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Abstract

Freshwater resources are being depleted quickly in light of human and natural activity.
Desalination of brackish and seawater is becoming increasingly popular in producing
fresh water. Several factors, such as the energy source, removal efficiency, feed water
quality level, energy need, etc. determine the desalination method’s applicability. In the
present work, Date Seed base activated carbon (AC) is embedded in mixed matrix
nanocomposite membranes (MMNM’S). We have created a novel method for purifying
water. Activated carbon which has higher mechanical stability, higher thermal stability,
and highly porous and crystalline material was modified with). 3-Aminopropyl tri ethoxy
silane to increase its hydrophilicity and its ability to remove salts from water. This
modification contributed to an increase in the water adsorption capacity of the activated
carbon. The modified AC was subsequently used to create MMNMs with various loading
(0.5wt%, 1wt%, 2.5wWt%, Swt %) by embedding it in a Cellulose acetate/Polyacrylonitrile
matrix.

The influence of the embedded activated carbon on the morphology and functionality of
manufactured MMNMs was examined in terms of pure water flux, Salts rejection, dye
removal, water uptake, porosity, mean pore radius, and antifouling characteristics. The
produced membranes were characterized by using the following techniques: Fourier
transform infrared spectroscopy (FTIR), Thermogravimetric analysis (TGA), and Contact
angle. The 2.5wt% membrane delivered exceptional water permeability of 97.5 L.™2.h-
par! and salts rejection of 99.2%, and 78% for NaCl and MgSO4, respectively.

The dye rejection performance was also remarkably impressive, with results of 94%,
96%, and 99.8% for Methylene blue, Congo red, and Rose Bengal, respectively. This
indicates that the modified activated carbon exhibits a strong affinity for salts and can
efficiently remove them from water. Moreover, the flux recovery ratio reached 91.4%,
demonstrating the membranes' strength and long-term durability. Incorporating modified
activated carbon into mixed matrix nanocomposite membranes enhances the efficiency
and effectiveness of the desalination process, while also making it more cost-effective
and sustainable. This study represents a major advancement in the field of water

purification, with the potential to transform how we treat and purify water for both

XVIII



human consumption and industrial use.
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CHAPTER 1
INTRODUCTION

1.1  Water and Pollution

Water stands as the most vital natural resource, essential for the survival of all living
organisms, including humans. Its significance extends to food production, serving as a
life source. Despite Earth's 2% freshwater availability, with 1.6% locked in glaciers and
polar ice, only 0.036% exists in lakes and rivers, and 0.36% is underground. Urban areas
worldwide, particularly in Developing Nations like Pakistan, face severe water shortages.
A fundamental need emphasized by the United Nations Development Program
declaration in 2006 that safe drinking water must always be accessible. Approximately
2.6 billion people globally face a scarcity of clean water, a troubling figure believed to
impact a substantial portion of the world population, leading to the deaths of 3900

children daily.

With nearly 40% of global food grown through irrigation, water scarcity impacts
agricultural demands. Industries heavily reliant on water face challenges exacerbated by
human activities, population growth, urbanization, industrial expansion, and sudden
climate changes. Widespread water pollution poses a serious threat to drinking water,

compromising groundwater quality due to pollution[1].

In addition to its impact on human other nuisance species[2]. In contrast, moderate levels
of nutrients in surface water are typically not a health, water pollution has significantly
contributed to the degradation of ecosystems. Excessive levels of impurities such as
nitrogen, Sulphur, and phosphorous compounds can promote the growth of bacteria,
algae, and cause for concern. These extreme circumstances require the development of

techniques to produce purified water.

1.2 Need of Water Desalination
One essential component for human survival is water. Nonetheless, 97% of the water on

Earth is oceanic with a salinity level of more than 30,0009/mq3[3]. The water is unfit for
human consumption due to its increased salt concentration. The World Health
Organization (WHO) sets guidelines for permissible levels of salinity in drinking water.

According to these guidelines, the acceptable limit for salinity is 500 parts per million



(ppm), with allowances for special cases of up to 1000 ppm. However, much of the water
on Earth exceeds these limits, with salinity levels reaching up to 10,000 ppm. Seawater
typically falls within the range of 35,000 to 45,000 ppm in terms of total dissolved salts.
Desalination is the process of extracting dissolved salts and minerals from seawater and
brackish water (such as river water) to produce water that is safe for human and animal
consumption, irrigation, and various industrial applications. This technology is seen as a
viable solution to address freshwater shortages and mitigate water stress, which is a
widespread issue affecting communities globally [4]. Given that seawater may be an
endless supply, scientists are working very hard to develop a large-scale, realistically
possible method for removing salt and minerals at a reasonable cost. There are several
methods for desalinating water that use membrane-based or traditional mechanisms.
Desalination has been growing quickly in recent years to supply water to the municipal

and industrial sectors.

1.3  Shortage of Water in Pakistan
Pakistan suffers from annual water shortages that claim the lives of hundreds of

thousands of people.

Pakistan's water supplies are under emergency, according to numerous studies and
assessments from different institutions. Pakistan, whose population is expanding quickly,
is threatened by food insecurity and a water problem. From 5260 cubic meters per person
in 1951 to 1000 cubic meters per person in 2016, there has been a decline in surface
water availability. By 2025, this amount might drop to roughly 860 cubic meters,
indicating that Pakistan is transitioning from a nation with "water pressure” to one with
"scarce water"[5-7] .Pakistan primarily experiences water crises as a result of pollution,

droughts, low rainfall, and poor management.

According to a report by the IMF, Pakistan is listed as the 3™ country with a significant
water scarcity. The United Nations Development Program (UNDP) and the Pakistan
Council of Research in Water Resources (PCRWR) have warned the government that
Pakistan is heading toward severe water scarcity, with the country potentially facing a
complete water shortage by 2025.Shah Meer Baloch reports that senior management is

displaying neglect in addressing this critical threat to the nation’s stability[8]. According



to researchers, Pakistan is projected to experience the most severe impact among its
regional counterparts by the conclusion of 2040. It poses a significant threat to Pakistan’s

future.

The water scarcity in Pakistan will result in dramatic climate changes. In 2015 Karachi
the largest city in Pakistan witnessed a minimum of 1200 heatstroke-related fatalities
while in May 2018; at least 65 casualties were reported. Water politics may ensue,
leading to a complete violation of the country’s peace. To avert Pakistan’s descent into
this state of scarcity, certain measures must be implemented. Desalination is regarded a
viable and practical solution for Pakistan’s water scarcity challenge. The government has

taken only a few actions regarding desalination, but they have yet to be put into effect.

According to President Arif Alvi's statement in the Associated Press of Pakistan on June
9, 2019, implementing a desalination unit capable of treating 1100-1400 million gallons
of water per day is seen as a practical solution to address Karachi’s water scarcity issue,
given that it is already experiencing challenges with water availability as Pakistan’s
largest city. Significant investment is necessary, along with careful consideration for
revenue generation, to ensure that the essential commodity remains readily accessible and
affordable for citizens. At present approximately 1% of the global population relies on
desalinated water for their daily necessities as seen in countries like Australia and
Kuwait. Kuwait predominantly generates a significant portion of its water supply through
desalination methods [9-11].

1.4  Water Purification Techniques in Pakistan

Now a day various methods of water purification are being employed in Pakistan. In
large-scale industries reverse osmosis plants are frequently utilized for the purification of
water. Water purification methods vary on a small scale depending on the specific area
and its requirements. Water purification can be categorized into large-scale, medium-
scale, and small-scale methods based on the scale of operation. Water purification on a
large scale involves utilizing sources such as rivers, streams, lakes, etc. The methods
employed include coagulation, sedimentation, filtration, disinfection, and desalination.
Medium-scale purification involves utilizing s techniques along with the addition of
chemicals like bleaching powder to purify water. On a small scale, water purification

methods include boiling, sun exposure, treating with hot copper or iron, filtration through



cloth sieves, and using gravel filtration. Among these desalination stands out as a viable
option for both large and small-scale water purification operations. Various desalination
technologies are available, and recent advancements in technology have further enhanced
the desalination market for water purification. Established desalination technologies are
available for treating both seawater and brackish water. These methods can be grouped
into three main categories: membrane-based techniques (including forward osmosis,
reverse osmosis, nanotubes, nanocomposites, and graphene-based membranes), thermal
techniques (such as desalination, membrane distillation, adsorption, humidification,
dehumidification, and pervaporation), and alternative techniques (like ion-concentration

polarization, microbial desalination cells, and capacitive deionization).

1.5  Water Desalination Process

Desalination technology makes seawater suitable for use by removing salts and minerals.
This process transforms otherwise unsuitable water into purified water that can be used
for various purposes, such as irrigation, industrial applications, and drinking. Various
technologies have been developed over time to supply clean water[12]. These
desalination systems have been designed and are typically categorized into three main

groups, as illustrated in the figure.

. Thermal Technology
o Membrane Technology
o Others
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Figure 1.1 Water Desalination Processes

1.5.1 Thermal Technology

One of the most straightforward desalination methods is distillation, where heat is applied

to saltwater to generate steam, which is then condensed into distilled water with a

significantly reduced salt content. This purified water can be beneficial for industrial,

household, and agricultural uses. To minimize the energy needed to evaporate the water,

pressure is often reduced during the thermal desalination process. Commercially, thermal

desalination can lower total dissolved solids (TDS) in saline water from levels as high as
60,000-70,000 mg/L to less than 10 mg/L[13]. The thermal process can also be referred

to as phase change desalination, which includes the following methods[14].
1
2
3.
4

5.

Multi-Stage Flash Distillation
Multi-Effect Distillation
Vapor Compression

Freezing

Hydration

1.5.1.1 Multi-Stage Flash Distillation




The multi-stage flash distillation process (MSFD) involves moving saline feedwater
through a series of chambers. In these chambers, both the temperature and pressure of the
water are increased. As the water moves through the chambers, the pressure gradually
decreases, causing the water to boil. Vapor is released in each chamber, which is then
condensed and collected as purified freshwater[15]. The MSFD distillation process is
widely utilized due to its simplicity and large capacity. However, it is currently the least
efficient large-scale desalination method due to the considerable energy loss that occurs

during the condensation phase[16].

Steam Vent Ejector

Figure 1.2 Schematic diagram of Multistage Flash Distillation[ 17].

1.5.1.2 Multi-Effect Distillation

In the MED process, heat is used to evaporate water from the feed solution. Instead of
needing excessive heat, the solution is cooled below its saturation temperature, and the
pressure in the distillation chamber is lowered beneath the saturation pressure for that
temperature. This combination of thermal energy and reduced pressure allows the feed
solution to evaporate using less energy compared to the MSFD process. Additionally,

multiple stages are used to "recycle” the heated liquids, further improving efficiency[17].
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Figure 1.3 Multi- Effect Distillation Unit [ 19].

1.5.1.3 Vapor Compression Distillation

Vapor compression distillation (VCD) converts saltwater into freshwater by generating
heat through vapor compression. Similar to the MSF and MED processes, it lowers the
boiling point of saline water by reducing the pressure. This technique can be used on its
own or combined with MED. Instead of traditional direct heat exchange, the vapor is
compressed to generate the heat required for boiling and evaporation. A mechanical
compressor provides the heat for the evaporation process. VCD is primarily used for
small-scale distillation in compact units. Figure 1.5 depicts the general diagram of the
process[18].
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Figure 1.4 VCD Unit [20].

1.5.1.4 Cost Distribution of Thermal Processes

All the common desalination systems mentioned above demand significant energy,
whether thermal, electrical, or a combination of both. Figure 1.6 illustrates the overall
cost distribution in thermal desalination processes. The main challenge in using these
systems is the substantial energy needed for the vaporization phase. Since thermal
desalination involves evaporating saltwater, it tends to be costly. Typically, producing
1,000 liters of clean water through thermal desalination requires between 25 and 100

kWh of energy. According to data from the National Research Council, the cost of

thermal desalination includes the consumption of thermal energy[19].
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Figure 1.5 Breakdown of costs in Thermal Desalination Processes [22].

1.5.1.5 Disadvantages of Thermal (Conventional) Methods



The main disadvantages of thermal desalination processes are:

1.

They are highly energy-intensive, requiring large amounts of electricity or heat to
evaporate and condense water[20]. This makes them costly to operate and

contributes to greenhouse gas emissions if the energy comes from fossil fuels.

Thermal desalination plants produce large volumes of brine, a highly concentrated
and salty waste product. Disposing of this brine can harm marine environments if
not managed properly. The brine can increase salinity and decrease oxygen levels,

suffocating ocean life.

Thermal processes are less energy efficient compared to membrane desalination
technologies like reverse osmosis. More energy is lost in the evaporation and
condensation steps[21].

Thermal desalination plants require extensive infrastructure and are capital-

intensive to build. This makes them less feasible for small-scale applications.

The chemicals used in thermal processes, such as chlorine and hydrochloric acid,
can be harmful if discharged into the ocean[22]. They can poison marine plants

and animals.

However, thermal desalination does have some advantages. The waste heat can
potentially be recovered to improve efficiency. And in some cases, the brine
concentrate can be solidified and reused . But overall, the high energy demands
and environmental impacts remain significant drawbacks compared to membrane

desalination[4].

The chemicals used in thermal processes, such as chlorine and hydrochloric acid,
can be harmful if discharged into the ocean[22]. They can poison marine plants

and animals.

However, thermal desalination does have some advantages. The waste heat can
potentially be recovered to improve efficiency. And in some cases, the brine
concentrate can be solidified and reused. But overall, the high energy demands
and environmental impacts remain significant drawbacks compared to membrane

desalination[4].



1.5.2 Membrane Technology

Membrane technology is essential in various industrial separation processes. Its benefits,
including low energy usage, ease of operation, high selectivity, flexibility in adjusting
material properties, and cost efficiency, have led to substantial progress over time,
improving membrane performance and efficiency. The various separation challenges that
membrane technology can solve are categorized based on the driving forces and
chemicals involved in the separation process[23, 24]. Membrane desalination relies on
the ability of semi-permeable membranes to selectively allow water molecules to pass
through. Various processes are utilized in membrane technology, such as reverse
osmosis, nanofiltration, electrodialysis, forward osmosis, and pervaporation. While these
processes involve different methods, principles, and mechanisms, the core components of

membrane separation remain consistent[25].

Following is the list of membrane technologies available:
° Nano-filtration (NF)

° Ultra-filtration (UF)

° Reverse-Osmosis (RO)

° Forward Osmosis (FO)

° Electrodialysis (ED)

° Pervaporation

1.5.2.1 Nano-Filtration

Nanofiltration (NF) is a membrane-based separation technique that operates at pressures
between 5 and 20 bar, effectively separating molecules with molecular weights ranging
from 200 to 2000 g/mol. NF offers several advantages over traditional thermal methods
like vacuum and steam distillation, particularly because it operates at room temperature
and avoids the high energy and heat levels that can damage heat-sensitive materials. NF
membranes are highly effective at separating small organic molecules and inorganic ions.
Compared to reverse osmosis (RO) membranes, NF membranes have lower rejection

rates for monovalent ions, higher permeability, and strong rejection of divalent ions.
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These properties make NF useful in various applications, including biotechnology, food

processing, pharmaceuticals, and wastewater treatment[26].

1.5.2.2 Ultra-Filtration

Ultrafiltration (UF) is a membrane-based separation technique similar to nanofiltration,
but it operates at lower pressures, typically between 1 and 5 bar, to separate molecules.
UF membranes are often called molecular filters because they are designed to filter

suspended molecules rather than dissolved contaminants[27].

1.5.2.3 Electrodialysis

Electrodialysis was the first commercially successful membrane desalination method.
This process uses ion-exchange membranes that selectively allow anions and cations
from the feedwater to pass through. When an electric current is applied to the
electrodialysis stack, anions move through the anion-selective membrane, while cations
pass through the cation-selective membrane. However, due to its lower efficiency
compared to other membrane separation methods, electrodialysis is not commonly used

for seawater desalination[27].

1.5.2.4 Pervaporation

Pervaporation works by partially vaporizing liquid mixtures across a membrane, which
can be either porous or nonporous. This leads to the accumulation of vapor from the
permeating components, which can be removed by applying low pressure or allowing a
benign liquid to pass through the permeate side. The process is driven by the difference in
chemical potential between the phases on either side of the membrane. Unlike distillation,
which relies on volatility, pervaporation uses the sorption-diffusion model to describe
transport based on molecular size differences. This makes it an effective and cost-
efficient alternative for azeotropic separations. Additional benefits include the removal of
a third component and lower energy requirements due to energy integration[28].

1.5.2.5 Reverse Osmosis

In this process, the pressure applied is higher than the natural osmotic pressure of
seawater, driving the separation. A semi-permeable membrane is utilized to perform the
separation[12]. After reverse osmosis (RO) removes approximately 99% of the dissolved

contaminants, the purified water is used for drinking and various other purposes[29]. This
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process is completed in two stages. In the first stage, physical and chemical treatments
are performed, where solid particles, colloids, and bacteria are removed, and chemical
treatment is achieved through chlorination. After this, seawater is passed through the RO
semi-permeable membrane, and the permeate is collected from different sides. Various
types of membranes can be used for this step, with the applied pressure influencing the
membrane's strength, permeability, and the removal of contaminants from the feed water.
Following the RO process, the permeate undergoes electrolysis to further reduce salt
content[30]. Reverse osmosis operates by applying pressure to one side of a solution,
typically higher than the osmotic pressure, forcing the solution through a semipermeable
membrane. This membrane can remove contaminants as small as 0.1 microns, which are
often referred to as reverse osmosis concentrations[31]. The membrane's function
simplifies the process by blocking larger solute molecules, keeping them on the
pressurized side, and preventing their passage. Conversely, the membrane allows the pure
solvent to pass through. As a result, one side of the membrane becomes concentrated with
solute molecules, while the other side is diluted. In theory, reverse osmosis occurs when
the solvent moves through the membrane against a concentration gradient, essentially

flowing from an area of lower concentration to one of higher concentration[32].

Reverse osmosis

Applied pressure Pure water

Fresh
water

flow
Uy

Figure 1.6 Schematic of Reverse Osmosis [36].

1.5.2.6 Forward-Osmosis
Forward osmosis (FO), a membrane technology recognized for its high water recovery

and low cost, has attracted considerable interest as a promising method for desalination,
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renewable energy generation, and wastewater treatment[23, 33]. Unlike pressure-driven
membrane systems, forward osmosis (FO) offers an advantage as it operates without the
application of hydraulic pressure[34]. Forward osmosis is a separation process that uses a
selective semipermeable membrane to separate a feed solution with lower osmotic
pressure from a draw solution with higher osmotic pressure[35]. The difference in
osmotic pressure between the feed solution and the draw solution causes water to move
across the semipermeable membrane from the feed side to the draw side. Compared to
traditional pressure-driven membrane processes, forward osmosis (FO) uses less energy,
extends membrane lifespan with better resistance to fouling, and sustains a high water
flux[36]. The forward osmosis (FO) method creates a natural driving force by leveraging
the concentration difference between the feed solution and the draw solution as they pass
through a semipermeable membrane. Rather than depending on hydraulic pressure, FO
utilizes the osmotic pressure gradient to transport clean water through the selective
membrane. The FO membrane mainly blocks organic molecules while allowing water
and dissolved ions to pass through. As freshwater moves from the feed water into the
draw solution, it dilutes the draw solution and concentrates the feed solution, producing a
highly salty brine[37]. The membrane used in the forward osmosis (FO) desalination
process is crucial, as it directly impacts the system's overall efficiency. Highly efficient
FO membranes are commonly utilized, offering potentially better performance and
selectivity compared to traditional membranes. Osmosis can be reversed by applying
additional pressure in areas with higher solute concentrations, opposing the natural
movement of water. This pressure is referred to as the fluid's osmotic pressure. The
osmotic pressure gradient is what drives water across the membrane, moving from a
lower solute concentration to a higher solute concentration[38]. The driving force for the

osmosis process can be estimated, and the equation governing water movement in FO is:

Jaw= A. (ATl — AP)
When P is greater than or equal to zero, the direction of water transport in the FO process
is determined, flowing either from the feed solution to the draw solution or vice versa.
Lee et al. established the flow directions and driving force for this process in the
1980s[39].
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This research focuses on the synthesis of MMNMs to address issues related to cost and
efficiency. In this study, activated carbon was extracted from the date seeds via pyrolysis

treatment and incorporated into the Cellulose acetate/ PAN matrix using the phase
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Figure 1.7 Schematic of Forward Osmosis [44].

inversion process. The study aims to achieve improved flexibility,

processability, reduced cost, increased pure water permeability, high salt selectivity, high
dye rejection, and excellent anti-fouling properties. This approach provides a new

pathway for utilizing biological waste more efficiently, thereby reducing solid waste and

making the process more environmentally friendly.
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CHAPTER 2
LITERATURE REVIEW

This chapter provides an overview of the advancements made in the field over the past
decades, with a focus on polymeric nanocomposite membranes. This primary focus of
this section is to develop a desalination system using mixed matrix membranes that
combine Nanofiltration (NF) technology. The goal is to create a water treatment method

that is clean, efficient, stable, environmentally friendly, and high performing.

2.1 Membranes
A semi permeable membrane serves as a selective barrier between neighboring stages,

permitting the passage of certain materials while restricting others(40). Membrane
technology is used as a separation method to improve water quality and boost energy
efficiency. Membranes serve as barriers in water treatment, removing impurities like
viruses, salts, bacteria, and other particles. They can be driven by gradients in
temperature (AT), pressure (AP), concentration (AC), or electrical potential (AE). The
efficiency of membrane separation depends on the specific application, the driving force
applied, the size of the particles being filtered, and the type of membrane utilized.In
contrast to traditional separation methods, membrane separation is recognized as a clean
and exceptionally efficient technology for separating substances. The membrane
separation process has garnered significant attention from an industrial standpoint as an
alternative to evaporation, freeze concentration, and distillation methods. The efficiency
of a membrane relies on factors such as permeability, coefficient, separation factor, and
permeation rate. To achieve optimal performance, membranes should be cost-effective to
manufacture, highly resistant to harsh environmental conditions, and demonstrate
superior permeance and selectivity. Since the 1960s membrane technology has been
employed as a separation method in various industries including food and beverages, as
well as petrochemical, textile, water treatment, chemical, pulp and paper, and natural gas
treatment sectors[41, 42]. The effectiveness of the membrane separation process relies on

the existence of a semi-permeable membrane.
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Figure 2.1 Membrane based separation process

2.2  Classification of Membrane

Membranes can be categorized in various ways based on factors such as their origin,
composition, and morphology. They can be classified as organic or synthetic, and further
divided into inorganic, organic, hybrid, composite, or mixed matrix materials.
Morphologically, membranes may be symmetric or asymmetric. Therefore, their
classification depends on multiple criteria. Typically, membranes are broadly categorized
into two main types—organic and inorganic—based on the materials used for their

synthesis.

2.2.1 Types of Membranes Based On Material
There are three types of membranes based on materials

o Organic membranes
. Inorganic membranes
o Mixed Matrix Membranes (hybrid membranes)
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Figure 2.2 Types of membranes [48].
2.2.1.1 Inorganic Membranes
Inorganic membranes include materials such as liquid, ceramic, zeolite, carbon, and
hybrid organic membranes. Various fabrication techniques are employed to produce these
membranes, such as the sol-gel method, chemical vapor deposition, and slip casting. In
recent times, inorganic membranes have found applications in desalination, with Titania,
zirconia, alumina, and carbon membranes being predominantly used for water

purification purposes.

I. Ceramic Membranes

Ceramic membranes can be made from various metal oxides or their combinations,
including silicon carbide, glass, zirconia, and alumina. In addition to metal oxides, non-

oxides can also be utilized in the production of ceramic membranes. These membranes

typically consist of three layers: a non-porous layer, an intermediate layer, and a
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microporous layer, each differing in pore size and thickness[43].

! Intermediate Support

Macroporous Support

Figure 2.3 Ceramic Membrane Structure

ii. Silica Membranes

Silica membranes are widely utilized for hydrogen separation and real-time reactions on

an industrial scale. These membranes are highly valued in membrane reactors due to their

ability to produce the highest yields(43).

PSPPSR 4 Siica membrane

1 Intermediate layer
A

Porous support

Figure 2.4 Silica membranes [49].

iil. Zeolite Membranes

Hydrated aluminum silicates, referred to as zeolites, exist in both natural and synthetic
forms and contain cations from groups 1 and 2 of the periodic table, such as sodium,

calcium, potassium, magnesium, barium, and strontium. The selection of rings in the
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zeolite framework is determined by the number of oxygen atoms. The wettability and
surface charge of the membrane is influenced by the concentration of silicon and
aluminum in the zeolite structure. The water affinity and hydrophilicity of the membranes

are governed by the aluminum content within the zeolite.
' DEBHERDARURNET ., ..
1 layer

Zeolite

membrane
Support

Figure 2.5 Structure of Zeolite Membrane [ 50].
2.2.1.2 Organic Membranes
Polymeric membranes have garnered considerable interest due to their excellent chemical

durability, mechanical properties, and ease of processing, making them both cost-
effective and widely applicable across various industries. Commonly used polymers for
membrane filtration include polyether sulfone (PES), polyurethane (PU), polyethylene
terephthalate (PET), polyamide (PA, also known as nylon), and polypropylene (PP),
among others[44]. These membranes are favored for their cost-effectiveness, user-
friendliness, and scalability. However, they come with certain drawbacks. Polymeric
membranes tend to have lower resistance to solvents and are vulnerable to harsh
environmental conditions, such as high temperatures, pressure, and exposure to corrosive
organic solvents. Over time, they may suffer from decreased permeance and water flux
due to aging and the increased rigidity of the membrane following cross-linking[45].

Figure 1 depicts the structural composition of a polymeric membrane.
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Figure 2.6 Polymer based membrane

2.2.1.3 Polymer Matrix Nanocomposite (PMNC)
In order to get around problems with traditional polymeric membranes in water

purification, nanocomposite membranes have garnered a lot of attention due to their
hydrophilicity, mechanical, and thermal stability, and antifouling qualities. The amount
of articles produced in this discipline is rising daily at a considerable rate[46]. Various
methods have been recorded for preparation, some of which are covered here. Both
polymer- and non-polymer-based nanocomposites exist. The documented techniques for
creating polymer Nanocomposites included melt intercalation, template synthesis, in situ
polymerization, and intercalative polymerization. Among them, combining monomer or
polymer with reinforcing elements and incorporating inorganic material into organic
polymer are the most often utilized techniques. The membrane's life span, strength,

stiffness, and surface area all increase as a result[2].

Various techniques, such as reverse osmosis, ion exchange, gravity, and adsorption, have
been described for water. An assortment of adsorbents, including nanoparticles, has been
employed to remove toxins from water at a reduced cost. These adsorbents are effective

at removing water pollutants and heavy metals.
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These adsorbents are inexpensively available in the commercial market. These days,
membrane technology is an effective method based on the fundamentals of adsorption,

electrostatic phenomena, and sieving[47].

Two well-established filtration methods are cross-flow and dead-end filtration processes.
In dead-end filtration, water flow perpendicular to the membrane surface under applied
pressure, making it ideal for solvent and water-based feed solutions. In cross-flow
filtration, turbulence is generated on the membrane surface, and the feed and filtration

flow directions are at a 90° angle to each other.

Thin film composites, which support an ultra-thin barrier layer over porous polymeric
membranes by the use of various polymers such polyurea, polyamide PA, polyamide PA,
polyuria-polyamide, PSF, polyvinyl alcohol, Chitosan, P123, P127, and pollster amide,
were the main drawback in PM. In terms of water rejection and permeability, these kinds
of polymers have demonstrated encouraging outcomes. TiO2 and GO composites, two
types of PM, are showing promise in desalination and water filtration. However, the low
yield and problems in GO synthesis continue to pose a hurdle in the development of GO-
based membranes. GO membranes are a viable option for desalination processes despite
these drawbacks because of their increased stability, improved salt rejection, and

antifouling qualities[48, 49].

The creation of polymeric membranes requires the fabrication of TFNs (thin film
nanocomposite) or MMMSs (mixed matrix membranes). NPs are employed in the
production of these membranes. Several kinds of nanomaterials or nanofillers are used,
such as silicate minerals, zeolites, metal oxides, carbon nanotubes, graphene oxide, and
activated carbon. The integration of nanomaterial flux leads to an enhancement in salt
rejection and separation. Membranes made of nanomaterials are employed in a variety of

processes, including adsorption, gas separation, and water treatment[50, 51].

Water treatment applications also use inorganic membranes, although their production is
challenging and costly. They do, however, provide excellent pore structure stability, long
life, and great chemical stability. Washing can be done using various solvents and anti-

scaling agents.
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Since the temperature in water treatment is high (between 500 and 800), greater
mechanical strength is needed to withstand the applied forces. The selection of
membranes is contingent upon various aspects, such as the composition of the membrane,
ambient temperature, and material structure stability[42]. Washing can be done using

various solvents and anti-scaling agents.

Since the temperature in water treatment is high (between 500 and 800), greater
mechanical strength is needed to withstand the applied forces. The selection of
membranes is contingent upon various aspects, such as the composition of the membrane,

ambient temperature, and material structure[42].

2.2.1.4 Mixed Matrix Nanocomposite Membranes (MMNMS)

The application of mixed matrix is an important way to manufacture high-performance
membranes. A polymer phase combined with inorganic filler makes up MMNMs. The
idea behind developing an MMNM was to combine the permeability of polymeric
materials with the selectivity of inorganic materials to produce a cutting-edge hybrid

membrane.

MMNMs can have both symmetric and asymmetric morphology. Dense thin-layer
membranes are referred to be symmetric, while inorganic filler and continuous polymer

layers are referred to as asymmetric [52].

Dispersed fillers Polymer matrix
I

...............

Ideal morphology

Mixed matrix membrane

Figure 2.7 Mixed matrix membrane

Mixed matrix membranes are used in water purification to increase hydrophilicity,
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decrease fouling, improve mechanical and thermal stability, and enhance antibacterial
characteristics. It is still challenging to make MMNMs devoid of defects and to achieve a
homogeneous dispersion of the inorganic and organic phases. Nanoparticles are included

in the polymer solution to get around this problem.

The solvent is mixed with a dissolved polymer. In a different reagent container, NPs are
dissolved in a solvent and mixed. After that, the filler solution is mixed with the
homogenous polymeric solution and left overnight to stir. The membrane is then cast
after that.

Understanding the separation efficiency of MMNMs can be challenging due to the significant
influence of multiple parameters. However, reproducing dependable and efficient MMMs is
challenging, and this is a need for commercialization. Historically, the main challenge in
developing dense membranes was addressing the issue of insufficient interfacial bonding between
the polymer and filler. MMNMs are fabricated using various techniques, including phase
inversion, track etching, stretching, and electrospinning.(53).The most promising technology is
Pl, and these days, phase inversion is also used to create commercial membranes[54]. Dense
polymeric membranes typically exhibit lower flux, so the phase inversion method is employed to
enhance flux and control membrane thickness. In this process, the polymer transitions from a
liquid to a solid state. Several techniques are used in phase inversion, including solvent
evaporation, precipitation through controlled evaporation, and thermal precipitation. Precipitation
can occur either through vapor phase or immersion, with immersion precipitation being the most
common method for fabricating phase inversion membranes. The phase inversion process is
influenced by a number of important variables, such as the casting solution's
composition, humidity, evaporation time, and polymer concentration. The flow,
selectivity, and general appropriateness of the membrane for its intended use are all
directly impacted by these factors. Mixed matrix nanocomposite membranes (MMNMS)
are used extensively in water purification to enhance permeability and selectivity, remove
impurities, reduce fouling, and offer remarkable mechanical, chemical, and thermal
durability. Different nanomaterials, either liquid, solid, or a combination of both, are
incorporated into the polymer matrix via MMNMs.

These nanomaterials typically include porous or nanoporous substances such as zeolite,
activated carbon, graphene oxide, and carbon nanotubes, as well as nonporous materials
like silica, TiO2, SiO2, and AI203[55-57]. The inorganic fillers significantly influence

23



membrane morphology by potentially blocking pores and causing aggregation. Choosing
appropriate polymers and fillers can enhance both selectivity and permeability. Based on
a literature review, this study centers on the incorporation of nanoparticles (fillers) on

polymeric membranes for desalination applications[58].

2.3  Membrane Synthesis Techniques

There are numerous techniques for synthesizing membranes, as well as various types of
membranes and their applications. Given the diversity of materials, a broad array of
preparation methods is available. However, some of the most significant approaches are
outlined below, which enable the fabrication of both organic and inorganic membranes,

as well as self-supporting and composite membranes.

2.3.1 Dip-Coating
This is one of the simplest and most commonly used techniques in industry. In this

method, a support material is immersed or dipped into a coating solution for a specific
period and then dried. This process deposits a membrane layer from the casting solution
onto the support. It is widely employed for producing composite membranes. Through
this technique, thin layers as small as 1 am can be achieved, and multiple coatings can

also be applied if needed[59]. Figure 1.9 illustrates the dip-coating process.
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Figure 2.8 Dip-Coating [54].
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2.3.2 Spin-Coater
This process is similar to the dip-coating method, but differs in that, instead of immersing

the support into the solution, the layer is applied to the support using centrifugal force.
This approach allows for greater uniformity and the production of extremely thin layers
with very low thickness[60]. Figure 2.3.2 illustrates the operation of the spin-coating

process.
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Figure 2.9 Spin-Coater [ 56].

2.3.3 Phase Inversion
Phase inversion is a technique that transforms a polymer from a liquid to a solid state,

also referred to as phase conversion. The most commonly used method is Non-Solvent
Induced Phase Inversion, widely known as Wet Phase Inversion. This process allows for
the synthesis of almost all types of membranes, especially hollow fiber and flat sheet
membranes. Membranes can be classified as either porous or dense. Certain key factors
should be considered during the formation of porous or non-porous membranes[61].

Porous membranes are formed if the following conditions are met:

o Polymer concentration is low

o No volatile solvent is added, and no evaporation time is given

o High solvent and non-solvent affinity are achieved

o Addition of non-solvent to a polymer solution or a second polymer to solution

Formation of the dense membrane is achieved if:

o Polymer concentration is high (density increases with polymer concentration)
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o A volatile solvent is added to the casting solution (density increases with solvent

concentration)

o Evaporation time is given before coagulation (density increases with Eva [oration
time)

o No affinity between solute/solvents

o Feed solution is pure also no addition of non-solvent or other polymer is done.
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Figure 2.10 Phase inversion [58].

2.3.4 Interfacial Polymerization
This method involves precisely controlling the polymerization of a thin layer applied over
support at the interface between the two layers. Commonly used monomers for this

process include:
o MPD (M- phenylene-diamine)
o TMC (trimethyl chloride)

This process involves three stages, where the product undergoes thermal treatment to
complete the crosslinking and reaction process. Initially, the product is coated with an
aqueous amine solution, followed by a coating with an organic TMC solution in the
second stage. The following factors influence the membrane’s morphology and

performance during this process:
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. Monomer concentration

. Post- Treatment
o Characteristics of support
o Reaction time

Creating interfacial polymerized membranes presents several challenges. One issue is the
uneven and non-uniform polymerization, which can lead to increased film thickness and
the internal-concentration polarization effect. Numerous studies are being conducted to
develop ultra-thin, defect-free interfacial polymerized membranes to achieve both high

performances, in terms of high flux and high rejection rates.

free interfacial polymerized membranes to achieve both high performances, in terms of

high flux and high rejection rates.
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Figure 2.11 Interfacial polymerization [59].

2.4 Description of Fillers Used in Mixed Matrix Membrane (MMM)

For MMM, several filler kinds are utilized. The following describes some of the most
popular and useful nanoparticles for MMM preparation.

24.1 Zeolites

Zeolites are porous minerals made of silicon, aluminum, and oxygen; they are also
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referred to as molecular sieves. They are crystalline in structure, with internal channels
and voids. These cavities and channels may hold cations, such as phosphate, sodium,
magnesium, and calcium ions, water, and/or tiny molecules[62]. They have exceptional
chemical and physical properties, such as sorption and diffusion capacities, due to their
distinct pore sizes and channels. Since the last few decays, zeolites have been used as
inorganic filler in MMM. Zeolites can be added to membranes to improve their surface
characteristics, including contact angle, solid-liquid interfacial free energy, film

thickness, water flux, and pore size[63].

24.2 Silica

The non-porous inorganic filler is silica. High surface area, chemically and thermally
durable, and comparatively innocuous to the environment are silica nanoparticles[64]. It
has been demonstrated that adding silica increases the membrane's water permeability,
contact angle, and surface roughness. By strengthening the bond between the functional
group and the polymer matrix, the amount of water transported over the membrane
increases. The ideal conditions for the sol-gel synthesis process are employed to

incorporate silica into the membrane [65-67].

24.3 TiO2
TiO2 nanoparticles have a photocatalytic activity that kills bacteria and breaks down

organic compounds(68). The membrane's hydrophilicity and fouling resistance have both
enhanced with the addition of TiO2[69-72]. Because of the large specific area and
nanosized diameter of TiO2, non-selected voids are avoided during the manufacture of
MMM incorporating TiO2 as nanofillers.TiO2 addition causes the membrane's porosity
to decrease, which lowers flow.TiO2-impregnated membranes exhibit improved

mechanical strength and hydrophilicity[73].

2.4.4 Carbon nano-Tubes (CNTS)

Graphite sheets are molded into nanotubes to create carbon nanotubes. Water is
transported via a membrane without friction thanks to the impregnation of CNTs. Based
on their pore diameter, water permeates CNT-based materials but MMM salts are
repelled. CNTs are hollow cylinders that are one-dimensional and have a large length-to-

diameter ratio[74].

28



245 Metal Organic Frameworks (MOFS)
Metal-organic frameworks (MOFs) are porous hybrid materials made of a central metal

bonded by coordinating bonds to organic linkers [75-79]. Their exceptional adsorption
affinities, great thermal stability, and changeable pore diameters are all present[80]. High
surface area regulated porosity is one of the other features. They have strong sorption
ability because of their large surface area. Because of their greater affinity for the
polymer matrix than inorganic fillers, MOFs in membranes have demonstrated superior
benefits and performance over porous materials with rigid frameworks, such as zeolites.
In addition, MOFs in membranes reject specific molecules based on their size, shape,
polarity, and conformation, while also preventing non-selected voids[81].

2.4.6 Activated Carbon (AC)

Activated carbon is regarded as an effective type of filler material for MMNMs.
Activated carbon, also known as activated charcoal, is a highly porous form of carbon
with a large surface area that is widely used for various applications such as water
treatment and adsorption of chemicals and pollutants. It is produced from different
carbonaceous materials like agricultural waste, olive stones, walnut shells, and peanut
hulls through processes involving physical or chemical activation with agents like KOH
or H3PO4. The preparation of activated carbon involves carbonizing and activating the
original material to enhance its adsorptive properties, with factors like activating agent
concentration and particle size influencing its effectiveness. Activated carbon's
adsorption capabilities are attributed to its microporosity, allowing for strong physical
adsorption forces, making it a valuable tool for purification and recovery processes in

various industries.
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AIMS AND OBJECTIVES
1- To synthesized bio-adsorbent through pyrolysis method.

2- To synthesize pristine membranes by the phase inversion method.

3- To synthesize Mixed matrix nanocomposite membranes (MMNMS) via the phase

inversion method, incorporating the filler (bio-adsorbent).

4- The synthesized mixed matrix nanocomposite membrane was characterized to

analyze, functional groups, contact angle, porosity, and water uptake.

5- To investigate the desalination process by using the bio-adsorbent.
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CHAPTER 3

METHODOLOGY
3.1 Material

High purity research grade chemicals were used in this study. Date seeds (Phoenix
dactyliferous) were purchased from the Asia food international (Khairpur Mirs Pakistan).
Acetone (CHs COCH3), Ethanol (C2HsOH) ,Hydrochloric acid, Polyvinylpyrrolidone
(PVP)(CeHgNON), Sodium Chloride (NaCl), Magnesium Sulfate monohydrate
(MgS0O4.H20), and vinyltriethoxysilane((C2Hs0)3SICH=CH> )was purchased from
Sigma Aldrich® (Steinem Germany. Potassium hydroxide (KOH) was purchased from

Merck. Cellulose acetate (C14H16N4) was purchased from Across Organics (Belgium).

3.2 Synthesis of Biochar via Pyrolysis Technique

The biochar was prepared from date seeds via pyrolysis is shown in figure 3.1. Initially
the seeds were manually separated from the fruit by hand. The seeds were cleaned by
washing them with deionized water and rinsing them with acetone to remove any
impurities. Subsequently, they were washed again with deionized water to ensure no dust
particles remained[82]. The cleaned date seeds were then dried in an oven at 180°C for
24 hours to eliminate any related contaminants and moisture content[83]. After drying,
the seeds were crushed twice using a German jaw crusher and further refined using a
Disc ball mill. Additional refinement was carried out using a lab scale grinder. Finally,
the crushed seeds underwent sieve analysis to produce bio-mass at a desired particle size
of less than 200mm[83]. To create the biochar, the powdered date seeds of uniform size
was subjected a single-step slow pyrolysis procedure. 100g of the biomass sample was
paralyzed in a muffle furnace at 500°C for 4 hours in a nitrogen environment as a part of
the pyrolysis technique to produce biochar [84]. The biochar was cooled in a muffle
furnace until it reached room temperature and subsequently transferred into a desiccator
for 15 minutes. Concurrently the biochar was collected from the muffle furnace and
stored for future utilization in carbon activation processes. The mass yield was

determined based on the final weight of the biochar.

ieldy = ™
Mass yield% o X 100

Washed with

DI wate Bﬁ‘

acetone

Dry at 120°C




Figure 3.1: Synthesis of Biochar from Date Seeds.

3.3  Synthesis of Activated Carbon from Biochar

In the production of activated carbon, the thermochemical activation process was
employed to enhance the porosity and surface area of the activated carbon. The process is
shown in figure 3.2. A wet impregnation was conducted the biochar underwent
impregnation with concentrated KOH at a weight-to-volume ratio of 1:1 dispersing in an
aqueous solution of ethanol followed by stirring for 2 hours and subsequent filtration(83).
Following the filtration process, the impregnated biochar was subjected to overnight
drying in an oven set at 120°C[85]. This step was essential to remove excess moisture
and prepare the material for subsequent processing steps[86]. After the drying process,
the biochar underwent a high-temperature treatment to produce activated carbon for 4
hours in a muffle furnace within an inert nitrogen atmosphere, with a flow rate of
150cm3/min at a temperature of 950°C[87]. The activated carbon obtained was subjected
to a purification procedure involving treatment with hydrochloric acid (HCL) followed
by rinsing with deionized water to adjust the pH to neutral levels. The washed product
was subsequently dried in an air oven at 110°C overnight to ensure it was thoroughly
dried[88].
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Figure 3.2 Synthesis of activated carbon from Date Seeds Biochar.

3.4  Modification of Activated Carbon
To enhance the stability of synthesized activated carbon nanoparticles and prevent

agglomeration, surface modification was performed using polyvinyle triethoxysilane as a
silane group attachment. 3 grams of activated carbon were transferred in a three-neck
flask containing 175 mL of toluene and subjected to sonication for 45 minutes.
Subsequently, 175 pL of the cross-link vinyltriethoxysilane was added dropwise under a
nitrogen (N2 atmosphere and stirred for 6 hours at a temperature of 65-70°C. After the
reaction was complete, 45 mL of ethanol was added to dilute any unreacted pol
vinyltriethoxysilane molecules. The particles were then separated from the solution by
centrifugation at 12,000 rpm, washed with ethanol, and further washed with ultrapure

water. Finally, the modified activated carbon was oven-dried at 80-90°C for 14 hours.
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Figure 3.3 Modification of Date Seeds Activated Carbon

3.5  Synthesis of Pristine Membrane
The pristine CA/PAN membrane without filler was prepared by the Phase inversion

method. To prepare a 23 weight percent dope solution, the polymer was dissolved in a
DMF solvent. The compositions of the polymer and solvent r were carefully adjusted. To
ensure uniform dispersion, the polymer was gradually dissolved in the solvent while
being vigorously stirred for five hours at a temperature of 70 °C. Once a homogeneous
polymer solution was obtained, the casting solution was left at room temperature for 24
hours to remove any trapped air bubbles. As depicted in the figure, the membrane was
fabricated by casting the dope solution onto a non-woven polypropylene support at a
speed of 50 mm per second at room temperature, using an automatic film applicator
(Electromer 4340). After casting, the membrane was allowed to dissipate for ten seconds.
Phase inversion takes place when the fabricated membrane is immersed in a water bath,
using water as a non-solvent, for 15 seconds while maintaining the bath temperature at
19°C. Following this process, the membrane was soaked in a 70/30 water and
isopropanol mixture for 19 hours. To maintain the pore structure and integrity, it was then
immersed in a glycerol solution for four hours. In the final stage, the membrane was

completely dried at ambient temperature for 24 hours between two filter sheets [53,89].

34



L —
- Fabrication of
- = EvaporatelOsec
(‘\j}_:(, : membrane E E
cellu Phase
ellulose acetate, Inversion

Polyacrilonitrile solution

- VA
Ready for Dip in water
Testing T Isopropanol

solution

’r\ N Preservein

=
N D Igater
\ 2\

r— a — g

i\

Figure 3.4 Fabrication of CA/PAN Pristine Membrane

3.6  Fabrication of mixed matrix nanocomposite membrane (MMNM’s)
By adding particular concentrations of AC (0.5 weight percent, 1 weight percent, 2.5

weight percent, and 5 weight percent), AC-filled MMNMs were also created utilizing the
phase inversion approach. The polymer was dissolved in a DMF solvent, with the solvent
and polymer compositions adjusted, to create the final solution, which had a weight
percentage of 23. To create a uniformly dispersed solution, the polymer was dissolved
gradually in the solvent while being vigorously agitated for four to five hours at 65 to
70°C. AC nanoparticles were introduced separately to a brand-new reagent container that
contained DMF solvent. To ensure an even dispersion, the nanoparticles were then
continuously vigorously stirred into the solvent about four to five hours at 65 to 70°C.
The nanoparticle solution and the polymer dope solution were then mixed together, and
2.5 weight percent of the pore former (PVP) was added. To ensure complete mixing, the
entire solution was agitated throughout the night. After achieving a homogeneous
polymer/nanoparticle solution, all trapped air bubbles were removed by letting the casting
solution sit at room temperature for a full day. As shown in the figure, the membranes
were subsequently created by casting the dope solution onto a non-woven polypropylene
support at a rate of 40-60 mm per second using an automatic film applicator

(Electrometer 4340). The membranes were left to evaporate for ten seconds after casting.
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Using water as a non-solvent, the manufactured membranes were immersed in a water
bath for 1015 seconds to achieve phase inversion, while the bath temperature was kept
at 18-19°C. Following this procedure, the membranes were submerged for 19 hours in a
70/30 water and isopropanol mixture. They were then submerged in a glycerol solution
for four hours to preserve the integrity of the pore structure. The membranes were finally

allowed to dry completely by being placed between two filter sheets and left at room

temperature for a full day.
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AC Solution Dope solution R : —

Dope Solution . emove air Fabrication
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Figure 3.5 Fabrications of Mixed Matrix Nanocomposite Membranes
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Table 3.1 Composition of Prepared Membranes.

Membrane | CA/PAN (W%) | PVP (w %) AC (W %) DMF (w %)
M 30/10 10 0 50
MAC1 30/10 10 05 495
MAC2 30/10 10 1 49
MAC3 30/10 10 25 475
MAC4 30/10 10 5 45

3.7  Testing of Membranes:
The membranes were subsequently evaluated using a dead-end filtration system. The

schematic diagram of the testing setup is given below.
3.7.1 Working of Dead-End Filtration System

A dead-end filtration cell was employed to assess the membrane's performance under the
appropriate pressure conditions. The key performance indicators for the membrane

included water flux and salt rejection, along with tests for anti-fouling and dye rejection.

To determine the pure water flux across the membrane at the designated pressures,
distilled water was used as the feed solution. The membrane's salt rejection capability
was evaluated using NaCl and MgSOs solutions. These solutions were prepared by
dissolving 1 g of each salt in 1000 ml of distilled water before initiating the salt rejection
test. For the anti-fouling test, a standard Bovine serum abumin (BSA) solution was
prepared by dissolving 1 g of BSA in 1000 ml of distilled water, The procedure for

testing membranes using the dead-end filtration method involved the following steps:
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1. The membrane was cut into a circular shape to fit the membrane coupon of the
dead-end filtration cell.

2. The circular membrane was then placed inside the dead-end filtration cell
(Sterlitech HP 4950, USA).

3. The cell was filled with 250-300 ml of the feed solution, and the assembly was
securely fastened. Nitrogen gas was introduced into the cell by opening the valve
and adjusting the pressure using a pressure gauge until dropwise permeation was
achieved. The stirring speed was set to 500 rpm. To ensure stability, the
membrane was allowed to compact under the specified pressure condition, and
any collected permeate during this stabilization phase was discarded.

4. For the dye rejection test, the permeate was collected in UV spectroscopy tubes

for analysis using UV spectroscopy.

Once the system reached a steady state, a glass vial was attached to the setup to collect
the permeate, and the time taken to fill the vial was recorded. The pure water flux,

fouling indexes, and salt rejection were calculated using the relevant formulas.

38



Pressure
gauge

Dead-End membrane
filtration unit

Pressure " Feed Solution

regulator - Magnetic

=== stirrer

Membrane

Nitrogen Gas Cylinder

Data acquisition system

Balance

Figure 3.6 Working of Dead end cell
3.7.2 The Pure Water Flux (PWF)

The pure water flux was measured at room temperature following membrane compaction.
Water permeance was calculated using the formula provided in Equation 1, as described
in the literature [92].

_ A"
" At.Aeff.AP

------ eql
Where,

J =PWF (LMHbar?

V= volume of permeate (L)

At = Time (hrs)

Aerr = active area of membrane (m?

Ap = applies pressure (bar)

3.7.3 Porosity and Mean Pore Radius
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The porosity of the fabricated membranes was determined using the gravimetric method,

as described in the literature.

A1—-@2
8 =
AXIxdw

--- €q 2

Where,

€ = porosity and mean pore radius of the membrane
1 = weight of wet membrane

02 = weight of dry membrane

A = area of membrane (my)

dw = water density (998 kg/mq)

| = thickness of membrane

The mean pore radius was calculated using Equation 3, based on pure water flux and
porosity data, as reported in the literature [93].

rm=+/(2.9 — 1.75¢)81Q /e X A X Ap ----- eq3

Where,
n = viscosity of water

Q = volume of permeated pure water per unit time (m3/s)

Ap = pressure

3.7.4 Salt Rejection

To evaluate the membrane's selectivity, different salts such as NaCl and Ni (NOs) 2-6H20
were used as feed solutions. Salt rejection was tested using 4000 ppm solutions of the
aforementioned salts, which was passed through the synthesized membranes at a pressure
of 6 bars. A conductivity meter was employed to measure the salt concentrations in both

the feed and permeate solutions. Rejection was calculated using Equation 4, as reported
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in the literature[94].
Cp
R (%) = (1- E) x 100 ----- eqd

Where,

Cp = concentration of salt in permeate
Cf = concentration of salt in fee

R = salt rejection

3.7.5 Dye rejection

Membrane dye rejection tests were conducted using methylene blue, Congo red, and rose
Bengal. Each dye was prepared in a 30-ppm solution and used as the feed solution. These
solutions were passed through the membranes at a pressure of 6 bars and room
temperature. The concentrations of the dyes in both the feed and permeate solutions were
analyzed using a UV spectrophotometer. The flux and rejection rates were calculated
using Equations 1 and 4, respectively. The dye that showed the highest rejection was then
used to test the stability of the best-performing membrane, as identified in the
literature[95]. This stability test involved running the filtration process for 36 continuous

hours, during which the dye solution flux and dye rejection were measured every 2 hours.

3.7.6 Anti- Fouling Property

The anti-fouling properties of the fabricated membranes were evaluated using bovine
serum albumin (BSA) as the fouling agent at a concentration of 1000 ppm. The
experiments were conducted at room temperature under a pressure of 8 bars[96]. For this
test, the pure water flux (PWF) was initially determined by passing distilled water
through the membrane to stabilize the system. Five cycles of PWF measurements were
then conducted over 100 minutes, with each cycle lasting 20 minutes. Subsequently, five
cycles of bovine serum albumin (BSA) solution flux were measured over the next 100
minutes, also at 20-minute intervals. The membranes were then washed with deionized
(DI) water for 30 minutes to facilitate recovery. Finally, an additional five cycles of PWF
measurements were performed over the subsequent 100 minutes the flux recovery ratio
was calculated by equation 5. For reversible, irreversible, and total fouling EQ. 7,8,6

were used as reported in [92, 97].
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JW.2
JW.1)

F.R.R (%) = %100 eqs

TFR= (1-—) x 100 ------ eq6

]w ]w12

RFR= ( ) X 100 ----- eq’

IRF.R = (T.FR-RF.R)-- eq8

Where

JW1 = Pure Water Flux

Jw2 = Flux of BSA

Up = Pure Water Flux after 30 minutes of washing
F.R.R = Flux Recovery Ratio

T.F.R or Rt = Total Fouling Ratio

R.F.R or Rr = Reversible Fouling Ratio

IR.F. R or Rir = Irreversible Fouling Ratio

3.8  Characterization Techniques
Various characterization methods were employed to determine and validate the properties

of the samples. The specific characterization techniques used are as follows:

3.8.1 Fourier Transform Infrared Spectroscopy
The study aimed to examine the interactions and reactions between polymer chains and

chemical bonds that are compatible with the polymers, pore formers, and fillers [98]. The
analysis was conducted using a Thermo Scientific Nicolet 6700 (Thermo Fisher, USA).
FTIR spectra for both neat and mixed matrix nanocomposite membranes were recorded
with 128 scans, covering a wavelength range of 4000 to 650 cm™, and a resolution of 8
cm . This analysis verifies the presence of impurities, such as solvents and nonsolvent.
The sample dimensions are 1 x 1 cm? FTIR was employed to identify the various
functional groups present in activated carbon (AC), pristine samples, and mixed matrix

nanocomposite membranes (MMNMs).
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3.8.2 X-Ray Diffraction Spectroscopy (XRD)
The crystallinity of the samples was analyzed using X-ray diffraction (XRD)

techniques[99]. This approach is essential, as the performance of the synthesized particles
is heavily influenced by XRD results. The crystalline structure significantly affects
properties such as the electronic band structure, which is associated with the catalyst
surface characteristics. The peaks obtained were closely matched with documented
literature, confirming the purity of the samples. In this study, activated carbon (AC),
pristine, and fabricated mixed matrix nanocomposite membranes (MMNMs) were

characterized using XRD.

3.8.3 Scanning Electron Microscopy
SEM analysis was used to investigate the morphology, as well as the cross-sectional and

surface structures of both neat and composite membranes with varying nanoparticle
concentrations [100]. SEM images were obtained using a Scanning Electron Microscope
(Inspect S-50, Thermo Fisher Scientific, USA) operating at 12.5 kV. The flat-sheet
nanocomposite membranes were cut into 0.25 x 0.25 cm? pieces, frozen in liquid
nitrogen, carefully fractured to expose the cross-sectional structures, mounted on blocks,

and then coated with a thin gold layer via sputtering before analysis.

3.8.4 Contact Angle Measurement (CA)
The sessile drop method was used to measure the membrane surface contact angle in

order to assess the hydrophilicity of composite membranes as well as the effects of pore
formers and nanoparticles (NPs). Deionized (DI) water droplet measurements at three
different sites on each sample are averaged to provide the stated contact angle results.
Over time, lateral images of the droplet profile were captured by a camera with a high

resolution system[53].
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CHAPTER 4
RESULTS

In this chapter, the experimental results obtained from various analyses of the composite
membranes are presented and discussed. The primary aim of these investigations was to
evaluate the structural, chemical, and performance characteristics of the membranes in
relation to their composition, including the incorporation of nanoparticles and pore
former.

4.1  Fourier Transform Infrared Spectroscopy Result of Date Seed Activated

Carbon:
An FTIR spectrum was collected to analyze the surface chemistry of the activated carbon

(AC) particles. The infrared (IR) spectrum (Figure 4.1) reveals the presence of various
functional groups in the AC. The characteristic absorption peaks were identified and
compared with existing literature to confirm the associated functional groups. The FTIR
spectra showed broad absorption bands, indicating the presence of oxygen-containing
functional groups, such as hydroxyl, carboxyl, and carbonyl groups, on the sample
surfaces. These include the C-O stretching of carboxyl or carbonyl groups at 1727 cm™!,
C-O-(C) stretching at 1264 cm™, and C-O-(H) stretching at 1020 cm™. The absorption
peak at 3359 cm™ is associated with hydroxyl groups, reflecting O-H stretching
vibrations from intermolecular hydrogen bonding in compounds like alcohols, phenols,
and carboxylic acids. Additionally, alkyl C-H stretching vibrations are observed at 2959
cm![86].
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Fig 4.1 Fourier Transform Infrared Spectra of Date Seed Activated Carbon

4.2  X-ray Diffraction Analysis of Date Seed Activated Carbon:

The XRD patterns of the activated carbon (DSAC) shown in Figure 1 reveal distinct
diffraction peaks at 25° and a subtle peak at 45°, corresponding to the (002) and (100)
crystal planes, respectively, indicative of a graphitic structure. The crystallinity of DSAC
is measured at 14.4%, suggesting that the KOH-treated activated carbons (ACs) exhibit
an amorphous or semi-crystalline nature. Consistent with previous studies [47,48],
activated carbon generally displays an amorphous structure. According to Mohammad et
al., activated carbon comprises a disordered microcrystalline structure with randomly
oriented graphitic microcrystals [49]. Many researchers also describe activated carbon as

an amorphous material with a high surface area and significant porosity [9,10,11].
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Fig 4.2 X-ray Diffraction Spectra of Date Seed Activated Carbon

4.3  Fourier Transform Infrared Spectroscopy Results of Membranes:
FTIR Spectrum for neat and activated carbon-filled mixed matrix Nano composite

membranes (Figure 4.2). The spectra indicate the presence of activated carbon, cellulose
acetate, polyacrylonitrile, and PVP within the membrane structures. The peak observed at
1036 cm™ is characteristic of the C-O-C stretching, which is indicative of the presence of
activated carbon. The spectrum reveals a strong peak at 1233 cm™', associated with the
cyclic C-O-C and ether group stretching vibrations found in both cellulose acetate and
activated carbon [102]. The peak at 1632 cm™ is clearly linked to the C=C stretching of
mono-substituted alkenes in cellulose acetate. A peak at 1742 cm™ corresponds to the
carbonyl (C=0) group present in both cellulose acetate and activated carbon. For all
membranes, the characteristic peaks for O-H and C-H stretching vibrations were

observed at 3356 cm ™! and 2945 cm™!, respectively [103].
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Figure 4.3 Fourier transform infra-red spectrum of CA/PAN Mixed Matrix Membranes M (0%AC), MAC1
(0.5%AC), MAC2 (1%AC), MAC3 (2.5% AC),MAC4 (5%AC) .

44 Contact Angle Measurement:

The contact angles of the membranes were measured to assess their hydrophilicity. This
serves as an indirect assessment and a key parameter. The hydrophilicity of the M-MAC4
composite membranes was determined using the sessile drop method. The contact angles
were measured five times, and the average values for the synthesized membranes (Figure
4.4). The highest contact angle was observed for M, indicating the membrane's lowest
hydrophilic properties. The composite membrane exhibited a lower contact angle
compared to the M membranes. Furthermore, the contact angle decreased from 54° to 19°
as the activated carbon content increased from 0.5 wt.% to 5 wt.%, indicating an
enhancement in hydrophilicity[107]. Surface hydrophilicity is a crucial factor in
achieving higher flux and permeation rates in nanocomposite membranes, as it can
significantly influence flux[108]. A lower contact angle signifies a more hydrophilic
membrane surface. The M membrane exhibited the highest water contact angle, measured
at 54 + 3.2 degrees. Increasing the activated carbon content beyond 2.5 wt.% did not

improve hydrophilicity, as this led to the aggregation of activated carbon[109].
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Figure 4.5 Contact angles Of CA/PAN Mixed Matrix Nanocomposite Membranes M (0%AC), MAC1
(0.5%AC), MAC2 (1%AC), MAC3 (2.5%AC), MAC4 (5%AC).

45  Water Flux:

The water flux of pristine as well as activated carbon filled Nano filtration membranes
(Figure 4.5). The M membrane exhibits the lowest pure water flux (PWF) at 62.8. While
the membranes of 0.5wt%, 1wt%, 2.5wt%, and 5wt% of activated carbon show the PWF
of 75.4, 89.6, 97.5, and 78Lm2ht respectively. The water flux progressively increases as
the activated carbon content rises up to 2.5wt%. The hydrophobicity of activated carbon
facilitates the absorption of water molecules onto the membrane's surface, leading to the
formation of a water layer. This preferential absorption of water molecules over other
substances decreases the membrane's mass transfer resistance and consequently enhances
the water flux [110]. However, the pure water flux significantly decreased when the
activated carbon content in the membrane exceeded 5wt%. This reduction in flux can be
attributed to the increased viscosity of the casting solution, which leads to a slower phase
inversion process. In other words, a high filler loading obstructs the membrane pores,

reduces the roughness of membranes, and reduces the average pore size[111].
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Figure 4.6 Water Fluxes of CA/PAN Mixed Matrix Nanocomposite Membranes M (0%AC), MAC1
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4.6  Salt Rejection:
The salt rejection performance of both Pristine and AC-filled MMNMs (Figure 4.6a, 4.

6b ). In this study, monovalent (NaCl) and bivalent (MgSOa) salts were used to evaluate
the membranes' selectivity. The figures reveal that increasing the AC content up to 2.5
wt. % enhances the membranes' selectivity towards salts. However when the AC content
is further increased from 2.5wt% to 5wt%, the selectivity for both salts decreases. The
observed rejection behavior suggests that the synthesized Nanofiltration membranes are
negatively charged, leading to stronger repulsion of divalent anions compared to
monovalent anions. This trend aligns with the Donnean exclusion principle, which is

widely recognized as the primary mechanism for salt rejection in NF membranes[112].
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4.7  Porosity and Mean Pore Radius:

The porosity and mean pore radius of the membranes were determined using Equation (1)
and (2). The changes in porosity and mean pore radius with varying activated carbon
concentrations for different membranes (Figure 4.7 and 4. 8). In conclusion, the addition
of filler has led to an increase in both the porosity and the average pore radius of the
membranes, which in turn enhances the pure water flux compared to the unmodified
membrane. As documented in the literature, activated carbon has also been utilized as an
orogen due to its porous structure, which enhances the porosity of modified
Nanofiltration membranes[113]. The porosity and mean pore radius decrease when the
concentration of activated carbon exceeds 5wt %. This could be due to the increased
viscosity of the polymer solution, which results in slower phase inversion and the
formation of fewer pores and smaller pore sizes [114]. In other words, the reduction in
porosity and average pore radius can be attributed to the agglomeration of activated
carbon within the polymer matrix, which leads to pore blockages and consequently
decreases both porosity and mean pore radius [115]. As the loading of activated carbon
increases, the pore size distribution of the MMMs tends to broaden. This is primarily due
to the introduction of AC particles, which can create additional voids in the membrane
structure. At lower loadings(0.5wt%) the distribution may remain relatively narrow, but
as loading increases, from 0.5-2.5wt%) the presence of larger AC aggregates can lead to
a wider range of pore sizes. Within this range, the membranes exhibit enhanced
permeability while maintaining a desirable pore size distribution for effective separation
processes. Beyond this optimal loading, the pore structure may become less uniform,
leading to a decrease in performance due to excessive agglomeration of AC
particles. Research indicates that an optimal range of AC loading exists, typically
between 0.5-2.5 wt%.This indicating that the choice of AC can also significantly

influence the overall membrane performance.
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4.8  Water Uptake Analysis:

At room temperature, the water uptake of the membranes was analyzed. The fully dried
membrane samples were first weighed, then immersed in distilled water, and weighed
again after 24 hours. The water filtration performance of a composite membrane is
directly influenced by its water uptake capacity. It was observed that as the concentration
of activated carbon (AC) particles increased up to 2.5 wt%, water uptake also increased,
however, beyond this concentration, the water uptake began to decrease as the AC
content continued to rise. The water uptake values for membranes with neat to 5 wt% AC
(Figure 4.8). Initially, water uptake increased with the rise in AC content, and then
declined to approximately the same level as the pristine membrane. This initial increase is
strongly associated with the membrane's hydrophilicity. The higher water uptake at
increased AC concentrations can be attributed to strong interactions between the pore
former, the polymer matrix, and the AC filler, which likely restrict polymer chain
mobility and reduce the free volume within the polymer matrix. Additionally, the water
absorption of the composite membrane increases with a temperature rise [116]. A
membrane with 2.5 wt% AC loading exhibited the highest water uptake capacity at

75.66%. However, further increasing the AC concentration to 5wt% may lead to a
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decrease in water uptake capacity. This reduction is likely due to the agglomeration of
AC nanoparticles at higher concentrations, which significantly diminishes the effective
hydrophilicity of the AC particles[117, 118].
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Figure 4.11 Water Uptake Analysis of CA/PAN Mixed Matrix Nanocomposite Membranes M (0%AC),
MAC1 (0.5%AC), MAC2 (1%AC), MAC3 (2.5%AC), MAC4 (5%AC).

4.9  Fouling Test:
Cake layer formation and concentration polarization are two of the most significant

challenges encountered in membrane separation processes. These phenomena directly
impact the membrane surface, leading to a decline in membrane performance by
obstructing the pores. Consequently, this not only reduces the efficiency of the membrane
but also shortens its operational lifespan[119]. The antifouling properties of AC-filled
MMNMs were examined in this study using a 1000 ppm BSA protein solution. Since
BSA molecules are larger than the membrane pores, they were unable to penetrate and
instead caused biofouling on the membrane surface. The antifouling efficiency of the neat
CA/PAN membranes and the AC-filled MMNMs was assessed by measuring the water

flux recovery ratio (FRR) after exposure to the BSA solution. (Figure 4.9b) presents these
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findings. The FRR of the neat CA/PAN membrane was 65.3%, whereas the FRR of the
2.5 wit% AC-filled membrane was 91.4%, demonstrating that the AC-filled CA/PAN
membranes significantly outperformed the unmodified CA/PAN membranes in
antifouling performance. It is widely recognized that a higher FRR and a lower total
fouling ratio (Rt) are indicative of superior antifouling properties[120]. The total fouling
ratio (Rt) of the neat membrane was 75%, while that of the 2.5 wet% AC-filled
membrane was 60%, indicating that the unmodified membrane had inferior antifouling
properties. Moreover, the irreversible fouling ratio (Rir) of the membranes decreased
significantly from 56% for the neat membrane to 15% for the 2.5 wet% AC-filled
membranes. These results indicate that the AC-filled MMNMs with 2.5 wet% AC

loading exhibit excellent antifouling capabilities.
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Figure 4.12 Flux for Fouling analysis of CA/PAN Mixed Matrix Nanocomposite Membranes M (0%AC),
MAC1 (0.5%AC), MAC2 (1%AC), MAC3 (2.5%AC), MAC4 (5%AC).
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4.10 Dye Rejection:

Three different dyes—methylene blue, Congo red, and rose Bengal—were selected, each
with distinct molecular weights of 373, 696, and 1017 g/mol, respectively, to assess the
separation performance of nanofiltration (NF) membranes. This study aimed to explore
the effectiveness of pristine membranes and activated carbon (AC)-filled mixed matrix
nanocomposite membranes (MMNMS) in treating textile dye wastewater. Methylene blue
carries a positive charge, while both Congo red and rose Bengal are negatively charged.
The dye permeation flux and rejection rates for the NF membranes tested (Figure 4.10
a,b,c). All modified NF membranes exhibited an overall increase in flux and higher
retention compared to the unmodified (neat) NF membranes. At a concentration of 2.5
wet%, the rejection rates for methylene blue, Congo red, and rose Bengal were 94%,
96%, and 99.8%, respectively, with corresponding permeate fluxes of 87%, 68%, and
59%. The graphs indicate that the dye with the lowest molecular weight exhibited the
highest flux but the lowest rejection among all the dyes tested. Conversely, the dye with
the highest molecular weight showed the lowest flux and the highest rejection. As the AC
loading increased from 0.5 to 2.5 wet%, a decrease in rejection was observed. The
enhanced dye rejection with increasing molecular weight could be attributed to the larger
size of the dye molecules relative to the pores of the cellulose acetate (CA)-based
membranes resulting in the dye retention by the membranes. This effect can be attributed
to the interaction between the dye molecules and the well-dispersed AC particles[121].
The lower rejection of the positively charged methylene blue (MB) is likely due to its

smaller molecular size (373 g/mol), which diminishes the size exclusion effect.
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CHAPTER 5
DISCUSSION

Water scarcity is one of the most pressing global challenges, and desalination has
emerged as a critical solution to provide fresh water from seawater or brackish water.
Traditional desalination methods, such as MED, and VCD while effective, have
limitations including high energy consumption, fouling, and environmental concerns. In
this context, Date seed activated carbon (DSAC) crosslinked with Vinyle triethoxysilane
(VTES), combined with cellulose acetate (CA), polyacrylonitrile (PAN), and PVP, offers
a cost-effective, sustainable, and high-performance solution for desalination of
water.Compared to other bioadsorbent and nanocomposite membranes, DSAC-based
membranes excel in terms of desalination efficiency, fouling resistance, scalability, and
environmental impact. While membranes based on materials like GO, CNT, and zeolites
may offer higher water flux or selectivity, DSAC-based membranes provide a more
balanced solution that is both commercially viable and environmentally sustainable,

making them a strong candidate for desalination of water.

Bioadsorbent - based mixed matrix nanocomposite membranes (MMNMS) represent a
promising alternative for enhancing desalination performance. This discussion will delve
into the potential of these membranes, focusing on their materials, mechanisms,

challenges, and future prospects.

Bio-adsorbent-based MMNMs can improve desalination performance by enhancing
water permeability, salt rejection, and resistance to fouling. The incorporation of bio-
adsorbent such as activated carbon into a polymeric matrix provides enhanced adsorption
capacity due to the presence of functional groups like hydroxyl, amine, and carboxyl
groups, which can effectively capture salts and other impurities. These membranes
demonstrate several key scientific outcomes that enhance the efficiency and sustainability

of water desalination processes.

One of the major outcomes of using DSAC crosslinked with VTES in a polymeric matrix

of CA and PAN is the significant increase in water permeability:

PVP’s role as a pore former improves the membrane’s pore structure, facilitating higher

water flux by creating a controlled pore size distribution. This allows water to pass more
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easily while rejecting larger ions. CA's moderate hydrophilicity and PAN’s robustness
ensure efficient water transport through the membrane, while maintaining the structural
integrity under high-pressure desalination conditions. DSAC’s high surface area and
microporosity, enhanced by VTES crosslinking, create additional channels for water
transport, leading to higher water flux compared to conventional membranes. A notable
improvement in water permeability (flux) compared to traditional polymeric membranes
due to the synergistic effects of bioadsorbent. The crosslinking of DSAC with VTES
introduces amine functional groups that enhance the membrane’s ion selectivity and salt
rejection capacity. The vinyle groups from VTES enable electrostatic interactions
between the membrane and ionic species, particularly targeting salts like NaCl. This
improves the membrane’s ability to selectively reject salt ions while allowing water
molecules to pass. The activated carbon derived from date seeds provide significant
adsorption sites for ions and other contaminants, improving the desalination process by
removing both salts and organic pollutants. Enhanced salt rejection efficiency due to the
ion-exchange capabilities of the functionalized DSAC, achieving competitive

desalination performance compared to standard commercial membranes.

5.1  Superior Antifouling Properties:
Fouling is a common issue in desalination membranes, reducing operational efficiency

over time. The combination of CA, PAN, and functionalized DSAC in these membranes

results in superior antifouling characteristics

5.2 Hydrophilic Surface:

The natural hydrophilicity of CA, combined with the crosslinked DSAC, reduces the
adsorption of hydrophobic foulants like organic compounds. The hydrophilic surface
minimizes the tendency of contaminants to adhere to the membrane. DSAC’s
microporous structure, enhanced by VTES functionalization, helps trap foulants within its
pores, reducing the formation of a fouling layer on the membrane surface. Moreover, the

well-distributed pores structure from PVP limits pore blockage.
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5.3  Energy Efficient and Low-Cost Desalination:
Energy consumption remains one of the most significant challenges in desalination

technologies, particularly in reverse osmosis (RO) systems. Bio-adsorbent-based
MMNMs offer a potential solution by enhancing water permeability, thereby lowering
the required operating pressure and reducing energy consumption.

5.4 Other Bio-Adsorbents:
5.4.1 Chitosan

Chitosan derived from chitin (crustacean shells), chitosan is another popular bioadsorbent
used in desalination. Chitosan has excellent heavy metal adsorption properties due to its
amino groups but generally requires chemical modification to achieve high desalination
efficiency. Chitosan has Biocompatibility and ability to be chemically functionalized.
Chitosan has some disadvantages like relatively higher cost and processing complexity
compared to DSAC. Chitosan membranes have demonstrated good salt rejection and
contaminant removal capabilities, especially when modified with nanoparticles like TiO-
or silver. However, water flux tends to be lower than DSAC-based membranes due to

chitosan's dense structure.

5.4.2 Cellulose
Cellulose is derived from plant fibers and is widely used in bioadsorbent membranes.

While it is renewable and biodegradable, cellulose has lower adsorption capacity
compared to DSAC and often requires chemical modification to improve desalination
performance. Cellulosa has some advantages like it is abundant and inexpensive.lt has
some disadvantages like Less efficient in salt rejection without chemical functionalization

or blending with nanomaterials.

5,5  CHallenges in Bio-Adsorbent-Based Nanocomposite Membranes:

Despite the promise of these membranes, several challenges need to be addressed:

5.5.1 Uniform Dispersion of Nanomaterials:

Achieving a uniform distribution of nanomaterials and bioadsorbents in the polymer

matrix is critical for consistent membrane performance. Agglomeration of nanomaterials

can create defects that reduce selectivity and increase fouling.

5.5.2 Trade-Off between Permeability and Selectivity:
Increasing permeability often comes at the expense of selectivity. Finding the optimal
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balance between these two properties is essential for efficient desalination.

5.5.3 Stability of Bioadsorbents:
Some bioadsorbents may degrade in harsh desalination environments, such as high

salinity or pH extremes. Improving their stability through chemical modification is a

critical research area.

5.5.4 Scaling and Commercialization:
Although lab-scale studies have shown significant promise, scaling up the production of
bioadsorbent-based nanocomposite membranes for industrial desalination remains

challenging, particularly regarding cost and reproducibility.

5.6  Future Perspective:
Research in bioadsorbent-based nanocomposite membranes is still in its early stages, but

the potential applications are vast. Future developments are likely to focus on:

5.6.1 Functionalization and Surface Modification:
Research on surface modification techniques to introduce functional groups or

nanomaterials that enhance adsorption, ion selectivity, and anti-fouling properties will be

critical to advancing bio-adsorbent MMNMs.

5.6.2 Hybrid Systems:
Investigating the potential of hybrid desalination systems that combine bio-adsorbent
membranes with other desalination processes (e.g., forward osmosis or capacitive

deionization) could unlock new pathways for energy-efficient water treatment.

5.6.3 Biopolymer-Nanocomposite Integration:
The combination of biopolymers with emerging nanomaterials offers vast opportunities
for creating advanced membranes with customized functionalities, such as enhanced

mechanical properties, contaminant selectivity, and photocatalytic degradation.

Bio-adsorbent-based mixed matrix nanocomposite membranes offer a promising and
sustainable solution for future desalination applications. Their potential to enhance
desalination efficiency, reduce fouling, lower energy consumption, and minimize
environmental impacts makes them a key technology in the global effort to address water

scarcity. However, further research and development are needed to overcome challenges
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related to scalability, long-term stability, and cost-effectiveness. As material science and
nanotechnology continue to evolve, bio-adsorbent-based MMNMs are likely to play an

increasingly significant role in sustainable water desalination, contributing to global

water security.
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CHAPTER 6
CONCLUSIONS

This study focused on assessing the performance of a new type of activated carbon as
filler in mixed matrix nanocomposite membranes for water desalination. The start of the
thesis provided an overview of the importance of freshwater, and the effect of
industrialization on freshwater resources. Need of water desalination. The Impact of
water shortage on the lives of people of Pakistan. Brief overview of desalination
techniques used in Pakistan. Detail of the process of desalination. The use of activated
carbon-based MMNMs and a comprehensive literature review of current desalination
techniques were also discussed. The thesis also discussed the history of membrane
technology, its use in water desalination, and recent advancements in the field. The
literature review emphasized the core principles of MMNMSs, particularly focusing on

recent research involving bio-adsorbent-based MMNMs for water desalination.

After that the synthesis of a novel date seed AC and MMNM’s with different loading of
AC incorporated into a CA/PAN polymer matrix (0.5wt%, 1wt%, 2.5wt%, and 5wt %)
discussed. The MMNMs were characterized, and their performance was evaluated in
terms of pure water flux (PWF), salt and dye rejection, as well as antifouling properties,
to determine the effect of activated carbon on the efficiency of the MMNMs. The
findings showed enhanced water permeability, better contaminant rejection, antifouling
capabilities, long-term stability, and the effect of solvents on the MMNMs. Among the
different AC loadings, the MMNMs with 2.5 wt.% exhibited the best performance across
all tests. The characterization of the MMNMs through techniques like FTIR and TGA
confirmed the presence of functional groups and their thermal resistance. The bio-
adsorbent-based MMNMs achieved a flux recovery ratio of 91.4%, indicating strong
performance in membrane regeneration. The study also confirmed the good phase
inversion compatibility of the polymer matrix and the activated carbon filters, as

demonstrated by the long-term stability of the membranes.
The thesis work led to the following conclusions:

o Bio-adsorbent MMNMs outperformed pure CA/PAN membranes in terms of

water desalination.
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o Activated carbon showed potential for desalination of water given its substantial
surface area and the existence of Carboxylic acid groups, which have a strong

affinity for positively charged contaminants in seawater.

o Activated carbon demonstrated good compatibility with CA/PAN membranes,

exhibiting exceptional mechanical, thermal, and long-term stability.

o The incorporation of activated carbon not only improved pure water permeability
but also enhanced the rejection of various salts present in sea and brackish water

as compared to neat CA/PAN membrane.

o The filler showed excellent compatibility with the polymer matrix, leading to the
long-term stability of the MMNMs.

In conclusion, this study highlights the potential of bio-adsorbent-based mixed matrix
Nano- composite membranes (MMNMs) for seawater and brackish water treatment,
demonstrating their enhanced performance and promising capability for water

desalination.
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