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Abstract

Membrane separation processes are crucial in separating various solutes from water sources,
including ions, colloids, macromolecules, and organic matter. Among membrane technologies,
ultrafiltration (UF) has emerged as a powerful method for effectively removing organic matter and
macromolecules from wastewater treatment. Despite their efficacy, membrane fouling remains a
significant challenge, impacting permeate flux, membrane lifespan, and energy consumption in
widespread membrane technology applications for wastewater treatment. Surface modification is
a crucial strategy in minimizing membrane fouling, offering a powerful technique to prevent
fouling by altering membrane surface properties. This involves tuning the surface physicochemical
properties (wettability, roughness, and charge) by various methods such as chemical grafting,
coating, and plasma treatment. An innovative approach to mitigate fouling includes incorporating
conductive elements like MXene nanosheets and silver nanoparticles onto the membrane surface.
Applying electric potential to conductive membranes is an emerging electrochemical technique
for fouling mitigation through various mechanisms, including electrochemical reactions, gas
bubble generation, and electrostatic repulsive forces.

In the project's first phase, Ti3C> MXene was employed to produce electro-conductive antifouling
polyamide-imide (PAI) membranes. The fabrication involved the phase inversion technique for
the PAI membrane and a pressure-assisted filtration method to coat MXene on the PAI membrane
surface. Different Ti3C2 MXene and carboxymethyl cellulose (CMC, as a binder) concentrations
were used to tune the physicochemical properties of PAI membrane surfaces. A cathodic potential
was applied in an experimental electrochemical membrane cell, and the Ti3C, MXene-modified
PAI membrane with the highest MXene content exhibited maximum conductivity. Evaluating the

membrane performance in cathodic electro-reduction (CER), using various aqueous solutions of



humic acid (HA), sodium alginate (SA)/calcium chloride (CaCl,), and bovine serum albumin
(BSA) as model foulants, revealed significant improvement in flux decline ratio (FDR) and flux
recovery ratio (FRR) with applied electric potential. For example, applying a 4V cathodic potential
resulted in FDR and FRR less than 1% and 99.83%, respectively. Without voltage, the MXene-
coated PAI membrane showed FDR and FRR of 45.56% and 92.51%, respectively.

In the second phase of this study, a silver nanoparticle ink was applied to the surface of PAI
membranes. The impact of the highly conductive silver coating layer was examined to produce
electroconductive UF membranes with enhanced antifouling and dye rejection properties. Using 3
mL of silver nanoparticle ink to coat a 1000 cm? area of a PAI membrane resulted in a membrane
that demonstrated exceptional resistance to fouling when subjected to SA/CaCl, as a model
foulant. The modified Ag-coated PAI membrane exhibited a FDR of 42.94% and a high flux FRR
of 80.41%, outperforming the pristine PAI membrane, which had a 59.58% FDR and a 49.14%
FRR. This represents an improvement of approximately 16.6% in FDR and 31% in FRR. The
enhanced antifouling properties of the modified Ag-coated membrane can be attributed to the high
electrostatic repulsion between the Ag-coated PAI membrane and foulants facilitated by the high
negative surface charge induced by the cathodic potential applied to the membrane surface.

This study showcases the considerable potential of conductive elements in tackling antifouling
challenges, improving dye removal, and generating value-added solutions for water treatment. It
introduces a groundbreaking approach to developing high-performance membranes by integrating
conductive materials, thus paving the way for innovative advancements in water treatment.
Keywords: TizC> MXene; Silver nanoparticles; Electroconductive membranes; ultrafiltration;

nanofiltration; surface modification; fouling; dye removal; wastewater treatment
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This dissertation is an original work by Zahra Zandi. No part of this thesis has been previously
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This thesis highlights the first applications of lab-fabricated PAI membranes for synthesizing
electro-conductive membranes utilizing various conducting elements to treat wastewater by
improving the antifouling performance of the membrane in the presence of the applied electrical

potential.
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experiments, data collection and analysis as well as the manuscript composition. Mohtada
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assisted with some electrochemical analysis. Ahmad Rahimpour, Mostafa Dadashi Firouzjaei, and

Babak Anasori contributed to manuscript edits.

Additionally, a version of chapter 3, entitled “Developing Electrically-Conductive Silver-Coated
Polyamide-imide membranes for Sustainable Dye Removal and Antifouling Performance” has
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and analysis as well as the manuscript composition. Mostafa Dadashi Firouzjaei and Mehrasa
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Chapter 1

Introduction



1.1 Water demand

Water scarcity is a critical global challenge that has attracted significant attention recently due to
its far-reaching implications for human well-being, environmental sustainability, and socio-
economic development. The scarcity of freshwater resources, exacerbated by factors such as
population growth, climate change, and unsustainable water management practices, poses a critical
challenge for numerous regions worldwide. According to the United Nations, nearly half of the
world's population will be living in areas of high water stress by 2030 [1]. This alarming statistic
underscores the urgency of addressing water scarcity and implementing effective strategies to
ensure access to safe and sufficient water resources for all humans. The consequences of water
scarcity are multifaceted and wide-ranging. From an environmental standpoint, dwindling water
supplies disrupt ecosystems, impair biodiversity, and degrade aquatic habitats [2]. Moreover, water
scarcity intensifies the vulnerability of agricultural systems as farmers struggle to meet crop

irrigation needs, resulting in reduced yields and food insecurity [3].

In addition to water contamination issues, global water demand is estimated to increase by 20-30%
by 2050 [4]. Over 7% of the global population will face at least one month of water scarcity
annually [4]. Moreover, Canada grapples with increasing water demands and potential risks to
water quality. This concerning trend is driven by population growth, climate change, industrial
and agriculture activities, leading to concerns about overconsumption and escalating water
shortages. To ensure the long-term availability of freshwater, it becomes crucial to implement

sustainable allocation strategies and promote efficient water use[5].

Nowadays, human beings are struggling with water-related challenges, such as the contamination
and scarcity of freshwater resources [6,7]. To address such pressing issues, researchers worldwide
are actively exploring novel technologies that can efficiently eliminate contaminants from water
while minimizing energy consumption [8,9]. Nations can take practical steps toward sustainable
development by implementing cost-effective and energy-efficient techniques for treating,
recycling, and reusing industrial, agricultural, and domestic wastewater. This holistic approach to
water management contributes to preserving precious water resources and addresses the main

goals of environmental protection and sustainable growth.

Among the various techniques being proposed thus far, advanced oxidation processes (AOPs) such

as the Fenton reaction [10], ozone/UV [11], and photocatalysis [12], along with membrane-based

2



technologies [13], stand out as highly promising approaches. Advanced oxidation processes
involve generating highly reactive species that can effectively degrade and remove contaminants
in water [14]. The Fenton reaction, for instance, utilizes a combination of hydrogen peroxide and
ferrous ions to generate hydroxyl radicals, which exhibit strong oxidative capabilities. Ozone/UV
technology involves the application of ozone and ultraviolet (UV) light, which produce hydroxyl
radicals and other reactive species that can break down pollutants. Photocatalysis utilizes
semiconductors, such as titanium dioxide (TiO2), to generate electron-hole pairs under light
irradiation, enabling the degradation of organic pollutants [15]. In addition to AOPs, membrane-
based technologies, e.g., reverse osmosis (RO) and nanofiltration (NF), offer effective filtration
and separation of contaminants based on their size and molecular properties [16]. Membranes can
remove particles, ions, and dissolved organic compounds, ensuring high-quality treated water.
Researchers aim to achieve efficient and sustainable water treatment solutions for various

applications by harnessing the potential of oxidation processes and membrane technology.

1.2 Membrane technology for wastewater treatment applications

Recent advancements in membrane design and fabrication have paved the way for innovative
membrane materials, thereby positioning membranes as a superior option for water treatment
compared to alternative methods [17,18]. Membrane technologies offer distinct advantages such
as high selectivity, scalability, and ease of operation [19]. Developing new membrane materials,
including polymeric, ceramic, and composite membranes, has significantly enhanced their
performance and durability [12,13]. For instance, incorporating nanomaterials and advanced
surface modifications has improved membrane properties such as permeability, fouling resistance,
and antimicrobial activity [20,21]. These advancements have resulted in membranes that exhibit
superior performance in terms of contaminant removal, energy efficiency, and cost-effectiveness

compared to conventional water treatment methods.

Membrane separation processes have emerged as promising technologies for water purification,
offering several advantages over conventional processes such as lime softening, ion exchange,
distillation, and evaporation [22—24]. One key advantage is the ability of membrane processes to
provide high-quality filtrate, ensuring the effective removal of contaminants, particles, and
dissolved substances [25,26]. The selective permeability of membranes allows for precise

separation, resulting in purified water that meets stringent quality standards. In addition to high



filtrate quality, membrane separation processes offer lower operating expenses and a compact
design [21,26]. Membrane systems can be modular and easily scaled up or down to meet specific
water treatment needs, providing flexibility and cost-effectiveness [22,24]. The compact design of
membrane modules enables efficient space utilization, making them suitable for both centralized
and decentralized water treatment applications [22,24]. Moreover, membrane separation processes
have smaller environmental footprints and require less energy than traditional processes [16,19].
Conventional methods often involve using chemicals, large infrastructure, and energy-intensive
operations, leading to higher environmental impacts. In contrast, membrane separation processes
operate based on physical filtration mechanisms, reducing the need for chemical additives and
minimizing energy consumption [19]. These advantages make membrane separation processes
more sustainable and environmentally friendly options for water purification. Consequently,
membranes are increasingly recognized as a preferred choice for various applications, including
desalination, wastewater treatment, and drinking water purification, supporting the achievement

of sustainable and reliable water supplies.

The required driving force for filtration in membrane processes can be classified into different
categories: pressure, electric field, concentration gradient, and temperature [27,28]. Among these,
pressure-driven membrane processes are widely utilized to treat liquids containing dissolved or
dispersed contaminants. Among these, pressure-driven membrane processes, such as MF, UF, NF,
and RO, are widely utilized to treat liquids containing dissolved or dispersed pollutants due to
their ability to selectively remove particles, ions, colloids, and macromolecules based on their size
and charge [15,27-29]. The selection of a membrane process for a certain application depends on
the size of the solutes that need to be removed [30]. MF membranes typically have an average pore
size ranging from 0.05 um to 10 um. These membranes effectively retain large particulate matter
and colloidal organic substances [31]. They are commonly used in industrial water treatment
processes to remove suspended solids, turbidity, and certain microorganisms. UF membranes have
pore diameters typically ranging from 100 nm to 10 um in the top layer. These membranes are
extensively employed to eliminate bacteria, organic molecules, and macromolecules such as
proteins [32]. UF membranes are used in various applications, including drinking water
production, wastewater treatment, and food and beverage processing. NF membranes have an
average pore size of 1 to 10 nm [15]. These membranes are particularly suitable for water softening

and separating divalent ions from wastewater streams. NF membranes can selectively remove ions
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while allowing smaller molecules and monovalent ions to pass through, offering effective water
treatment and ion separation. RO membranes have the smallest pore size, less than 1 nm, making
them the densest membranes available. RO membranes are primarily used for desalination,
separating monovalent ions, and producing high-quality drinking water from seawater or brackish
water. The high-pressure applied in RO processes helps remove dissolved salts, organic

compounds, and other contaminants, resulting in purified water [33-35].
1.3 Membrane fabrication techniques for porous and dense membranes

The fabrication of polymeric membranes involves various techniques which are chosen based on
the desired properties of the membranes. Figure 1.1 classifies membrane fabrication techniques
by bulk morphology and internal free volume of membranes. Among these techniques, phase
inversion is the most versatile fabrication technique widely used to synthesize both isotropic and
anisotropic porous membranes [33,36]. The phase inversion technique offers several advantages
for membrane fabrication, including simplicity, versatility, and the ability to control pore size and
morphology. By adjusting the composition of the polymer solution and the process conditions,
such as temperature and evaporation rate, the properties of the resulting membrane can be tailored
to meet specific requirements [35]. This technique has been widely employed in producing porous

polymeric membranes for various applications, including water treatment and gas separation [33].

As the term phase separation implies, during this fabrication process, a one-phase casting liquid
solution is precipitated into two separate phases: a solid (polymer-rich phase that forms the
membrane matrix) and a liquid (polymer-poor phase that creates the membrane pores). Therefore,
this separation process relies on the separation of solvent and non-solvent in a polymer solution,
forming a porous polymer film [33,35]. During the phase inversion process, precipitation of the
liquid polymer solution can be performed through multiple methods. Precipitation can be achieved
by immersing the polymer solution in a non-solvent bath, typically a water bath (nonsolvent-
induced phase separation or NIPS) [33]. Precipitation can also occur by exposing the polymer
solution to water vapor from a humid atmosphere (vapor-induced phase separation or VIPS) [37].
Another precipitation method entails casting a film from a high-temperature polymer solution and
subsequently lowering the temperature to initiate the precipitation (temperature-induced phase
separation or TIPS) [33]. An additional precipitation method is casting a polymer solution, which

may not necessarily be at high temperature and includes a volatile solvent along with a non-solvent
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(typically water) (evaporation-induced phase separation or EIPS) [37]. As the volatile solvent
evaporates, the cast film becomes increasingly enriched in the non-solvent, leading to eventual

precipitation.

Among these methods, NIPS is the most widely used technique for fabricating porous membranes.
In the NIPS method, a homogeneous polymer solution is first cast onto a flat surface and then
placed into a container filled with a nonsolvent called the coagulation bath. The phase inversion
process is controlled by the diffusion of low molecular weight constituents, which include the
solvent and the nonsolvent, typically water. As the polymer film is immersed in the coagulation
bath, the solvent in the polymer solution is gradually replaced by the nonsolvent. This results in
changes in the composition of the polymer film until the composition of the polymer-rich phase
reaches the glass transition composition, leading to solidification. Once solidified, the film's
structure is fixed, and a polymer membrane with a porous or dense structure is formed [33,37].
The NIPS method offers several advantages, such as simplicity, scalability, and the ability to
control the morphology and pore size of the resulting membranes. It has been widely utilized in

various applications, including water treatment, gas separation, and biomedical fields [33].
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1.4 Theoretical background on transport phenomena in membrane processes

The theory of mass transport through membranes is essential in understanding membrane
separation processes. The primary and most important characteristic of a membrane process is the
capability of the membrane to control the permeation of various components within the feed
solution. In microporous membranes, separation occurs through a molecular sieving mechanism
based on the shape and the size of the solutes compared to the membrane pores. In this mechanism,
some of the permeants are prevented from entering the membrane pores while others can pass
through [33]. Surface pores in these membranes are smaller than some particles in the feed

solution, leading to the accumulation of these particles on the membranes' surface [33].

The chemical potential gradient drives the permeation of a component through a membrane and

can be described by Equation 1.1, which relates the component flux (J;) to the chemical potential

. Ldy . . . . ..
gradient d—? and a proportionality coefficient (L;). Different driving forces, such as pressure,

concentration, electrical potential, and temperature differences, are associated with the chemical

potential gradient.

dy;
Ji= —Lid—xl 1.1

For pressure-assisted membrane processes, the pore-flow model describes the permeation
mechanism in a porous medium [33]. According to this model, the permeants are transferred
through a membrane by pressure-driven convective flow across tiny pores [33]. Darcy’s law

(Equation 1.1) is the basic equation for describing transport in porous media relating the flux (J;)
. d . .
to the pressure gradient across the membrane (ﬁ), a coefficient representing the structural factors

of the porous medium (K'), and ¢; represents the concentration of component i [37-39]. Darcy's
law explains the membrane transport phenomenon in that the pores are relatively large, fixed, and
attached to one another [33]. For these membranes, the pores do not oscillate in volume or location
on the permeant motion timescale [33]. Equation 1.2 governs the flow in porous media for the

pressure-assisted membrane process.

dp 1.2

Ji=—K'ci



dp . . . . .
Where — s the pressure gradient across the membrane, k' is a coefficient representing the nature

of medium and ¢; is the concentration of component i.

The Darcy’s law equation can also be expressed as Equation 1.3, where the transmembrane
pressure (AP), dynamic viscosity of the permeate (u), and hydrodynamic resistance of the

membrane (R,,) are considered.
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The hydrodynamic resistance of the membrane (R,,) can be determined using the Hagen-Poiseuille
equation (Equation 1.4) for MF/UF membranes. According to Equation 1.4, the transport through

the membrane is directly proportional to the fourth power of the pore radius.

R, = 80m 1.4
npnrp4

The resistance to water crossing through membranes in membrane processes includes the
hydrodynamic resistance of the membrane in the absence of foulants, the resistance due to foulants
accumulation on the membrane surface (cake formation, fouling), and the resistance resulting from
the accumulation of low molecular weight solutes at the membrane surface, known as

concentration polarization [40].

Concentration polarization is characterized by the transmembrane osmotic pressure (Am), which
diminishes the effective pressure driving force for solvent transport. In the context of fouling
experiments, Darcy's law can be modified to incorporate the impact of concentration polarization.

The modified equation is given as Equation 1.5.

] = AP, — Am 15
KR,

Where J represents the flux observed in fouling experiments, 4P; denotes the transmembrane

pressure difference, Am signifies the transmembrane osmotic pressure, g represents the dynamic

viscosity of the permeate, and R; denotes the total resistance against mass transfer. This equation

captures the effect of concentration polarization, which reduces the effective pressure driving

force, on the water flux during fouling experiments.



In the context of UF, the osmotic pressure, Am, is often considered negligible as the primary
contribution to osmotic pressure comes from low molecular weight solutes capable of passing
through the UF membrane. Furthermore, since the concentration of these solutes is typically the

same on both the feed and permeate sides, the osmotic pressure difference is negligible [37].

In membrane processes like UF, the total resistance is composed of multiple factors, including the
inherent hydrodynamic resistance of the membrane, the resistance caused by the cake layer, the
resistance due to concentration polarization, and potentially other contributing factors. These
resistances collectively affect the overall mass transfer through the membrane. Therefore, the total

resistance, R;, in Equation 1.6 is described as follows.
Ry =Ry +Rc+Rep+ - 1.6

Where R, is the inherent hydrodynamic resistance of the membrane, R, represents the resistance
caused by the cake layer that forms and accumulates on the membrane surface, and R, denotes
the resistance attributed to concentration polarization. Another crucial parameter for evaluating
membrane separation performance is the membrane’s rejection. The rejection of a membrane can

be expressed as Equation 1.7.

)

l

iLf

=

1.7

a

Where C;, and C;; represent the solute concentration in the permeate and feed solutions,
respectively. The rejection value indicates the extent to which the membrane prevents the passage
of a specific solute, with higher rejection values indicating more effective separation. It is
important to note that the rejection is typically influenced by various factors, including the
properties of the solute, membrane characteristics, operating conditions, and fouling/cake layer
formation on the membrane surface. Thus, the rejection value provides valuable information about

the membrane's separation efficiency and its suitability for specific applications.

1.5 Filtration configurations

In membrane filtration setups, there are two process configurations: dead-end filtration and cross-
flow filtration. In dead-end filtration, the feed stream is directed perpendicularly to the membrane

surface. As filtration progresses, the retained particles accumulate, forming a cake layer on the



membrane surface. The thickness of the cake layer increases over time, resulting in a reduction in
the permeation rate. Dead-end filtration is characterized by a decreasing flux as the cake layer

thickness grows.

On the other hand, in cross-flow filtration, the feed flow is parallel to the membrane surface. This
configuration offers several advantages compared to dead-end filtration. Cross-flow filtration
exhibits improved fouling tolerance, as the flow helps to continuously sweep away particles from
the membrane surface, minimizing cake formation. It allows for higher sustainable flux rates since
the cross-flow helps prevent complete blockage of the membrane by the retained particles. Cross-
flow filtration requires less frequent cleaning and can extend the membrane's lifetime by reducing
fouling. Therefore, these benefits make cross-flow filtration a preferred configuration in many

applications, especially when dealing with complex feed streams.

1.6  Membrane fouling

As a cost-effective alternative to conventional water treatment methods, the membrane separation
technique should not only provide a fast rate of high-quality permeate but also need to maintain a
consistently high production rate over an extended period. Therefore, fouling is the major
challenge of membrane technology, significantly impeding its widespread application. The term
“fouling” describes the undesired deposition of colloids, particles, and macromolecules on the
surface of the membrane and inside the pores [41,42]. As fouling occurs, the permeation flux
declines, necessitating higher operating pressure or increased energy consumption to achieve the

desired throughput.

Organic fouling on membranes is a multifaceted phenomenon that arises from specific and
nonspecific interactions between foulants and the membrane surface [43]. Specific interactions
involve covalent bonding and coordination between specific functional groups, such as metal-
carboxyl and amino-carboxyl groups. Nonspecific interactions include van der Waals forces,
hydrophobic interactions, hydrogen bonding, and electrostatic interactions [44]. Various physical
and chemical parameters can influence membrane fouling, including membrane properties (surface
roughness, charge, hydrophobicity/hydrophilicity, surface functional groups, and pore size
distribution), feed compositions (foulant type, concentration, pH, and ionic strength), and

hydrodynamic conditions (cross-flow velocity, temperature, flux, and transmembrane pressure).
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Based on the operational characteristics of the membrane and the chemical composition of
foulants, various types of fouling can happen in a membrane system. Fouling can be classified as
particulate/colloidal fouling, inorganic fouling or scaling, organic fouling, and biofouling [45].
Colloidal fouling refers to attaching suspended and colloidal particles with sizes from a few
nanometers up to a few micrometers to the membrane surfaces [30]. The formation of scale is
caused by increasing the concentration of minerals and divalent ions above their solubility limits,
leading to the ultimate precipitation of these materials on the membrane surface [41]. Organic
fouling occurs by depositing organic compounds such as humic substances, proteins, and
polysaccharides at the membrane surface [31]. Biologically active organisms cause biofouling,
including the colonization and growth of microbial organisms, leading to the formation of

microbial biofilms at the membrane surface [30,41].

Various characteristics of the membrane surface, including hydrophilicity, roughness, and charge,
are known to strongly affect the fouling tendency of membranes. The literature has a consensus
that hydrophilic surfaces are less prone to fouling. The hydrogen bonding between water molecules
and the membrane hydrophilic functional groups forms a thin layer of bounded water on the
membrane surface. This layer prevents or decreases the undesirable adsorption/adhesion
hydrophobic interactions of foulants to the membrane surface [33]. The surface roughness of
membranes also strongly affects their fouling tendency. A higher surface roughness provides more
surface area on membranes to attach foulants. Additionally, the ridge-and-valley structure of rough
membranes favors the accumulation of foulants in the valley regions [33]. Therefore, it is likely
that the membranes with rougher surfaces are more susceptible to fouling [34]. Also, the surface
charge of membranes plays an important role in their antifouling properties. It is common to
employ a membrane with the same surface electric charge as the foulants so that the electrostatic
repulsion forces between the foulant and the membrane surface prevent the deposition of foulants

on the membrane and thus mitigate the fouling [41].
1.7 Literature review

Membranes have experienced continuous growth since their first synthesis in 1907, primarily due
to their wide range of practical applications. Extensive research efforts have been dedicated to
improving membrane performance regarding permeation, rejection, and fouling resistance. A

trade-off relationship exists between permeability and selectivity in conventional membranes,
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wherein high water flux membranes often exhibit low rejection rates and vice versa. However,
enhanced membrane surface properties can impede fouling. Consequently, a key objective of
membrane research has consistently been the development of high-flux membranes with excellent

separation efficiency and low fouling propensity.

The field of membrane technology has witnessed significant advancements aimed at improving
membrane fabrication processes [46,47], developing nanocomposite membranes by using
multifunctional nanomaterials [48—51], exploring new polymeric materials for support layers [52],
and improving the surface properties of membranes [53,54]. Researchers have focused on
optimizing the manufacturing processes to improve membrane fabrication processes. This includes
refining the casting methods, modifying the composition of casting solutions, and controlling the
parameters involved in membrane fabrication [46,47]. Fabrication of nanocomposite membranes
by incorporating multifunctional nanomaterials into membrane matrices has also gained
significant attention. These nanomaterials offer unique properties that can enhance membranes'
bulk and surface properties. They can improve hydrophilicity, antifouling properties, mechanical
strength, and selectivity [48—51]. Various nanomaterials, including metal oxides, graphene, carbon
nanotubes, and MXenes, have been explored for their potential to improve membrane
performance. Furthermore, improving the surface properties of composite membranes has been a
key area of research. By modifying the surface characteristics, such as roughness, charge, and
hydrophobicity/hydrophilicity, researchers could effectively enhance membrane performance in
terms of fouling resistance, flux, and selectivity [53,54]. Surface modification techniques,
including surface grafting, coating, and functionalization, have been employed to achieve the
desired membrane surface properties. Despite successful results in the literature [55-58], the
achieved impact on fouling reduction during long-term operations remains insufficient [59—-62].
Researchers have, therefore, been actively exploring the development of advanced smart
membranes that can effectively modulate membrane water flux and improve membrane fouling
performance in practical applications. The application of an electric filed has attracted significant
attention due to its precision, and practical implementation, and ease of control. As a result, ECMs
have emerged as promising solutions for mitigating fouling issues. Over the past decade,
applications of conductive membranes have attracted significant attention in membrane-based
water treatment technologies, driven by their potential in membrane fouling mitigation and

membrane selectivity performance. Researchers have explored the potential of electrically
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conductive membranes for a wide range of applications, including fouling mitigation [63—65].
These membranes, known as electro-conductive or electrically active membranes, possess unique

properties that make them suitable for various purposes.

ECMs exhibit various action mechanisms depending on the type of applied potentials (cathodic,
anodic, or alternating potential). Under anodic conditions, dominant action mechanisms against
various foulants include direct oxidation, translational motion, and reduction in local pH might
occur. Conversely, cathodic conditions result in electrostatic repulsion, indirect oxidation due to
reactive oxygen species (ROS) generation, and local pH change as the primary action mechanisms.
Using alternating potential can enhance fouling mitigation efficiency by combining the action
mechanisms of both anodic and cathodic potentials. The major reported mechanisms for ECMs
are the Joule heating effect, piezoelectric vibration, and bubble generation. Recent studies have
demonstrated that the accumulation of charged particles on the membrane surface can be reduced
to some extent by applying a constant electric potential to the electrically conductive membrane
through electrostatic repulsion and electrochemical reactions [66,67]. Moreover, using an
electromagnetic field can minimize fouling by altering the physicochemical properties of the feed
solution, such as pH and ionic strength, and by disrupting the adhesion of foulants to the membrane
surface [68—70]. This strategy offers the advantage of leveraging the dual effects of electrostatic
repulsion and gas bubble generation [71] as well as the electrochemical oxidation/reduction of
foulants on the membrane surface [71-74]. The application of an electric field induces electrostatic
repulsion forces between the foulants and the membrane surface, preventing their adhesion and
reducing fouling propensity. Additionally, the electric field promotes the formation of gas bubbles
on the membrane surface, which can further hinder foulant deposition by creating a physical
barrier. Furthermore, electrochemical processes induced by the electric field can facilitate the
oxidation or reduction of foulants, thereby enhancing their removal from the membrane surface.
These mechanisms collectively contribute to the fouling control capabilities of electro-conductive
membranes. Several studies have investigated the effectiveness of this approach, demonstrating its

potential for mitigating fouling in various membrane systems [71-74].

ECMs have been effectively fabricated from various materials, encompassing organic and
inorganic materials such as conductive polymers, carbon-based nanomaterials, and metals, using

multiple fabrication techniques [75—80]. Table 1.1 summarizes all conductive elements that have
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been used so far to fabricate ECMs. Extensive research in electro-conductive membranes has led
to significant progress in developing fabrication techniques and material designs to enhance their
performance. Various methods have been employed, including electrospinning, interfacial
polymerization, and the integration of conductive nanoparticles or polymers [60]. These strategies
enable the production of membranes with customized properties, such as desired conductivity
levels, improved stability, and enhanced selectivity for specific applications. As a result,
conductive membranes can be tailored to meet the diverse requirements of different industries,
including water treatment, energy storage, and sensing applications. An early approach involved
incorporating conductive polymers, such as polyaniline (PANI), with porous supports [77]. Other
various methods have been reported for the fabrication of ECMs, including immersing cellulose
fibers in aniline followed by surface polymerization [78], depositing polyaniline (PANI) on PVC
membrane surfaces through in situ polymerization [79], depositing carbon nanotubes (CNTs) on
bucky papers [80], employing ion-enhanced metallization for PANI and polypyrrole (PPy)
fabrication [77], and coating CNTs on electrospun nylon-6 [81]. Additional methods for
fabricating ECMs include casting polymeric films containing nanoparticles, synthesizing
polymeric films on conductive meshes, and embedding platinized titanium electrodes on the
membrane surface [82—-86]. In the blending process of fabricating conductive mixed matrix
membranes (MMMs), the use of non-conductive polymers can limit membrane conductivity [87].
It has been suggested that controlling the membrane formulation, specifically the polymer-to-
solvent ratio, could provide an effective means of achieving optimal electrical conductivity [88].
In addition to employing conductive polymers, some studies have explored utilizing conductive
elements such as carbon nanotubes (CNTs), graphene, MXene, silver, and their derivatives to
fabricate ECMs [51,89]. Early research involved incorporating metallic nanoparticles and multi-
walled carbon nanotubes into various polymer matrices, forming nanocomposite ultrafiltration and
nanofiltration membranes [90-92]. These nanocomposite membranes not only exhibited improved
fouling resistance but also showed enhancements in pure water flux and salt rejection when an
optimal amount of CNTs was added to the polymer solution [93]. Moreover, investigations into
incorporating functionalized CNTs into membrane polymers demonstrated that such modifications
could induce changes in hydrophilicity, morphology, and surface charge, leading to enhanced
permeability, selectivity, and fouling resistance [94,95]. Jing et al. [96] investigated the lamellar

MXene nanofiltration membranes for electrostatic modulation of molecular permeation and
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separation improvement. Qian et al. [97] developed conductive MXene ultrafiltration membranes,
which improved antifouling ability and great potential in advanced water treatment under
electrochemical assistance. Chang et al. [98] reported a nano-channeled TizCoTx MXene
membrane that enabled an efficient controlled rejection/permeation of inorganic ions and organic
dye molecules under applied electrical potential. These advancements in membrane technology
have paved the way for the development of electro-conductive TizC-MXene multilayered

membranes, which exhibit promising potential for dye removal and antifouling performance.

Table 1.1: Summary of ECMs’ applications using different conductive elements

Conductive elements Applications Ref.
CNTs, rGO/CNTs, GO/PANI, Fouling mitigation [88,99-101]
GO/MWCNTs

Stainless steel mesh/PPy, PANI/CNTs, . . B

SSS, PANI/MWCNTS, Functionalized Electro-chemical cleaning [102-106]
CNTs
Nano-zeolite/CNTs, Silver nitrate, .
RGO/MXene, MXene/PANLgo/Ni, Dye/salt Rejection [107-112]
MXene/CNT

LIG,Silver/CNTs, PPy-Ag Antibacterial activity [113-115]
ILs, CNTs/rGO, GO Heavy metal removal [116-118]
CNT-COOH, PANI-PSS/MWCNTs Improved ion rejection [119,120]

Developing electrically conductive composite membranes, simply made by coating a conductive
layer on top of a polymeric membrane, offers several advantageous properties. One notable benefit
is the enhanced recovery of membrane flux after cleaning procedures, as fouling typically occurs
on the membrane surface rather than within the pores [112,121,122]. Coating is a physical
modification technique during which hydrophilic components are deposited on the surface of the
membrane [123]. The deposition mechanism takes place through the adsorption/adhesion
mechanism [123]. In this mechanism, the coating layer is physically attached to the base polymer,
which leads to the major obstacle of this technique, the instability of the coating layer [124].
However, in the surface coating process for making conductive membranes, the stability of coated
conductive layers for membrane applications is compromised as they are prone to be easily
scratched off from their supports [125]. Numerous studies have been investigated to enhance the

durability of these conductive layers, often involving additional complex processing steps [87]. In
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this research, we proposed facile approaches to attach electroconductive materials firmly to the

surface of membranes.
1.8  Research objectives

The main objective of the research was to develop Ti3C2 MXene-coated PAI and silver-coated PAI
nanocomposite membranes for a more efficient water pretreatment process with improved fouling
resistance characteristics, particularly when exposed to various model foulants. The aim was to
harness the hydrophilic, electrical, and molecular sieve properties of these nanomaterials to
enhance the performance of the base membrane, creating nanocomposite membranes with

enhanced antifouling and separation capabilities.

Ti3C> MXene and silver (Ag ink) were chosen as coating materials due to their remarkable
chemical stability, hydrophilicity, electrical conductivity, and environmental friendliness
[126,127]. These properties offered the tremendous potential for fabricating nanocomposite
membranes with high chemical stability, strong hydrophilicity, and excellent antifouling and
separation properties. Incorporating TizC2> MXene and silver coatings onto the PAI membrane
aimed to impart several desirable characteristics. The hydrophilic nature of Ti3C2 MXene and
silver coatings enhanced the membrane's performance in terms of fouling caused by organic
foulants [128,129]. The hydrophilic surfaces discouraged foulant adhesion, leading to easier
fouling removal and increased membrane lifespan. Additionally, the electrical conductivity of
Ti3C, MXene and silver coatings offered advantages in fouling control by applying an external
electric field [130]. This enabled electrostatic repulsion forces to hinder foulant adhesion and
generate gas bubbles that physically prevented foulants from accumulating on the membrane
surface. Moreover, the molecular sieve properties of Ti3C2 MXene and silver coatings allowed for
precise separation and rejection of unwanted contaminants. These coatings' nanoscale dimensions
and unique structure provided selective transport pathways, facilitating the separation of different
solutes and foulants [9,30]. This enhanced selectivity contributed to improved water quality and

reduced fouling issues. The goals pursued in this research are outlined below:

(1) The first goal of this research was to develop novel and highly efficient nanocomposite
membranes by laminating Ti3C> MXene nanomaterials as a conductive coating layer on a base

PAI support layer using a pressure-assisted technique. By coating the PAI membrane with Ti;Cs,
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this conductive membrane could acquire different electrical charges when external potentials were
applied. As a result, it could repel charged foulants through electrostatic repulsion forces,
minimizing their deposition on the membrane surface. Furthermore, electrochemical reactions
occurring on the conductive membrane could degrade the chemical structure of certain foulants
partially or entirely. In addition, generating gas bubbles at specific potential ranges over the
conductive membrane could help mitigate organic fouling. Therefore, it was expected to improve
dye rejection and prevent fouling through controlled surface charge and electric field. Another
objective was to investigate the fouling behavior of different organic model foulants on the lab-
fabricated PAI membrane. This was achieved by employing an extended Derjaguin, Landau,
Verwey, and Overbeek (XDLVO) interaction energy analysis. The XDLVO analysis allowed for
the evaluation of fundamental interactions (such as van der Waals, electrostatic, and acid-base
interactions) that contribute to organic fouling. Surface tension parameters derived from contact
angle measurements were used to calculate the free energy of adhesion between the membrane

and foulants, providing insights into the variations in flux decline.

(i1) A novel and durable electro-conductive silver-coated membrane was fabricated using the facile
“spray-cure” technique, where a thin film of Ag ink was employed on the surface of the PAI
membrane. This conductive membrane could mitigate fouling and increase dye rejection in the
presence of cathodic electric potential. As a result, it could repel charged foulants through strong
electrostatic repulsion forces and gas formation, minimizing the foulants' deposition on the

membrane surface.

1.9 Thesis structure

The thesis is structured as follows:

Chapter 1 of this thesis comprehensively introduces the existing water treatment methods. It
highlights the shortcomings associated with current water treatment techniques. Moreover,
membrane-based separation processes, specifically electro-conductive membranes, are introduced
as a viable alternative to overcome these limitations. This chapter also concludes with a literature
review focusing on composite membranes and a clear outline of the research objectives pursued

in this work.
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Chapter 2 of this thesis was constructed around a previously prepared article, providing a detailed
analysis of the research conducted. This chapter is dedicated to presenting the findings of a series
of systematic studies investigating the effects of Ti3C2 MXene-coated PAI membranes. The main
objective of these studies was to assess the impact of incorporating TizC> MXene layer on
polymeric PAI membrane and the overall separation and fouling performance of the prepared
electro-conductive membranes in the presence of cathodic electric potential. A cross-flow filtration
setup was employed to evaluate the performance of membranes. In addition to performance
evaluation, the membranes were subjected to various characterization techniques to gain insights
into their properties. Contact angle measurements were carried out to determine the wettability of
the membranes, while zeta potential measurements provided information about their surface
charge. Advanced imaging techniques such as field emission scanning electron microscopy
(FESEM), transmission electron microscopy (TEM), and atomic force microscopy (AFM) were
utilized to examine the morphological characteristics of the membranes at different scales.
Furthermore, X-ray photoelectron spectroscopy (XPS) analysis was conducted to investigate the
chemical composition of the membranes. These comprehensive characterizations allowed for a
thorough understanding of the membrane properties, enabling the researchers to assess the
improvements in antifouling performance and separation efficiency resulting from the
incorporation of the Ti3C2 MXene coating layer. In this chapter, the research also delves into a
study focusing on the adsorption behavior of organic substances on the optimized modified
membrane, using XDLVO interaction energy analysis. To explain the differences in flux decline
observed in the cross-flow filtration setup, the free energy of adhesion between the membrane and
foulant material was calculated using surface tension components derived from contact angle
measurements. By combining these surface energetics analyses and experimental results, this
chapter provides valuable insights into the antifouling performance of the MXene-modified
nanocomposite membranes, shedding light on their potential for practical applications in

mitigating fouling issues in separation processes.

Chapter 3 presents the results of developing electro-conductive Ag-PAI membranes with enhanced
antifouling and dye separation performances by applying electric potential. The effects of different
applied cathodic potentials were investigated, and the permeation, separation, and antifouling
performances of the silver-coated PAI membranes were evaluated. The separation performance of

the membrane was examined using two dyes, specifically reactive red 120 (RR120) and reactive
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black (RB) aqueous solutions, and SA/CaCl, was used as a model foulant for evaluating the

antifouling performance of the synthesized membranes.

Chapter 4 summarizes the main outcomes of this research and provides a concluding discussion.

Furthermore, suggestions and recommendations for future research are provided.
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Chapter 2
Development of Electro-Conductive TizC;
MXene Multilayered Membranes: Dye

Removal and Antifouling Performance
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2.1 Introduction

Human beings are struggling with water-related challenges, including contamination and scarcity
of freshwater resources [131-133]. To address such issues, researchers worldwide are actively
exploring novel technologies that can efficiently eliminate contaminants from water while
minimizing energy consumption [134,135]. In this context, implementing cost-effective and
energy-efficient techniques for treating, recycling, and reusing industrial, agricultural, and
domestic wastewater represents a practical approach toward achieving sustainable development
for nations [136]. Among the various techniques proposed thus far, advanced oxidation processes
(AOPs), such as Fenton, ozone/UV, photocatalysis, and membrane-based technologies, stand out
as highly promising approaches [137]. These techniques offer high treatment efficiency, minimal
footprint, and versatility across various water streams, often without toxic chemical additives
[134]. Recent advancements in the design and fabrication of novel membranes have positioned
membrane technology as a superior option for water treatment compared to conventional
methods [138]. However, sustainable membrane operations face significant technical hurdles,

such as fouling, which must be addressed to ensure up-scaled feasibility [139].

Membrane fouling, caused by the adsorption of undesired substances on the membrane surface
or within its pores [140], significantly hampers the performance and lifespan of membranes in
separation technologies [141]. Consequently, addressing fouling challenges, especially in harsh
environments, has become critical [142,143]. One approach to address membrane fouling is
modifying the membrane surface using hydrophilic materials [13]. However, the achieved
impact on fouling reduction during long-term operations remains insufficient [59-62]. To
overcome this, researchers are delving into developing advanced smart membranes [144,145]
responsive to external stimuli such as pH [146], temperature [147,148], pressure [149,150], ionic
strength [151], ultrasonication [152], magnetic field [153], and electric field [154—156]. Among
these, applying an electric field has garnered significant interest due to its precision and
controllability. Recent studies have demonstrated that the accumulation of charged particles on
the membrane surface can be adjusted by applying a constant electric potential to the electrically
conductive membrane through electrostatic repulsion and electrochemical reactions

[66,67,112,121,122]. Another mechanism involves electrochemical reactions that alter the
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molecular structure of foulants. Applying an electric potential to electroconductive membranes
generates oxidizing species, such as hydroxyl radicals, that react with large macromolecular
foulants, breaking them down into smaller compounds and thus preventing their attachment to
the membrane surface [66,67]. Electromagnetic fields also play a role by modifying feed solution
properties, such as pH and ionic strength, and disrupting foulant adhesion [68—70]. Furthermore,
higher potential differences in electrochemical systems can induce water electrolysis reactions,
generating oxygen and hydrogen gases. Gas bubbles on the membrane surface contribute to

fouling mitigation by disrupting interactions between the membrane and foulants [69].

Electroconductive membranes have been fabricated by depositing electrically conductive
materials onto the surface of traditional membranes. Notable materials include copper [157],
nickel [158], platinum [159], indium tin oxide [160], antimony tin oxide [161], graphene [66,67],
and carbon nanotubes (CNTs) [162,163], applied through methods like electrophoretic
deposition, plasma deposition, chemical vapor deposition, spin coating, chemical and
electrochemical reactions, and layer-by-layer assembly [164]. Among these materials, two-
dimensional (2D) nanomaterials, particularly graphene, stand out for their conductivity and
unique stacking structures that enhance selectivity for water solute removal. Integrating 2D
nanomaterials into membranes holds promise for both conductivity and improved selectivity in
water treatment applications [163-165]. MXenes, a recently discovered class of 2D
nanomaterials, has never been used to fabricate electroconductive membranes. The general
MXene formula is M,+;X,Tx, where M represents elements such as Ti, Zr, and V, interleaved
with n layers of carbon or nitrogen (denoted as X), and T denotes surface terminal functions,
e.g., O, OH, F, and/or Cl. Ti3C2; MXene, the most studied MXene, exhibits high hydrophilicity,
specific surface area, flexibility, mechanical strength, stability, and electrical and thermal
conductivities, making it highly attractive for developing high-performance membranes for
water purification [165,166]. Stacking 1-nm-thick 2D flakes of TizC. MXene creates
interconnected and densely packed nanochannels arising from relatively uniform interlayer
spacings at the sub-nanometer scale within the laminar membranes. This unique feature gives
the membranes a high surface-to-volume ratio and can significantly enhance the water/solute
selectivity [167—170]. Furthermore, functional groups on Ti3C> MXene 2D flake surfaces enable

covalent bonding, hydrogen dipole-dipole attractions, and electrostatic interactions between the
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host polymer and MXene nanostructures, facilitating uniform dispersion within composite
membranes. A remarkable feature is Ti3Co MXene’s high electrical conductivity (up to 24000

S/cm), making it ideal for various electronic and energy-related applications.

We successfully fabricated a novel Ti3C2, MXene-coated membrane in this study using a simple
pressure-assisted filtration technique. To enhance the chemical and mechanical stabilities of the
MXene coating, carboxymethylcellulose (CMC) was incorporated into the MXene solution,
followed by crosslinking the MXene/CMC coated membranes with the glutaraldehyde (GA)
solution in the subsequent step. The TizC> MXene-coated membrane exhibited remarkable
improvements in rejection rates compared to the pristine polyamide-imide (PAI) membrane,
achieving rejection rates exceeding 99.71%, 97.95%, and 68.91% for RR120, RB, and MO,
respectively. We further demonstrated that the antifouling performance of the membrane could
be easily enhanced by applying a low voltage between a multilayer Ti3C, MXene-coated
membrane and a stainless-steel electrode. By maintaining the desired level of antifouling
performance, this membrane is a potential platform capable of controlled fouling behavior.
During fouling experiments, surface energy analysis was also used to investigate the
physicochemical interactions between foulants and the membrane surface. This analysis provides
valuable insights into the affinity and adhesion mechanisms governing fouling behavior and

contributes to developing effective membrane fouling control strategies.

2.2 Materials and methods

2.2.1 Materials

The etched multilayered Ti3C>-MXene powder was obtained from Luoyang Advanced Material
Company (China). Carboxymethyl cellulose sodium salt (CMC), N,N—dimethylacetamide
(DMACc, >99.9%), calcium chloride (CaCly), sulfuric acid (H2SO4), and acetone were provided
by Fisher Scientific. Also, polyvinylpyrrolidone (PVP, 360 kDa), poly (ethylene glycol) (PEG),
triton X-100, glutaraldehyde (GA, 25 wt% in water), humic acid (HA), sodium alginate (SA),
glacial acetic acid (ReagentPlus, 99.0%), potassium hexacyanoferrate (I1I) (K4Fe(CN)s), and
sodium nitrate (NaNO3) were purchased from Sigma-Aldrich. PAI (Torlon 4000 THV) was
supplied by Solvay Advanced Polymers. Reactive red 120 (RR120, MW: 1774.15 Da), reactive

black (RB, MW: 991.82 Da), and methyl orange (MO, MW: 327.33 Da) dyes were obtained
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from Sigma-Aldrich and utilized as organic contaminants in water. Bovine Serum Albumin
(BSA) was purchased from ChemCruz. Fouling experiments were conducted on aqueous

solutions of HA, SA/CaCl,, and BSA. Deionized water was used throughout this research.
2.2.2 Membrane preparation

2.2.2.1 Fabrication of PAI support layer
The fabrication of PAI support layers was carried out using the nonsolvent-induced phase
separation (NIPS) technique. For this purpose, PAI polymer, known for its exceptional thermal,
mechanical, and chemical resistances, as well as superior hydrophilicity, was selected as the
main polymer. PVP and PEG were employed as additives to optimize the membrane porosity.
DMACc served as the solvent in this process. To prepare a homogeneous polymer solution, PAI
(9 wt%), along with the appropriate amounts of additives, was dissolved in the DMAc¢ solvent.
The mixture was stirred at a speed of 350 rpm and maintained at a temperature of 40 °C for 24
hours. After stirring, the homogeneous solution was allowed to rest in a vacuum oven for 15
minutes to eliminate any air bubbles. Next, the PAI membrane layers were fabricated by using a
film applicator to cast the solution onto a non-woven polyester fabric. The casting speed was set
to 20 mm/s, and the gap height between the applicator and base plate was fixed at 120 pm.
Finally, the cast film was submerged in a coagulation bath containing deionized water overnight

to ensure the complete removal of the solvent from the polymer matrix.

2.2.2.2  Preparation of Ti;C: MXene-coated PAI membranes
To purify the MXene powder and remove impurities, 1 g of multilayered Ti3C2 MXene powder
was washed three times. A stock solution of MXene was then prepared by suspending multilayer
Ti3C2 MXene (1 g) in 50 mL of deionized water. The solution was then well-dispersed in a
sonication bath for 1 h. This stock solution was used to make the coating layer of each membrane.
Table 2.1 shows three membranes with three different chemical compositions of the coating

layers.
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Figure 2.1. Schematic illustration of PAI membrane fabrication and MXene-coated PAI electroconductive
membrane
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Table 2.1: Chemical composition of different coating layers of membranes

Membrane ID MXene CMC GA cross-li‘nking time
(mg) (mg) (min)
ECM1 80 mg 4 30
ECM2 40 mg 4 30
ECM3 40 mg 2 30

CMC was utilized as a binder to establish a strong and durable attachment of Ti3C> MXene layers
to the PAI membrane surface. We prepared three coatings by varying the amount of CMC binder
and MXene. In all samples, deionized water was added to reach a total volume of 50 mL for the
MXene coating solution. This coating solution was then subjected to sonication in a water bath
for an additional 30 minutes. Next, each coating solution was passed through the microporous
PAI membrane using a dead-end filtration cell, with a nitrogen gas pressure of 5 psi applied.
Following filtration, the membrane was heat-treated in an oven at 50 °C for 15 minutes.
Subsequently, the membrane was immersed in a 12%wt glutaraldehyde (GA) solution for 30
minutes to facilitate cross-linking. Finally, the Ti3C> MXene coated membrane was dried for 15
minutes at 50 °C in the oven in preparation for further experiments. Figure 2.1 shows the

schematic illustration of the membrane fabrication process.

223 Physicochemical Characterizations of Membranes

2.2.3.1 Contact angle measurements
The hydrophilicity of the Tiz3C2 MXene-coated PAI membranes was assessed using a contact
angle analyzer (DSA100, Kriiss GmbH, Germany). To conduct the measurements, small pieces
of each air-dried membrane were affixed to glass slides with the active surface facing upward.
A 2 pL droplet of distilled water was carefully dispensed onto the membrane surface using a
syringe, and the contact angle was measured using the sessile drop technique. To evaluate the
oleophobicity of the membranes, the underwater oil contact angle (UWOCA) was measured
using the same contact angle analyzer, employing the captive bubble method. The membranes
were secured on a 2 cm wide plastic holder using double-sided tape and then inverted in a quartz
cuvette filled with deionized water. To initiate the measurement, 6 pL of n-hexadecane oil was

deposited on the membrane surface using a J-shaped needle connected to a syringe. Three
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different locations on the membrane surface were selected for WCA and UWOCA
measurements.

2.2.3.2 Field Emission Scanning Electron Microscopy (FESEM) and Energy-Dispersive

Spectroscopy (EDS)

The top surface and cross-section morphology of the Ti3C2 MXene-coated PAI membranes were
examined using a field emission scanning electron microscope (FESEM, Zeiss Sigma 300 VP)
at an acceleration voltage of 25 kV. For cross-section SEM imaging, the membrane layers were
separated from the polyester support and carefully fractured after being immersed in liquid
nitrogen. The resulting fractured membranes were then placed on SEM stub holders using carbon
tape. A thin layer of gold (approximately 2 nm in thickness) was sputter-coated onto the samples

before SEM imaging to enhance conductivity and minimize charging effects during imaging.

2.2.3.3 Transmission electron microscopy (TEM)
The thickness and integrity of the Ti3C2-MXene coating on the PAI substrate were evaluated
using the transmission electron microscopy (TEM, Philips/FEI Morgagni 268, Eindhoven,
Netherlands) technique. The membrane samples underwent a staining process using a solution
of uranyl acetate and lead citrate to enhance contrast. Subsequently, the samples were embedded
in Spurr's resin to provide stability during the slicing process. Afterward, an ultramicrotome
(Reichert-Jung Ultracut E, USA) was used to slice ultrathin sections of the samples, which were

then observed using the TEM device.

2.2.3.4 X-ray photoelectron spectroscopy (XPS) analysis
To determine the chemical bonding and elemental composition of the Ti3C2-MXene coating
layer, the X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS ULTRA
XPS equipped with a monochromatic Al Ka X-ray source. The data were collected from 1 to 10

nm thickness of the surface layer in the 0-1100 eV range using 0.1 eV high-resolution scans.

2.2.3.5 Raman spectroscopy
Raman spectra were acquired at room temperature using the InVia Reflex Renishaw instrument,
with a 532 nm laser serving as the excitation source. The measurements were conducted over a

frequency range of 300 to 2000 cm™.
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2.2.3.6  Zeta potential measurement
The zeta potential analysis of the Ti3C2-MXene coated samples was conducted using a Surpass™
3 Electrokinetic analyzer (Anton Paar, Graz, Austria) at different pH levels. Two pieces of
membranes were securely placed in sample holders and immersed in a 1 mM KCI solution. The
gap between the two flat membrane surfaces was adjusted to 100 um. The pH of the solution
was controlled using sodium hydroxide and hydrochloric acid to achieve the desired values
within the pH range of 4-9. Streaming potential and current measurements were performed at
various pH values. The surface zeta potential was then determined based on these measurements.
Three separate measurements were conducted, and the reported zeta potential values are the

average of these measurements.

2.2.3.7 Membranes’ stability tests
The leaching rate of titanium ions from the membrane samples was examined to evaluate the
stability of the Ti3C2-MXene coating layer. Membrane samples with a surface area of 45.34 cm?
were immersed in deionized water and placed on magnetic stirrers rotating at a rate of 120 rpm
for 3 weeks. To determine the concentration of leached ions, water samples were collected
periodically after 7, 14, and 21 days of immersion and analyzed using ICP-OES (Thermo
1CAP6300 Duo ICP-OES) following the modified EPA 6010d analysis method. To assess the
chemical stability of the Ti3C2-Mxene coated membranes, small membrane pieces were soaked
in acidic (pH=2), neutral (pH=7), and basic solutions (pH=12) as well as various organic
solvents, including acetone and ethylene glycol. After immersing the membrane pieces in these
solutions for 48 hours, the change in the appearance and physical properties of the membranes
was evaluated. The UWOCA was also measured as an indicator of the membrane’s chemical
stability.

2.2.3.8 Membranes’ surface roughness measurements
The surface topography of the fabricated membranes was examined using atomic force
microscopy (AFM) with a Veeco Digital Instrument. The AFM measurements were performed
in tapping mode under ambient conditions. The scanning area for each membrane was 10 pm x

10 um, and three different regions of each membrane were analyzed. Average surface roughness

(Ra) and root mean square roughness (Rims) for all membranes were reported.
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2.2.4 Membranes’ surface energy measurements

The surface energy of the ECM1 membrane was evaluated using the extended Young—Dupré

TOT

and van Oss equation [171]. Based on the van Oss equation, the total surface tension y" > of a

medium can be expressed as the sum of the nonpolar (Lifshitz—van der Waals, y*W) and the polar
AB)

(acid-base, y**) surface tension components [172]. The polar acid-base component takes into

account the contribution of hydrogen bonding to the surface tension component. The value of

"yTOT" is calculated using Equation 2.1.

TOT w 4 VAB 2.1

14 =Y

To implement this methodology, it is necessary to determine the surface tension components of
both the membranes and the foulants using a three-probe liquid approach. The surface tension
parameters for water, glycerol, and diiodomethane, with their corresponding nonpolar (Lifshitz-
van der Waals) and polar (acid-base) surface tension components, can be found in Table 2.2

[172].

Table 2.2: Surface tension components (mJ/m?)

Probe Liquid ytW y*t Yy~ yA4B yToT
Ultrapure water 21.8 25.5 25.5 51.0 72.8
Glycerol 34.0 3.9 57.4 30.0 64.0
Diiodomethane 50.8 0.0 0.0 0.0 50.8

First, the contact angles of three probe liquids (water, glycerol, ditodomethane), with known
values of LW, negative (-), and positive (+) surface tension components, were measured

[171,173].

The measured contact angles were then substituted into Equation 2.2 to calculate the nonpolar

(y'") and polar (y* and y ~) surface tension components of the solid surface.

cos @
yTor (1 +— ) = Z(JVSLWVfW + \/V;Lyf + \/Vs_)/fL) 22

where 6 is the contact angle, s and [ refer to a solid surface (membrane) and liquid, respectively.

Superscripts LW, —, and + represent the nonpolar (Lifshitz-van der Waals), electron donor, and
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electron acceptor components of surface energy, respectively. Also, r is the Wenzel roughness
factor, which represents the ratio of the actual surface area to the planar area. This factor is

computed using the following Equation 2.3 [174].

r=1+SAD 2.3

where SAD is the surface area difference and represents the percentage increase in surface area
due to roughness. SAD value was obtained from AFM results. Also, the polar surface tension is

made up of electron donor () and electron acceptor (+) components, which are calculated using

Equation 2.4 [171,173].
yAB =2 /yty~ 2.4

The nonpolar and polar surface tension components are used to calculate the nonpolar and polar
free energy of adhesion between the membrane surface and different foulants using Equation

2.5 and Equation 2.6, respectively [171,173].

AGhty = 21" = JvEW)( /V}“W -y 2.5

AGpir =2 /Vﬁ( Vs + /yf‘ —w;) +2 Vf( v+ |rf - /yf) - 2(\/ys+yf‘ +\/Vs‘yf+) 2.6

Consequently, the total interfacial energy of adhesion between the membrane surface and

foulants can be calculated by summing up the nonpolar and polar components of adhesion-free

energy using Equation 2.7 [171,173].

AGRIT = MG + AGRT, 2.7

In this study, water and glycerol were selected as polar liquids, while diiodomethane was used

as a nonpolar liquid to calculate the polar and nonpolar surface tension components.

2.2.5 Membranes’ electrochemical characterizations

To analyze the electrical conductivity of membranes, the resistance values of the Ti3C>-MXene
coating layers were measured using a probe station in a four-point probe configuration. The
prepared membranes were first cut into small pieces, and then a DC potential was applied to the

dried surface of the membrane. The resulting current developed across the surface of the
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membrane was measured, allowing for the determination of resistance. Cyclic voltammetry (CV)
and linear sweep voltammetry (LSV) experiments were conducted using a standard flow-through
module generously provided by Flex-X-Cell GmbH for the purpose of electrolysis tests. The
experimental setup employed a three-electrode configuration, wherein MXene-coated
electroconductive membranes (5x5 cm?) were designated as the working electrode, Pt-coated
titanium expanded metal (4.5x5 cm?) served as the counter electrode, and Hg/HgSO4 saturated
with potassium sulfate (-0.64 V vs. SHE) was chosen as the reference electrode. To maintain
consistency, a separation distance of 3 mm between the cathode and anode was upheld, and the
reference electrode was positioned external to the module, within the inlet stream. The
background electrolyte solution consisted of 100 mL of 50 mM Na>SOs, supplemented with 200
mg/L of the target foulants (HA, SA/CaCl,, and BSA). Throughout the experiments, the module's
flow rate was set at 50 mL/min, and all CV and LSV measurements were conducted with a

uniform scan rate of 15 mV/s.

100 ml

RE
Electrolyte @ %

50 ml/min

Figure 2.2. The experimental setup used in LSV and CV experiments. Electrolytes with different foulants were
circulated with a flow rate of 50 mL/min through a standard electrochemical cell (Flex-E-Cell, Germany). The
reference electrode (RE) was placed outside the cell in the inlet stream. MXene-coated membranes and a titanium
expanded metal coated with Pt served as the working electrode (WE) and counter electrode (CE), respectively.

2.2.6 Membranes’ permeation, dye rejection, and molecular weight cut-off
(MWCO) measurements

The membrane separation performance was assessed in terms of rejection and flux by filtering
various dye solutions using a bench-scale cross-flow filtration setup, which had an effective
membrane area of approximately 20.25 cm?. The tests were conducted under experimental
conditions of 20 psi pressure and a cross-flow rate of 2.4 L/min. Each membrane was compacted

until a steady flux was achieved under 30 psi pressure. The weight of the permeate was measured
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at regular time intervals using a weighing balance (ME4002, Mettler Toledo, USA). The pure

water flux was calculated using Equation 2.8 [161].

__4m 2.8
pAnAt

where |, is pure water flux, Am is permeate mass, p is water density, 4,, is the effective

Jw

membrane surface area, and At is filtration time. Also, the rejection performance of the pristine
PAI membrane and all modified membranes was evaluated using aqueous solutions of RR120,
RB, and MO dyes with a concentration of 20 mg L' as feed solutions. Dye rejection was

determined by the Equation 2.9.

CP
R(%) =1 -7 )x 100 2.9
f

where C,, and Cy represent the dye concentration in permeate and feed solutions, respectively,
which were measured by UV—vis spectrophotometer. In addition, the MWCO of the ECM1
membrane was determined by filtering 200 ppm PEG solutions with different molecular weights
under a pressure of 20 psi. To determine the MWCO, the PEG concentrations in the permeate
solutions were measured using a Shimadzu TOC-L CPH Model total organic carbon (TOC)
Analyzer from Jiangsu, China. The MWCO of the ECM1 membrane is determined by measuring
the molecular weight of solutes that are rejected by the membrane with 90% efficiency. This can
be achieved by plotting the percentage of solute rejection against their molecular weight in
Daltons. From this plot, the MWCO can be calculated as the molecular weight of the solutes that

are effectively rejected by the modified membrane.
2.2.7 Fouling experiments procedure

To evaluate the fouling behavior of the prepared ECM1 membrane, fouling tests were conducted,
and the effects of applying an electric field on the membrane's fouling performance were studied.
The fouling experiments were carried out using a cross-flow filtration setup with a pressure of
20 psi and a feed cross-flow rate of 2.4 L/min. The cathodic electro-reduction (CER) reactions
were carried out by connecting the membrane’s top surface to the cathode output of a DC power

supply. A rectangular piece of stainless steel (7.54 cm?) with a smaller size than the membrane
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was used as the anode, and a distance of 1.4 mm was adjusted between the anode and the cathode.
The electroactivity of the coated membranes was investigated by applying different electric
potentials to the membrane surface. A three-step experimental approach was used to evaluate the
fouling behavior of the membranes with an applied electric potential. First, a deionized water
filtration experiment was performed for 20 min, and the permeate flux was allowed to stabilize
before the foulant was added to the feed solution. The water that passed through the membrane
was collected on a digital balance (ME4002, Mettler Toledo), and the data was then
automatically recorded on a computer at 15 seconds intervals. After measuring the pure
deionized water flux, the feed solution was replaced with a 200 mg L' foulant solution, and the
permeate flux of the foulant solution (J,,r) was measured for 20 minutes. Following the fouling
step, the membrane surface was washed by stirring with distilled water for 10 minutes at the
same operational flow rate used during the fouling step, with no applied pressure. Ultimately,
the pure water flux of the cleaned membrane (J,,,) was recorded after cleaning the membrane
surface with deionized water. To evaluate the antifouling property of the membranes, the total
flux decline ratio (FDR) and flux recovery ratio (FRR) were determined as follows.

FDR =12 2.10

]Wl

FRR _Jwe 2.11

]wl

where ], is the pure deionized water flux, ], is the permeate flux of the foulant solution, and

Jw> 1s the pure water flux of the cleaned membrane. It is worth noting that, during the cleaning
step, the membrane surface was subjected to the same DC electrical potential applied during the
fouling step. While literature studies have shown that AC voltage is more effective in cleaning

than DC, we applied DC voltage here to mitigate the oxidation and gradual dissolution of Ti.

2.3 Results and discussion

2.3.1 Characterizations of fabricated membranes

The wettability of the membrane surface was assessed through water contact angle (WCA) and
underwater oil contact angle (UWOCA) analyses. The surface roughness and chemistry of the

membrane are crucial factors influencing wettability [175,176]. Figure 2.3(A) demonstrates that
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the initial WCA of the pristine PAI support was approximately 41°, which reduced to zero within
30 seconds. Also, the pristine PAI support exhibited an average UWOCA of around 124° (Figure
2.3(C)). However, all Ti3C> MXene-coated membranes displayed an apparent WCA of 0°
immediately upon contact with water droplets. This exceptional hydrophilicity of the MXene-
modified membranes can be attributed to the presence of hydrophilic functional groups on Ti3C>
MXene, enabling hydrogen bonding between Ti3C2> MXene and water molecules. Additionally,
the UWOCA analysis of the ECM1 sample was conducted to assess the oil-repelling properties
of the MXene-coated membrane. As depicted in Figure 2.3(B), the oil droplet adhered to the
surface of ECM1 when immersed in water. However, upon pressure release, the droplet no longer
adhered to the surface and reverted to its original spherical shape, indicating easy separation

from the membrane's surface.

A

=130 sec .

£ T—

Figure 2.3. Dynamic water contact angles of pristine PAI membrane in 30 sec. The initial WCA of the pristine PAI
support is around 41°, then drops to 0° in 30 seconds. All Ti3C, MXene-coated membranes, on the other hand,
exhibit an immediate WCA of 0° upon contact with water, which is attributed to hydrophilic functional groups on
Ti3C, MXene allowing strong hydrogen bonding with water molecules. The average UWOCA for the pristine PAI
support is around 124°. (B) Different steps of n-hexadecane droplet interactions with the surface of ECM1 under DI
water. Steps include (1) n-hexadecane droplet approaching, (2) touching and (3) forcing to the ECM1 surface, (4)
pressure release, and (5) full detachment of n-hexadecane droplet from the ECM1 surface. When immersed in water,
oil droplets initially adhere to the membrane's surface but easily separate upon pressure release, returning to their
spherical shape. (C) the UWOCA of pristine PAI membrane.
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Moreover, the oil-repelling capability of the MXene-coated membranes under underwater
conditions was evaluated using both light oil (n-hexane) and heavy oil (dichloromethane). As
shown in Figure 2.4(A), when the oil came into contact with the ECM1 membrane surface, the
light oil droplets were quickly expelled and floated on the water without adhering to the
membrane surface. Similarly, when heavy oil droplets contacted the membrane surface (Figure
2.4(B)), they formed spherical droplets that easily slid down to the bottom of the beaker.
Consequently, upon removing the membrane from the bottom of the beaker, no noticeable oil
adhesion was observed on the membrane surface, confirming the underwater oil-repelling
behavior of the modified membrane. When a hydrophilic membrane comes into contact with
water, the hydrophilic surface creates a thin hydration layer that acts as a solid-water interface.
As a result, oil interacts with the membrane-water interface rather than directly with the
membrane surface, leading to reduced oil adhesion. Incorporating hydrophilic Ti3C2 MXene onto
the polymeric PAI membrane facilitates the formation of the hydration layer, resulting in higher

oil-repelling properties.

Figure 2.4. (A) The oil-repelling property of ECM1 in a light oil (n-hexane), fast repelling of the oil-injected
droplets from the surface, and (B) in a heavy oil (dichloromethane). Further testing of underwater oil repellence
shows that both light (n-hexane) and heavy (dichloromethane) oil droplets are ejected from the ECM1 membrane
surface. These droplets float on the water and form spherical shapes, confirming the modified membrane's
exceptional underwater oil-repellency.
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Figure 2.5(A) and Figure 2.6(A1, B1, and Ci) display the optical images of the pristine and
MXene-coated membranes, respectively. The Ti3C2-MXene/CMC nanocomposites are firmly
attached to the yellowish surface of the PAI membrane without any visible detachment or
pinholes. FESEM image of the top surface of the PAI support (Figure 2.5 (B)) reveals the
membrane surface without any visible pores. The top FESEM images of the MXene-modified
membranes (Figure 2.6, A2, B2, and C2) confirm the successful coating of MXene particles
made of 2D sheets of Ti3C2 MXene distributed over the modified membrane surface. In Figure
2.5(C), the cross-sectional view of the PAI support layer demonstrates straight finger-like open
pores that enhance membrane permeability by facilitating the passage of permeated water. SEM

results show that the average thickness of the PAI support is approximately 50 um.

w10 um

Figure 2.5. (A) The optical image (B) top and (C) cross-sectional FESEM of the prepared PAI support layer.

The third row of Figure 2.6 presents the cross-sectional views of the MXene-modified
membranes. The thickness of MXene coating layer varied across different spots on the membrane
surface, but its average thickness is about 7 pm. EDX mappings were also conducted in the same
positions to assess the distribution of three elements: carbon (C), titanium (T1), and fluorine (F)
in the cross-sectional slicing of the membrane. The resulting EDX mapping images are shown
in the last three rows of Figure 2.6. Carbon is present in both the PAI and MXene coating layers,
while Ti and F are exclusively found in the top multilayer MXene layer. The EDX mapping

images validate the deposition of MXene nanosheets across the membrane surfaces. The EDX
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elemental composition and EDX spectra of Ti3C2 MXene-coated membranes are provided in

Table 2.3 and Figure 2.7.
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Figure 2.6. (Ai-As) Characterization of ECM1, (Bi-Bs) ECM2, and (Ci-Cs) EMC3. Ai, By, and C; : Optical
depictions from the top surfaces. The second and third rows are top and cross-sectional FESEM images membranes.
The three last rows demonstrate the EDX mapping analyses for three elements from the corresponding cross-section.

53



Table 2.3. EDX elemental compositions for three Ti3C2 MXene-coated membranes ECM1, ECM2, and ECM3. All
values are reported in percentages and averaged over three sample locations at medium magnification (1 KX).

) Weight % from EDX analysis
Chemical elements

ECM1 ECM2 ECM3
Ti 62.25 49.50 58.90
Al 2.42 2.76 2.59
C 8.76 17.97 10.94
F 13.50 12.26 13.24
(0) 13.04 17.48 14.31
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Figure 2.7. EDX spectra of three TizC, MXene -coated membranes ECM1, ECM2, and ECM3.

Figure 2.8(A) presents transmission electron microscopy (TEM) images of three different

MXene-coated membranes. These images reveal the presence of accordion-like Ti3C particles on
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the top surface of all three MXene-coated membranes, indicating the successful coating of
multilayered Ti3Cz nanosheets onto the porous PAI support. To assess the effect of MXene coating
on surface roughness, atomic force microscopy (AFM) was employed (Figure 2.8(B) and (C)).
For comparison, 2D/3D AFM images of the pristine PAI support layer are shown in Figure 2.9.

ECMA —— ML MXene oy

PAI Layer

B ECM1

ECM2 = ECM3

R

Figure 2.8. (A) Cross-sectional TEM images for ECM1, ECM2, and ECM3, (B) 2D AFM images of ECM1, ECM2,
and ECM3, and (C) 3D AFM images of ECM1, ECM2, and ECM3.

1.44 pm

0.55 ym

Figure 2.9. 2D/3D AFM images of pristine PAI membrane

The surface roughness values, including average roughness (Ravg), RMS roughness (Rims), and
Wenzel roughness ratio (1+SAD), are provided in Table 2.4. Upon MXene coating, the Rayg and
Rims of the MXene nanocomposite membrane increased by more than five folds from 35.89 and

45.05 nm for the pristine PAI membrane to 195.5 and 252.5 nm for ECM1, respectively. The
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reduction in MXene concentration in ECM2 and ECM3 resulted in greater MXene multilayer
inhomogeneity and an increased number of surface cavities, leading to increasing average
roughness values from 195.5 nm for ECM1 to 594.6 and 912.0 nm for ECM2 and ECM3,
respectively. The Wenzel roughness, which represents the ratio between the actual and projected
solid surface area, increased from 1.384 for ECM1 up to 1.885 and 1.813 for ECM2 and ECM3

membranes, respectively.

Table 2.4. Surface roughness parameters from the AFM analyses with a scan size of 10 pm x10 pm.

Membrane Average roughness RMS roughness Wenzel roughness-
Raug) (Roms) ratio (r=1+SAD)
PAI 35.89 nm 45.05 nm 1.113
ECM1 195.5 nm 252.5nm 1.384
ECM2 594.6 nm 798.2 nm 1.885
ECM3 912.0 nm 1176 nm 1.813

Figure 2.10(A) depicts the results of the zeta potential study conducted on the MXene-coated
membranes, as well as the PAI support, at various pH values. The results show that the surface
of the PAI support layer is negatively charged across the entire pH range, which can be attributed
to the deprotonation of carboxyl and hydroxyl groups present on the surface. The negative charge
density on the membrane surface was significantly enhanced upon coating the MXene layer on
ECM1, ECM2, and ECM3. The negative charge of the MXene layer can be attributed to the

presence of functional groups such as C=0O, —OH, and —F, which carry negative charges [165].

The electrical conductivities of the Ti3C>-MXene coating layers were measured using a four-

point probe resistivity measurement (
Figure 2.10(B)).

ECMI1 exhibited the highest electrical conductivity of 174 £ 0.16 S/m among all the prepared
membranes, while ECM2 and ECM3 coated membranes showed electrical conductivities of 27
+0.32 S/m and 15 £0.13 S/m, respectively. The higher conductivity of ECM1 compared to those
of ECM2 and ECM3 suggest that higher amount of MXene (doubling the MXene amount) leads
to an approximate tenfold increase in conductivity. This observed conductivity enhancement
with a higher MXene coating can be attributed to the improved connectivity within the coating

layer. A thicker coating with more MXene particles provides a more continuous conductive
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network between the particles with fewer gaps and voids, facilitating electron transport
throughout the membrane. The higher conductivity of ECM1 implies that by adding more
MXene we can enhance the electrical conductivity which is beneficial for our membrane use.
However, increasing the MXene concentration will decrease the membrane flux, because a
denser MXene particles network could hinder the passage of molecules through the membrane.
Thus, while a higher MXene coating thickness can enhance conductivity, there are practical
considerations, such as flux reduction, that need to be considered when optimizing the MXene

concentration.

Figure 2.10(C) illustrates the dynamic electrical conductivity of ECM1 over 40 days exposure
to the ambient air. It can be observed that the electrical conductivity of ECM1 decreased rapidly
in the first 15 days. However, after 30 days, the reduction in electrical conductivity reached a
plateau and stabilized around 16 S/m. This trend reveals the oxidation of the MXene coating

layer in the initial days after membrane fabrication.
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Figure 2.10. (A) Surface zeta potential of pristine PAI membrane (M0), ECM1, ECM2, and ECM3, (B) electrical
conductivities of three fabricated membranes (ECM1, ECM2, and ECM3), (C) Trend of electrical conductivities of
the ECM1 in 40 days, (D) Raman spectra of three MXene-coated membranes ECM1, ECM2, and ECM3.
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The Raman spectra of the prepared Ti3Co-MXene membranes, including various modes with

distinct vibrational frequencies, are shown in

Figure 2.10(D). The peak at 201 cm™! wavenumber is specifically assigned to the A1, (Ti, O,
C) mode, which represents the out-of-plane vibrations of Ti atoms [177]. The strong peak at 403
cm! corresponds to the Eg group vibrations of surface functional groups attached to Ti atoms.
Another characteristic peak exists at 617 cm™' wavenumber, which relates to both Eg and A1,

vibrations of carbon.

Surface chemical compositions of the prepared membranes were investigated through XPS
analyses, and the XPS survey scan spectrums are shown in Figure 2.11(A). The important peaks
corresponding to C 1s (~284 eV), O 1s (~455 eV), Ti 2P (~532 e¢V), and F 1s (~685 eV) of Ti3C:
MXene are marked on the plot [178]. The Ti concentration in all samples, as determined by XPS
analysis, was approximately 48 wt.%, a close match to the composition of the coating solution
at around 50%. The deconvoluted C 1s region for ECMI is presented in Figure 2.11(B). The
prominent peak at a binding energy of 281.5 eV corresponds to the C—Ti—x bond, while the other
two dominant peaks at 284.7 eV and 286.3 eV relate to graphitic C—C (or C—H) and C-O,
respectively [179]. These chemical bonds exist in the structure of CMC and GA. Two smaller
peaks centered at 287.5 eV and 289.2 eV correspond to the carbon bonds existing in the carbonyl
and carboxyl functional groups, respectively. The fractional percentage of each specific chemical
bond was determined by measuring the peak area, and the resulting values for three different
membranes are presented in Table 2.5. It is evident from the table that ECMI1 exhibited the
highest fraction of Ti—C—Ti, with a percentage of 14.28%. Figure 2.11(C) illustrates the Ti 2P
region for ECM1, where the peaks at 455.5, 456.2, 457.3, and 458.0 eV can be attributed to
Ti—C, Ti(Il), Ti(Ill), and Ti(IV) or TiO2, respectively [180]. Moreover, a prominent peak at 459.6
eV corresponds to TiO2.xFx chemical bonds. The O 1s region of ECM1 was also analyzed through
deconvolution, as shown in Figure 2.11(D). This analysis revealed five fitting peaks at 530.0 eV
(Ti02), 530.7 eV (C-0), 531.9 eV (C=0), 533.9 eV (C-Ti-O or C-Ti—-OH), and 534.2 eV
(O-H) [181].
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Figure 2.11. (A) XPS survey scan spectrums for ECM1, ECM2, and ECM3. Regions (B) C 1s, (C) Ti 2p, and (D)

O 1s for ECM1 membrane.

Table 2.5. Fractional percentage of each specific chemical bond in deconvoluted C 1s

Percentage atomic concentration

Name Position (eV) (%)
ECM1 ECM2 ECM3
C-O 286.36 37.71 43.74 34.08
Ti-C-Ti 281.54 14.28 10.97 13.66
C=0 287.78 11.2 10.06 22.56
Cls 284.81 27.61 25.18 21.56
C-M (metal carbide) 282.34 4.93 4.1 5.11
0-C=0, C-F 289.12 4.28 5.96 3.04
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The physical stability of the modified membranes' coated layer was assessed by measuring the
presence of Ti ions in the immersed solution. For this purpose, membranes with an effective
surface area of 45.34 cm? were immersed in DI water and stirred at 100 rpm for three weeks
[160]. The leaching rate of Ti ions served as an indicator of the stability of the TizC, MXene
coating layer. Figure 2.12(A) demonstrates the higher Ti leaching rate for ECM1 membrane
compared to the other two membranes (EC2 and ECM3). This observation could be attributed to
the higher MXene content in the ECM1 membrane. The leaching rates for the first 7 days, first
14 days, and first 21 days are 0.029 mg/d, 0.011 mg/d, and 0.006 mg/d, respectively. Considering
an average Ti leaching rate of 0.00291 mg/d during the initial 21-day period, we can estimate
that the coating lifetime, until complete removal of the MXene coating layer (80 mg MXene for
ECM1), is at least 36529 days. It is important to note that this estimation assumes a linear trend
in leaching over time with a relatively constant leaching rate. However, in reality, the leaching
rate tends to decrease over time. Consequently, the actual coating lifetime is expected to be

longer as the leaching rate decreases over time.

To evaluate the chemical stability of the modified membranes, various corrosive solutions, and
organic reagents (NaOH, HCI, ethylene glycol, and acetone) were employed. Optical images of
the ECM1 membrane after 48 hours of immersion in various pH solutions and organic solvents
are presented in Figure 2.13. With the exception of the alkali solution with a pH of 13, all
solutions appear clear, and no physical detachment can be observed on the surfaces of the tested
membrane pieces. Exposure of MXene-modified membranes to harsh alkali solutions appears to
weaken the covalent bonds between CMC and GA binders, leading to the peeling off of
entrapped MXene nanosheets from the PAI surface. Subsequently, the UWOCA of the ECM1
was measured after these experiments, and the obtained values are reported in Figure 2.12(B).
The MXene-coated membrane exhibited the UWOCA of approximately 180° after 48 hours of
immersion in acetone and ethylene glycol solutions. A similar UWOCA was measured for the

ECM1 membrane after immersing it in an HCl acid solution.
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Figure 2.12. (A) The concentrations of Ti from the surfaces of three different membranes in the immersed solutions.
The samples were taken on different days, and the released Ti concentration was measured through the ICP method.
(B) UWOCA of the ECM1 after 48 h immersion in acetone, ethylene glycol, and HCI acidic solution.

Figure 2.13. Membrane images after immersing in various organic solvents, acidic and alkali solutions after 48
hours.
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2.3.2 Dye separation performance of Ti3C2 MXene-modified membranes

The water flux and dye rejection performance of PAI and all modified membranes were assessed
using a cross-flow filtration setup. As shown in Figure 2.14(A), coating the membrane surface
with Ti3C2-MXene resulted in a decline in water flux from 1400 LMH to 57 LMH, 80 LMH, and
140 LMH for ECM1, ECM2, and ECM3, respectively, at 20 psi transmembrane pressure.
However, the efficacy of the membrane in dye rejection significantly increased. The performance
of all fabricated membranes for rejecting three different dyes, namely RR120 (MW: 1774.15
Da), RB (MW: 991.82 Da), and MO (MW: 327.33 Da), was evaluated.
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Figure 2.14. (A) pure water flux, and (B) RR120, RB, and MO dye rejection performances of all synthesized
membranes. (C) Optical images of ECM1 membrane performance in the rejections of three different dyes.
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The chemical characteristics of these dyes are provided in Table 2.6. Based on the experimental
results shown in Figure 2.14(B), the coating of the MXene layer on the ECM 1 membrane surface
improved the dye rejection performance from 45.2% to 99.71% for RR120, from 40.81% to
97.95% for RB, and from 33.65% to 68.91% for MO. Optical images of the feed solutions for
the three different dyes, as well as the permeated solutions passed through ECM1, are displayed
in Figure 2.14(C). The coating of Ti3C> MXene followed by CMC/GA cross-linking effectively
reduced the membrane surface pore size (~20 times), as evidenced by the MWCO and flux results
(Figure 2.14(A) and Figure 2.15), leading to enhanced dye rejection. It is conceivable that the
higher concentration of Ti3C> MXene on ECM1 might lead to a reduction in its pore size and
surface cavities compared to the other two fabricated membranes, resulting in more effective dye
rejection by ECM1. Comparing the dye rejection results between ECM2 and ECM3, it can be
concluded that the concentration of CMC as a binder can also impact the membrane separation
performance. Reducing the CMC concentration in ECM3 led to a slight decline in membrane
dye rejection performance. Another factor contributing to such a dye rejection performance could
be the high electrostatic repulsion between negatively charged dye molecules and the negatively

charged modified membrane surfaces.

MWCO experiments were conducted on the ECM1 using 200 ppm of PEG with different
molecular weights, and the obtained data are illustrated in Figure 2.15. The results reveal that
the MWCO of the ECM1 membrane is approximately 6,200 Da, indicating that the membrane is
capable of rejecting >90% of solutes with a molecular weight of this magnitude. Since the
molecular weights of the studied dyes are significantly lower than 6,200 Da, it was expected that
the membrane would have a very low rejection capacity for these dyes. It is important to note
that while MWCO indicates the membrane's sieving capability based on size, it does not fully
capture the complex interactions between the membrane and the dye molecules, which can affect
rejection performance. Membrane surface interactions due to surface charge,
hydrophilicity/hydrophobicity, presence of functional groups, and electrostatic interactions can
contribute in dye rejection. Therefore, MXene-coated membranes, specifically ECM1 with

higher amounts of MXene, showed high rejection rate even for dyes with lower than 6,200 Da.
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Table 2.6. Some of the chemical characteristics of used dyes in the water filtration tests.

Name Chemical structure Moleculur Weight
formula (g/mol)
NaO3S O _S0O;Na
b !
MN.,, OH
ICRS A"
~ T
SOsNa N @;
. ,J\}N ;r SO3Na
RR120 ‘ ,H\ )\ C44H24CIoN14NasO20Ss 1469.98
=
O N™ °N” el
H
NaQ.S OH
l\L’N
NaO;S
802CH2CH20803N3
H,N N
RB HQ souNa CagHaNsNayO1eSs  991.82
¥ )
N
SO;Na
0,CH,CH,0S0;Na
CH
Pl
MO //N N\ C14H14N3NaO3S 32733
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Figure 2.15. MWCO for the ECM1 membrane

Figure 2.16 illustrates the electrochemical assessment of MXene-coated membranes within a
flow-through electrochemical cell, utilizing LSV methodology. The current response indicates
an incremental trend in all three electrolytes as the potential decreases, indicative of the hydrogen
evolution reaction (HER). However, the attained current response remains modest, peaking at a
maximum value of -0.22 mA/cm? with an applied potential of -1.9 V vs. SHE in a H>SOq4
solution. Among the tested electrolytes, i.e., NaOH, Na;SO4, and H>SOys, the latter, owing to its
higher proton concentration, establishes a more conducive milieu for HER. The LSV outcomes
aptly showcase the conductivity and operational efficacy of the in-house fabricated membranes

functioning as electroconductive substrates.
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Figure 2.16. LSV curve for ECM1

Cyclic voltammetry tests were performed to assess the electrochemical activity of the Ti3C»-
modified membranes in reduction and oxidation processes. As shown in Figure 2.17(A) , the

ECMI1 membrane exhibited two prominent peaks related to redox reactions when exposed to
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potassium hexacyanoferrate. The cathodic peak at approximately -0.92 V and the anodic peak at
approximately -0.1 V versus SHE corresponded to the reduction and oxidation of the
Fe(CN)¢*-/Fe(CN)s* redox pair species, respectively. The observed peak currents for both the
cathodic and anodic peaks indicating the electrochemical activity of the Ti3C, MXene membrane
surface. Furthermore, three additional CV tests were conducted using ECM1 as a working
electrode in the presence of model foulants, and the results are depicted in Figure 2.17(B-D).
All these CV results indicate no significant difference between the voltammogram of the baseline
electrolyte (Na>xSO4) and those infused with 200 mg L. As depicted in Figure 2.17(B) and
Figure 2.17(C), neither SA nor HA engages in discernible interactions with the MXene-coated
surface within the range of applied potentials (-1.9 V to 1.6 V vs. SHE). The CV data for BSA
(Figure 2.17(D)) spans an expanded potential spectrum, encompassing -3.3 V to 3.6 V vs. SHE.
However, similar to the behaviors of HA and SA, BSA exhibits no distinct peaks corresponding

to reduction or oxidation in comparison to the background electrolyte.

233 Study of membranes’ fouling behavior in an electrochemical cell

The fouling potential of the MXene-modified membrane (ECM1) and its corresponding FRR
were assessed through three-step dynamic cross-flow filtration experiments with feed solutions
containing HA, SA/CaCl,, and BSA. To evaluate the impact of the electric potential application
on the membrane’s FDR and FRR in the fouling tests, distinct cathodic potentials were applied
and the normalized water flux versus time was recorded. Figure 2.18(A) illustrates the water
flux through the ECM1 membrane for the HA solution over time, aiming to evaluate the organic
fouling. When negative potentials of 2V and 4V were applied to the ECM1 membrane surface,
the FRR increased from 92.52% to 95.63% and 99.83%, respectively. Simultaneously, the FDR
decreased from 45.56% to 23.13% and <1% with the application of 2V and 4V negative
potentials, respectively. These results demonstrate that the antifouling property of the ECM1

membrane significantly improved with higher negative potentials applied.
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Figure 2.17. CV curves of ECM1 membrane (A) in the mixture of K4Fe(CN)s (0.01 M)/NaNOs (0.1 M) solution
with a potential range from —1.77 to 0.41 V vs SHE with a scan rate of 15 mV/sec. (B-D) CV curves for the ECM1
in the lack and presence of different model foulants with different potential ranges

The MXene-modified membrane's performance in resisting organic fouling was further
evaluated using a feed solution containing SA/CaClz in the same three consecutive steps as
before. Figure 2.18(B) (right side) illustrates that by applying a negative 6 V potential, the FRR
increased from 84.74% to a maximum value of 99.94%, while the FDR decreased significantly
to a minimum value of <1%. These results indicate that the ECM1 membrane experienced no
fouling with SA/CaCl; as the applied cathodic potential was increased from 0 to 6 V. In addition
to the benefits of the electric field in reducing membrane fouling, we also observed a high flux
recovery rate for membranes subjected to a negative voltage after membrane washing. Similarly,

Figure 2.18(C) (left side) shows a substantial reduction in the fouling propensity of the ECM1
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under the negative voltages (2, 4, 6, and 8 V) during the filtration of a BSA solution.
Additionally, applying an 8 V electric field in the electrochemical cell (Figure 2.18C)) resulted
in >99% FRR and an almost negligible FDR, indicating the exceptional protein fouling resistance

of MXene-modified membranes.

Overall, Figure 2.18 indicates that the initial stage involves a rapid decline in flux within the
first five minutes, followed by a subsequent phase where the flux decline stabilizes into a steady-
state pattern. This two-stage fouling mechanism suggests a dynamic fouling process where an
immediate and intense fouling effect takes place initially, likely due to the accumulation of larger
particles or the formation of a surface layer. This is then succeeded by a more gradual fouling
process that establishes a consistent flux reduction rate. The primary fouling mechanism can be
inferred from this observation. The abrupt flux decline in the early stage implies that particulate
fouling, where larger particles block the membrane pores or attach to its surface, might be the
dominant mechanism during this period. As the flux decline stabilizes in the later stage, it could
indicate that a secondary fouling mechanism, such as cake formation or concentration

polarization, starts to play a more substantial role in contributing to the flux reduction.

The observed enhancement in fouling resistance can be attributed to multiple factors. Firstly, the
strong electrostatic repulsion between the membrane and the foulants, along with the occurrence
of electrochemical reactions, play significant roles, as will be elaborated later. The negatively
charged contaminants in the water, including HA, SA/CaCl,, and BSA, are effectively repelled
from the membrane surface due to the negative charge on the cathode surface, resulting in high
effective electrostatic repulsion forces. Moreover, the potential direct and indirect
electrochemical reactions occurring on the membrane surface might also contribute to the
degradation of organic matter and reduce its adherence to the membrane surface, primarily by
diminishing hydrophobic attraction. Additionally, the fabricated membranes exhibit remarkable
superhydrophilic properties, as indicated by WCA results. Consequently, when immersed in
aqueous solutions, a hydration layer forms on the surface of ECMI1 due to the affinity of water
molecules. This hydration layer further minimizes interactions between the membrane surface

and foulants, thereby enhancing fouling resistance.
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Figure 2.18. Variation of normalized water flux versus time for prepared ECM1 with different applied voltages using
various foulant solutions (left side) with corresponding FDR and FRR values (right side): (A) HA solution (200 ppm HA,
pH~7), (B) SA/CaCl; solution (200 ppm SA and 0.5 mM CaCl,), and (C) BSA (200 ppm).
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All mentioned factors, either due to inherent static membrane properties (e.g., wettability) or due
to applied potential (e.g., electrochemical reactions), collectively contribute to the observed
enhancement in fouling resistance. They showcase the intricate interplay between high
electrostatic repulsion forces, possible negligible electrochemical reactions, and the
superhydrophilic properties of the fabricated membranes, ultimately leading to improved fouling

resistance.

234 Surface free energy

In fouling experiments, the deposition of foulants on the membrane surface is typically
influenced by both hydrodynamic and physicochemical interactions between the foulant
macromolecule and the membrane surface [182]. However, the physicochemical interactions are
found to be more influential in the membrane fouling phenomenon [173,183]. The surface
tension components of a membrane provide valuable insights into the energy associated with the
affinity between the membrane surface and foulants with varying chemistry and molecular
structures. To determine these surface tension components, contact angle analyses were
performed using three probe liquids with different polarities: water, glycerol, and diiodomethane.
The recorded contact angles for these liquids were 0°, 18°, and 0°, respectively. The obtained
surface tension components, as shown in Table 2.7, indicate that all the studied foulants and the
membrane possess high electron donor monopolarity and negligible electron acceptor
components [184]. This finding aligns with the characteristics of polymeric membranes, which
are often characterized by high electron donor monopolarity [173]. Also, the monopolar surface
properties of all model foulants observed in this study are in line with previous findings reported

by Subramani et al. [185].

The free energy of adhesion represents the energy per unit area between the membrane surface

and foulants when submerged in a solvent, such as water. If AG;‘I)}? > 0, the membrane surface

is considered hydrophilic and exhibits a higher affinity for water than foulants. Conversely, if
AG;‘I)}? < 0, the attachment of foulant molecules is more favorable [186]. Table 2.7 shows that
ECM1 has a higher electron donor compared to electron acceptor surface tension components,
suggesting that the basic component of the acid-base (AB) interactions control the polar

contribution of the surface free energy. Additionally, for ECM1, the nonpolar components
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contribute significantly to the total surface tension. Given the relatively large negative values of
the foulants, these materials are expected to exhibit repulsive behavior when deposited on the

membrane surface [187]. The significantly high positive value of AGZL%T (13.54 mJ/m?) for HA

reported in Table 2.7 indicates that the interactions between the membrane and HA molecules

are expected to be strongly repulsive. Also, based on the calculated AGZ;I%T values for SA and

BSA, it is expected that these foulants exhibit relatively stronger adhesion to the membrane
surface compared to HA, as the interfacial adhesion energy between the membrane and SA or

BSA foulants is lower than that of HA.

In conclusion, by applying an external electric potential, the loosely attached HA foulants to the
membrane surface can be effectively removed after washing, restoring the water permeation
performance to its initial value. The membrane fouling behaviors depicted in Figure 2.18
confirm the findings of this study, where a complete antifouling performance was observed
during lower cathodic potential applications in the HA experiments. It's important to note that
while the thermodynamics described by AG provides insights into the potential adhesion
strength, other factors such as the kinetics of the adhesion process, fouling dynamics, and the
presence of external factors (e.g., flow rate, shear forces) should also be considered to obtain a

comprehensive understanding of fouling behavior.

Table 2.7. Surface energy parameters (mJ/m?) of ECM1 and studied foulants.

Membrane/ _
Foulants w vt Y VAB VTOT AGTLHVII;‘ Afolllgf AG;?}"
ECM1 37.68 0.76 34.44 10.23 4791 - - -
HA* 47 0.3 43 -2 40 -6.42 19.97 13.54
SA/CaCly* 46 2.1 40 -4 15 -6.21 16.55 10.33
BSA* 49 2.4 27 -6 7 -6.85 6.95 0.10

* Note. Adapted from “Assessment of physicochemical interactions in hollow fiber ultrafiltration membrane by
contact angle analysis “, by Nashida Subhi et al., Journal of Membrane Science, 403-404 [182].

2.3.5 Mechanisms of fouling mitigation in Ti3C2-MXene modified membranes

Electrostatic repulsive forces play a significant role in mitigating fouling between the negatively
charged membrane and negatively charged foulants. Since all the studied foulants possess a

negative intrinsic surface charge [188], applying an external potential to increase the negative
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charge on the membrane surface enhances the electrostatic repulsion between the membrane
surface and foulants, thereby minimizing foulant attachment. Previous studies have
demonstrated that manipulating surface charge can effectively regulate organic fouling by
reducing pore blocking and gel formation [189]. Observations indicate that the repulsive force
between the membrane surface and foulants increases as the cathodic potential increases.
Consequently, foulant attachment to the membrane is further reduced, improving overall
antifouling performance. Moreover, the application of an electric field between external
electrodes has been shown to enhance the antifouling propensity of the membrane [190]. This
can be attributed to the electrophoresis phenomenon, where charged foulant particles in water
experience movement under the influence of the electric field toward the electrode with the
opposite charge, preventing foulant deposition and cake layer formation on the membrane
surface.

Gas bubbling represents another effective mechanism for controlling membrane fouling [191].
During conventional reduction/oxidation processes on inert electrodes, water electrolysis can
occur, leading to the hydrogen evolution reaction (HER) and oxygen evolution reaction (OER)
on the electrode surfaces. The HER involves the oxidation of water molecules to form oxygen
gas on the anode surface (Equation2.12). Additionally, water electrolysis generates hydrogen
bubbles on the cathode surface (Equation 2.13). By increasing the electric potential, the
production of hydrogen gas on the electrode surface can be augmented, which mitigates the
fouling rate.

2H,0 — 0, + 4H* + 4e” 2.12
2H,0 4+ 2e~ = H, + 20H™ 2.13

Furthermore, electrochemical reactions may occur on the membrane surface regardless of the
process configuration. Electrochemical reduction involves two cathodic processes. The first
process, known as direct electron transfer (DET), involves the transfer of electrons from the
cathode surface to the foulants. However, based on the CV results, the observed antifouling
performance of the fabricated Ti3C> MXene multilayered membranes cannot be attributed to the
DET mechanism, as no corresponding reduction peak was observed within the applied potential
range. The second process is an indirect electrochemical reduction mechanism induced by atomic

hydrogen (H*) adsorbed on the cathode surface. By applying a cathodic potential, atomic
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hydrogen might also be generated on the membrane surface (cathode) through the
electrochemical reduction of protons (H") in the electrolyte (Equation 2.14) [192]. In the indirect
electro-reduction process, the adsorbed atomic hydrogen interacts with the foulants, leading to
their reduction. The adsorption of atomic hydrogen on the membrane surface can facilitate
foulant reduction through various mechanisms. One possible mechanism involves the reaction
of atomic hydrogen with foulants present in the electrolyte, breaking their chemical structure.
This reaction, known as hydrogenolysis, involves the cleavage of chemical bonds in foulant
molecules by atomic hydrogen, leading to the formation of smaller, less complex molecules that
can be easily removed from the system [193,194].

H,0+ e~ > H" "+ 0H™ 2.14

Another mechanism for mitigating fouling is the generation of superactive reagents, such as
hydroxyl radicals (*OH), which can attack the chemical bonds of organic compounds near the
membrane surface. This process reduces the molecular size of organic foulants and weakens their
attachment to the membrane surface by diminishing hydrophobic interactions [195]. Also, during
the cathodic reaction, electrons are transferred from the cathode to dissolved oxygen molecules
in the surrounding solution. In acidic solutions, this results in the reduction of O; to form
hydrogen peroxide, H>O., at the cathode surface (Equation 2.15) [196,197]. In neutral pH
solutions, the reaction still occurs but at a slower rate compared to acidic media. In alkaline
solutions, electrons are transferred from the cathode to oxygen molecules in the solution, leading
to the reduction of O; and the formation of hydroperoxide ions (HO>") and hydroxide ions (OH")
(Equation 2.16) [197].
0,+ 2H* + 2¢e~ - H,0, 2.15

0, + H,0 + 2e~ —» HO; + OH~ 2.16
2.4 Conclusion

This study presented a method to develop physically stable electro-conductive membranes with
great robustness in vigorous stirring conditions. Specific weight ratios of MXene and CMC were
co-deposited onto PAI support using pressurized air force to make electroconductive membranes

that could respond to changes in an electric field. The modified Ti3C2-MXene membranes
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exhibited a notable enhancement in separation performance, particularly in removal of negatively
charged dyes. Specifically, the rejections of reactive red 120 (RR120), reactive black (RB), and
methyl orange (MO) dyes significantly increased from 45.2%, 40.81%, and 33.65% to 99.71%,
97.95%, and 68.91%, respectively. This remarkable enhancement in dye rejection was primarily
attributed to the electrostatic repulsive interactions between the modified membrane surface and

the negatively charged dyes.

The fouling performance of the ECM1 membrane, modified with TizC>-MXene, was evaluated
under an electric potential using three different foulant solutions (HA, SA/CaCl,, and BSA). In
the case of the HA solution, applying a 4 V cathodic potential resulted in a remarkable FRR of
99.83% and a negligible decrease in FDR, while without any applied voltage, the FRR and FDR
were considerably lower at 92.51% and 45.56%, respectively. Similarly, for the SA/CaClx
foulant, applying a 6 V cathodic potential increased the FRR from 84.74% to 94.4% while
reducing the FDR to almost zero percent. Furthermore, when BSA was used as the model protein
foulant, applying an 8 V potential to the Ti3C>-MXene membranes resulted in complete flux
recovery (FRR of 100%) and no detectable flux decline. The observed antifouling properties of
the ECM1 membranes can be mostly attributed to mechanisms such as strong electrostatic
repulsive interactions and hydrogen gas bubbling through water electrolysis. These mechanisms

work together to mitigate fouling and enhance the membrane's resistance to fouling.

The findings of this study provide valuable insights into the design and development of electro-
conductive membranes with improved separation performance and fouling resistance. Such
membranes hold promise for applications in various fields, including water treatment and
filtration systems, where fouling is a critical concern. By addressing fouling challenges and
offering sustainable solutions, these membranes contribute to the advancement of membrane
technology and provide the potential for more efficient and environmentally friendly approaches

to water treatment.
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Chapter 3

Developing Electrically-Conductive Silver-
Coated Polyamide-imide membranes for
Sustainable Dye Removal and Antifouling

Performance
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3.1 Introduction

Water treatment technologies must be innovative and efficient, as water contamination
andcarcity are major global issues [131-133]. Despite their widespread use, conventional
polymeric membranes frequently suffer from fouling, instability, and decreasing separation
efficiency over time [139,140]. Electroconductive membranes (ECMs) are being investigated in
the search for improved membranes as they might be able to reduce fouling issues and open up
possibilities for controlled processes by applying external electric potentials [72]. The
introduction of electroconductive membranes has emerged as an innovative approach for
addressing challenges concerning stability, antifouling properties, and separation efficiency in

the pursuit of developing membrane-based technologies for water treatment processes [72].

ECMs present various capabilities, including electrophoretic mixing, joule heating, resistance to
fouling, antimicrobial features, and the prevention of scaling. These attributes collectively
enhance the performance of membrane filtration processes in applications related to water
treatment [72]. There are various approaches to fabricating ECMs, ranging from incorporating
conductive materials/polymers into the membrane to altering the membrane's surface by surface
modification. However, creating an electrically conductive membrane through surface
modification can pose some challenges, as it may amplify the intricate trade-off between flux
and rejection. Additionally, the stability of the modified surface, encompassing electrochemical,
mechanical, and physical aspects, is crucial to upholding durability across different operational

conditions [198].

Silver, a noble metal known for its exceptional electrical conductivity, has attracted attention in
exploring cutting-edge materials for electrochemical wastewater treatment applications [199].
The dual attributes of inherent conductivity and intrinsic antimicrobial properties of silver make
it an excellent candidate for improving membrane performance in the context of fouling
mitigation. The electrochemical performance of membranes has been demonstrated to be

significantly enhanced by the incorporation of silver nanoparticles.

Research by Yi et al. showed that a thin film composite polyamide-imide membrane decorated
with silver nanoparticles significantly improved dye removal efficiency and fouling performance

[200]. Concurrently addressing multiple challenges, integrating silver nanoparticles improved
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the membrane’s electrical conductivity and added to its antimicrobial properties. Silver
nanoparticles were immobilized on graphene oxide sheets in a study by Zhang et al., resulting in
a hybrid material with strong antibacterial characteristics. Silver’s versatility in multifunctional
membrane design for wastewater treatment applications is demonstrated by the synergistic
effects of graphene oxide and silver, which not only enhanced the membrane’s electrical
conductivity but also provided its antimicrobial functionality [201]. The review by Smith et al.
provides a thorough analysis of the various applications, synthesis techniques, and mechanisms
of antimicrobial performance of silver nanoparticles, with a focus on their potential in
electrochemical processes for water treatment applications [202]. This study highlights silver's
multifaceted role in addressing the challenges related to dye removal and fouling in water
treatment processes, in addition to its role as a conductive element. Despite the remarkable
advantages, it is important to note that silver’s stability under physical, mechanical, and
electrochemical stresses in a range of operating conditions needs to be carefully considered. In
order to improve the stability of silver-based materials, Gupta and Rai evaluated the function of
citrate in the biogenic synthesis of silver nanoparticles [203]. This insight becomes especially
important when designing silver-coated membranes to ensure sustained long-term performance

over extended periods.

Building on the foundation laid by previous studies, recent research by Wang et al. focused on
the development of silver-coated membranes with a specific emphasis on sustainable wastewater
treatment. The study investigated the long-term performance of these membranes, considering
factors such as stability, durability, and overall system efficiency. The results exhibited the
potential of silver-coated membranes as an effective and long-lasting option for addressing the
challenges of electrochemical wastewater treatment processes [204]. Understanding the
mechanisms behind the enhanced electrochemical performance of silver-incorporated
membranes is important for optimizing their design. Dhibar et al. investigated the
electrochemical performance of membranes functionalized with silver. According to this study,
silver increased the redox reaction effects during electrochemical processes for the degradation
of organic pollutants in wastewater by facilitating electron transfer [205]. The electrochemical
properties of silver are also essential for increasing oxidation and reduction mechanisms on the
membrane surface. Zhou et al. investigated the electrocatalytic properties of silver-based
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membranes, demonstrating their ability to facilitate the electrochemical degradation of
pollutants. Silver actively participates in redox reactions in various oxidation states, contributing

to the organic compound’s breakdown and removingollutants from wastewater [206].

This study provides a comprehensive study of a new type of electroconductive membrane,
specifically an Ag-coated polyamide-imide (PAI) membrane that was fabricated via a facile
‘spray and cure’ coating technique. The membrane can function as a cathode material by
applying an electrical field, actively participating in electrochemical reactions. In addition, the
membrane showed antifouling performance via strong electrostatic repulsion between the
membrane surface and foulants, gas bubbling through water electrolysis, and possible
electrochemical reactions. Fabrication and characterization of Ag-coated PAI membrane provide
insightful details about its unique characteristics and highlight its potential for implementation
in environmentally friendly water treatment applications. Innovative approaches, such as the Ag-
coated PAI membrane, indicate promise in addressing water-related issues and improving

membrane-based water treatment technologies.

3.2 Experimental methodology

3.2.1 Chemical and Reagents

Aqueous-based conductive ink with 52% silver loading (SPI 508) was purchased from
Novacentrix company (USA). N,N-dimethylacetamide (DMAc, >99.9%), calcium chloride
(CaCly), sulfuric acid (H2SO4), and acetone were provided by Fisher Scientific. Additionally,
hydrochloric acid (HCI) was supplied by Anachemica. Also, polyvinylpyrrolidone (PVP, 360
kDa), poly (ethylene glycol) (PEG), sodium alginate (SA), glacial acetic acid (ReagentPlus,
99.0%), and potassium hexacyanoferrate (II1) (K4Fe(CN)s), and sodium hydroxide (NaOH) were
purchased from Sigma-Aldrich. Polyamide-imide (PAI, Torlon 4000 THV) was supplied by
Solvay Advanced Polymers. Reactive red 120 (RR120, MW: 1774.15 Da) and reactive black
(RB, MW: 991.82 Da) dyes were acquired from Sigma-Aldrich and utilized as organic

contaminants for dye removal experiments. Deionized water was used throughout this research.
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3.2.2 Electro-conductive Ag-coated PAI membrane fabrication

3.2.2.1 Fabrication of PAI support layer

The fabrication of PAI support layers was conducted by applying the non-solvent-induced phase
inversion (NIPS) technique. In this process, the utilized polymer was PAI, specifically Torlon
4000 THV, which is recognized for its outstanding attributes in terms of thermal, mechanical,
and chemical resistance, in addition to its remarkable hydrophilicity. Supplementary additives
such as PVP and PEG were incorporated to enhance membrane porosity, and the solvent
employed throughout this procedure was DMAc. To obtain a uniform polymer solution, a
mixture of 9 wt% PAI and appropriate amounts of additives was dissolved in DMAc and stirred
at 350 rpm while being maintained at a temperature of 40 ¢ for 24 hours. The homogenous
solution was then left undisturbed in a vacuum oven for 10-15 minutes to eliminate any trapped
air bubbles.

Finally, the PAI supports were synthesized by the large-scale membrane fabrication casting
device using a film applicator to cast the solution onto a non-woven polyester fabric. The casting
process was operated at a speed of 20 mm/s, with a constant gap height of 120 um. Lastly, the
cast film was immersed in a coagulation bath containing deionized water, where it remained

overnight to ensure the complete removal of the solvent from the polymer matrix.
3.2.2.2 Preparation of silver ink-coated PAI membrane

Following PAI membrane synthesis, an Ag-coated PAI membrane was prepared using a facile
spray coating method. This approach utilized an airbrush equipped with a 1 mm diameter nozzle
to spray the Ag ink under an air pressure of 25 psi. During the spraying process, a total volume
of 3 ml of silver ink was evenly distributed onto the PAI membrane with a surface area of 1000
cm?®. A consistent distance of 25 cm was maintained between the membrane and the airbrush to
ensure uniform coverage and prevent the formation of large droplets. After applying the silver
ink on top of the PAI membrane surface, the coated membrane proceeded through a curing step
to ensure the adhesion and stability of the silver coating on top of the PAI membrane surface. In
this curing process, the silver-coated PAI membrane, known as Ag-PAI, was positioned inside

an oven and exposed to a temperature of 80°C for a duration of 20 minutes. After the completion
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of the curing process, the Ag-PAI membrane was allowed to naturally cool down to room

temperature, thereby finalizing the fabrication of the electroconductive Ag-PAI process.

Employing commercially accessible silver ink on the membrane surface and curing the prepared
coated membrane provided a straightforward and effective approach for preparing the PAI
membrane with a conductive silver coating layer. This process resulted in the fabrication of Ag-
PAI membranes with electroconductive properties, suitable for a wide range of applications,
indicating its viability as a feasible solution in different fields such a water treatment through
membrane-based technologies. Therefore, this prepared Ag-PAI membrane sets the stage for
subsequent evaluations and performance assessments, which will be evaluated in the following

sections.

3.23 Characterizations of Ag-PAI membranes

The surface wettability of both pristine PAI membrane and Ag-coated PAI membrane was
evaluated by measuring the contact angles utilizing a drop shape analyzer (DSA 100E, KRUSS
GmbH, Germany). To prepare the samples, they were initially cleaned using ethanol, followed
by a 5-min wash with deionized water, and subsequent drying using nitrogen gas. During each
measurement, a 2 + 0.1 puL droplet was carefully deposited onto the membrane surface, and the
contact angle was recorded across the membrane surface. For both samples, contact angles were
measured at five different positions on the surface for all samples, and the average value was
reported.

The morphology of pristine PAI membrane and Ag-coated PAI membrane was examined using
Field-emission scanning electron microscopy (FESEM, Zeiss Sigma 300 VP) equipped with an
Energy Dispersive X-ray (EDX) spectrometer. For cross-section images, the membrane layer
was separated from the polyester support and carefully fractured after being immersed in liquid
nitrogen. To enhance conductivity and minimize charging effects during imaging, samples were
sputter-coated with a thin layer of gold (2 nm thick) before SEM imaging. The top and cross-
section SEM images were captured at different magnifications.

The surface zeta potential for the membranes was then measured utilizing the Surpass™ 3
Electrokinetic analyzer (Anton Paar, Graz, Austria). Zeta potential values were assessed within

the pH range of 4-9 at a temperature of 25 °C, employing a ImM KCI solution and based on the
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streaming potential measurements. The pH of the electrolyte solution was adjusted using HCI
and NaOH solutions to achieve the desired pH levels for the analysis.

The sheet resistivity of the membranes was also measured using a four-point probe resistivity
measurement device (PRO4-4000) connected to a Keithley 2601 A power source meter. A total
of 10 measurements were taken from various locations on each membrane, and the electrical
conductivity (measured in S/cm) of the membranes was subsequently calculated using Equation

3.1.

- 1
Conductivity = Wy 3.1

To evaluate the stability of the Ag-coated PAI membrane, it was subjected to varying pH
conditions, especially pH of 2, 7, and 10, over a duration of 48 hours. Additionally,
measurements of water contact angle and electrical conductivity were taken to comprehend any

changes in morphology and coating stability induced by the applied chemical stress.

Cyclic voltammetry (CV) investigations were carried out on the Ag-PAI membrane using the
Ossila Potentiostat, employing a scan rate of 40 mV/sec. The analysis was performed within a
three-electrode electrochemical cell comprising a working electrode represented by the Ag-PAI
membrane, a counter electrode composed of platinum wire, and a reference electrode using the
SCE (Saturated Calomel Electrode). The applied voltage was varied within the range of -1V to
0V, and the electrolyte solution was thoroughly saturated with nitrogen gas (N2) to observe the
electrode's response under N> conditions. Background electrolyte solutions utilized in these
experiments included mixtures of potassium hexacyanoferrate (0.01M K4Fe(CN)s) and sodium
nitrate (0.1M NaNO3), as well as solutions containing 20 ppm of RR 120 and 20 ppm of RB.
Nitrogen gas was introduced into the three-electrode cell for a duration of 10 minutes to eliminate

any saturated oxygen from the electrolyte solution.

The cathodic electro-reduction (CER) reactions were carried out by connecting the top surface
of the Ag-PAI membrane to the cathode output of a DC power supply. A rectangular piece of
stainless steel (7.45 cm?) smaller than the membrane (cathode) was used as the anode, and a

distance of 1.4 mm was adjusted between the anode and the cathode. The electroactivity of the
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coated membrane was evaluated by applying different electric potentials to the membrane
surface.

The performances of pristine PAI membrane and Ag-PAI membrane were quantified with cross-
flow filtration setup at the pressure of 20 psi and feed flow rate of 2.4 L.min!. The filtration
setup was equipped with a circulating water bath (Iso temp3013, Fisher Scientific) to control the

feed temperature.

3.24 Membrane permeability, dye rejection, and fouling experiments

To evaluate the dye rejection performance of the membrane in presence of the electrical
potential, 20 ppm of RR120 and RB were filtered while the electrical potential was applied
between the stainless-steel electrode (anode) and the Ag-PAI membrane surface (cathode). The
volumetric permeate flux, J,, and dye rejection was determined by Equations 3.2 and Equation

3.3.

_ Am 32
" pA,, At

Jw

Where Am is the mass difference, p is the membrane permeate density, 4,, is the membrane

surface area (20.25 cm?), and At is the filtration time.

C
R(%) = (1 — C—") X 100 3.3
f

Where C,, and Cf represent the dye concentration in permeate and feed solutions, respectively,

which were measured by UV—Vis spectrophotometer.

The antifouling experiments tests were also conducted based on the following procedure. A
three-step experimental approach was used to evaluate the fouling performance of the
membranes with an applied electric potential. First, a deionized pure DI water filtration
experiment was performed for 20 min, and the permeate flux was allowed to stabilize before the
foulant was added to the feed solution. The water that passed through the membrane was
collected on a digital balance (ME4002, Mettler Toledo), and the data was then automatically
recorded on a computer at 15-second intervals. After measuring the pure deionized water flux,

the feed solution was replaced with a 200 mg.L"! foulant solution, and the permeate flux of the
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foulant solution (J,,r) was measured for almost 5 hours. Following the fouling step, the
membrane surface was washed by stirring with distilled water for 10 minutes at the same
operational flow rate used during the fouling step, with no applied pressure. It should be noted
that, during the cleaning step, the membrane surface was subjected to the same DC electrical
potential applied during the fouling step. Ultimately, the pure water flux of the cleaned
membrane (J,,,) was recorded after cleaning the membrane surface with deionized water. To
evaluate the antifouling property of the membranes, the total flux decline ratio (#DR) and flux

recovery ratio (FRR) were determined as Equation 3.4 and Equation 3.5.

FDR=1-1 34
wil
FRR :]LZ 3.5
]wl

3.3 Results and discussions

3.3.1 Characterization of fabricated membranes

Coating hydrophilic nanomaterials onto membranes can contribute to the alleviation of organic
substances with hydrophobic properties adhering to the membranes. This is possible through two
effects: increased roughness and enhanced hydrophilicity. Both properties enhance the passage
of water through the membrane and establish a hydration layer that prevents foulants from
attaching to the membrane surface [207,208]. The surface hydrophilicity of the membranes was
examined via water contact angle (WCA) testing. As illustrated in Figure 3.1, it is evident that
there was a 12-degree reduction in the WCA of the pristine PAI membrane, shifting from 55° to
43° following the application of silver nanoparticles as a coating on the membrane surface. The
reduced WCA of the modified membrane indicates that the newly fabricated membrane's surface

is hydrophilic, enhancing its antifouling properties.
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(A) (B)

WCA: 55° WCA: 43°

Pristine PAl membrane Ag-PAI membrane

Figure 3.1. Water contact angle for (A) pristine PAI membrane (M0), and (B) Ag-coated PAI membrane (ECM)

The changes in the surface and cross-section morphology of the membranes before and after Ag-
coating were analyzed using FESEM. Figure 3.2 present the top surface and cross sectional view
of both pristine PAI membrane and Ag-coated PAI membrane. The images provide a clear
representation of the porous structure of the PAI membrane. Significantly, when examining the
Ag-modified membrane, we observed not only a homogenous, bright layer but also a notable
reduction in the size of these pores, which can be directly attributed to the silver nanoparticle
coating on the membrane surface [209]. Furthermore, it is evident that the deposition of Ag-
coating did not completely block the surface pores, as these pores were still clearly observable
in the top surface image. To demonstrate the formation of the coating layer on the PAI support,
the cross-sectional morphology was observed via FESEM. A distinct layer of Ag-coating with a
thickness of 0.54 pm could be observed on the membrane surface, indicating a well-dispersed

and homogenous layer of silver.
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Figure 3.2. (A) The top surface FESEM image from the prepared pristine PAI support layer (MO0), (B) top surface
FESEM image from Ag-coated PAI membrane (ECM), (C) cross-sectional FESEM image from M0, and (D) cross-
sectional FESEM image from ECM.

EDX mapping provided additional confirmation of the presence of Ag on the membrane's
surface. As demonstrated in Figure 3.3(C), the average loading of Ag, calculated from the EDX
analysis, was up to 96% by weight on the Ag-coated membrane. Figure 3.3 clearly represents
the EDX scan obtained from the top and cross-sectional view of the silver-modified membrane.
The images clearly demonstrate that while the cross-section of the membrane contains more C
and O elements, the top surface is predominantly covered by Ag. This indicates the successful

deposition of silver on the membrane's top surface.
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(B) Cross-section EDX mapping (Ag-PAI membrane)
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Figure 3.3. (A) STEM-EDX maps of the Ag coating layer (top surface view), (B) STEM-EDX maps of Ag coating
layer (cross-section view), (C and D) elemental compositions of Ag-coated membrane (96.58% silver)

Figure 3.4 displays the surface charge analysis results for uncoated pristine PAI and Ag-coated
PAI membranes, which were examined using a zeta potential analyzer. The recorded data
revealed that both membranes exhibited a negative charge across the entire pH range examined,
which extended from 4 to 9. Furthermore, the magnitude of this negative charge increases with
rising pH values. While the pristine PAI exhibited a slight reduction in charge with only a 6 mV
fluctuation, the Ag-coated membrane displayed an isoelectric point (IEP) at pH 4.5 and a notable
reduction in its negative potential, reaching -15 mV at pH 9. This effect can be attributed to the

presence of the Ag-coating layer. Given the challenging nature of measuring the externally

86



voltage-induced zeta potential and the complexity associated with modeling, we were unable to
provide data concerning these aspects. However, an increase in applied voltage is expected to
leato an elevated surface charge density and a more negatively charged surface of the membrane
[210]. Furthermore, due to the inherently non-conductive nature of the PAI polymer, the pristine
PAI membrane exhibited a low electrical conductivity of 2.215E-5 S/cm. In contrast, the Ag-
coated membrane displayed a significantly high value of 56,497 S/cm. This substantial increase
in electrical conductivity can be attributed to the metallic nature of silver nanoparticles, which
serve as channels for electrons to migrate, facilitating rapid transfer across the membrane.
Consequently, coating the PAI support with silver nanoparticles offers a significant advantage
in enhancing its electrical conductivity, suggesting its potential as an electrode for providing

electrical assistance in future antifouling experiments [211].

10 — rrrrrrrrrrrrr —=— Pristine PAI membrane|-
IR R S U —e— Ag-PAI membrane

Zeta potential (mV)

Figure 3.4. The zeta potential of Pristine PAI membrane and Ag-coated PAI membrane as a function of solution
pH

Electrically conductive membranes developed for water filtration processes show great potential,
yet encounter challenges related to stability when exposed to dynamic operational modes and the
rigorous physical and chemical conditions inherent to wastewater treatment. Despite their
exceptional antifouling and antimicrobial performance, these membranes fail to be adopted by
large-scale production applications because of their low inherent stability [198]. Various research

investigations have delved into the complex chemistry of grafting [212] and crosslinking
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[213,214] to enhance the stability of the coating layers by strengthening the adhesion between
the membrane and its coating layer. In our pursuit of a more straightforward solution, we have
opted to utilize an aqueous-based silver ink known for its advantageous properties, including
robust adhesion, resilient coatings, resistance to water, flexibility, and crease resistance. The
WCA, measured after subjecting the membrane to various chemical stressors, exhibits minimal
changes and remains consistent at around 44 °C, consistent with the measurement obtained
before conducting the tests, as illustrated in Figure 3.5(A). Similarly, as depicted in Figure
3.5(B), the electrical conductivity of the Ag-PAI membrane is measured at approximately 55,000
S/cm following the chemical stability tests. It is worth noting that the Ag-PAI membrane
demonstrates cathodic stability while displaying anodic instability when subjected to positive
electric potential. This anodic instability arises from the rapid oxidation of Ag nanoparticles,
leading to a peeling-off effect of the Ag coating and consequent reduction in the membrane's
electrical conductivity. It is significant to highlight that a similar phenomenon has been
documented for carbon nanotube (CNT) coatings, which exhibit instability during anodic

operation modes due to CNT oxidation.
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Figure 3.5. Stability tests: (A) WCA measurement and (B) electrical conductivity measurement after stability test
(48 hours immersion in solutions with various pH)

Cyclic voltammetry (CV) tests were also employed to examine the electrochemical behavior
of the Ag-modified membrane in reduction and oxidation processes. The potential of the
membrane surface was assessed in specific background electrolytes, including
K4Fe(CN)s/NaNOs, SA/CaCl,, RR120, and RB solutions. The assessment covered a range of
applied cell potentials from -1 V to 0 V, referenced to the saturated calomel electrode (SCE).

Generally, the appearance of redox peaks in a CV spectrum suggests that the electrode responds
88



strongly to the electrolyte solutions, confirming the occurrence of a redox reaction. However, in
this experiment, a different observation was made. As shown in Figure 3.7, when the Ag-coated
membrane was exposed to the Potassium hexacyanoferrate electrolyte solution, it did not display
any discernible signal related to the reduction or oxidation reaction. Further investigations
involved exposing the modified membrane to a model foulant solution and two dye solutions to

study its electrochemical behavior.

As depicted in Figure 3.7, based on depicted voltammograms obtained for RR 120, RB, and
SA/CaCly, a negligible current density of approximately 0.2 mA/cm? was measured for a
membrane with an applied surface potential ranging from -1 V to 0 V vs. SCE. This current level
is considered too low for an electrochemical reaction, indicating that the electrochemical reaction
has a negligible influence on the subsequent antifouling alleviation. However, the hydrogen
evolution reaction (HER) might be responsible to a very low extent considering the low current

density values.

The image provided in Figure 3.10 represents a water-splitting cell, allowing for the clear
observation of the generation of H> and O bubbles. Compared to the sophisticated methods
required for preparing electrocatalysts aimed at antifouling improvement, the HER attributed to
the presence of silver nanoparticles offers a facile, easily scalable deposition approach [215,216].

This demonstrates a distinct advantage over other methods.
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Figure 3.6. CV analysis for K4Fe(CN)s/NaNOs; solution with a potential range from —0.8 V to 0 V vs. SCE, with a
scan rate of 40 mV/sec.
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Figure 3.7. CV analysis for RR, RB, SA/CaCl, solutions with a potential range from —1 V to 0 V vs. SCE, with a
scan rate of 40 mV/sec.

3.3.2 Dye separation performance of Ag-coated PAI membranes

The filtration performance of the PAI and electroconductive Ag-PAI membranes was assessed
using a two-electrode cross-flow filtration setup, focusing on key parameters of dye rejection as
determining factors in the evaluation of membrane performance in the presence of electric
potentials. In this setup, the Ag-PAI membrane served as the cathode, while stainless steel was
used as the anode. To assess the influence of electrical assistance on the modified membrane,
two negatively charged dyes, RB (MW: 991.82 Da) and RR120 (MW: 1774.15 Da), were filtered
at incremental potentials ranging from 0 to 7 V. Upon coating the PAI membrane surface by
silver ink, the membrane water flux reduced substantially by a factor of 8, dropping from 1300
in pristine PAI membrane to 100 LMH. This observation can be attributed to the blockage of the
membrane surface due to the presence of silver nanoparticles, resulting in a reduced membrane

pore size and a decline in water flux.

Figure 3.8 shows the filtration performance of the Ag-coated membrane for RR120 and RB as
a function of applied voltage. It was observed that the dye rejection performance exhibited a
linear dependence on the applied potential range for both dyes, increasing by 14% and 32% for
RR120 and RB, respectively, from their initial values. However, increasing the potential had
almost no effect on the permeation flux, as it remained unchanged at around 90 to 100 LMH.

This suggests that the induced external voltage positively improved the rejection without
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decreasing the permeation flux. The possible explanation for this enhancement can be attributed
to the reduced pore size caused by silver coating in the newly developed membrane, as evidenced
by the water flux data. Moreover, the results were consistent with the obtained CV curves. As
discussed earlier, no electrochemical reaction occurred on the surface of the Ag-coated
membrane when exposed to the RR120 and RB solutions. This indicates that no redox reaction
disrupted permeability or rejection. Instead, electrical repulsion caused by the external voltage
played a crucial role in enhancing filtration. In this process, the membrane surface is anticipated
to become more negatively charged when an electric potential is generated between the modified
membrane (cathode) and the anode. This creates an electrostatic repulsive force between the
membrane surface and the negatively charged dyes, leading to increased rejection of these dyes

[119].
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Figure 3.8. Dye rejection performance of the Ag-coated PAI membrane with electrochemical assistance, using
RR120 and RB as dye solutions.

333 Antifouling behavior of modified Ag-coated PAI in the electrochemical cell

To evaluate the antifouling performance of the pristine PAI and modified Ag-PAI membranes,
the flux decline rate (FDR) for the aqueous solution of SA/CaCl, was monitored for six hours
using the same dynamic cross—flow filtration setup. Afterward, the feed solution was replaced
with deionized (DI) water, and the membrane underwent a 30-minute cleaning process.

Following this cleaning step, the corresponding flux recovery ratio (FRR) was assessed by
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determining the recovered water flux after washing using Equation 3.5. Similar to the filtration
experiment, the membrane was exposed to an external voltage ranging from 0 to 7 V with an
increment of 2 V. The normalized fluxes versus time are summarized in Figure 3.9(A). Initially,
the flux of foulant in the pristine PAI membrane decreased more sharply than the modified Ag-
coated membrane. Moreover, the modified membrane experienced a milder flux decline as the
applied voltage increased. It is demonstrated that during the organic fouling test, the pristine PAI
membrane lost approximately 60% of its initial flux, while the Ag-coated membrane experienced
a lower flux decline, reaching a minimum of 43% at 7 V. Simultaneously, the FRR values
increased with rising the electrical potential in the modified Ag-coated PAI membrane.
Compared to the pristine PAI membrane with an FRR of around 49%, the Ag-coated membrane
exhibited an increased FRR, ranging from 43% to 80%. These results confirm the enhanced

antifouling properties of the electroconductive membrane.

Overall, the enhancement of antifouling behavior can likely be attributed to a combination of
phenomena: (1) the increased negative surface charge of both the membrane surface and the
foulants, which leads to electrostatic repulsion, hindering foulants from migrating to the similarly
charged membrane surface; (2) the generation of gas bubbles on the electroconductive membrane
surface due to water electrolysis, effectively eliminating the cake layer; and (3) improved
hydrophilicity, which directly results in the formation of a hydration barrier preventing foulant

attachment [66,210].

Applying voltage to the electroconductive membrane increases their negative charge density,
especially at higher voltages when the pH near the electrode may change, reducing foulant
attachment to the membrane surface. This phenomenon is known as electrophoresis, a process
in which the electric field repels foulants in the feed solution away from the surface of the

conductive membrane, significantly reducing the possibility of foulant absorption [217].

Figure 3.10 presents the gas bubbles produced by the Ag-coated electroconductive membrane
when a voltage is applied in an electrochemical cell, including the background electrolyte

solution and also in the experimental cell.
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FRR is the flux recovery ratio.
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(A) ~

Figure 3.10. Formation of gas bubbles on the surface of Ag-PAI membrane (A) in electrochemical CV cell (B)
in electrochemical filtration cell.

During water electrolysis, hydrogen gas is produced at the cathode (electroconductive Ag-PAI
membrane), called hydrogen evolution reaction (HER), while oxygen is produced at the anode,

called oxygen evolution reaction (OER), as shown in the equations below.

2H,0 — 0, + 4H" + 4e” (HER) 3.6
2H,0 + 2¢e” - Hy + 20H™ (OER) 3.7

It is important to note that applied voltage influences both the energy balance and the rate of the
hydrogen evolution reaction. Higher applied voltages lead to an increased rate of hydrogen
evolution, which, in turn, is expected to minimize membrane fouling due to the scouring effect
of increased gas bubble generation at the electrode surface. These hydrogen bubbles can
effectively dislodge fouling materials deposited on the membrane surface. Furthermore, when
these bubbles are formed in-situ on the cathode, they can enhance the cleaning efficiency of the
fouled membrane by reducing the interaction between foulants and the membrane. This, in turn,
leads to the removal of the fouled layer and facilitates flux recovery [218]. Therefore, the
proposed electrically enhanced approach for reducing fouling propensity is a straightforward

strategy that eliminates the need for chemicals and consumes low energy.
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34 Conclusion

In conclusion, the given study proposes a unique Ag-coated PAI membrane with improved
electro-conductive and antifouling properties that was developed by employing a facile ‘spray-
cure’ coating process. The electroconductive performance of the membrane, obtained through
incorporating an aqueous-based conductive ink with a high silver loading, provides outstanding
stability and electrical conductivity to the pristine PAI support membrane. The combined use of
PAI as a substrate and silver nanoparticles as a conductive coating material provides a strong
foundation for a variety of applications, particularly in the water treatment processes. The Ag-
PAI membrane’s characterizations, encompassing surface wettability, morphologies, zeta
potential, and electrical conductivity, reveal its specific characteristics and highlight its potential
as an electroconductive membrane. Notably, the membrane has a hydrophilic surface as well as
a uniform silver coating layer with a thickness of 0.54 um, resulting in an electrical conductivity
of 56,000 S/cm, making it a promising candidate for a wide range of electrochemical
applications. The electrochemical properties of the Ag-PAI membrane were evaluated by
utilizing cyclic voltammetry (CV), which indicates no significant redox peaks throughout diverse
electrolyte solutions. Also, it should be noted that while the membrane exhibited anodic
instability in the presence of positive electric potential, it illustrated cathodic stability, making it

ideal for applications requiring reduction mechanisms.

An external electric potential applied to the Ag-PAI membrane during filtration experiments
elucidated its substantial effect on the rejection of negatively charged dyes and the antifouling
performance of the membrane. The dye rejection experiments displayed a linear correlation with
the applied potential range for RR120 and RB dyes. Specifically, there was a 14% increase for
RB and a 32% increase for RR120 from their initial dye rejection values. The capability of the
membrane to reject negatively charged dyes, as revealed by the electro-assisted filtration process,

highlights its potential for improved separation efficiency.

Furthermore, the membrane exhibits outstanding antifouling behavior, with a flux decline rate
of 43% and a corresponding flux recovery ratio (FRR) of up to 80% with an application of 7V
cathodic potential, compared to 60% FDR and 49% FRR (zero applied electric potential),
demonstrating the 17%  and 31% improvement in FDR and FRR, respectively.
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It is important to highlight that although the primary process identified in this investigation
involves robust electrostatic repulsion between the membrane surface and negatively charged
dyes and contaminants, the enhanced antifouling and dye separation performance might also be

influenced by gas generation and low potential electrochemical reactions as side reactions.

With its specific combination of stability, antifouling, and electroconductive properties, the
proposed Ag-PAI membrane opens new avenues in water treatment applications. This study
offers significant insights into the development of electroconductive membranes, supporting the
ongoing efforts towards overcoming challenges in the field of water treatment technologies. The
Ag-PAI membrane’s demonstrated electrochemical and antifouling capabilities make it an
appealing candidate for scalable and environmentally friendly water treatment techniques,
representing an achievement in the ongoing search for novel approaches to the world's water-

related issues.
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Chapter 4

Conclusion and future works
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4.1 Conclusion

The thesis revolves around experimental research on the fabrication and characterization of smart
electro-conductive membranes and their application for wastewater treatment. The research was
carried out in a structured sequence of two chapters, each considering the main objective:
developing high-performance electro-conductive nanocomposite membrane with enhanced
capabilities in terms of permeation, dye separation and fouling resistance properties achieved

through the electrochemical assistance methods.

In the first part of the thesis, Ti3Co MXene nanosheets were employed for the first time in the
fabrication of electroconductive nanocomposite membranes using the NIPS fabrication method
to fabricate the PAI membrane support and pressure-assisted filtration technique to coat the Ti3C»
MXene/CMC on top of the PAI membrane surface. The antifouling performance of the
synthesized membranes by MXene nanosheets was subsequently evaluated in terms of fouling
performance by applying various electrical potentials to the membrane surface, compared with
the scenario without any applied potential. The introduction of TizC>-MXene had discernible
effects on the membrane properties, including enhancements in electrical conductivity,
hydrophilicity, and negative surface charge. The results obtained from contact angle and zeta
potential measurements indicated the formation of more hydrophilic and negatively charged
MXene-PAI nanocomposite membranes. In the presence of applied electrical potential, MXene-
modified PAI nanocomposite membranes exhibited superior antifouling performance compared
to the zero applied potential cases. Fouling measurement results revealed that fouling was
mitigated due to the improved membrane surface properties of the membranes and the
application of electric potential. Specifically, the use of Ti3C2-MXene nanosheets and CMC
binder at an optimum loading of 80 mg and 4 mg, respectively, yielded the maximum electrical
conductivity of 174 £ 0.16 S/m. This Ti3Cz-modified membrane displayed significantly
enhanced antifouling properties, showcasing a 45%, 31%, and 51% reduction in FDR when
subjected to 4V,6V, and 8V potentials, using various foulants such as HA, SA/CaCl2, and BSA
as foulants, respectively, as compared to cases with zero applied potential. Moreover, the results
of FRR measurements indicated a complete recovery of the membrane under these
abovementioned specified potentials and foulants. In this study, we employed an extended

DLVO (XDLVO) interaction energy analysis alongside fouling experiments to investigate the
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fouling behavior of various organic foulants on the membrane surface. The XDLVO analysis
allowed us to assess the fundamental interactions, including van der Waals forces, electrostatic
forces, and acid-base interactions, that control organic fouling. Surface tension parameters were
derived from contact angle measurements and were used to calculate the free energy of adhesion
between the membrane and model foulants. Our findings revealed that acid-base interaction
energies between the foulants and the membrane's surface were the most substantial factor in the
total energy of interaction. This investigation demonstrated that assessing surface free energy
components for membranes is a reliable method for predicting the fouling behavior of organic

substances on the membrane surface.

In the second part of this thesis, a thin layer of silver (Ag ink) was introduced onto a polyamide-
imide (PAI) membrane support. Using the electrical conductivity of the fabricated membranes,
we reduced organic fouling by applying an external electric field. The electrical conductivity of
the pristine PAI membrane was measured at 2.21x10 S/cm, while by coating the appropriate
amount of silver, it was significantly enhanced to 56,497 S/cm. Moreover, the performed
physical stability tests demonstrated the remarkable durability of the silver coating layer, as the
electrical conductivity remained largely unchanged even after immersing the membrane for 48

hours in both acidic and alkali solutions.

We applied cathodic potentials across varying ranges on the surface of prepared Ag-coated PAI
membranes when the feed water contained 20 ppm of different dyes, including RR120 and RB.
The obtained results for the range of applied cathodic potentials illustrated the higher dye
removal by applying higher electrical potential for Ag-modified PAI membrane, as it illustrated
the dye removal improvement of 15% and 31% for RR120 and RB dyes by applying the 7V
cathodic potential as compared to the zero applied potential case. Antifouling tests further
indicated that the membrane’s antifouling performance, using SA/CaCl, foulant, led to about
17% reduction in FDR and a 31% increase in flux recovery when a 7 V cathodic potential was
applied as compared to the unmodified pristine PAI membrane. Notably, by incrementally
increasing the applied voltage from 1 V to 7 V, the antifouling propensity of the membrane

increased dramatically in the cathode setting. The observed antifouling performance can be
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attributed to several factors, including the presence of large gas bubbles and electroreduction

reactions.

ECMs have shown promising antifouling potential that can be extended to various applications,
such as the separation of bacteria, viruses, colloidal substances, and metals. They have become
a highly researched topic recently due to their fouling mitigation potential; however, their surface
instabilities necessitate the development of more stable membranes suitable for industrial

adoption in real-world applications.

4.2 Possible Future works

ECMs have demonstrated promising antifouling capabilities that can be extended to a wide range

of applications, such as the separation of bacteria, viruses, colloidal substances, and metals.

MXenes, a fascinating group of 2D transition-metal compounds, exhibit various
physicochemical properties such as metallic conductivity, hydrophilicity, and redox activity,
making them suitable for several applications. However, while the potential applications of
MXene signify their brilliant futuristic scope, some challenges still need to be addressed to

harness their emerging potential fully.

Given the known and well-documented challenge of MXene oxidation over time and the
resultant loss of conductivity, an intriguing future direction arises. Therefore, a fascinating
avenue for the future is the adoption of sacrificial polymers to mitigate the oxidation rate of
MXenes, thereby preserving their conductivity over time. Building upon the foundation laid in
this research, these innovative approaches hold great promise in advancing the field of electro-
conductive membranes and their applications in water treatment and beyond. In summary, it is
important to embark on research endeavors aimed at increasing the conductivity of electro-
conductive membranes, as such conductivity improvements can yield further reductions in
energy consumption, aligning with the ongoing pursuit of more efficient and sustainable

desalination and water treatment processes.

Furthermore, in addition to the insights gained from this study on electro-conductive membranes
incorporating MXene and silver to enhance organic antifouling properties and dye removal under

applied potential, several compelling directions for future research emerge. One prospective
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project could delve into evaluating the antibacterial performance of these silver or MXene-coated
nanofiltration (NF) membranes. Investigating their ability to resist and deter bacterial adhesion

and growth is crucial for addressing biofouling challenges in water treatment.

Moreover, the surface instabilities of ECMs necessitate the development of more stable
membranes suitable for industrial adoption in real-world applications. The stability of ECMs,
encompassing electrochemical, physical, and mechanical properties, is essential for expanding
their applications beyond the lab scale. While ECMs have demonstrated cathodic stability, they
are notably anodically unstable under low voltages. The drop in their electrochemical
conductance was attributed to the oxidation of conductive elements under such potentials.
Therefore, the introduction of sacrificial polymers like glutaraldehyde enhances the resilience of

the networks against anodic oxidation potential.

In addition to the antifouling and dye removal applications explored in this thesis using ECMs
under applied potential, it is worth highlighting that ECMs also offer several advantageous
characteristics for desalination and enhanced ion transport. Leveraging their electrical
conductivity, ECMs have the potential to significantly enhance ion transport, making them well-
suited for processes such as electrodialysis and capacitive deionization in desalination processes.
Furthermore, ECMs have shown the capacity to enhance energy efficiency in desalination by
allowing for the application of electrical fields to facilitate separation processes, potentially
reducing overall energy consumption. These characteristics underscore the vast potential for
ECMs to not only address fouling and dye removal challenges but also to play a pivotal role in

increasing the efficiency, sustainability, and overall performance of desalination processes.

Consequently, all the above-mentioned future avenues for enhancing the efficiency,
sustainability, and overall performance of ECMs hold significant potential, perfectly aligned
with the growing global demand for freshwater resources. The investigation of these future
prospects signifies not only our dedication to advancing water treatment technologies but also
our proactive response to the pressing global challenge of securing a consistent and sustainable

source of clean water for an ever-growing population.
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