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Desalination and water recycling have long been identified asleah cornerstone to
handle the major challenge of water scarcity by providing safe and clean water, especially
in places where seawater is the major source of fresh Wédenbrane distillation (MD)

is amembranebasedprocesghat has attractedugeresearchinterest.However despite
growing research interest developingmembrane materials fdD applications efforts

remain focused on modifying existing membranes, which increases costs and raises
concerns about the toxicity of modifying agents, paftidy longchain fluoroalkyl
substances and nanoparticleéSurface engineering offers significant potential for
enhancing theroperties and performana# polymeric membranesFor this purpose,
numerous methods of modification have been investigatedever, the complexity of

these approaches has limited their practical application in membrane development. In this
study, we developed polyimidene mbr an e s -(lHexafuoroisopropyliNgne)
diphthalic anhydride andn-phenylenediamine (6FDMPDA) for desahating highly

saline water (70,000 ppm), achieving enhanced properties and performance for MD

Xiv



applicationsDue to its relatively quick demixing process, NIPS generated membranes with
a spongdike crosssection (known to contribute to mass transfer resistance), smooth
surfaces, and low surface porosiymong the NIPSased membranel, 13 ultimately
demonstrated the best perfor mance, wi t h
consistent salt rejection of 99.98%dditionally, to induce a slower and more uniform
phase inversion and enhance the performance of the polybagk membranesye
introduced a straightforward surface engineering proeegdoying vaporinduced phase
separation (VIPSMoreover, wenvestigated the influence of polymer concentrations and
vapor type on membrane structure and performaAcerolonged exposure ped
produced the ideal membrane porosity with water vapor. In contrast, membranes with a
higher porosity and a shorter exposure peviede obtainedby adding ethanol teorm a

binary nonsolvent vapagr and his motivated theuse of ethanol as the nasolvent.
Interestingly, membrane hydrophobicity and permeability were improved, and membrane
porosity was further increased in addition to changing the surface andseosmal
structure from finger to spondixe. Notably, membranes prepared using ethamaplor
exhibited exceptional characteristics, with the highest water contact angle (WCA) reaching
150°with aflux of 26.26 kg m? h'* anda salt rejection of 99.98 in air gap membrane
distillation. The resulting membrane morphologies were characterized using various
surface analysis techniques, including scanning electron microscopy (SEM), -energy
dispersive Xray (EDX), and atomic force microscopy (AFM). The combination of VIPS
with advanced polyingdes holds promise for developing higarformance membranes for

desalination applications
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CHAPTER 1

INTRODUCTION

1.1 Background and motivation

Although water accounts for about % of &erth its scarcity still poses a major threat

to survival[1], especially in rural and dry areas. Nevertheless, this is not surprising because
out of the 2.5% of the portable watenly 1% is easily accessibjg]. The sustainability

of clean and portable water supply is, therefore, among the major problems the world is
currently experiencing, especially with the increase in demand because of population
expansiof2i 4]. Desalination and water recycling have long been recognized as a practical
cornerstone to handling this major challenge by providing safe and clean water in many
dry places where seawater is the major source of freshigft&esalination may be the

most practical method for supplying fresh water, allowing for sustainable development,
and supporting population expansion in this contemporary civilization, especially for

waterscarce areas like the Middle East and North Afitda

1.2 Membrane technology

Chemical separations are thought to be responsible for almost half of the energy used
in the US industry and 105% of the country's overall energy consumption. Interestingly,

80% of these separation methods might become ten times more -effexigyt if



alternative heafree technologies are developed. In recent decades, membrane science has
gained significant attention due to the increasing competitiveness of membrane processes
compared to traditional methods for separation. These methods offer pnasgetitions

for desalination and water treatment while addressing pollution and water s§afcity
Moreover, they are one of the most significant and-kediwn methods for desalination

and wastewater treatment. In addition to the energy efficiency associated with membrane
separation, it offers other advantages like low cost andresulliness compad to the
conventional methodf8], making it a promising technologi,10]. A membrane is
defined as a thin barrier (as thin as 10 nm) that selectively allows something to pass through
it while preventing anothelas depicted irFigure la. This can be based on the size or
chemical interaction of the separating species and the memi®anaus polymeric
membranes have a track record in numerous fields, including chemical sepgraljon
water desalinatiofiL2], food processing/manufacturifg], chemical catalysigl4], and

energy storag€l5] (Someexamples are summarized figure 1b. Despite their wide

range of applications, they still face challenges due to the need to balance selectivity and
permeability, issues with fouling, and limited adaptability to handle variable and harsh
environmentg16]. The most common techniques employing polymer membranes for
desalination are reverse osmosis, ultrafiltration, and nanofiltration, amongst others. In all
these processes, the membrane is the crucial element, especially in a reverse osmosis
desalination @nt, as its performance in separation is primarily dictated [dyJt While
pressuredriven processes such as nanofiltration and reverse osmosis have shown
effectiveness for desalinatigth8] [19], their energy demand and maintenance cost have

hindered their widespread application in pract[e€,21] Moreover, the chemicals



required to clean and restore the membrane, as well as membrane fouling in RO, lead to
increased detrimental costs. Although thermal separation is considered to be the best option
in terms of salt removal efficiency, the large quantity of fuel that isiredjtio heat the

system to evaporate the salty water leads to a high desalination cost [9].

a) b)

Liquid-liquid
separation
Gas Mixture
. i

'Pur-g&s Membrgne
Gas-gas Separation
Separation
Solid-liquid mixture
n o.n
\=le/” Soild-liquid
Separation

Fresh air

Pure liquid

Figure 1. Membrane separatiora) schematic of a membrané) different types of

membrane separati¢p2,23]

1.3 Membrane distillation for desalination

As an alternative method, a n@othermal membrane process that has gained a lot
of attention recently is membrane distillation (M0O22,23] particularly for the
desalination of saline watgR4i 26]. The investigations of air flux through a porous
medium through a neisothermal process started in 18Vile liquid transport was first
established in 1907. Initially, this process was carried out through hydrophilic and dense

membranes and did not include liquid/vapor phtaaesition and was referred to as



thermeosmosis. About half a decade later, porous hydrophobic membranes were
employed, and the nesothermal vapor transport was investigated through dry pamels

the phenomenon was knownM® [27]. In an MD process, vapor molecules are the only
components permitted to flow across the membfa@e28 31]. Separation thus occurs

when the hydrophobic membrane's surfaces are subjected to pressure differences brought
on by temperature differenc§&2]. When compared to other processes, the MD method
offers special benefits. For example, operating pressure is lower, which increases process
safety and lowers operational costs. Also, the temperature of the feed does not need to get
to the point of boiling and it has a loviemperature requiremefi33,34] Despite its
advantages, several obstacles and constraints have hindered the development of-industrial
scale MD systems. This includes its low flux compared to other desalination processes,
concentration polarization, fouling, and wettimdnichreducethe reliability and longerm
performance of the procef35]. Therefore, industrialization of the process has become
limited [26]. In the conventional MD processeadirect contact membrane distillation
(DCMD), airrgap membrane distillation (AGMD), sweeping gas membrane distillation
(SGMD), and vacuum membrane distillation (VMD) are the four primary configurations
that are widely employe[B6i 39]. The AGMD configuration creates an air gap between

the membrane and the coolant side. Membranes tested with this setup have low flux
associated with lowhermal efficiencyj42]. More aboutdifferentMD configuratiors will

be discussed i@hapter2.



1.4 Introduction to 6FDA -Based Polyimides

Polyimides are a class bigh-performancepolymers that were first developed in
1955 and commercialized in the 19€@8]. Over the past two decades, the polyimide
family has grown in significance for gas separation and subsequent pervaporation, and they
have proven to be ideal materials for producing asymmetric memlj#aijeBhe inherent
microporosity, thermal, mechanical, and chemical reliability of polyimide membranes,
particularly the 6FDAbased polyimides, allow them to have outstanding intrinsic
separation capabilitied45,46] They belong to highemperature polymers with
exceptional filmforming abilities and balanced chemical and mechanical propgtfigs
The flexibility of polyimide chemistry, its straightforward synthesis, and uncomplicated
customization offer polymer and membrane researchers the effective means to adjust the
molecular structure of polyimides, achieving desired physical and chemicattéastics
and high separation efficieng47]. Because of their unique benefits, ease of processing,
and ideal gas separation performance, polymeric membranes, particularly the aromatic
polyimide (PI) ones, have been thoroughly studied for molecular separation, especially gas

separatiorf48i 50].

1.5 Researchproblem and purpose

1.5.1 Challenges withconventionalmembranes in MD

Membrane fouling and wetting are among the critical issues that diminish the
performance of membranes in MD. The loss in membrane hydrophobicity usually results

in wetting, which allows foulants to pass through the membrane alongside the permeate.



The feed solution penetrates the membrane pores when the hydrostatic pressure of the
transmembrane is greater than the liquid entry pressure or when solutions containing
organic or inorganic pollutants absorb or deposit on the surface of the membrane.
Following membrane wetting, fouling and scaling occur due to the accumulation of
microorganisms and organic species on the surface of the membrane. Depending upon the
nature of the pore wetting, it can result in either a decrease in permeate flux in thie case o
partial wetting or a decline in permeate quality when the membrane is fully witkeither

critical challenge is the thermal stability of the membranes over a long period of exposure
to a harsh environment of chemicals and pollutants, resulting in the degradation of
membrane properties and subsequently diminishing their separatiotierefi.
Overcoming these challenges will pave the way for MD to compete with the current

membrane separation process and contribute to providing environmental solutions.

1.5.2 Research purpose

While MD continues to attract interest owing to its theoretical 100 % salt rejection
and low energy requirement compared to other membrane separation processes, the issues
discussed in the problem statement still hinder the process's scalability for industrial
apdications. After a comprehensive literature review, our study discovered that research
to address these critical issues mainly centered around modifying the existing polymeric
membranesas shown inFigure 2. Although this method has yielded membranes with
enhanced characteristics and performance, its practicality in membrane development,
particularly for industrial applications, has been constrained by its intricacy. Furthermore,
the cost, toxicity, and lontgerm stability of the chemicals employed for the modification

are seldom considered. Therefore, creating-pigiormance, sustainable membranes will
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enable MD to compete with existing separation technologies. Hence, the current research
revolves around straightforward membrane engineering of advanced recyclable polyimide
membranes for enhanced desalination in membrane distillation. This researcto aims t
contribute to providing solutions in addressing the current challenges in MD without the
need for additional chemical modification, aiming to reduce cost and the toxicity concern
of long-chainfluoroalkyl substances and nanomaterials, making the teadynsistainable

and practically viable for largsecale industrial applications.

1.6 Importance of materials development for MD applications

Being a thermally driven process dependent on hydrophobic membranes to achieve
desalination or water purification, the separation efficiency of MD and the viability of
scaling up the process largelgpendon the properties and performance of the membrane
materials themselves. Innovative advances in membrane materials are critical to the
progress of MD since they profoundly affect the process's efficiency, stability, and
versatility. Advanced materials withmproved characteristicsincluding surfae
hydrophobicity, pore size, and high thermal stahitntribute towards better water vapor
transport and consistent protection against fouling or scaling over the long term. The most
promising thematic areas contributing to developing selective membranes -efieigpnt
material processing, and recyclabiaterials include engineered fibers, surfangineered
polymers, and green materials. The number of publications from the most common
polymers utilized for MD applicationsverthe past 20 years simmarized irFigure 2.

It can beobserved that among these polymers with a total publication of 1781, PVDF and

PTFE have the highest number of publicatjovith 1104 and 473espectively. It is worth



noting that the research efforts of membrane scientists towards developing ideal

membranes for MD have been focused on the modification of these few pqlwhies

very minimal attention has been given to new materials.

Number of Publications

Figure 2. Number of published articles from the most reported polymer materials applied
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While these materials have been used to fabricate membranes with outstanding properties

and reasonable performance, most of these fabrication methods are compleandme

energyconsuming. Of more concern is the modification utilizing toxic materidsa

result, this not only increases the cost of the membrane fabrication process and challenges

its viability for largescale applications, but also poses the risk of leaching the modifying

material.To this end, developing new materials with intrinsic properties required for MD

applications without the need for extensive use of chemicals and intricate steps will make

3t



the technology ubiquitous and sustainable for industrial applications. In addition,
developing green materials will ensure the sustainability of the process of producing clean
water. By overcoming the limitations of prior materials, these innovations Miingloser

to achieving advanced, cesffective, and scalable solutions to worldwide water

purification and desalination problems.

1.7 Objectives andresearchquestions

1.7.1 Thesisgoals

This thesis has been designed to achieve the following objectives and answer the

subsequentesearch questions.

1. To synthesize a recyclable polyimide  derived from4 ,-4 N;j
(Hexafluoroisopropylidene) diphtalic anhydride (6FDA) angbhenylenediamine
(MPDA).

2. Toengineer membranes from the synthesized polymer and optimize properties such
as hydrophobicity, controlled porosity, thickness, surface morphology, and
mechanical strength suitable for MD applications

3. To evaluate the efficiency and performance of the membranes in membrane
distillation and test their potential in reabrld desalination applications.

4. To benchmark the performance thie advanced polyimide membranes against

existing commercial membranes used in MD or other separation processes.

This thesis intends to answer some research quesGangolyimide-basedmembranes

be engineered to achieve optimal properties without additional chemical modification?



What is the influence of fabrication methods and conditions on the final properties of the
polyimide membranes? Could the developed polyimide membranes be applied in MD?
How do developed membranes compare to commercial MD membranes and previously
developedmembranes frontiterature? Can the developed membranes perform in real
world desalination applications? Fouling and Scaling Resistance: How do advanced
polyimide membranes resist fouling caused by scaling due to salts tdngkntration

feed solutions?

1.7.2 Scopeand limitations of the research

This research is limited to the introduction of 6FDIRDA membranes as a new
class of membrane materials for MD applications. It includesynthesis of the polymer
and optimization of fabrication conditions and parameters to achieve desired properties for
enhanced desalination applications in MD. This study does not investigate the theoretical
aspects, that jsthe thermodynamics and kinetics of phase separation of the newly

developed systemBloreover, all membranes were tested\{BMD.

1.7.3 Thesis outline

This thesis has been designed to introduce a new class of polymer materials for MD
applications. The thesis has been organized mtochapters to understand the mechanism

underlying the performance of these polymer materials in this application.

Chapter oneof the thesis discusses the background and motivation behind conducting this
research and how it will contribute to providing sustainable solutions to the problems of

water scarcity and other environmenissues In addition, this chapter discusses the
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research gaps, the significance of materials development, the need for sustainability in MD,

and the research objectives and questions the research intends to address.

Chapter two discusses the principles and operation mechanisms of MD. Moreover, it
presents different membrane engineering techniques summarizeth&deratureand

different phase inversion techniques.

Chapter three discusses the main approaches followed to address the research questions.
Firstly, the potential of the 6FDMPDA membranes was evaluated using the conventional
nonsolventinduced phase inversion method. Following that, a modified viapoiced

phase inersion was employed to optimize the properties and performance of the developed

membranes. Ultimately, the performance of the developed membranes was evaluated.

Chapter four entails a conclusion of the thesis and recommendations.
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CHAPTER 2

LITERATURE REVIE W

2.1 Membrane distillation overview

Franken and Smolders first documented the phenomendfDofo describe the
characteristics and requirements of the process. This came from a defined nomenclature by
a committee formed to standardize the terminologies used in describing the processes
during a workshop oMD in Rome (1986)51]. According to this documentary, the
membrane to be used in MD should be porous, should not be wetted by the feed solution
(i.e., should be highly hydrophobic), and no capillary condensation should occur within the
membrane pores. In addition, at least site of the membrane must be in direct contact
with the feedand the membrane should not change the equilibrium of the-ligp of
different components in the feed solution. Ultimately, the driving force of the process is
the partial pressure gradien the vapor phase induced by the temperature gra@2ht
The term Omembrane distillationé was coined
distillation. Both the traditional and MD processes rely on the equilibrium of Mo
as the driving force for separation and require the latent heat of vapmritabe supplied
to achieve the behavioral phase chdbdé Bodel was the first to describe an early version
of MD in 1963 in a United States patent granted in 1966. In his patent work, Bodell
developed and built a device that included a tank with a parallel array of silicone tube

membranes that circulated a l&isolution through silicone rubber membranes (0.64 mm
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outside diameter and 0.30 mm inner diameter). An external condenser was used for
condensing and collecting the permeate vapor after ambient air was forced through the
silicone membranes' porfs3]. In another patent in 1967, Weyl proposed another process
for improving the desalination of feed solution by MD. In his work, he discovered that a
hydrophobic porous membrane can be utilized as a membrane in a vapor gtess\ge
system to recover purgater from saline sources by placing the membrane between the
feed and cold permeate in a direct contact njédg¢ The interest in employing MD for
desalination diminishes because it could only achieve a water flux of 12Kg‘mwith

PTFE membranes, a value far below that of reverse osmosis syfiéinsThe
unavailability of ideal membranes for the MD process also contributed to the loss of
interest in the process. The interest in MD was revived when Findley published his findings
after performing experiments with different membranes in the direct atontade
described by Weyl. Despite his relatively unsophisticated experimental setup and methods,
Findley accounted for the impacts of air trapped in the membrane pores, membrane
thickness, heat loss by conduction, and porosity on the process efficiencpnEluded

that this method might become an economical means of evaporation and an important
option in treating saline water if cesffective, hightemperature, longerm stable

membranes with desirable features can be proddégd

Interest in MD was rekindled in the early 1980s when new membrane fabrication methods
were introduced, resulting in membranes with thicknesses as low as 50 um and porosities
up to 80%. Compared to the membranes employed by Wyle and Findley in the 1860s, th

results in a membrane permeability that is more than 100 times higher. The resurgence of

interest in MD and the emergence of a more competitive precassalso facilitated by
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advancements in module design and a more comprehensive understanding of the effects of
temperature and concentration polarization on MD performaHoe.timeline of MD
development anthenumber ofpublished articles in MD are shownkigure 3 andFigure

4, respectively

5292 published articles in MD (Web of Science) 1984-2025 Continuous development in MD
Gore-Tex commercialized the first MD membrane 1980s Development of porous PTFE membrane for MD

Weyl reported the use of porous and 1967

Membrane development for MD
hydrophobic membranes AR

Findley published the first scientific paper on MD 1967 MD development
Bodell filed the first patent on MD 1963 MD development
Haase et al Demonstrate TO process using a non- 1959 Membrane development-TO

electrolyte solution

Denbigh Established a theory based on the 1952 Theory development-TO

thermodynamics of irreversible processes

Aubert established that TO can be carried out with 1912 Detailed investigations on TO
neutral, charged, dense, porous, or hydrophilic membrane )

Lippman discovered non-isothermal liquid transport through 1907 Thermal osmosis (TO)
membranes

Feddersen & Pogg discovered non-isothermal air flux through a porous 1873 Thermal diffusion
media (sponge, gypsum, platinum, etc.)

Figure 3. Timeline in MDdevelopmen{Data generated frof30,56).
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Figure 4. A plot of the number of publications on membrane distillation over the last three
decades from the Web of Sciengea s searched using the ke

distillation6 wi t h each bar representing a year.

2.2 Principles and operation mechanisms

The transport phenomenon of energy or matter through any membrane, whether
porous or dense, is caused by a thermodynamic imbalance. In general, a difference in the
chemical potential of substances between the membrane's feed and permeate sides can
cause tls difference, as can variations in pressure, temperature, concentration, electrical
potential, and other factors. Membrane processes are typically analyzed from the

perspective of irreversible thermodynamic processes, which have been shown to offer no
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molecularlevel explanation of the phenomenon. For instance, Fourier's theory states that
when a temperature differential is applied between two sides of a membcamggate

heat flux is created in the direction of the temperature drop from high to low. The
mechanism of crossflow of mass through the membrane depends on whether it is

hydrophobic, dense, porous, or electrically charged.

The description of an MD process is relatively swwomplex. The feed side of a
microporous, hydrophobic membrane is exposed to a hot aqueous feed solution. Because
the membrane's hydrophobic properties restrict any liquid solution from entering the pores,
there is a vapeliquid interface at each pore entrance. A cresstional schematic of a
hydrophobic membrane with regular cylindrical pores interacting with a liquid solution is
depicted inFigure 5to demonstrate how the vaplajuid interfaces are stdlzed at the

pore openings.

Membrane Pore Clean water
g Sweep Gas
g
—O' Vacuum
v
- or
(]
=
Air Gap

<«— Liquid-vapor interface -

Figure 5. A typical Vaporliquid interfacewith ahydrophobic membrane in MD
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2.3 Typesof MD configurations

Several techniques can induce flux by imposing a vapor pressure differential across
the membrane. In all these MD variations, the feed solution to be treated is kept in direct
contact with the membrane and cycladgentiallyto the feed sideOnly the permeate side
of the membrane differs from the other suggested arrangenfintgap membrane
distillation (AGMD) is the MD configuration that occurs when a cold surfapesgioned
inside the permeate side of the membrane to perform the condensation phenomenon. In
this instance, the evaporated water and volatile molecules pass through the dry pores and
the stagnant air gap to condense on the cold surface. It should Behatteo liquid is in
touch with the membrane's permeate surface; instead, the generated liquid permeate is
collected at the membrane module's lowest &E@MD is the configuration that occurs
when a solution cooler than the feed solution is kept in tdo@atact with the membrane
and cycled tangentially to the permeate side. The given transmembrane temperature
gradient induces the required vapor pressure difference. As a result, water and volatile
molecules condense in the cold liquid/vapor interfactiwithe membrane module after
evaporating at the hot liquid/vapor interface and passing through the membrane pores in
the vapor state&Sweeping gas membrane distillation (SGMD) is the MD design in which a
cold inert gas, rather than a cold liquid solutipasses the permeate side of the membrane
conveying the volatile molecules and evaporated water. The condensation process in this
instance occurs beyond the membrane cell. The MD arrangement is called vacuum
membrane distillation (VMD) when a vacuum is introduced to the permeate side of the
membane to lower the pressure below the point of saturation of water and volatile

molecules contained within the feed solution. In this instance, the condensation event
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occurs outside the membrane module as well. In general, AGMD and DCMD are best

suited for applications where water is permeating flux. SGMD and VMD are typically used

to remove volatile organic or dissolvgdsedrom an aqueous solutioRigure 6 shows

several typical MD process configurations that can be used to achieve the necessary driving

force with the advantages and drawbaokgachconfiguration presented ifable 1.

Air gap

Condensing
plate

permeate

AGMD

Condenser

Sweep gas
inlet

. Permeate

L Sweep gas
inlet

SGMD

Liquid gap

Condensing

plate -

permeate

LGMD

Condenser
Sweep gas
: inlet
- Permeate

t-Sweep gas
inlet

TSGMD

Condenser

Vacuum
pump &

permeate

VMD

Figure 6. Common configurations used in MD.

18



Table 1. Comparisons between various categories of ddBfigurations

MD Configurations Advantages Drawbacks

DCMD Simplicity, i.e, the ease o] High conductive heat loss di
operation to direct contact between h

. and cold streams
High water recovery.

AGMD Improvement in thermal efficiend Increase in mass and enej
due to thepresence of an air gap | transfer resistance.

Low permeate flux compared
DCMD.

VMD High permeate flux due tdhe| Operational complexity.
vacuum applied on the permed _ _
side Increase in Energy consumpti

Risk of membrane wetting.

SGMD High permeate flux due ] Complex module design.

improvement in mass transfer at
permeate side.

Low conductive heat loss

Risk of membrane wettindjke
VMD.

2.4 Key parameters in MD

Being a process that works based on the vhgoid equilibrium, membranes for

MD must prevent wetting and fouling. Thus, membranes must be hydrodb@hid he

mostcommonly usegolymer membrane materials in Miavebeendepicted inFigure

2. These materials have continuously been explored due to their intrinsic hydrophobicity.

Several characteristics are necessary for membranes to perform well in the MD process
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[58]. Apart from low mass transfer resistance, strong thermal stability with low thermal
conductivity at high temperatures, and great resistance to chemicals, these membranes need

to have the following characteristif23,59]

2.4.1 Liquid entry pressure (LEP)

According to Smolder and Franklifp6], LEP is the pressure at which water
permeates the membrane pores, causing droplets to appear on the membrane surface. LEP
depends on the maximum pore size and membrane hydrophobicity. This means that to
obtain a high LEP, the materials to be used for mena@srenust have high hydrophobicity,
low energy levels, and small maximum pore $&6@. However, it should be noted that a
smaller maximum pore size leads to a reduatiche permeability of the membraftl].

LEP must be as high as possible to prevent the occurrence of pore wetting. Therefore,
optimizing these parameters must be carefully controlled to achieve optimum performance.
By optimizing the LEP of a membrane, the membrae&ting resistance could be
enhanced. The presence of organic species such as dié2hahd the temperature of the

feed solution could lead to a reduction in membrane [68P

2.4.2 Membrane porosity, pore size, and distribution

It has been noted that increased pore sizes in the membrane result in higher
permeate fluxand are proportionally relatg84]. However, the LEP decreases wéh
increa® in pore size. This implies that the larger the pore sizes are, the more likely the
membranes are prone to wetting. Assume that the feed pressure exceeds the liquid entering
pressure. In that scenario, the liquid passes through the membrane's pores, and the
membrane's hydrophobicity diminish@&5] based on the relationship in Equation 1. The
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pore size range for an ideal MD membrane is between 0.1 af@bD® r  1[67]¢ with

a narrow pore size distribution. A lower pore size can lessen the likelihood of liquid
penetration, eventually resulting in pore wetting, even if a bigger pore size is preferred to
obtain higher permeate fluxes. Therefore, eésessary to identify the ideal pore size for

various feed solution types and operating circumstances.

0 00 —— 1

whereb is a geometrical pore coefficient = Ig= liquid surface tensions ¢ & max. pore

size, and Ces= contact angle of the water droplet

The MD process occurs in a specific mass transfer mechanism as a function of pore size,
which determinesthe type of mechanism. Knudsen diffusion, for instance, is a mass
transfer mechanism when the pore size is small, while the Knwilsgsse mechanism
becomes apparent when the pore sizarge[28]. Estimating the vapor flux is done using

the mean pore size. The pore diameters of MD membranes are often distributed across a
range of sizes rather than beingmogeneousThis leads to the simultaneous occurrence

of many heat and mass transfer mechanisms. It is worth mentioning that PSD will not
significantly impact MD performance. Although Martinez et[68B] discovered that the

heat transfer coefficient can be calculated by considering an evenly distributed pore size
that is very approximate to the heat transfer coefficient, Khayet[6®©alpointed out that

the mean pore size might be used rather than RSDetermining the heat transfer

coefficient.
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Irrespective of the MD type, high porosity membranes have higher fluxes because a greater
proportion of the area can be used for evapordli®h. Regarding energy efficiency,
increased porosities reduce the conductive heat transfer through the membrane solid
material since the gas heat transfer coefficient is lower than in the polymer. Generally, MD

designs typically use membrane porosities withirange of 60 to 85%71].

2.4.3 Membrane thickness

The effectiveness of heat and mass transfer in MD is greatly influenced by
membrane thickness, which is a crucial membrane performance metric. Like similar
membrane processes, it has an inverse relationship with the permeate flux in the MD
process[28]. The lower the membrane thickness, the higher the fluxes obtpi@gd
Consequently, a thin membrane is required to achieve a high MD permeability. On the
other hand, a thicker membrane has a lower permeate flux because of the increased time
the vapor travels through the membrane before condensing (increase in mase transfe
resistance)28,30] Nevertheless, improved heat efficiency is often achieved with thicker
membranes due to decreased heat[[t®s In AGMD, the air gap has a greater influence
thanthe membrane thickneg30]. In general, the thickness of a singgger membrane
must be carefully optimized to achieve a higher flux and an ideal mass transfer resistance.
According to Lagana et ff4], the i1ideal range i s between
hand, the hydrophobic layer in a douldger membrane with a hydrophilic layer must be
as thin as possible to lower the resistance to mass transfer. Moreover, the membrane's

overall thickness shoulde as thick as practicable to prevent heat[l6Sk
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2.5 Phase inversion

2.5.1 Phase inversion of polymeric materials

Porous polymeric membranes can be made using different methods such as
electrospinning, phase inversion, stretching, template leaching, and sintering. However,
membranes fabricated using the last three methods exhibit low porosity, making them
unsuitable forfabricating membranes for MD applicationg6]. The phase inversion
method was initially reported in 1963 by Loeb and Sourira@nsettling the basics for
synthesizing most commercialized membrd@&$. This procedure involves several ways
of generating a phase separation process, which converts the initially homogenous
polymeric dope solution into a solid matrix state by a controlled process of transformation
from a liquid state,6]. Phase inversion isne of the best and most w&thown techniques
for creating different morphologies of polymeric membranes in flat shapes and hollow
fibers. In this method, the polymeric or dope solution is transformed into a solid membrane
by changing the dope solutioreguilibrium states by temperatuf@l] or by using a
separate liquid phase, also known as the-swvent[82]. It is worth mentioning that
liquid-liquid demixing occurs before this solidification. The phase with the highest
concentration of polymers will begin solidifying via vitrification, gelation, or
crystallization at a specific point after the demixing afwolymesrich and a polymelean
phase has begun. The solid membrane matrix will result from the pehchephase,
whereas the pores in the solidified material will result from the poleasr phaseThe
main fabrication techniques employed in the i@dron of MD membranes are non
solventinduced phase inversion (NIPS) where the cast film is immersed in a nonsolvent

coagulation bath, vapanduced phase inversion (VIPS) where the membrane is formed by
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exposing the polymer solution in the nonsolvent vapor environment, therdugled
phase inversion (TIPS) where the phase separation is induced by lowering the temperature,
evaporatiorinduced separation in which the volatile solvent is slowly evaporated i

matrix containing nonsolvent and solvent mixture, and electrospinning.

2.6 NIPS: Factorsinfluencing membrane morphology

2.6.1 Non-solvent composition and temperature

The demixing process between the polymer and the solvent is largely influenced by
the nature of the precipitation bath, the components in the system, and their concentrations
because they can alter mass transfer during the membrane formation prodegsottast
to highlight that the mass transfer rate will determine the final morphology and hence, the
final properties of the membrang8s3i 86]. Water is the most common ngolvent phase
because it is a strong naolvent that exhibits economic and environmental advantages
compared to other substances. However, it also causes a quick demixing process that leaves
the membrane's surface covered withick skin layer, decreasing the water flux properties
of the membrane. Therefore, some researchers have used organic solvents, such as
methanol, ethanol, and propari86], to avoid the formation of this structure. However,
employing these solvents has environmental and economic disadvdB@g&smilarly,
the mass transfer and, ultimately, the final properties of the membranes will be influenced
by the thermodynamic affinity between the constituents. For the phase inversion to occur,
the nonsolvent must have a strong affinity for the solventrmttthe polymer. Generally
speaking, precipitants with a high affinity for the solvent facilitate a rapid phase separation

process; conversely, when the affinity is low, the process is slowed down, resulting in
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reduced exchange rat85,88] Paglieroet al.[83] have studied the effect abnsolvent

bath composition by employing different ethanol concentrations in the coagulation bath
(25, 50, 75, and 96% ethanol). They discovered that introducing ethanol decreased non
solvent strength, delaying the liquid phase separatior@ainancing ta hydrophobicity of

the membrane (from 84° in the water bath to 150° for 96% ethanol). This phenomenon was
explained by considering that crystallization occurs before lfigidd demixing at a
higher ethanol concentration, forming a bicontinuous stractlihus, the addition of
ethanol to the coagulation bath delays the rate at which solvents argbluents
exchange, resulting in the creation of more symmetric structures and preventing the

production of macrovoids.

The temperature of the coagulation bath is another factor that might affect mass transfer
since it can quicken the rate at which mass transfers between solvent aadveon occur

[89]. Kahrset al.[85] havesynthesizedPESbased membranes using two kindsaients

NMP and 2pyrrolidone, setting the temperature of the coagulation bath to either 20°C or
40°C. The morphology of the membrane was found to be tempetdpendent, meaning

that a rise in temperature causes an increase in the number of voids acrassiinena's
volume for both solvents. This describes how raising the temperature will improve solvent
uptake and lead to an increase in the formation of the polgowr phase nuclei by
reducing the viscosityfahe dope solution and boosting the rate exchange between the
solvent and the nesolvent. Meanwhile, at low temperatures, the formation of the
macrovoids was suppressed since new nuclei emitlidrm below the existing oneBang

et al [90] have studied the effect of the coagulant bath temperature employing both

computational and experimental approaches. The system was PVDF/ D@FWVth an
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18 wt.%PVDF concentration, considering temperatures from 273.15 K (0 °C) to 353.15 K
(80 °C). The phaséeld computational modelwhich is based on the Ginzbukgndau

theory, was used. They conclude that the pore structure of the membrane loosens with
rising coagulation bath temperature, increasing the water flux because larger pores are
created at higher temperatures due to faster hgudd phase separation. Ultimatelyyrf

this system, they suggest employing a temperature range of 35 to 45°Gpaisrah value

to balance the membrane performance and energy efficiency.

2.6.2 Polymer concentration and additives

It has been found that increasing the concentration of polymer in the solution
increases the volume fraction occupied by the polymer molecules, raising the solution
viscosity, and affecting the pore size and the mass transfer rates, which leads ta differen
final properties and morphology of the membrg®d$. Kahrset al.[85], observed a final
membrane with fewemacrovoids in the morphology by increasing the concentration of
PES in the dope solution, producingenser membrane. In the same way, the mechanical
stability of the membranes increased when the PES concentration in the dope solution was
raised.The increment of the viscosity will influence the kinetics aspect of phase inversion,
delaying the solvemonsolvent exchange rate, addcreasing the membrane pore size.
Subsequently, this will lower the membrane flux. e other hand, low concentrations
will lead to membranes with larger pore sizes and higher permeate flux with low
mechani cal properties and | ow integrity, or
is very low. Therefore, polymer dope concentmatimust be carefully controlled to

generate a membrane with ideal characteristics and performance for MD applications.
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The polymer solution's kinetic and thermodynamic characteristics, as well as the membrane
generation process, are modified by the additives. Polyvinylpyrrolidone (PVP) and
Polyethylene glycol (PEG) are commonly us#tey enhance the hydrophilicity of the
membrane surface and modify the viscosity of the solution, impacting the mass transfer
rate exchange, hencthe pore size and the formation of macrovoids in the membrane
structure can be altered by introducing an additive. These types of additives are often called
poreforming agents. In addition, these additives can influence properties such as
permeability, ejection properties, stability, and morpholog82]. Lubis et al. [93]
prepared NIPS PEBased membrangadding different concentrations of PVP (0%, 1%,

3%, and 5% wt) to study their influence on the final membrane properties and water
permeability. They demonstrated that adding PVP to the formulation resulted in bigger
pore sizes and macrovoids than thetome PES membrane. According to their studies, the
membrane with 3% PVP showed better performance with a flux of 87.% kg-nshowing

the effectiveness of adding PVP to the solutidhakrabartyet al[94] studied the effect

of employing different molecular weight PEG (400 Da, 6000 Da, and 20000 Da) as
additives to fabricate polysulfone (PSf) membranes. According to their findings,
membranes with higher molecular weights of PEG had more pores overall esgare

area

Lithium chloride (LiCl) is a salt pore former that strongly interacts to form complexes with
the solventsLopatina et al[95] studied the effects of LiCl concentratiors 2 wt%) in
cellulosebased membranes. Thus, lower concentrations of LiCl (up to 0.4%wt) increase
linearly the viscosity of the dope solution, creating smoother surfaces. However, when the

concentration is increased to more than 0.4 wt.%, the viscosity decreab#sting
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openings in the top layer. This phenomenon is due to the initial strong interactions between
Li* cations within the solvent mixture, forming clusters of polymer chains. When the 0.4
wt.% is exceeded, salt destroys the entanglement networks within molecular Zhaints.

et al[96] reported increased pore connectivity with increasing LiCl dosage add#ive

for PVDFCTFE membranes.

2.7 Vapor-inducedphaseseparation (VIPS) and key parameters

The concept of vapeanduced phase separation (VIPS) was initially developed in
1918. The method involves exposing an initial membrane to asoleent vapor
environment for a period before solidifying the polymer into a membrane by immersing it
in a nonsolvent coagulation bath. During the VIPS membrane manufacturing process,
phase separation occurs primarily due to the infiltration ofsuwvent, not the outflow of
solvent. By significantly reducing the mass transfer rate -Gudvent absorjpdn and
solvent extraction), the VIPS procedure efficiently prevents significant pore defects as
compared to the NIPS approach. Furthermore, the VIPS method has a more stable phase

separationf97].
2.7.1 Exposure time

Amin et al[98] studied the mechanism and influence of exposure time on pore
formation in VIPS and established the following: first, the VIPS approach refers to
nucleation and growth as the mechanism for membrane creation. Once the exposure
duration in the VIPS method ireases, so does the number of nuclei that form at the

membrane surface. The growth stage modifies the size of the pores, and these nuclei
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become the membrane pore sites at the final step of the phase inversion process. With
shorter exposure durations, there are fewer nucleation sites, and the nucleus begins to
expand and form big pores when immersed in the coagulation medium. At thisapoint,
increase in exposure duration results in a maximum number of nucleation spots. This is the
point where most pores have formed at this time, and they are also the smallest in size. A
minor phase separation occurs at this point, and the membrane caygesréis with a

limited distribution of pore sizes to form. Then, as the exposure period is further increased,
the water droplets (nucleation sites) enlarge and combine to produce larger pores,
increasing the membrane's mean pore size. The porosity armbimectivity of pores will
change depending on how long they are exposed to vapors. As a result, the pore size
increases with exposure tini@9]. AIMarzooqui et al [100] have evaluated the effect of
exposure time of PVDF/DMAc membranes at 60% RH, finding that more time exposure
means enlarged mean pore size, due to the formation of sphédikaiticorphology Using

the VIPS approach, Fafl01l] developed a hydrophobic PVDF membrane. The
hydrophobic membrane generated by prolonged vapor induction has a contact angle of up
to 14%. Additionally, the membrane prepared with a longer exposure duration has a higher
flux in VMD. The optimal membrane demonstrated a flux of 22.4 LMH at@3eed
temperature and 99.9% NacCl rejection for a feed solution with a 3.5 weight percent
concentration. Toheeb et [dl02] discovered that increasing exposure time with ethanol
and water vapor in preparing 6FPPMPD polyimide membranes resulted in

interconnected pores, surface roughness, and AGMD performance.
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2.7.2 Relative humidity

In a study conducted by Yip et |@l03], the dynamics of phase separation in the
polymer filmwere determined to be significantly influenced by the-solvent's relative
humidity. In general, a higher relative humidity increases the driving force for a net
diffusion and buildup of the nesolvent in the filmwhich causes phase separation in the
VIPS process. Consequently, the phase inversion kinetics and ultimate membrane structure
in VIPS are significantly impacted by relative humidity. They discovered that phase
separation in VIPS is viable at relative hdities above 68 %. In a water vaportsys, a
higher chemical potential for water absorption on the cast film is provided by an increased
relative humidity level; hence, for a given amount of time, a higher relative humidity is
projected to result in a higher amount of water uptdk®]. The phase separation is
therefore delayed by low relative humidity since the-solvent penetration rate is low.
Meanwhile, when it is high, matrix formation is promoted. For low levels of RH, solvent

evaporation will drive the separation procgs34].

2.7.3 Vapor temperature

Because the system becomes more thermodynamically unstable at higher vapor
temperatures, liquitlquid demixing was chosen over seliquid demixing to favor the
formation of cellular structures on the membrg®a$. Bouyeret al[105] have shown that
the cell size gradient of celluliike structures was diminished from the top to the bottom
of the membrane by lowering the temperature from 40°C to 25°C, explaining that this was
due to the temperatuieduced slowdown of the mass tragrsfate, leading to an increment

in the demixing time.

30



2.8 Polyimide membranes forseparation

Compared to most polyimide materials, tde, -éhéxafluoroisopropylidene)
diphthalic anhydride (6FDAbasedpolyimides havegathered huge research interest
because of increased permeability and selectivity from these polyimides dueG¢(Gkg
bonds preventing the rotation of the phenyl rifig86,107] Furthermore, because the
polymer backbone contains fluorine atoms, the compounds are soluble in most organic
solvents, facilitating their processifit08]. Once the dianhydride is fixed, choosing and
adjusting the proper chemical structure of diamines offers a practical method of achieving
the desired sizsieving capability[107,109] Subsequently, their gas permeation and
separation performance are influenced by
functional groups, such as the carboxyl and hydroxyl groapsthe structure of the
micropore of the produced polyimifiel0,111] Commercially, several reasonably priced
polyimide polymers are on the markjdtl2]. Nevertheless, customized polymers are
unavoidably required to satisfy the requirements of certain applications, including gas

separation and pervaporation in membrane technolfbi&§

Research techniques to accelerate the performance of membranes from these materials,
particularly for gas separation and pervaporation, have included the preparation of novel
polyimides and the insertion of bulky side groups and functional groups in Itihe fu
aromatic polyimides[114]. Al-Masri etal [115] conducted research in which they
fabricated membranes from polyimide using meguhbstituted diamine monomers. Their
findings suggested that adding methyl groups to the main chain of the polymer resulted in
a significant free volume for the gas permaatiBinel et al[116] prepared polyimide

containing methoxy and trifluoromethyl groups. Their investigations revealed that the
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trifluoromethyl substituents reduced the chain cohesion attributes and increased the free
space for gas molecules to diffuse; however, the methoxy substituents do not exhibit any
reasonable size effects on the gas permeation. Kaalg[®£17] hydrophilically modified
pyromel |l itic dianhydr-oxgianilife PODB)Appblyimadesowitry wi t h 4,
3,5-diaminobenzoic acid (DABA), and they found that improved permeance and good
selectivity of water/ethanol were obtained using membranes prefpanedhe modified
polyimides This performance was diethe establishment of hydrogéonding between
carboxylic groups in DABA and water molecules. Despite the vast application of polyimide
membranes for separations, their application for desalination using membrane distillation
was only employed by Obidaraa{118]. The fabricated membranes from 6 FOMPD
demonstrated excellent MD performanaeth the best membrane reaching a flux of 18.2

kg m 2 h't with a salt rejection of 99.96%.
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CHAPTER 3

FINE-TUNING MORPHOLOGICAL PROPERTIES OF

6FDA-mPDA POLYIMIDE -BASED MEMBRANES FOR

ENHANCED PERFORMANCE IN MD

3.1 Introduction

The surface architecture of membranes has been a key area of research focus in
membrane technology since the beginning of membrane resgdr@h The surface
engineering technique, which involves modifying membrane surfaces, is useful for
improving and maximizing the performance of polymeric materials, especially in
applications involving membrargased separatiofil20]. Yet, surface modifications
involve several intricate stages and techniques used to create different surface patterns that
could enhance the overall characteristics of the membrane, rendering the process
practically not viabl¢120,121] Several approaches have been developed to create ordered
patterns in porous polymeric films. These techniques include colloigsthls emulsions,
selfassembled redoil copolymers, lithography, or soft lithograpfy21]. The discovery
of a straightforward, cosdfficient process for generating highly ordered honeycomb
structured porous polymer films was reported by Widawski and Francois 20 years ago
[122]. In humid conditions, a solution of polymer is left to evaporate in a volatile solvent.

As the solvent evaporates quickly, water vapor condenses on the cooling surface. At the
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interface of watesolution, the polymer precipitates, stabilizing the droplets and preventing
them from merging. The temperature difference within the solution generates convection
currents and lateral capillary forces, which work together to create leorgahized
structure in the stabilized droplets. Recent reports have highlighted molecular engineering
and the control of synthesis parameters of membrane materials as key surface modification
strategies. For instance, by controlling the synthesis pagasnétbdulhamid et a[120]
prepared porous and ordered honeycomb membranes from pohdttbeketone) for
application in organic solvent nanofiltration. Adjusting the molecular weight polymer
resulted in tuning the morphologies of the membranes from felhémeycomb structure.

Their other investigationfl23,124]revealed that molecular engineering, incorporating
specific moieties and crosslinking within the polymer backbded to an engineered

surface with enhanced membrane porosity and filtration performances.

The NIPS method is the mastmmonlyused method to prepare porous membraaemn

at an industrial level. The fundamental idea is that a polymer solution is cast onto a support
and then submerged in a reolvent bath. Phase separation occurs under tthiedaitional
dynamic diffusion theory in the coagulation bath because o$dhent in the polymer
solution dispersing into the nesolvent and the nesolvent diffusing into the polymer
solution [125] (Figure 7). Ultimately, solid polymer gels precipitate out in solid form

[126]
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Figure 7. Schematic diagram of the NIP&embranedrmationmethal.

The membrane pore structure for the NIPS method is determined mainly by phase
separation, which alters the system's phase composition. Therefore, the driving force for
pore formation in NIPS is phase separafib?b]. Otitoju et. al.[127], Hou et. al.[128],

Wang et. al.[129], etc., all employed the NIPS technique to prepare asymmetric porous

membranes for application in membrane distillation.

Although the NIPS method has largely been employed in membrane fabrication, producing
an ideal MD membrane directly from the process is still difficult. Ultimately, the NIPS
method is followed by poshodifications to achieve the desired membrane. The most
common surface modification techniques aoating (including dip coatiny grafting,
plasma, and interface polymerizatidn. recent work, fluoroalkyl silanes (FASs) were
grafted onto a virgin membrane surface to create hydrophobic hollow fiber membranes
stabilized with yttriazirconia[37]. The modified membrane shows remarkable properties
and performanceln a different study, ZnO NPs were added to a polyamide membrane
surface via grafting caused by radiation byAEhaoty et al. to improve the membrane's

antibiofouling characteristic38]. Furthermore, the surface coating was used to develop
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a chemically stable, superhydrophobic membrane by hydrophobically modifying
commercially available polyester (PET) membranes using PDd&fed Si@ NPs[40].

Ray et al[130] coated TiQ nanopatrticles to create a membrane from PMBDE surface

was then fluorosilanized to create a superhydrophobic MD membrang NH® were
added to the surface to give it a hierarchical structure and intre@ttRinctional groups,
which ensured that perfluoro dodecyl trichlorosilane (FTCS) was functionalized
effectively. All postfabrication surface engineering techniques require several steps to
achieve the desired result, making the fabrication process casilyiring highenergy

and timeconsuming. In additionthe introductionof foreign materials, especially
fluoroalkyl substances for surface modification, poses the risk of leacleading to
environmental concernsTherefore, developing cesffective, energefficient, and

environmentally friendly surface engineering techniques is necessary.

In recent studies, NIPS is followed by pr®dification steps to improve the membrane
properties. In a recent study by Yagitgal, they developed PVDF membranes employing
the NIPS technique. They later modified the method by first spraying some liquid, followed
by the NIPS, and named it spragsisted noisolvent induced phase separation (SANIPS).
The resulting membrane exhibitedlfseleaning properties and a water contact angle
(WCA) of 154°, indicating its superhydrophobic natunecomparison to thpristine NIPS
membrane, the SANIPS membrane performed better, based MDD performance. In
another modified NIPS technique, Nuaieti al prepared uniformly porous PVBHRFP
membranes using the mixed solvent phase separation. Thigaterl the glass substrate

to about 80 °C before inserting it in a cold chamber of around 11 °C to induce a phase
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separation between the solvent anddbsolvent Subsequently, this was followed by the

conventional NIPS technique to obtain porous hydrophobic membranes.

In most VIPS processes, the cast solution is exposed to an atmosphere ofsbkv&min
vapor for a predetermined amount of time before being submerged in a nonsolvent bath to
complete the polymer's inversion into a membrane. Phase separation is mostly caused by

the influx of nonsolvent rather than solvent outflowigure 8).

Slow demixing process of VIPS

:non-solvent

Vapor chamber

£l
nascent membrane sy,
.

Porous membrane

Figure 8. Schematic presentation of the mechanism of the VIPS process.

Large pore defects can be avoided because of the stable phase separation and a significantly
lower mass transfer (i.e., n@olvent diffusion and solvent extraction) compared to the
NIPS approachln the VIPS process, slower and more controlled absorption occurs
because the nesolvent infiltrates the casting solution as a [d&i]. Thevapor &posure

time and themiscibility betweerthe solvent anthenonsolvent ae important factorthat

affect the kinetics and thermodynamics of the VIPS methbdhe Hansen solubility
parameter difference between g@vent andhe non-solventis large a longerexposure

time is required toachieve complete precipitation and form a rpos membrane

Conversely, complete precipitation and the formation of a porous membrane can be
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achieved when there is good miscibility between the solvent andateent, indicated by

a close solubility parameter difference.

This process, combined with the slow evaporation of-Volatile solvents, reduces
polymer concentration near the membrane's suff82, making the VIPS process more
advantageous because of its capability of controlling and tailoring the morphology of the
membrane more accurately than other phase inversion techijid8}sConsequently,
VIPS is particularly effective in producing membranes with porous surfaces, making it

unique for fabricating MD membranes.

Currently, only a few vapors are known to be used in VIPS asoleent phases due to
technological challenges in controlling the state of the gas during the membrane
preparation process. Water, acetone, and ammonia vapor are most employed, with humid
air being the most prevalent. VIPS phase separation is highly dependent on external
conditions because it mostly happens in the environment via-aahoent. The ultimate
membrane structure is significantly influenced by temperature and humidity levels. The
membrane preparation process for VIPS is usually performed in enclosures or closed

isothermal glass chambers to control the ambient temperature and hiirddit35]

In this chapter, a series of novel polyimid@sed membranes wefabricatedfrom 4 , -4 N;j
(hexafluoroisopropylidene) diphtalic anhydridephenylenediamine (6FDA-mPDA)
polymer. As a new membrane material for MD, NIPS was first employed to fabricate
membranes, anits potential was investigated in air gap membrane distilla¥®RS was
thenused as a surface engineering method to create a porous structure on the polyimide

based membrane surfaces without incorporating additives or fillers, mimicking the Breath
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Figure methodi17,27-30]. The surface morphologies, roughness, and other characteristics
such as pore sizes, WCA, porosity, and liquid entry pressure (LR determined to
understand the mechanisms of membrane fabrication and performance. It is worth
mentioning thaall membranes used in this work were recycled and uskeedsisnaterial,
proving the sustainability and energy efficiency of 6FBRDA asa membrane material

for MD applications.

3.2 Experimental

3.2.1 Materials and Chemicals

The materials and chemicals used in this workdaredHé&afluoroisopropylidene)
diphtalic anhydride (6FDA, 99 %in-phenylenediamindmPDA, 99 %) isoquinoline
(97%),m-cresol (99 %)N, N-dimethylformamide (DMF, 99.9 %), and chloroform (CHCI
99 %) purchased from Merck Sigraddrich. Ethanol (99.8 %) and-gropanol (IPA, 99.8
%) were obtained from Honeywell (Germany). Sodium chloride (NaCl, 99.5%) was
obtained from Fisher Chemical (UK). Deionized (¥terwi t h a resi s-ti vity
cm was collected from the Millipore system (Mil)®). Commercial hydrophobic
Polytetrafluoroethylen€PTFE) and PVDF membranes from TISCH Scientific were used.
The properties of theommercialmembranes used are presentedable 2. The names
and chemical structures of some materials and chemicals used in this work are presented

in Table 3.
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Table 2. Properties of the commercial membranes (TISCH Scientific) used.

Membrane WCA ( Poresize (um) Thickness (um) Porosity (?6)

PTFE 82+4 0.22 200 62.35

PVDF 74 +3 0.22 120.8 54.59
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Table 3. Chemical names and structures of materials and some chemicals used in this work.

Chemical Structure

F3C CF3 (0]
0

4 | -@He¥afluoroisopropylidene) diphtali 2
anhydride (6FDA) 5 O O
(0] (o)

m-phenylenediamingmPDA)

HZN\‘/NHZ
. . F
Polyvinylidene fluoride (PVDF)
F
n
F

Polytetrafluoroethylene (PTFE) F
F
Fln
Cl
Chloroform /j\
Cl Cl
H,;C
Dimethylformamide (DMF) \N/%o
L,
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3.2.2 Synthesis of 6FDAMPDA polymer

The synthesis of the polymer was carried out thraugblycondensationeaction,
as reported previouslgs schematically presentedrigure 9[137]. An equimolar amount
of 6FDA andmPDA wasplaced in aoundbottomflask equipped with an oil bubbler, an
inlet for nitrogen, and a magnetic stirrer. Subsequentlgresol was added as a solvent.
The mixture was initially heated to 80 °C, after which 0.1 ofLisoquinoline was
introduced. The temperature was then gradually raised to 200 °C to ensure that the
imidization and conversion of poly(amic acid) to polyimide had been accomplished.
Finally, the solution was precipitated in methanol, followed by stirang hours, and the
polymerwas obtained through filtration. Tlsgnthesized polymewas further purified by
re-precipitating the polymer solution in methanbhe chemical structure of the resulting

polymer wassubsequentlgonfirmed by'H NMR andFTIR.

oet et g e

6FDA mPDA 6FDA-mPDA

Figure 9. Scheme of the synthesas$ 6FDA-mPDA polyimide at 200 °C in raresol.

3.2.3 Fabrication of membranes

6FDA-mPDA polymer was dissolved in the desired solvesith the desired

concentrations to prepare membranes through the NIPS médthedmixture was kept
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under stirring usin@nIKAE RCT 5 Digital Magnetic Hotplate Stirret 30 °C until all

the polymers had fully dissolved. The prepared dope solution was kept at room temperature
for 12 hours to eliminate air bubbles and avoid membrane defectsesented ifrigure

10, the NIPS process involved pouring a polymer solution onto a glass substrate using an
automatic casting machine (Compact Tape Casting Coater and Film ApplidaAgiK-

AFA-l 'l ) spaced to a gap of 300 etamparaiwe t he
of 24 °C, while the humidity was approximately 50%his wasfollowed by phase
inversion in ethanol for twminuteshefore storingn DI waterfor 24 hours. The immersion

in ethanol before water was based on our previous wdrich showed a higher potential

to create a highly porous structurelative to direct immersion in wateelative todirect
immersion in water [26]The membranes were collected, rinsed, and dried beforease.

the VIPS process, the cast solution was quickly transferred to an environment saturated
with nonsolvent vapor (ethanol, at approximately 68 °C) with relative humidity exceeding
95% and kept for 3 minutes. The developed membranes were then driedhessagne
technique as for NIPS after being rinsed with water. Membranes with varying polymer
concentrations were prepared using both methods (NIPS and VIPS) to determine the

influence of polymec oncentrati on on the membraneods
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6FDA-mPDA + DMF

Polymer solution Casting Phase separation Vacuum drying at

VIPS chamber

Figure 10. Schematic presentatiarf theNIPS and VIPS membrane fabrication

Membranes generated through NIPS are labeled witdebgnation 'N' and those from
VIPS with 'VX_L', with X and L representingopolymer concentration and vapor type
respectively Further details on membrane designations and fabrication condiizwes

beenpresented ifable 4, Table 5, and Tableb.
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Table 4. Fabrication parameters and designation of 6HBPPDA-based membranes with

acastnkni fe thickness of 300 em prepared
Membrane Dope solution Coagulation
designation concentration (wt.%) Bath
N_13 13 Ethanof
N_15 15 Ethanof
N_17 17 Ethanot

aMembranes were immersed first in ethanol foniautes followed by DI for 24 hours

Table 5. Fabrication parameters and designatior6BDA-MPDA membraneswith 15

wt.% polymer concentration and a casting thickness o£360

Membrane Exposure time (mins) Vapor
V_W3 3 Water
V_W5 5 Water
V_W8 8 Water

V_W/E_3 3 W: E

V_WIE_5 5 W: E

V_WIE_8 8 W: E

W: E' = water + ethanol (50:50)
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Table 6. Fabrication parameters and designation of 6HBPDA-based VIPS membranes

with a casting knife thickness of 300
Membrane designation | Dope solutionconcentration (wt.%) Vapor
V13 E 13 Ethanol
V15 E 15 Ethanol
V17 E 17 Ethanol
V13 P 13 Propanol
V15 P 15 Propanol
V15 P 17 Propanol
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3.3 Polymer and membrane characterizations

The chemical structure of 6FDAPDA was confirmed using the proton nuclear
magnetic resonancé{ NMR) spectrum, which was conductedaBr uk er AVANCET |
spectrometer (400 MHz) in CDE€MWhile Fourier transform infrared (FTIR) spectroscopy
conducted with a Bruker | NVENI O Series FTI
cm' * was used to identify the functional groups. The thermal properties of -SRI
were measured using thermal gravimetric analysis (TGA) with a TA Instruments Q600
SDT, at a heating rate of 5 °C himup to 800 °C. Widangle Xray diffraction (WXRD)

anal ysis was conducted on a MiniFlex 600,

The crosssectional and surface morphologies were analyzed with scanning electron
microscopy (SEM, JEOL JSM610LV). To enhance image quality and reduce charging,
each sample had a thin coating of gold applied to it, using the 108auto Cressington coater.
The same SEM instrument was used to measure membrane thickness by examining the
crosssections. For examining the cressctions, the membranes were initially fractured

after being frozen in liquid nitrogen.

The WCA was measured with the contact angle goniometer§DM Kyowa Interface
Science Co. Ltd., Japan) via the sessile drop method. This involved placing 5 pL droplets
of DI water on different points and taking the average. Surface roughness was assessed
with an atomic force microscope (AFM; Agilent Technologies 5500), and the average

roughness was calculated from five scans.

The membranavetting resistance was evaluated in the laboratory with dnouse LEP

set up by applying pressure to a small water chamber positioned against the membranes,
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following the method reported by Smolder and Fran3@j. This approach enabled the
determination of the LEP of the produced membranes. The following equation shows how

the LEP, maximum pore size, and contact angle are related:

0 00 —— 2

b i s a geometrical pore coefficient = 1
[ o= liquid surface tension

14 o@& Max. pore size

Cos—= contact angle of the water droplet.

Using a standard capillary flow porometer (3Gzh, Quantachrome Instrument, USA), the
membrane pores' sizes were measured by the liquid expulsion (ethanol) through gas
pressure. The instrument made wet and dry measureraadtthe membranes' minimum

and maximum pore sizes were determined. The gravimetric technique, as previously
mentioned, was used to assess the membranes' porosity according to Eqaasjriie
membranes were weighed both before and dféeéng submerged in ethanol. Once the

membrane surface was fully wet, the remaining ethanol was removed.

- b p T 3

Orepresents the porosity of the membrane inandw are themasse®f the dry and
wet membranegespectively, whiléQ and'Q representshe densities of ethanol (0.789

g/cn?) and6FDA-mPDA (1.42 g/crd), respectively.
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A discovery hybrid rheometer HR30 from TA Instrumédixied with a tensile deformation
module was used to assess the mechanical stability of the developed membranes.
Membrane samples were clamped meticulously wig®mm length between grips and

stretched at a constant rate of 50 microns/sec.

3.4 Membrane distillation performance

A laboratoryscale AGMD setupwas employed to evaluate the performance
behavior of the prepared membranes. The system includes a heater tank where the feed
solution is heated to approximately 70 °C, connected to an MD cell, housing the membrane.
On the opposite side, a chiller condentfe permeated vapor that passes across the porous
membrane. To simulate real seawater7(g00Gppm feed solution was prepared by
dissolving 70 grams of NaCl in 1 L of DI water, which served as the feed solutien. T
weight of the water condensed across the membrane per unit area and time was used to

calculate the fluxJ) of pure water. The permeate flux was calculated using Equation

v =3

Here the mass of pure water collected over the membranes is representednby
kilograms A represents the effective area irf,mis the testing time in hours, ard

represents the permeate flux in (kghh The salt rejection was calculated using Equation

5:

"BY b —— pPTT 5
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whereS.R.stands for salt rejection (%, andd are the salt concentrations in ppm for
the feed and permeate, respectivdlige laboratoryscale AGMD setups illustrated in
Figure 11. All the prepared membranes were characterized and tested using the same

procedureand theconditions for théaboratoryscaleAGMD setuparepreseted inTable

7.
Feed Outlet 7 @ Coolant Outlet
ArGp ———r i@ | 90 |.. Pressure
Membrane H Guage
: Feed Inlet Coolant X Valve
® """" Inlet -®
Data
( ' X Acquisition
A oOSR H
X X \‘___’f, Permeate
Conductivity ........ : § .
Meter : —
/ \
= Coolant Water
k Flow Meter
Feed Water

Figure 11. Schematt diagram of théaboratory scaldGMD Setup.
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Table 7. Process conditions for thaboratoryscaleAGMD setup.

Parameters Values Units
Feed salinity 70000 ppm
Feed flow rate 0.8 L min'?
Feedtemperature 70+0.6 ‘C
Coolant flow rate 2.0 L min'!
Coolant temperature 20+£0.3 ‘C
Effective membrane area  7.316 x 1¢ m?
Air-gap width 3-5 mm

3.5 Results anddiscussiors

3.5.1 Synthesis and characterization of 6FDANMPDA polymer

6FDA-mPDA was prepared by a oiséep polycondensation reaction at elevated
temperature im-cresol and in the presence of a catalytic amount of isoquinoline. The

resulting polymer was washed a few times using methanol.

3.5.1.1 Fourier transform infrared (FTIR) spectroscopy

Fourier transform infrared (FTIR) spectroscapyan important technique for
confirming the complete imidization of polyimideBhe information obtained from the
analysis is crucial for membrane applications, as it reveals the functional groups

responsible for the chemical stability and hydrophobicity of the polymiee. FTIR
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spectrumFigure 12) demonstrated the polyimide functional group, with' &l@bsorption

band observed at 280B000cm' !, symmetric and asymmetric absorption bands of the
carbonyl (C=0) group at 1780 and 1748 !, respectively, whereas thé Ig absorption

band was observed at 134®'!l. Imide ring deformation was responsible for the
absorption peak at 716 EmThe appearance of these peaks in the FTIR results confirms
the complete imidization of the polymer, which is an important performance parameter of

the developed membranes from the polyimide polymer.
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Figure 12. FTIR spectrunof 6FDA-mPDA polymer.

The absorption peak at 28@D00cm’ L assigned to thei® aromatic stretching confirms
thatthe polymer backbone contains an aromatic ring. The fluorinated 6FDA groups are
responsible for the absorption at 114200 cm® and are important functional groups for

the hydrophobicity and separation efficiency of 6Fb@sed polyimide membranes.
Moreover, their presence in the polymer backbone increases the solubility and

processabilityof this class of polymer family.
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These findings follow other similar results from the literature. For instance, Zhang et al.
[139] and Mahmoud et a[140] found similar results for the carbonyl (C=0) groups
stretching at 1780 and 17&8mi1 1 , respectivel vy, confirmin
Moreover, another study by Zhen et[d¥1] explained that the i& stretching at 1140

1200 cm? indicates the hydrophobic groups of the fluorinated polymwenih contribute

to the hydrophobicity of the developed membranes. The characteristic functional groups
possessed by 6FDAPDA, such as the fluorinated groups and imide linkages as confirmed

by the FTIR analysiare important for the thermal and chemical stability that are necessary

for any highperformanceseparationandshowed that this polymer is a suitable membrane

material for membranedtillation.

3.5.1.2 'H NMR analysis

TheH NMR of the 6FDAMPDA is presented irFigure 13. The successful
preparation of 6FDANPDA was confirmed by the absence of peaks above 10 ppm in the
H NMR spectrum and the absence of hydroxyl stretching bands in the FTIR, confirming
the complete conversion of poly(amic) acid to polyimidéeH NMR (400MHz,
DMSO-dg) atti 7.54 (m, 3H), 7.72 (m, 1H), 7.80 (s, 2H), 7.94 (d, 2H), 8.22 (dfatt)er
confirm thatonly aromatic protons are present and confirms the Emponversion of

polyamic acid
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Figure 13. 'H NMR spectrum of 6FDAMPDA polymer.

3.5.1.3 Thermogravimetric analysis (TGA)

It is important to note that most polymers undergo degradation or melt before
200 °C. On the other hand, a few classes of thermally stable polymers can tolerate
temperatures of at least 300 °C in air and 500 °C in inert gases without losing their strength
or structural integrity in TGA analysj442,143] According to the TGA analysis, 6FDA
mPDA demonstrated outstanding thermal stability, wigls«dexceeding 500C (Figure
14), confirming its great potential to be used under harsh conditions (including high
temperature and pressure) without leaching or shedding the 6FDA part. The findings
indicate that 6FDAMPDA is more stable than other fluorinated polymers, such as PVDF
and PTFE, which are thermally stable because of their robust etwoone (O F)
linkages. For instance, the seanystalline nature of PVDF allows it to maintain a balance
between stiffnes and flexibility at temperatures betwe&b°C and 160 °C. However,
PVDF undergoes dehydrofluorination when heated over 316 °C, which may result in
structural alterations or discoloratifiv4].
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Figure 14. Thermogravimetric analysis of 6FD#PDA polymer.

3.5.1.4 Wide-angle X-ray diffraction (WXRD) analysis

X-ray diffraction (XRD) analysis was employed to ascertain the crystallinity or
amorphous nature of the 6FBAPDA. The amorphous properties of polymers are
important,especially in membranigased applications. While crystalline polymers pack
efficiently when crystallized from melt or solution, amorphous polymers tend to possess
space due to inefficient packing in their solid state. This can be particularly important in
this work where no pordorming agent was added for membrane fabrication. The regular
arrangement of atoms and molecules in a typical XRD examination will result in a clear
diffraction peak, while amorphous regions yield broad halos. Polymers typichlilyitex
blend of both in their diffraction pattef@45]. The XRD analysis result of 6FDAPDA
is presented ifrigure 15, which depictsa broad halo rather than sharp peaks between 10

2 0 A, cahfifms the amorphous properties of 6FDRDA.
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Figure 15. XRD spectrum of 6FDAMPDA polymer.

This result agrees with the findings of Zhang e{#8], who discovered that fluorinated
polyimides have lower crystallinity due to the presence of the bulkyg@fips which
prevent complete molecular packing. Additionallim et al. [146] showed that the
presence ofCF in 6FDA-based polyimides decreases their crystallinity and favors
disordered polymer chains. These findings correspond to the XRD spectiGiiDAf
mPDA in this study where the absence of sharp peaks indicates a highly disordered
arrangementurther demonstrating its suitability and potential application in membrane
based applications. The lower crystallinity @ DA-mPDA might be due to the bulky
dianhydride (6FDA) units and th@anar(mPDA) diamine. Thisamorphous property of
6FDA-mPDA is important in MD applications in enhancing polymer free volume and
improving mass transfer properties. Ultimately, selecting 6f2aged polymers is a one

step process toward addressing the issue of mass transfer resistance and membrane
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performance due to the enhanced mechanical, thermal, and hydrophobicity of the

membranes.

3.5.2 Membrane morphology and characterization

The surface and crosectional morphologies of the NIPS membranes were
analyzed using scanning electron microscopy (SBWjure 16 represents the cross
section and surface morphologies of the 6FDRDA-based membranes prepared through
the NIPS method with 13, 15, and 17 wt. % representing3NN_15 and N 17
respectively. From the images, it is obvious and worth mentioning that the membranes
prepared from NIPS (i.eN_13N_17) depict fingerlike crosssectional morphologies and
a selective skin layer on the membrane surfaces comprising pores, indicatipoithsiy

without the need to add porogen materials.

3.5.2.1 Influence of polymer concentrationon NIPS membranes

The surface morphologies ifrigure 16 (a-c) illustrate how polymer
concentration affects the kinetics and thermodynamics of phase separation, two parameters
that ultimately determine the final membrane morphology. The membrane prepared with a
lower polymer concentration (i.e., i3 with 13 wt.% %) depicted a surface morphology
with many connected pores. This higher porosity is attributable to the lower polymer
concentrationwhich favors a fastetemixing process and a larger portion of the polymer

lean phase in the system due to a fast solvent andaleant exchange.
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Figure 16. Surface and crossectional SEM images ttie polyimide membranes prepared
usingthe NIPS methodpanel(ai c) show thesurfacemorphologes and i f) present the
corresponding crossectional morphologiesof N 13, N_15 and N_17 membranes

respectively. Insets indicate the measured water contact angles (WCA) for each sample.

The increase in dope solution concentration from 13 twtl% greatly influenced the
thermodynamic stability of the system. As a result, a relatively slower solvent and non
solvent exchange occurred. Moreover, the polyrnadr phase is higheelative to the NI
system with a lower polymer concentration. These effects directly impact the membrane
surface morphology shown Figure 16 (a-c), where the membrane porosity decreases,
and pore connectivity is reduced. This is due to the increase in viscosity of the solution,
which decreases the entropy, as well as the rate of the separation procéiss, licgeLc

liquid demixing process, and subsequently promotes the formation of a denser structure

with reduced pore size due to controlled and uniform nucletir]. The influence of
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polymer concentration on the membrane surface and-sexs®nal morphology is more
pronounced as the polymer concentratimmeases$o 17 wt. %. Here, the solution viscosity

is much higher than in N1 and N2 systems. Ultimately, the entropy of the polymer chains
is restricted and favors a much slower demixing and solvent andahznt exchange.

This results in a more polymeich phae during the phase separation, and subsequently, a
final membrane with lower porosity arewer interconnected pores aspicted inNSEM

images.

The crosssectional morphologies of the NIPS membranes preparedawethanol bath

in Figure 16 (d-f), dominated fingetike morphologies for N1 and N2 are the typical
morphologies observed for NIPS membranes prepared with water as thelvemt. For
instance, Basko et al148] reported similar fingelike crosssections for PVDF
membranes developed using the NIPS method. In another study, TEbi®ealso
observed similar membrane cres=sctional morphologies for both polysulfone and
polyethersulfone prepared using a water coagulation bath. In agreement with our findings,
Toheeb et al[118] found similar crossectional morphologies from 6FDAVIPD
polyimide-based membranes developed usingthanol coagulation bath at higher casting
thickness. However, a spongge morphology was observed with a lower casting

thicknesdn the ethanol bath.

Generally speaking, the development of a fiAger macrovoid structure is associated
with instantaneous demixing. In contrast, the fiAge¥ structure can be avoided by
promoting delayed demixing, as this delays the onset of the nuclei and densifiep th

layer of the skirf149]. This may explain why the N3 membrane, prepared with a higher
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concentration of 17 wt. ¥%showeda reduced fingelike crosssection(Figure 16f) due to

a slower demixing rate.

The SEM analysis of the developed membranes through the NIPS method confirms that
polymer concentration greatly influences the morphology and membrane performance.
Thus, it is important to optimize the polymer concentration, casting thickness, and non

solvent type to obtain a membrane with ideal properties suitable for the application.

3.5.2.2 Effect of surface modification with VIPS

Because slight variations in the phase separation process can lead to significant
changes in surface architecture and modify the membrane properties and performance,
VIPS was used to surfaceodify 6FDA-mPDA-basednembraneand alter their porosity.

Being the most common nesolvent, water was first employed for the vapesisted phase
inversion. Later, various nesolvent vapors were used to examine the effect of vapor type
and polymer affinity on the membrane propertied parformance Additionally, since
ethanol was used in the coagulation bath for preparing membranes by NIPS, ethanol vapor
was also used as the nsolvent for membrane preparation using VIPS to systematically
study the difference between boththws and their effects on membrane properties and
performance. The surface morphologies of the membranes prepared using watet vapor
different exposure times asbown inFigure 17 (a-c). Moreover, thempact of vapor type

on membrane morphologies has been addressed in a later s€bese. morphologies
could be attributed to crystallization occurring before the lidigidid demixing process,
making the precipitation process primarily driven by crystallizationucleation rather

than the demixing process. In this case, the crystallization and the binodal barrier are
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separated even more, allowing all the individually formed crystalline granules to develop

and combine to create atwntinuous architectuf@50].
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Figure 17. Surface and crossectional SEM images ttie polyimide membranes prepared
throughVIPS with water vaparPanels(ai c) show thesurfacemorphologes and @i f)
present the corresponding crasctionalmorphologiesof V_W3, V_W5, andV_W8
membranesrespectively. Insets indicate the measured water contact angles (WCA) for

each sample.

3.5.2.3 Influence of exposure time on watetVIPS membrane morphology

From the SEM imagem Figure 17, the nature of the surface morphology
started with a relatively dense layer at the top of V_W3, depicting that the exposure time
of 3 minutes in the water vapor environment was not enough to complete the phase

separation and produce a porous membraneadtie limited nucleation. As a result, this
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membrane had a pore size of 0.26 um with low surface porosity. As the exposure time
increased to 5 minutes for V_WS5, the pore size can be seen to increase to 0.32 um as the
surface becomes more open at the top layer. Yet, the membrane pores remairyed tightl
packed beneath the thin, porous layer. This implies that as the phase separation begins, a
thin layer forms. If vapor penetration stops sooner, the inner layer becomes dense rather
than porous. When the exposure time increases to 8 minutes in the das&/&fthe
thickness of the porous layer increases deep inside the membransentims. This is
evidenced by the interconnected pores observed from the SEM image of this membrane.
Moreover, the extended exposure time enhances the nucleation and girdlg¢hnon
solventrich domains. In addition, this implied a change in the phase separation mechanism
from a liquidliquid demixing to an instantaneous process due to the saturation of water
vapor in the polymer matrix. Ultimately, while water vapor produaeseparation and a

final membrane, a longer exposure time is required to form an interconnected and porous
membrane with optimum porosity. This phenomenon is attributed to density and,
ultimately, slow penetration (affecting the kinetics) and lower iffiof water vapor

towards the cast polymer film, which influences the thermodynamics of the system.

It is worth mentioning that, in the VIPS process, factors such as relative humidity, non

solvent vapor exposure time, and solveai-solvent interactions play critical roles in
governing pore formation and sur f @%en mor phol o
the VIPS chamber encourages vapor condensation on the membrane surface, allowing

gradual solvent exchange and delayed demixing, which aids in the formation of-sponge

like, interconnected pores. Additionally, the controlled exposure time allosi®bization

to precede liquidiquid demixing, leading to uniform and open pore structures that are less
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dependent on polymer concentration compared to NIPS membranes. This results in a
hierarchical, rough surface and interconnected pore network, which significantly enhances
membrane wettability and performance. These findings demonstrate the ability t(?8e V
method to tailor membrane porosity and morphology through precise control of process
parameters, making it a versatile approach for developinggeghbrmance membranes

[38,39]

3.5.2.4 Effects of binary non-solvent(water-ethanol) vapor

To further investigate the influence of vapor on the mechanism of phase
separation, a binary nesolvent system of ethanol and water was employed to minimize
saturation rates and control the kinetics of the process. The SEM images of the membranes
preparedvith this vapor system, shown figure 18indicatethat altering the composition
of the nonsolvent vapor can directly influence the morphological properties of the
membranes. For instance, at the same exposure time, V_W/E_3 depicted a porous and

interconnected open surface morphology with crystallinewdes relative to V_Wa3.

In contrast to a delayed demixing with water vapor, resulting in a less porous membrane at
3 minutes, the binary watethanol system phase separates the cast polymer film through
the nucleation and growth mechanism through an instantaneous processuidkes q

phase separation mechanism is attributable to the presence of ethanol in the system, which
enhances the kinetics and allows the vapor to penetrate the polymer film, evidenced by the
spongelike crosssectional property of this membramé@oreover, the membrane showed

a unique mixture of symmetric nodular and spelikge bi-continuous structurg80,36],

as previously reported for the VIPS process.the exposure time increases to 5 minutes
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in the case of V_W/E_5, the surface morphology of the membrane becomes less open with

a compacted crossection, as observed froRigure 18.
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Figure 18. Surface and crossectional SEM images ttie polyimide membranes prepared
throughVIPS with waterethanolvapor Panelqai b) show thesurfacemorphologes, and

(ci d) present the corresponding crasstionaimorphologieof V_W/E_3 andV_W/E 5
membranesrespectively. Insets indicate the measured water contact angles (WCA) for

each sample.

This implies that the extended exposure time causes polymer tbaearrangeand a
delayed phase separatidvoreover, as the exposure time increases, the already formed

granules prevent nesolvent penetration and cause densification and shrinkage. It is worth

64



mentioning that a membrane with a longer exposure time of 8 minutes was prepared;

however, a physical shrinkage was observed for this memhwvara could not be tested.

Interestingly, membranes prepared by the VIPS displayed umtgreonnected porous
structures on the surfada the case of themembrane prepared with the binary rsmivent

(i,e., V_WI/E_3, a spongelike morphology in the crossection was observedThis
indicated that the presence of ethanol vagh@nged the phase separation mechanism and
might be explored further in tuning the cressctional morpology of the 6FDAMPDA
membranesSubsequently, membranes were prepared using only ethanol vapor, with

varying polymer concentrations discussed infélewing section.

3.5.2.5 Influence of ethanol vapor andpolymer concentration

While both water andvaterethanolvaporsproduced membranes with porous
and interconnected surface morphologies, several distinctions can be made from the SEM
characterizations ifrigure 19. For instance, the membrane prepared with water vapor
tends to be smootheiith less exposure tintbanthat prepared witivaterethano) despite
its porous nature. Moreover, the porous structure of the mensmamains nearly on the
top surface due to a thicklense layer near the surface. Conversely, the membrane
V_WI/E_3,prepared withwaterethanol vapgmaintained this porous morphology through
the membrane crossection as seenn the crosssectional morphology. For this reason,

differentpolymer concentratia@wereinvestigatedo understané@thanolVIPS further.

Polymer concentration has two main impacts on membrane development in VIPS. First,
the pore size is directly affected by variations in the volume fraction occupied by the

polymer molecules. Second, the mass transfer rates, along with subsequent mechanisms
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and structures of membrane development, are influenced by changes in viscosity.
Increasing the concentration of polymers causes the solution to become more viscous,
which has a major impact on the kinetics of phase inversion. Raising the viscosity gives
the polymerlean phase more resistance to coarsening because it reduces the polymer

chain's mobility and the rate of n@olvent diffusion153].

ethanol VIPS 13 wt.% ethanol VIPS_15 wt.%
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Figure 19. Surface and crossectional SEM images ttie polyimide membranes prepared
throughVIPS with ethanolvapor Panelqai ¢) show thesurfacemorphologes, and (i f)
present the corresponding cressctionalmorphologiesof V13 E, V15 E andV17_E
membranesrespectively. Insets indicate the measured water contact angles (WCA) for

each sample.

The influence of polymer concentration on therphological analysis of the 6FBAPDA

membranes prepared using ethanol vapor was analyzed and preséiederiSa-f. As
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described above, the choice of polymer concentration directly influences the microstructure
and membrane hydrophobicitly.is noteworthy that the change in polymer concentration

in this study does not significantly alter the surface morphology of the membranes, as
shown in the images However, the size of the polymer granules increases with
concentration. This could be explained from different points, first, a higher polymer
concentration decreases the number of nucleation sites. For instance, thegsaralles

of V13_Ein Figure 19a are attributable to the fast solvemin-solvent exchange, leading

to a fastdemixing rate and a larger number of small granules due to the lower polymer
concentration. Conversely, when the polymer concentration increasesl$oE \and
V17 _E the solution becomes more viscous and slowsdhesolvent diffusion, decreasing

the number of nucleation sites. THiswever allows the alreadyormed granules to grow
further, leading to a gromtlominated mechanism rather thamucleationdominated.
Secondly, since VIPS relies on the absorption ofsament from the vapor environment,
higher polymer concentrations decre#fsequick ethanol penetration through the casted
film (slower phase separation). This delay in the demixing process permits the smaller
formed granules to agglomerate intagkar onesFor the crossectional morphologies in
Figure 19 (d-f), the lower polymer concentrations of V1 and V2 relative to V3 produce
membranes with a more open and porous structure and microvoids due to rapid ethanol
penetrationleading to quick phase separation and less ordered crystallization. Unlike the
rapid solvent removal in NIPS, the crystallizatidmven phase separation in VIPS ensures

a more gradual structural evolution, with V3 displaying partial fidigermorpholoy due

to increased polymer viscosity and chain entanglement at higher concentrations. Moreover,

the crosssection of this membrane is due to the delayed sepam@mtocessdue to higher
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polymer concentration and a narrower demixing framhich favors elongation and
nucleation of microvoids. The formation of the skin layer was likely due to the shrinkage
and coarsening of the polymech phase near the surface of the cast film. This may have
delayed the spinodal decomposition processjguing it from extending deeper into the

film [37]. Consequently, two distinct morphologies were observed.

3.5.2.6 Influence of propanol vapor and polymer concentration

To further understand the influence of the 1soitvent on the morphological
properties of the membranes, we employed propanol vapor, having a higher molecular
weight and size, to investigate the kinetics and the polymer andateent interaction.

The resulting morphologies of these membranes are depidtegure 20 (a-f).
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Figure 20. Surface and crossectional SEM images ttie polyimide membranes prepared
throughVIPS with propanolvapor. Panelqai c) show thesurfacemorphologes and i

f) present the corresponding crasstionalmorphologiesof V13 P, V15 E andV17_E
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membranesrespectively. Insets indicate the measured water contact angles (WCA) for

each sample.

To make a better comparison, membranes were prepared with the same concentrations as
those prepared with ethanol. While these membranes showed similar morphologies of
symmetric nodular and sponifke bi-continuous structurebke those prepared with
ethanol vapor, there are distinctions between them brought by changes in separation
kinetics. For instance, the structure becomes less open as the polymer concentration
increasescontrasting the trend observed from ViBthanol membranes. The porous
structureof the membranes follows the trend observed from the NIPS with changing
polymer concentration. As expecte¥,13 P prepared with the lowest polymer
concentration depicted more open interconnected granules with larger microvoids, with a
relatively rough texture. Thigs previously explained, is attributable to the rapid phase
separation due to the low viscosity of the casting solution and larger area of the polymer
lean phase. It can also be observed that, as the polymer concentration increases, the
polymetrrich phaseand polymer chains per unit volume increase. This, in turn, makes the
solution more viscous, slowingodn the norsolvent vapor penetration and ultimately
leading to a more uniform but slower demixing process. As a r&&lL8t,P is relatively
smoother despite maintaining the interconnected surface morphology. As the solution
becomes even more viscous in the cas&f P, the surface granules become more
compact and denser, making the membrane less porous among the pvop&ol

membranes

Similar to the ethaneVIPS membranes, the membranes prepared with propanol also

exhibited spongdike crosssectional morphologies, as seerFigure 20 @d-f). The only
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noticeable difference is found betweéh7 E andV17_P. This variation is primarily due

to the solubility and volatility of propanol and ethanol, which influence the phase
separation proces§. he high volatility of et hanol (BP
propanol (BP & 97AC), enables ethanol vapor
instantaneous demixing and fingiéwe crosssectional morphologyMoreover, the mass

transfer and diffusion rate of ethanol vapor is higher than propanol vapor due to its
molecular size relative to propandurther facilitating the fast separation process.
Conversely, the uniform spondjge morphology oV17_Pis due to the delayed demixing

as a result of the slow diffusion rate of the vapor.

3.5.2.7 Influence of vapor type

The type of norsolvent vapor can influence the kinetics and thermodynamics
of phase separation of membranes prepared using VIPS. The top surface morphologies
from the SEM images ifrigure 21 (a-d) revealed thatat the same exposure timaf 3
minutes themembrane prepared usimgtervaporhas relativelywery minimalporosity
among the VIPS membraneshis surface structureuggestshat, at this exposure time,
the amount of water vapevasinsufficient to produce a porous membrambis can be
attributed tahehigh surface tension of watdow volatility, and itslow affinity dueto the
solubility parameter differenceith DMF, leading toslow diffusion which allows the
polymer toprecipitate as the solvent evaporatasd subsequently, leading to a membrane
that lacks porous structuas seen ifrigure 21a. As ethanol is introduced to the vapor to
create a binaryapor, the surfaceension of the vapor decreases. On the other hhad,

volatility of the vapor increases
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Influence of vapor type at 3 minutes exposure time
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Figure 21. SEM image®f thepolyimide membranes preparéuioughVIPSwith different
vapos (a-d) influence of vapor type osurface morphology; for \AAW_3, V15 W/E_3,

V15 P_3,and V15 _P_3membranes, respectively

As a result, the driving force of the phase separatiateiseased leading to aslower
nucleation with less ordered growftiue to differences between water and ethaobl)
granules thatonnecto form a porous netwoli(Eigure 21b). When pure ethanol was used
the morphology changed tomore porous surface and larger interconnected graasles
seen inFigure 21c. Thisis due to the low surface tension amigh volatility, leadingto
higher mass transfeand vapor diffusion into the polymer solutjcaind ultimatelythe
formation ofuniformly sizedcrystalline granulethatcreatea network ofa uniform porous

structure.Because propanol is relatively more viscous and denser than ethanol due to its
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high molecular weight, its penetration into the polymer film is relatively slow, resulting in

a delayed demixing process. This phenomenon favors a more progressive phase separation
that produces spongdike but denser surfaces seminetworked morphology
Thermodynamically the affinity and solubility parameteraffect the phase separation
mechanismThelarger the difference in solubility parameter, the less interabibeen

the polymer matrix and vapor oacs, andapid phase separati@eccurs through spinodal
decomposition For instance, thelifference in solubility parameter betwe®MF and

water is large (pu =  2&din® jJo, poor miscibility and less interactioand

subsequentlyasymmetric membranes are formedn the other handpd f or DMF and

ethanol is relatively very lol.7). Therebre, agood miscibilityleadsto a slower solvent
nonsolvent exchange through nucleation gralvth, and subsequently, membrarveith
larger microvoids are formedlhisalso applies to isopropanol wigtp tof 1.3with water.
kinetically, water has the highest diffusionafticient, implyinga faster mass transfer rate
andafasterdemixing procesHowever, its high surface tensj@ombinedwith the above
thermodynamic parametersproduces asymmetric membraneélternatively, the
combinedaffinity towards the polymer matrix, low surface tension, moderataliffusion

coefficient of alcohols generated membranes with porous network

3.5.3 Surface roughnesof the 6FDA-mPDA

The NIPS membrane's surface roughness was evaluated using Atomic Force
Microscopy (AFM) as depicted irigure 22 andTable 8. From theresults of this analysis
(3-D presentation), it is clear that the surface roughness of the membranes decreases from
N_13 to N_15 Furthermore, as the dope solution concentration incretsesurface
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roughness decreases. For instance, thedRie decreased from 12.3 to 3.3 nm upon
increasing the dope solution concentration from 13 to 17 wt%, respectively. These changes
in surface roughness were also reflected by the reduction in the WiGi¢h was reduced

from 84 to 60 for N_13and N 17, respectivelyThe decrease in surface roughness upon
increasing dope solution concentration could be attributed to the smoother membrane

surface observed with fewer pores.
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Figure 22. AFM analysisshowingsurface characteristics tie NIPS membranesvith

polymer concentrations of 13, 15, and 1®Rwfor N_13 N_15, and N_17respedwely.
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The surface roughness is also attributable to the nature of polymer phase separation and
the thermodynamic stability of the system. For instancd,3With higher system entropy

will have a more random polymer arrangement during crystallization than systems with
lower entropy (N15and N 17). Moreover, the relatively faster demixing rate in a system
with a lower polymer concentration will favor a rougher surface due to interconnected
pores.For the membrane withhigher concentration, fanstance, N3, the slow demixing

rate allows the polymer chains to arrange themselves into a more regular and smoother
surface. Ultimately, N1 with higher surface roughness possesses higher hydrophobicity
than N2 and N3. The nature of surface roughness diaattly influence the MD
performance of the developed membranes. For examplE3Wwith higher roughness can
minimize the membrane wettability and prevent fouling due to thentmant structure
following the CassieBaxtertheory. On the other hand, BB with lower roughness might

be prone to wetting and allow the passage of ions due to the smoothness of the surface.
This analysis indicates that it is paramount to select the best polymer concentration to
obtain membranes with higher porosities, optimizadkness, and surface roughness to

achieve higher vapor permeability and better MD performance.

Table 8. Bulk properties of the NIPS membranes.

Membrane | WCA | Roughness| LEP Mean pore | Thickness| Porosity
( U)] Rq(nm) (bar) | size (um) | (um) (0%0)
N_13 84+4|123+212] 21+0.4|0.21+£0.01, 52.76 81.63
N_15 78+3|425+1.72] 22+0.1|0.19+0.01f 62.30 76.43
N_17 60+4|331+057 25+0.1| 0.16 +0.02| 87.04 65.02
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3.5.3.1 Membrane roughness andwettability -NIPS

WCA values are essential in determining the wettability of membrane surfaces
and provide insight into th®ughness of the surfac&/hile 6FDAMPDA was anticipated
to exhibit inherent hydrophobicity due to the fluorine atoms in its polymer backbone,
membranes prepared via the NIPS method showed relatively lower WCA values as
presented in insets fhigure 16a-c and Table 8. This can be attributed to the smoother
surface morphologies of the NIPS membranes, as evident from the SEM and AFM images
in Figure 16 and Figure 22. The nonsolvent typedirectly influences the surface
morphology of membranes developed through NIPS. As can be seefdtda8, the
pristine membrane (P) prepared using a water bath showed the lowest WCA value of 56 +
1°. This may be attributable to the affinity between water and DMF solvent, facilitating a
faster demixing rate and resulting in a hydrophilic membrane with a snaoitiece due
to smaller membrane pores. Since MD requires a hydrophobic membrane to achieve vapor
liquid equilibrium and achieve optimum solute rejections and overall process efficiency,
the pristine membrane developed with a water bath does not reparsdetll membrane

for MD applications. As a result, another remivent was employed.

The change of nerolvent type from water to ethanol increased the surface roughness,
translating into higher WCA values. For instance, N2, with the same dope concentration of
15wt.% % as R had an approximately 40 % increase in WCA. Additionally, because of
the direct influence of surface roughness and morphology, and the fact that these

parameters all rely on the nature of the phase separation, which is also affected by the
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polymer concentration, it is expected that membranes with higher surface roughness should
possess higher WCA. As a result, N1 possessed the highest WCA of 84 + 4°. This is due
to the roughness of the membrane, morphology, and interconnected pores advigen

the SEM and AFM characterizations. The lower value of N3 is attributed to its smoother
surface. The explanation for the smoothness of this membrane has been provided in the

morphological analysis.

3.5.3.2 Roughness and wettability of WVIPS and W/E membranes

The AFM images of the WIPS membranes presentead Figure 23 show that
increasing exposure time also increases the roughness of the membranes. For instance, as
the exposure time increases from 3 to 5 minutes, the roughness of the membranes also
changes fron352.53 to 354.08 nnThis is also reflected in the membranes' WCA values,
with V_WS5 having a higher value of 90° relative to V_W3, which had a value of 76°, as
shown inTable 9. The highest surface roughness of 432.17 nm observed for V_WS8 is also
reflected in the membranes' WCA (97°), further linking the nature of surface morphology

to surface roughnestllowing the CassieBaxter theory.
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Topography - Scan forward _Lins fit

Figure 23. AFM analysisshowingsurface characteristics tie waterVIPS membranes

with exposurdimesof 3, 5, and8 minutesfor V_W3, V_W5, and VW8, respedvely.
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Table 9. Bulk properties of th&V-VIPS and W/Emembranes.

Membrane | WCA | Roughness| LEP Mean pore | Thickness | Porosity

© Sq(nm) (bar) size (um) (um) (6)
V_W3 76 35253 | 0.9+0.1] 031+0.05 | 98.0 55.60
V_W5 90 354.08 | 1.4+03| 077+0.03 | 615 68.06

V_W8 110 432.17 1.2+0.1| 054+0.01 106.0 82.13

V_W/E_3 114 947.01 1.1+0.2| 046+0.01 101.5 86.41

V_WI/E_5 134 559.85 | 1.6+0.3| 035+0.01 162.0 75.23

Anot her reason for the increase in the
exposure time might be due to changes in the surface chemistry in the sense that, as the
membranes become moopen with interconnected morphology, #@& hydrophobic

groups become more exposed to the surface and therefore increase the water repellency of
the membranesin contrast to the trend of increasing surface roughness with longer
exposure times observed for theWIPS membranes, the membranes prepared with the
binary nonsolvent of wateethanol showed a decrease in roughness with longer exposure
time, as shown ifrigure 24. The decrease in the surface roughness of the \sttanol
membranes is related to their surface morphology. For instant®/B/ 3 with a shorter
exposure time of 3 minutes possessed a more porous surface morphology than V_W/E_5
with an exposure time of 5 minutes. This variation arises from the more compacted

morphology observed with longer exposure time, as discussed in thghotagical
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analysis of these membranes. Ultimately, the kinetics and thermodynamics of the phase
separation mechanism have a direct influence on membrane roughness by determining the

membrane morphology and surface chemistry.

Topography - Scan forward _Line fit

Figure 24. AFM analysis showing surface characteristics dhe waterfethanol VIPS
membraneswith exposuretimes of 3 and 5 minutesfor V_W/E_3 and V_WI/E_5,

respeavely.

3.5.3.3 Surface roughness and wettability of EVIPS membranes

The ethaneVIPSme mb r aonghries, evaluated with AFMis depicted in

Figure 25. Themembrane V&_Ewith a lower polymer concentration had a higher surface
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roughness (Rvalue of23 nm)than the subsequent membranes with a higher polymer
concentration. Membranes with lower polymer concentrations usually possess higher
surface roughness due to spherul it b5 tructur es:s
observed nanscale nodules on a PVDF membrane surface with a lower concentration of

8 %. As aresult, this membrane had a higher roughness and WCA.
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Figure 25. AFM analysisshowingsurface characteristics tife ethanolVIPS membranes
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The increase in dope solution concentration increases the solution vissalsggguently
increasing polymer chain entanglement and preventing efficient and ordered arrangements
of polymer molecules during crystallization. This ultimately led to surfaces with lower
roughness but raised the WCA valassseen iTable 10. Nonetheless, surface roughness

is not the only parameter controlling membrane wettability. The highest WCA can be
attributed to the interplay between surface chemistry, molecular orientation, and surface
morphology. For instance, N5 _E displayed the highest WCA of 150° despite its lower
roughness, relative to \BLEand V17_E, suggesting that the membrane surface possesses

a more uniform distribution and orientation of hydrophobic fluorine groups, inherent to the
6FDA-mPDA polymer backbone. This uniform arrangement minimizes water spreading

and maximizes water droplet stability on the surface, leading to the observed high WCA.

Table 10. Bulk properties of the &IPS membranes.

Membrane | WCA | Roughness| LEP Mean pore | Thickness| Porosity
( U)| Ra(nm) (bar) | size (um) (Hm) (0%)

V13_E |136+2| 23.0+7.500.9+0.3] 0.37+£0.03| 62.50 82.06

V15_E 150+ 6| 19.35+2.9/1.9+0.1) 0.45+0.01 63.32 88.13

V17_E 142 +3| 21.1+8.34/1.9+0.2| 0.43+0.01 79.20 75.23

3.5.3.4 Surface roughness and wettability oP-VIPS membranes

The AFM analysis of the propanol VIRBembranesn Figure 26 revealed a

decrease in surface roughness with increasing polymer concentration. For instange, the R
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value decreased from 58.3 to 34.5 and 29.5 nm upon increasing the dope solution
concentration from 13 to 15 and 17 wt. %, respectively. These changes in surface roughness
were also reflected by the reduction in the W@Aich was reduced from 13&r V13 P

to 13T and 108 for V15 _PandV17_P, respectivelyThe decrease in surfaceughness

upon increasing dope solution concentration could be attributed to the smoother membrane

surface observed with fewer poras explained in the morphological analysis.
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The membranes prepared from a similar approach with propanol vapor also showed
improved properties compared to those from the NIPS. However, a similar trend of change
in WCA with concentration was observed, just as the membranes prepared from the NIPS,
contasting the behavior of those prepared with the same approach using ethanol vapor. As
presented iTable 11, V13 P with a lower dope solution concentrationl& wt.%has the
highest WCA of 138 As confirmed by the SEM image, this membrane possesses an
increased surface roughness and topography compar&i3oP and V17 _P. The
difference and change in surface morphologies from ethanol to propanol might be
attributed to the affinity of the nesolvent vapor toward the cast polymer solutiwhich
subsequently alters the thermodynamics and kinetics of the phase separation mechanism
that resulted in the polyimide membrankss worth mentioning that a slight alteration in

the mass transfer mecham, as well as other thermodynamic parameters such as the heat
of vaporization of the solvent, chemical potential, and temperature of the environment, can
alter the phase separation mechanism and therefore result in a different surface

morphological propgy.

Table 11. Bulk properties of the ®IPS membranes.

Membrane | WCA | Roughness| LEP (bar) | Mean pore | Thickness| Porosity
(U)| Ra(nm) size (um) (Hm) (0%)
V13 P 138+3|583+7.92 21+04 | 0.37+0.3 50.20 81.76
V15 P 131+5|345+9.83] 22+0.3 | 0.24+£0.01 52.30 77.13
V17_P 108+2|29.5+0.57] 26+0.1 | 0.23+0.@ 69.60 68.40
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3.5.4 Bulk properties of the 6FDA-mMPDA membranes

3.5.4.1 Membrane surface porosity

The membrane surface porosity is directly related to its permeability and overall
performance due to enhancement in mass transfer across the membrane, selectivity, and
thermal efficiency of the process. The type of 4sofvent bath, polymer concentration,
and additives directly influence membrane porosity. Since no-fporeéng agent was
employed in this study, the n@olvent type and polymer concentration are the main

discussion points.

3.5.4.2 Influence of nonsolvent type

The type of norsolvent in NIPS has a direct relation to the membrane
propertiesTable 8 clearly shows that membrane P has lower porosity (60.13 %) than N2
(76.43 %), even though both were prepared with the same concentration. It is important to
note that in the NIPS method, the rate of solvent extraction from the polymer solution to
the nonsolvent significantly influences the membrane pore structure. When water was
used as the nesolvent, polymer precipitation occurred rapidly due to the high exchange
rate of water, resulting in lower interconnected pores and porosity. On the other band, th
lower exchange rate of ethanol relative to water favors a slower polymer precipitation and

subsequently, larger interconnected pores with higher porosities.

In addition to the solvemtonsolvent exchange rate, the difference in solubility parameter
is another factor that influences solvw@insolventpolymer interaction. The lower

solubility parameter of water, compared to ethanol, also facilitates mogmigtaer
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precipitation and enhances surface porosity. Additionally, the higher viscosity of water
leads to rapid polymer gelation and reduces the likelihood of polymer chain enlargement
before solidification. In contrast, the lower viscosity of ethanol allowstfaincmovement
before solidification, which may increase surface porosity. To conclude this part, the water
system leads to instantaneous demixwwdich produces a dense skin layer with low
porosity, while the ethanol system favors the formation of moteraonnected pores with
higher porosity due to the delayed demixing rate. Thus, it implies that changing water with
ethanol as a nesolvent enhances the porosity and permeability due to a slower exchange
rate, lower viscosity, and a gradual phase invarsiterefore, selecting the right ron
solvent is one of the important factors for tailoring the membrane properties for any desired

application.

3.5.4.3 Influence of polymer concentrationon porosity of NIPS membranes

Polymer concentration has been shown to influence membrane final
morphology (i.e.surface roughness and porosity). From the SEM imagEgure 16,
N_13 depicteda higher network of interconnected pores and surface porosity. This is
attributed to the lower polymer concentration leading to a larger area of pdianer
phases. Increasing the dope solution concentration increases the patynmrases and
lowers tte membrane surface porosity. This is because gelation occurs rapidly at higher
concentrations, leading to membranes with denser structures and decreased porosity and
pore connectivity. Moreover, increasing the polymer concentration increasescibsty
of the casting solutignwhich hinders solvermtonsolvent interaction while lower

concentrations favor instantaneous demixing during phase separation. For instdi&ce, N
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with a lower polymer concentration (13 wt%) showed larger pores and higher porosity
(81.63%) relative to N15and N 17, which demonstrate@orositiesof 76.4 and 65%,
respectively, as shown ifiable 8. The higher porosity of NL3 could facilitate a higher
vapor transport in MD. On the other hand, while the lower porosity @7khight enhance

the membranavetting resistance, it will lead to a reduction in vapor flux.

3.5.4.4 Effect of VIPS on the surface porosity

Because the surface porosity is directly related to the surface morphology,
membranes with a more porous and interconnected morphology are expected to have
higher porosity. The porosity of the membranes prepared with water vapor increases with
increasing eposure time. For instanc®,_ W3, with relatively less pore connectivity
relative to V_WS5, has a lower porosity of 64 % compared to V_WS5 with 77.23 %. When
the exposure time increased to 8 minutes for V_WS8, the surface morphology became
interconnected with numerous pores, raising the surface porosity to 81.2 %. These
variations in surface morphology have been discussed in the morphological analysis of

these membranes.

In the case of the membranes prepared with the binanselgant vapor, V_W/E_3
exhibits a higher porosity of 84 % compared to V_W/E_5, which has a porosity of 76.62
%. This reflects the characteristic nature of the surface of these membranes, as observed

the SEM images.

As shown in the SEM images ethanol VIPS membranésFigure 19a-c, the membrane
surface structure becomes more open as the solution increases from 13 wt. % to 15 wt. %

for V13_E and V15 E respectively. This is also reflected in membrane porosity
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measurements. For instance, the porosity increases from 82 to 88 % as the solution
increases to 15 % for the same membranes. The variation in morphologies of these
membranes has been explained to have occurred due to the nucleation and growth
mechanisms. fAe larger sizes of the surface granules and their agglomeration due to the
delayed demixing can be said to result in the lower surface porosity (75 %)\WZh&
membrane.The deviation in porosity trends observed in ethanol VIPS membranes
compared to NS membranes arises from the distinct mechanisms of phase separation and

the influence of key process parameters in the VIPS method.

3.5.5 Liquid entry pressure (LEP) of the polyimide membranes

The membraneébés LEP i s a-termdvdperfornmance) par ¢
since a higher LEP prevents the feed solution from passing through the membrane pores.
The results of the LEP of the membrandstermined as previously describeate
summarizedn Figure 27. The LEP is related to the WCA, maximum pore size, and
geometrical factor of the membrane pore a
membranes prepared from the NIPS method showed higher LEP values of 2.1, 2.2, and 2.5
bar forN_13, N_15 andN_17, respectively. As expectetll_17 with a higher polymer
concentration showed a higher value thin13 and N_15 This is due to the lower
maximum pore size value of the membrane. Also,itkecased polymer concentration
makes it difficult for the water molecules to penetrate the membrane due to increased final
membrane thicknesss shown inSEM images From the morphological nature of the
crosssection shown iISEM images of thdlIPS-based membrangis can be observed that
the pore geometry is not cylindrical, varying the geometrical coefficient from close to

unity. FollowingYyoungdés equation, membranes with hi
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sizes tend to have higher LEP valudswever, in some instances, if membrane wetting
occurs due to loss of hydrophobic characteristios value is decreasdeor example, the

lower WCA value of 76° fo_Wa3 resulted in its lower LEP of 0.9 bar. In the case of
V_WS5 and V_WS8, which have larger pore sizes, thegmgant morphologies and increase

in WCA values increase their LEPs to 1.4 and 1.2 bar, respectively.

While V_WS5 had a higher WCA &0° relative to V_WS5 with 9°, the larger pore size of
V_WS5 resulted in a relatively lower LEP. This is also observed in the case ofetlzeol
membranes. As shown ihable 9, V_W/E_3 had a larger pore size, but lower WCA
compared to V_WI/E_5; subsequently, it depicted a lower LEP. As the WCA increased to
134 for V_WI/E_5, the hydrophobic properties of the membrane decrease water

penetration through the membrane pores, leading to a higher LEP of 1.9 bar.
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Figure 27. liquid entry pressureof the 6FDAMPDA membranes(a) NIPSbased
membranes(a) W and W/EVIPS-based membrang&) E-VIPSbased membrang&)

P-VIPSbased membranes.

Due to the change in morphology from NIPS to VIPS, membranes prepared from NIPS
displayedconsiderably higher LEP valu#santhose prepared by VIPS due to their smaller

pore sizes and denser surfaces. For instance, at the same dope solution concentration (i.e.,
13wt.% %), N1 displayed an LEP @ 1+0.4bar, whileV13_E exhibited an LEP of 0.2

0.3 bar. Moreover, it was noticed that in the case ofiN43, as the dope solution

concentration increases, the LEP remains almost the same (from 2.1 + 0.4 to 2.5 £ 0.1 bar),
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while for V13 _E T V17_E, the LEP displayed significant enhancement when increasing

the concentration from 13 wt% to 17 wt% which resulted in LEP®f 0.3 and 1.9 £ 0.2

bar, respectivelyThe changes in LEP upon increasing dope solution concentration could

be attributed to the tighter pore formatiavhich requireshigher pressure to allow the

liquid to go through. Moreover, in the case of membranes prepared from VIPS, they
showed lower LEP values compared to the NIPS membranes despite having higher WCA
values. This disparity might be explained by the membranesfietbdrosssection and

surface characteristics, the pore size increase, and the change in pore geometry. These data
were in line with the contact angle and pore size measuremdrith are involved in the

LEP calculation.

Considering the bulk properties and morphologies of te¢HS membranes, i.e., the pore

sizes and the surface morphologies relative to those of ethanol. A change in the

me mbr anebés LEP i s expected. I nterestingly,
propanol, membranes exhibit higher LEP values like the NIPShrasras. However, in

contrast to the previous trend13_Pwith a lower dope concentration possesses a higher

LEP value thatv1l5 PandV17_Pwith higher concentrations. This is due to the increase

in surface roughness and WCA value of the membrane. These interesting variations arise

from the morphological changes obseriethese membranes, further indicating the role

of surface engineering in tuning the properties as well as the performance of the polyimide

membranes.
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3.5.6 Pore size and distributionof the 6FDA-mMPDA membranes

Due to the dense and flatirface morphologies of the NIPS membranes, they
showed relatively smaller pores. It is important to note that the NIPS mechanism leads to
faster demixing and phase separation, leading to higher nucleation and a relatively shorter
growth time and subsequently results in more ordered crystallization and-sizell
particle distribution. As a resultN_13'N_17 showed considerably smaller pores.
Interestingly, all the membranes exhibit pore sizes within the required range for MD
applications. The influence of polymer concentration on morphology and surface porosity
is similar to the scenario on pore sizasdto some extent, their distribution. Thus, the
variation of pore sizes follows the same trend. Because th8 idembrane has a higher
surface porosity and more open and interconnected pores, it has a larger pore size due to a
larger area of polymdean phase compared to other membranes with higher polymer
concentrations. For example, N3has a 25 % increase relative toIN, andabout 10 %
relative to N 15 On the other hand, the change of 4sotvent from water to ethanol
resulted in an almost 50 % increase betweeh3¥nd the pristine membrane. In terms of
distribution, N 13 depicted a larger pore size distribution due to its higher porosity and
lower solution viscositywhile both N 15and N 17 have a narrow distribution due to the
slower demixing procesglue to an increase in polymer concentration and solution

Viscosity.

Because the NIPS membransisowed considerably smaller pores due to the faster
demixing rate of the process. Conversely, the slower evaporation rate of solvent demixing
in VIPS results in a larger interconnected pore structure, as confirmed by the SEM

micrographs.
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Figure 28. Pore size distributiorof the 6FDAMPDA membranes: aNIPSbased
membranesb) W and W/EVIPSbased membrangs) E-VIPS-based membrangd) P-

VIPS-based membranes.

As explained in the morphological analysis, the phase separation with ethanol was driven
by nucleation and growth. Due to the smaller sizes of the surface granules of V13_E, the
membrane possesses smaller pore sizes (0.37 um) relative to the thst\GPS
membranes. As the dope solution increased twtl% % for V15 _E, the sizes of the
surface granules increased while maintaining good porosity and increased the pore size to

0.45 pm. While there was a similar increase in the size of the granules fgiTh&
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membrane, the formation of a dense skin layer due to the higher viscosity of the solution
and delayed demixing resulted in a decrease in pore size to 0.43 um relative to V15 _E.
Interestingly, the uniform and slow phase inversion process of the VIPS resulted in
membranes with a uniform pore size distributesshown ifrigure 28. The uniform pore

size distribution is important tonembranes' stability and wetting resistarice MD
applications. For instance, membranes with moderate pore sizes that are uniformly
distributed tend to have better LEP than those with a broader distribution. In addition to
enhancing mechanical properties, the permeability and selectivity of théramees can

be affected by their pore size distribution, especially insg&ective applications.

From the morphological characteristics of th&/IPS membranes, V13 P possesses a
more open structurdanthe other membranes. This structure is reflected in the pore size
of 0.37um as shown irtheir bulk propertiesAmong the PVIPS, this membrane had larger
crystalline granules, thus having larger pore sizes and distribution. The crystalline granules
become smaller as the concentration increasssiltingin a closer arrangement, and
hence, smaller pore sizes and distribution. Despite increasing the concentration from 15 to
17 wt. %, the difference in pore size between V15 P and V17_P was not significant (0.24
and 0.23um forV15_P and V17_Irespectively) The variations in pore sizes are attributed

to the influene of propanol vapor on the number of voids and separation mechanisms when

the polymer concentration varies.

Like the membranes prepared with ethanol vapMHS membranes also depicted narrow
pore size distributions relative to the NIPS membranes. A narrow pore size distribution

prevents membrane wetting and enslweg-term performance and stability. Ultimately,
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polymer concentration must be carefully optimized in VIPS to produce membranes with

suitable characteristics for MD applications.

3.5.7 Mechanical properties of the 6FDAMPDA membranes

Although MD does not require much pressure to operate like pressues
membrane processes, the mechanical properties of the membranes are paramount for long
term stability. Before the MD performance testing, the mechanical properties of the
fabricated membranes were evaluated and presentgdure 29. N_13-N_17displayed
an elongation at breakanging between 4% and 9%. Moreover, all membranes

demonstrated tensile strength higher than 3 MPa.

Generally speaking, increasimglymer concentration increases the number of polymer
chains per unit volume, subsequently increasing rigidity and networking. Therefore, a
direct relation was expected. However, in the case of f#&®8d membranes, the trend

was only observed for N1 amdR, in which the tensile strength increased from 4.8 to 10.5
MPa after increasing the dope solution concentration from 13 to 15 wt%. Nevertheless, the
membranes with higher concentrations have higher strength and rigidity. For instance, N3
has higher tenls strength and rigidity but lower ductility than NI the case of
membranes prepared with water vapor, their tensile strength decreases with increasing

exposure time due to an increase in porosity.
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Figure 29. Mechanical propertieof the 6FDAMPDA membranes: aNIPS-based
membranesb) W and W/EVIPSbased membrangs) E-VIPS-based membrangd) P-

VIPS-based membranes.

For instancethe valuedropsfrom ~7.5 t06.2 MPa for V_W3 and V_WS5andfinally to
~5.8 MPa for VW5, respectivelyHowever, their elongation at break does not follow this
trend. This might be duéo the wider pore size distribution associated with these
membranesFor the waterethanol membraneshe longer exposure timeecreaseshe

membrane porosity as discussed in the previous section. Subseqwei_5 had
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higher tensile strength6@8MPa) and higher elongation at bre@k7 %) compared to

V_WI/E_3 with4MPa and 2.5 % respectively.

Generally, the increase in polymer concentration increases the number of polymer chains
per unit volume, subsequently increasing rigidity and networking. Subsequently,
membranes with higher concentration should have higher mechanical characteristics.
Following this, V13_E with the lowest concentration has the least tensile strength of about
3.5 MPa as presented in the mechanical analysieiRigure Increasing the dope solution
concentration to 15 and 17 wt. % for V15_E and V17_E increased the teresifgtistto 6

and 6.7 MParespectively. Moreover, these membranes with higher concentrations
depicted higher elongation at break. For instance, V17_E has an elongation at a break value
of 14.5 % while the V15 _E value decreases to about 12.5 %. A drastic decrease was
observed for 3 _E as the value dropped to about 2 %. This might be attributed to the

dense nature of the membrane compared to the rest of the ethanol VIPS membranes.

FromFigure 29 (c-d), It can be seen th#te membranegrepared witlpropanol showed
similar tensile strength but shorter elongation at break compared to ethbaskd
membranesor instance, with the same polymer concentrati@b, E had~6MPatensile
strengthagainst V15 P with-5.8MPaHowever, this membrardgepicted an elongation at
breakof 11.5 % compared to 3.5 %6r V15 P. These variations are attributed to the
morphological characteristicdbrought by differences in noisolvent properties.
Nevertheless, theFDA-mPDAmembranedepicted good mechanical propes andvere

good enough for MD testing.
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3.5.8 Air-gap membrane distillation performance

To evaluate the membrane distillation performance of the 6FPRA-based
membranes, highly saline water with a concentratio@Gff00 ppmNaCl was utilized
under the process conditions and parameters preseniethle 7. N_13, depicted a flux
of 13.03 kgm'2 h'! with a stable salt rejection of 99.98%, as showRigure 30 (a and
b). A reduction in flux was observed as the dope solution concentration increased. For
instance, as the concentration increased from 13 to 17 wt%, the flux was reduced from
13.03t0 8.32 kgn'2h' 1 for N_13 and N 17, respectivelyln the case of N_15, an average
flux of 11.08kg m'2h'! was observedattributable to the membrane porosity and pore
sizes falling betweeiN_13 and N 17. Nonetheless, salt rejection was maintained above
99.98%in all membraes This reduction in flux and enhancement in rejectwith
increasing concentrationsould be attributed to the reduction in pore size and overall
porosity, in which the porosity was reduced from 81.63% to 65% after increasing the dope

solution fromaconcentratiorof 13 to 17wt.%, respectivelyTable 8).
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Figure 30. Membrane distillation performaned the NIPS membranes) showing the
flux, and b)representinghe salt rejectios of N_13, N_15, and\_17, with polymer

concentrations of 13, 15, and WT.%, respectively

One of the most crucial membrane properties is the polymer concentration, which
substantially impacts the membrane's structure and functiofibhi6} . It can be noted
that, aghe dope solution concentration increases, the porosity of-NB&membrans

(N_13-N_17) decreases, leading to a lower flux.

3.5.8.1 Effects of VIPS on MD performance

The morphological characteristics and bulk properties of the H38d
membranes displayed significaahhancemenbver the NIPSbased membranes. For
instance, the NIPBased membranes are characterized by minimal surface pptogity
WCA, and a fingeilike crosssection.By applying VIPS, these properties that directly
influence the performanceavere significantly enhancedsubsequently,hie membranes
developed by VIPS demonstrated significantly higher performdrasethose developed

by NIPS. For instance, at the same dope solution concentratiob wt.%, V13 _E
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exhibited a flux of 19.98 kg2 h't, 53% higher than NL3. However, the salt rejection
dropped to 99.6% in ¥3_Edue to the larger pore size and lower LEP (0.9 bar) relative to
N_13(Figure 32b). Theincrease in flux observed ftheV13 Emembrane can ldirectly
associateavith its interconnected surfaceorphologyand a spongéke crosssection that
entancesvapor transport compared to the findi&e crosssectionobsened in N_13.
Similarly, at the same dope solution concentration of 15 and 17 wt. %, V15 E and V17_E
displayed significantly higher flux of 26.26 and 22.08Wdg h'*, 137% and 165% higher
than N 15and N 17, respectivelyThisincreae in performancef the VIPS membranes
resultedfrom the change isurfaceand crosssectional morphologiesobserved for the
VIPS membranes'hesechanges ab resulted in aicrease inpore sizes angurface
porostiesof the VIPS membranews/hich enhances vapor transport across the membrane.
For instanceN_15 possessealow porosityof 76.43% comparedo 88.13 % forV15 E
Moreover, there is a noticeable increase pore sizesfrom 0.21 pm to 0.45 pum,
respectivelyUltimately, these improvemestin propertiesirereflected in the perfonance

of the membranedg:or the MD performance of W and W/E VI®&sed membranes in
Figure 31(a-d), a significant enhancement in flux was observed compared to the NIPS
membranesFrom the morphological perspective, whildhese meiranes also showed
finger-like morphologiedike the NIPS membranete porous nature ofhe membrane
surfacepenetratedhe membrane thickneas seen in the SEM imag&éoreover there is

a significant increase in pore sizesmparedo the NIPS meioranesFor example both
V_WS5 andV_W/E_5 prepared with the same concentratasN_15 possessed lger

pore sizes 00.77 and 0.44um, respectively.
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Figure 31. Membrane distillation performancef the water and water/ethnal VIPS
membranegai b) show the fluxand the salt rejectios of membranegpreparedvith water
vapor with exposuretimes of 3, 5, and 8 minutesfor V_W3, V_W5, and VW8,
respedwely. (ci d) representing thux and salt rejectios of water/ethanomembranes

with exposurdimes of3 and5 minutesfor V_W/E_3 andV_W/E_5, respeately.

For exampledespite having the same concentration as N_15, all the memisteovesd
higher fluxegbetween 1820kg m'2 h' 1) exceptv_ W5, which demonstrateasimilar flux
(~10kg m'2h'Y). The lower performance of the V_W5 membrasm@ssociated with its

lower porosity(68 %)despite having larger porem the other hand, V_W8 and V_W/E_5

100



porositiesrangebetween82% and 86%respetively. Moreover, the higher WCA values
of V_W8 and V_W/E5 (110 and 134 respectively)enhancetheir wetting resistance
Subsequently, these membranes maintain a stable salt rejecti®®.60 % over the
testing period. In theaseof V_W5 and V_WI/E3, their WCA values 0oB0 and114,
larger poresand a wide pore size distributicontributed to the observed minimal drop in

salt rejection.

3.5.8.2 Effectsof concentration on performance of EVIPS membranes

One of the most crucial properties of membranes is the polymer concentration,
which significantly impacts the membrane's structure and functionality [14]. For the
membranes prepared with NIPS, the permeability decreases with an increase in polymer
concentation. Conversely, a different trend was noted for the ethanol -W#8&d
membranes. This has been explained in the morphological analysis and was attributed to
the mechanism of phase separation. Due to the small crystalline granulies! tttathe
smaller pore sizes of V13_E, a lower permeate flux of 19.98'Kdy'! was observed for
this membrane. As the dope solution concentration increased from 13wmi%4.56, the
flux rose from 19.98 to 26.26 kg' 2 h' 1 for V15_E (Figure 7c). This increase in membrane
vapor permeability is due to the increase in pore size and porosity of this membrane. As
can be seen frofable 10, the pore sizes and porosities changed from 0.37 um and 82 %
to 0.45 um and 88 % for V13_E and V15 réspectively. Moreover, the higher WCA and
LEP of the membrane contributed to its higher salt rejection due to an improved wetting

resistance.
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Figure 32. Membrane distillation performancéai b) representig the flux andsalt
rejectiors of the ethanolVIPS membranesvith polymer concentrations of 13, 15, and 17

wt.% forV13 E, V15 E andV17_E, respeadtely.

The decrease in vapor flux was observed from 26.26 to 22.68%g * for V15 _E and

V17 _E as the concentration increased to 17 wt. % is due to the change in surface and cross
sectional characteristics of this membranesesn in the SEM image addition to a
decrease in pore size to 0.43 um, a noticeable change in theseobiesm can be observed

for this membrane. The presence of a dense bottom layer increases mass transfer resistance
and subsequently results in a reduction of membrame Tloe lowerrejection observed

for this membrane might be due to partial membrane wetting due to the decrease in WCA.
In addition, the fluctuations in salt rejection associated Witlh E might beattributedto
partialmembrane wettingndself-sealingbrought by scaling ocleaning capabilitiesAs
discussedby Tijing et al[157] andWarsingetret al [158], wettinginduced rejection drops

can be temporarilyeversed by scalingrejection enhancementHowever, long-term

fouling leads to irreversible declinaligning with the observed performance of V17_E

Consequently, wettinrgnduced leakage may have happened in the case of V17_E and was
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momentarily reduced by scaling, but in the end, it resulted in an irreversible performance
reduction. This emphasizes the necessity of membranes with improved fouling resistance

and LEP.

3.5.8.3 Influence of concentration onthe performance of RVIPS membranes

The MD performance of RIPS membranes with different polymer
concentrations is presentedrigure 33. The highest pdormance is observed from V13 _P.
As shown inTable 11, this membrane has higher pore sizes and surface porosity relative to

the rest of the ®/IPS membranesassociated witkts lower polymer concentration.
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Figure 33. Membrane distillation performancéai b) representig the flux andsalt
rejectiors of the propanolVIPS membranesvith polymer concentrations of 13, 15, and 17

wt.% forV13 P, V15 P, andV17_P, respeavely.

Thesepropertiesarereflected in the membrane performan@sulting in a flux of~17.5
k g m,cpmpérabie to the performance\3_Ewith 19.98 kgm'2 h'L. Additionally,

the membranenaintainsa stablesalt rejectiorhigher thanv13_E despite having similar
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WCA values. This mightbe due to the more uniform pore size distribution associated with

this membraneAs the polymer concentration increases towt®o % for V15 P, the

membr ane pore size and por osi tnespectively. reduced
Subsequently, the flux dropped to about 12 kg
of 34.5 nm and good WCA and high LEP, this membrane maintained a stable rejection of

~99.99 %. Ultimately, this membrane showed a balance between arentermeability

and selectivity. Following the trend in the change in membrane pore size with a change in

—_(

concentration, the V17 _P membrane started with the lowest flixofat 8 kg m | h
is attributable to the smaller pore sizes (0.13 um), relative to the rest of\thleSP
membranes. Nevertheless, dueattarge number of small crystalline granules of this
membrane, it possessed higher porosity, thereby depicting similar MD performance with
V15 P. The observed increase in flux for the V17_P membrane may be attributable to the
increase in vapor transport digean increase in the thermal conductivity of the membrane
over time. This partial or surface wetting may brimater closer to the membrane surface

or within the membrane layers due to the accumulation of adsorbed vapor. Ultimately, this
improves the efficiency of vapor transport by reducing membrane thermal resistance and
increasing the evaporati@ondensatiorcycles. However, this wetting, caused by the
lower WCA of the membraneesulted in a drop of salt rejection to 96 % after about 24
hours. Ultimately, the membrane pore structure and polymer concentration are paramount

in striking a balance between membrgroperties and performance.

Ultimately,VI PS was able to tune the membraneds por q
significant increase in the hydrophobicity and membrane performance. This behavior can

be attributed to the spondjge nature especially forethanol and propand/IPS-based
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membranes, which feature interconnected pores that enhance the flux through the
membranes. However, I _Edid not follow this trend of increased flux with rising dope

solution concentration, possibly due to its unique morpholgich combines fingetike

and spongdike crosssections, resulting in reduced pore connectivity and consequently,

lower flux. Moreover, die to thetradeoff betweenpermeability and selectivity, the

increase in flux could subsequently lead to a decrease in salt rejection, as dingsored

VIPS-based membrane$herefore these finding suggest thahe performance of MD
membranes could be controlled by several parametersc | udi ng t he me n

hydrophobicity, pore size, LEP, and surface porosity.

3.5.9 Comparison of 6FDA-MPDA membraneswith commercial membranes

and previous studies

To further evaluate the potential of the newly developed membranes for MD
applications, the performance of V2 was compared to the performance of commercial
hydrophobic PTFE and PVDF membranes (obtained from TISCH Scientific), and the
obtained results aragsented irFigure 34 (a and b). The commercial PVDF membrane
demonstrated a flux of 8Ky m'2 W' with a salt rejection of 99.61%, while the PTFE
membrane showed an average flux of 9.62nkg§h' * with a salt rejection of 99.8% over
the 24hour testing period. However, V2 displayed significantly higher flux and rejection
relative to PVDF and PTFE. For instance, under the same experimentitions, V2
displayed a flux of 26.26 kan'2h't, which is 220% and 173% higher than the flux
obtained from PVDF and PTFE, respectively. Furthermore, V2 maintained an excellent

salt rejection of 99.98%which demonstratess great potential for MD applications.
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Figure 34. Comparison of MD performan@and longterm stability test(a-b) representing
the flux andsalt rejection of commercial PTFE and PVDF membranes with5\VE, (c)
depictng thelongterm AGMD test of L7 _Ewith seawater as fee(d) performance of
selected6FDA-mMPDA membranesagainstpreviously reported membranes (black dots

represent membranes from the literat{irable 12).

Furthermore, the 6FDAPDA-based polyimide membranes wemmpared to previously
reported membranes, as showifrigure 34c andTable 12. Interestingly, the membranes
developed from NIPS surpassquteviously reported membranes' rejectiovhile

maintaining similar flux. While the VIR$ased membranes surpassed the previously
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reported ones by flux and rejection. This indicates that the surface engineering of the
6FDA-mPDA polyimide could fingune the performance and significantly improve it.

Interestingly, some of these reported membranes required additional modifications,
including the addition of porogen, to achieve the resulting performance, in contrast to the

6FDA-mPDA membranes prepared without additional modifying agents.

While this study does not fully optimize the 6FB#W DA membranes but rather introduces

a new membrane material for desalination application in MD, our results are comparable
to, and in some instances, superior to some reported hydrophobic and superhydrophobic
membranes for MD, as presented'aible 12. Theoretically, both DCMD and VMD have
higher flux than our AGMD module used in this work, yet our membranes outperform
some of these reported membranes. In addition, while most of the reported membranes
were tested under moderate feed salinity, the 6IRIPADA membranes performed in a
harsher environment, further depicting their potential for desalination applications. The
results obtained in this work have proven that polyimide membranes can compete with or

outperform the commercially available and alreddyeloped membranes for MD.

3.5.10 Long-term MD and fouling tests

Membrane fouling and wetting are critical issues that reduce the performance of
membranes in MD. The loss of membrane hydrophobicity typically leads to wetting,
enabling foulants to pass through the membrane with the perniéeteeedsolution
penetrates the membrane pores when the hydrostatic pressure across the membrane exceeds
the liquid entry pressure or when solutions containing organic or inorganic pollutants

absorb or deposit on the membrane's surface. Depending on the ngtare wetting, it
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can lead to a decrease in permeate flux in cases of partial wetting or a decline in permeate
quality when the membrane is fully wetted. To ensure stability against challenging
contaminants in water desalination and to explore the potential of the -GIFIDX
membranes for industrial applications, the V3 membrane, which showed a decrease in salt
rejection over a 2our testing period, was evaluated with real seawater for 72 hours to

understand its performance mechanism.

The longterm MD performance in Figure 8d indicates that the membrane exhibited
exceptional performance, maintaining a stable water flux of 20.54'kbg'! and salt
rejection of 99.99% until after 60 housshen the rejection decreased to approximately
99.57%. The observed reduction in rejection during the séort MD test could be
attributed to partial wetting, which was mitigated by the membrane'sclealiing
capability during the longerm testing. Th stability of the membrane surface, even after
extended MD testing with seawater, was evaluated using SEM, as shéwguia 35 (a-

c), where the membrane retained its porosity after three days of testing in highly saline

water.

Furthermore, the setfleaning capabilities of the fabricated polyimide membranes were
assessed by immersing the membranes in a 1% methylene blue solution as a model.
Remarkably, the membranes demonstrated excellertlealfing performance, remaining

clean and free of discoloration after immersidig(re 35d). This behavior underscores

their ability to resist the adsorption of methylene blue, a positively charged and hydrophilic
dye, indicating their robust arfbuling properties. The membranes' stability and-self

cleaning ability can be attributed to theivadced material properties, which include high
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thermal and chemical resistance, hydrophobic surface characteristics, and resistance to salt

scaling.

Figure 35. Field Emission Scanning Electron Microscopy (FESEM) images illustrating the
fouling and longterm stability of the V_17 membrane. (a) Top surface before membrane
distillation (MD) testing; (b) and (c) after prolonged MD operation; (d) membrane surface

following a selfcleaning treatment using a 1% methylene blue solution.

These attributes are vital for sustaining membrane distillation (MD) processes, especially
when treating higtsalinity feedwater like seawater. Such sm#faning capabilities are

crucial for longterm performance in membrane distillation (MD) applicatjonbere
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