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Abstract

Extensive studies have been performed to improve key properties of filtration membranes
via controlling the fabrication process conditions as well as physical and/or chemical
modification of the polymers used in membrane fabrication. The Vortex Fluid Device (VFD) is
a newly invented platform which has found many applications in materials science and clean
technology. The unique features of the VFD originate from a combination of different effects
(e.g., micro-mixing, viscous drag, microfluidic flow, enhanced mass transfer) all resulting in
faster, greener, and more efficient and better controlled chemical reactions. The main aims
of this project are: (i) to investigate the utility of VFD processing in an environmentally-
friendly process for PSF synthesis, (ii) fine-tuning the process conditions and consequently
improving the properties of the polymer, and (iii) the application of the VFD in facilitating a
time effective process for PSF ultrafiltration membrane fabrication while investigating the
effect of changing the rotational speed of the VFD and Graphene Oxide (GO) incorporation

into PSF based membranes along with their filtration performances.

Initially, Polysulfone (PSF) was prepared under high shear in the VFD operating in the confined
mode, and its properties compared with that prepared using batch processing. Scanning
electron microscopy (SEM) established that the VFD synthesised PSFs are sheet-like, for short
reaction times, and fibrous for long reaction times, in contrast to spherical like products from
the conventional batch synthesis. The operating parameters of the VFD were systematically
varied for establishing their effect on the molecular weight (Mw), glass transition temperature
(Tg) and decomposition temperature, featuring gel permeation chromatography (GPC),
differential scanning calorimetry (DSC) and thermal gravimetric analysis (TGA) respectively.
The optimal VFD prepared PSF was obtained at 6000 rpm rotational speed, 45° tilt angle and
160 °C, for 1 h with the material having a My, ~10000 g mol™?, T, ~158 °C and decomposition
temperature ~530 °C, which is comparable to the conventionally prepared PSF. In the next
step, the synthesise process has been systematically varied to improve the main properties
of the PSF, including the M, which is now ~15500 g mol~*. Morphological study accompanied
by BET measurement were conducted to support the results and investigate the effect of the

VFD operational parameters on the properties of the new VFD synthesised PSF.



In another aspect of the research, PSF ultrafiltration (UF) membranes were fabricated using a
continuous micro-mixing process under high shear in the vortex fluidic device (VFD) followed
by phase inversion process of the cast solution. This involved investigating the effect of PSF
concentrations (10, 15, and 20%) in 1-methyl-2-pyrrolidone (NMP) as well as the rotational
speed of the VFD for a 0.5 mL/min continuously mixing process at 30 °C, on the properties of
the membranes. The properties of the VFD mediated membranes were compared with those
fabricated using conventional batch mixed polymer solutions (24 h magnet stirring at 60 °C,
3h sonication), with the membranes fully characterized through structural and morphological
studies, hydrophilicity, and filtration performance, as well as thermal and mechanical
stabilities. Use of the VFD showed a significant impact on essential mixing time by facilitating
a very shorter mixing process. SEM established that in the microfluidic mixing, the PSF
membranes have more finger-like cross-section, for 10% PSF concentration, and more
sponge-like structure for higher concentrations. Moreover, the higher rotational speed in the
VFD mediated membranes, the higher their porosity (84.3+2.4) % and permeability (106+4)

LMH/bar which were optimal at 7k rpm.

Furthermore, to improve the properties of the membrane, GO was incorporated into the
polymer solutions both using VFD and conventional mixing, resulting in GO/PSF composite
membranes with enhanced properties. It was also found that compared to pristine PSF
membranes, the incorporation of 1 wt.% of GO increased its permeability from (97%3) to
(123+4) LMH/bar, salt rejection from (18.5%1.3) to (34.3+1.7) % and bovine serum albumin
(BSA) rejection from (53.8+2) to (74.2+2) %, respectively.
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Chapter 1
Topical introduction

1.1. Rational for research

Population growth, globalisation, industrialisation, and urbanisation are major contributors
to water scarcity around the world. During last few decades, these factors have led to
significant increases in global water consumption (e.g., domestic, agricultural, industrial, and
municipal uses), wastewater generation as well as environmental pollution [1]. Under these
circumstances, the development of novel industrial water purification processes requiring
less energy is of vital importance. To date, different approaches including chemical, physical,
and biological techniques have been used to produce purified water from the secondary
resources including seawater and industrial wastewater. However, those conventional
methods have been facing some limitations such as large footprint, generating large amounts
of sludge, high capital and operation costs (CAPEX), and there is an urgent need for precise
controlling systems and skilful operators, etc. [2, 3]. Therefore, there is an ongoing research
on membrane separation processes to replace conventional separation methods due to their

inherently less energy usage requirement, high efficiency, and environmentally friendliness
[1].

Currently, pressure-driven membrane processes such as Micro-Filtration (MF), Ultra-Filtration
(UF), Nano-Filtration (NF), and Reverse Osmosis (RO) are considered as well established and
reliable membrane separation processes [4]. NF membranes with characteristics between RO
and UF membranes and the capability of separating the small pollutants with molecular
weight in the range of 100-1000 Da are being widely used in water softening, industrial
wastewater pre-treatment/treatment, salt recovery and desalination [1, 5-8]. This is mainly
due to their low operating pressures, and subsequently, low investment and maintenance
costs, suitable permeability and reasonable efficiency [9]. In order to fabricate the UF
membrane as well as the support layer in NF membranes suitable for different applications
with specific conditions, a variety of fabrication methods such as phase inversion [10-12],

interfacial polymerisation [5, 13] and electrospinning [1, 14, 15] have been introduced.



However, the water industry still faces significant challenges including high fabrication cost
and limited durability and stability (chemical, mechanical and thermal) of filtration
membranes [5, 6]. Hence, there is a pressing need for new knowledge and better
understanding of the filtration membranes and improving their properties to develop robust,

cost-effective, and environmentally friendly processes for water and wastewater treatment.

Advanced polymers and ceramics are the most common materials used for NF/UF/MF
membrane fabrication [10]. Taking into account that the key properties of polymeric
membranes strongly depend upon polymer characteristics (e.g.,
thermal/chemical/mechanical stability, Molecular Weight (Mw) and glass transition
temperature (Tg)), synthesizing advanced polymers with desirable properties is gaining
significant attention in recent years [10, 12, 16, 17]. However, most of the new processes
developed for synthesising polymers [18] or improving their properties are costly and hence,
economically unviable [19-28]. The Vortex Fluid Device (VFD) is a newly invented microfluidic
platform which has potential to address this major challenge. This is mainly due to the fact
that during the last few years, the VFD has found applications in different fields such as
exfoliating 2D materials [29, 30], controlling chemical reactivity and selectivity [31], amide
synthesis reactions [32], pharmaceutical applications [33, 34], fabricating composite
nanomaterials [35, 36], the growth of the nanoparticles on carbon nanotubes [35], controlling
Diels—Alder reactions [37], breaking down polyethylenamines [38], and controlling the pore
sizes of the mesoporous silica [39], along with an understanding of the topological fluid flow

in the VFD and associated processing principles and applications [40].

To date, extensive studies have been done in the application of polymeric materials for
fabrication of UF/NF membranes and also in improving their mechanical, chemical, and
thermal properties. However, using a novel approach to produce high quality filtration
membranes with engineered polymers via a cost-effective process is of great importance.
Considering the recent studies performed using the VFD [29-42], its application for
synthesizing PSF and also fabricating UF membranes would be new and novel materials

processing approaches.



1.2. Aims and objectives

This project aims basically to investigate the ability of better controlling the polymerisation
process and/or manipulate the process conditions to enhance the polymers’ characteristics
and improve the fabricated UF membranes’ efficiency and properties. To be more specific,

the specific key outcomes of this proposed research project are:

1. Exploring the utility of the VFD as a novel platform in synthesising PSF as a common
polymer in UF membrane fabrication, for the first time.

2. Optimising the polymerisation process conditions inside the VFD to manipulate and
control the polymer synthesis process in a simple, fast, and scalable approach to
improve the properties of the VFD synthesised PSF.

3. Modifying the UF membranes with desired/engineered properties in a more cost-
effective and environmentally friendly process while surface modification via
incorporating Graphene Oxide (GO) as an additive into the polymer matrix using novel
VFD processing.

4. Comparing the UF membranes fabricated using VFD mediated PSF processing and/or
GO/PSF membranes, with those fabricated from conventional mixed polymers to
develop a new mixing procedure using the high shear generated in the VFD and

associated intense micro-mixing and viscous drag.

1.3. Project overview

This research project mainly involves (i) synthesising a common polymer used for fabricating
UF membranes using the VFD, and comprehensive characterisation of the material while fine-
tuning its properties, (ii) improving the properties of the VFD synthesises PSF under high shear
and anhydrous condition with respect to the morphological differences and (iii) fabricating
pristine PSF and GO/PSF composite UF membranes, characterising, and testing their
properties and rejection performances. The main focus is on using the VFD in polymer
synthesis and/or modifying its properties and also fabricating UF membranes. The expected

advantages of this novel approach are in being able to scale up the process under continuous



flow, and the overall faster, easier to use, and cost-effective processing. The whole project

can be divided into the following three steps:

e Polymer synthesise using VFD and conventional methods supported by

comprehensive characterisations

The first step involves synthesising a key polymer, PSF, which is commonly used in fabricating
UF/NF membranes. PSF will be prepared using a conventional polymerisation process and by
employing VFD as a novel approach for polymerisation. The VFD is a recently invented thin
film processing platform which works under semi-microfluidic conditions. The main aim of
this step is to investigate the capability of the VFD in polymerisation of PSF and optimising the
conditions to make it more efficient and reliable compared with polymers obtained using

conventional methods.

In order to compare the key properties of the synthesised polymers obtained from VFD and
conventional methods, a comprehensive characterisation will be used. For instance, Mw and
Tg significantly impact on the mechanical and thermal properties of the polymers, and their
measurement is a very important step to evaluate properties of the as synthesized material
[43]. Hence, Mw of the polymers will be measured by Gel Permeation Chromatography (GPC)
which is a fast and reliable technique [43]. The glass transition temperature (Tg) and thermal
stability will be evaluated using Differential Scanning Calorimetry (DSC) and Thermal
Gravimetric Analysis (TGA), respectively. Fourier Transform Infrared (FTIR) and Nuclear
Magnetic Resonance (NMR) spectroscopy will also be used for structural characterisation of

the synthesised polymers [44].

e Manipulating the VFD synthesise process of the PSF for enhancing the products’

properties

In the further steps, VFD processing will be further investigated to improve the properties of
the PSF in a simpler and faster procedure. The optimal VFD operating conditions for the
enhancement process such as temperature, rotational speed, tilt angle, and processing time
will be identified with respect to the main characteristics of the polymers such as Mw and Tg.

A comprehensive investigation on the new VFD mediated material was undertaken using



scanning electron microscopy (SEM) and Brunauer—Emmett—Teller (BET) techniques, to

establish the morphological differences and surface area of the polymers.

e UF membrane fabrication from continuous micromixing VFD mediated PSF and

GO/PSF solutions

As detailed in Figure 1. 1, thin-film composite nano-filtration (TFC-NF) membrane consists of
different layers [5] in which the support layer which is normally a MF or UF membrane can
be fabricated by employing phase inversion or electrospinning techniques. Herein, the main
focus is on fabricating this support layer using a phase inversion process on the PSF and
GO/PSF solutions, mediated using VFD processing and compared with conventional mixing,
for testing the UF membranes in salt (NaCl) and bovine serum albumin (BSA) filtration from

aqueous solutions.

In this final step, the application of the VFD will be systematically investigated with respect to
the effects of polymer concentrations and rotational speed impacting on the properties of
the membranes, notably morphology, porosity, permeability, salt/BSA rejection
performance, as well as thermal and mechanical properties. Graphene Oxide (GO) was an
additive of choice given its unique properties, for enhancing the performance of the
membranes, using both VFD mixing and conventional mixing for direct comparison in

identifying the optimal processing.

Figure 1. 1. Components of a typical interfacially polymerized NF membrane [5].



The same phase inversion procedure will be followed for polymeric/composite membranes
fabricated using VFD or conventional mixing processes. This facilitates a comparison of the

obtained membranes in terms of separation performance and properties.

To have an effective separation using UF membrane, reliable data about the chemical
structure and properties are required for evaluating its characteristics and performance, and
this is taken up as the main aim of the final step of this project. Scanning Electron Microscopy
(SEM) is performed to study the morphology and cross-sectional structure of the fabricated
UF membranes. Investigating the surface characteristics which influence the contact angle
should be identified using acceptable technique such as the “sessile drop” method. Additional
information about the chemical structure of the surface layers of the UF membranes of PSF
and GO incorporation into GO/PSF composite membranes can be obtained using FTIR and
Raman spectroscopy. Investigating the appropriate mechanical and thermal stability is also
possible using “TGA” and Dynamic Mechanical Analyzer (DMA) [45, 46]. Finally, the separation
efficiency of the UF membranes and their performance will be investigated in a dead-end
filtration system involving measuring the permeability and pollutant (protein and salt)

rejection efficiency [47].
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1.4. Literature review

1.4.1. General introduction

Water as the vitally important component of the human life, has been recently d to face
scarcity due to human activities and is expected to be more influenced by climate change in
the future. Rapid industrial development has exacerbated the problem of water pollution by
the discharge of wastewaters to the environment without suitable treatments [48, 49]. This
together with the increasing demand for water in different aspects of human life highlight an
urgent need for the development of wastewater treatment processes and the production of
more usable water from secondary resources. Apart from the conventional methods such as
chemical precipitation, coagulation - flocculation, ion-exchange, adsorption, evaporation,
etc., employing novel green technologies in wastewater treatment has recently attracted

considerable interests [49].

To date, there has been extensive research focused primarily on wastewater treatment using
eco-friendly nanoparticles [50, 51] and also membrane-based processes and technologies [52,
53]. The application of NF membranes has recently become widely spread due to their
advantages such as low operating pressures and subsequently, low investment and
maintenance costs, suitable permeate flux and reasonable efficiency [9]. In order to obtain
NF membranes suitable for different applications with specific conditions, a variety of
methods including phase inversion, interfacial polymerisation, and electrospinning have been
introduced [5, 10-15]. However, there is a lack of knowledge and expertise to develop
alternative techniques which are more cost effective, environmentally friendly, efficient, and
easier to use. It is worth mentioning that polymers, as the common precursors of the UF/NF
membranes, are important. Hence, to achieve a cost- and time-efficient processing, the
selection of the polymerisation method is crucial. The VFD with different advantages of
scalability, being easy to use, fast, and cost effective, is gaining attention in a number of
different research fields. Although no studies have been reported on using the VFD as an
approach in polymerisation, and in UF membrane fabrication, the novel microfluidic platform

has been successfully used for a number of applications [29-35, 37-42, 54]. These results are



indicative of possible application of the VFD in polymerisation, as the main objective of this

research, and also in UF membrane fabrication.

1.4.2. Water and wastewater treatment

Water supply systems have long followed the main aim of providing drinking water free of
disease, organisms, and contaminants. Moreover, wastewater treatment has accomplished
the purpose of protecting the health of the present community. This has been achieved by
preventing contaminants from entering to the water supply, providing suitable water for
different purposes, and preparing the water with appropriate quality for different usages by
recycling the wastewaters [55]. Generally water and wastewater treatment can be classified

into different groups involving physical, chemical, and biological techniques [56, 57].

1.4.3. Physical approaches

Physical separation techniques in wastewater treatment are mostly referred to as solid-liquid
separation, which are mainly related to differences between the physical properties of
different components such as specific gravity, surface charge, and particle size, as well as
physical barriers [56]. Generally, physical separation techniques do not change the chemical
structure and properties of the principle substances. Some examples of this class of
separation methods are sedimentation, flotation, and adsorption, while screens, filters, and
membranes are examples of barriers [58]. Among different methods in this type of treatment,
filtration plays a prominent role [56]. Filtration systems are classified in different types of
depth filtration and screen filtration. The main concept of depth filtration is adsorption while
the principle mechanism in screen filtration is sieving. In depth filters, the average pore sizes
are mainly 10 times bigger than those of the smallest particles that are going to be separated
from the liquid depending on their adsorption properties. In this mechanism, there is a
saturation point whereby further adsorption will not occur unless regeneration causes
desorption of the adsorbed particles, or the filters are substituted. Some examples of depth
filtration are granular activated carbon column filters, sand filters, and dual media filters.
Membrane filtration systems are a prominent type of screen filters which is defined as a non-
conventional method in physical techniques [59]. The principles and also the applicable range

of employing this technique are further discussed in the later sections.
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1.4.4. Chemical approaches

Chemical techniques include a group of treatments involving chemical reactions with the
target pollutants ass part of the separation process. This can be achieved sometimes by
removing the contaminants from the water or by helping the destruction and neutralisation
of harmful effects of the contaminants. Based on the application, different chemicals can be
used in this method, such as chlorine, iodine, silver, and potassium permanganate. In
addition, other processes rely on coagulation or flocculation as part of the separation. These
techniques can be employed in a complementary process combined with physical methods
or as an standalone process [56]. In other words, this group of technologies take advantage
of some properties such as: (1) the chemical characteristics of the pollutants and their
tendency to react with treatment chemicals; and (2) the chemical properties of the products
of reaction between pollutants and treatment chemicals, such as their solubilities, volatilities,
or some other characteristics. In general, six processes are reported where the dominant role
in removing contaminants from wastewater, notably 1) an insoluble solid, 2) an insoluble gas,
3) coagulation of a colloidal suspension by reduction of surface charge, 4) biologically
degradable substance from a non-biodegradable substance, 5) reactions which destroy or
otherwise deactivate a chelating agent, and 6) oxidation or reduction to produce a non-
objectionable substance or substances which can be easily removed using other simple

methods [58].

1.4.5. Biological approaches

Wastewater treatment using biological techniques involves the application of
microorganisms such as bacteria, fungi, algae, some worms and protozoa [57]. Organic
substances present in the wastewaters are the nutrients used by microorganisms in biological
treatment systems. These organic complexes are gently broken down and reassembled again
in a new protoplasm. Generally, there are aerobic and anaerobic systems in these biological
processes, in which the electron acceptor with main part of the reaction is oxygen and
substances other than oxygen, respectively. For instance in an aerobic biological treatment

system, the reaction shown in (Eg. 1) decreases the quantity of organic contaminants and



increases the quantity of microorganisms, carbon dioxide, water, and other by- products of

microbial metabolism [58]:

Organic matter + Microorganisms + Oxygen + Nutrients — (Eg. 1)
More Microorganisms + CO, + H,0 + Oxidized Organic Matter

Due to the urgent need of developing new methods in wastewater treatment, many
approaches have been tested. Ardern and Locktee from United Kingdom, as pioneers in
biological treatment, introduced “Activated Sludge” in 1914. Conventional Activated Sludge
(CAS) processes are mostly based on the application of biological organisms for effective
water purification [59]. The main concept of CAS processes is biomass separation from the

influent using gravity with microbial sedimentation [60].

Despite all benefits of CAS systems, the increasing demand for a safer environment to protect
aquatic life and stricter water quality standards has limited its application [59]. On the other
hand, membrane-based separation process, as a newer approach in wastewater treatment,
have covered some of the defects of the CAS process such as poor water quality, large
footprints, and high biological waste. For example, membrane bioreactors (MBR) which are a
combination of membrane filtration and a bioreactor have been used in CAS processing. This
was first introduced in 1969. The main differences between MBR and CAS layout is
replacement of the sedimentation tanks in the CAS systems the membrane filtration [61]. This
type of MBR system, also called a side steam system (Figure 1. 2-a), has higher effluent quality
and lower waste sludge production. Because of the high energy costs associated with MBR
processes, another approach has been developed, now placing the membrane from outside
the bioreactors to inside them. In comparison with the side-stream MBRs, the new MBR
systems, having submersed or immersed configurations, show better effluent quality with
lower operation costs associated with operating at lower pressures and flow rates, and longer

processing times, Figure 1. 2-b [59].
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Figure 1. 2. Two types of MBR technology: (a) Side-stream and (b) submersed configuration [59].

With the development of MBR processes and immersed membranes, the production of
compact, robust, and cost-effective systems have been investigated to optimize the

efficiency, applicability and footprint of this type of membrane-based process [59, 60].

1.4.6. Limitations of the wastewater treatment techniques

Despite a long history of use of conventional wastewater treatment methods, they have some
drawbacks which highlights the need for implementing new techniques. For instance, of the
limitations of the chemical approaches include; (i) the process depends upon any changes in
influent quality, (ii) the process should be customized for every case in terms of the type and
the amount of the chemicals needed, (iii) precise controlling and skilful operators are
essential, (iv) a large amount of the waste is produced, (v) the footprint is generally large, and

(vi) significant corrosion problems leading to high maintenance costs [2].

Biological methods have also some disadvantageous such as (i) high electrical energy
consumption to provide the aeration for aerobic microorganism, (ii) large footprint, (iii)
production of large amounts of bio-solids or sludge which need appropriate disposal, (iv)

inefficiencies in removal of some chemical, such as pharmaceuticals, detergents, cosmetic
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and industrial compounds, and (v) long processing time when using anaerobic

microorganisms [3].

Conventional physical approaches also cannot be individually used in a large number of the
wastewater treatment systems, because of the limitations in removal of a wide range of
contaminants which are small in size. New membrane-based filtration methods have been
introduced in recent decades to address some of the disadvantages of the conventional
techniques. For instance, membrane separation is widely used in a range of industries. The
guality of permeate obtained in membrane processing is generally more uniform compared
with that of the other conventional physical methods. Moreover, in comparison with some
other approaches such as thermal techniques, energy costs are considerably lower. Also
noteworthy, is that membrane processing does not need highly skilled operators, with the

systems more practical in an automated mode [2] which is explained in the next sections.

1.4.7. Membrane separation

Membrane separation has a group of techniques in which particles and molecules are able to
be separated from the liquid using some permeable or semi-permeable barriers [59]. In
general, the core of the membrane allows certain components to pass while retaining some
others. The membrane features a thin separating layer supported by one or more thicker
layers with larger pores. The supporting layers do not contribute to the resistance against the
mass transfer and it’s only the thin separating layer that is active for the permeability [5, 6].
When the feed stream encounters the membrane, it will be separated into two streams with
different components concentration, including a permeate with a low concentration of the
contaminants and a retentate (or concentrate) with a high amount of contaminants (or
solutes) [6, 7]. This approach can be widely used in the food and dairy industries, chemical,
biological, and pharmaceutical applications [6]. Particle separation by membranes can be
divided into two groups, involving (a) transporting the suspended particles to the surface of
membranes (Figure 1. 3), and (b) transporting water molecules through the membrane pores

[59].
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Figure 1. 3. Transport mechanism of suspended particles to the surface of membranes [59].

As shown in Figure 1. 3, there are different types of particle transport and particle-membrane

interaction mechanisms such as:

Hydrodynamic convection: hydrodynamic pressure difference between the inflow and

permeate flow (or concentrate flow).

Sedimentation and floatation: relative density of the particles mostly is the dominant

mechanisms.

Particle-Wall Interaction: when the distance between particles and membrane is so close

that other electrokinetic double-layer interactions or van der Waals forces become dominant.

Sieving: size-based separation.

Particle diffusion: Brownian diffusion for the submicron particles (<1 um) in liquid filtration

[59].

Membrane separation involves different driving forces. When a driving force is applied across
the membrane, a portion of the feed will pass through the membrane while transporting one
component more readily than the others. Differences in physical or chemical properties of
the membrane, such as pore size and surface charge, can be key factors in transporting

13



components selectively through the membrane. The main type of driving forces include;
pressure gradients, concentration gradients, electrical voltage gradients, and temperature

gradients [7].
1.4.7.1. Pressure driven membrane processes in water purification

Pressure driven membrane processes, as the type of membrane featured in this project,
typically apply a pressure on the feed side of the membrane as a driving force for the

separation (Figure 1. 4).

Figure 1. 4. Schematic diagram of the basic membrane separation process [7].

Pressure driven membrane processes can be classified according to different factors such as
membrane pore size, size and charge of the retained particles and molecules, and exerted
pressure. Based on the different applications and needs, pressure driven membrane
processes involves microfiltration (MF), ultrafiltration (UF), nanofiltration (NF), and reverse

osmosis (RO) membranes which can be classified as reported in Table 1. 1 [6, 7].

Figure 1. 5 compares the separation capability of the abovementioned pressure driven

membranes with using conventional filters based on their pore sizes.
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Table 1. 1. Overview of pressure-driven membrane processes and their characteristics [6, 62].

Figure 1. 5. Membranes separation capabilities based on their average pore diameter [7].
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1.4.7.2. Microfiltration (MF) membrane

MF membranes have a pore size of approximately 0.1 to 10 um, for separating particles with
a molecular weight (Mw) >1000,000 Daltons using a relatively low feed operating pressure of
approximately 0.1 to 2 bar. A sieving mechanism will be used to remove the components
larger than the membrane pore size. MF can mainly be considered as a pre-treatment step
before further treatment approaches to remove the contaminants such as suspended solids,

colloids, and large bacteria [6].

Ceramic membranes, which are a special class of micro-porous membranes, are widely used
in microfiltration applications mainly due to their solvent resistance and thermal stability,
having a superior chemical, thermal, and mechanical stability, and better control over pore
size [7]. However, polymeric membranes are more common in MF membranes because of
their good selectivity, permeability, and mechanical stability, and also in being more cost-
effective [6]. The most common polymers used are polysulfone/poly(ether sulfone) (PSF/PES)
[6], poly-acrylonitrile (PAN) [63, 64], polytetrafluoroethylene (PTFE) [65], poly(vinylidene
fluoride) (PVDF) [66-68], polypropylene (PP) [69, 70], and polyethylene (PE). It is noteworthy
that the membranes pore size is an important factor in MF membranes, which is expressed

by the manufacturer with reference to the size of the retained particles [6].
1.4.7.3. Ultrafiltration (UF) membrane

UF membranes are similar to MF membranes but they have a smaller pore size (2-100 nm).
Molecular weight cut-off (MWCO) as an informative parameter is always used to express the
capabilities of UF membranes. Removing the large dissolved molecules including natural
organic material (NOM) is a common application of processing using UF membranes. In
addition, they can be used in mining operations for the separation and recovery of floatation
agents, surfactants and organometallic complexes or as a pre-treatment for other membrane

processes such as using RO or NF [6, 7].

Materials which are typically used in UF membranes are often similar to those used in MF
membranes, although a different fabrication method is used [20]. To improve the
performance of UF membranes, several methods such as polymer blending [22, 23] and

surface modifications (e.g. incorporating highly hydrophilic nanoparticles) [19-21] can be
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used. Surface modification has long been a prominent step to improve the properties of

membranes depending on the specific applications [5, 71].
1.4.7.4. Reverse osmosis (RO) membranes

RO is used to separate ionic solutes, metals, and macromolecules from aqueous streams such
as industrial wastewater, seawater, brackish water, etc. [7]. In comparison with other types
of membrane processes, RO membranes have a slower permeation while the separation
mechanism is based on solution-diffusion rather than sieving. Due to lower permeability, a
higher pressure is required to be applied in order to achieve the targeted permeability, and
this is very energy intensive [6]. The dense structure of RO membranes allows only water to
pass through, rejecting all the other dissolved and suspended organic and inorganic materials,
as shown in Table 1. 1 [5-7]. Although RO membranes have the ability to purify water, a high
amount of energy is required to reverse the osmotic flow which is an extra cost penalty for

some applications [6, 7].
1.4.7.5. Nanofiltration (NF) membranes

NF membranes generally operate at lower pressures, having higher fluxes but lower permeate
quality compared with RO membranes. However, selectivity and lower energy consumption
are the main advantages of using NF membranes instead of RO systems [72]. NF membranes
are mainly effective in removing low molecular weight contaminants (e.g. MWCO of about
300 Daltons), small organic micro-pollutants, colourants, and degradation products from the
biological treated wastewater [5-7]. The separation mechanism in NF membranes is not only
involving sieving and steric hindrance, but also by the Donnan and dielectric effects. Hence,
regardless of the size of the components, ions smaller than the pore size of NF membranes
can be removed by the surface charge on the membranes [6]. Among other types of
membranes, processing using NF membrane is more applicable for treatment of industrial
wastewaters. The most important factors in such wastewaters are hardness, salt
concentration, presence of colourants which can be overcome using NF membranes in

reaching water standards [6, 73].

Different kinds of NF membranes have been investigated to improve their thermal, chemical,

and mechanical stabilities, permeability, and separation performances. One of the most
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important factors which can affect the stability of the membranes and separation efficiency

is the type of the materials used in fabricating the NF membrane [6].

As the focus of this project, different types of UF membrane materials are introduced in the

next section.

1.4.8. Membrane materials types

NF membranes are generally classified into two major groups: organic and inorganic
membranes. Polymeric membranes constitute the most important group and have been
commercially available for many years, due to their advantages of being easy to use,
environmentally friendly, good separation performance, suitable controllable pore sizes, and
low material costs [6, 25]. The most popular materials used in fabricating polymeric
membranes for wastewater treatment are those which have suitable acidic, basic, thermal
and mechanical durability for about 5 years operation [59]. Some of the common polymers
used in fabrication of NF/UF membranes for commercial and research applications are;
PSF/PES, PVDF, PE, aliphatic polyamide (PA), and cellulose acetate (CA) [5, 6]. An overall

comparison between some of the membrane characteristics is outlined in Table 1. 2.

Ceramic materials in NF/UF membranes are mostly comprised of alumina (Al>0O3) [26], titania
(TiOy) [26], silica (SiO3) [27, 28], and zirconia (ZrO3) [25]. Despite high thermal, chemical and
mechanical stability, the application of ceramic membranes is limited due to their relatively

larger pore size and complex and expensive fabrication processes [25] [6, 25].

In contrast, polymeric membranes are relatively easy to prepare and can be produced
cheaper than the ceramic membranes. However, their applications are restricted to operating
at moderate temperatures and non-corrosive feed streams. Several studies have been
reported for optimizing the water flux, rejection performance, and selectivity and stability of

limitations to the feeds that can be purified by polymeric membranes [25].
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Table 1. 2. Pros and cons of polymeric membranes [59].

1.4.9. Membrane fabrication

Thin-film composite nanofiltration membranes (TFC-NF) are a type of NF membrane which is
schematically shown in Figure 1. 6. TFC-NF membranes are typically made out of a thin PA
layer deposited on top of a PSF or PES porous layer on top of a non-woven fabric support

sheet.

Figure 1. 6. Structure of a TFC-NF membrane [76].
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The main advantage of TFC membranes over skinned asymmetric membranes is preparing
each layer to independently provide a membrane with engineered properties and
performance. The three-layered configuration gives the desired properties of high rejection

of undesired components, high filtration rates, and good mechanical stability.

Based on the applications, web layer (the lowest layer in Figure 1. 6) should be included within
the structure of the membrane. The main purpose of this layer is to improve the tensile
strength of the membranes for protection from deformation under aggressive operating
conditions. This layer, which is mostly from non-woven fabrics, is more likely to be used in RO
membranes due to the high pressure in RO processes, and it features in the present project.
Depending on the application, an upper coating layer may also be fabricated on the ultra-thin
layer in order to enhance the rejection (or selectivity of the membrane) and protect the
membrane during the operation [5]. The polyamide top layer is responsible for the high
rejection and is chosen primarily for its permeability to water and relative impermeability to
various dissolved impurities including salt ions and other small, and unfilterable molecules
[5]. The ultra-thin top-layer can be obtained using different methods including solution
casting (like spin coating, dip coating or spray coating) or polymerisation (interfacial
polymerisation (IP), in situ polymerisation, plasma polymerisation, and grafting). Support
layers can be obtained using other techniques such as phase inversion and electrospinning
[10]. The following sections will introduce the procedures for fabricating the support layer of
TFC-NF membranes to be used independently as an UF membrane for filtration which is the

focus of the ultimate objective of the present research.
1.4.9.1. Phase inversion

The main purpose of the phase inversion method is to transform the polymer solution from a
liquid to a solid state using a liquid-liquid demixing process [10]. The phase inversion method
has three key components; polymer, a solvent for dissolving the polymer, and of solvent ij
which the polymer is only sparingly soluble, with the membranes fabricated by controlling the
interaction between the polymer and solvent(s) [59, 77]. Solubility difference of the polymers
in solvents is the key factor used in phase inversion. Generally, polymer precipitation occurs
because of different solubilities. When a solution of a polymer dissolved in a “good solvent”

solution encounters a “poor solvent,” precipitation occurs due to the solvents exchange, and
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results in the formation of the membrane structure which comes from a combination of mass
transfer and phase separation. Finally the polymer-lean phase forms the membrane pores
and the polymer-rich phase will lead to the solid membrane matrices [10, 59, 78]. This
method is typically used for fabricating UF membranes and the support layer in thin-film
composite nanofiltration (TFC-NF) membranes, which is schematically shown in Figure 1. 7

[10].

Figure 1. 7. Schematic diagram of the immersion phase inversion process [78].

Extensive studies have been carried out to evaluate the influential parameters in preparing
membranes using phase inversion. For instance, in a research by Agnieszka et al. [10], some
of the parameters which considerably affect the morphology and performance of the
membrane fabricated by phase inversion are introduced as; polymer type and concentration,
evaporation time and temperature, demixing speed, the use of additives, choice of solvent,

humidity, membrane thickness, composition and temperature of the coagulation bath.
1.4.9.2. Electrospinning

Electrospinning, as a polymeric nanofabrication technique, has recently been an increasingly
popular approach to fabricate fibres with a variety of diameters from nanometres to
micrometres. This technique is basically a polymer solution spinning process which is driven
by electrical force. This process involves the application of a high electric field between the
polymer solution and the collector which is a plate [79] or a rotating drum [14]. When the
electrostatic potential becomes sufficiently high and overcomes the surface tension of the
polymer solution, a charged liquid jet is formed and collected on the rotating collector (Figure

1.8)[14, 79].

21



Due to their special interaction between the barrier and support layer, electrospun scaffolds
can replace conventional support systems in TFC-NF membranes. Using the electrospinning
process, transport properties of TFC membranes can be enhanced by controlling the structure
of the support layer without compromising its mechanical integrity and suitability as a
substrate for interfacial polymerisation. Hence, improving the flux of the membranes by
increasing the interconnected pores allows diffusion of the molecules through a shorter path
in electrospun support layers. In TFC-NF membranes, greater openness of the support layer
which is produced using electrospinning can also be an advantage [14]. There are different
factors which can affect this technique such as polymer type and concentration, applied

voltage, distance between spinneret and collector, and temperature.

Figure 1. 8. Schematic of electrospinning setup [14].

Among the numerous studies in electrospinning, McCune et al. [80] improved the power
conversion efficiency of solar cells using zinc oxide tree-like nanowire structures with
enhanced surface area produced by electrospinning. In other research for application in mass
transfer, Bai et al. [81] also used the ability of increasing specific surface area of the tree-like
structure of the nanomaterial. Despite the high performance of the fabricated tree-like

structure, a complicated multi-step method is usually required.
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Li et al. [15] used one step electrospinning to fabricate a new polyvinylidene fluoride (PVDF)
tree-like nanofiber by adding a salt to the PVDF solution. Thick trunk fibres in the tree-like
nanofibers, as the skeleton support, and the thin branch fibres as connection props, lead to
mechanical improvement and pore size decrease, respectively. Salt with the longest carbon
chain had the most effect on the conductivity and tree-like formation of PVDF nanofibers,
while the inorganic salt did prove to have the less effect. The increase in the salt concentration
led to increasing the charge density and in consequence splitting the jets, which resulted in

thinner branches and a decrease in the pore size [15].

Wang et al. [1] have research on producing polyacrylonitrite (PAN) nanofibers coated with
graphene oxide (GO) as a barrier layer. The GO layer was synthesised separately, and then
coated on the surface of the PAN electrospun fibres. The final nanofibrous GO@PAN
membrane was shown to have high water flux for a low external pressure (1 bar), and also
high salt rejection performance. Water flux is assumed to increase due to the high porous
electrospun nanofibrous support layer, or because of the relatively long hydrophobic
nanochannels between the GO nanosheets. It has been shown that in such a GO@PAN
nanofibrous material, there are some hydrophilic gates related to the space between the
edges of the nanosheets of the defects of the GO sheets. In addition, the 2D nanochannels
between the GO sheets are hydrophobic which can increase the relatively speed of the water

molecules and thus the water flux in a GO@PAN nanofibrous (Figure 1. 9) [1].

Figure 1. 9. Conceptual illustration of hydrophilic “gate” and hydrophobic nanochannel [1].
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Gue et al. [82] have synthesised a polyhydroxybutyrate calcium alginate carbon nanotube
(PHB-CaAlg/CMWCNT) as a nanofibrous membrane using the electrospinning method. The as
prepared PHB-CaAlg/CMWCNT has improved tensile mechanical strength, good hydrophilic

property (19.4° water contact angle) and high dye adsorption capacity [82].

Research reports abound in using electrospinning and phase inversion techniques for
different application, especially in fabricating support layer in TFC-NF membranes. A common
note in all of these studies is using different approaches or different chemicals for improving

the separation prowess of the membranes.

1.4.10 Improving the properties of membranes

Extensive research has been reported on improving the properties of membranes [10, 12, 16,
17, 82-87]. For example, in improving the membrane properties via phase inversion, Holda et
al. [10] established that high polymer concentrations results in higher viscosity and longer
time for precipitation resulting in membranes with less macrovoids. Demixing speed is also
reported by Holda et al. [10] and Guillen et al. [12] to provide a porous layer with macrovoids
(finger-like) and dense layers without macrovoids in instantaneous and delayed demixing,

respectively.

Among different approaches to improve the specific properties of membrane, polymer
modification by blending different composites and components have been widely studied by
different researchers. For instance, metal oxide nanoparticles are introduced as the
prominent effective components in improving the properties of the membranes [10].
Safarpour et al. [75] recently reported the fouling resistance and separation performance of
PES membranes by incorporating some composites. In this research, the membrane resulting
in rGO/TiO/PES membranes with approximately twice the water flux (45.0 kg/m?-h)
compared with the bare PES membrane (23.1 kg/m?-h). Fouling resistance also improved

considerably with the incorporation of rGO/TiO, composites.

Many studies have also been reported on exploring the effect of the Mw of the polymer on
the performance of the membranes [16, 17, 83]. Holda et al. [16] established that increasing
the Mw using polymer purification increased the membrane permeability and salt rejection.

However, in another study, Zhou et al. [17] reported a different result where membrane
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permeability increased with increasing the Mw of the polymer (PES) while salt rejection
decreased. Bil'dyukevich et al. [83] also established that a decrease in membrane

permeability resulted in an optimised rejection while increasing the Mw of the polymer.

Polymer blending as a solution for changing the MW of the polymers has always been taken
into account. To reach this aim, low Mw additives have been the priority of research, because
the high Mws result in an increase in rejection but with a decrease in flux [10]. Nevertheless,
some modification processes [16, 17, 83] can improve the Mw of the polymers and
consequently improve the performance of the membranes. Therefore, developing a
polymerisation process to remove some of these impurities at the early stages of polymer
synthesis is important, and it can make significant contributions in polymer synthesis and the

membrane fabrication industry.

Anti-fouling is also one of the prominent issues of membranes. It has been shown that the
electrospun fibre with the poor hydrophilicity is more susceptible to irreversible fouling [82].
On the other hand, the hydrogel top layer has been reported to have a positive impact on
increasing the hydrophilicity and consequently improving the anti-fouling property of the
membrane [82]. In one study, the irreversible fouling ratio (Ri) which was a large component
of total fouling ratio (Rt) in PES, was considerably reduced and reversible fouling ratio (Rr)
increased in modified PES NF membranes. The improved antifouling performance of
rGO/TiO2/PES membranes was attributed to more hydrophilicity, more negative zeta
potential and lower roughness of the NF membrane surface [75]. Zhu et al. [86] have also
modified PES-NF membranes by grafting poly(sulfobetaine methacrylate) (PSBMA) onto the
graphene oxide (GO) surface. After the membrane modification, the water flux was enhanced,
increasing from 6.44 to 11.98 (L m2 h'! bar ). The antifouling performance was improved

considerably on changing the Rir from 43.5% to 5.6%.

In another study on hydrophilic hydrogels, Wang et al. [84] prepared ultrafiltration
membranes using PAN as the substrate and poly(vinyl alcohol) (PVA) as the top layer. They
established that the PAN/PVA nanofibrous material had a very high permeate flux and
rejection rate for oil-water separation. The limitations of this research were firstly the
potential environmental impact on using glutaraldehyde water/acetone solution for cross-

linking purposes, and secondly the low rejection performance for small organic molecules
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[85]. Overall, it appears that adding different flexible polymers such as PVA, polyoxyethylene
(PEO) and chitosan [22, 23, 74] can improve the performance of the fabricated membranes

[82].

Although superhydrophobic surfaces have excellent water repellence, their wetting
resistance in the environments containing organic contaminants may result in severe fouling
or poor sealing performance by swelling. In this context, Lee et al. [87] have developed a
positively charged poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) nanofiber
grafted with negatively charged Si NPs to obtain an omniphobic membrane for desalinating
highly saline feed solutions. Using omniphobic surfaces could be a practical approach,
because omniphobic surfaces result in repelling both water and organic liquids while

minimising fouling of the membranes [87] .

Despite positive outcome on surface modification on membrane performance and special
properties, the preparation of these modified membranes is usually [19-23, 25-28, 74] a time,
cost, and energy consuming process. For instance, in research by Safarpour et al. [75], the
whole process of rGO/TiO2/PES NF membrane preparation is reported to take more than 24
h. In order to make a homogenous modified solution and remove any bubbles in the polymer
solution, experiments longer processing times at specific temperatures are featured. Hence,
to eliminate a large amount of the related time, cost, and energy usage, a process which has
the ability of reducing the time for preparing the base polymer solutions for membrane
fabrication with or without specific modification can be of the most importance in membrane

separation.

1.4.11. Interfacial polymerisation

Although this is not the focus of the present work, it is worth noting that interfacial
polymerisation (IP) is the most common commercial technique to prepare the main barrier
layer for TFC membrane in NF and RO systems [5, 6]. In this technique the TFC-NF membrane
is prepared by a polycondensation reaction between two monomers on the surface of the
support layer. The IP process is carried out by firstly contacting the aqueous phase (containing
piperazine (PIP) or m-phenylenediamine (MPD)) with the porous support, followed by

removing the extra aqueous solution from the porous support and pouring the organic phase
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(containing trimesoyl chloride (TMC)) onto a surface, as schematically shown in Figure 1. 10 .
Due to the immiscible nature of the aqueous and organic phases, the polycondensation
reaction between these monomers only happens at the interface, making an ultrathin
selective PA layer in the boundary layer. m-Phenylenediamine (MPD) is mostly used as the
aqueous phase for fabricating RO, forward osmosis (FO) and NF membranes, while piperazine
(PIP) is usually used for NF membrane fabrication [5, 13, 88, 89]. The IP process has the
advantage of synthesising a very thin barrier layer on the substrate. This process is also

reliable due to the self-limiting reaction. It means that the process will be continued till there

is no unreacted monomer at the interface of the two immiscible solutions [5].

Figure 1. 10. Schematic illustration of fabrication process of TFC membrane using the IP process involving N-

aminoethyl piperazine propane sulfonate (AEPPS) to improve hydrophilicity [88].

Tang et al. [90] have done a comprehensive study on 17 widely used commercial RO and NF
composite polyamide membranes and found that semi-aromatic TFC-NF membranes formed
by the interaction between PIP and TMC are more hydrophilic than the fully aromatic TFC-RO
membranes obtained using aromatic MPD and TMC monomers [90]. Monomers used in TFC
also affect the surface morphology. Using PIP results in generating membranes with root
mean square roughness of less than 10 nm which are smoother than MPD-based membranes

with that of greater than 50 nm [13].

Many studies have been conducted to modify the surface properties of the active layer of the
TFC membranes. For instance, using N-aminoethyl piperazine propane sulfonate (AEPPS) to
improve hydrophilicity [88], and using 2,2'-benzidinedisulfonic acid (BDSA) in agueous phase
[89]. Tang et al. [90] established that negative charge on membranes results from the
presence of carboxyl groups obtained by the hydrolysis of non-reacted acyl chloride groups.
This finding is also consistent with the results of using BDSA [89], where the optimized TFC

membrane showed rejection capability of different inorganic electrolyte in the order of:
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NazS04 > NaCl > MgCl, > CuSO4 > MgS04. It means that adsorbed cations coat the surface of
the membranes resulting in a decrease in the surface potential and a much weaken Donnan
effect (separation mechanism in NF membrane is not only by sieving and steric hindrance, but
also the Donnan and dielectric effects play a key role). The schematic model of separation

process via the TFC-NF membrane using BDSA is proposed in Figure 1. 11 [89].

Figure 1. 11. Schematic model of separation in TFC membrane fabricated via BDSA and TMC [89].

Yin et al. [91] also developed a thin-film nanocomposite (TFN) membrane by incorporating
graphene oxide (GO) with the GO nano-sheet prepared by the exfoliation of graphite flakes.
MPD and TMC-GO mixture were used to do the in-situ IP process. The improvement in water
permeability in TFN membrane comes from the interlayer spacing from the exfoliated GO

nano-sheets which can result in a water channel in filtration process (Figure 1. 12) [91].

Figure 1. 12. Schematic illustration of hypothesized mechanism of GO TFN membrane [91].
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Of note in this research is exfoliating of the graphite flake which uses a specific chemical
process involving different steps, as explained in the literature [91]. In other studies, the
exfoliation of graphite has been established in microfluidics devices. For example, Chen et al.
[29] used shear stress in a Vortex Fluid Device (VFD) to generate a graphene with minimal

damage.

The abovementioned studies and other research have been undertaken on the phase
inversion, electrospinning, and interfacial polymerisation processes to improve the
performance and stabilities of the polymeric membranes. Regardless of the fabrication
method of the membrane, starting material polymers can be an essential component of UF
membranes. Synthesising the common polymers used in UF membrane fabrication as well as
modifying their properties can play a key role in improving the cost-effectiveness, properties,

and performance of UF membranes.

1.4.12. Polymerisation

Polymers, both natural and synthetic, are comprised of many small molecules, known as
monomers. Their consequently large molecular mass relative to small molecule compounds
produces different physical properties including, polymer architecture, viscoelasticity, Mw,
and Tg. Depending on how the molecular chains are linked or joined, polymers are divided
into thermoplastics, elastomers, and thermosets. Thermoplastics are those in which
macromolecules are linked by intermolecular interactions or van der Waals forces, forming
linear or branched structures such as polystyrene, polyamide, polyvinyl chloride. Elastomers
and thermosets are the groups of polymers in which their macromolecules are joined by
chemical bonds. Elastomers such as natural rubber and polyurethanes have slightly or
partially cross-linked structure. Thermosets such as epoxy resins, phenolic resins and

unsaturated polyester resins, on the other hand, have highly cross-linked structures [92].

Based on their key properties such as Mw, Tg, and viscosity, different polymers reflect
different behaviour under the operation conditions which result in defining their chemical,
thermal and mechanical stabilities. Tg generally refers to a range of temperature in which the

material is transformed from a solid form into a rubbery state. Tg is always lower than the
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melting temperature (Tm) of the specific material with the glass transition occurring over a

range of temperatures rather than at a specific temperature [43].

Molecular weight is a measure of the sum of the atomic weight values of the atoms in a
macromolecule, which is commonly abbreviated by M.W. or Mw. Molecular weight is either
unitless or expressed in terms of atomic mass units (amu), Daltons (Da), g/mol, or kg/mol. The
structure and shape of the polymer is attributed to the way branch points lead to a deviation
from a simple linear chain. The structure of polymer affects most of its properties including
viscosity, solubility in various solvents and Tg [92]. Weight average molecular weight (Mw),
investigated in this thesis, includes the mass of individual chains, which contributes to the
overall molecular weight of the polymer. Mw is the sum of all molecular weights multiplied

by their weight fractions.

Improvement in the chemical, thermal and mechanical properties is of great importance in
polymeric membrane fabrication. Membrane fouling is also an important phenomenon in NF
membranes. Increasing the hydrophilicity of membrane has been the focus of some studies
to decrease the likelihood of fouling [93, 94]. In order to improve the hydrophilicity and
stability of membranes, several physical and chemical modifications can be used including; (i)
grafting the hydrophilic monomers, (ii) implementing functional groups by plasma treatment,
(iii) physical adsorption of the hydrophilic components such as nanoparticles and surfactants
to the membrane surface, or (iv) modifying the polymers during their synthesis before
fabrication of the membrane [93]. Modifying the membrane during different membrane
fabrications has been discussed before. Hence, in this section the main research is on

synthesising a polymer before the membrane fabrication process is reviewed.
1.4.12.1. Principles of polymerisation

The progressive trend of interests in polymer science in the current century is crystal clear,
with the annual production of polymeric based materials has an average growth of 9% per
year from about 1.5 million tons in the middle of the twentieth century to more than 200
million tons in this current century. Basically, polymers involve two or more bonds between
individual molecules [92]. Based on the reaction mechanism, polymerisation can be classified
into step-reaction and chain-reactions which are commonly used for two different groups of
polymers, and are referred to as condensation and addition polymers, respectively. The
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molecular structure of the condensation polymers lacks certain atoms present in their starting
monomers. In other words, the polymers can be produced by the reaction between two
monomers to make the larger molecule with or without the elimination of a small molecule

such as water (Eq. 2 shows the Step-reaction (Condensation polymers)) [95, 96].

xHO——R—OH +xHOCO——R'—COOH —> OH—-R—0CO—R——COO}H +(2x - HH,0 (Eq. 2)
X

Among different types of condensation reactions, “Nucleophilic Substitution Reaction” is
used to synthesise PSF [18] which is commonly used in UF membrane fabrication. This
reactions is used mainly in synthesising commercial organic polymers such as epoxide
polymerisation where a reaction between a nucleophile N: (typically a bifunctional hydroxy
compound such as bisphenol A) and an epoxide monomer (such as epichlorohydrin) occurs

(Ea. 3) [95].

N:+ HZCC/CHCHzC] — NCHz(EHCHzCl

O:

(Eq. 3)

Nucleophilic substitution reactions were also used in producing the early polysulfide rubbers

from aliphatic dichlorides and sodium sulfide (Eq. 4) [18, 95]:

xCICH,CH,Cl + xNa,S, — —[CH,CH,S, —]y + 2xNaCl (Eq. 4)

Generally, chain reactions usually consist of many repeating elementary steps, each of which
has a chain carrier. Once started, chain reactions continue until the reactants are exhausted.
Most chemical chain reactions involve very reactive intermediates called free radicals. The
intermediate that maintains the chain reaction is called a chain carrier, and they are usually
free radicals. However, addition polymerisation involves a chain reaction in which a free
radical, an ion is covalently attached to the catalysts and can be the chain carrier. In this type
of polymerisation, the loss of small molecules does not occur. Unsaturated vinyl monomers
can produce important polymers (e.g. polyvinyl chloride) via this process, as shown in (Eg. 5)

[95].

H,C——CH > —CH,

|
X

CH,—CH — etc.
2 (Eqg. 5)

X X
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1.4.12.2. Polysulfone (PSF) and polyethersulfone (PES)

PSF, as a very common polymer from the thermoplastic groups, is classified as aliphatic and
aromatic polysulfones. The term aliphatic is used for the compounds which does not contain
benzene ring or phenyl group, whereas aromatic compounds get aromaticity by benzene ring.
Due to unattractive physical properties of the aliphatic polysulfones, the aromatic group has
always gained more attention from both in academia and industry. The aromatic polysulfones
which are often called PS, PSU or PSF are characterized by their sulphone groups as their

repeating unit (Eq. 6) [97].

o}

o

This group of polymers has long been of importance for different applications due to their
desirable thermal, chemical, and mechanical stabilities. According to the basic repeating units
as the main parts of backbone structures of these polymers, they are also known as

polyethersulfone (PES) or polyphenylsulfone (PPSF) which are shown in Table 1. 3 [93, 97].

Table 1. 3. Chemical structure and Glass-Transition Temperature, Tg, of PS, PES, PPSF [97].

From Table 1. 3, a diphenylsulfone group (Figure 1. 13-a) is a similar repeating unit in all of

the polysulfones which is reported to be derived from dihalodiphenylsulfone (Figure 1. 13-b).

Figure 1. 13. Structure of the (a) Diphenylsulfone group as a repeating unit in (b) Dichlorodiphenyl sulfone.
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The main difference between the various types of polysulfones comes from the type of
bisphenol (Table 1. 4) used during polymerisation process. The Tg of a polymer can be affected
by different monomer used during the polymerisation process. For instance, different types
of Bisphenols, as indicated in Table 1. 4, result in different Ty values in polysulfone

synthesising [97].

Table 1. 4. Tg of polysulfones prepared from polycondensation of DCDPS with various Bisphenols [97].

PES and PSF are widely used in UF membranes. Their hydrophobic properties result in
increase in membrane fouling [93]. Although PES has better thermal stability (Tg =225 C)
compared with PSF (Tg=190 °C), both are amongst the most common polymers used in
membrane fabrication [98]. The “Nucleophilic substitution route” is a common approach in

preparing commercial polysulfone polymers (PS, PES, or PPSF) [18, 97].
1.4.12.3. Nucleophilic substitution route for polysulfone synthesis

This approach is the most common and efficient method of synthesising commercial
polysulfone. As the main precursors, several essential components are introduced in this
approach, including a bisphenol of choice and a dihalodiphenylsulfone in a dipolar aprotic
solvent in the presence of an alkali base. In this polycondensation reaction, the aromatic ether
bond is formed in a reaction between equimolar quantities of 4,4-dihalodiphenylsulfone and
a bisphenol in the presence of base which results in generating an alkali salt as a by-product
that needs to be filtered at the end of polymerisation [18, 97]. Synthesising polysulfones by

this nucleophilic substitution is reported to be completed in two separate steps;

Step one: bisphenol A is converted to the dialkali metal salt by reacting with a base (Eq. 7)

[18, 97].
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H3C CHj HsC CH,
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HO OH NaO ONa
BPA

DiNa salt of BPA

Step two: substitution reaction of the dialkali metal salt (obtained in previous step) with a 4,
4 -dihalodiphenylsulfone (Eq. 8). It is worth mentioning that the dichloride is more economical
than the difluoride, although the difluoride-based monomer is more reactive. The difficulty in
dissolving the alkali bisphenate (di sodium salt of BPA, DiNa salt of BPA) under anhydrous
condition is overcome by a careful choice of solvent to both solubilise the organic halide and
the growing polymer chain. DMSO and sulfolane have been shown to be good solvents,
although DMSO is the preferred option in conventional PS polymerisation method.
Furthermore, a co-solvent such as chlorobenzene or toluene can be used in low concentration

to enhance the solubility of precursors and the polymer [18, 97].

e
NaO—@—(ll—Q—ONa + CI—Q—SOZ—O—Cl

CH; ,
Dialkali metal salt 4,4-dihalodiphenylsulfone
(Eq. 8)
T
CH,

PolySulfone "

The water generated in the first step should be removed to create anhydrous conditions.
Water removal is a essential step to prevent hydrolysis of the dihalodiphenylsulfone and to
complete the polymerisation to generate suitable polymers with high molecular weight [97].
In this approach, the solubility of the alkali bisphenate in a specific solvent under anhydrous
condition is a important factor for selecting the solvent. Increasing the temperature to ~120

°C for removing the water and to above 150 °C to allow the polymerisation to be driven to
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completion, necessitate that this method is exclusively carried out at high temperatures. For
temperatures below 150 °C, terminal bound sodium- polymers of low molecular weight might

precipitated on the internal surface of the reaction vessel [18].

Different alternatives for the aprotic solvents that have been investigated for synthesising
different polysulfones, including N-methyl-2-pyrrolidinone (NMP), dimethyl acetamide
(DMAC), sulfolane, and dimethyl sulfoxide (DMSO), with the latter reported as the best
solvent for the polymerisation process. Such a high polar solvent is believed to be essential
for providing the solubility and also rapid polymerisation rates. Polymerisation rates also
depends on the basicity and electron-withdrawing capacity of the activating groups (sulfone

groups, in this case) [18].

Sodium hydroxide, potassium hydroxide, and potassium carbonate are also different
alternatives for the base to be used in the polysulfone synthesising process. NaOH and K,COs,

have been reported as the suitable bases for PS and PES synthesising, respectively [18].
1.4.12.4. Limitations of conventional polysulfone synthesising

Although synthesising polymers by nucleophilic substitution can be carried out using
conventional methods [18, 97], these techniques have some disadvantages such as being time
consuming, the high cost providing enough energy for completing the reactions, as well as
additional steps of removing the by products such as NaCl. To achieve the benefits of a lower
time- and cost-effective process with the minimal need energy input, novel technologies need
to be investigated. One of the alternative technologies which can be a potential approach for
polymerisation process is microfluidics, although this has not been widely used. The Vortex
Fluid Device (VFD) as a thin film microfluidic system, and it can be used in polymer synthesis.
The VFD has some unique advantages such as the processing being fast, simplicity and
scalability of the processing, and cost-effective operation conditions. Also noteworthy is that
this platform not only can be used in synthesising the basic polymers, but it has potential in
modifying the properties of the polymers. This has been discussed in earlier studies [1, 19-23,
25-28, 74, 75, 91] to improve the properties of polymers in a time and cost-effective manner
while being a simple and more effective process. The principles and applications of this

technology are explained in the following section.
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1.4.13. Microfluidics

Micro-technology in general, and microfluidics in particular, can facilitate the accurate study
of cellular behaviour in vitro. Microfluidics involve the handling and manipulation of very

small fluid volumes (10 to 102 litres), enabling creation and control of microliter-volume

channels (with ten to several hundred micro-meters as it is shown in Figure 1. 14) [99].

Figure 1. 14. Schematic illustration of the principles of microfluidics and fluid flows [99].

The fluid flow in micro-channels has different behaviour and consequently some special
principles are employed compared with large channels [100]. This new field of research has
been extensively applied for medical diagnostics and bio-analysis applications [100]. The
microfluidic devices which can be used in different applications have some advantages such
as low reagent and power consumption, portability, high resolution and sensitivity in

separations and detections at low cost and faster processes [99, 100].

1.4.14. Microfluidic devices

Microfluidic systems have been employed in a wide range of applications including

microanalysis, microelectronics, molecular biology, chemistry and biochemistry using their
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specific devices [101-103]. Spinning disc processors (SDPs) and rotating tube processors
(RTPs) are the devices firstly invented to be applied in microfluidics systems. An SDP consists
of feed jets which are directed to almost the central part of a spinning disk in where micro-
mixing occurs. The residence time in this device is less than a second which is a weakness of

this instrument for some of the reactions which require longer processing times (Figure 1. 15)

[31].

Figure 1. 15. Schematic diagram of the spinning disc processor in Chitosan Nanoparticles manufacturing [101].

RTP (Figure 1. 16) has a longer residence time that can be about minute, depending on some
operational parameters such as flow rate and the tube length. Feed solutions that are
delivered by jet feeds are mixed at one end of the tube by its rapid rotation, and the mixed

product is collected on the other end of the tube [31].

Figure 1. 16. lllustration of feeding two stable stream into a RTP [103].
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The abovementioned devices as well as another device patented by Cowen. et al [104] for
chemical processing on the surface of a rotating body can be used for some applications such
as controlling chemical reactions, probing the structure of self-organised systems, and
graphene production by graphite exfoliating. However, they suffer from some limitations
including specific liquid volumes required to rich a constant fluids shear intensity, limited
residence time and the expensive infrastructure constructions. Moreover, conventional batch
processing methods have always had some limitations regarding the scalability, and
reproducibility [31, 33]. Hence, such limitations make developing the novel approaches

sensible and essential.

1.4.15. Vortex fluid device (VFD)

While conventional microfluidic devices are applicable only in laminar flow with low Reynolds
numbers, VFD has been developed and used in some studies interested in microfluidics
systems working in turbulent flow with high Reynolds numbers [29-35, 37-42, 54]. The VFD is
a novel platform developed for continuous flow applications operating by a combination of
effects, such as micro-mixing, viscous drag, microfluidic flow, Faraday waves, and enhanced
mass transfer all resulting in specific improvement in the efficiency of different processing

applications [29-35, 37-42, 54].

Microfluidic platforms have been developed based on the need to produce thin films in
different methods. This started with SDPs with a short residence time followed by RTPs where
the residence time is increased to minute and finally led to invention of the VFD with a longer

controllable residence time (Figure 1. 17) [42].

Figure 1. 17. An overall schematic view of the microfluidic devices placement, feeding and working [42].
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Although the thinness of the films using SDP and RTP has improved the heat and mass transfer
observed using conventional batch methods, they suffer from some limitations including
residence time and their inapplicability in different angles relative to the horizontal positions,
while the VFD has solved these problems. In addition to the viscous drag in SDPs and RTPs,
the shear in the thin film in VFDs has been resulted from the combination of the centrifugal

and gravitational forces at tilt angle # 0° [31].

The VFD consists of a rotating open-end tube which can be positioned in different tilt angles,
and the feed jets (Figure 1. 18). The open-end tube can be adjusted with a controller to be
rotated in different rotational speed which results in different shear intensity. Efficiency of
the processes carried out by VFD is mainly based on the flow rate of the feedstock, tube’s
inclination angle, rotational speed and some other operational parameters (e.g., temperature

and residence time) [41].

Figure 1. 18. Cross section showing the components of the VFD [31].

The borosilicate or quartz tube in VFD is able to be rotated up to 9k rpm and tilted at any

angle between 0° and *+ 90°. The dynamic thin film is formed on the internal surface of the
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tube due to the centrifugal force and associated intense shearing and consequently, intense
solution micro-mixing. The residence time and mixing efficiency can be adjusted based on the
length of the tube and feed flow rates. In comparison with the products of the SDPs and RTPs,
a finite volume of liquid in the thin film layer in the VFD has a longer residence time with
enhanced mixing of the reactants both, mediated the completion of certain organic reactions

within significantly shorter times [31].

The VFD mediates reactions when performed using the confined mode (batch) or continuous
flow operation mode, depending on the applications under investigation. Using continuous
flow processing can facilitate transfer of research to be industry in being able to scale-up and
being advantageous in minimising the generation of waste and energy usage while reducing
the hazardous risk of the processing. However, the continuous mode has shorter residence
time which can limit the utility of this mode for some organic reactions [37]. In the confined
mode, the reactions involve adding a finite volume of reagents under specific conditions for
a specified time. Continuous flow mode can be carried out by delivering starting solutions
materials directly to the base of the rotating tube using feed jets, where the rotation results
in formation of a dynamic thin film, with the liquid moving up and out of the tube for
collection. Changing the rotational speed and flow rate can control the residence time of the

reactants even in large scale processing [31, 41].

During the last few years, VFD processing has been widely used in different studies focused
on graphite exfoliating [29], chemical reactivity and selectivity [31], amide synthesis reactions
[32], pharmaceutical applications [33, 34], growth of the nanoparticles on carbon nanotubes
[35], fabricating composite nanomaterials [35, 36], breaking down polyethylenamines [38],
topological fluid flow in the VFD [40], and controlling the pore sizes of the mesoporous silica
[39]. For example, Tong et al. [39] used the VFD in the continuous flow mode to establish a
new approach for synthesising a well-ordered 2D hexagonal mesoporous silica (SBA-15). The
conventional hydrothermal process used for SBA-15 synthesis requires high temperature (35
to 100°C) and pressure (in an autoclave) and long residence time (24 -48 h). In addition,
producing small particles with controlled pore size and thickness with significantly shorter

processing times, are limitations of the conventional process [39].
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The results established that the turbulent flow conditions prevail in the VFD with dramatic
reduction in processing times and the number of different steps required [39]. This is
attributed to the high shear during the processing, being beyond the limits of diffusion-
controlled processing with an increase in collisions of the different species, resulting in
reduced processing times and importantly the ability to avoid the conventional thermal step.
Moreover, due to the high shear generated in the tube, micro-mixing process and viscous
drag, the liquid inside the VFD is more homogenies [39]. Tong et al. concluded that not only
is the overall time of the processing reduced from 48 h in conventional hydrothermal process
to less than 5 h using VFD, but also the pore size can be varied by varying the shear in thin
films inside the VFD (by varying the rotational speed), which plays a key role in controlling the

thickness of the pore walls [39].

Britton et al. [32] studied the application of the VFD as a novel approach in the synthesis of
polymeric products. Forming amine bonds is important in preparing pharmaceuticals,
biologically active compounds, synthetic polymers, and proteins, and they can be readily
controlled in the VFD, in contrast to conventional batch processing. Different parameters such
as rotational speed and tilt angle of the glass tube, feed flow rate, and temperature were
optimised. Results show a dramatic increase in the yields of the amides obtained by VFD
compared with the traditional batch techniques. High heat transfer in the VFD was effective
in controlling exothermic reactions, which were complete in less than 80 s at room
temperature via the VFD. In contrast, batch-type reactions typically suffer from violent

exotherms that result in reagent degradation, lower yields, and safety concerns [32].

Gandy et al. [33] have studied the formation of C-N bonds, as a common bond in natural and
synthetic compounds in organic chemistry, using the VFD in a confined mode, with the results
were compared with the batch method. The rotational speed in the VFD can be varied along
with the tilt angle of the tube, with optimal conditions resulting in 64% vyield in short

processing times relative to traditional batch processing [33].

The VFD was also used by Tong et al. [34] to carry out so-gel processing of silica hydrogel with
reduced processing time, without the need for using alcohol or additional acid or base and

with in situ incorporations of curcumin. The advantages of this microfluidic platform in this
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study include faster kinetics, with controllable pore volume, and avoiding the main difficulties

of the traditional batch processing, especially the long processing times.

The VFD can be used in controlling the reactivity and selectivity of the reactions including
Diels—Alder reaction [31], condensation of phenols with aldehydes in forming calixarenes
[41], and sequential aldol condensation and Michael addition reactions [31]. Research by
Yasmin et al. [31] focused on using different shear regimes in promoting the Diels—Alder
dimerisation of cyclopentadienes, and adol condensation and Michael reactions which is not

possible using conventional approaches

Chen et al. [29] used the VFD to exfoliate graphite and generate a graphene with minimal
damage. Other solution-based methods or high energy ball milling, and high power
conventional sonication impart defects in the generated graphene. Results confirmed the
application of the VFD in top down fabrication methods in synthesising different nano-

materials relatively free of the defects [29].

From what has been discussed, the most efficient UF membranes are those with the suitable
chemical/thermal/mechanical durability which can be obtained economically from the
ceramic and polymeric materials [59]. In spite of the high chemical/thermal/mechanical
stability of ceramic materials their application in UF membrane is limited because of their
weakness in controlling the pore size and also costly fabrication processes [6, 25]. While
polymeric membranes are relatively more popular due to their easier and cheaper
preparation procedure, to improve their stability, different costly and time consuming
modifications need to be carried out [25]. Based on the literature, the most important and
effective parameters to fabricate an engineered UF membrane are polymer types and their
specific properties such as Tg and Mw. Hence, synthesising the common polymers which are
used in UF membrane or modifying them via a more time and cost-effective procedure is very
important. The VFD has potential for polymer synthesis and modification thereof, which
relates to the high shear stress driving the processing, ease of use of the device, scalability,

time and cost-effective procedure.

The benefits of VFD processing in chemical synthesis includes reaction scalability and
efficiency. The dynamic thin film created in continuous flow in the VFD has advantages
regarding the (a) rapid heat dissipations, (b) enhanced mass transfer, (c) reaction
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homogeneity, and (d) reduced clogging in the reaction vessels [105]. In research by Britton et
al. [105] the high yields of synthesising the di-carboxylate esters was likely to be a result of
water removal by using VFD in continuous flow. Water evaporation increased because of the
large surface area of the thin film created inside the VFD tube. Using VFD results in changing
the surface tension of the fluids due to high shear stress rates at the micro-scale. Hence,
changing the surface tension could facilitate water removal at a lower temperature compared
with the conventional methods. Therefore, to investigate the application of VFD as an
efficient device in polymer and membrane science in this research project, it will be

attempted to answer the research questions outlined in the following section.

In a comprehensive study by Raston group, topological fluid flow in the VFD has been
investigated [40] with respect to the circular flow in the surface of the tube, double-helical
flow across the thin film, and spicular flow, a transitional region where both effects
contribute. This includes new phenomenological shear stressed crystallization and molecular
drilling on a polymeric thin-film in the VFD. As one of the main findings of this research was
introducing the double helical fluid flow inside the VFD which is affected by the VFD rotational
speed. As shown in Figure 1. 19, the higher the rotational speed, w, the smaller double helices
pitches obtained along the tube. This phenomenon which occurs under shear stress resulted
in some topological effects in material processing which can be of highly importance in the

present research in membrane fabrication of the VFD mediated polymer solutions.
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Figure 1. 19. Double-helical fluid flow created in the VFD with a reduction in helical pitch for higher rotational

speeds [40].
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1.5. Research questions

RQ1. Is it possible to use the VFD platform in PSF polymerisation process?

This research question will be addressed in chapter 2, which resulted in a publication in RSC

Advances journal.

RQ2. How the key properties of the polymers can be manipulated and fine-tuned during

VFD-based polymerisation process?

This research question has been vastly addressed in chapter 2 and 3, with details of

experimental outcomes in VFD synthesised PSF under high shear conditions.

RQ3. How the polymerisation process inside the VFD can be optimised (e.g., lower
temperature, shorter process time, higher product purity and lesser waste or by-product

generation) to become more time and cost effective and eco-friendly?

This question has been answered by details in chapter 3, which has recently been submitted

to Polymer Chemistry in Royal Society of Chemistry publication.
RQ4. How the VFD operating conditions can affect the UF membrane fabrication process?

This research question has been nicely addressed in chapter 4, and the results are under

review in the Journal of Membrane Science.

RQ5. How the VFD features would be helpful in facilitating a continuous mixing process in
fabricating enhanced UF composite membranes while GO incorporation in the PSF

compared to the conventional mixing procedure?

This question has been addressed with interesting results on VFD mediated fabrication of the

UF composite membranes in chapter 4.
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1.6. Research materials and methods

To answer the main research questions in this project, comprehensive and well-designed

experimental studies will be conducted using the following materials and methodologies.

1.6.1 Materials

The materials needed for PSF polymerisation (by conventional approach or by using VFD) and

membrane fabrication are listed below:

1) Bisphenol A [2, 2- bis (4-hydroxyphenyl) propane] (Sigma-Aldrich Pty. Ltd).
2) Dimethyl sulfoxide (DMSO) (Sigma-Aldrich Pty. Ltd).

3) Chlorobenzene (Sigma-Aldrich Pty. Ltd).

4) 4, 4'-dichlorodiphenyl sulfone (DCDPS) (Sigma-Aldrich Pty. Ltd).

5) Sodium hydroxide (NaOH) (Sigma-Aldrich Pty. Ltd).

6) Methyl chloride (BOC Limited (Australia)).

7) Ethanol (Merck Pty. Limited).

8) Tetrahydrofuran (THF) (Merck Pty. Limited).

9) Dimethylformamide (DMF) (Sigma-Aldrich Pty. Ltd).

10) Nitrogen gas (N3).

11) Acetone (Chem-Supply Pty. Ltd).

12) N-hexane (Sigma-Aldrich Pty. Ltd).

13) Graphene oxide (GO) (Graphenea Inc).

14) 1-methyl-2-pyrrolidone (NMP) (purity > 99.5%) (Sigma-Aldrich Pty. Ltd).
15) Milli-Q water.

1.6.2. Methodologies

1.6.2.1. PSF synthesise via VFD and conventional methods supported by comprehensive

characterisations

The above research questions are addressed in this thesis by firstly conducting PSF synthesise
process both using conventional methods as shown in Figure 1. 20 ([18], Appendix A) and via
the VFD processing in confined mode, using the nucleophilic substitution route. In addition,
improving the properties of PSF generated in a VFD will require the processing to be under
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anhydrous conditions with the mechanical energy in the rotating tube generating high shear
within the thin film to drive the processing. The experimental steps are elaborated in detail
in the following chapters. Determining the optimised VFD operating conditions, such as w
rotational speed, T temperature, 6 tilt angle, and process time, were systematically
investigated with respect to their Mw, Tg, thermal stability, morphological properties, surface
area and reaction yield, to be established using GPC, DSC, TGA, SEM, and BET, respectively.
FTIR and NMR were used for chemically characterising the intermediate DiNa salt of BPA and

the final PSF product.

Figure 1. 20. Experimental setup for conventional method of PSF synthesise

1.6.2.2. Pristine PSF and GO/PSF UF membrane fabrication from conventional or continuous

VFD mixed solutions, along with analytical studies on their properties and performances

Research was undertaken in the VFD in taking advantage of its high micromixing performance
in preparing bubble-free homogenous polymer solution in different PSF concentrations and
VFD rotational speeds. This was fabricating pristine PSF UF membranes using a phase
inversion process. The fabricated membranes from both conventional mixing procedures and
VFD mixing processing were tested for their main characteristics including morphological
differences, mechanical stabilities, permeabilities and salt/BSA filtration performances.
Furthermore, in this research, incorporating GO into PSF using a VFD was evaluated for

determining its micromixing effectiveness under high shear and intense micro-mixing on the
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filtration performances of the properties of the GO/PSF UF composite membranes. Chemical
structures, hydrophilicity, thermal and mechanical stabilities, morphological differences,
water flux and salt/BSA rejection performances of the pristine PSF and GO/PSF UF composite
membranes were fully investigated using Raman FTIR spectroscopy, water contact angle
measurements, TGA, DMA, SEM and dead-end filtrations system, respectively. Processing
time in both conventional and VFD mediated mixing are important in preparing the PSF and
GO/PSF solutions prior to the phase inversion process. A casting knife at a fixed height of 250
um (Figure 1. 21-b) was used for casting the polymer/composite solutions on a flat glass
surface, with a dead-end filtration system (Figure 1. 21-d) was used to check the performance
of the fabricated membranes (Figure 1. 21-c). The dead-end filtration system was designed

and constructed in workshops at Flinders University.

Figure 1. 21. Experimental setup for the membrane fabrication steps including (a) continuous VFD setup, (b)
adjusted casting knife on a glass surface, (c) fabricated membranes (pure PSF and GO/PSF composite

membranes), and (d) the dead-end filtration system adjusted on a magnet stirrer for stirring the solution inside.
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1.6.2.3. Topological fluid flow in the VFD supported by molecular drilled PSF thin-film

fabricated under high shear

To understand the fluid flow behaviours in the VFD a series of experiments were undertaken
on the PSF thin-film previously attached to the inside of the tube. Specific topological mass
transport in the VFD was established through material processing in the VFD which resulted
in establishing a double-helical flow across the thin film [40], Figure D. 8. The
phenomenological shear stressed molecular drilling was hypothesised to be due to the
presence of double helices in the PSF thin-film effectively ‘drilling holes’ in thin films of the
polymer Figure D. 9. To show this phenomenon further, different concentrations of a PSF
solutions were investigated to generate a uniform thin-film adhering to the surface of the
tube. This was followed by drilling holes in them using the high shear fluidic flow in the VFD
at different rotational speeds, then peeling them from the inner surface of the tube at
different locations. The films were then studying using SEM imaging. The overall steps are

presented in detail in Appendix D.
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1.7. Thesis structure

The current thesis is written based on “Thesis with publication” format?!; and is organised in

six chapters as follows:

Chapter 1 presents the general overview of the project topic, aims and objectives and
motivations for this research. This is followed by a comprehensive literature review on water
treatment techniques including filtration membranes, membrane fabrications, polymers
synthesise, and the application of the VFD in different areas including material processing.
Thereafter, research questions were suggested followed by a research methodology applied

herein to address them.

Chapter 2 discusses the use of the VFD for the synthesis of PSF, with process optimisation

with respect to the main properties of PSF such as Mw, Tg, and reaction yield.

Chapter 3 studies the manipulating of the PSF synthesise process inside the VFD in a high
shear and anhydrous conditions to enhance the properties of the VFD derived PS, while
paying specific attention to the morphological differences and surface area of the polymer

formed under different operating conditions.

Chapter 4 provides information about the application of the VFD in fabricating higher quality
UF membranes. It presents a comprehensive study on the effect of rotational speed on
preparing the polymer solution for fabricating the UF membranes prior to the phase inversion
process with mainly respect to reducing the processing time from >24 h at conventional
mixing to <4 h in VFD mixing. It reveals a significant impact of the VFD in providing bubble-

free polymers solutions, obtained in a shorter process time from the intense micromixing

1 “Thesis with Publication” is an acceptable format of thesis for postgraduate research at ECU policy. The current
thesis has been written based on the guideline provided at

http://www.ecu.edu.au/GPPS/policies db/policies view.php?rec id=0000000434. In this format, the

submitted thesis can consist of publications that have already been published, are in the process of being

published, or a combination of these.
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properties in the VFD relative to batch processing. Surface modification of the pristine PSF
using GO incorporation also is presented in this chapter. It establishes how significant
micromixing and viscose drag under high shear conditions is on obtaining uniformity of the
GO particles incorporated into the PSF matrix compared to conventionally mixed composite

membranes.

Chapter 5 provides a general discussion of the results presented in each chapter and

addresses the research questions of the project.

Chapter 6 integrates the findings of all chapters and also outlines directions for future

research.
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Abstract

Polysulfone (PSF) was prepared under high shear in the vortex fluidic device (VFD) operating
in confined mode, and its properties compared with that prepared using batch processing.
This involved reacting the pre-prepared disodium salt of bisphenol A (BPA) with a 4, 4'-
dihalodiphenylsulfone under anhydrous condition. Scanning electron microscopy (SEM)
established that in the thin film microfluidic platform, the PSF particles are sheet-like, for
short reaction times, and fibrous for long reaction times, in contrast to spherical like particles
for the polymer prepared using the conventional batch synthesis. The operating parameters
of the VFD (rotational speed of the glass tube, its tilt angle and temperature) were
systematically varied for establishing their effect on the molecular weight (MW), glass
transition temperature (Tg) and decomposition temperature, featuring gel permeation
chromatography (GPC), differential scanning calorimetry (DSC) and thermal gravimetric
analysis (TGA) respectively. The optimal VFD prepared PSF was obtained at 6000 rpm
rotational speed, 45° tilt angle and 160°C, for 1 h of processing with MW ~ 10000 g/mol, Tg ~
158°C and decomposition temperature ~ 530 °C, which is comparable to the conventionally

prepared PSF.

2.1. Introduction

Polymerisation reactions can be classified as arising from step-growth and chain-growth
mechanisms, corresponding to condensation and addition reactions respectively [1, 2].
Condensation polymers involve the reaction between two monomers in building the
macromolecule, with or without the elimination of a small molecule such as water [3, 4].

Among different types of condensation reactions, nucleophilic substitution feature the most
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for preparing commercial organic polymers, such as in epoxide polymerisation [3], or in the

production of polysulfide rubbers from aliphatic dichlorides and sodium sulphide [3, 5].

Polysulfone (PSF) is a common thermoplastic polymer and a popular polymer incorporated in
nano-filtration (NF) membranes. Aliphatic PSFs have unattractive physical properties
including melting point and glass transition temperature, in contrast to PSFs incorporating
aromatic moieties, which are prepared commercially via nucleophilic substitution reactions,
Scheme 2. 1-a [1, 5]. with the structure of a PSF repeating unit shown in the Electronic
Supplementary Information file (Appendix A)T. Aromatic based PSFs feature in different
applications, having desirable thermal [6], chemical and mechanical stabilities [7, 8]. These
polymers are also known as polyethersulfone (PESs) or polyphenylsulfone (PPSFs), depending
on the nature of the backbone, Table 2. 1 [1, 9]. The main difference between different types
of PSF comes from the bisphenol (BP) repeating unit which controls certain properties,
including glass transition temperature (Tg), Table 2. 2 [1]. Aromatic PSF is commercially
obtained by condensation of equimolar quantities of 4,4-dihalodiphenylsulfone (DHDPS) and
a BP in the presence of a base [1, 5]. This involves two separate steps, Scheme 2. 1-b; firstly,
BPA is converted to the disodium salt (DiNa salt) by the addition of base, followed by a

substitution reaction with dichlorodiphenyl-sulfone (DCDPS).

CH, o]
@ OO~
| l]
CHy o] n
(PSF repeating unit)
HsC CH, HsC CHs

jogetr oo W”
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Scheme 2. 1. (a) Aromatic PSF repeating unit in PSF, (b) schematic of PSF synthesis involving nucleophilic

substitution, and (c) diagram of the vortex fluidic device (VFD).[10]
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Removal of water by-product generated in the first step is required to prevent hydrolysis of
the DCDPS and facilitates the formation of higher molecular weight polymer [1, 5]. Dimethyl
sulfoxide (DMSO) and sulfolane have been used to overcome the otherwise limited solubility
of the DiNa salt of BPA under anhydrous conditions. Co-solvents such as chlorobenzene or
toluene have also been used to increase the solubility of the salt [1, 5]. Reaction temperatures
>~120°C are effective in removing water from the reaction with >150°C effective in driving
the polymerisation to completion, and below this, low molecular weight sodium-capped
oligomers precipitate on the internal surface of the reaction vessels.5 Preparing PSF using
conventional batch processing [1, 5], has some limitations, including that the processing is
time consuming and energy intensive, and downstream processing is required to remove by-

products.

We hypothesised that the high shear stress and intense micro-mixing in thin film microfluidics
has potential to overcome these issues, imparting fast kinetics and with simplicity of the

processing [11, 12].

Table 2. 1. Chemical structure and glass-transition temperature, Tg, of PSF, PES, PPSF [1].

Polymer Repeat Unit Structure T

g’ °C
o
Polysulfone (PSF) +O@?@OO @ 185

CHs
o
Polyethersulfone (PES) +o@£©o@ @ 220
I
o

Polyphenylsulfone (PPSF) O@g 220
I

o}

n=0 O—nW=0

o=

Table 2. 2. T of PSFs formed from poly-condensation of DCDPS with various BP types [1].

Bisphenol Type Structure X T, °C
4,4’'-dihydroxydiphenyl oxide (o] 170
4,4’-dihydroxydiphenyl sulfide S 175
4,4’-dihydroxydiphenyl methane HO@ X OOH CH, 180
2,2’-bis(hydroxyphenyl)-propane C(CH3), 185

The VFD , is a relatively new thin film microfluidic platform with a diverse range of

applications, including graphene exfoliating, enhancing chemical reactivity and selectivity
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[13, 14], as in the synthesis of small molecule pharmaceuticals [15, 16], fabricating composite
nanomaterials [17], and controlling the pore size of mesoporous silica [18], to mention a few.
The rate of water evaporation in the VFD is dramatically increased, due to the large surface
area of the thin film created inside the rapidly rotating VFD tube, and there is high heat and
mass transfer, with improved reaction homogeneity, and when operating under continuous
flow conditions, clogging is not an issue, unlike conventional channel based microfluidics [19].
It has also been used in synthesising polymeric nanoparticles such as polyethylenimine (PEI)
nanoparticles [20] and polymer coated superparamagnetic magnetite nanoparticles [21] as
well as manipulating the florescent properties of hyper-branched polymers [22]. However, to
the best of our knowledge nobody has used the shear stress in dynamic thin film in the VFD
for PSF synthesise. We have explored the utility of preparing PSF in the VFD, in taking
advantage of such benefits, as well avoiding the use of potentially toxic reagents such as
chlorinated co-solvents. This led to a new synthesis of the PSF, which is reported herein, with
the optimal conditions established by systematically exploring the operating parameter space
of the VFD, including rotational speed, processing time, tilt angle of the tube, and
temperature. The processing outcomes were also assessed relative to the glass transition
temperature (Tg), molecular weight (Mw), particle size and shape, production yield and
thermal stability of the PSF, in comparison with the polymer prepared using conventional

batch processing.

2.2. Experimental

2.2.1. Materials

All chemicals were used as received unless otherwise stated. High purity bisphenol A, [2,2-
bis(4-hydroxyphenyl) propane], (BPA) (99%) and 4,4'-dichlorodiphenyl sulfone (DCDPS) (98%)
and sodium hydroxide pellets (> 97%) were purchased from Sigma Aldrich. Dimethyl sulfoxide
(DMSO0) (99.9%) and chlorobenzene (99.9%) were purchased from RCI Labscan Limited, with
tetrahydrofuran (THF) (99.95%) purchased from Chem-Supply. Ultrapure Milli-Q water was
used for preparing aqueous solutions. DMSO was triple distilled before use and kept under
nitrogen to limit adsorption of water. The vortex fluidic device (VFD) had a mounted heating

block, effective in heating liquids in the tube, up to 175°C.
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2.2.2. PSF polymerisation

PSF was initially prepared according to the batch procedure [5] detailed in the SIT (Appendix
A)t. For VFD processing, BPA (228 mg, 1.0 mmol) and DMSO (1.0 ml) were placed in the VFD
tube (20mm 0.D.,17.51.D., 18.5 cm long) and rotated at 4000 rpm at 60°C for 5 min, affording

a clear colourless solution.

This reaction was also effective at room temperature, but the processing took 20 minutes. In
contrast to the conventional method, no co-solvent was required. An aqueous solution of
NaOH (103 pL, 50.2 % w/w, 2 mmol) was then added to the tube, which was rotated at 4000
rpm, 45° tilt angle and 60°C for 15 min. A solution of DCDPS (287 mg, 1 mmol) in DMSO (1.0
mL) was then added to the tube rotating at specific speeds (rpm), tilt angle (°), temperatures
(°C), for specified times (min), for every designated experiment in Table A. 1 & Figure A. 1.
At the end of each reaction, the sample was purified by filtration and any solid (NaCl by-
product) discarded, whereupon, ethanol (10 mL) was added. The resulting coagulated white

solid was washed twice and centrifuged (4 min, 805 RFC).

The product was then filtered and dried for 2h at 70°C, affording PSF as a white solid, with
the yield of product determined. In addition, for specific operational conditions, Mw, Tg and
temperature variation profiles were determined at the optimal conditions, using gel
permeation chromatography (GPC), differential scanning calorimetry (DSC) and thermal

gravimetric analysis (TGA) respectively.

2.2.3. Characterization

The intermediate DiNa salt of BPA and the final VFD mediated PSF were characterised using
NMR spectroscopy, recorded in DMSO-d® and CDCl; respectively (600 MHz Bruker
instrument), and FT-IR spectroscopy (PerkinElmer ATR Fourier Transform spectrometer). *H-
NMR spectra were acquired using a relaxation delay-time of 4 seconds. All chemical shifts are
presented in ppm, using residual solvent as the internal standard. Scanning electron
microscope (SEM) images were recorded on an Inspect FEI F50 SEM. Average molecular
weights (Mw) and molecular weight distributions [23] were determined using a double
detection Shimadzu GPC instrument equipped with an Ultraviolet (UV) and Refractive Index

(RI) detectors. Tg and thermal stability measurements used a Perkin ElImer DSC 8000 and TGA
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8000 instrument, respectively, with instrument settings included in the SI (Appendix A)t.
These properties were established for all polymers prepared in this study, in establishing the
optimal operating parameters of the VFD, namely rotational speed (), tilt angle (8), reaction
time (t) and temperature (T). The optimal operational conditions are defined as those for
forming the polymer with the highest Ty, Mw, thermal stability, and formed in the highest

yield.

2.3. Results and discussion

The synthesis of PSF was conducted in the VFD and using batch processing for direct
comparison on the effect of the unique fluid flow in the microfluidic platform. The production
of the intermediate and final products was firstly confirmed using NMR and FTIR
spectroscopy. Then the operating parameters of the VFD were systematically explored in
mapping out how these affect the nature of the PSF with respect to Tg, Mw and thermal
stability (DSC, GPC and TGA). Products were also studied for their morphological properties

using SEM images.

2.3.1. Synthesis of DiNa salt of BPA

FT-IR and NMR spectroscopy [24] confirmed the formation of the DiNa salt of BPA and PSF,
for both VFD and batch processing. The choice of solvent is critical for any process [25]. The
DiNa salt of BPA, as the product of first step, is highly soluble in high boiling point DMSO
(189°C) [25] but this is difficult to remove for the isolation of the polymer and isolating the
product to be characterized. In contrast, the DiNa salt is only sparingly soluble in THF, and to
be able to isolate it for characterisation purposes, this was the solvent of choice, with the
precipitated salt washed with EtOAc. FTIR spectra of DiNa salt of BPA (Figure A. 2-at) obtained
in the first step in the VFD, at ® 4000 rpm, 0 45° and T 60°C for 5 min, clearly showed the
removal of —OH stretching in forming the corresponding conjugate base, with peaks
assignable to aromatic C=C (1508 - 1611 cm™), C-O (1050 — 1300 cm?) and C-H (1365 - 1465
cm?) [26, 27]. Peaks at 3000 cm™ and above 3500 cm-1, are attributed to THF [28, 29] which
can bind to metal centres, including sodium. 1H-NMR of BPA in DMSO-d6 (Figure 2. 1-a) has

peaks at ~ 1.53 and 9.13 ppm, assigned to the aliphatic protons and hydroxyl groups,
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respectively, with the later removed on reacting with base in forming DiNa. There are also
peaks at 6.97 and 6.64 ppm corresponding to the aromatic protons of BPA (Figure 2. 1-b) [30].
Overall, changes in the *H-NMR spectra [29] are consistent with the formation of the DiNa
salt (Figure 2. 1-a) and the removal of water from the reaction mixture in the VFD. Such
removal of water has been reported for the continuous flow synthesis of di-carboxylate esters
synthesis [19]. For batch synthesis of DiNa, FTIR established that the longer the reaction time,
the broader the —OH stretching peak, whereas for VFD processing the —OH stretching is

smaller [26, 27], which is attributed to water dissipation in the VFD (Figure A. 2-bt).

2.3.2. Synthesis of PSF

Figure A. 3t and Figure A. 4 - 11t show the FTIR and NMR spectra for PSF prepared using both
conventional [31] and VFD processing, as well as starting material for comparison. Figure A.
10 & 11t show the 'H and '3C NMR of VFD synthesized PSF at the optimised VFD condition,
respectively, matching the corresponding spectra for highly porous PSF membranes [32]. The
smaller peaks for the aromatic region in Figure A. 107, can be assigned to terminal groups of
the polymer. In targeting the formation of high molecular weight polymer in the VFD, this

region should be minimal [32].
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Figure 2. 1. *H-NMR spectra of (a) BPA and (b) DiNa salt of BPA obtained in the VFD in THF. *H-NMR

measurements were recorded in DMSO-d®.
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2.3.3. Varying VFD operational parameters

Experiments T1to Ts in Table A. 1T were carried out to establish the effect of varying ®, from
3000 to 8000 rpm. Average molecular weight (Mw), Tg, and decomposition temperature, as
well as yield were determined for all experiments. Mw, measured using GPC, were in the
range ~ 2000 to ~ 11000 g/mol, with the highest, ~ 4300 g/mol, formed at ®» 6000 rpm, heating
at 150 °C over 30 min., and 0 45° (T4), with little change at higher speeds (Figure 2-a). DSC
measurements to determine T were carried out under a nitrogen/air atmosphere, with the
highest Tg reported thus far for PSF at ~ 187 °C [32]. Tg values for Ty, to Te were ~ 126, 125,
135, 142, 141, and 138 °C respectively, with the highest for PSF formed at 6000 rpm. The
highest yield of isolated PSF, 53%, also corresponds to experiment Ta, with yields lower for

increasing and reducing o, at 37% and 39% for 3000 and 8000 rpm, respectively.

Experiments T; to Tiy, Table A. 11, were at ® 6000 rpm, 0 45°, for 30 min at different
temperatures. The effect of temperature has a large variation on molecular weight. There is
clearly an effect on the temperature of the processing on the My, of the polymer, and
consequently Tg. The highest Mw and T; were for the PSF prepared at 170°C, 12000 g/mol and
168°C, respectively, Figure 2. 2-b. However, the yield of the isolated product dropped from
61% at 160°C to 19.4% at 170°C, and thus 160°C reaction temperature was regarded as
optimal, which is in accordance with temperature in conventional batch polymerisation
(155°C) [5]. For experiments T7 and Ts, at 80 and 120°C respectively, there was no evidence
for the formation of PSF. The Tg of batch prepared PSF in this research with My, ~ 6300 g/mol
was ~ 106°C, significantly smaller than the PSF prepared in the VFD with the same M,
summarised for entry T11, Table A. 11, My ~ 6300 g/mol, Tg ~ 152°C. The relatively high Tg for
such a low molecular weight PSF is noteworthy and highlights the novel process in the VFD

under high shear.

The tilt angle, 6, in the VFD was varied from 0° (horizontal position) to 90° (vertical position)
at intervals of 15°, entries T13-T19, Table A. 1T. There is a significant increase in yield from
21.7% at 0 30° to 59.2% at 45°, Figure 2-c. For 0 at 30° and 90° the yields were also relatively
high, at 58.3% and 58.1% respectively, but given the higher Mw (~ 7100 g/mol) and Tg (~

153°C) at 0 45°, this angle was regarded as optimal for the synthesis of PSF in the VFD, and
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this is in agreement with the outcome of optimisation studies for a number of

application of the device [10-17].

(a) Effect of Rotational Speed vs MW, Tg and Yield (b) Effect of Temperature vs MW, Tg and Yield
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Figure 2. 2. Effect of VFD operating parameters on (a) rotational speed (rpm), (b) temperature (°C), (c) tilt angle
(°), and (d) time (min) (horizontal axis) on the resulting Mw obtained from UV and Rl detectors (blue and red
histograms, respectively, in the left vertical axis), and on Tg and yield (%) (green and violet lines, respectively, in

the right vertical axis).

The synthesis of PSF in the VFD was then carried out at 160°C, with ® 6000 rpm and 6 45° for
different processing times, entries Txo-T22, Table A. 1. Mw and Tg increased to ~ 10000 g/mol
and ~ 160 °C, respectively, by increasing the processing time up to 60 min. However, this
resulted in a reduction in the yield, down to ~ 30% vyield, in contrast to 63.7% for 30 min
processing time, which has a lower My at ~ 6700 Mw, Figure 2. 2-d. GPC curves for
commercial, conventional and VFD synthesized PSF at 6000 rpm, 160 °C, 45 tilt, and 60 min,
now regarded as optimal conditions for processing in the VFD, are shown in Figure 2. 3-a. The
shorter retention time for commercial PSF is in agreement with its much higher My, ~ 60000
g/mol, with Mw for conventional batch prepared PSF, Mw ~ 6000 g/mol, and that for PSF
prepared in the VFD at optimal processing parameters, T2, ~10000 g/mol. The GPC results
showed the obvious decrease in the retention time of the VFD PSF, resulting a higher Mw
compared to the conventional batch synthesised PSF. The polydispersity index (PDI) for all

these samples were 1.76, 1.78 and 1.76, respectively, and while they are similar, that
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prepared in the VFD has a narrower Mw distribution, and for the optimal processing
parameters in general. In addition, PDIs for specific VFD optimised processing parameters are
consistently lower, for example, in the optimal rotational speed, ® 6000 rpm, the PDI is 1.52,
Ta, Figure A. 12 & 131, Lower PDIs for material generated in the VFD are associated with more
uniform particle size distributions and highlight the benefit of using the VFD microfluidic
platform, SI (Figure A. 14-24t). DSC thermograms in Figure 2. 3-b are for commercial and
conventional PSF, and optimised VFD fabricated PSF (® 6000 rpm, 160 °C, 6 45°, and 60 min).
All Tg values were collected from the second heating scan to minimise the effect of any
evaporation of low volatiles or moisture. The heating curve of the VFD synthesised PSF (black
curve) has a glass transition at 157.9 °C (mid-point) with a change in the specific heat capacity,
cp 0.213 J/(g*°C). Conventional batch synthesised PSF (red curve) has a lower Tg at 105.13 °C
with ¢ 0.159 J/(g*°C). For all samples, the glass transition is superimposed by a small
endotherm at 190.1, 108.5, and 160.4 °C, during heating scan, for commercial, conventional
and VFD polymers, respectively. The DCS results (Figure 2. 3-b) presented a significantly
higher Tg for the VFD PSF compared to the conventional batch synthesised PSF, although it
has a lower Tg than the commercial PSF (blue curve). This could arise from the intense micro-
mixing and high shear rates, and the high rate of loss of water from the reaction mixture in
the VFD, as established elsewhere [19]. Comparative DSC thermograms plots were also
recorded in ascertaining the effect of ® on Tg, Figure A. 261, showing the best T measured is
in accordance with the highest Mw polymer obtained at @ 6000 rpm (~ 142 °C) while it is ~
125 and 137 °C at ® 4000 and 8000 rpm, respectively.

TGA measurements, carried out based on the setting suggested in Table A. 2%, and Figure A.
271, establish a mass loss between 100 and 200 °C (DTG peak) of 7.4 and 0.5% for
conventional VFD generated samples respectively, which is attributed to the loss of moisture
and lower volatiles. The main decompositions of PSF for VFD processes Tq (140 °C), T10 (150
°C), T11 (160 °C) and T12 (170 °C), conventional processes and commercial material, are at
530.0, 531.9, 533.0, 534.4, 534.6, and 536.4 °C (DTG Peaki), with a mass loss of 68.7, 68.9,
68.9, 66.2, 65.0, and 66.2%, respectively (Figure A. 277).
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conventional and VFD synthesized PSF (T22 at 6000 rpm, 160 °C, 45°, and 60 min). (b) Temperature scan in Tg

measurements were conducted between 30 °C and 230 °C at 10 °C min™..

The results show that increasing the temperature up to 10 °C during the polymerization
reaction has little effect on the main decomposition temperature, and accordingly Mw, Tg, and

percent yield were more informative for optimising the processing in the VFD.

The morphology of PSF is important in its applications, for example, in membranes [33, 34].
Figure 2. 4 shows SEM images for drop cast samples of commercial, conventional, and
optimised VFD prepared PSF, and coated with ~ 5 nm layer of platinum. Commercial PSF has
large globular shaped particles, ca 30 um in diameter, whereas that formed under batch
processing herein are much smaller at submicron dimensions, Figure 2. 4 (a & b), respectively.
Interestingly, the size of the particles formed under the optimised VFD processing conditions

in the VFD, Figure 2. 4-c, are similar to those of the commercial sample, yet the My, of the
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material is significantly less, and the surface morphology is distinctly different. Also, of note
is that PSF prepared away from optimised conditions in the VFD, Figure 2. 4 (d-f) have
different morphology and apparent particle size. For the shortest reaction time, 15 min, the
product is sheet-like, Figure 2. 4-d, changing to semi-spherical particles for 30 min, Figure 2.
4-e, and fibrous material after 90 min, Figure 2. 4-f. More images of the samples are shown
in Figure A. 28t in establishing that the images in Figure 2. 4 are representative of the bulk
materials. The origin of this difference possibly relates to the complex fluid dynamics in the
VFD becoming increasingly important over time, in moulding the polymer particles. This

morphological variation is important in any downstream applications.

‘20 nm

Figure 2. 4. SEM images of PSF for (a) commercial material, (b) material formed using conventional batch
processing, (c) material formed in the VFD at the optimised s (T2 at 6000 rpm, 160°C, 45°, and 60 min). PSF
synthesised in the VFD at 6000 rpm, 160°C, 6 45° for (d) 15 min, (e) 30 min, and (f) 90 min reaction time. All the

sample were drop cast and coated with ca 5 nm layer of Pt.

2.4. Conclusions

The preparation of PSF under high shear in the VFD using the confined mode of operation of

the device has been established as an optimised process relative to Mw, Tg and percent yield,

and compared with commercially available material, and that prepared using conventional

batch processing. The optimised VFD processing parameters were T 170°C, ® 6000 rpm, 0 45°

and t 30 min, which corresponds Mw ~ 12000 g/mol, Ty 168°C and decomposition
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temperature ~ 530°C. However, the lower yield (18%) at this temperature, 160°C was deemed
more optimal, affording Mw ~ 7000 g/mol, Tg~ 154°C, and ~ 64% vyield, and for a longer
reaction time, 60 min, now affording Mw ~ 10000 g/mol and Tg~ 158°C. While the latter
results in a lower yield (~ 30%), the reaction time can be defined based on the importance of

either the Mw or yield of the process.

The VFD prepared PSF has comparable properties relative to that prepared using conventional
batch processing, with Mw ~ 6000 g/mol, but this is much smaller than that of commercially
prepared PSF, ~ 60000 g/mol. Removal of water is an important part of using the VFD relative
to batch processing, in avoiding termination reactions. Also important is the processing time,
in changing the morphology of the particles, which may be important in down-stream
applications. Indeed, the lower M,, VFD material may open new particle size/chain length
specific applications of PSF, further tuned by morphology considerations, sheet like versus
globular like particles. We note that the fluid dynamics in the VFD is inherently complex and
that this determines the rate of the reactions (high shear and intense micro-mixing) as well
as the shape, determined by how the fluid actually flows in the device. This is a major research
effort underway involving a number of laboratories. The reduction in percent yield for
increasing processing time may arise also from the shear stress resulting in bond cleavage and
reduction in the length of the polymer chain. In this context, it is noteworthy that the VFD is

effective in breaking down polyethylenamines [20].
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Abstract

Polysulfone (PSF) was prepared under scrupulously anhydrous condition, under high shear in
a vortex fluidic device (VFD) operating under confined mode, in DMSO, thereby avoiding the
use of chlorinated solvents, unlike in conventional batch processing in generating the
polymer. The effect of systematically varying the operational parameters of the VFD
(rotational speed (®) and tilt angle (0) of the 20 mm diameter quartz tube housed in the
device, and temperature and processing time) was investigated with respect to Mw and T; of
the polymer, with the product further characterised using FTIR, NMR, GPC, DSC, SEM and BET.
As a comparison, for the optimal processing parameters (w 6k rpm, 8 45°, 160 °C, 60 min), the
Mw and Tg, ~ 16 kg/mol and ~ 170 °C respectively, were significantly improved relative to
those prepared without scrupulous exclusion of moisture, ~ 6.7 kg/mol and ~ 154 °C
respectively. SEM established that increasing o resulted in different morphologies of the PSF,
forming sheet-like structures at lower rotational speeds then pseudo-spherical structures
followed by a mixture of sheet-like and rod-shape structures for increasing w. Change in
temperature of the reaction also impacted on the nature of the product, with sheet-like
structures formed at 140 °C and fibrous material at 170 °C. BET findings correlated with SEM
images with a higher surface area for fibrous material , ~ 4000 m?/g, compared to ~ 1470 m?/g
for the sheet-like structures. The different morphologies arising from change in w and

temperature relate to different topological fluid flows in the VFD.
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3.1. Introduction

The nucleophilic substitution route is the most common and efficient method for the
commercial synthesis of polysulfone (PSF) [1]. This method involves two separate steps;
firstly, the bisphenol of choice is dissolved in a dipolar aprotic solvent in the presence of an
alkali base, such as 50% NaOH, in creating a dialkali metal salt, with the second step then
reacting this with a 4, 4 -dihalodiphenylsulfone (mostly dichlorodiphenylsulfone, DCDPS) [1-
3]. However, dissolving the alkali bisphenate under anhydrous condition is required to
prevent the hydrolysis of DCDPS and for gaining access to higher molecular weight (Mw)
polymer [1, 2]. Removing the water generated in the first step can be controlled by increasing

the reaction temperature to ~120 °C [2, 3].

Different aprotic solvents have been used for preparing PSFs include N-methyl-2-
pyrrolidinone (NMP), dimethyl acetamide (DMACc), sulfolane, and dimethyl sulfoxide (DMSO).
The latter is regarded as the best solvent of choice in terms of enhancing the solubility and
increasing polymerisation rates [2], with NaOH and K,COs suitable bases for generating PSF
and polyethersulfone (PES), respectively [2]. However, this conventional nucleophilic
substitution process is time-consuming, high in energy usage, and also requires removing the
NaCl by-products. Overcoming these requires innovative processing solutions, and in this
context we have introduced the use of the vortex fluidic device (VFD), as a candidate for the
synthesis of PSF [3]. This thin film microfluidic platform has potential in chemical synthesis,
having simplicity in design along with cost effect scalability of the processing. The induced
mechano-energy (shear stress) in the thin film in the VFD can be harnessed for accelerating
and simplifying chemical reactions [3-15]. Britton et al. [8] established high yielding syntheses
of di-carboxylate esters, with the water by-product removed in situ in driving the reactions.
Such removal of water relates to the large surface area of the thin film which has surface

Faraday waves [6].

In addition to using the VFD to prepare polymers [3], it also has potential in modifying
polymers, as in reducing the molecular weight of polyethyleninimess [4], improving the
performance and antifouling capability of ultrafiltration (UF) membranes [16, 17], preparing

composite nanofiltration (NF) membranes [18], and incorporating graphene oxide (GO) as an
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effective barrier in a nanofibrous membrane for water treatment [19, 20], as we recently
established for fabricating a GO/PSF composite UF membranes [5]. There is now an
understanding of different high shear topological fluid flows in the VFD which can be

harnessed to control such processes, and more [3-10].

PSF is a polymer of choice in filtration membranes used in industry [21, 22], which relates to
its molecular weight (Mw), glass transition temperature (Tg), and viscosity. Polymers behave
differently under different conditions, depending on their chemical, thermal and mechanical
stabilities [23]. The structure of polymers affects most of its properties including viscosity,
solubility in different solvents, Tg and Mw [24], with the latter two being particularly important
[25, 26]. SEM is primarily used to determine the morphology of the materials, with the surface
area and pore size determined using positron annihilation lifetime spectroscopy, adsorption
isotherm models, X-ray or neutron scattering, and Brunauer—-Emmett—Teller (BET)
measurements [27-30]. Material surface area determinations has also been coupled with
theoretical consideration [28-31], for example, Hart et al. [30] have investigated the
applicability of BET theory for determining the surface area of microporous materials. The
BET method is acceptable for ultra-microporous materials [29], but not so for polymers with
intrinsic microporosity, which may prevent monolayer formation before the pores are filled
with gas [30]. Scattering techniques have also gained prominence in structure elucidation of
materials at the mesoscopic scale (1-1000 nm) [32], as well as growth mechanisms of
mesoporous nanostructures [33]. Small angle X-ray or neutron scattering (SAXS or SANS) have
been extensively used for studying polymers solutions [34], copolymers [35], polymer blends
[36], branched or grafted polymers [37], polymer gels [38], polymeric nanomaterials [39], and

polymer membranes [40].

Herein we report on the utility of the VFD, Figure 3. 1-a, for improving the properties (Mw and
Tg) of PSF [3]. This involved systematically exploring the effect of changing the operational
parameters the VFD including temperature, rotational speed, tilt angle, and processing time,
with the salient features of the device and the associated topological fluid flows in the liquid
are presented in Figure 3. 1-a. The targeted VFD processing featured carrying the PSF
synthesis in a single step Figure 3. 1-b, rather than using two steps as discussed above [1, 2],

under anhydrous conditions. The high shear stress in the dynamic thin film of liquid in the
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VFD, was effective in being able to avoid the use of a chlorinated solvent, as in chlorobenzene,
unlike in conventional PSF synthesis [2]. Furthermore, morphological differences between the
different VFD generated material, depending on the processing parameters, have been
determined using SEM with the surface area determined using BET measurements.
Combining these techniques with the novel processing features of the VFD allows for
processing under anhydrous conditions, as a new approach in the synthesis of PSF with high

molecular weight and glass transition temperature.

(a) Confined mode VFD
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Figure 3. 1. (a) Salient features of the VFD housing a quartz tube with a hemispherical shaped base, and

associated topological fluid flow, and (b) the one step PSF polymerisation under anhydrous condition.
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3.2. Experimental

3.2.1. Materials and methods

All chemicals were used as received unless otherwise stated. Bisphenol A, [2,2-bis(4-
hydroxyphenyl) propane] (BPA) (99%), 4,4'-dichlorodiphenyl sulfone (DCDPS) (98%), and
sodium hydroxide (pellets, > 97%) were purchased from Sigma Aldrich. Dimethyl sulfoxide
(DMSO) (99.9%) was purchased from RCl Labscan Limited and ethyl Alcohol (100%) was
provided by Chem-Supply. DMSO was distilled three times before use and kept under
nitrogen to minimise the water adsorption. Specifications of the VFD have been detailed
elsewhere [6]. An in house developed heating block was mounted on the VFD to heat the

rotating quartz tube (up to 170°C).

3.2.2. Preparation of PSF

The PSF was synthesised using a nucleophilic substitution route as in conventional batch
processing [2], using the VFD involving modification of earlier studies [3]. The new process
operates under anhydrous conditions with considerable improvement in polymer outcome.
For this purpose, the DMSO solvent of choice was triple distilled and stored over molecular
sieves under a nitrogen atmosphere. All glassware including the quartz tube (20 mm O.D.,
17.5 mm ID, 18.5 cm in length) was oven dried at 160 °C overnight prior to use. Furthermore,
dry crushed NaOH pallets were used to minimize adding water to the system which will
hydrolyse the DCDPS. The oven dried VFD tube was kept under vacuum using a rubber stopper
with a needle connected to a vacuum and nitrogen gas. Air was removed by purging with
nitrogen gas while the quartz tube was flame heated. The required amount of BPA (228 mg,
1.0 mmol), DCDPS (287 mg, 1 mmol), and crushed NaOH (80 mg, 2 mmol) were placed in the
tube at the same time and then evacuated followed by introducing dry nitrogen, with the
process repeated three times also using flame drying. After cooling the tube, 2 mL of DMSO
was injected into the VFD tube. Polymerisation occurred on heating the VFD tube up to the
specified temperature (refer to Table B. 1), using a heating block, and rotating the reaction
tube at certain rotational speed for a specified time, depending on the experimental
conditions, Table B. 1t. The tilt angle 0 of the quartz tube was systematically varied along with

temperature, rotational speed (), and reaction time. Noting that the temperature is critical
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in controlling the reaction, [3], the heating block was calibrated against the melting point of

several compounds as detailed in the SI (Appendix B)t.

After a specified w, 6, T, and time for each experiment, the reaction was terminated with the
static tube cooled to room temperature, whereupon the NaCl by-product was removed by
vacuum filtration. The resulting solution was then added dropwise to ethanol (10 mL)
resulting in a white coagulated product which was washed three times with ethanol followed
by centrifugation (5 min, 805 RFC) prior to vacuum filtration. The resulting PSF was then dried

in vacuo overnight.

3.2.3. Characterisation

The as prepared PSF was characterised relative to Mw, structure, morphologies, and thermal
stabilities. *H-NMR data was collected using a 600 MHz Bruker NMR spectroscopy, recorded
in CDCls, with 64 scans and a relaxation delay-time of 4 seconds and 512 scans with relaxation
delay-time of 10 seconds in the 3C-NMR spectra. All chemical shifts are presented in ppm,
using residual solvent as the internal standard. Attenuated Total Reflection (ATR) Fourier
Transform Infrared Spectroscopy (FT-IR) spectra were recorded on a PerkinElmer ATR-FTIR
spectrometer. Molecular weight (Mw) and polydispersity (PDI) were determined by gel
permeation chromatography (GPC) using a Waters e2690 instrument equipped with a
differential Refractive Index (RI) detector and column operated with tetrahydrofuran (THF)
used as the eluent (at 25 °C with 1.0 ml/min flow rate). The column was calibrated using
polystyrene standards with molecular weight covering the range of 1000-2704000 g/mol.
Differential scanning calorimetry (DSC) was used to record the Tg of the product, using a
Perkin EImer DSC 8000 instrument. In order to eliminate the thermal history of the polymers,
the Tg of each sample was recorded from the heat flow changes on the second heating scan
of a cyclic heating-cooling-heating staged, from 30 to 230°C, and then cooled to 30 °C followed

by heating again to 230°C with a ramping rate of 10 °C per minute.

The morphology of the as synthesised PSFs was investigated using scanning electron
microscope (SEM), using an Inspect FEI F50 SEM instrument with an operating voltage of 5 kV
and working distance of 10 mm. Samples for SEM were drop cast on a silicon wafer and coated

with 5 nm platinum to prevent charging during SEM imagery. Specific surface areas were
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investigated using the standard Barrett—Emmett—Teller (BET) method, using a TriStar I,
Micrometric Ltd, Lincoln LN6 3RX, United Kingdom. PSF samples were degassed at 90 °C for ~
6 h prior to measurement. Nitrogen absorption isotherms were recorded at 77 K with 20 s

equilibrium intervals, in the relative pressure range of 0.1-1 P/P,.

3.3. Results and Discussion

3.3.1. PSF synthesis

We have established the synthesis of PSF as a one step process in the VFD Figure 3. 1-a,
conditional upon using anhydrous conditions, starting with solid BPA, NaOH, and DCDPS
suspended in DMSO. Importantly, the processing avoids the use of chlorinated solvents,
unlike in conventional batch processing to generate PSF, for example in using chlorobenzene.
FTIR confirmed the completion of the reaction in the VFD, matching that of commercial PSF,
Figure 3. 2-a. Peaks at (i) 3100-2850 cm™ correspond to aromatic and aliphatic (CH2)
stretching vibrations, (ii) 1293 and 1147 cm™ correspond to asymmetric and symmetric =S=0
stretch of the backbone of PSF, (iii) 1102 and 1234 cm™ correspond to symmetric and
asymmetric —CO bands, and (iv) 1584 and 1486 cm™ correspond to the presence of aromatic

rings [5, 41, 42].

1H and 3C NMR of the starting materials (BPA and DCDPS) have been reported in our previous
work [3], and are also presented in Figures B. 3-61. *H NMR of the VFD mediated, conventional
synthesised and commercial PSF presented in Figure 3. 2-b confirm the formation of the
polymer with the doublets corresponding to protons a, b, d and e in phenol moieties, 6 = 7.84,
7.23, 6.99 and 6.23 ppm. The peak at 6 = 1.69 ppm is assigned to the methyl group (c) in the
main polymer chain of the VFD synthesised PSF. The smaller doublets at § = 6.74, 7.08 ppm
correspond to terminal groups of the polymer in the aromatic region, a’ and b’, and the peak
at 1.65 ppm corresponds to aliphatic methyl groups c¢’. The smaller these terminal groups
peaks relative to other peaks, the higher the molecular weight of the polymers [26]. Figures
B. 7-91 shows the 'H NMR of the conventional synthesised and commercial PSF which confirm
the smaller peaks for the terminal groups in commercial PSF corresponding to a higher Mw (~
63 kg/mol) compared to the conventionally synthesised polymer which has a lower Mw (~ 6

kg/mol). 13C NMR spectra for PSF (VFD mediated and conventional synthesised) are presented

81



in Figures B. 8-10t. In contrast to our previous study [3], no intermediate, notably DiNa salt
of BPA, was present in the final product, as established using NMR spectroscopy. In the

present study, the processing circumvents the need for first preparing the DiNa salt of BPA

for then reaction with DCDPS.
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Figure 3. 2. FTIR spectra of (a) commercial, conventional, and VFD synthesized PSF, and (b) *H-NMR spectra

(CDClIs) of the VFD synthesised PSF (S10). VFD processing was at 6k rom, 160 °C, 45 tilt angle, and 60 min reaction
time.
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3.3.2. Effect of VFD rotational speed

The rotational speed, w, of the VFD was varied (3k to 8k rpm over 1k rpm increments) while
fixing the temperature, T, at 150 °C, tilt angle, 6, 45 °, and reaction time 60 min., Table B. 1.
Mw, Tg, surface area and the morphology of the samples are presented in Figure 3. 3. GPC
curves, Figure 3. 3-a, show the molecular weight distribution (MWD) of the samples prepared
at different rotational speeds. My values were in the range ~ 6.5 to 9.8 kg/mol with the
highest at 6k rpm, having PDIs in the range 1.6 to 2. The narrower MWD curves, lower PDIs
compared to that of commercial PSF, which has a PDI of 2.9 (Figure 3. 5-a), relates to the high
shear in the VFD associated with different topological fluid flow regimes at the um dimensions
which are beginning to be understood Figure 3. 1-a [6]. In particular, the type of topological
fluid flow depends dramatically on the rotational speed, and this is in accordance with the
present findings in having one speed, 6k rpm, which is optimal in terms of Mw of the polymer.
Heat flow changes, Figure 3. 3-b, also show the same trend as that for the My, curves; the
highest Mw also corresponds to the highest Tg which is at 152.5 °C and is associated with a
change in specific heat capacity, cp 0.229 J/(g*°C). Higher rotational speeds, 7 and 8 k rpm,
can also lead to polymer breakdown, noting that the VFD has been used for slicing

polyethylenimines [4].

As to the morphology of the PSF, sheet-like structures are formed at lower rotational speeds
with needle-like structures formed at higher ®, 8k rpm, Figure 3. 3-c. BET studies, Figure 3. 3-
d), show slightly lower surface area for the PSF prepared at lower o, increasing from ~915 to
~1670 m?/g for o increasing from 3k to 8k rpm, in accordance with My and T, data, Figure 3.
3-a3, b. However, in increasing ® from 6k rpm to 8 k rpm, the My and consequently the Tg
decreases with the surface area increasing, confirming more intrinsic porosity at higher
rotational speeds. This can be attributed to the double helical topological flow produced at
higher o [6], as presented in Figure D. 8 and Figure D. 22 in Appendix Dt. The increase in
surface area at higher o also corresponds to the morphological differences depending on ®,

Figure 3. 3-c, i.e. sheet-like structures having lower surface area than needle-like structures.
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Figure 3. 3. Comparison between (a) molecular weight distribution, (b) DSC thermograms, (c) SEM images, and
(d) nitrogen adsorption analysis of the VFD synthesised PSF at different rotational speeds, (S1-S6, at w 3k - 8k
rom, 6 45°, T 150 °C, and 60 min).

3.3.3. Effect of temperature

The temperature was then systematically varied relative to ® with all experiments carried out
at 6k rpm, for reasons discussed above, and the tilt angle 6 set at 45° for 60 min processing.
As previously established [3], the processing temperature plays a pivotal role in the PSF
synthesis in the VFD, with the reaction taking place > 140 °C with > 160 °C producing higher
Mw polymers, for example, 170 °C affording material with Mw 12 kg/mol and T; 168 °C.
However, the higher the temperature the lower the yield, dropping to 19.4% at this
temperature. This we ascribe the presence of adventitious moisture, and in the present study
care was taken to minimise this, by carrying the reaction out under anhydrous conditions,
while also minimising evaporation under processing in the VFD which is associated with high
heat and mass transfer [8]. Under such conditions, the product was consistently formed in
much higher yield. Figure 3. 4 shows the effect of temperature on Mw, Tg, morphology, and
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surface area of the VFD produced PSF - the higher the temperature the higher the My (~ 16
and 15.2 kg/mol) and Tg (~ 169 and 174 °C) at 160 °C and 170 °C, respectively. At 160 °C and
170 °C the yield of PSF was ~ 67% and 64%, respectively, and surprisingly the polymer was
formed at lower temperatures, at 120 °C, (S8), albeit in ~ 45%, in contrast to no apparent
reaction for operating the VFD open to the air [3], although the Mw (~ 3.3 kg/mol) and Tg (~

126 °C) were low.

The morphology of the PSF now generated at different temperatures are strikingly different.
SEM images, Figure 3. 4-c, revealed sheet-like structure for PSF synthesised at 120 and 140
°C, semi-spherical (mixture of sheet and spherical) at 150 °C, globular at 160 °C and fibrous

structures at 170 °C.
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Figure 3. 4. Comparison between (a) molecular weight distribution, (b) DSC thermograms, (c) SEM images, and
(d) nitrogen adsorption analysis of the VFD synthesised PSF at different temperatures, (57-S11, at T 120-170 °C,
w 6k rpm, 6 45°, and t 60 min).

BET measurements, Figure 3. 4-d, established a large difference between the surface area of

the PSFs obtained at 140 and 170 °C, with ~ 1472 and ~ 3956 m?/g, respectively. This

85



correlates with different morphology of sheets and rods at low and high rotational speeds,

Figure 3. 4-c.

As discussed above, the formation of sheets is consistent with circular topological fluid flow
in the VFD being dominated at low ®, where there is high heat and mass transfer at the glass
liguid interface associated with a circular Coriolis from the hemispherical base of the rotating
tube [6], Figure D. 227, with the rods formed under high shear within the confines of the
double helical flow generated by the Coriolis twisted eddies from the Faraday waves
generated as the tube rotates at 45° tilt with an expected oscillating thin thick layer of liquid
under gravity [6], as presented in in Appendix DT. The diameter of the rods are mainly
between ca ~70-200 nm which correlates with the diameter of rods of fullerene Cso formed
in such confines, as a shear stress induced crystallisation process [6]. Thus, the dimensionality
of the topological fluid flow in the 20 mm O.D. tube, from one fluid to another, at different

temperatures, specifically at 6 45° is consistent.

In accordance with our previous results, 170 °C can result in high Mw polymer. In the present
study, the outcome of processing at 160 °C was also comparable and was considered the
optimal temperature hereafter, taking energy usage as an important consideration in the
processing. It has the highest My and T of VFD synthesised PSF, although the PDI (2.9) was
higher than for other temperatures. Mw and Tg increased from ~3.3 kg/mol and ~126 °C to 16
kg/mol and ~169 °C, on increasing the temperature from 120 to 160 °C. There is a narrower
MWD for lower temperatures, Figure 3. 4-a, with the lowest PDI of 1.5 at 140 °C, then 2.1,
2.9, and 2.4 for 150, 160 and 170 °C respectively. As shown in Figure 3. 4-a, The MWD of PSF
synthesised at 160 and 170 °C was broader, but with higher My relative to PSF formed at
lower temperatures. Thus, the growth of higher Mw polymers takes place at higher
temperatures. There is a shoulder for the smaller My region of the MWD curve of PSF formed
at 170 °C (S11), which disappears for processing at lower temperatures, and is indicative of
some polymer chain degradation [43] occurring at the higher temperature of 170 °C. It is also
reflected in the molecular weight value which drops slightly from ~16 kg/mol at 160 °C to ~15
kg/mol at 170 °C. A sharper shoulder is expected in the lower Mw region for temperatures >
170 °C. This is consistent with the earlier research outcomes [2] which showed that the

reaction is mildly exothermic and extremely rapid above 160 °C, possibly resulting in solvent
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decomposition and/or discoloration or even gelation of the reaction mixtures. Hence,

preventing the excessive overheating of the reaction is essential.

3.3.4. Effect of tilt angle

The use of different tilt angles, 6, of the quartz tube, between 0° (horizontal) and 90° (vertical)

were then investigated, with o fixed at 6k rpm, for T 160 °C and 60 min processing (S12-518,

Table B. 1) to ascertain the effect of the interplay between gravitational and centrifugal

forces on the fluid flow and thus the outcome of the polymerization process. For 8 30° to 90°,

Figure 3. 5, there is minimal effect on the Mw and the T of the as prepared polymers, but

there is a significant reduction in Mw of the polymer for 8 0° and 15°. MWD also shows a

shoulder in the lower Mw region for the polymer formed at 6 30°.
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Figure 3. 5. Comparison between (a) molecular weight distribution, (b) DSC thermograms, (c) SEM images, and

(d) nitrogen adsorption data of the VFD synthesised PSF formed at different tilt angles, $12-518, 6 0, 15°, 30°,

45°,60°, 75° and 90°, w 6k rpm, T 160 °C, and t 60 min.

SEM images show dramatic changes in morphology relative to 0, with semi-flat surfaces for 6

>

30° and irregular porous-like structures at® 0° and 15° This is reflected in BET
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measurements, with higher surface areas for 8 0° and 15°, ~2571 and ~1951 m?/g
respectively. These are higher than those formed at 8 30° 45°, 60°, 75° an 90°, at ~1646, 1649,
1438, 1642, and 1675 m?/g, respectively, Figure 3. 4-c. Presumably this difference is related
to differences in specific topological fluidic flow in the VFD [6], Figure D. 22t. Although 0 45°
did not show any significant difference in the Mw and Tg of the synthesised PSFs, is a much
easier to implement at this angle for carrying out the experiments. Given that 45° tilt angle is
typically optimal for processing in the VFD [4, 7, 11-15], this angle was selected as the

optimum tilt angle for the rest of the experiments.

3.3.5. Effect of time

Previously we established that increasing the reaction time up to 60 min in the VFD resulted
in higher Mw PSF, although this resulted in lower yields [3]. Given that in the present study
we are operating the VFD under anhydrous conditions, we have explored the effect of
processing time, for 15, 30, 60, and 180 min. Under such conditions, the yield does not
significantly change with time, being ~ 651%4% for S19-22 (Table B. 1t). However, the My, and
Tg significantly increased from ~4.5 kg/mol and ~138 °C to ~15.5 kg/mol and ~172 °C by
extending the reaction time from 15 to 60 min, Figure 3. 6-a and b, with only a slight decrease
in Mw and Tg after 180 min of processing. The shoulder in the lower Mw region, Figure 3. 6-a,
suggests that the polymer is undergoing fragmentation during longer processing time [43],
where it is subjected to extensive shear stress. SEM and BET results, Figure 3. 6-c and d, are
consistent with changes to the PSF for long processing times. Sheet-like structures are
generated for the shorter reaction times, 15 and 30 min, bulk structures for 60 min and a
combination of needle-like and sheet-like structures for 180 min. BET measurements revealed
higher surface areas for longer processing time, which can be attributed to the higher intrinsic
porosity, with 15 min and 180 min processing resulting in ~677 and ~4060 m?/g surface areas,
respectively. High shear in the VFD accelerates the polymerisation reaction and the longer
the processing time, the greater scope for remoulding the size and shape of the polymer
particles, as well as the intrinsic porosity, depending on the topological fluid flows, Figure 3.
1-a [6, 7] as well as breaking the longer polymer chains. MWD and heat flow thermograms in
Figure 3. 6-a and b show a significant increase in Mw ~15.4 kg/mol, and Tg ~172 °C, for PSF

synthesised in the VFD at optimal conditions relative to conventional synthesised PSF, with
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corresponding values at ~6.6 kg/mol and ~106 °C. While commercial PSF has a much higher

Mw ~ 63 kg/mol, MWD curves shows a smaller PDI for the VFD synthesised PSF at optimal

conditions (S21), 2.4 compared with 2.9 for commercial PSF, Figure 3. 6-a.
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Figure 3. 6. Comparison between (a) molecular weight distribution, (b) DSC thermograms, (c) SEM images, and

(d) nitrogen adsorption data for VFD synthesised PSF at different reaction times, (519-522, at w 6k rpm, 8 45°, T

160 °C, and t 15, 30, 60 and 180 min), compared to commercial PSF and conventional synthesised PSF.

A striking result for VFD processed PSF relative to conventionally prepared PSF is a significant

increase in Tg, from 106 °C to 172 °C. Furthermore, the high T, for VFD generated PSF is close

to that of commercial PSF, although there is a distinct difference in Mw. This outcome in using

VFD high shear and intense micromixing mediated formation of PSF shows that the

microfluidic device is effective for enhancing the thermal properties of the products, as we

have recently established in a parallel study on using the VFD to modify the thermal and

mechanical properties of membranes of PSF [5].
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3.4. Conclusions

We have established the utility of the VFD in the synthesis of PSF in the confined mode of
operation of the microfluidic platform, as a one step process, in being able to control the
molecular weight, the glass transition temperature and the morphology of the particles. This
is contingent on operating the VFD and the materials and solvent under anhydrous conditions,
for which the operation of the VFD is readily adaptable. The findings overcome some of the
limitations of conventional bath synthesis of PSF, as well as translating a two-step process
into just one step. The systematic approach used in determining the optimal conditions maps

out a path forward for translating the findings into the synthesis of other polymers.

The VFD operating parameters (w rotational speed, T temperature, 6 tilt angle, and t time)
were systematically varied with respect to their effects on the Mw, Tg, morphology, and
nitrogen adsorption capacity. The enhanced VFD synthesised PSF provided a product with Mw
~16 kg/mol, Tg ~170 °C with a change in the specific heat capacity, cp 0.224 J/(g*°C). SEM
imagery established a clear morphological difference in the products obtained under different
conditions, with sheet-like structures formed at low temperatures, notably 120 and 140 °C,
semi-spherical structures at 150 °C, globular like structures at 160 °C and fibrous structures
at 170 °C. The porosity of the PSF is also dependent on the temperature of the VFD processing,
with a higher surface area formed at 170 °C, ~4000 m?/g, relative to 140 °C, ~1470 m?/g. In
addition, the morphology of the product can be altered by changing the rotational speed,
which correlates with an understanding of the different topological fluid flows in the VFD [6],
as does the degradation of the polymer, particularly under double helical flow, noting that

the degradation is also evident for long processing times.
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Chapter 5

General discussion

The main aim of this chapter is to integrate the research outcomes to provide an overall
picture in this area. To do that, this chapter will not only establish connections among the

chapters but will also address the research questions presented in Chapter 1.

The first research question in this study was mainly about introducing the VFD and its
application in different fields and specifically the possibility of using this platform in
synthesising PSF as a common polymer in membrane fabrication. This involved a two-step
polycondensation reaction as a nucleophilic substitution route which has been elaborated in
chapter 2 involving pre-prepared DiNa salt of BPA and DCDPS. The two-step polymerisation
was conducted using both the VFD and conventional [1] methods for comparing the
properties of the different synthesised PSFs with respect to their Mw, Tg, and reactions yields.
In this chapter the intermediate DiNa salt of BPA was prepared and used in the synthesis of
the PSF with the product characterised for each step using FTIR and NMR spectroscopy. NMR
analysis clearly confirmed the successful production of DiNa salt of BPA as the intermediate
product obtained from the first step in the VFD. *H-NMR of BPA in DMSO-d6 (Figure 2. 1-a)
confirmed peaks at ~ 1.53 and 9.13 ppm, assigned to the aliphatic protons and hydroxyl
groups, respectively, with the later removed on reacting with base in forming DiNa salt of
BPA. There were also peaks at ~ 6.97 and 6.64 ppm corresponding to the aromatic protons of
BPA (Figure 1-b) with changes in the *H-NMR spectra [2] consistent with the formation of the
DiNa salt (Figure 2. 1-a) as well as the removal of water from the reaction mixture in the VFD
as has been reported for the continuous flow synthesis of di-carboxylate esters synthesis [3].
1H and 3C NMR of VFD synthesized PSF at the optimised VFD condition, matched the
corresponding spectra for PSF [4]. To answer the second research question on the effect of
operational parameters on the VFD products, VFD operational conditions (rotational speed
(w), temperature (T), tilt angle (8) and processing time (t)) were systematically investigated,
Figure 2. 2, in comparing the main properties of the synthesised PSF using GPC, DSC, and TGA.
The products synthesised in the optimised VFD conditions have a higher Mw and Tg of ~ 10

kg/mol and ~ 154 °C respectively, relative to that of the polymer prepared using conventional
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batch processing, of 6 kg/mol and 106 °C, respectively. Recognising a trade-off between
increasing the temperature/processing time and the Mw and yield of the process, the
optimised VFD conditions could be identified based on the importance of the M, of the final

product or the yield of the reaction.

To further ascertain the aforementioned trade-off between the main operational parameters
using in the VFD, research was continued to address the third research question in chapter 3,
with an enhanced polymerisation approach resulting in improved PSF in terms of Mu. In this
approach, a one-step VFD mediated PSF polymerisation in a more scrupulously anhydrous
condition was conducted under high shear in the VFD operating in the confined mode. In this
chapter, VFD synthesised PSF was prepared in just a single step synthesis reaction between
the solid starting materials in triple distilled DMSO, thereby avoiding the use of aqueous base
and chlorinated solvents, unlike in conventional batch processing in synthesising the PSF [1].
To provide the base needed for the reaction, dry crushed NaOH pallets were used to avoid
hydrolysis of DCDPS. The water content in the reaction mixture was minimised by purging
with nitrogen gas with the oven dried quartz tube flame heated prior to use. 'H NMR of the
VFD mediated professing confirmed the formation of PSF with the doublets assigned to
phenol groups and peak at 6 = 1.69 ppm assigned to the methyl group (Figure 3. 2-b). The
smaller peaks close to the main peaks confirmed the terminal groups of the polymer in the
aromatic and aliphatic regions. The effects of operational parameters of the VFD (®, 0, T, and
t) were investigated systematically, varying them with respect to Mw and T; of the PSF,
followed by further characterising of the product using FTIR, SEM and BET. GPC curves and
heat flow thermograms presented in Figure 3. 3-a and b, established the highest My and T,
to be at 6k rpm rotational speed. As the VFD was effective in slicing polyethylenimines [5] at
higher rotational speeds, 7k and 8k rpm, VFD processing in the present study is likely to lead
to polymer breakdown, which was confirmed by a reduction in Mw, and an increase in the
surface area in smaller particles at 8k rpm, Figure 3. 3-a and d. Increase in the surface area
of the as prepared polymer at higher w corresponds to the effect of double helical topological
flow produced at such speeds [6]. The morphology of the product changes from sheet-like
structures at lower rotational speeds to needle-like structures formed at higher w, 8k rpm,

Figure 3. 3-c, and are associated with breakdown of the polymer at higher rotational speeds.
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The formation of needle-like structures at higher w, Figure 3. 3-c, and rods at higher
temperature, Figure 3. 4-c, are consistent with the presence of high shear within the confines
of the double helical flow generated by Coriolis twisted eddies from Faraday waves at 6 45°.
This similarity showed the presence of heat and transfer at the glass liquid interface in the
VFD rotating tubes even at temperatures lower than 170 °C [6], although the effect of higher
temperature resulted in a clearer formation of rods in a fibrous structure with their diameter
mainly between ca ~70 and 200 nm which correlates with the diameter of rods of fullerene
Cso as a VFD mediated shear stress induced crystallisation process [6]. The BET measurements,
Figure 3. 4-d, show a dramatic increase in the surface area of the fibrous samples produced
at higher temperature, 170 °C, with that of ~ 3956 m?/g, compared to ~ 1472 m?/g for those
sheet-like prepared at lower temperature, 140 °C. Results in Figure 3. 4-a and b, established
the formation of higher Mw PSF at higher temperatures, 160 and 170 °C, as was concluded
from our previous research in the second chapter, but with a similar yield of the reactions, ~
67% and 64% at 160 and 170 °C respectively, as opposed to those of 61% and 19.4% in chapter
2, Figure 2. 2-b. Although the growth of the higher Mw polymers took place at higher
temperatures, in the MWD curve of PSF formed at 170 °C a shoulder was detected in the
smaller Mw region, Figure 3. 4-a, which disappeared for the polymer formed at lower
temperatures, which corresponds to polymer chain degradation [7]. Investigating the effect
of tilt angle and time on high shear synthesise of PSF revealed dramatic changes in
morphology relative to 6, with semi-flat surfaces for © > 30° and irregular porous-like
structures at 0 < 30°, Figure 3. 5-c, as well as sheet-like structures for shorter reaction times
<30 min, bulk structures for 60 min processing, and a combination of needle-like and sheet-
like structures for 180 min, Figure 3. 6-c. These results supported by the increased surface
area in more porous and needle-like structures could be related to differences in specific
topological fluidic flow in the VFD [6]. For instance, a higher surface area was revealed for
product formed during longer processing time, can be attributed to the higher intrinsic
porosity resulting from longer topological fluid flow effect [6, 8], with ~ 4060 m?/g surface
area at 180 min compared to ~ 677 m?/g for sheet-like products formed during 15 min
processing time, Figure 3. 6-d. Overall, the products synthesised in this chapter under more
scrupulously anhydrous conditions resulted higher Mw, Tg and yields, which could be

attributed to minimising DCDPS hydrolysis otherwise associated with water being present.
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Taking the advantage of the high shear processing of PSF synthesis under anhydrous
conditions presented in this chapter showed a dramatic reduction in deviation of reaction
yields, resulting in them all being in the range ~ 64+4% which varied between ~19% to ~ 60%

in product yield as synthesised in chapter 2.

Furthermore, in chapter 4, to investigate the application of the VFD in fabricating UF
membranes from PSF, and addressing the fourth research question, a series of continuous
flow micro-mixing processes under high shear in the VFD were conducted followed by phase
inversion of the cast solution. Mixing time and type, temperature, polymer concentrations,
solvent type, coagulant, additive type and concentrations are amongst various important
operational parameters in membrane fabrication [9-16]. The effect of polymer
concentrations, mixing time and type, and VFD rotational speed on the structure of the UF
membranes and filtration performance were investigated and compared with those for
conventional processed membranes in this chapter. Fabricated UF membranes were
morphologically evaluated and compared to conventional mixed (24 h magnet stirrer at 50
°C, and 3 h sonication at UFMO) with those fabricated from 10 %, 15 %, and 20 % PSF solution
(UFM1-3) using VFD mixing (& 6000 rpm, 30 °C, 6 45°, and 0.5 mL/min flow rate, Figure 4. 3.
The required mixing times for VFD processing were significantly shorter compare to
conventional mixing, being reduced from > 24 h to < 4 h. Uniform finger-like pores along the
thickness of 10 % PSF membrane (Figure 4. 3-b) with an open porous structure at the bottom
of the membrane, and sponge-like structure with macro-voids on the bottom of the
membranes fabricated from 15 % and 20 % PSF membranes (Figure 4. 3-b, c and d) were
observed. A denser structure with smaller pores on the membranes from higher concentrated
solutions showed a good agreement with the literature in conventional mixing processes [9,
10]. Higher viscosity of 20% PSF solution resulted in some defects on the surface of the
membrane, due to the presence of persistent bubbles before casting [11], thus 15% PSF
solution was used as the optimal concentration for the rest of the experiments which was in

accordance with the published works [9].

Apart from the shortening the preparation process from over 24 h in conventional mixing to
less than 4 h in the VFD mixing, by taking the advantage of high shear in the VFD, the higher

rotational speed, with the optimal value of 7k rpm, provided; shorter finger-like sections at
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the top of the membrane, denser sponge section at the bottom of the membranes, smaller
pore sizes, higher porosity, higher Young’s modulus and mechanical stability, and better
salt/BSA rejection performance, Figures 4. 3-5. The higher permeability of membranes
derived from VFD processing, ~ 97-106 LMH/bar, compared to that of membranes prepared
using conventional mixing, ~ 86 LMH/bar, could be attributed to the topological fluid flow
under high shear and intensive micromixing [6] which resulted in decreasing the pore sizes
and consequently increasing the porosity and surface areas of the membranes. Moreover,
increasing the rotational speeds could result in generating higher shear within dynamic thin
films in the inclined rapidly rotating VFD tube [8, 17], and consequently increasing the water-
flux permeability up to 106 LMH/bar at 7k rom. At w > 7k rpm. The intensive micromixing
could result in reducing the pore sizes and finally resulting in some blockages in the porous
media of the membranes as was clearly established in SEM images and presented in the pore
size diagram. This resulted in a decrease in porosity at w higher than 7k rpm which is in

agreement with the topological fluid flow identified in earlier research [6], and in chapter 3.

The fifth research question was specifically about the application of the VFD in continuously
mixing GO in polymer matrix and fabricating enhanced composite UF membranes which
addressed in the second part of chapter 4. GO was successfully incorporated into PSF matrices
using both VFD and conventional mixing prior to the phase inversion process to enhance the
properties of the fabricated UF membranes. The broad band from ~ 2900 to ~ 3700 cm™ in
FTIR spectra, Figure 4. 2-a, is attributed to the O—H stretch of surface functional groups or
water adsorbed on the GO layers. Incorporation of GO into the membrane under continuous
VFD mixing was confirmed using FTIR with bands at 1660 to 1700 cm™ in the GO/PSF
composite assigned to —C=0 membrane [18, 19]. This was also confirmed with the 2 peaks in
Raman spectra of GO/PSF composites, Figure 4. 2-b, at 1328 and 1584 m™, assigned as the
relative D and G bands in GO [12, 19-21]. Furthur confirmation of the successful GO
incorporation into the PSF matrix was identified with the distinct GO peak at 26 ~ 12.8° in the
powder diffraction data for GO/PSF UF composites, as evident in Figure 4. 2-c. Incorporating
GO into the composites resulted in increasing the hydrophilicity of the membranes by
decreasing the water contact angle from ~ 75° in pristine PSF membranes to ~ 62° for a

composite membrane with 2 wt. % loading of GO, in accordance with previous studies [16,
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22, 23]. Playing a prominent role in solvent/non-solvent exchange during phase inversion [23],
GO incorporation into the PSF membranes significantly changed the morphology of the
composite cross-sections, producing larger pores and macro-voids attributed to the higher
GO content, Figure 4. 3-j-n. The unique structure of layers of GO provided a pathway for
diffusion of water, with a significant water flux increase as the GO loading increases, Figure 4.
4-b and d. There is a uniform dispersion of GO into the polymer matrix up to 1 wt. % with no
visible agglomerates of the 2D-material, (Figure 4. 3-j-1), with an increase in porosity, pore
size, permeability and salt/BSA rejection performances were detected. However, in further
increasing the GO content a dramatic decrease of the abovementioned characteristics
occurred due to agglomeration of the GO and possibly blocking the pores with excess GO and
forming smaller pores and slowing down the de-mixing by blocking available pathways as

evident in the SEM image in Figure 4. 3-m.

Comparing the VFD composite membranes at optimal conditions (UFM11, 1 wt. % GO content
at 5k rpm, 0.5 mL/min, overall < 4 h) with conventional processing for GO/PSF composite
membranes (UFM13, 1 wt. % GO content, 24 h magnet stirring, 3 h degassing), confirmed a
higher porosity (86.6+1.7%) and water permeability (122.9+3.9 LMH/bar) in VFD processed
composite membranes, Figure 4. 4-d. This increase from the conventional processed
membranes to 80.2+2.2%, 108.5+3.5 LMH/bar relates to the high shear and unique
topological fluid flows in the microfluidic platform at a tilt angle of 45° [6]. In accordance with
the literature [15, 22, 23], the higher permeability of the VFD composite membranes (~ 102-
123 LMH/bar) relative to pristine PSF membranes (~ 97-106 LMH/bar) confirmed the well
dispersed GO in PSF. The higher permeability and rejection performance for VFD composites
(UFM9-13) relative to those of conventional processed composite (UFM13), arising from high
shear and intense micromixing in the VFD relative to conventional mixing, creating a more
uniform solution and an higher dispersity of GO in the polymer matrix. Investigating the effect
of GO incorporation into the polymer matrix resulted in a higher rejection performance in the
composite membranes compared to the pristine PSF membrane with the NaCl rejection from
18.5+1.3 to 34.3+1.7 %, and bovine serum albumin (BSA) rejection from 53.8+2.0 to 74.2+2.0

%, respectively, Figure 4. 4-d.

128



GO loading in the polymer matrix also resulted in increasing the mechanical and thermal
properties of the membranes [23], Figure 4. 5. This was highlighted with a Young’s modulus
of ~ 137.2+12.1 MPa at UFM11 for 1 wt. % GO content, compared to the pristine PSF
membrane at UFM5 ~ 106.61£4.8 MPa (both in the same operational conditions), as well as a
lower mass loss (~ 58 to ~ 68%) in GO integrated membranes (UFM9-12), compared to the
pristine PSF membrane (UFMO) with that of ~ 72%. In addition, the Young’s modulus of VFD
processed composite (UFM11) compared to the conventional processed composite (UFM13),
with the same GO content (1 wt. %), revealed higher mechanical stabilities in the VFD

products which arises from the high shear and intensive micromixing of the VFD platform.
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Chapter 6

Conclusions and future work recommendations

This chapter integrates the findings of all chapters and offers suggestions for possible future

research.

6.1. Conclusions

This thesis mainly focused on the application of the VFD in polymer synthesis and UF
membrane fabrication. In the second chapter, the possibility of synthesising PSF as a common
polymer in UF membranes using the VFD was investigated, followed by enhancing the
properties of the VFD synthesised PSF under anhydrous conditions in the third chapter.
Finally, in the fourth chapter, the VFD mediated PSF and GO/PSF UF membranes were
fabricated and their main properties and rejection performances were compared with the
conventional processed membranes. The following conclusions were derived from the

analysis of the synthesised polymers and fabricated membranes:

e PSF synthesis was conducted in a two-step polycondensation reaction between BPA, 50%
NaOH aqueous solution and DCDPS using the VFD and conventional nucleophilic
substitution route, and the main properties of the synthesised PSF were investigated
while systematically exploring the operating parameters of the VFD, including rotational

speed, processing time, tilt angle of the tube, and temperature.

e H-NMR spectra showed the removal of hydroxyl groups on forming the DiNa salt of BPA
obtained in the first step in the VFD. This was confirmed with the loss of —OH stretching
bands in the FTIR spectra of the DiNa salt, and is associated with water dissipation in the

VFD as a high mass transfer process.

e The optimised VFD operational conditions were T 170°C, ® 6000 rpm, 0 45° and t 30 min,
which afforded Mw ~ 12000 g/mol, Tg 168°C and decomposition temperature ~ 530°C. A
lower yield of 18% at 170 °Cresulted in choosing 160 °C as the optimal temperature which
afforded Mw ~ 7000 g/mol, Tg~ 154°C, and ~ 64% yield in a 30 min reaction and Mw ~
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10000 g/mol, Tg™~ 158°C, and ~ 30% yield in a 60 min reaction. Results presented in this

chapter defined a trade-off between the yield and Mw and reaction time.

The reduction in reaction yield in longer processing time may attribute to the shear stress
arises from the fluid flow in the VFD resulting in bond cleavage and the polymer chain

length reduction.

PSF synthesis was modified in using the VFD, by translating a two-step process into just
one step process under scrupulously anhydrous condition, for the VFD operating in
confined mode, in DMSO, thereby avoiding the use of aqueous base and chlorinated

solvents.

A systematic approach was used to determine the optimal conditions for the synthesis of
PSF mapping out a path forward for translating the findings into the synthesis of other

polymers.

The VFD operating parameters were systematically varied with respect to their effects on

the Mw, Tg, morphology, and surface area of the polymer.

The enhanced VFD synthesised PSF provided a product with Mw ~16 kg/mol, Tg ~170 °C
with a change in the specific heat capacity, cp 0.224 J/(g*°C), at w 6k rpm, T 160 °C and 6

45° during a 60 min processing time, with an overall ~ 65% reaction yield.

As opposed to the two-step reaction, the yield did not significantly change on extending
the processing time, being ~ 65%4% under such scrupulously anhydrous conditions.
However, the My and Tg of the products were significantly affected by changing the
reaction time, with an increase in Mw and Tg while increasing the process up to 60 min
with a gradually decrease thereafter. The degradation is also evident for long processing
times and arises from the different topological fluid flows particularly double helical flow

in the VFD.

A clear morphological difference was established in the SEM images of the products
synthesised under different conditions. Temperature as a main parameter in PSF
synthesis resulted in sheet-like structures formed at 120 °C and 140 °C, semi-spherical

structures at 150 °C, globular like structures at 160 °C and fibrous structures at 170 °C.
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The porosity of the PSF is also dependent on the operational conditions, specifically
temperature of the process, with a higher surface area of the product synthesised at 170

°C, ~4000 m?/g, relative to 140 °C, ~1470 m?/g.

Continuous flow micro-mixing under high shear in the VFD involved investigating the
effect of PSF concentrations (10, 15, and 20%), as well as rotational speed of the VFD on
the properties of the PSF UF membrane. GO incorporation into the PSF membrane also
was investigated with respect to the effect of GO concentration in a VFD mixing process

prior to the phase inversion.

VFD processing showed a significant effect on both types (PSF and GO/PSF) of the UF
membranes by (i) shortening the mixing time relative to conventional mixing, ca 4h
versus ca 24h, concurrently (ii) enhancing the properties of the membranes for filtration

purposes.

More sponge-like membranes fabricated from the highest PSF concentration (20%)

presented a higher mechanical stability (Young’s modulus ~ 190 MPa).

Changing the shear stress fluid flow and dimensions of the topological fluid flow in the
higher rotational speed VFD mixing resulted in smaller pore size and higher porosity,
permeability, and Young’s modulus of the membranes with the optimal values at 7k rpm

for pristine PSF and 5k rpm for GO/PSF composite membranes.

VFD mixing at 7k rpm afforded a 22% increase in porosity and permeability relative to the

control experiment using conventional mixing.

Moreover, it was established using SEM imagery that higher rotational speeds resulted
in more sponge-like structures relative to the membranes formed from the lower

rotational speeds provided longer figure-like section in the structure of the membranes.

The different topological fluid flow also resulted in a slight decrease in porosity,
permeability, and rejection performance in membranes of solutions prepared at 8k

relative to 7k rpm, by some pore blockage at 8k rpm.

Hydrophilicity of the GO/PSF composite membranes gradually increased with the highest

being for the composites with 2 wt.% of GO and a water contact angle of 62° relative to
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that of 75° in pristine PSF. However, the optimal Go loading was adjusted at 1 wt.%
because of the negative impact of excess GO content resulting in higher viscosity of the
cast solution and the inherent difficulty in uniformly dispersing the GO, which could result

in reduced permeability, porosity and mechanical stability.

Increasing GO content from nil to 1 wt. %, resulted in a significant increase in BSA
rejection at 3 bar, from 53.8+£2.0 % to 74.2+2.0 % associated with increasing the repulsion

between composite membranes and BSA.

Comparing the BSA rejection performance of membranes showed that the VFD mixed
composite membrane with 1 wt. % GO content resulted in higher BSA rejection (~ 74%)
relative to the conventional mixed composite membrane with the same GO content (~
65%). This is attributed to the effect of the unique high shear fluid flow in the VFD,

impacting the performance of UF membranes.

Finally, in comparison with the pristine PSF membrane, enhanced GO/PSF composite
membranes loaded with 1 wt.% GO through VFD mixing, improved the permeability, salt,
and BPA rejection from (97.3+3.3) to (123+3.9) LMH/bar, (18.5+1.3) to (34.3%+1.7) %, and
(53.8+2.0) to (74.2+2.0) %, respectively.

135



6.2.

Future research directions

Recommendations for future research directions include:

The systematic approach used in determining the optimal conditions maps out a path
forward for translating the findings into the synthesis of other polymers via VFD in the
confined or continuous mode of operation of the device.

To fully investigate the effect of different operational parameters on the properties of
the synthesised polymers or fabricated membranes, with respect to the effect of
interaction between different variables, mathematical and statistical methods for
modelling and analysing the processes have significant research potential. For instance,
response surface methodology (RSM) has potential for designing of experiments (DOE).
Although the continuous PSF synthesis was not successful in our attempts, due to
clogging of the jet feeds and delivering the solid materials in the VFD tube, there are other
polymers that can be synthesised in a more straight forward procedure which can be
investigated for developing faster and greener processing for uptake by industry.

A very hot topic well aligned with the direction of this research could be fabricating the
VFD processed membranes from the VFD synthesised polymers with high MW (PSF, PESF,
PVDF,...) and comparing them with the VFD membranes fabricated from the conventional
synthesised polymers.

Given that different morphologies of PSF have been obtained using the VFD, under
different conditions, specific topological fluid flow in the VFD could result in producing
selective morphologies of the polymers, for instance, in producing fibrous polymers
which could have potential in different applications .

Electrospinning is popular for fabricating membranes based on fibrous structures and
these can be compared with the membranes fabricated using the VFD, thereby exploring
the effectiveness of the topological fluid flow in the VFD in producing fibrous materials.
Investigating the antifouling properties of the VFD processed membranes compared to
the conventional processed membranes is potentially important, given that the high
shear stress and micro-mixing in the VFD result in smaller pore size with increased

porosity.
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In addition to incorporating GO into the polymer matrix, other additives such as silica,
carbon nano tubes, TiO2 etc. can be also incorporated into the target polymers using VFD
processing, in regard to fabricate composite membranes with different applications.
Green graphene oxide (GGO) has been developed in the Raston research group as a low
waste process, having significantly different properties relative to conventional
Hummer’s method derived GO. Using GGO as an additive to the polymer matrix for
making hybrid polymers (GGO/polymer) has potential for different applications.
Evaluating the performance of VFD fabricated graphene composites (graphene or GO in
polymer matrix) in regard to heat dissipation control for application in LED lights.

In situ membrane fabrication in the VFD without further processing can be an immaculate
topic for further research on the application of the VFD in polymer and membrane
science.

Stepping forward to prepare NF membranes, using VFD for processing other solutions for
creating a thin active layer on top of the UF membranes has high potential (and novelty)
future research direction in this field.

Apart from the polymeric membranes, other types of nonpolymeric membranes can also

be investigated for fabrication using VFD processing.
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A.1. Schematic structure of polysulfone (PSF)

A.1.1. PSF repeating unit

Scheme A. 1. PSF repeating unit.

A.1.2. Polysulfone (PSF) with a number of repeating units

Scheme A. 2. Polysulfone (PSF) with a number of repeating units.

A.1.3. PSF polymerization via conventional technique

Bisphenol A (6.42 g, 0.028 mol) accompanied with DMSO (13.07 mL) and
chlorobenzene (37.16 mL) were placed in a triple neck rounded bottom flask. This flask
was fitted with a nitrogen inlet, mechanical stirrer, and a condenser. Dissolving BPA in
the solvents were performed at 60-80 °C using an overhead mechanical stirrer with
500 rpm rotational speed in 30 min resulted in a clear solution. Following this, 50%
NaOH solution (4.48 g, 2.92 mL, 0.056 mol) was added to the reaction mixture over a
period of 10 minutes, and the reaction was continued for 1 h at 120 °C. This resulted
in a two-phase mixture of chlorobenzene, and DiNa salt of BPA in DMSO. For water
removal, the temperature was increased to 140 °C, resulting in precipitation of the

disodium salt of BPA.

A 50 % w/w solution of DCDPS (8.07 g, 0.028 mol), in chlorobenzene (7.27 mL) was
heated to 110 °C, then added to the reaction over a period of about 10 min. The
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solution was then stirred at 1000 rpm for 1 h at 160 °C [1]. The obtained solution was
cooled and diluted with chlorobenzene (90 mL). The solid NaCl was then filtered from
the solution. The final polymer was coagulated in ethanol (300 mL) and washed with
ethanol 3 times and filtered from the coagulant followed by drying in an oven at 135

°C for 5 hours, resulting in pure PSF as a goldish solid [2].

A.2. Experimental setup for PSF polymerization via the VFD

Table A. 1. List of experiments conditions for optimizing the PSF polymerisation using the VFD in confined mod.

Test No Speed (RPM) T(°C) Tilt Angle (°) Time (min)
T1 3000 150 45 30
T2 4000 150 45 30
T3 5000 150 45 30
T4 6000 150 45 30
T5 7000 150 45 30
T6 8000 150 45 30
T7 Optimal 80 45 30
T8 Optimal 120 45 30
T9 Optimal 140 45 30
T10 Optimal 150 45 30
Ti1 Optimal 160 45 30
Ti12 Optimal 170 45 30
T13 Optimal Optimal 0 30
Ti4 Optimal Optimal 15 15
T15 Optimal Optimal 30 30
Ti6 Optimal Optimal 45 60
T17 Optimal Optimal 60 30
T18 Optimal Optimal 75 30
T19 Optimal Optimal 90 30
T20 Optimal Optimal Optimal 15
T21 Optimal Optimal Optimal 30
T22 Optimal Optimal Optimal 60
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Figure A. 1. Experimental setup for investigating the experimental parameters in a systematic approach.
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A.3. FTIR spectra

A.3.1. BPA & DiNa salt of BPA
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Figure A. 2. FTIR spectrums of BPA and DiNa salt of BPA, b) FTIR spectrums of DiNa salt of BPA obtained from

first step of polymerization in both VFD and batch processing for different retention times from 30 min to 4h in

comparing the effect of time in water dissipation in producing the DiNa salt of BPA, using VFD or batch

processing.
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A.3.2. Polysulfone (PSF)
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Figure A. 3. FTIR spectra of the VFD and conventional synthesized PSF. VFD product was synthesised at 6000

rpom, 160 °C, 45 tilt angle, and 60 min reaction time.

A.4. NMR spectra

All NMR was performed on either 600 or 400 MHz Bruker advance spectrometers,
using CDCls or D;0 as the solvent, as specified. Spectra were acquired using a relaxation
delay-time of 4 seconds. All chemical shifts are presented in ppm, using residual

solvent as the internal standard. 2D COSY and HSQC experiments were used for peak

allocation.
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A.4.1. Bisphenol A (BPA)
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Figure A. 4. 'H-NMR of BPA as a starting material in first step of PSF polymerization, using DMSO-d6 as the

NMR solvent.
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Figure A. 5. 3C NMR of BPA as a starting material in first step of PSF polymerization.
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A.4.2. Disodium salt of BPA
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Figure A. 6. 'H-NMR of DiNa salt of BPA, as the intermediate product in PSF polymerization.
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Figure A. 7. 13C-NMR of DiNa salt of BPA as the intermediate product in PSF polymerization.
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A.4.3. 4,4-dichlorodiphenyl sulphone (DCDPS)
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Figure A. 8. H-NMR of DCDPS as a starting material in second step of PSF polymerization.

[ap i (ol Ko e o}
oW < @
0 2388
N/ KN CO00000
S LR NNNWNW
=Z2Z=2Z=2=2=2=
[afaaiaialakal
DL N T DT O
SACSERB
CEEEEEE
Cl Cl iy
T T T T T
200 150 100 50 0

ppm

Figure A. 9. 13C-NMR of DCDPS as a starting material in second step of PSF polymerization.

A.4.4. Polysulfone (PSF)

The NMR data suggests that the reaction of BPA and DCDPS resulted in PSF. This is
evident from the consumption of peaks corresponding to both starting materials, and
the production of new, broadened peaks indicative of PSF. In the aromatic region,

there are smaller peaks present that are likely due to terminal groups of the polymer.
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Figure A. 11. 3C-NMR spectra of VFD prepared PSF at 6000 rpm, 160 °C, 45 tilt angle, and 60 min reaction

time.
A.5. GPC curves

Molecular weight average molar mass (Mw) and distribution of the synthesized PSF
were determined using a double detection Shimadzu GPC instrument equipped with
an Ultra Violet (UV) and Refractive Index (RI) detectors, a guard column and a

Phenogel™ 5um Linear (2), 300 * 7.8 mm LC column. Tetrahydrofuran (THF) was used
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as the eluent (at 25 °C with 1.0 ml/min flow rate). The column was calibrated using
polystyrene standards with molecular weight covering the range of 1000-2704000

g/mol.

A.5.1. GPC traces of VFD (T4, 6000 rpm), commercial and conventional PSF
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Figure A. 12. Comparison between GPC traces of commercial, conventional and VFD synthesized (T4 at 6000

rom, 150 °C, 45°, and 30 min) PSF detected using the UV detector.
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Figure A. 13. Comparison between GPC traces of commercial, conventional and VFD synthesized (T4 at 6000

rom, 150 °C, 45°, and 30 min) PSF detected using the UV detector.
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A.5.2. Effect of rotational speed

1400000 -
1200000 -

1000000

800000

600000

Intensity (UV)

400000

200000 4

0 | v T v \/l

10 12 14

Time (min)

Figure A. 14. GPC curves of the VFD synthesized PSF’s in different rotational speed, obtained from T1 to Te using
the UV detector.
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Figure A. 15. GPC curves of the VFD synthesized PSF’s in different rotational speed, obtained from T1 to Ts using

the Rl detector.
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A.5.3. Effect of temperature
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Figure A. 16. GPC curves of the VFD synthesized PSF’s in different temperatures, obtained from Ty to T12 using
the UV detector.
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Figure A. 17. GPC curves of the VFD synthesized PSF’s in different temperatures, obtained from To to T12 using

the Rl detector.
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A.5.4. GPC traces of VFD (T11, 160 °C), commercial and conventional PSF
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Figure A. 18. Comparison between GPC traces of commercial, conventional and VFD synthesized (T11 at 160 °C)

PSF detected using the UV detector.
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Figure A. 19. Comparison between GPC traces of commercial, conventional and VFD synthesized (T11 at 160 °C)

PSF detected using the RI detector.
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A.5.5. Effect of tilt angle
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Figure A. 20. GPC curves of the VFD synthesized PSF’s in different tilt angles, obtained from Ti3 to T1is using the
UV detector.
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Figure A. 21. GPC curves of the VFD synthesized PSF’s in different tilt angles, obtained from T13 to T19 using the

Rl detector.
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A.5.6. Effect of time
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Figure A. 22. GPC curves of the VFD synthesized PSF’s in different retention times, obtained from T2o to T22

using the UV detector.
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Figure A. 23. GPC curves of the VFD synthesized PSF’s in different retention times, obtained from T2o to T22

using the Rl detector.
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A.5.7. GPC traces on the VFD synthesized PSFs (T: — T22), conventional and
commercial PSFs.
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Figure A. 24. GPC curves of the VFD synthesized PSF’s in different operational condition, obtained from T1 to

T22, vs commercial and conventional PSFs, detected using the UV detector.
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Figure A. 25. GPC curves of the VFD synthesized PSF’s in different operational condition, obtained from Ti to

Ta2, vs commercial and conventional PSFs, detected using the Rl detector.
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A.6. Glass transition temperature (T;)

Tg measurements were proceeded using a Perkin EImer DSC 8000 Instruments. A cyclic
heating-cooling-heating was carried out to eliminate thermal history in first heating
from 30 to 230°C and then cooling to 30 °C followed by heating up again to 230°C. The
ramping rates were 10 °C per minute for heating and cooling stages. T of each sample

was obtained from the heat flow changes on the second heating scan.

A.6.1. Comparison between T obtained for commercial PSF and VFD prepared PSF
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Figure A. 26. DSC thermograms of commercial and VFD synthesised PSF of Tz, T4, and Ts. Samples were cycled

from 30 °C to 230 °C at a rate of 10 °C min™™.

A.7. TGA analysis

TGA also is used for characterizing the thermal stabilities of materials by identifying
the mass loss or gain, due to heating the samples.[3! Thermal stability of the polymers
was also investigated through a thermogravimetric analysis on a Perkin EImer TGA
8000 under nitrogen and air atmosphere. To do so, samples were heated up to 850 °C
from 50 °C with 20 °C/min under nitrogen atmosphere and then held isothermal at 850
°C for 1 min followed by heating up again to 1050 °C with the same ramping rate under

switched atmosphere to air.
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Table A. 2. TGA measurements settings

Sample name Polysulfone (PSF)
Sample mass [mg] =4
Crucible Ceramic
Temperature Program 50 ... 850 ... 1050 °C
Heating rate 20°C/ min
Atmosphere Nitrogen, switch to air at 850 °C

-5
0
L -5
E
ay, | ay, | avy, E
60 || Sample Name %) %) %) - -10 g
£ Commercial | 0.44 | 66.2 | 33.7 8
=50 — --15 €
S =
2 VED-170°C | 0.45 | 66.2 | 32.6 $
=40 — L 20
VFD-160°C | 0.61 | 68.9 | 30.2 .E
30 - 952
VFD-150°C | 1.41 | 68.9 | 30.1 g
20 < —
VED-140°c | 0.27 | 68.7 | 30.9 - -30
10 {——
Conventional 7.35 65.1 | 27.9 | 35
0 _ 1
T T T T T T T T T T -40
50 100 200 300 400 500 600 700 800 900 1000 1050

Temperature (°C)

Figure A. 27. TGA traces of commercial, conventional and VFD synthesized PSF (Ts-T12), heating at a rate of 20 °C
min- up to 850 °C under Nitrogen and then air to 1050 °C. AY =Delta Y which represents the mass loose
percentage in every stage. DTG P=DTG Peak represents the decomposition temperature of every mass loosing
step obtained from derivative weight % curve, DTG P1g2 represent the decomposition temperature of main mass

loosing while using N2 and air, respectively.

After switching to air, burning of the pyrolytic soot as a mass loss of ~ 30 % was also

observed which resulted in no residual mass at the end of the measurement.
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A.8. SEM images

Figure A. 28. SEM images of PSF for (a) commercial material, (b) material formed using conventional batch
processing, (c) material formed in the VFD at the optimised s (T22 at 6000 rpm, 160 °C, 45°, and 60 min). PSF
synthesised in the VFD at 6000 rpm, 160 °C, g 45° for (d) 15 min, (e) 30 min, and (f) 90 min reaction time. All the

sample were drop cast and coated with ca 5 nm layer of Pt.
A.9. Chapter references

1. Othmer, K., Encyclopedia of Chemical Technology. 1996, John Wiley & Sons: New York.

2. Johnson, R.N., et al., Poly(aryl Ethers) by nucleophilic aromatic substitution. |.
synthesis and properties. J. Polym. Sci.: Part A-1, 1967. 5: p. 2375-2398.

3. Agboola, 0., J. Maree, and R. Mbaya, Characterization and performance of
nanofiltration membranes. Environ. Chem. Lett., 2014. 12(2): p. 241-255.
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B.1. Experimental settings

Table B. 1. Experimental conditions for PSF synthesise using a nitrogen sealed VFD tube in the confined mode.

Test No | Speed, w (rpm) T(°C) Tilt Angle, 0 (°) | Time, t (min)
s1 3k 150 45 60
S2 4k 150 45 60
S3 5k 150 45 60
sS4 6k (optimal) 150 45 60
S5 7k 150 45 60
S6 8k 150 45 60
S7 6k 120 45 60
S8 6k 140 45 60
S9 6k 150 45 60

S10 6k 160 (optimal) 45 60
S11 6k 170 45 60
S12 6k 160 0 60
S13 6k 160 15 60
S14 6k 160 30 60
S15 6k 160 45 (optimal) 60
S16 6k 160 60 60
S17 6k 160 75 60
S18 6k 160 90 60
S19 6k 160 45 15
S20 6k 160 45 30
S21 6k 160 45 60 (optimal)
S22 6k 160 45 180
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B.2. Heating unit calibration curve

Since there is a difference between the real temperature inside the tube and the temperature
which is shown on the controller of the heating unit, the heating unit was calibrated by

measuring the melting point of several compounds (Table S2).

Table B. 2. Reported and measured melting point of different materials using melting point measurement and

heating unit controller.

Standard Sample Reported Melting Point Melting Point Machine (°C) | Melting Point on the VFD
(°C) (T in the tube) (°C)
Vanillian 81-88 81 88
Phenacetin 134 133.5 145
DCDPS 143-146 145 159
Citric Acid 153-159 152 163
BPA 158-159 155.5 168

Heating Unit Calibration Curve
180

s

y =1.0747x + 1.231
R? = 0.9985
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Figure B. 1. Calibration curve of the heating unit.

Table B. 3. Calculated experiments temperatures.

y= 1.0747x + 1.231 T on the Controller (°C) 87 109 136 152 162 173 179 184 189

R* =0.9985 Tin the Tube (°C) 80 | 100 | 125 | 140 | 150 | 160 | 165 | 170 | 175
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Figure B. 2. (a) Experimental setup for distilling, and (b) keeping distilled DMSO under nitrogen.

B.3. NMR spectra

B.3.1. Bisphenol A (BPA)
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Figure B. 3. H-NMR of BPA as a monomer in PSF polymerization, using DMSO-d6 as the NMR solvent.[1]
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Figure B. 4. 3C NMR of BPA as a monomer PSF polymerization, using DMSO-d6 as the NMR solvent [1].

B.3.2. 4,4-dichlorodiphenyl sulphone (DCDPS)
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Figure B. 5. 'H-NMR of DCDPS as the second monomer in PSF polymerization, using DMSO-d6 as the NMR

solvent [1].
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Figure B. 6. 13C-NMR of DCDPS as the second monomer in PSF polymerization, using DMSO-d6 as the NMR

solvent [1].
B.3.3. Polysulfone (PSF)
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Figure B. 7. *H-NMR spectra of commercial PSF, using CDCls as the NMR solvent.
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Figure B. 8. 13C-NMR spectra of conventional synthesised PSF, using CDCls as the NMR solvent.
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Figure B. 9. 13C-NMR spectra of conventional prepared PSF, using CDClz as the NMR solvent.
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Figure B. 10. 13C-NMR spectra of VFD synthesised PSF at w 6k rpm, T 160 °C, © 45 tilt angle, and 60 min reaction

time, using CDCls as the NMR solvent.
B.4. Chapter references

1. Igder, A., et al., Vortex fluidic mediated synthesis of polysulfone. RSC Adv, 2020. 10(25):
p. 14761-14767.
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C.1. Experimental setup

Figure C. 1. Experimental setup for the membrane fabrication steps including (a) continuous VFD setup, (b)
adjusted casting knife on a glass surface, (c) fabricated membranes (pure PSF and GO/PSF composite
membranes), (d) Dead-end filtration system adjusted on a magnet stirrer for stirring the solution inside the

system and pressurising the solution using nitrogen gas up to 4 bar to generate the final permeate.

C.2. Thermal stability

Thermal stability of the membranes was evaluated using thermogravimetric analysis
on a Perkin Elmer STA 8000. Membranes were heated up to 850 °C from 30 °C at 10
°C/min under a nitrogen atmosphere and then held isothermal at 850 °C for 1 min
followed by heating up again to 1050 °C with the same ramping rate now under an

atmosphere of air.

Table C. 1. STA measurements settings

Sample name PSF and GO/PSF membranes
Sample mass [mg] =5
Crucible Ceramic
Temperature Program 50 ...850...1050 °C
Heating rate 10 °C/ min
Atmosphere Nitrogen, switch to air at 850 °C
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C.3. Contact angle measurements

Figure C. 2. Images of captive needle drop on (a) pristine PSF and GO/PSF composite membranes with (b) 0.25,
(c) 0.5, (d) 1, and (e) 2 wt.% GO content, while 5 puL milli-Q water was dispensed on their surface for a period of

10 seconds, whereupon the droplet surface contact angle was recorded.

C.3. SEM images

C.3.1. SEM of the top of the membranes

Figure C. 3. SEM images from the top surface of the bare PSF membranes obtained from a 15% PSF solution (a)
conventional mixed, mediated in the VFD at 30 °C, 45°, and 0.5 mL/min with different rotational speeds (b) 4k,
(c) 5k, (d) 6k, (e) 7k, and (f) 8k rpm.
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C.3.2. SEM of the bottom of the membranes

20 pm

10 pm

Figure C. 4. SEM images from the bottom surface of the bare PSF membranes obtained from a 15% PSF solution
(a) conventional mixed, mediated in the VFD at 30°C, 45°, and 0.5 mL/min with different rotational speeds (b)
4k, (c) 5k, (d) 6k, (e) 7k, and (f) 8k rpm.

C.4. BSA rejection using UV light absorbance
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Figure C. 5. UV-vis spectra of BSA from the permeate of the BSA filtration process for a 1000 mg/L solution,

using pure PSF or GO/PSF membranes in a dead-end filtration system under 3 bars and 1 bar pressures.
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C.5. Mechanical properties

C.5.1. Effect of PSF concentration in the VFD on tensile strength and elongation to
break.

UFM1-PSF 10%
UFM2-PSF 15%
UFM3-PSF 20%

Stress (MPa)

40
Strain (%)

Figure C. 6. Typical stress—strain curves of PSF membranes fabricated in different PSF concentrations (10, 15,

20%) using VFD mixing.

C.5.2. Effect of VFD rotational speed on tensile strength and elongation to break.
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Figure C. 7. Typical stress—strain curves of PSF membranes fabricated from 15% PSF solutions from VFD mixing

process in different rotational speeds using conventional mixing process.
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C.5.3. Effect of GO content on tensile strength and elongation to break of the VFD
mediated membranes
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Figure C. 8. Typical stress—strain curves of bare PSF membrane and GO/PSF composite membranes fabricated

from 15% PSF solutions with different GO content (0.25-2%) using VFD and conventional mixing processes.
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Appendix D

This section is a subdivision of a massive joint research work [1], with the below title and
authorship list which has been submitted to ChemRxiv with the mentioned DOI. Author in this
chapter intends to just bring the sections of the work which have been investigating the
topological fluid flow in the VFD which resulted in introducing a new phenomenological shear
stressed molecular drilling in the thin film of polysulfone in the VFD while fabricating
ultrafiltration membranes. Noteworthy to mention that these results about molecular drilling
and double helical flow in the VFD have been obtained on the way to fabricate the

ultrafiltration membrane and supported the other research groups work in introducing:
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Contents of the full paper

1. General materials and methods

2. Temperature change in the VFD for different solvents at different rotational speeds
(o) and inclination angle (0)

3. Mixing times of water at different rotational speeds and inclination angle in a 10 mm
OD tube.

4. Captured images from high speed photography of a thin film in a 10 mm OD VFD glass

tube, 6 = 45°

Average film thickness as a function of w, at 6 = 45°

Manipulating graphene oxide in DMF in the VFD

Controlling the assembly of fullerene Ceo
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Moulding of polysulfone (PSF) in the VFD, molecular drilling control experiments and
real time VFD processing small angle neutron scattering (SANS) (Focus of this
Appendix)

9. BSA polymerisation with glutaraldehyde

10. MOF-5 fabrication

11. Fluid dynamics within the VFD

Abstract

Induced mechanical energy in a thin film of liquid in an inclined rapidly rotating tube in the
vortex fluidic device (VFD) can be harnessed for generating non-equilibrium conditions, which
are optimal at 45° tilt angle, but the nature of the fluid flow is not understood. Through
understanding that the fluid exhibits resonance behaviours from the confining boundaries of
the glass surface and the meniscus that determines the liquid film thickness, we have
established specific topological mass transport regimes. These topologies have been
established through materials processing, as circular flow normal to the surface of the tube,
double-helical flow across the thin film, and spicular flow, a transitional region where both
effects contribute. This includes new phenomenological shear stressed crystallization and
molecular drilling. The manifestation of these patterns has been observed by monitoring
mixing times, temperature profiles, and film thickness against rotational speed of liquids in
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the tube. The grand sum of the different behavioural regimes is a general fluid flow model
that accounts for all processing in the VFD at an optimal tilt angle of 45°, and provides a new

concept in the fabrication of novel nanomaterials and controlling the organisation of matter.

D.1. Introduction

Controlling organisation and forces in liquids under non-equilibrium conditions is
fundamental for building complex systems and the function of living cells [2]. Shear stress in
dynamic thin films, as in vortex fluidics, can be harnessed for generating non-equilibrium
conditions. A rapidly rotating inclined tube in the vortex fluidic device (VFD) imparts shear
stress (mechanical energy) into a thin film of liquid, depending on the physical characteristics
of the liquid and rotational speed, o, tilt angle, 6, and diameter of the tube [3-8]. However,
the nature of the fluid flow in this thin film microfluidic platform is not understood.
Understanding fluid flow in general is important in microfluidics where processing has
primarily focused on manipulating liquids through channels [9]. A less developed area of
microfluidics involves films of liquid < 500 um thick which are centrifugally generated by
passing liquids over rotating surfaces, as in spinning disc processors (reactors) [10, 11],
horizontally aligned rotating tube processors [11, 12] and in the vortex fluidic device (VFD) [3-
8]. The latter is a variant of the rotating tube processor but where the orientation of the tube,
0, can be varied [3-8] and is distinctly different to Couette flows where liquids are periodically
forced between two surfaces [13]. These processors are also distinctly different to
conventional microfluidics and do not suffer from clogging. They are effective in controlling
chemical reactions, probing the structure of self-organised systems, and in the top down and
bottom up synthesis of nanomaterials [3, 10, 11]. Control of the flow environment in the VFD
itself has been shown effective in a variety of applications, including in accelerating enzymatic
reactions [4], folding proteins [5], slicing carbon nanotubes [6], exfoliating graphene [7], and
wrapping bacteria in graphene oxide [8]. For the standard 20 mm diameter (internal dimeter
17.5 mm) quartz or glass tube in the VFD, changing the fluid flow behaviour with the rotational
speed (m) over the range of 3k to 9 k rpm has revealed benefits of the device most effectively
at a 0 = 45° tilt angle [3]; 9k rpm rotational speed is the upper limit of the VFD housing a 20

mm (or 10 mm) OD tube.
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Establishing the nature of the complex fluid dynamics within the VFD for utility in chemical
processing has proved challenging. A general model for determining the film thickness and
the distance it extends up the tube, depending on 6 and ®, has been established [14], but
there is the realisation that other factors must be involved, beyond vibrations within the
system [15, 16]. Experimental attempts to observe the fluid flow in the VFD have been
hampered by unavoidable distortions, estimated to be <100 um. Direct measurement of fluid
flow at the dimensionality of processing materials (~¥1 to 5 um), for example, in scrolling
graphene oxide (GO) [17] and generating cones of assembled fullerene Ce¢o [18], is a
longstanding issue. Interestingly, it has been demonstrated that standing waves on the
surface of a liquid provide templates for microscale materials to assemble into ordered
structures, which take on the shape defined by the standing wave [19]. We hypothesised that
this relationship could be inverted to provide insight into the spatial arrangement of mass
transport patterns within the VFD at micron and sub-micron dimensions, depending on the
experimental conditions, as moulding or templating materials processing outcomes. The
range of structures can be explained by identifying which fluid flow phenomena dominate in
the VFD at an inclination angle of 6 = 45°, which is the optimal angle for applications of the
VFD [3-8]. The fluid flow phenomena include rotational speed dependent Coriolis driven
circular flow; double-helical topological flow associated with the onset of Faraday waves,
previously reported as a mechanical response from vibrations [15], that couple with the
Coriolis driven circular flow; and the combined interplay of these giving spicular flow [1]. From
the abovementioned fluid behaviour, in this section, the effect of double helical flow which
results in a new phenomenological shear stressed molecular drilling is investigated with the

experiments leading to these findings as described below.

D.2. General materials and characterisation methods for polymer moulding

High molecular weight polymer beads of polysulfone (PSF) were purchased from Sigma
Aldrich. Dichloromethane (DCM) (99.8%), toluene (99.5%) and hexane fraction were

purchased from Chem-Supply.

PSF thin film samples were characterized using scanning electron microscopy (SEM)

performed using a FEI Quanta 450, coated with 5 nm platinum. Real-time SANS experiments
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were done at the Australian Nuclear Science and Technology Organisation (ANSTO), using the
Quokka instrument. Other materials and techniques for full characterisations also have been
used in this research which were not the focus of polymer moulding and were elaborated in

the full paper to support our results.

D.3. Moulding of PSF in the VFD

Different concentrations of a PSF solutions were explored to generate a uniform thin-film
adhering to the inner surface of the tube. Ultimately this led to using 1 mL of 50 mg/ml of PSF
dissolved in dichloromethane (DCM) to generate such a film, Figure D. 1. This involved adding
a solution of the polymer to a VFD tube (20 mm OD, 17.5 mm ID) tilted at 5° which was then
spun at 6k rpm for ~15 min. Evaporation was facilitated by high mass and heat transfer in the
tube which was left open to the atmosphere. The film was washed several times with hexane
and then dried under a flow of dry nitrogen. Sections of the film was then peeled from the
surface of the tube at three different locations, Figure D. 2. Figure D. 3 shows that the thin
film created in the VFD is relatively uniform with occasional deformations on the upper
surface (air contact) whereas the lower surface (glass contact) is smooth - devoid of any

structure variation.

Figure D. 1. SEM image of the thin-film of PSF created in the VFD tube (20 mm OD, 17.5 mm ID) at 6k rpm
rotational speed, 0 = 5° and room temperature during 15 min, after adding 1 mL of 50 mg/ml of PSF dissolved

in DCM.
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A= Down side of the thin-film (interface of the thin-film with the tube)
B= Upper side of the thin-film (Centre side)

Figure D. 2. Locations of samples S1, S2 and S3 taken from the PSF thin-film formed in the VFD; sample S1A and
S1B refer to the interface of film with the tube and air from the bottom of the tube respectively, and similarly

S2A and S2B, and S3A and S3B, from the middle and top of the tube.

Tube side (A) Centre side (B)

Figure D. 3. SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film, right; upper side of the
thin-film) of a thin-film created in the VFD (20 mm OD tube) at 6k rpm, 6 = 5°, at room temperature during 15

min of processing.
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Toluene and water (0.5 mL) were independently added to a VFD tube coated with a thin film
of PSF, in which the polymer is only sparingly soluble, and the tube was rotated at 7k rpm at
0 = 45°, at room temperature, for one hour. After processing, the liquid was drained, and the
film washed with hexane several times and purged with nitrogen gas for drying purposes, for
2h. A section of the film was removed from the middle of each tube and studied using SEM,
Figure D. 4 and Figure D. 5, for toluene and water respectively, with the red arrow essentially
parallel to the rotation axis of the tube when 0 = 45°, and in the direction of the upper lip.
This revealed arrays of indentations and some holes on the side A of the polymer film
processed in toluene, with a limited number of such structures for water. SEM imaging the
other side of the PSF film (side B) post-VFD processing using the same conditions revealed
smooth surface, for both toluene or water (Figure D. 6). Given the structures revealed on
surface SA for toluene, all subsequent processing was done in toluene followed by washing
with hexane, and as a control, processing in toluene and not washing with hexane afforded
the same morphology, Figure D. 7. The change in morphology of the surface of the PSF film
that was in contact with the glass during VFD in toluene provides information on the fluid

behaviour, as shown diagrammatically in Figure D. 8 and Figure D. 9.

Figure D. 4. SEM images of the central inner surface of the film (S2A) after VFD processing (20 mm OD, 17.5

mm ID tube) in toluene, at room temperature @ 7k rpm, 6 45° for ~1h, after washing with hexane.
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Figure D. 5. SEM images of the central inner surface of the film (S2A) after VFD processing (20 mm OD tube) in

water, at room temperature, ® 7k rpm, 0 45°, for ~1h, after washing with hexane.

Figure D. 6. SEM images of the central upper surface (S2B) after VFD processing, at room temperature ® 7k rpm,

0 45° for ~1h, in (A) toluene and (B) water, after washing with hexane and drying with nitrogen gas for 2h.

Figure D. 7. SEM images of the central inner surface of the film (S2A) after VFD processing (20 mm OD tube) in
toluene, at room temperature o 7k rpm, 6 45° for ~1h, and drying with nitrogen gas for 2h, without washing

with hexane prior to SEM imaging.
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D.4. Discussion

These findings showed that double helical flow along with the other fluid dynamic behaviour
in the VFD will impact on the movement of the liquid (mixing), and consequently, the resultant
heat and mass transfer. They also reveal that there are domains of fluid flow in the VFD where
any outcome of processing is not limited by conventional bulk diffusion control, but rather
this is compounded by orientation effects associated with diffusion or mass transport that

appears within the different topological flow regimes.

The presence of double helices in the film is illustrated below for the case of ‘drilling holes’ in
thin film of polymers attached to the inside of the tube, where preferential etching occurs
due to increased localised mass transport regimes), and amplified where the film thickness

change is dramatic and readily measurable.

We explored the possibility of double-helical flow generating holes in a thin layer of polymer
attached to the inner surface of the tube, with polysulfone as the polymer of choice.
Surprisingly the arrangement of holes that potentially arise from double-helices was
determined from the surface of the polymer attached to the glass tube rather than the surface

in contact with the liquid.

Rotational axis Direction of
rotation

Figure D. 8. Signature of the pattern of the double-helical flows formed at the interface of the glass tube and a
thin film of polysulfone (ca 5 um) formed in toluene at 20 °C, 6 = 45°, 7k rpm rotational speed, along the length

of the tube, with the arrow representing the rotational direction of the axis of the tube [1].
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Peeling the polymer from the glass surface revealed lines of regularly arranged holes several
pm in diameter, Figure D. 8 when the solvent here was toluene with the tube rotating at 7k
rpm, where double-helical flow prevails, (and more supplementary Information from the

control experiments in Figure D. 11-19).

The holes are arranged in lines co-parallel to the rotational axis of the glass tube. This
arrangement demonstrates points of localisation where the diffusion of material is highest,
and can explain the ability of double-helical flow to exfoliate graphene from graphite® and the
unscrolling of GO into flat sheets, (Figure 3(a) in the main manuscript, [1]), between rows of
vertically arranged double-helices that are the liquid analogy of adjacent rollers used to
produce flat sheet products. The original proposed mechanism involved exfoliation at the
interface of the graphite flakes and the surface of the tube, and/or at the interface of the
liguid and graphite held parallel to the surface of the tube [7]. The mechanism of formation
of these holes, Figure D. 9, is potentially understood by the notion of double-helical
‘molecular drills’ piercing the polymer film, and when they move to other locations, the
centrifugal force results in collapse of the holes, trapping liquid at the base, with smoothing
of the upper surface. The ability for the fluid flow to pierce the polymer layer is consistent
with the friction associated with the double-helical flow striking the surface of the tube
thereby increasing the temperature of the liquid, and the melting the polymer which has an
onset of glass > 120 °C [20]. In addition, the pattern of holes is commensurate with the

presence of arrays of Faraday waves on larger length scales.

Polymer nano-particles Faraday wave

\ v A double helix
] d ~ 7
’

o
r\ k :)"/l‘
~\ &// o
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- — —» Polymer thin-film

= ——3 VFDtube

Figure D. 9. Schematic steps of shear stress ‘molecular drilling’ of holes on polysulfone with their signature

retained at the glass-polymer interface post positional shift of the double-helical fluid flow [1].

This hypothesis was supported with the other results obtained from the other material
processing research, mentioned by details in the main manuscript, as well as with the control

experiments as elaborated below. Below mentioned control experiments were carried out to
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monitor the effect of fluid flow on the polymeric thin film which finally resulted in the

significant effect of the double-helical fluid flow at the optimal rotational speeds (>7k rpm)

for this specific solvent and polymer of choice.

D.5. Molecular drilling control experiments

Table D. 1. Control experiments for determining the ‘molecular drilling’ on a PSF thin film in the VFD tube, in

high shear fluid flow at room temperature. *

Sample Rotational Speed (k rpm) 0(°) Volume of Toluene (mL) | Time (min)
Thin-film 6k 5 - 15
1 7k 45 0.85 30
2 5k 45 1.9 30
3 3.5 45 5 30
4 7 30 0.75 30
5 5 30 1.7 30
6 3.5 30 4.7 30
7 7 60 1 30
8 5 60 21 30
9 3.5 60 5.4 30

* Notes:

(i)

(ii)

(iii)

The first entry is for creating the PSF thin-film in a VFD tube (20 mm OD, 17.5 mm ID)
from a solution of the polymer in dichloromethane at 6k rpm, with 8 = 5° to ensure the
film is formed close to the full length of the tube during the evaporation of the solvent,

ca 15 min.

The volume of polymer solution for each sample corresponds to that required to create
a film across the entire length of the tube at 6 = 5°, with the then ‘molecular drilling’

experiments carried out at 0 = 30, 45 and 60°.

The films of PSF in the VFD were washed with hexane and purged with nitrogen gas

prior to peeling off the glass tube.
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(iv) Three sections of the films (S1, S2 and S3, Figure D. 2) were taken from every sample,
with both sides (A and B) studied using SEM, affording six images for each sample,

designated S1A, S2A, S3A, S1B, S2B and S3B, as elaborated below.

Thin-film

Rotational speed : 6k rpm

Tilt angle, 6 :5°
Solvent : CH2CI2
Time : 15 min

Figure D. 10. SEM images of PSF thin-film created in the VFD tube (20 mm OD) at 6k rpm, 6 = 5° at room
temperature during 15 min of evaporation of DCM: (a) S1A, (b) S2A, (c) S3A and (d) S2B, revealing smooth

surfaces present, prior to processing in toluene.

Notes:
v' All the images shown in Figure D. 9-17:
e were taken from the thin films processed in toluene, at specified w and 8 (mentioned
in Table D. 1), room temperature and 30 min.
e After processing in toluene, all of the samples were washed with hexane, and dried
under nitrogen gas.

v The red arrows define the direction of rotation axis of the tube, directed out of the tube.
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Sample 1:

Rotational speed : 7k rpm

Tilt angle, 6 :45°
Solvent : Toluene
Time : 30 min

Tube side (A) Centre side (B)

S1

S2

S3

Figure D. 11. SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side of
the thin-film (B) of the thin-film processed in toluene at 7k rpm, 6 = 45°, room temperature, and 30 min

processing, then washed with hexane, and dried under nitrogen gas.
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Sample 2:

Rotational speed : 5k rpm

Tilt angle, 6 :45°
Solvent : Toluene
Time :30 min
Tube side (A) Centre side (B)

Figure D. 12. SEM images of S1, S2, and S3 from both sides (left: bottom of the thin-film (A), right; upper side of
the thin-film (B) of the thin-film processed in toluene at 5k rpm, 6 = 45°, room temperature, for 30 min

processing.
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Sample 3:

Rotational speed :3.5k rpm

Tilt angle, 6 :45°
Solvent : Toluene
Time :30 min
Tube side (A) Centre side (B)

Figure D. 13. SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side of

the thin-film (B) of the thin-film processed in toluene at 3.5k rpm, 0 = 45°, room temperature, for 30 min.
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Sample 4:

Rotational speed : 7k rpm

Tilt angle, 6 :30°
Solvent : Toluene
Time : 30 min

Figure D. 14. SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side of

the thin-film (B) of the thin-film processed in toluene at 7k rpm, 6 = 30°, room temperature, for 30 min.
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Sample 5:

Rotational speed : 5k rpm

Tilt angle, 6 :30°
Solvent : Toluene
Time :30 min
Tube side (A) Centre side (B)

Figure D. 15. SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side of

the thin-film (B) of the thin-film processed in toluene at 5k rpm, 6 = 30°, room temperature, for 30 min.
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Sample 6:

Rotational speed :3.5k rpm

Tilt angle, 6 :30°
Solvent : Toluene
Time : 30 min
Tube side (A) Centre side (B)

Figure D. 16. SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side of

the thin-film (B) of the thin-film processed in toluene at 3.5k rpm, 6 = 30°, room temperature, for 30 min.

189



Sample 7:

Rotational speed : 7k rpm

Tilt angle, 6 1 60°
Solvent : Toluene
Time :30 min
Tube side (A) Centre side (B)

Figure D. 17. SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side of

the thin-film (B) of the thin-film processed in toluene at 7k rpm, 6 = 60°, room temperature, for 30 min.
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Sample 8:

Rotational speed :5krpm

Tilt angle, 6 1 60°
Solvent : Toluene
Time :30 min
Tue sie (A) _ Centre side (B)

Figure D. 18. SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side of

the thin-film (B) of the thin-film processed in toluene at 5k rpm, 6 = 60°, room temperature, for 30 min.
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Sample 9:

Rotational speed :3.5k rpm

Tilt angle, 6 1 60°
Solvent : Toluene
Time :30 min
Tube side (A) Centre side (B)

Figure D. 19. SEM images of S1, S2, and S3 from both sides (left: bottom of the thin film (A), right; upper side of

the thin-film (B) of the thin-film processed in toluene at 3.5k rpm, 6 = 60°, room temperature, for 30 min.

192



Figure D. 3 and Figure D. 10 show that thin-films of PSF formed in the VFD (20 mm OD, 17.5
mm ID tube) involving evaporation of a DCM solution of the polymer, have smooth surfaces,
both on the surface in contact with the glass, and the surface exposed to air. Processing then
with toluene in the tube reveals indentations/holes on the surface attached to the glass, with
periodic regularity and alignment with the direction of rotation of the tube, for 6 = 45°, for
rotational speeds > 5k rpm, with the indentations/holes smaller and more uniform compared
with those created at 5k rpm, and for @ = 3.5k rpm the films have fewer holes, with no
evidence of them being ordered. This finding for toluene is in accord with the signature for
toluene, where double helical flow prevails > 6k rpm, (Figure 2 in the main manuscript).
Processing of toluene solutions at 6 = 30 and 60° also show ‘molecular drilling’, but these
angles are not optimal for any applications of the VFD. While the upper surfaces (SB) of the
films are almost devoid of holes, regions of agglomerated particles of the polymer are evident,
ca 100 nm in diameter, for example in Figure D. 12. These particles are likely formed during
the ‘molecular drilling’ process, when the double helical flow strikes the surface of the tube,
Figure D. 9, but attempts to measure them using DLS were unsuccessful, and we then turned
to using small angle neutron scattering (SANS) for further characterisation, with the findings

reported below.

D.6. Real time VFD processing small angle neutron scattering (SANS)

Understanding the effect of the fluid flow in the VFD (confined mode) was explored using real
time SANS. This was to determine any change in morphology of the surface of the polymer
film and identify any nanoparticles of the polymer extruded from the polymer film during

‘molecular drilling’ (double helical flow) into the dynamic thin film of toluene.

A 20 mm OD (17.5 mm ID) VFD quartz tube containing 2 mL of toluene-d8 was rotated at 5k
rom and the scattered neutrons were counted for 2 hours in both high and low Q-range, at
1.3 and 14-meter camera length respectively. Combining both Q-range data resulted in flat
curves shown in Figure D. 20. The internal surface of quartz VFD tubes were then coated with
a PSF thin-film at 6 =5 °, ® = 6k rpm, at room temperature during 15 min (as discussed above).
5,2 and 1 mL of toluene-d8 was then added to these tubes and individually studied using real-

time SANS, for o = 3.5k, 5k and 7k rpm, respectively, using both 1.3 and 14-meter camera
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lengths. Scattering for the whole Q-ranges of PSF films in the presence of toluene-d8 at these

rotational speeds are plotted in Figure D. 21.

The recorded scattering curves for toluene-d8 (no PSF film in the tube) are similar to
scattering curves for toluene-d8 and PSF film, taking into account thinner films of toluene for
high rotational speeds. The thickness of the PSF thin-film was ~ 4 um which is out of range of
SANS capabilities, as is the case for pores of the size commensurate with the morphology of
the films post VFD processing, established using SEM. Importantly there was no scattering
associated with nanoparticles of polymer present in solution during the processing. The
presence of such particles was expected given the presence of small amounts of aggregates
of them post VFD processing, albeit only on the upper surface of the PSF film (SB), ca 100 nm
in dimeter. Thus, such particles present during processing are in low concentration, beyond
the level of perturbing the scattering curve for the in situ SANS experiments. This finding is
consistent with such generated particles being constantly taken up in the polymer film, driven
by the associated centrifugal force in the VFD, with the only particles present representing a
snapshot of nanoparticles in equilibrium with the polymer film. Moreover, this is also
consistent with the smoothing out of holes generated by the ‘molecular drilling’, with their
presence inferred from the pocket of liquid trapped on the surface of the PSF film in contact

with the surface.

10°

$ & Toluene-dB-5K rpm ABS

Qa™)

Figure D. 20. Real time SANS scattering in the VFD for 2 mL of toluene-d8 in a 20 mm OD quartz tube (no PSF

coating) rotated at 5k rpm for 2 hours, at room temperature, 6 = 45° [1].
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Figure D. 21. Real time SANS scattering in the VFD for toluene-d8 in a PSF coated 20 mm OD quartz rotated at

3.5k, 5k and 7k rpm (using 5, 2 and 1 mL of toluene-d8, respectively), for 2 hoursroom temperature, 6 = 45° [1].
D.7. Representation of the different fluid flows in the VFD

The above results provide a hypothesis of molecular drilling in polymeric thin film which
corresponds to the double helical flow in the VFD under certain conditions. This results
supported by the results of the other parts of this research (refer to the main manuscript) [1],
provide a model of fluid flow within the VFD that can empirically describe the behaviour that

is thought to occur to produce the very real nanostructures observed, Figure D. 22.
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Figure D. 22. Representation of the different fluid flows, and the collapse of circular Coriolis force flow and

double-helical flow from Faraday waves into spicular flow [1].
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At the minimum mixing time, the high shear circular flow, at most a few um in diameter, is
thought to prevail. Beyond this rotational speed, the model considers Faraday waves
combining with Coriolis circular flow, with the lines of high shear fluid flow on the surface of
a spicule. At greater rotational speeds as the mixing times peak, Faraday waves dominate,
where double-helical eddies associated with them are normal to the thin film. For other
liquids, double-helical flow dominates across values of rotational speed. Eddies associated
with Faraday waves are twisted into double-helices by the circular flow, with flow up one
strand of each helix, and down the other. Superimposing the associated vectors of flow with
those of the circular flow, the length scales of the flows are comparable (Fc ~ Frw), which
necessarily creates a flow of liquid around a sphere [1]. Here a full turn of the double-helix
being the diameter of the double-helical Faraday waves eddies corresponds to the diameter

of the circular flow, Figure D. 22.

D.8. Conclusion

From what have been elaborated in this chapter about molecular drilling and double helical
flow along with the results obtained from the other parts of this research (refer to the full
paper) [1], we have established the topological features of high shear fluid flow in the vortex
fluidic device (VFD) at sub-micron dimensions, at a tilt angle of 45°, which corresponds to the
optimal angle for a myriad of applications of the device [3-8]. The rotational speeds for high
shear circular flow (Fc > Frw), spicular flow (Fc ~ Frw) and double-helical flow (Fc < Frw) can be
determined by measuring changes in temperature and mixing times, and average film
thickness as a unique signature for any liquid. Sudden increases in temperature of the liquid
correspond to discontinuities in fluid flow, with a sudden reduction in film thickness for
increasing rotational speed rather than continuously changing film thickness, as a new
phenomenon in thin films. The present work also established that the VFD is effective in
creating systems in non-equilibrium states, in establishing a new form of crystallization
induced by shear stress, adding to the ubiquitous methods of sublimation, cooling and
evaporating, and also stripping away surfactants [21]. Also of note is the ability to create novel
spicule structures which map out the high mass topologies in a liquid, or the ‘negative’ of

these structures where material formed in the spicular fluid flow under high shear assemble
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at the closest points of low shears, in between the spicules. With the VFD and an
understanding of its operating regimes, structures are moulded with predictable shapes by
the mechanical force of fluid flow and diffusion of species within the liquid. Fundamentally,
the vast differences in the morphology of the resultant structures between the three
topological fluid flow regimes must result from unique diffusion behaviour within the liquid.
Thus, the VFD demonstrates the ability to mediate or control both the forces exerted by the
liguid on nanostructures and the diffusion of species supplied to their surface. The findings
also have implications on using shear stress driven boundary mediated control of fluid flow
for controlling self-assembly and chemical reactions under non-equilibrium conditions, and
manipulating cells under tuneable stress regimes, which are areas we are currently

investigating.
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