used to detect the
gases. The GC column inlet was connected to a 6-way valve whereby the sample gas
was injected and mass flow controllers (Omega FMA-2600A) were used to control its
composition. The outlet of the GC column was then connected to the mass
spectrometer (FLIR Griffin 400) to analyse the flue gas. The column efficiency
(theoretical plate number) was calculated from the chromatograph results using the

following equation:

A) \2
N, = 5.545 (120 O.1)

where N, is the number of theoretical plates for analyte A, tr is the retention time for

analyte A and wy, is the peak width at half-height of analyte A.
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Figure 9.4 Gas chromatography column paired with a mass spectrometer using argon

as the carrier gas and air as the sample gas
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9.2.4 Characterisation

All membrane characterisation methods such as SEM and gas-liquid displacement are

described in Section 3.6

9.3 Results

9.3.1 GC column morphology

The alumina hollow fibre used in the GC column is unique in that it is asymmetric in
structure with densely self-arranged, 300 um long and cylindrical micro-channels;
with micro-channel openings of between 20 — 35 um, and micro-channel densities of
around 560 openings per mm” as displayed in Figure 9.5. Furthermore, the micro-
channels are open on the outer surface (Figure 9.5b), which allows easy access to the
extensive free volume offered by the micro-channels. At the lumen side there is a thin
layer of continuously packed alumina particles that form a skin layer which prevents
anything larger than the layer’s pore size to pass through. This design was achieved
by the interfacial instability-induced micro-channelling method, whereby micro-
channels can be formed in a wide range of materials during a phase inversion process.
In this experiment, a concentric triple-layered spinneret was used to deliver three
components: a water coagulant in the centre, then a ceramic suspension, followed by a
solvent outer layer into a non-solvent water bath. During spinning, the micro-channels
were initiated from the lumen side, and propagated through to the shell side. At the
same time, the polymer additive also began to precipitate, in the direction from the
lumen to the shell side. Due to the presence of a solvent layer surrounding the shell
side of the nascent ceramic fibre, phase inversion is delayed at the ceramic suspension
and solvent interface and the micro-channels had time to reach the shell side before
immersion into the water bath. With sufficient momentum, the micro-channels
crossed the ceramic suspension and solvent interface, and left large openings on the
outer surface.

The openings of the micro-channels are in the range between 20 to 35 um in

diameter, which is big enough for the molecular sieve particles of approximately 3 to
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5 um in size to enter. The molecular sieve particles were carried by water and entered
the micro-channels by the means of vacuum-facilitated filtration, and were retained
inside the micro-channels by the inner surface, which has an average pore size of

around 1 um (Figures 9.5¢c-d and Figure 9.6). Figure 9.5¢ and 9.5f show an even

distribution of the molecular sieve particles in the micro-channels.

© dispersed in FEESEEY ©
e water LSRN © ©
o S 5 °e

Py “?; g s L
Figure 9.5 he dashed line

highlights the inner skin layer; b) the outer surface of the hollow fibre with micro-channel openings,
the arrows indicates open micro-channels; c) a schematic of the deposition process to pack the 5A
molecular sieve particles into the micro-channels; d) an illustration of the hollow fibre with packed
molecular sieve particles; e) the cross-sectional view in which the dashed line highlights a micro-
channel capsuling molecular sieve; and f) a close-up cross-sectional view, the dashed line highlights
the open shell side of the hollow fibre, and the pink shading highlights the example of an area where

molecular sieve particles were deposited

246



120
0.953
100

80

60

Percent flow (%)

40

20

04 0.6 0.8 1 1.2 1.4
Pore size (um)

Figure 9.6 Pore size distribution of the hollow fibre membrane obtained by the gas-

liquid displacement method

9.3.2 Separation performance of nitrogen and oxygen

Figure 9.7 displays the air separation characteristics of the GC column at different
column lengths. A sample size of 90 uL was injected with an argon carrier gas flow
rate of 10 mL min™. It can be seen that separation of oxygen and nitrogen could be
effectively improved with longer columns. The degree of the separation can be
evaluated by the resolution of two peaks, The chromatograph resolution can be

calculated using the following equation [1]:

tr(B)—tr(A)

Rap = wr(B)+wp(4)

(9.2)

where Rag is the resolution, tr(A) and tr(B) are the retention times of analytes A and
B, and wy(A) and wp(B) are the peak width at half-height of the analytes. The
separation results shown in Figure 9.4 give resolutions of 0.40, 0.50, 0.69 and 0.82 for
the oxygen and nitrogen peaks when the column lengths were 2, 4, 6 and 8 m,

respectively.
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Figure 9.7 Mass spectrographs of nitrogen and oxygen through a a) 2 m, b) 4 m, ¢) 6
m and d) 8 m long GC columns with 10 mL min™ argon carrier gas and 90 pL air
injection volume

When the injection volume is reduced to 45 pL, a resolution of 1.03 for the
oxygen and nitrogen peaks was obtained. It is suggested that a resolution of 1
represents 94% separation of two symmetric peaks of same height, and such degree of
separation will be adequate for most GC analysis [1]. Therefore, an 8 m column is
almost good enough for usual purposes, and the resolution can be easily improved by
using longer columns if stringent separation is needed. Besides, the entire prototype
column at 8 m long has an extra-column dead volume of around 1.2 mL generated by
the connections (Figure 9.3), which can cause broadening of the peaks but can be
negated by reducing or eliminating the connection lengths by better industrial designs
in the future to get better resolutions.

As expected, the flow rate of the argon carrier gas also makes significant changes

to the column’s separation capabilities. It can be seen in Figure 9.8 that with an 8 m
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long column and an injection volume of 45 puL, the separation property of the column
increased with decreasing flow rate, and the resolution decreased from 1.03 to 0.57,
0.47 and 0.23 when the carrier gas flow rate increased from 10 to 20, 30 and 40 mL
min™', respectively. However, the slower the carrier gas flow rate, the analytes are
more likely to experience back diffusion and thus cause wider peaks. In order to
achieve sharper peaks with even better resolution, the dead volume within the column
need to be reduced, as mentioned above, and longer columns at higher carrier gas
flow rates could be required. It should also be noted that the pressure drop across the
columns were very small. At 8 m and a flow rate of 10 mL min™', a pressure drop of
only 0.01 bar was experienced, whereas in literature, micropacked and packed

capillary columns can experience pressure drops per meter of between 0.51 — 203 bar

[2].
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9.4 Discussion

This chromatography column configuration is essentially an upgraded open-
tubular column with much higher loading rates of stationary phase, which is due to
the unique structure of the ceramic hollow fibre that provide larger accessible free
volume. During the deposition process, approximately 46 mg is loaded into every
metre of fibre and a total loading of around 370 mg of molecular sieve in an 8§ m long
column. On the contrary, the porous layer of the stationary phase in commercial
porous-layer open tubular (PLOT) columns is often only less than 15 pum thick.
Taking a commercial PLOT column with SA molecular sieve as the stationary phase
that is 30 m long with an inner diameter of 0.32 mm and 12 um thick stationary layer
as an example [4], it has a total SA molecular sieve loading of around 2.8 mg per
metre of column, and 84 mg for the entire column, which is significantly smaller than
the column presented here.

The length of the micro-channels is about 300 pm, and it would be of interest
how this length may affect the separation performance. It can be estimated from the
diffusion coefficients that the oxygen and nitrogen molecules can diffuse through a
distance of around 4 mm in every second, which is significantly higher than the outer
radius of the hollow fibres (around 0.80 mm). The big pore size, which is around 1
um, and the highly porous structure of the hollow fibre would not slow down the
diffusion significantly, as studied previously [11]. This means that the mass transfer
resistance for the analytes to reach the stationary phase should not affect the
separation performance, too much. Such an assumption is supported by the theoretical
plate numbers and plate heights calculated from the experimental results, as displayed
in Table 9.1. A comparison with commercial packed column and PLOT column is
also made in Table 9.1. The hollow fibre configuration achieved efficiencies (plate
height) that are comparable with a packed and a capillary column. Although the
packed column can have much higher plate numbers if the length is increased,
limitations such as high pressure drops place a practical threshold on their lengths at a
few metres. On the other hand, capillary columns can be assembled to up to 100 m
long, due to their hollow bores, although in practice they are most commonly found at
30 m or 60 m length. Capillary columns can have high plate numbers due to their long

lengths but can only take on very small sample loads due to the very low amount of
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stationary phase layered on the capillary walls. The hollow fibre configuration with
the solid phase packed into the micro-channels has an empty bore with minimal
pressure drop, and hence can withstand high carrier flow rates like the capillary
columns. On the other hand, large-volume stationary phase is offered by the micro-
channels that are exposed for adsorption, and hence the hollow fibre columns can
handle large sample sizes, like the packed columns.

In this prototype column, some technical limitations were imposed due to the
brittleness of the alumina material, such as the interruption of the column’s continuity
due to the number of connections, which not only reduce the separation efficiency of
the column, but also increase the difficulty of preparing longer columns. However, the
beauty of this column fabrication method is its flexibility, and can be applied easily to
other materials, such as metals like nickel and stainless steel, or polymer materials
that can withstand high temperatures, for example, polybenzimidazole (PBI), which
can be easily coiled and form very long columns. With these alternative materials,
continuous columns with unlimited lengths can be easily obtained, and the column
diameter can also be easily reduced during the spinning fabrication process, therefore

the separation resolution can be significantly improved.
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Table 9.1 Comparing the properties and performance of the packed micro-channel

hollow fibres and commercial GC columns using SA molecular sieve as the stationary

phase
Packed Open capillary Packed hollow fibre
column[12] column [4] column
Column length (m) 1 30 8
Carrier gas H, He Ar
Carrier gas flow rate
. 30 2 10
(mL min™)
O’ retention time (min) 0.43 1.88 2.08
N, retention time (min) 0.82 2.55 2.28
Column inner diameter
2 0.32 1.6
(mm)
Theoretical plate
121 14600 2368
number for O,
Theoretical plate
248 11900 1931
number for N,
Theoretical plate height
8.28 2.05 3.38
for O, (mm)
Theoretical plate height
4.03 2.52 4.14

for N, (mm)

9.5 Conclusions

In conclusion, this study provided promising results for a proof-of-concept for a new
gas chromatography column design. This design consists of alumina hollow fibres
with intensively arranged micro-channels as the carrier whereby the stationary phase
is packed into the micro-channels. This design has an open-tubular structure, and
compared with normal capillary columns, the loaded stationary phase is substantially
increased due to the large free volume provided by the micro-channels. This design

combines the advantages of both traditional packed columns for allowing large
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sample injection volumes with the open tubular columns with low pressure drop and
high effectiveness. Through additional tweaking and optimisation, the performance of
this new column configuration is expected to improve further. The results of this
study can potentially make a significant step for gas chromatography configurations,
and also could be potentially advantageous when used alongside other important gas
chromatography developments, such as multidimensional gas chromatography [13]
and chromatography with supercritical fluids [14, 15]. It is also worthwhile to
emphasise that this column design is a generic template, and can be applied to liquid
chromatography applications as well when the effect of mass transfer is minimized by

using smaller column diameters and optimised operation conditions.
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Chapter 10: Conclusions and future works

Chapter 10 concludes the achievements made in this thesis compared with the initial

aims and provides suggestions for improvements and future work

10.1 Introduction

This thesis focused on designing and tailoring micro-channel enhanced alumina
membranes for more tailored as well as widened applications. To achieve this, the
thesis was assembled to gain a fundamental understanding of the formation of micro-
channels in ceramic membranes systems, to design and predict different micro-
channel structures, to realise the different structures in hollow fibre membranes, to
explore the novel and new designs in new applications, and to control membrane
geometry to improve their mechanical stability. Ceramic membranes have been
viewed as robust, reliable and great performing options for membrane processes that
can potentially alleviate the problems encountered by organic membranes, as well as
taking membrane technologies to new frontiers by expanding their applications.
Therefore, the studies in this thesis sought to negate current bottlenecks with ceramic
membranes, such as their low mechanical stability and packing densities, as well as to
introduce novel and new membrane morphologies to extend their potentials. This
chapter presents the achievements made throughout the thesis, which includes the
research objectives that have been addressed in each chapter, the implications and
impacts of the results, the limitations and difficulties of the research, and finally ideas
and suggestions for future work. The conclusions are first presented in a general

format, and then in more detail for each chapter.
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10.2 General conclusions

Micro-channel enhanced alumina membranes have been successfully designed and
fabricated throughout this thesis. The micro-channel inducing phase inversion and
sintering method was used to form asymmetric ceramic membranes with intensively
arranged micro-channels. Firstly, an improved fundamental understanding of the
formation of micro-channels in disc membranes was achieved. Various factors such
as ceramic suspension composition, membrane thickness, and coagulation
temperature were tested and a fundamental understanding of the range of dimensions
and densities of micro-channels that can be produced was achieved. For the first time,
the micro-channel densities were exposed, quantified and compared with simulation
results based on the proposed Rayleigh-Taylor instability theory with fairly good
agreements. The micro-channel enhanced disc membranes were also found to
dramatically improve pure water permeation fluxes and were suggested for potential
use in water treatments. A new application of micro-channel enhanced disc
membranes was suggested for spinning polymeric or inorganic fibres that can be
down to micrometre-sized. Next, the knowledge gained from the fundamental study
was transferred to hollow fibre membranes, whereby 6 unique membrane structures
were designed and realised. An important development included the formation of
open micro-channels at the desired surface(s) by the use of different bore fluids and
sacrificial polymer layers. With open micro-channels and only one very thin
separation layer, water permeation flux was massively increased. Furthermore, these
designs added a completely new function to ceramic hollow fibres. The vast amount
of accessible free volume allowed easy deposition and storage of functional materials
to potentially form highly compact and efficient hybrid systems, such as
chromatography and adsorption columns, and micro-reactors for consecutive
reactions. The design with no separation layer but completely open micro-channel
was discussed for use in membrane emulsification. Using one of the hollow fibre
designs with one separation layer and open micro-channels on the outer surface, a gas
chromatography prototype column was developed and investigated for the separation
of nitrogen and oxygen in air, by depositing SA molecular sieve particles into the
intensively arranged micro-channels. The two gases were successfully separated and

the column efficiencies exceed those of a commercial packed column, and similar to
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those of capillary columns, with a much-lowered adsorbent loading required. Finally,
due to the compromise of mechanical strength with the presence of micro-channels, a
method to improve mechanical stability whilst keeping the benefits of the micro-
channels was proposed and executed in the form of multi-channel hollow
fibres/tubes/monoliths, which expanded the cross-sectional area of the membranes,

with significant improvements.

10.3 Chapter by chapter conclusions

10.3.1 Chapter 4

An improved fundamental understanding of the micro-channel formation mechanisms
in ceramic membranes was achieved. Flat disc membranes were fabricated from
different alumina suspensions with 5 different solvents, and a range of different
micro-channels and different selective layer pore sizes were achieved. Micro-channel
shapes ranged from intensively packed, straight, long, and cylindrical, to sparsely
distributed tear-shaped structures. The membranes with long and cylindrical micro-
channels have the best performance in terms of water permeation flux for
microfiltration, and after removal of the bottom sponge-like layer to reveal open
micro-channels, the permeation flux increased significantly. A major development
achieved in this study is the stratified quantification of the micro-channels, and the
mimicking of their wavelengths using a simulation based on the Rayleigh-Taylor

Instability theory achieved fairly good agreements.

10.3.2 Chapter 5

In this chapter, a larger range of fabrication parameters and their effects on micro-
channel properties of disc-shaped alumina membranes were studied. Factors such as
alumina loading, membrane thickness, and coagulation temperature were varied. It
was discovered that lowering the alumina loading led to the formation of extremely
thin and intensively packed, long, and straight micro-channels, which had excellent

water permeation properties. It was also discovered that a threshold membrane
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thickness exists before micro-channel development commenced and increasing
coagulation temperature increases the micro-channel lengths and density. The
stratified micro-channel densities for membranes of different alumina loadings were
also quantified and explained using the simulation based on the Rayleigh-Taylor
instability theory. Although there are some agreements with the simulations, both
technical and practical limitations prevented accurate and intricate prediction of
micro-channel properties. In addition, a potential new application of the micro-
channel enhanced flat disc membranes was proposed: to spin polymeric or ceramic
microfibres. Preliminary results provided the fabrication of 100 pm thick YSZ fibres
made by extruding through the micro-channels of the disc membranes and phase

inversion in a coagulation bath.

10.3.3 Chapter 6

The knowledge gained from the previous chapters regarding the factors that can
produce the most desired micro-channels was taken and applied to hollow fibres in
this chapter. Single-layered asymmetric hollow fibres of 3 distinctly different cross-
section structures were fabricated by using different bore fluids and air gap. The
design with one separation layer and open micro-channels on the inner surface had
superior water permeation flux due to the elimination of a redundant sponge-like layer
and is the most promising choice for use in aqueous microfiltration. A series of
different sintering temperatures were tested for this design and finally, a sintering
temperature between 1300 °C and 1350 °C was recommended for the optimum
condition without sacrificing too much of the water permeation flux for increased

mechanical stability.

10.3.4 Chapter 7

In this chapter, a polymer sacrificial layer was incorporated into the spinning process
to form 3 types of hollow fibre membranes with different open micro-channel
arrangements. Micro-channels could be formed open at the inner, outer, or both
surfaces of a hollow fibre. The structure with an open outer surface had dramatically

improved water permeation flux due to the very thin effective separation layer. As the
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micro-channel bodies are now easy to access, they can be used to store functional
materials such as adsorbents or catalysts. 3 potential types of applications also
stemmed from the 3 designs and were discussed: membrane emulsification,
chromatography/adsorption column, and membrane micro-reactor for consecutive
reactions. However, potential larger-scale use of these membranes was limited by

their weak mechanical stability, due to their very thin densely packed layer.

10.3.5 Chapter 8

This chapter targeted at improving the mechanical stability of micro-channel
enhanced hollow fibres by increasing the cross-section area of the membranes. 3-
channel, 7-channel, and 19-channel multi-channel hollow fibres, tubes, and monoliths
with micro-channels were fabricated with a significant increase in mechanical
stability. This configuration allows simultaneous existence of both micro-channels
and high mechanical stability. It was also found that by selectively sealing some of

the channels, water permeation flux was increased.

10.3.6 Chapter 9

In this chapter, one of the potential applications of the hollow fibre structure with
open micro-channels on the outer surface was studied. A prototype for a new
configuration of gas chromatography column was constructed from this type of
membrane and tested for separating nitrogen and oxygen in air as an example. SA
molecular sieve particles were deposited into the micro-channels and the hollow
fibres were arranged in stainless steel tubes to form columns ranging from 2 m to 8§ m
long. An 8 m long column was able to completely separate nitrogen and oxygen at an
argon carrier gas flow rate of 10 mL/min. This column configuration had a column
efficiency superior to that of a traditional packed column, and an adsorbent loading
capacity much lower than that of a capillary column. The resolution, however, could

be improved by extending the column length.
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10.4 Future work

10.4.1 Morphology design

10.4.1.1 Highly smooth ceramic membrane surfaces

This thesis focused on designing and fabricating different cross-section morphologies
within the alumina disc and hollow fibre membranes. The new designs offered an
alternative way to combine functional materials into the ceramic membranes:
deposition into the micro-channel cavities. However, the surface morphology has
been neglected in this thesis. Ceramic membranes have been commonly used as
substrates or support materials to improve the performance or change the functionality
of the membrane. When an additional layer of functional material is coated on top of
a ceramic membrane, good conformity between the two layers can improve their
adhesion to each other and also heat and mass transfer. A study in literature has found
that increasing the surface roughness of the substrate reduces the adhesion of the
membrane [1]. It is therefore desired to fabricate membrane substrates with smooth
surfaces to form well-adhered and uniform membrane layers.

Smooth membrane surfaces can potentially be achieved by spinning hollow
fibres through a quadruple-orifice spinneret, with a coagulant bore liquid followed by
the ceramic suspension, then a lubricant layer followed by a polymer protection layer
(Figure 10.1). This way phase inversion commences from the inner layer and micro-
channels are initiated there, and at the shell side the hollow fibre is in contact with a
lubricant layer which does not cause phase inversion, and is immiscible with the
ceramic suspension, and can reduce the movement of ceramic particles away from the
fibre during the spinning process. Outside this lubricant layer a polymeric layer is also
extruded, and it phase inverts as soon as it reaches the coagulation bath, preventing

contact between the ceramic suspension and water.
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Figure 10.1 Schematic of the quadruple-orifice spinneret and the different layers that

are spun for very smooth ceramic membranes

10.4.1.2 Combined phase inversion and sintering for ultrafiltration ceramic

membranes

Currently in this thesis, membranes in the microfiltration selectivity range were
fabricated. It would be of interest to fabricate hollow fibre membranes with finer
selectivity, that is, in the ultrafiltration and nanofiltration range in a single-step phase
inversion process. This can be achieved by adjusting the suspension composition and
fabrication parameters. Ceramic particles of smaller diameters or different materials
can be used to achieve smaller packing pores. Furthermore, multi-layered ceramic
membranes can be spun with finer ceramic particles in the outer layer and large
particles in the inner layer to reduce the cost of using fine particles for the entire

hollow fibre.

10.4.2 Other membrane materials

Due to the versatility of the cross-section design of the micro-channel enhanced
hollow fibres and the extensive surface area offered by the micro-channels, they can
potentially be applied to a much broader range of applications. As a wider range of

industries look to incorporate membranes in their systems, there will be new demands
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for the membrane materials, for expanding their functions, or for enhanced thermal,

chemical, or mechanical stability.

10.4.2.1 Improving mechanical stability

The mechanical stability remains a challenge for industrialisation of micro-channel
enhanced alumina membranes. Although the formation of micro-channels in ceramic
membranes reduces the mass transfer resistance significantly, the mechanical stability
was also reduced. For improving mechanical stabilities, stronger ceramic materials
such as zirconia or silicon carbide, or metal materials such as stainless steel can be
used to fabricate membranes via the micro-channel inducing phase inversion and
sintering method to form micro-channel enhanced hollow fibres. For ceramic
membranes, some attempts have been made to improve mechanical stability by
reinforcing the membranes with nanofibres to bridge cracks. SiC was found to
improve the mechanical stability by 40 % (sintered between 1450-1510 °C) with
additional improvements in water permeation flux as well [2]. YSZ particles were
also added to alumina membranes in a study and it was found that the mechanical
stability was slightly improved [3]. A potential work would be to systematically test a
range of nanofibres such as other ceramic fibres or metal fibres (titanium carbide,
stainless steel, etc) and investigate the effects of the type of fibre, fibre size, and

concentration on the mechanical stability of the final membrane.

10.4.2.2 Broadening applications

10.4.2.2.1 Water treatment

Semi-conducting materials such as titanium, zinc oxide, and ferric oxide can be made
into hollow fibres easily through spinning. They can be used to degrade and inactivate
organic contaminants. If the semi-conducting materials were made into micro-channel
enhanced hollow fibres with the Design 5, there would be no compromise between
the photocatalytic activity and membrane flux due to the very thin separation layer,

unlike the common multi-layered TiO, membranes. Other functional materials such as
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adsorbents can also be packed into the micro-channels to form highly compact and

productive water treatment systems.

10.4.2.2.2 Energy generation

Inorganic hollow fibres with open micro-channels can be potentially used to form
compact single-cell microbial fuel cells to provide electricity and treat wastewater
simultaneously. The micro-channel inducing phase inversion and sintering method
can be used to produce special hollow fibres fit for this purpose: a dual-layered
membrane consisting of an anode layer and a proton exchange layer. Electro-active
bacteria are coated in the micro-compartments offered by the open micro-channels
and transfer electrons from the organic waste to the anode layer via anaerobic
respiration. During this process protons are also produced, and they are transported
through the proton exchange layer into the cathode, which is the lumen of the hollow
fibre. The electrons flow from the anode through to the cathode via an external
resistance, and in the cathode, they react with oxygen and protons to form water and
an electrical potential difference. The schematics of the hollow fibre design and the
electricity generation process are depicted in Figure 10.3. The inorganic hollow fibre
microbial fuel cell can potentially be a highly compact and productive system due to
their high packing density and the vast surface area offered by the micro-channels for
biofilm growth.

Future works can concentrate on choosing the most suitable materials for the
anode and proton exchange layers. The anode must be highly conductive, gas
permeable, and show good adhesion for microbes. The proton exchange layer must be
dense and have high proton conductive properties at ambient temperatures, and low
conductive properties for electrons and other ions. Not only do the materials have to
fulfil the abovementioned requirements, their thermal expansion coefficients must be
similar to prevent cracking or delamination during sintering, as well as being
economical. Potential candidates for the anode layer include stainless steel and
titanium, or inorganic composite materials, and potential materials for the proton

exchange membrane include oxide glasses and clayware-based materials.
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Figure 10.2 Schematic of a) the cross sectional structure of the hollow fibre
potentially suitable for microbial fuel cells and b) the processes happening across the

membrane layers to generate electricity

10.4.3 Potential applications

In this study, the potential applications were only briefly discussed and results from
preliminary studies of one prototype were given. The early results were promising and
reveal the vast amount of possible applications that can arise from tailoring the sub-
structures, mainly the micro-channels, for much-improved performance. The
applications discussed in this thesis include water treatment, membrane
emulsification, and membrane micro-reactor for consecutive reactions. Further
investigations are required regarding the applications such as membrane
emulsification and membrane micro-reactor for multiple reactions. In terms of
membrane emulsion, improvements in the pore size distribution of the micro-channels
are required, to produce uniform-sized dispersions. A more systematic study on
membrane emulsion is required. In terms of membrane micro-reactor, reactions such

as the water-shift reaction can be studied using the new membrane design. Palladium
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catalysts could be deposited into the micro-channels in the shell side, whereas nickel-

based catalysts are deposited in the micro-channels in the lumen side.
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