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ABSTRACT

Water shortage has become a global problem due to the high human consumption, rapid
industrialization and low availability of freshwater resources. Extensive efforts have
been put forward by researchers to overcome the freshwater crisis by exploring new
desalination techniques, and wastewater reuse without damaging the natural freshwater
ecosystems. One such pivotal technology for purifying water was the membrane
technology. Membrane technology is an emerging and advanced process that can
provide a sustainable solution to desalination and wastewater treatment. Although
pressure-driven membrane separation processes were used for producing freshwater, its
high energy consumption prevent them from further employment. Hence, modification of
existing membrane-based separation technology is required to overcome its demerits.

Forward osmosis (FO) is an emerging membrane-based separation technology that can
replace the existing pressure-driven membrane-based separation processes without
compromising the energy consumption. Compared to thermal processes and pressure-
driven membrane separation processes, the FO allows the concentrating solution with
higher concentration while maintaining the product quality. Advantages like low fouling
propensity and availability of energy-efficient draw solution regeneration technology
may enable FO as one of the energy- efficient technology for desalination and wastewater
treatment. However, commercial and polymeric FO membranes still lack in some areas
like providing high water flux, low reverse solute flux (RSF) and low anti-fouling
properties. Hence, there was an apparent requirement for the commercial FO
membranes to be modified with nanomaterials that can render anti-fouling properties
together with attaining high water and low RSF. Therefore, the practical utility of the FO

process in critical applications like desalination, energy harvesting, wastewater
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treatment and resource recovery relies on the availability of robust and effective fouling-
resistant FO membranes. Therefore, the thesis has addressed certain identified research
gaps in the fundamental aspects of the existing membrane.

Based on the prior knowledge of the FO membranes and its working principle, this thesis
focuses on the development of existing membranes with the incorporation of different
compositions of two-dimensional (2D) nanomaterials as active layer for enhancing the
performance in various applications in the FO process. The long-term stability of the

fabricated membranes in ideal as well as real conditions was investigated in this thesis.

To enhance the membrane quality and performance in FO process, fabrication of FO
membrane with reduced graphene oxide (rGO) nanosheets doped with polystyrene
sulfonic acid (PSS) was done. The practical application of the FO process depends on
high water permeability and low RSF. Therefore, we have reported the use of rGO and
PSS to enhance the water permeation properties and selectivity of the as-prepared FO
membranes. After the fabrication process, the membrane was tested in ideal conditions
with 1M NaCl and DI water as draw and feed solutions, respectively. Subsequent
addition of PSS layer onto rGO laminates improved the hydrophilicity and surface
charge of the membrane rendering excellent water flux (34 L m h') and lower specific
reverse solute flux (SRSF) (0.18 g/L), thus enhancing the FO performance for longer
duration also.

Once the fabricated membrane showed promising result in ideal conditions, other
fabricated membranes were tested in real conditions to validate the feasibility of the
membranes to sustain in harsh conditions. Therefore, a novel FO membrane consisting
of sericin and reduced graphene oxide nanosheets was fabricated for antibiotic recovery
application using membrane crystallization forward osmosis process. The use of

Vi
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hydrophilic natural protein named sericin was used to enhance the FO performance and
resolve the trade-off between permeability and selectivity of FO membrane also
improving the membrane stability during the antibiotic’s recovery process. The sericin
doped rGO membrane achieved an outstanding water flux of 54 L m? h’ while
maintaining the SRSF of 0.12 g/L as compared to commercial FO membranes (0.5-6
g/L). The as-prepared membrane also showed higher stability FO performance for 30
hrs of continuous operation without compromising the water flux and RSF, thus
confirming the anti- fouling properties of sericin-doped rGO membranes. Moreover, the
application with batch FO process yielded continuous crystalline rifaximin antibiotics
without consuming higher energy.

After analysing the performance of fabricated FO membranes in real conditions, the
balance between the FO process and simultaneous energy harvesting using lamellar
bilayer FO membrane was investigated to resolve water-energy nexus issues. Here, we
have fabricated a novel amorphous silicon oxide crosslinked vanadium pentoxide (VO)
and rGO membrane using a vacuum assisted filtration process. The ion-selective
membrane showed superior nanofluidic properties in salinity gradient energy conversion
technology with high powder output of 4.72 W.m™. Finally, the fabricated membrane was
used for simultaneous energy harvesting and FO process and it was observed that with
1M KCI as draw solution and DI water as feed solution, the membrane achieved output
voltage and current of 300 mV and 35 pA, respectively, at lowest flow rate of 0.5 L/h.
With the pumping power output of 0.1 W.m at lowest flow rate, the extracted energy
from FO process was able to save an overall 26% of energy. Hence, the ease of coupling
FO and concentration gradient-driven energy harvesting processes in novel platform can
resolve highly entangled issues in water-energy nexus.
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Overall, the results discussed in the given thesis provides a better insight into the

development of forward osmosis membrane and its various applications.

Keywords: 2D nanomaterials, Forward osmosis, Membranes, Crystallization, Nanofluidic
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CHAPTER 1

1 Introduction

Abstract: This chapter provides a general overview of membrane processes and discusses the
fundamentals of the forward osmosis process in agueous concentration and energy generation
applications, followed by the importance of 2D nanomaterials in membrane technology,

followed by motivation associated with studies conducted in this thesis.
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1.1 Introduction to membrane process

Membrane technology has been extensively employed for a wide range of separation
applications, including water purification, wastewater treatment, desalination, and industrial
separation processes. Since the 1980s, membrane processes such as microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) have been studied and

implemented in commercial-scale applications.

Meanwhile, osmotic membrane separation processes such as forward osmosis (FO),
pervaporation, and membrane distillation have gained attraction since the 2000s, and their
potential for various applications, including desalination[1], aqueous solution concentration[2],
and crystallization[3], was explored by industries and academic researchers. Although
Aquaporin Ltd.'s biomimetic membrane technology demonstrates the promising potential for
FO/RO-based desalination, it's widespread adoption and commercial success in this field have
yet to be fully achieved. Factors contributing to this situation include the conservative nature
of the water treatment industry, the challenges associated with large-scale, low-cost production

of biomimetic membranes, and regulatory barriers.

In addition, the FO process has historically been limited in desalination applications due to the
lack of energy-efficient draw solute regeneration processes. However, FO membranes have
subsequently been adapted for smaller-capacity NF and RO systems in Point-of-Use (POU)
water treatment systems. These systems typically have less stringent requirements than large-
scale desalination plants, making it easier for companies to meet production demands and find

immediate commercial applications.

Furthermore, FO applications have proven to be more attractive in high-value resource
recovery, food and beverage industry, and pharmaceutical applications. These industries
benefit from the FO process because it operates at lower temperatures and enables nucleation

2
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at the concentration polarization layer. As a result, FO has emerged as a potentially viable and

economically competitive technology for resource recovery and concentration applications.

1.2 Aqueous solution concentration applications

The development of robust, effective, and safe concentration methods that can be operated at
low temperatures was indeed crucial across many fields. Below were some examples of

processes that necessitate such techniques and why these are needed:

Fruit Juice Concentration: Fruit juices were typically concentrated to reduce transport costs
and increase shelf life. However, traditional heat-based concentration methods like evaporation
can lead to loss of volatile flavours and nutrients, degradation of colour, and possible formation
of off-flavours due to Maillard reactions or caramelization. A low-temperature process would
help to retain these vital qualities of the juice. Membrane processes like Reverse Osmosis (RO)

and Forward Osmosis (FO) are explored for this purpose.

Extraction and Concentration of Pharmaceuticals and Nutraceuticals: Many bioactive
compounds were heat sensitive and can degrade or denature when exposed to high
temperatures, reducing their effectiveness. For example, antibiotics, vitamins, and omega-3
fatty acids were often damaged by heat. Using low-temperature concentration methods can
help preserve these molecules' integrity and functionality. Techniques such as Supercritical
Fluid Extraction (SFE), Freeze Concentration, FO and Pervaporation are currently being

researched for these applications.

Concentration of Dairy Products: High-temperature methods can affect the flavor, texture, and
nutritional content of dairy products. Low-temperature evaporators, membrane filtration (like
RO, FO, and Ultrafiltration), and freeze concentration are employed to concentrate milk or

whey while preserving quality.
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Biological and Biomedical Applications: For concentration of biological samples, such as
blood plasma, cell cultures, or protein solutions, heat can cause severe damage, leading to
coagulation, denaturation, or cell death. Low-temperature methods are thus crucial.
Ultrafiltration, Tangential Flow Filtration (TFF), and FO are techniques often utilized in these

Cases.

Wastewater Treatment: Many industrial effluents contain heat-sensitive compounds that can
be valuable if recovered or hazardous if not properly treated. Also, high-temperature treatments
can be energy-intensive and expensive. Low-temperature concentration and separation
techniques can enable the recovery of valuable materials and reduce the energy cost of
treatment. Membrane processes like RO, FO, and Membrane Distillation (MD) are often

employed.

In summary, low-temperature concentration processes are essential for preserving heat-
sensitive compounds, enhancing product quality, and reducing energy costs and environmental
impacts. However, energy efficiency and easy operation are key factors enabling these

technologies to commercialization.

1.3 Forward Osmosis

In the membrane-based concentration process, the choice of membrane technology depends on
the application's specific requirements. Process engineers must consider factors such as the
nature of solutes, desired concentration levels, membrane material compatibility, operating
conditions and fouling propensity during process selection and design for concentration
applications. Different types of membrane technologies are adopted for concentration
processes, including forward osmosis (FO), reverse osmosis (RO), nanofiltration (NF) and

membrane distillation (MD). However, apart from the FO process, the other processes possess
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several technical and economic limitations, such as severe fouling, high energy requirement,
high-temperature operation and low selectivity[4,5]. In the traditional FO process, a draw
solution with high osmotic pressure is used to create the driving force for water transport
through the membrane. This process can be energy-efficient or energy-intensive depending
upon the operating parameters for the concentration process. For example, the FO can be
termed an energy-efficient process for low-temperature concentration applications of heat-
sensitive products. However, the regeneration of conventional draw solutions is energy
intensive and typically requires high pressure or thermal energy to separate water from the
draw solute. To achieve energy-efficient draw solute recovery, following two approaches are
explored by the researchers (i) the use of heat/electrical sensitive hydrogels as draw solutes[6]
and (ii) the use of high molecular weight polymer solution as draw solute[7]. In the first
approach, the draw solute is concentrated by applying a high temperature or electric field. In

the second approach, diluted DS is concentrated by using UF and NF processes.

The FO process is suitable for low-temperature concentration applications because the feed
and draw solution is not heated during the FO process. Unlike membrane distillation or
evaporation processes where high-temperature difference is required for higher water flux, the
FO process requires a higher salinity gradient to achieve high water flux while maintaining low
temperature profile and simultaneously concentrating heat-sensitive products such as fruit
juices and pharmaceutical resources by preserving the final product quality. Therefore, the
concentration of various products using the FO process offers several advantages, including
energy efficiency, reduced fouling, scalability and the ability to operate at lower temperatures

compared to conventional concentration methods

FO is a concentration gradient process where a higher concentration draw solution was
separated by a lower concentration feed solution using a semi-permeable membrane. As a

5
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result, the water is drawn from the feed solution (FS) to the draw solution (DS), while most of
the dissolved solutes or ions are rejected by the membrane and are concentrated in the feed.

The process flow diagram of the FO process for concentration application is illustrated in Fig.

1.
Water flux
|
Draw Draw Recovery
Solution
RO Pure water

support active Process

layer layer N

A P ../;l

Diluted draw
\_solution /7

Reverse solute flux

Fig. 1: Process flow diagram of FO process for concentration application

The driving force was the osmotic pressure difference across the membrane, which tends to
extract water from lower concentration to higher-concentration regions [8]. Some of the unique
properties of the FO process like (a) dense membrane with high selectivity and rejection that
can enable to extract of only water from the feed leading to high concentration, (b) low pressure
operation and does not require expensive high pressure pump and stainless steel pipe, (c) low
fouling rate which increases the life span of FO membrane [9-11]. Therefore, the FO process
can emerge as an innovative technology that can concentrate the streams like liquid food, dairy

products, and pharmaceutical resources and address global challenges like desalination, power
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generation and wastewater treatment [12-14]. However, the FO faced some limitations, like
the low water flux, membrane fouling, draw solution recovery, high concentration polarization
and low stability in harsh conditions [15-17]. Some of these limitations can be alleviated by

developing novel FO membranes for given applications.

Conventional FO membranes are semi-permeable membranes that allow water to pass through
them while rejecting dissolved solutes. The membrane structure comprises a porous support
layer that provides mechanical support and a thin active layer for water permeability and
selectivity purposes. The active layer was generally made of polymers such as cellulose acetate
(CA), cellulose triacetate (CTA), Polyethersulfone (PES), polyvinylidene fluoride (PVDF) and
many more [18]. However, conventional FO membranes face several challenges that limit their

performance in practical applications. Some of these challenges include[19]:

a. Membrane fouling: Conventional FO membranes are susceptible to fouling due
to their loose structure and large pore size, which allows foulants to deposit quickly on the
membrane surface.

b. Reverse solute flux: Conventional FO membranes often suffer from high
reverse solute flux (RSF) that limits the applicability of the FO process for concentration
applications due to cross-contamination of feed by draw solution.

c. Low flux: Conventional FO membranes possess low water flux while using
conventional support and separation layers, which increases operational time and energy
consumption.

d. Concentration polarization: Due to higher RSF across the conventional FO
membrane, the concentration of solutes at the membrane surface becomes significantly high,

drastically decreasing the water flux.
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e. Stability: Conventional FO membranes are unstable at higher pressure or

temperature conditions and often prone to physical damage, limiting their performance.

1.3.1 Importance of novel FO membrane

Since conventional FO membranes have several limitations that restrict their applications,
using novel membranes with properties that can address these limitations will revolutionize the
FO process by increasing its efficiency, reducing its environmental impact and improving its
overall sustainability. One of the primary advantages of using novel FO membranes is that they
can attain a higher water flux rate than conventional membranes. Such a high flux membrane
may enable reduced membrane cost and footprint of the FO plant. Moreover, these novel
membranes can be engineered to be highly selective that can reject unwanted solutes from the
feed stream. Another important advantage of novel FO membrane is their increased durability,
high solute rejection, high water flux and fouling resistance characteristics. These membranes
were often designed to withstand harsh conditions such as high temperatures, extreme pH and
exposure to harsh chemicals, which can increase the lifespan of the membrane. The novel
membranes also possess lower fouling properties that can increase the overall efficiency of the
FO process. With the advantage of tuning and tailoring the physical and chemical properties,
the novel FO membrane can allow greater flexibility in specific applications. Some of the novel
membranes that are currently used are aquaporin (AQP) proteins [20], carbon-based materials
such as carbon nanotubes (CNT)[21] and graphene-based materials like graphene oxide
(GO)[22]. One key requirement in concentration application is that cross-contamination is not
allowed. Due to the reverse solute flux, draw solute may contaminate with feed while
concentrating by the FO process. Therefore, these novel membranes have the potential to
significantly reduce reverse solute flux to an acceptable limit and make it a viable option for

aqueous solution concentration applications.
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1.3.2 Role of 2D nanomaterials in membrane technology

The 2D nanomaterials serve as key components for membrane separation layers, finding
diverse applications like desalination, wastewater treatment, and energy generation These
ultrathin membranes effectively eliminate contaminants due to their substantial surface area,
mechanical strength, and stability. Their adjustable pore size and surface chemistry enable
precise separation control, ensuring desired efficiency. Moreover, their high electrical
conductivity lets 2D nanomaterial-based membranes convert chemical energy to electricity,
bolstering system sustainability. Recent research focuses on enhancing commercial membranes
with various 2D nanoporous materials like graphene, graphene oxide (GO) [26], molybdenum
disulfide (Mo0S»)[27], Mxene[28], and carbon nanotube (CNT)[29] and vanadium pentoxide
(V205)[30]. These 2D nanocomposite materials have tremendous potential for various
applications like wastewater treatment, desalination, the concentration of valuable resources
and energy harvesting due to their unique properties like high hydrophilic nature, high anti-
fouling, high rejection rate, longer stability, high electrical conductivity and high mechanical
strength compared to conventional polymer membranes[31]. Therefore, this thesis explores
innovative engineered nanomaterials integrated into energy-efficient forward osmosis to

enhance permeability, selectivity, and energy generation mechanisms.

1.4 Simultaneous FO and energy generation

The standalone FO process was operated at low pressure and was less energy intensive, but
when DS regeneration comes into scope, the integrated FO process was expected to consume
equal or higher energy than other equivalent technologies like RO, MD. Under this
circumstance, any additional energy generated by the FO process may help to reduce the net
energy supply to the FO process. Therefore, electricity generation from the concentration

gradient of FO process could reduce the operational cost and expand its application possibilities
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into diverse areas. The viability of simultaneous electricity generation in the RO process was

reported to be viable from laboratory studies[32].

The salinity gradient is projected to fulfil more than 15% of global energy needs. However, the
unavailability of suitable membranes hinders progress in areas like pressure retarded osmosis
(PRO)[33], and reverse electrodialysis (RED)[34]. Fabrication of ideal membranes for these
processes requires exotic techniques/instrumentations, which were not widely available until
recently. However, the recent escalation in the research related to the fabrication of novel
membranes/materials uncovered several new ways of preparing well-packed perm-selective
nanofluidic channels in high density. These new developments in membrane technology are

leading to a resurgence in the concentration gradient-driven energy harvesting processes.

The concentration gradient-driven energy harvesting process involves the transport of ions
across a selective membrane from a higher concentration to a lower concentration chamber,
while the FO process involves the transport of water molecules across a semi-permeable
membrane from a lower concentration to a higher concentration chamber[35]. The basic
requirements of the membrane for both these processes are different; for example, a FO
membrane needs to have high water flux and low salt permeability, while a RED membrane
requires to have high ion selectivity and low resistance to ionic transport for the concentration
gradient energy generation process. However, features like permselectivity, high porosity, high
charge density, and higher stability are desired in both kinds of membranes. Due to their non-
ion-specific transport properties, commercial FO membranes were not suitable for
electrochemical-based energy harvesting processes. Coating of nanomaterials on conventional
FO membranes was found to enhance the water flux and ion selectivity by increasing the charge

density.
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1.5 Research Motivation

1.5.1 Need for novel 2D nanomaterial-based FO membrane

High water flux and stable membrane with reduced RSF are critical aspects of achieving an
energy-efficient FO process for concentration application. FO membranes made of
conventional polymeric membranes have limitations on further increasing water flux without
affecting reverse solute flux. Further, the FO membrane separation layer made of novel 2D
nanomaterial were reported to enable high water flux, reduced RSF and fouling rate. Therefore,
the development of a 2D nanomaterial-based FO membrane is essential to tackle the issues of
conventional membranes. Some of the key benefits of using 2D nanomaterials in FO
membranes are[36-38] namely: (i) enhanced permeability (ii) improved selectivity (iii)
chemical and thermal stability (iv) potential for functionalization and (v) environmental

sustainability

One of the most salient features of using these 2D nanomaterials in membrane is their enhanced
permeability. This benefit is largely attributed to their atomic thickness and large surface areas.
With uniform nanopores, whose sizes can be meticulously controlled, the resistance to fluid
flow within these membranes is dramatically reduced, thereby improving the water flux.
Together with the heightened porosity facilitated by their expansive surface area, the overall
permeability of these membranes is significantly enhanced, boosting their efficiency in

filtration processes.

Furthermore, the atomic-scale thickness of these materials, along with their uniformly
distributed nanopores, results in improved selectivity. This precise molecular sieving leads to
exceptional selectivity, an attribute that is paramount in improving the overall effectiveness of
filtration processes by allowing the passage of desirable molecules while efficiently filtering
out unwanted ones.

11
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Another critical feature of these 2D nanomaterials is their inherent hydrophilic nature. When
combined with their smooth surface topology, this property greatly reduces fouling tendencies,
enhancing membrane longevity and sustaining their performance over time. The hydrophilicity
also improves the wettability of these membranes, leading to a reduction in the contact angle

and an increase in the rate of water permeation.

Furthermore, graphene and graphene oxide provide superior chemical and thermal stability.
The robust lattice structure and covalent bonds within these materials provide strong resistance
to chemical degradation and thermal stress, ensuring the durability and long-term performance

of the membrane under a wide range of operational conditions.

These 2D nanomaterials also offer significant potential for functionalization. The presence of
chemically active sites on their surface can be exploited to modify or tailor specific properties.
This adaptability enhances the compatibility of these materials with a diverse range of
applications, thus broadening their utility in various membrane technologies like selective

separation and energy generation applications.

Finally, the use of these 2D nanomaterials like GO contributes to environmental sustainability.
Their potential for synthesis using less energy-intensive methods, coupled with their durability,
reduces waste over time. This not only aids in the preservation of the environment but also

aligns with the growing global emphasis on sustainable development.

In summary, the cumulative advantages of 2D nanomaterials, including their hydrophilic
nature, the potential for functionalization, exceptional selectivity, enhanced permeability,
resistance to fouling, and thermal and chemical stability, collectively make them a promising

and highly sought-after material in the advancement of membrane technologies.

1.5.2 Need of energy generation in FO process

12
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At present, the FO process's adaptability in commercial applications is under progress, and
their viability to deploy in high commercial value product applications such as pharma and
food applications is under exploration. One hindrance is high energy consumption when DS
regeneration comes into scope. Therefore, any reduction in energy consumption by improving
water flux and simultaneous energy generation while the FO process can improve the overall
economy of the FO process and its adaptability in other low commercial value product

applications.

For example, the salinity gradient energy (SGE) has gained a lot of attention as a potential
candidate for producing effective energy without compromising its resources[39]. Pressure
retarded osmosis (PRO) and RED are two different SGE process explored for energy
generation, where a semi-permeable membrane is used to separate the two salinity
compartments and the difference in chemical potential between the two compartments lead to

the energy conversion from chemical energy to electrical energy.

Similarly, simultaneous energy production during RO was proven on a lab-scale system and
proven to reduce overall energy consumption in the RO process. Further, the energy harvesting
from the FO process also ensures no emission of greenhouse gases, which positively impacts
the environment. Therefore, the primary and most important reason for coupling energy and
FO process together was to make the overall system more self-sustainable and economically

viable in terms of costs and time.

Simultaneous FO and energy generation require smart membranes that enable high water flux
and selective ion transportation. Such membranes can be developed by using innovative 2D
nanomaterials like graphene oxide (GO), reduced graphene oxide (rGO). Vanadium pentoxide

(VO), carbon nanotube (CNT), etc.
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1.6 Research Objectives

This thesis aims to develop a FO membrane with novel 2D functionalized nanomaterials for

forward osmosis and energy generation applications. The detailed objectives are:

1. Development of stable 2D functionalized nanomaterial-based FO membranes to

achieve enhanced permeability, separation and anti-fouling performance

2. Performance analysis of developed novel FO membrane for antibiotic recovery from

pharma effluent by adopting membrane crystallization concept

3. Studying the performance of novel FO membrane for simultaneous FO and energy

generation process for concentration application was lab scale experiments

1.7 Thesis Organization
The thesis has been organized into six chapters. A brief synopsis of the chapters was presented

as follows:

1. Chapter 1 starts with the general information about membrane technology and osmotic
driven membrane processes and then presents the research motivation for the entire
work. The objectives were also listed in this thesis.

2. Chapter 2 reviews the literatures on FO system and FO membranes and current progress
on 2D nanomaterials for FO membranes. This chapter also presents the possible
research gaps.

3. Chapter 3 demonstrates the development of polystyrene sulfonic acid doped reduced
graphene oxide (PSS-rGO) FO membranes at different operating conditions. The
fabricated membranes enhanced the FO performance with higher water flux and lower

reverse solute flux for longer operation period.
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4. Chapter 4 presents the development of a novel sericin doped reduced graphene oxide
(rGO-S) bilayer FO membranes and used it to enhance the FO performance. The as-
prepared membranes also showed superior anti-fouling properties and yielded a
continuous antibiotic recovery in the membrane crystallization application.

5. Chapter 5 demonstrates the fabrication of novel amorphous silicon oxide crosslinked
vanadium pentoxide and reduced graphene oxide (VO-aSiO-rGO) membrane for
enhanced FO performance. The fabricated membranes showed outstanding long-term
stability in acidic and basic conditions as well as during prolong operational hours of
the FO process. Finally, the fabricated membranes were also tested for simultaneous
energy generation and FO process in a self-sustain system for longer period and yielded
26% energy saving.

6. Chapter 6 summarizes the outcomes of the thesis work and provides a pathway for

future scope.
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CHAPTER 2

2 Review of Literature

Abstract: This chapter is aimed to provide a detailed literature review on the fundamentals of
the FO process along with the current status on the use of FO membrane in aqueous solution
concentration and energy generation applications. The challenges and perspectives of the FO
process parameters are reported in this chapter. From the outcome of the literature survey, the
prominent research gaps were identified to frame the objectives of the present research work

at the end of this chapter.
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2.1 FO Applications
2.2 Aqueous solution concentration

Concentration processes play a crucial role in diverse industries such as food, pharmaceuticals,
beverages, and chemicals. While widely adopted, traditional concentration methods like
evaporation and distillation were energy-intensive and may lead to thermal degradation of the
product. More recently, membrane processes like ultrafiltration (UF), nanofiltration (NF), and
reverse osmosis (RO) have gained traction in this field. However, these pressure-driven
processes were constrained when the aqueous solution's osmotic pressure exceeds the module's

design pressure, roughly around 80 bar.

To circumvent this limitation, forward osmosis (FO) is being investigated as a sophisticated
membrane separation method for concentration and crystallization applications. The
advantages of using FO are manifold: it can function at lower temperatures, it can be potentially
integrated with crystallization processes, and it was more energy-efficient when draw solute

(DS) energy-efficient regeneration is feasible.

This literature reviews summarize critique relevant research studies on FO processes for
various concentration applications, using a highly selective thin-film composite membrane
(TFC). The aim is to pinpoint the gaps in current technology and guide the scope of further

research.

Wang et al.[40] investigated the preservation of apple juice by employing the FO process using
CTA-FO membrane. The total soluble solids (TSS) in the apple juice was increased from 11°
Brix to 60° Brix with a concentration fold of 5.45 in a single stage 48hrs batch FO process. The
FO process efficiency was also enhanced by optimizing the operational conditions, membrane
module and draw solute concentrations. This research indicates that the FO process has great

potential for a thermal concentration of fruit juice in the food industry.
18
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Cui et al.[41] demonstrated and evaluated an organic solvent forward osmosis (OSFO) process
for concentration of active pharmaceutical ingredients (API) and recovery of organic solvents.
The OSFO shows 98% rejection when recovering organic solvents from different feed
solutions. When the feed solution was replaced with ethanol, a positive ethanol flux was
observed with higher value in PRO mode as compared to FO mode and simultaneously low

reverse solute flux was achieved.

Bardhan et al.[42] investigated the concentration of tea solution using energy-efficient FO
process. During the FO experiment, tea components such as epigallocatechin-gallate (EGCg),
epigallocatechin (EGC) and caffeine was extracted with increased concentration without
compromising and losing the reverse solute flux and aroma, respectively. This process was

considered a feasible solution for the treatment of waste effluent generated by tea processing

industries.

Wau et al.[43] demonstrated the application of sewage concentration using GO modified TFN
membrane in FO process. During the long-term experiment, the fabricated membrane exhibited
good rejection of potassium (K*), ammonia nitrogen (NH4*-N), and total organic carbon (TOC)
present in sewage sludge and the final concentration of the total dissolved solids (TDS) and K*
ions increased. This work reveals sewage wastewater concentration as a potential application
in FO process.

Madhumala et al.[44] studied the feasibility of an aqueous fructose concentration using FO
technique. It was observed when NaCl was chosen as draw solution, the concentration of
fructose was increased from 16% to 21%, thus producing sugar crystals in the process.
Overall, the FO has several advantages over traditional methods for various concentration
applications without compromising the quality and energy resources. The schematic diagram

of FO process was illustrated in Fig. 2.
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Fig. 2: Schematic diagram of FO process

2.2.1 Energy generation

Osmotic energy, sometimes referred to as salinity gradient power or blue energy, has emerged
as a promising renewable energy source, leveraging the energy potential from the difference in
the salt concentration between seawater and river water. This literature review will focus on
key technologies such as Pressure Retarded Osmosis (PRO), Reverse Electrodialysis (RED),
Capacitive mixing (CapMix), Hydrogel-based Osmotic Power, and Salinity Gradient Solar
Ponds (SGSP), the literature related osmotic energy generation technology and viability of

integrating both osmotic based separation energy generation process was brief bellow.

PRO is one of the most researched techniques for osmotic power generation. The fundamental
premise lies in the movement of freshwater across a semipermeable membrane towards a high-
salinity solution, generating pressure that can be converted into mechanical energy, typically
via a turbine [33]. However, achieving a high power density requires specific conditions, such

as optimal operating pressure and high-performance membranes[45]. Moreover, the significant
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challenge of membrane fouling, leading to decreased performance and increased operational

costs, has been highlighted in the literature[46].

Gonzales et al.[47] reported a TFC membrane fabricated with the melamine-based covalent
organic framework (COF) and polyamide layer that increased the osmotic PRO performance

in terms of water flux and exhibited a power density of 12.1 W.m at 24 bar.

She et al.[48] tested the fabric reinforcement materials by using different types of fabric for
PRO TFC membranes, and it was observed that the TFC membrane made with tricot fabric

material exhibited a power density of 7.1 W.m at 18.4 bar.

Son et al.[49] incorporated functionalized CNT in the Polyethersulfone (PES) support to
increase the water flux and anti-fouling property in the PRO process. The prepared membrane
was also used to harvest energy from saline water and exhibited a power density of 12.1 W.m"

2 at 21 bar using 1M NaCl as draw solution.

Fu et al.[50] developed a mixed matrix hollow fiber (HF) membrane for PRO and osmotic
power generation. The fabricated membrane exhibited a maximum power density of 2.47 W.m"

2 at 7 bar pressure using 1M NaCl as draw solution.

RED exploits the movement of ions across ion-exchange membranes under the influence of a
salinity gradient, generating an electric current. While RED offers advantages, such as a less
complex process compared to PRO and the absence of moving parts, it faces challenges
regarding membrane efficiency and the control of internal resistance, impacting the net power
output. Despite this, the researchers have found promising ways to enhance RED performance,

such as by using bipolar membranes[51].

Moreno et al.[52] studied the effect of flow velocity, membrane stack size and membrane type

on reverse electrodialysis (RED) process. It was observed that a smaller stack induces high
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pumping power density, which reduces the net power density as compared to a larger stack.
Moreover, with increasing flow velocity, the power density also increases and reached up to

1.2W.m?2,

Tedesco et al.[53] studied the laboratory RED test with brackish water (0.1M NaCl) and brine
water (5M NaCl). Under these conditions, a power density of 12 W.m was achieved of cell
pair. The effect of feed concentrations, temperature and flowrate on the process parameters

were also investigated with two different sets of ions exchanged membranes (IEMs).

Capacitive Mixing (CapMix), an osmotic energy recovery technique, operates on the principle
of variable salinity to create a potential difference across capacitors[54]. Although the
simplicity of CapMix technology and its material requirements were advantageous, its practical
efficiency for large-scale implementation was a considerable challenge, necessitating further

research.

Hydrogel-based Osmotic Power is a relatively new approach to osmotic power generation that
leverages the swelling energy of hydrogels in contact with freshwater[55]. While this
technology has shown promise in laboratory experiments, the translation to large-scale
applications and the environmental impact of using hydrogels are areas that require more

research.

SGSPs utilize both solar and osmotic power, thereby increasing energy yield per unit area[56].
While SGSPs offer the benefit of dual renewable energy sources, they require significant
surface areas that are geographically dependent, and must account for evaporation losses and

potential environmental impacts.

Numerous studies have questioned the osmotic process’s economic feasibility for power

generation. For example, FO is mainly applied to desalination or concentration processes as a
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standalone method due to its energy efficiency[8]. However, it faces several economic
challenges, including the need for expensive specialty chemicals as draw solutions and the cost
of subsequent recovery of these draw solutions. Additionally, the durability and fouling of FO

membranes can lead to high maintenance and replacement costs[57].

On the other hand, RED avoids some of the challenges related to FO; the current state of the
technology presents its economic hurdles. The efficiency of RED is highly dependent on the
quality and performance of ion exchange membranes, which have a substantial cost factor in
the RED process. Furthermore, the costs related to pumping and maintaining a constant flow

of fresh and saltwater add to the overall operation and maintenance costs[58].

The economic case for simultaneously using an osmotic-driven process for simultaneous
concentration and energy generation can be more substantial. This is because each process can

complement the other, increasing the overall efficiency and reducing the total costs.

2.2.2 Simultaneous energy generation and concentration of the aqueous solution

In recent years, hybrid applications consisting of simultaneous separation and energy
generation have attracted significant attention due to their potential ability to address both
energy and environmental challenges. It has been reported earlier that microbial desalination

cell and electrochemical RO for the hybrid applications.

Microbial Desalination Cells (MDCs) are an innovative technology capable of wastewater
treatment, seawater desalination, and eco-energy production. The system functions by
leveraging the bio-electrochemical oxidation of organics in wastewater, which generates

electricity and drives ion migration for desalination and value-added by-product creation[59].

One identified obstacle with MDCs is maintaining pH balance and managing high internal

resistance[59,60]. This challenge has been addressed in part by the creation of a two-chamber
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tubular MDC (TTMDC) that balances pH through a self-generated control mechanism[61].
Furthermore, to combat high internal resistance, the innovative design of a quadruple microbial
desalination cell (QMDC) has been proposed and tested. Of the various connection
configurations tested, parallel connections demonstrated the lowest internal resistance and

highest power recovery, thus proving to be the most effective[60].

The concept of coupling the reverse osmosis process with MDCs has also been suggested to
enhance the desalination process, particularly in arid areas like the UAE, thus combining the
strengths of two powerful technologies. This coupled system demonstrates the potential for
simultaneous energy generation and concentration processes. Furthermore, the performance of
MDCs is found to vary significantly with different operating temperatures, emphasizing the

need for careful operational control[62].

The integration of biocathode-microbial desalination cell technology with microalgae
cultivation has shown promise, specifically when utilizing Chlorella vulgaris. The presence of
microalgae in the cathode chamber significantly increased power density and salinity removal

rate[63].

The sustainable development and scalability of MDC technology remain to be crucial factors
for widespread application. MDC technology has already shown promise when using
dewatered sludge as an anodic substrate, enhancing stability for desalination and electricity

generation[64,65].

Lastly, the development of a pressure-driven ion-selective nanomembrane for desalination,
known as the electrochemical energy-generating desalination system (EC-desalination), shows

potential for simultaneous desalination and energy generation. This system demonstrates up to
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51% energy savings compared to traditional reverse osmosis systems, illustrating the advantage

of the combined process[32].

2.3 Summary and research gaps of energy generation and separation application

Similar MDC and EC-desalination, the FO process has shown great potential for both
separation and energy generation applications. For separation applications, FO can process
high salinity feed solutions without the need for extensive pre-treatment, reducing the overall
energy consumption. It can also concentrate feed solutions to higher levels than conventional
technologies like RO and NF without compromising the fouling parameters, thus reducing the
size and cost of downstream separation process. Regarding the energy generation applications,
the FO has shown great potential to provide a sustainable alternative to traditional power
generation technologies through PRO and MD processes, such as low environmental impact,
high efficiency, low operating costs, and low energy consumption. Overall, the novel FO
process has the potential to revolutionize both separation and energy generation applications
in a sustainable manner. Hence, further research and development in this area could lead to its
widespread adoption in various industries. Some of the focus research area for developing FO

process for concentration and energy generation applications as follows.

e Development of novel Membrane materials that will be facilitated both ion transport and
high water flux with minimal reverse solute flux.

e Development of novel membrane module design than can facilitated both FO and
electrochemical process with appropriate membrane and electrode.

e Techno economic analysis of combined system.

2.4 Novel membrane for FO applications

2.4.1 Membrane for standalone FO
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The FO process was a promising technology for various applications like separation,
concentration process, water treatment and sustainable energy generation. One of the critical
components in the FO process was the fabrication of a suitable FO membrane that should have
high water permeability, selectivity, stability, and anti-fouling properties under various
operating conditions. In recent years, many researchers have focused on developing new
membranes for FO that can improve its performance and reduce its energy consumption [66].
This literature review summarises some of the recent developments in membrane technology
for standalone FO processes. According to the literature, there were mainly three different types

of FO membranes:

a. Thin-film composite (TFC) membrane: TFC membranes consist of a thin
polyamide layer on top of a microporous support layer. The polyamide layer was responsible
for the membrane's selectivity, and the support layer provided mechanical strength to the

polyamide layer. Some of the reported articles on the TFC FO membranes were:

Gonzales et al.[67] fabricated a polyvinylidene fluoride (PVDF) nanofiber supported TFC
membrane using the electrospun technique. The negatively charged polyacrylic acid (PAA)
nanofibers were deposited onto the PVDF layer to increase the hydrophilicity and selectivity.
The fabricated membranes achieved a high water flux of 32 L m2 h'* and low SRSF of 0.16

g/L for 1M NaCl and DI water as DS and FS solutions.

Widjojo et al.[68] developed a TFC FO membrane via interfacial polymerization technique
with 50% sulphonated content for enhancing performance and anti-fouling properties. The
membranes exhibit 33 L m2 h and 21 L m h! water flux under PRO and FO modes. The

ICP was also alleviated with the increase in sulphonated materials in the membrane substrate.
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Chowdhury et al.[69] demonstrated a TFC FO membrane composed of a PES nanofiber support
layer and a polyamide layer using an interfacial polymerization technique. The fabricated
membrane exhibits a good water flux of 27 L m? h't and low RSF of 4 g m? h' for 1M NaCl
and DI water as DS and FS. The inherent properties of nanofiber enabled high water flux, low

RSF, and high mechanical strength to the overall TFC membrane.

b. Cellulose-based membrane (CA): Cellulose-based membranes were derived
from natural sources, such as wood pulp or cotton linter. These membranes exhibit high water
permeability but lower salt rejection than TFC membranes. Some of the reported literature

Were:

Sairam et al.[70] synthesized CA flat sheet composite membrane for the FO process. The CA
thin layer was casted on a nylon fabric support using phase inversion. The membrane achieved

a water flux 6.8 L m? h! and NaCl rejection of 95%.

Wang et al.[71] developed a FO membrane consisting of a porous sublayer sandwiched
between two CA selective layers via phase inversion. The double-skinned CA membrane

exhibited a water flux of 48.2 L m* h*t and low SRSF of 0.134 g/L using 5M MgCl; as DS.

Su et al.[72] first fabricated CA NF HF membrane for FO process. The membranes exhibited
a water flux and RSF of 7.3 L m? h't and 0.5 g m h%, respectively with 2M MgCl, and DI

water as DS and FS, respectively.

Su et al.[73] designed novel dual-layer HF FO membrane fabricated from proprietary cellulose
acetate propionate (CAP) polymer for wastewater reclamation through FO-MD hybrid system.
The fabricated membrane has a higher water permeation rate of 13.7 L m h using only 0.5M

MgCl: as DS.
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c. 2D nanomaterials-based membrane: These membranes were composed of 2D
nanomaterials, which have a thickness of only a few atoms and possess unique properties like
high mechanical strength, high surface area, high anti-fouling, high hydrophilicity, excellent
thermal and chemical stability and high selectivity, making them ideal candidates for use in FO

membranes. Some of the reported literature were:

He et al.[74] fabricated a novel highly selective and hydrophilic FO membrane using sulfonated
covalent organic frameworks (COFs). The negatively charged membrane enhanced the water
flux (36 L m? h't) and maintained lower RSF (9 g m? h'!) in PRO mode with 1M NaCl and DI
water as DS and FS, respectively. The optimized membrane overcame the trade-off between

water permeability and selectivity.

Tian et al.[75] embedded silica nanoparticles onto polyetherimide (PEI) nanofibrous support
for making thin-film nanocomposite (TFN) FO membrane. The fabricated membrane exhibited
a higher water flux of 72 L m? h and low SRSF of 0.1 g/L with a lower structural parameter

of 174 um. The low structural parameter helped in mitigating the ICP.

Sun et al.[76] fabricated a novel TFN membrane featuring an interlayer of TizC2Tx Mxene and
intercalated with carbon nanotube (CNT) for municipal wastewater concentration. The
membranes achieved a high-water flux and low SRSF of 63 L m? h't and 0.15 g/L, respectively
with 1M NaCl and DI water as DS and FS. When FS was replaced with municipal wastewater,

the membrane exhibited stable 22 L m h™* water flux and a water recovery of 50%.

Faria et al.[77] fabricated a TFC composite membrane functionalized with graphene oxide-
silver nanocomposites for biofouling control in FO process. The fabricated membrane achieved
a stable water flux of 20 L m2 h* while simultaneously inhibiting the attachment of

Pseudomonas aeruginosa cells, thus showing high anti-microbial property and reduce the flux
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decline up to 30%. Summary of lab fabricated and commercial FO membrane performance

details are summarised in Table 1.

Table 1: Different types of FO membrane at its performance comparison

Membranes Feed Draw | Water Flux | RSF (g m? h1) | References
Solution | Solution | (L m2h?)

PP-HTI DI water | 2M NaCl 7 2.8 [78]
CTA-HTI DI water | 1M NaCl 11 17.52 [79]
Aquaporin DI water | 1M NaCl 14 5 [80]
Aguaporin DI water | 1M NaCl 20 4 [81]

PA-TFC DI water | 1M NaCl 40 12 [82]
PA-GO/PSf DI water | 2M NaCl 22.4 9 [83]
CNT/GO DI water | 1M NaCl 5.8 1.75 [84]
PDA-GO DIl water | 1M NaCl 24.2 3.8 [85]

Ag-PDA/GO | DI water | 1M NaCl 27 20 [36]

TFC (GO-CS) | DIl water | 1M NaCl 27.2 8.15 [87]

GO/MWCNT DI water | 1M NaCl 26.7 3.8 [88]
TFN (Cu-Al DIl water | 1M NaCl 40 18 [89]
LDH-WS;)

Commercial FO membranes: PP-HTI, CTA-HTI, Aquaporin and PA-TFC

Lab fabricated FO membranes: PA-GO/PSf, CNT/GO, PDA-GO, Ag-PDA/GO, TFC (GO-
CS), GO/MWCNT and TFN (Cu-Al LDH-WSy)
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2.4.2 Membrane for energy generation and concentration of the aqueous solution

Membrane-based technologies have been widely explored for simultaneous separation and
energy generation, potentially addressing challenges like water treatment, concentration
applications and energy production. In recent years, significant progress has been made in
developing novel membrane materials, configurations and processes that can enhance
separation efficiency, reduce energy consumption, and generate energy from waste streams.
This literature review summarizes some of the different types of membranes used for separation

and energy production applications.

a. Microbial desalination cell membranes: Microbial desalination cell technology
uses ion-exchange membranes that can specifically allow particular type of ions to permeate
while retaining others. The cation and anion exchange membranes can be used for desalination
and removal of contaminants from water while creating a potential difference across the two
compartments containing different salt concentrations by separating specific types of ions
based on the surface charge of the membrane. These membranes were used in applications like
RED, MFCs, and redox flow batteries for the separation of ions and new energy

conversion[90]. Some of the reported literature on these membranes were:

Samsudin et al.[91] fabricated series of composite anion exchange membranes (AEMs)
comprising quaternary ammonium poly (vinyl alcohol) electrospun nanofiber and different
PDDA/QPVA matrix filler ratios by solution casting. The membranes exhibited good alkaline
stability for a longer duration, greater mechanical strength, and higher water uptake of 57.6%.
Their membranes achieved a power density of 24 mW.cm™ and a current density of 131

mA.cm?.

Zhang et al.[92] developed a system consisting of two membrane-based biochemical reactors

that can simultaneously generate energy and desalinate saline water. The two membrane-based
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biochemical reactors consist of osmotic microbial fuel cell coupled with microbial desalination
cell. The coupled system significantly showed high desalination performance (96%

conductivity reduction) and generated a highest power density of 12.45 W. m=,

Hong et al.[93] studied a new RED model to quantify power generation using ion exchange
membranes. They also investigated the impact of saline and freshwater flow rate on the power
density. It was observed that monovalent ions like NaCl induce higher power density than
divalent ions like NaxSOs4 and MgCl, due to the lower internal stack resistance of the
multivalent ions. Moreover, higher power density was observed at higher flow rates in the

saline water compartment than in the freshwater compartment.

Rahimnejad et al.[94] investigated the production of bioelectricity from pure glucose in air-
cathode MFCs using proton exchange membranes. Potassium permanganate (KMnQOas) was
used as oxidizing agent in the cathode chamber to enhance the voltage. The system generated
the highest stable voltage of 760 mV for 72 hours while producing power output of 283 mW.m"
2.

b. Composite membranes: Composites membranes were multi-layered structures
that consist of two or more different materials with distinct properties. Some of the examples
were TFC membranes, nanocomposite membranes and mixed matrix membranes. The
selective layer in composite membrane can be used for separation purposes while transport of
specific ions from one side to another can be used for energy generation, such as in PRO

system. Some of the reported literature on these membranes were:

Jang et al.[95] developed a sandwich-like composite membrane consisting of a commercial
filtration membrane and conductive PEDOT:PSS/CNT layer for simultaneous water

purification and energy generation applications. When polluted water was passed through it,
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the membrane was able to reject 80% Mg?* ions and 80% PFOA contaminants present in

polluted groundwater while simultaneously generating high power of 15 uW.

Yang et al.[96] prepared the functionalized PDDA-MXene composite membrane for
simultaneous electrokinetic energy conversion and organic molecular sieving applications. The
positively charged membrane displayed good rejection (99%) for positively charged methylene
blue (MB) dye molecules. By connecting with loading resistors, the maximum power output

was reach over 500 m\W.

Li et al.[97] developed a composite membrane comprising of natural biopolymer K-
Carrageenan and metal organic framework ZIF-8 for simultaneous recovery of metal ions and
electricity harvesting. The prepared membrane displayed good selectivity of Li*/Co?" ions with
a separation factor of 8.29 and a good Li* flux of 0.34 mol.m?.h. The membrane also
exhibited a good energy conversion rate with a power output of 3.54 uW during the separation

process.

Ghaffar et al.[98] demonstrated graphene oxide-melanin (GOM) composite photothermal
membrane for simultaneous solar water desalination and energy generation. The membrane
showed excellent solar-thermal efficiency of 93.4% as compared to traditional carbon-based
membrane. The water evaporation rate in presence of mixed salts ranges in between 1.05 and
1.35 kg m? h'! with 66-86 % efficiency and achieved a maximum power density of 0.9 W.m"

2 at relative humidity of 60%.

2.5 Summary and literature gaps of membranes used in various applications

One of the key parameters in the sustainable FO process for separation and energy generation
process is the development of novel FO membranes to improve efficiency, durability and

scalability. Some common membranes including TFC and cellulose membranes are often used
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for FO applications. However, low salt rejection rate, high fouling propensity and low
mechanical stability have limited their usage for the longer run. To resolve the trade-off
between water permeability and selectivity, the FO membranes are fabricated with 2D
nanomaterials. 2D nanomaterials containing FO membranes have gained a lot of attention due
to its unique properties like high hydrophilicity, high selectivity, high anti-fouling and high
mechanical and chemical stability. In addition to the FO process, the novel membranes used
for separation and energy generation simultaneously include ion-selective membranes and
composite membranes. These have great potential to apply FO processes in water, wastewater
treatment, pharma, and food industries. Therefore, with the ongoing research and development,
the advancements in FO membranes have the potential to revolutionize the technology and

make it more efficient, cost-effective and environmentally sustainable for various applications.

Although there have been significant improvements in the development of FO membranes,

some literature gaps still need to be addressed.

e Development of FO membrane that can facilitate high water flux, low RSF and ion-
selective transport

e Development of novel devices that achieve simultaneous FO process and energy
generation

e Development of fouling-resistant membrane while using high fouling potential feed

solution in food and pharma applications

2.6 FO process parameters

To evaluate the effectiveness of the FO, it's important to consider that its efficiency relies not
only on the separation layer but also on several other factors. These factors encompass the

appropriate choice of the support layer, the characteristics of the feed solution (FS) and draw
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solution (DS), the configuration of the FO module, and the specific operating conditions of the

process.

The efficiency of the FO process is largely determined by the operational conditions, which
include the flow, pressure, and temperature of both the FS and DS. Careful control of these
variables can have a substantial impact on the overall effectiveness of the osmotic process. For
example, the flow rate of the solutions directly affects the transport rate of solutes and solvents,
consequently influencing the concentration gradient. Likewise, the operational pressure
influences the osmotic pressure, while temperature affects the diffusion rates and viscosity of

the solutions.

Moreover, the configuration of the FO module plays a crucial role in its application both at the
laboratory and commercial levels. Some standard configurations are the spiral-wound and the
hollow-fibre modules. Each of these configurations offers unique benefits, with spiral-wound
modules providing a high packing density and hollow-fibre modules offering a high surface-

area-to-volume ratio.

However, the performance of the FO process can be adversely affected by challenges such as
concentration polarization, membrane fouling, and suboptimal operational conditions.
Concentration polarization can lead to a reduction in the effective osmotic driving force, while
membrane fouling can cause pore blockage, thereby decreasing water flux. Suboptimal
operational conditions, on the other hand, can lead to inefficient energy usage or lower

separation efficiencies.

In the following section, a detailed analysis of these parameters is summarised, and the

implications of not managing them appropriately as shown in Fig. 3.
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Fig. 3: Factors affecting the FO performance

2.6.1 Importance of Draw and Feed solution

The draw and feed solutions play a crucial role in driving the FO process. It’s concentration
and solute type are paramount as they directly affect the osmotic pressure gradient across the
membrane. The higher the osmotic pressure gradient across the membrane, the higher will be
the water flux. Research has involved a range of draw solutes such as salts, organic compounds,
and nanoparticles[99,100]. In selecting the DS, one needs to consider its potential for reverse

solute flux (RSF), ease of recovery, and environmental impact.

However, there's a caveat; excessively high concentrations can lead to increased osmotic
pressure back-diffusion and potentially increases the reverse solute flux from draw solution to
feed solution. It is undesirable because it reduces the water flux and can also contaminate the

feed solution, thus reducing the process’s efficiency and longevity[101,102]. Moreover,
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recovering and regenerating the draw solution can be a challenging task as it increases the
overall cost of production[103]. Also, a high concentrated feed solution can reduce the osmotic
pressure drastically due to the presence of foulants which can exacerbate issues like
concentration polarization and fouling, thus chemically degrading the FO membrane under
certain conditions like pH and temperature. Many studies reported the foulants like
macromolecules such as alginate, humic acid, and proteins are present in natural waters and
wastewater effluents, which are commonly used as feed water [99,100]. Therefore, optimizing
the draw solution and feed solution concentrations along with the membrane properties is
crucial to achieve a balance between maximizing water flux and minimizing potential fouling
aggregates. Moreover, the cost of preparing, recovering, and disposing of the draw and feed

solutions is a key factor in the economic feasibility of FO processes.

2.6.2 FO Operating Conditions

The operating conditions of FO process significantly affect the process performance.
Temperature is a key operating condition that can affect the efficiency of the FO process.
Higher temperatures can enhance the diffusion rate and increase the water flux across the
membrane by decreasing the liquid viscosity. However, elevated temperatures can also speed
up fouling and scaling rates, posing a challenge to membrane longevity[104]. Similarly, the
FO operates under different pressure conditions depending on the application. High-pressure
FO might offer greater efficiency, but could also lead to more membrane fouling and higher
energy consumption. Applying pressure on the feed side can improve the FO process
performance by increasing the water flux, but excessive pressure may damage the membrane
and reduce its efficiency due to negative transmembrane pressure[105]. Another important FO
operating condition that can influence the performance is the flow rates of both draw and feed

solutions. Increasing both the flow rates lead to an increase in FO performance (water flux)
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due to higher osmotic pressure gradient achieve across the membrane. However, it can
adversely affect other performance parameters of FO systems such as feed recovery and
operating pressure[105]. Therefore, maintaining the optical temperature, pressure and cross-
flow velocity across the membrane are pivotal for a higher overall performance while also

sustaining the structural integrity of the membrane.

2.6.3 Membrane properties

The FO membrane is another crucial parameter, as its properties directly impact the process's
efficiency and effectiveness. Factors such as the membrane's material, pore size, thickness, and
hydrophilicity can greatly affect its performance. For instance, membranes with larger pores
can facilitate higher water fluxes but may also allow more impurities to pass through,
compromising the permeate quality. Also, the structure of the porous substrate determines the
effect of ICP on the FO membrane[106]. For example, a low structural parameter (S) value of
the support layer helps in mitigating the ICP to a large extent and subsequently enhances the
water flux. Similarly, the active layer plays a crucial role in determining the overall
performance and durability of the FO membrane[107]. The incorporation of organic or
inorganic nanomaterials not only enhance the chemical and mechanical stability but also
provides resistance to fouling[108,109]. Another parameter of the membrane that affects the
performance in the FO process is the thickness. Thicker membranes generally have lower
permeability but possess higher mechanical strength[110]. Therefore, the optimal thickness
would be a balance between permeability and mechanical strength. Additionally, the cost of
the membrane and its associated operational and maintenance costs will be a significant factor
to consider. A cheaper membrane might not provide the desired efficiency or lifespan, while a

more expensive one might offer superior performance but be prohibitively costly. Therefore,
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selecting the right membrane with desired features without compromising the cost and

efficiency is vital to ensure optimal FO process performance.

2.6.4 Concentration polarization

In the FO process, concentration polarization (CP) is a phenomenon that occurs and has
implications for the overall efficiency and performance of the process. CP refers to the build-
up of solutes on the membrane surface during the FO operation, resulting in a concentration
gradient across the membrane that can impede water transport and reduce the water flux[111].
The CP layer affects the FO process in several ways. First, it increases the osmotic pressure on
the feed solution side, opposing the natural osmotic flow of water. This resistance to water
transport reduces the water flux through the membrane, limiting the overall efficiency of the
FO process. Additionally, CP contributes to the membrane fouling. The concentrated solutes
in the polarization layer promote the attachment and deposition of particles, colloids, and other
foulants on the membrane surface, thus impeding water transport and reducing the membrane
performance. The FO and PRO processes, defined by their membrane configurations as active
layer facing feed solution (ALFS) and active layer facing draw solution (ALDS) respectively,
have unique impacts on membrane fouling and concentration polarization phenomena[112].
The polarization occurring inside the porous support layer is referred as internal concentration
polarization (ICP), whereas the polarization occurring on the membrane surface is referred as
external concentration polarization (ECP)[113,114]. Furthermore, the ECP and ICP can be
classified into concentrative and dilutive based on the orientation of the active layer and support
layer[115]. The polarization that happens on the feed side is of a concentrative nature and
differs from the dilutive polarization on the draw side caused by the incoming permeate flux.
The concentrative polarization is referred to as concentrative external concentration

polarization (CECP), while the polarization occurring on the draw side is termed dilutive
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external concentration polarization (DECP)[116]. Similarly, dilutive internal concentration
polarization (DICP) occurs on the draw side of the membrane due to the incoming permeate
flux whereas concentrative internal concentration polarization (CICP) occurs on the feed side
of the membrane when the feed solution concentration is high[117]. In the FO mode, CECP of
the feed solute and DICP of the draw solute are observed. The active layer of the membrane
interfaces directly with the feed solution in this setup, encouraging a continuous renewal of the
solution at the membrane surface, which can aid in reducing foulant accumulation. However,
this configuration has inherent challenges. Specifically, CECP can lead to an increase in the
solute concentration at the membrane-feed interface, thereby reducing the osmotic pressure
gradient that drives water transport across the membrane. Furthermore, DICP can cause a
dilution of the draw solution within the porous support layer of the membrane, further reducing
the effective osmotic pressure difference and, therefore, the overall water flux[117]. Thus,
while the FO mode may exhibit lower fouling tendencies due to the constant renewal of the
feed solution on the active layer, the overall effective osmotic pressure available for driving
water flux could be lower than in the PRO mode, particularly when high fouling potential feeds
such as liquid food or pharmaceutical effluent are used. Contrastingly, the PRO mode is
characterized by the occurrence of dilutive external concentration polarization (DECP) of the
draw solute and concentrative internal concentration polarization (CICP) of the feed
solute[117]. The orientation of the active layer towards the draw solution reduces its exposure
to potential feed foulants, mitigating the risk of fouling. However, this orientation exposes the
porous support layer of the membrane to the feed solution, which can lead to severe fouling
due to the deposition of feed foulants within the support layer. This fouling can decrease the
porosity of the support layer, increase its hydraulic resistance, and ultimately lead to a decrease

in the overall water flux. In particular, the flux in PRO mode may decrease more rapidly than

39
TH-3195_186151006



in FO mode due to the severity of CICP in the support layer, even though the initial water flux
might be higher in PRO mode[118]. Notably, cleaning strategies can potentially be
implemented to remove foulants from the support layer and mitigate these effects. Moreover,
DECP in the PRO mode can result in the dilution of the draw solution near the membrane
surface, decreasing the osmotic pressure difference and hence the driving force for water
transport. However, due to the active layer's orientation towards the draw solution in PRO
mode, a relatively high initial effective osmotic pressure can be achieved, potentially resulting

in an elevated initial water flux compared to FO mode[119].

In summary, both the FO and PRO modes present unique advantages and challenges with
respect to fouling mitigation and maintenance of effective water flux. While the FO mode
offers a beneficial reduction in fouling, it may struggle with a lower initial water flux,
particularly with high fouling potential feeds. In contrast, the PRO mode can provide a high
initial water flux due to a higher effective osmotic pressure but could face a more rapid decrease
in efficiency over time due to severe fouling within the support layer, even though cleaning

strategies can potentially mitigate these effects.

2.6.5 Membrane fouling

One of the most important parameters that influence the FO system is the aggregation of
foulants on the membrane surface. The fouling arises due to the accumulation of solutes
(foulants) near the membrane surface during the separation process, which causes a blockage
to the membrane pores, thus forming a gel layer on the membrane surface[120]. This can lead
to reduced water flux, increased energy consumption and shortened membrane lifespan. The
foulants or contaminants such as colloidal matter, inorganic compounds, dissolved organics
and microorganisms present in the feed water are responsible for the biofouling of the

membrane[121,122]. FO membrane fouling intensity is reduced by adopting appropriate pre-
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treatment of the feed solution and chemical cleaning, which increases the costs and energy
consumption of the overall membrane operation. It was imperative to understand the fouling
behaviour in the FO process because both sides of the FO membrane were in contact with either
feed water facing the active or support layer or natural DS solution facing the active or support
layer[123]. Hence, the fouling behaviour can be classified into four categories (i) organic

fouling, (ii) inorganic fouling, (iii) biofouling and (iv) colloidal fouling[16].

Moreover, this fouling can also be sub-classified as external and internal fouling. The primary
factors influencing the fouling are operating conditions, feedwater characteristics, draw
solution concentration, membrane properties and membrane orientation. Some reported
literature showed that membrane fouling became more severe at higher water flux
levels[124,125]. She et al. observed higher RSF with specific ions (i.e. Ca®* or Mg?*) in the
feed solution at higher DS concentration, which caused additional organic fouling[101].

However, it was observed that fouling is not noticeable below the critical DS concentration.

Regarding membrane structural properties, it was observed that the membranes with smaller
structural parameter deliver higher water flux which may lead to potential membrane fouling
due to enhanced hydrodynamic drag force. The effect of fouling is also considered in
membrane orientations. Many studies reported that the membrane was more prone to fouling
in active layer facing draw solution (ALDS) orientation compared to active layer facing feed
solution (ALFS) orientation due to severe pore clogging of the support layer by feed foulants
and that enhances the CICP in ALDS orientation when fouling causing solution is used as
FS[126,127]. Therefore, the occurrence of internal fouling by depositing foulants inside the
pores of the support layer in ALDS orientation was more severe and irreversible. Moreover,
frequent fouling can increase the intensity of cleaning cycles for maintaining the membrane
performance, indirectly leading to more fouling, as aggressive cleaning can damage the
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membrane and make it more susceptible to foulant deposition. Therefore, it is imperative to
mitigate the fouling during the FO process to increase the efficiency and lifespan of the

membranes.

2.6.6 Mitigation plan for fouling reduction

The occurrence of fouling during the FO process is inevitable; hence, mitigation of the same is
imperative to increase the overall efficiency and membrane lifespan. Therefore, several
strategies were employed to alleviate the fouling propensity. Physical and chemical cleaning
can remove the deposited foulants on the membrane surface by enhancing the shear force[128].
However, chemical cleaning with sodium hydroxide (NaOH), biocides, acids and surfactants
are required when concentrating pharma effluents and wastewater because of the irreversible
fouling caused by complicated foulants in wastewater. However, these methods must be used

judiciously as they can damage the membrane.

Moreover, hydrodynamic conditions like increasing the cross-flow velocity on both sides of
the membrane can significantly reduce the external fouling on the membrane surfaces. The
high shear force exerted on the membrane surface moves away the foulants on the membrane
surface, thus reducing the membrane fouling and increasing the mass transport across the
membrane[129]. However, the high flowrates on both sides enhance the pumping energy,
which increases the energy consumption of the system. Also, pressure drop across the FO
module at high flow rates is expected to increase without improving water flux. Another
approach to mitigate fouling is integrating the FO process with other technologies, such as
pressure retarded osmosis and reverse osmosis. This hybrid process can lower the fouling
propensity by employing hydrodynamic control strategies in the osmotic dilution
process[129,130]. Finally, the optimized strategy used to mitigate any fouling without

compromising the energy and costs of the system was the development of the FO membrane
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with desired properties. Membranes with inferior separation properties (i.e., lower water
permeability and selectivity) could result in more solute diffusing from DS into FS and from
FS into DS, which may increase the risk of fouling. Therefore, along with the membrane
separation properties, the membrane surface properties (such as roughness, surface charge,
hydrophilicity and specific functional groups) also influence the foulant-membrane interaction
and play a pivotal role in alleviating the fouling[131]. Membranes with a hydrophilic surface
and high surface charge density can reduce organic fouling and repel similarly charged
foulants. In recent years, novel advanced nanomaterials have been developed and used for
surface modifications and coatings to address the permeability-selectivity trade-off by
increasing the water flux without compromising the salt rejection rates. Due to the high
hydrophilic nature of the 2D nanomaterials, there is a thin hydration layer of water molecules
on the membrane surface, which weakens the binding of other organic foulants or molecules
on the membrane surface, thus preventing the fouling propensity to a great extend[132]. For
example, Qui et al, developed a zwitterion-silver nanocomposite-modified film composite
membrane that showed anti-fouling properties, improving both water flux and biofouling
resistance for long-term operation[133]. Li et al. modified the FO membrane with hydrophilic
polydopamine (PD) coating, which increased water flux and improved anti-fouling
ability[134]. Therefore, 2D nanomaterials are expected to show a promising influence on the
next generation of nanocomposite membranes for various separation applications. Considering
recent developments, the field of membrane technology using nanomaterials is highly

innovative and subject to rapid development.

2.7 Summary and literature gaps of FO process parameters

FO optimization involves selecting the appropriate draw and feed solutions, suitable FO

membrane, fouling mitigation strategies to achieve the desired separation performance. The
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selection of a suitable draw solution was crucial, as it determines the driving force for water
flux and the membrane's selectivity. The FO membrane should exhibit high water permeability,
high selectivity, high anti-fouling properties, and good mechanical and chemical stability for
enhancing the FO process without compromising energy and cost. Finally, the effective fouling
mitigation strategies like membrane surface modification, pre-treatment of the feed solution
and physical and chemical cleaning can be applied to achieve a completely feasible FO system.
Therefore, successful FO optimization requires careful consideration of the draw solution, FO
membrane and fouling mitigation process to achieve the desired separation performance
sustainably and cost-effectively. Although there have been significant improvements in the

development of FO membranes, some literature gaps still need to be addressed.

e Development of novel stratagies to recover energy wasted in liquid pumping to minize the
over all energy requirements

e Performance analysis of high flux and fouling-resistant membranes with respect to the
orientation of the separation layer

e A detailed study on separation layer coating methods and their implications on membrane

performance and production economics

2.8  Scope of the thesis

This thesis aims to investigate the potential of using exfoliated 2D nanomaterials to enhance
the efficiency of forward osmosis process. The introduction provides an explanation of
membrane technologies for concentration applications, along with its limitations. The
importance of 2D nanomaterials in membrane technology and its application for simultaneous
FO and energy generation is also discussed. Moreover, the purpose of the research motivations
is also presented along with the research objectives. The literature reviews examine the

previous research on novel FO process and FO membranes for separation and energy
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applications, setting the stage for the merits and demerits of it. The outline of the FO process
optimization along with the limitations is also being discussed. The remaining chapters
describe the results and discussions for the development of novel FO membranes for various
applications and presents the experimental work and observations and comparing the results to
previous research. Finally, the conclusion summarizes the findings, discusses their implications
in the field of FO membrane development and forward osmosis process and suggests avenues

for further research.
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CHAPTER 3

3 Synthesis and performance evaluation of reduced graphene oxide membrane doped

with polystyrene sulfonic acid for forward osmosis process

Abstract: This chapter reports the use of graphene oxide (GO) and polystyrene sulfonic acid
(PSS) polymer to enhance the permeation properties and selectivity of the FO-membrane. Size
fractionization of GO flakes reveal the membrane coated with medium flakes (MF) showed
optimum water flux and reverse solute flux for the FO application. The PSS-rGO membrane
coated with MF performed better than that of the rGO membrane and commercially available

cellulose triacetate membrane.

This part of the thesis is published in Sustainable Energy Technologies and Assessments. 44

(2021) 101093. (https://doi.org/https://doi.org/10.1016/j.seta.2021.101093).
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3.1 Introduction

Forward osmosis has evolved as a low-cost and energy-efficient membrane separation
technology for various applications like power generation[135], desalination[136], resource
recovery[137], wastewater treatment[138] and concentration of aqueous products like tea and
fruit juices[139,140]. The difference in chemical potential between the DS and FS drives the
water from FS to DS through a semi-permeable membrane without the need of hydraulic
pressure[141]. As a result, the FO process exhibits various desirable characteristics like low
fouling propensity, less energy consumption and high water recovery that can be applied to

different applications[142].

One of the key parameters for successful FO process is the suitability of FO membrane. A
standard FO membrane should demonstrate low structural parameter, high water permeability,
low salt rejection, high anti-fouling property and high mechanical and chemical stability[143].
However, the conventional FO membranes lack in providing some of these qualities like higher
water permeability, low RSF. Moreover, the frequently used FO membranes are prone to severe
fouling which limits their practical usage in various applications. Therefore, fabrication of
robust and highly selective FO membranes is among the most critical research areas in the field

of FO process.

Recently, researchers have focused on the modification of membrane surface for higher water
permeability, high salt rejection and better fouling mitigation. In the last decade, atomically
thin 2D nanomaterials like GO, rGO, titanium dioxide (TiO2) and carbon nanotubes (CNT)
have gained a lot of interest in membrane modification owing to its tunable hydrophilicity and
high density of oxygen functional groups[144-146]. Out of these, GO based membranes have
drawn researcher’s attention because of its distinct structure, high hydrophilicity, high
mechanical and chemical stability and low production cost[147]. Moreover, due to its high
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water permeability, high salt rejection and superior anti-fouling properties, GO and rGO
membranes are widely used in seawater desalination and wastewater treatment[148,149].
However, the stability of GO membranes in aqueous solution is still a challenging issue, which
eventually becomes the bottleneck in its application. Due to this reason, the GO based
membranes cannot be applied for long term stability performance which increases the cost of
membrane production. Therefore, functionalization of GO based membranes with different
polymers can enhanced the water permeability and selectivity without compromising the

mechanical stability and cost of production for longer duration.

3.2 Scope of this investigation

The main motive of this investigation is to practically utilize a suitable FO membrane for the
FO application. Recent studies have shown that hydrophilicity and mechanical stability of the
GO based membranes can be enhanced by substituting the hydroxyl groups of GO with sulfonic
groups[150,151]. Herein, in this study, the surface of the rGO membrane was directly doped
with an aqueous solution of poly (4-styrene sulfonic) acid (PSS) polymer to enhance the water
permeability, salt rejection along with mechanical stability for longer operational run. The
linkage of SOsH group of PSS with the carboxyl or hydroxyl groups of GO via hydrogen
bonding, increases the hydrophilicity and mechanical strength of the overall membrane.
Moreover, the surface charge of PSS-rGO membrane becomes more negative due to the
presence of additional oxygen atom of PSS, thus increasing the salt rejection rate due to high
electrostatic repulsion. However, the application of the as-prepared FO membranes hasn’t been
explored in FO process. Therefore, this work investigates the performance of the membrane in
the FO process at various operating conditions like operating time and temperature, different

GO flake sizes and stability test for continuous 25 long hours.
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3.3 Experimental section

3.3.1 Synthesis of GO solutions
The GO nanosheets were prepared by using the modified Hummer method[152]. Typically,

250 mg of graphite powder was dispersed in an ice-cold solution of concentrated H2SO4 (12
ml) followed by slow addition of KMnO4 (2 g) under continuous stirring conditions. The
prepared solution was moved to a water bath maintained at 35 °C and continued with the
stirring for 2 hours. After that, the ready solution was transferred to an ice bath. 100 ml of de-
ionized (DI) water was added very slowly, maintaining the temperature below 35 °C until the
temperature was stabilized. 10 ml H.O, was added dropwise to the solution under ice-cold
stirring conditions. The yellow solution obtained as such was mixed with 20 wt% HCI solution
(500 ml) and repeatedly washed and filtered. After filtration, the solid GO sample was out
inside a desiccator and cleaned with acetone. Finally, a required amount of GO sample was

added to DI water to prepare GO solutions.

3.3.2 Preparation of large, medium and small-sized GO dispersion

The GO dispersion prepared by the modified Hummers method contains flakes with a wide
range of lateral dimensions. The prepared GO dispersion (1Img/ml) was centrifuged at 2000
rpm for 10 minutes to separate the flakes of varying size ranges. Post-centrifugation, the
solution was segregated into two categories, the supernatant solution as medium-sized GO
flakes (MF) and the pellet as large-sized GO flakes (LF). The color of the aqueous dispersion
of medium-sized GO flakes was observed to be light brown. A required amount of sample from
medium GO flakes solution was sonicated for 6 hrs in a water bath to break them into further
smaller flakes, and the obtained solution was considered as a sample of small-sized flakes (SF).

After sonication, the SF GO-dispersion appeared light yellow.
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3.3.3 Preparation method for rGO membrane and PSS coated rGO membrane

The aqueous dispersion (at 1mg/ml) of separated GO flakes (with respect to different size-
range (LF, MF, and SF)) GO were passed through (i.e., vacuum filtered) the nylon
microfiltration membranes (mean pore size = ~0.220 um and thickness = 100 pm) to deposit a
uniform layer on the exposed surface. The GO/nylon membranes were dried inside a desiccator
for 24 hours and heated under vacuum conditions (pressure- 0.8 bar) at different temperatures
(130 °C, 150 °C, and 180 °C for a definite time-period to prepare rGO/nylon membranes.
Before conducting the FO experiment, the membranes were dipped in de-ionized water for 24

hours.

The dilute solution of PSS (100 pL in 40 ml DI water) was vacuum-filtered (0.8 bar) through
the GO-coated nylon membranes of different flake sizes. The PSS-doped GO membranes were
then heat-treated at optimized conditions of 150 °C temperature for 2.5 hrs heating duration
inside a vacuum oven. The schematic diagram of the fabrication process was clearly illustrated

in Fig. 4.
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Fig. 4: The fabrication method for rGO and PSS-rGO membranes

3.3.4 Membrane Characterization

Field emission scanning electron microscope (FESEM, Sigma,

microscope (AFM, Cypher, India) were used to study the morphology of the membrane
samples. The pore size of the GO coated nylon and uncoated nylon membranes were analysed
using a porometer machine (model: TECHPORO-AL-500). The water contact angle of the
membrane samples was measured via the sessile drop method using a goniometer (Holmarc

Opto-Mechatronics Pvt. Ltd.). X-ray diffractometer (XRD, Micromax-007HF, India) was used

to determine the interlayer spacings of the lamellar membranes.
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functional group were evaluated using the FTIR spectrometer (PerkinElmer, Spectrum two,
India). The presence of GO/rGO and PSS coated layer was confirmed through FESEM and

energy dispersive x-ray (EDX) analysis.

3.3.5 FO experimental setup for performance evaluation

The performance of the rGO and PSS-rGO coated membrane was evaluated in a lab-scale FO
experimental system, as shown in Fig. 5. The FO experimental setup consists of systemic
connection of integrating FO test cell, feed & draw solution tank, pumps, conductivity sensor,
and digital weighing balance. FO test cell (fabricated and supplied by Yantrabot Tech,
Guwahati, India) separates the draw and the feed solution with an active membrane area of 4
cm?. The weighing balance (model-XD/XR)) can measure and store the weight changes in both
the draw and feed solution tank with an accuracy of + 0.01g (supplied by Weighing solution
Pvt. Ltd., New Delhi, India). The NaCl concentration in feed and draw tank was measured
continuously using the Hanna conductivity meter (model-HI5321) with an accuracy of + 0.1
ppm. The FO experiments were performed by facing the active layer to the draw solution. The
draw and feed solutions were circulated through the FO test cell with a flow rate of 650 ml/min
using respective water pumps, and the outlet from the FO test cell was recirculated back to
individual solution tanks. 1M NaCl was used as a draw solution, while DI water was used as a
feed solution. The feed and draw solutions in the respective tank were maintained at room
temperature of 25°C using temperature regulators. The water flux was calculated by measuring
the change in weight of the draw solution tank. The feed & draw tank was sealed entirely
throughout the process with a parafilm sheet to avoid evaporation loss from feed and draw

solution tanks.
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The water flux (Jv) was calculated by using equation 1:

Jo = (Ai‘:\t) 1

AV = VDat,t:O -

VDat,t:At

where AV was the change in volume of draw solution (1) with time At (hrs.), and A was the
active membrane we (m?). The Sl unit of water flux has been used throughout the manuscript

and denoted as (L m? h?)

Similarly, the reverse solute flux was measured using measured NaCl concentration and
volume in the feed tank with respect to time. The Sl unit of reverse solute flux has been used

throughout the manuscript and denoted as (g m? h?).

The reverse solute flux (Js) was calculated using equation 3:

Js = CFatt=0YFatt=0"CFat=at"Fat=at
S AXAt

3
Where, Ck. at =0 Was the concentration of feed tank at time = 0, Cr. att=at Was the concentration
of feed tank at time = At, V. att=0 was the volume of feed tank at time = 0, VF. at =at Was the

volume of feed tank at time = At. Both Jy & Js was the average of triplicate measurements.

The specific reverse solute flux (SRSF) was calculated by dividing the RSF with the water flux

using equation 4.
SRSF =L 4
Jv

Where Js was the reverse solute flux (g m2 h), Jv was the water flux (L m2 h?)
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Fig. 5: Schematics of FO experimental setup used for evaluating the performance of rGO

membrane and PSS-rGO membrane (active membrpane surface area ~4 cm?)

3.4 Results and Discussions

3.4.1 Characterization of GO flakes

As discussed in the experimental section 3.2.1, the GO sample prepared by modified Hummer’s
method was separated into three categories based on different flakes dimensions as SF, MF,
and LF. The digital photos of the aqueous dispersions of the samples of different flake size
ranges are shown in Fig. 6a. With decreasing average flake sizes, the color of the GO dispersion
gradually changed from dark brown to light brown. Different GO flake size dispersion of 0.1
g/L concentration was individually drop-cast on freshly prepared silicon wafers by dropping 4
pl of the solutions to examine their nanoscale morphology in FESEM and AFM. The nylon
membranes coated with GO flakes of different sizes (LF, MF, and SF), 1mg of loading are

shown in Fig. 6b. The rGO-coated membranes obtained after the thermal reduction of the
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respective GO coated nylon membrane can be observed in Fig. 6¢. The color of the rGO
membrane changed from dark brown to black color due to the partial elimination of functional
groups like epoxy, carboxyl, and hydroxyl groups[153]. Once the conditions were optimized
for coating GO on the nylon support layer, the PSS solution was coated on the optimized rGO-

coated membrane to fabricate the PSS-rGO membrane.

Large Medium Small

Fig. 6: Digital photos of (a) GO dispersion of different flake sizes, (LF, MF, and SF from left
to right), (b) nylon membranes coated with GO flakes of different sizes-ranges (LF, MF, and

SF), 1mg of loading, and (c) rGO coated membranes obtained after thermal

The height and lateral dimensions of segregated different-sized GO flakes were analysed using
AFM analysis. Fig. 7a reveal the FESEM analysis of large-sized graphene oxide flake (5 pm)
obtained via the modified Hummer method. Fig. 7b-d show the lateral dimensions and height

for LF, MF, and SF single flakes, respectively. The lateral dimension for LF, MF, and SF was
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3 um, 1.5 um, and 0.6 um, respectively, as evident from AFM images. The average height of

GO flakes (large, medium, and small) was found to be in the range of ~3-1 nm.

350nm
e

Fig. 7: (a) FESEM image of large-sized GO flake; AFM analysis of LF, MF, and SF with
corresponding height profile (b) large-sized GO flake (c) medium-sized flake (d) small-sized

flake

3.4.2 FESEM images of fabricated membranes

Fig. 8a show the surface morphology of the used flat sheet nylon microfiltration membrane. It
illustrates micro-void space in overlapped sponge-like morphology with large pores of 0.22
pum. The surface morphology of the GO membrane in Fig. 8b shows a uniform deposition of
GO flakes on the nylon membrane surface, entirely covering the void spaces of the support
layer with few thin shallow cracks appearing on the outer surface of the GO coating. After
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thermal annealing, the presence of small cracks and a grain-like structure of size around 2-3
nm was noticed on the surface of the uniformly deposited rGO layer (see Fig. 8c). The cracks
on the GO layer appeared slightly denser than the rGO layer; this must-have happened due to
the heat treatment process. The FESEM images revealed that vacuum filtration of the PSS
solution smoothens the surface of the rGO membrane coated on the nylon support layer (see
Fig. 8d). However, a few shallow cracks were still visible on the PSS-coated surface. The pore
coverage by GO deposition on the nylon membrane was further confirmed through the cross-
sectional FESEM examination of the rGO membrane on nylon support (see Fig. 8e). The
thickness of the rGO layer loaded with 1 mg large GO flakes in 4 cm? membrane was calculated
using cross-sectional FESEM analysis and was found to be ~1 um (see Fig. 8f). The same was
also confirmed by comparing the thickness of the rGO coated nylon membrane with that of a

pristine nylon membrane (100 um) by using an electronic micrometer.
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Fig. 8: FESEM image of (a) nylon substrate; surface morphology of (b) GO membrane (c) rGO
membrane (d) PSS doped rGO membrane () cross-section of rGO membrane on nylon support

(f) rGO layer at a higher resolution

3.4.3 EDX analysis of the fabricated membranes
Fig. 9a-d show the EDX analysis of the GO, rGO, PSS-GO, and PSS-rGO coated nylon

membranes. The study shows that the C/O ratio in the rGO membrane has increased to 3.79
from 2.35 in the GO membrane. This increment can be attributed to the partial loss of some
oxygen-containing functional groups in the rGO layer due to thermal reduction. The increase
in sulfur content from 0.4 wt% to 3.7 wt% after PSS doping on GO membrane and 3 wt% on

the rGO membrane confirms the coating of the PSS. Similarly, the oxygen content was found
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to be reduced for rGO (from 29.7 wt% to 20.8 wt%), and PSS-rGO (from 27.3 wt% to 19.3

wt%) post thermal reduction.

1 1
W Spectum 6
Wt% o
C 777 06
0O 193 06
30 03

PSS-rGO

Fig. 9: EDX analysis for (a) GO membrane (b) rGO membrane (c) PSS-GO membrane and (d)

PSS-rGO membrane

3.4.4 XRD, FTIR and contact angle analysis of the fabricated membranes

The interlayer spacing of the nanochannels between GO layers was calculated by determining
the d-spacing from XRD characterization. Fig. 10a show the XRD pattern for GO, rGO, and
PSS-GO membranes. The GO membrane exhibited a sharp peak at 10.2° with a corresponding
d-spacing of 9A, which was consistent with the previous study[154]. Upon heat treatment, the
position of the XRD reflection changed to 11.2°, which corresponds to an interlayer spacing of
7.7A. The slight shift in the interlayer spacing was also attributed to the partial removal of the
functional groups by the heat treatment process at 150 °C. Further functionalization of PSS

showed a negligible change in d-spacing, which indicates that the sulfonated acid group had
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no effect on the crystal structure of GO. In principle, a uniform coating of reconstructed 2D

GO flakes with smaller interlayer space should possess better salt-rejection efficiency.

Fig. 10b shows the FTIR spectrogram for GO coated on the nylon substrate, rGO membrane,
and PSS-GO membrane. The peaks at 3390 cm™, 1720 cm?, 1570 cm™ and 1060 cm™
correspond to OH, C=0, C=C, and C-O functional groups, respectively[155]. After thermal
reduction (rGO membrane), the broad peaks for the OH stretching at 3410 cm™ and C=0
stretching at 1720 cm™ were completely removed. While the peak intensity for other functional
groups (C=C) was diminished in magnitude as compared to GO membrane confirming the
partial removal of oxygen-containing groups due to the annealing process. Further
functionalization with PSS exhibits a peak at 790 cm™ which corresponds to the aromatic ring
and additional peaks at 1050 cm™ and 1100 cm™ corresponding to the sulfonated acid

group[156].
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Fig. 10: (a) XRD analysis of GO/Nylon, rGO and PSS-GO membranes (inset shows XRD of
graphite powder), (b) FTIR spectra of GO membrane, rGO membrane, and PSS-GO membrane

and (c) contact angles of GO membrane, rGO membrane and PSS-rGO membrane

Fig. 10c shows the water contact-angles of GO, rGO, and PSS-rGO membranes. The water

contact-angle for GO coated membrane before the thermal reduction was found to be 50°. The
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contact-angle for thermally reduced rGO membrane increased to 80°. The contact angle must
have increased due to partial removal of hydrophilic functional groups (i.e., carboxyl, epoxy,
and hydroxyl groups), and hence exhibited reduced hydrophilicity. However, the rGO
membrane still had some GO content as the contact angle was less than 90°. Interestingly, the
deposition of the PSS drastically reduced the contact angle to 62°. The decreased contact angle
(or strong hydrophilicity) of the PSS-rGO membrane compared to the rGO membrane can be
attributed to the higher surface energy of the sulfonic groups[157]. Membranes with such high

surface energy should be ideal for FO applications.

3.4.5 Effect of heating conditions on membrane performance

The membrane processing temperature and heating time were optimized to achieve the desired
GO reduction and annealing of rGO on the nylon substrate. The membranes were fabricated at
different temperatures (130 °C, 150 °C, and 180 °C) with fixed heating time (2 hrs.) and then

with different heating time (1, 2, 2.5, and 3 hrs.) at a constant temperature of 150 °C.

The process temperature was expected to control the GO reduction rate, and the time of heating
was expected to enable better binding between nylon and rGO. Before optimizing temperature
and heating time, original GO dispersion (mixed flakes) of 1mg/ml concentration was coated
on the nylon membrane with constant GO loading to achieve ~1um GO layer thickness. The
GO coated membrane was then heated at different temperatures (130 °C, 150 °C, and 180 °C)
for a fixed duration of 2 hrs. The membranes fabricated at different temperatures were then
tested for its efficiency in a FO process experimental setup for 2 hrs duration (see section 3.3.4).
During the FO experiment, both water and reverse solute flux decreased at a different ratio,
with an increase in reduction-temperature for membrane fabrication. The water flux reduced
with an increase in membrane fabrication temperature. The reduction of GO on heating, which
narrowed the nanochannels for water passage, must have led to the decline in water flux. The
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RSF values also simultaneously decreased with an increase in temperature due to narrower
inter-layer spacing distance between nanosheets. Although RSF was found to be constant for
150 °C and 180 °C, the water flux was a little higher for 150 °C (see Fig. 11a). Therefore, 150

°C was considered as the optimum temperature for the next level of experiments.

Once the heating temperature was fixed at 150°C, the rGO membranes were fabricated by
varying heating time (1, 2, 2.5, and 3 hrs.) and evaluated for performance efficiency. It was
noticed that with the increase in the heating period, the rGO membrane exhibited a decline in
the water flux as well as the RSF (see Fig. 11b). Since, with every 1-hour increment of the
heating period, the GO gets slightly reduced further, resulting in narrower GO nanochannels,
which hinder the water flow as well as salt ions. However, when the membrane was heated for
3 hrs duration, there was a sudden rise in RSF, which indicates probable damage to the
membrane layer when heated at high temperature for a longer-term. The RSF was higher for
corresponding water flux for rGO membranes fabricated at 1, 1.5, 2 hrs of the heating period.
The best possible result in terms of RSF was obtained at the heating time of 2.5 hrs at 150 °C.
Hence, the optimum temperature and heating period for the rGO membrane fabrication were

fixed at 150 °C and 2.5 hours, respectively.
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Fig. 11: Water flux and RSF profile with time for rGO membranes prepared with 1 pum
thickness at (a) constant heating time (2 hrs.) with variable temperature (b) constant heating

temperature (150°C) with variable heating time

3.4.6 Effect of GO flake-size and thickness on membrane performance

The rGO membranes prepared using different size-range GO flakes were tested for their
performance in a FO process setup. The rGO membranes with different amount of GO loading
(i.e., 1, 2, and 5 pum thickness) were used to evaluate the rGO membrane performance. Fig.
12a-b show the water flux and RSF profile with réspect to rGO thickness and flake size. The
highest water flux was observed for SF (36 L m? h') followed by MF (26.3 L m? h''), and
then LF (19 L m h!) coated rGO membrane. However, the RSF was also higher (150 g m2 h-
1Y in the case of membranes coated with SF. While the RSF decreased for both MF (5.5 g m
h™') and LF (4.2 g m? h') coated rGO membranes. The decrease in interlayer space, together
with the reduction in flake size, creates a low-friction hydrophobic channel in-between the GO
layers, which assist in the movement of water molecules[158] and hence comparatively high
water and reverse solute flux was observed in SF coated membrane. For the rGO membrane
coated with LF, when loading was increased, the water flux decreased from 19 L m? h™ to 8.6
L m? h** while for membrane coated with MF, the water flux dropped from 26.3 L m2h™ to
11.2 L m ht. However, for rtGO membranes coated with SF, the water flux comparatively
declined more from 36 to 12.5 L m? hL. Similarly, an increment in GO loading resulted in low
RSF for the rtGO membrane coated with LF (dropped from 4.2 g m? h™ to 3 g m? h) and MF
(dropped from 5.5 to 3.7 g m h'%). This was due to the stacking of more GO flakes on top of
each other, which provided higher resistance to water and salt ions to pass through it. However,
for rGO membranes coated with SF, the RSF decreased drastically (~77%) from 150 to 33.4 g
m2 hl. This must-have happened due to the non-uniform deposition of SF for 1ml loading of
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GO. Since the size of small GO flakes (0.4-0.8um) was comparatively in the same range of
nylon-membrane support pore size (~0.220 um). However, as the loading of small-sized GO
solution was increased to 2 ml and 5 ml, more GO flakes were deposited, which resulted in the
uniform coating, thus reducing the RSF to 72.4 g m? h't and 33.4 g m? h'%, respectively. The
lowest salt flux (3 g m? h'!) was observed for the rtGO membrane with large-sized GO flakes
and with 5 ml loading. The rGO membrane exhibited low SRSF for MF (0.2 g/L), and LF (0.22
g/L) in comparison to SF (4.16 g/L) with 1 ml GO loading (see Fig. 12c¢). With the increment
in GO loading from 1 to 2 and 5 um, the SRSF for SF coated rGO membranes decreased by
12% and 35%, respectively. However, the SRSF increased for both MF (by 36% for 2 um and
54% for 5 um), and LF (by 45% for 2 um and 60% for 5 um) coated rGO membranes. This is
due to the drastic reduction of RSF values than water flux of SF compared to MF and LF while
increasing the GO loading. Therefore, based on the permeation and SRSF results, the optimized
condition for rGO membrane fabrication for high selectivity and water permeability would be
coating with medium-sized GO flakes with a GO loading of 1um thickness. The water transport
mechanism in different sized GO flake layers was determined by measuring the offset distance
between two inter-layers spacing, shown in Fig. 12d-f. In large-sized GO flakes, the offset
distance was comparatively higher than medium and small-sized GO flakes. Due to this reason,
the water transport through large-sized GO flake layer tends to be relatively time-consuming
and hence results in low water flux compared to medium and small-sized GO flake membranes.
Therefore, the least water flux was observed in membranes with large-sized GO flake
membranes. Similarly, the reverse solute flux also tends to increase with the decrease in offset

distance between two graphene layers.
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Fig. 12: (a) Water flux with LF. MF, and SF (b) RSF with LF, MF, and SF at different GO
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3.4.7 Effect of PSS coating on the rGO membrane performance

Fig. 13a-c show the comparative performance of the rGO membrane and the PSS-rGO
membrane in the FO process. The sulfonic group (SO3zH) present in PSS helps in improved
water permeation properties as they assist in hydrogen bonding with water molecules[159].
The higher water flux was attributed to the large surface energy of the sulfonic acid group
(SO3H) (i.e., 25.1 L m?h?, 34 L m?h?, and 47.2 L m? ht for LF, MF, and SF, respectively)
as compared to rGO membranes. Moreover, the XRD pattern reveals the interlayer d-spacing
of the rGO membrane to be 7.7 A, which was bigger than the kinetic diameter of water (~ 0.29
nm). Hence, the water molecules can easily pass through the membrane. However, the RSF for
PSS incorporated membrane was almost the same as compared to rGO membranes (5 g m? h-
L for LF, 6.8 g m?h for MF, and 162.2 g m h'! for SF). The hydrated sizes of Na* (0.72 nm)

and CI"(0.66 nm) were in the same range of the interlayer d-spacing of rGO membrane[160].
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Therefore, the flow of hydrated ions was restricted by the confinement of the rGO nanofluidic
channels. Due to this reason, the PSS-rGO membrane exhibited even lower SRSF than the rGO
membrane. With the addition of PSS, the SRSF further decreased to 9% for LF (0.20 g/L), 10%
for MF (0.18 g/L) and 17.5% for SF (3.43 g/L) for 1um thickness. The obtained results
concluded that the medium-sized GO flake coated membrane doped with PSS showed the best

possible performance compared to other flake sizes.
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Fig. 13: (a) Comparative water flux with LF, MF, and SF for rGO and PSS-rGO membrane (b)
Comparative RSF with LF, MF, and SF GO flakes for rGO and PSS-rGO membrane (with GO
loading of 1um thickness) (c) Comparative SRSF with LF, MF, and SF GO flakes for rGO and

PSS-rGO membrane
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3.4.8 Comparative performance analysis and stability test

For comparison of performance analysis, a commercial CTA-FO membrane was also operated
under similar conditions. Since it was earlier observed that the MF-coated membrane provided
the best performance for the FO process. In this case, only MF-coated membranes were used
for comparing the membrane performance. Fig. 14a shows the water flux across each
membrane, where the rGO membrane was seen to achieve a higher water flux (26.3 LMH) than
the commercial CTA-FO membrane (7 LMH). Moreover, the water flux for the PSS-rGO
membrane is found to be further higher by around five times (34 LMH) when compared to the
CTA-FO membrane (7 LMH). Fig. 14b-c shows the RSF and SRSF values for the PSS-rGO
and CTA-FO membrane. In contrast to water flux, the RSF values for rGO (5.5 gMH) and PSS-
rGO membrane (6.2 gMH) was always lower than the CTA FO membrane (8.7 gMH). All the
values reported are the average of three measurements for an initial 2 hrs of operation. The
SRSF value for the PSS-rGO membrane was the lowest (0.18 g/L), followed by the rGO
membrane (0.20 g/L) and the commercial CTA FO membrane (1.2 g/L). Though the RSF
values of rGO and PSS-rGO membranes were almost the same, the difference between their
water flux made a huge impact in distinguishing the SRSF values, which is termed as an

essential factor for determining the best FO membrane.

The stability performance of rGO and PSS-rGO membranes coated with medium-sized GO
flake, and CTA-FO membrane was evaluated for 24 long hours until it attained saturation.
Initially, both PSS-rGO and rGO membranes exhibited a water flux of 33 LMH and 25 LMH,
respectively, for the first 2 hrs of operation (see Fig. 14d). Though there was a decline in water
flux for both membranes with increasing operation time, the PSS-rGO membrane exhibited
comparatively high water flux (22.5 LMH) even after one day of continuous operation. In

comparison, the rGO membrane showed relatively very less water flux (14 LMH) after
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attaining saturation. Similarly, the PSS-rGO (6.5 gMH) and rGO (5.8 gMH) membranes
exhibited low RSF in comparison to the CTA-FO membrane (8.5 gMH) for the initial period
of operation. However, with the increase in operation time, the RSF increased gradually with
time and reached saturation (see Fig. 14e). Upon reaching saturation (around 24 hrs), it was
found that water flux of PSS-rGO was 1.5 times higher than the rGO membrane also the RSF
value of the PSS-rGO membrane (26.8 gMH) was lower by ~22% than rGO membrane (35.8
gMH). However, the RSF value for the CTA-FO membrane remained more or less constant
with a slight increment (12-15%) for the early 10 hours of operation. The presence of sulfonic
groups in the PSS-rGO membrane resulted in electrostatic repulsion, which helped to lower the

RSF values than the rGO membrane.
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Fig. 14: Comparative study of (a) water flux with only MF for CTA-FO, rGO and PSS-rGO

membranes (b) RSF with only MF for CTA-FO, rGO and PSS-rGO membranes (¢) SRSF with
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MF for CTA-FO, rGO, and PSS-rGO membranes; Stability test for the PSS-rGO, rGO and
CTA membranes for (d) water flux vs time () RSF vs time; FESEM images of the PSS-rGO

membranes for life cycle (f) after 2 hrs, (g) after 6 hrs, (h) after 24 hrs

3.5 Summary

In this study, GO coated membranes were fabricated via a simple vacuum filtration method
followed by thermal reduction on nylon support. In the early stage, the effect of GO-flake size
and process parameters (i.e., temperature and heating-time) were evaluated on membrane
performance for FO-based operation. Size fractionation of GO flakes revealed medium-sized
flakes with 1um thickness exhibited the best possible outcome for optimized FO performance.
Increment of GO loading in the SF coated membrane showed a reduction of SRSF value due
to a drastic decrease in water flux and RSF values simultaneously. In contrast, LF and MF
coated membrane showed an increase in SRSF values due to a relatively smaller decrease in
water flux and RSF values. The optimum temperature and heating period for the rGO
membrane fabrication were found to be 150 °C and 2.5 hours, respectively. The membrane
properties were further enhanced via the addition of the PSS layer over rGO coated membranes.
The performance analysis and stability test revealed that the PSS-rGO membrane was giving
better performance than the rGO and CTA-FO membrane in terms of higher water flux and
low SRSF values. These results confirm that GO flake sizes, temperature, and heating duration
can manipulate the membrane properties and holds a pivotal influence in its FO performance.
The incorporation of the PSS layer on the fabricated rGO membrane further enhanced its FO
performance. This study established the excellent potential of PSS doped rGO membrane for
application in FO based separation process, which has immense potential for use in desalination

and wastewater treatment.
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CHAPTER 4

4 Synthesis and performance evaluation of sericin doped reduced graphene oxide

membrane for FO based membrane crystallization application

Abstract: This chapter reports the application of a hydrophilic natural protein named sericin
as the doping material to r-GO-based dense layer to solve the trade-off between permeability
and selectivity of FO membranes, and demonstrates the antibiotics recovery process using

crystallization concept.

This part of the thesis is published in Journal of Membrane Science. 660 (2022) 120884.

(https://doi.org/https://doi.org/10.1016/j.memsci.2022.120884).
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4.1 Introduction

Antibiotics are comprised of a significant number of pharmaceutical compounds that can be
used as human and veterinary treatment[161]. In recent years, the presence of pharmaceutical
compounds in wastewater effluents have garnered a lot of attention as emerging contaminants.
The isolation of these antibiotics from the fermentation broth using the membrane technology
has gained importance due to its various advantages over traditional separation processes[162].
Among such antibiotics, rifaximin, is a semi-synthetic and non-absorbable antibiotic that is
used to treat traveller’s diarrhoea and hepatic encephalopathy[163]. It is reported that forward
osmosis[41] and membrane distillation[164] processes are the two technologies that can be
used to concentrate the pharmaceutical traces at lower energy consumption. The low
temperature conditions in MD process can yield the recovery process, which in turn reduces
the water flux as the temperature is the driving force, hence not economically feasible.
However, in the FO process, increasing the draw solution concentrations can simultaneously
increase the water flux and concentrate the resources to its crystallization point without
compromising the energy consumption. The feed crystallization process can be achieved by
processing the feed stream into multiple series connection. Hence, the FO-based crystallization

process is a suitable process for low-temperature crystallization application.

The practical utility of a FO process depends on the suitability of FO membrane. An ideal FO
membrane should possess properties like high water flux, low SRSF, low fouling and low ICP
effect. However, the commercial FO membranes lack some of these properties which limit
their practical usage[165]. Recently, researchers have focused on the modification of
membrane surface with suitable nanomaterials for improving water flux and better fouling
mitigation[143,166]. The incorporation of the nanomaterials not only enhances the water

permeability and anti-fouling properties, but also increases the chemical and mechanical
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strength. Hegab et al.[167] developed a composite TFC FO membrane by incorporating
polydopamine onto GO nanosheets. The fabricated membrane improved the water flux and
reverse solute flux compared to unmodified membrane by 21.5% and 80%, respectively.
Moreover, the surface morphology and smoothness of the membrane are improved, thus
enhancing the biofouling resistance. Unfortunately, these membranes exhibit moderate water
flux and fouling resistance without the long-term stability performance. Therefore,
incorporation of more than two hydrophilic nanomaterials with multifunctional groups can
facilitate better fouling mitigation, more water flux and improved stability performance without

compromising the cost of production [[168].

In recent decades, GO has been widely explored as active layer of the FO membrane due to its
nano-scale thickness, high hydrophilicity and better anti-fouling properties[169]. However, due
to its hydrophilic nature, the membrane swells in the aqueous solution and disintegrates which
limits its mechanical and chemical durability. The annealing process of rGO membrane results
in decrease of the inter-layer spacing between two nanosheets, thus increasing the stability and
salt rejection rate, but at the cost of water permeability. Therefore, systematic investigation of
doping various materials onto the rGO layer are required to overcome the trade-off between
water permeability and selectivity without compromising the mechanical durability of the

membrane.

4.2 Scope of this investigation

The primary objective of this study is to investigate the effectiveness of the sericin-doped rGO
membranes for antibiotic recovery using FO-based membrane crystallization process. The
isolation of antibiotics from the fermentation broth using a low-temperature membrane
separation technology has gained importance due to its numerous advantages compared to the

traditional separation and purification processes. Hence, the FO-based membrane
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crystallization process could be an ideal tool for the low-temperature crystallization process.
However, the practical utility of the FO process in critical applications like desalination,
resource recovery, and wastewater treatment relies on the availability of robust, effective, and
fouling-resistant FO membranes. Therefore, this study incorporates sericin, a silk protein with
excellent biocompatibility and hydrophilicity, into the rGO membrane matrix, to enhance its
FO performance in terms of water flux, selectivity, and crystal formation efficiency. Moreover,
the fouling propensity of the fabricated sericin doped rGO membranes drastically reduces due
to the anti-fouling properties of sericin, thus increasing the life cycle of the FO membrane. The
findings of this research can provide valuable insights into the FO-based membrane

crystallization application by enabling fouling-resistant energy efficient operation.

4.3 Experimental section

4.3.1 Theory

A mathematical model of the FO process was used to estimate membrane transport parameters,
and it was developed by combining membrane transport and concentration polarization model
equations. The water flux (J,,, L m~2 h~1) and solute flux (J;, g m~2 h™1) across the membrane

was represented by solution diffusion (SD) model in equations 5 and 6.
Ju=1L, [(”dm,NaCl ~ 7 fm,NaCl )_(Pd -k )] 5
Js,NaCI = B(Cdm_cfm) 6

where, the L,,, B, P4, and Py represents the pure water permeability coefficient (L m2 h'bar -
1), solute (NaCl) permeability coefficient (L m?2 h'), and transmembrane pressure (bar)

between DS and FS, respectively. The g, TTrm, Camand Cryy, represents the osmotic pressure
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and concentration at the active layer of the membrane surface on the draw and feed sides,

respectively. Here, the osmotic pressure (z, bar) was calculated using van’t hoff equation.

In the given study, the experiments were conducted using ALDS (or PRO-mode). The steady
state solute mass balance equations for the DECP (dilutive external concentration polarization)

and CICP (concentrative internal concentration polarization)[170], were as follows in
equations 7 and 8.

1 s)| (3 1 s
Cfm—Cfbexp[JW[K+BJ {J;]eXp[JW{EJFBJ]_l 7
J “3) ] -]
C,. =| — |ex Y 1-1[+C, ex W
dm [ij pK K j _ db p[ 3 j 8

where, Crp, Cap, Crm, and Cyppy represents the concentration (g L) of the FS and DS at bulk

and on the membrane surface, respectively. The kg, and k, represents the mass transfer

coefficient (m h™t) for the FS and DS, respectively. The S and D represent the structural

parameter (nm) and diffusion coefficient (m h).

4.3.2 Synthesis of GO nanosheets
GO was prepared by following modified Hummer’s method. Typically, 250 mg of graphite and

1.5 g of KMnO4 were slowly added into 12 ml of H>SO4 solution in an ice bath under
continuous stirring conditions. The solution was then transferred into a water bath maintained
at 35 'C. After 2 hours, the solution was transferred back to the ice bath and 100 ml of deionized
(DI) water was added very slowly, maintaining the temperature below 30 ‘C. Which was
followed by dropwise addition of H2O> solution (10 ml). The addition of H20. changed the
color of the solution from black to light yellow. The solution was repeatedly washed with HCI
solution (20 wt.%, 500 ml) through filtration. After washing with HCI, the GO sample was
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dried in a desiccator followed by washing with excess acetone. An aqueous dispersion of thus
prepared GO (1 mg/ml) was centrifuged for 10 minutes (at 2000 rpm) to separate the large

aggregates and the supernatant solution was preserved for further experiments.

4.3.3 Preparation method of sericin solution

The commercially available sericin powder (600 mg) with a molecular weight of 50~250 KDa
was added to 30 ml DI water (20 mg/ml concentration) and stirred for 10 mins.

4.3.4 Fabrication of GO membrane

GO membrane was fabricated by using the vacuum filtration method. An aqueous 30 ml GO
dispersion of 0.033 mg/ml concentration was vacuum filtered onto a nylon membrane (pore
size 0.22 um).

4.3.5 Facile fabrication of sericin doped r-GO membranes (S-r-GO and r-GO-S)
S-r-GO membranes were fabricated using two different approaches to modify the position of
sericin and r-GO on the support layer. In the first approach, an aqueous GO dispersion of
volume and concentration (30 ml, 0.033 mg/ml) was vacuum filtered through the commercial
nylon membrane (pore size 0.22 um), forming a layer of GO flakes on top of the nylon
membrane. After coating GO layers, the sericin solution (30 ml, 20 mg/ml) was vacuum filtered
through the nylon membrane (nylon 6,6) coated with GO layers. The tri-layered membrane was
then dried inside a desiccator for 24 hours and followed by heating under a vacuum at 150 °C
for 2 hours. The membrane prepared as such (by depositing GO as the first layer and sericin as
the second layer on top of a commercial nylon membrane) was termed as S-r-GO membrane.

The schematic illustration of the membrane fabrication technique is shown in Fig. 15a.

In the second method, a sericin solution of similar concentration and volume (30 ml, 20 mg/ml)
was deposited on a nylon membrane through a gravitation-assisted filtration method without

applying any external vacuum pressure. Once the sericin layer appeared to be dried, an aqueous
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dispersion of GO (30 ml, 0.033 mg/ml) was vacuum filtered through the sericin-coated nylon
membrane. The membrane prepared as such (sericin first, and GO second) is termed an r-GO-
S membrane. Similar to S-r-GO, r-GO-S was dried inside a desiccator for 24 hours and heated
under a vacuum at 150 °C for 2 hours. The schematic diagram of the membrane fabrication
process is shown in Fig. 15b. In both the cases, the purpose of heat treatment was to eliminate
some of the functional groups from GO flakes, reducing its affinity toward aqueous mediums.
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Fig. 15: Schematic diagram of the fabrication method of (a) S-r-GO/nylon membrane, (b) r-

GO-S/nylon membrane

4.3.6 Membrane Characterization

The morphology of the samples was examined by using a field emission scanning electron
microscope (FESEM, Sigma, India), field emission transmission electron microscope
(FETEM, JEOL, India), and atomic force microscope (AFM, Cypher, India). The contact angle
measurement was analysed by using a Holmarc goniometer. X-ray diffractometer (XRD,
Micromax-007HF) was used for inter-layer spacing measurement of membranes. The presence
of chemical functional groups was determined by using Fourier-transform infrared
spectroscopy (FTIR). The elemental analysis of the samples was examined by using an energy

dispersive x-ray (EDX). The surface charge and leachability of the samples were analysed by

78
TH-3195_186151006



zeta sizer instrument and UV spectroscopy, respectively. The pore size measurement was

examined by Tech Porometer (TECH INC).

4.3.7 Characterization of Rifaximin effluent

The recovered product from the effluent as rifaximin was evident with the help of
characterization analysis such as XRD, FTIR, High-performance liquid chromatography
(HPLC), and FESEM analysis of the crystals produced by rifaximin. The osmolarity of the
effluent solution was characterized by using an osmometer instrument. The osmotic pressure
was calculated by putting the values of osmolality measured by the osmometer into the van’t
Hoff equation 9. Osmolality measures the total number of dissolved particles per kilogram of

solvent. The Sl unit of osmotic pressure was bar.

Posm=c*Rx*T 9

Where Posm Is the osmotic pressure, ¢ is osmolality in (mOsmol/kg water), R is the universal
gas constant (0.082054 in atm/mol*K) and T is the temperature in Kelvin (K). The osmotic

pressure of different draw solutions is shown in Table 2.

Table 2: Osmotic pressure of different solutions

Solutions Molarity Osmolality Universal Gas Temp, T | Osmotic
(M) (mOsmol/kg Constant, R (K) Pressure
H20) (atm/mol*K) (Bar)
NaCl 1 2000 0.082054 298 48.8
KCI 1 2050 0.082054 298 50.6
KH2PO4 1 1450 0.082054 298 34.6
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Further, rifaximin samples were analysed using HPLC connected with a UV-vis detector
(Shimadzu, Prominence UFLC, SPD-20A, Singapore) at the maximum absorption wavelength
of 236 nm. The mobile phase prepared for rifaximin concentration with Merck Chromolith®
High-Resolution C-18 reverse phase column (1.5 um, 4.6mmx100mm) as follows: 70% of
Acetonitrile and 30% of 0.05 M Ammonium Acetate (CH3COONH,) was mixed with 500 ml
in total volume. To maintain the pump pressure, the flow rate of the mobile phase solution was

kept at 1.0 ml/min, and the retention time of the samples was obtained at 1.876 min.

4.3.8 Membrane performance evaluation in FO process

The performance of the fabricated r-GO and sericin doped r-GO membranes was investigated
by using a lab-scale FO system under a controlled environment. The schematic FO setup was
shown in Fig. 16. The FO test cell was placed between draw and feed tanks with an effective
membrane area of 4 cm?. The test cell was fabricated and supplied by Yantrabot Tech,
Guwahati, India. The volume change in the tanks was recorded by using a weighing balance
(model-XD/XR) with an accuracy of + 0.01g and supplied by weighing solution Itd, New Delhi.
The NaCl concentration on both the tanks was measured by using Hanna conductivity meter
(model-HI5321) with an accuracy of +0.1ppm. While experimenting, the performance was
obtained in both active layers facing draw solution (ALDS) and active layer facing feed
solution (ALFS). Using two pumps, the draw and feed solutions were circulated through a
nylon-made FO test cell with 50 and 70 L/h flow rates, respectively. The solutions used in the
draw and feed tanks were 1M NaCl and DI water in each 500 ml volume, respectively, and
maintained at 25 "C. However, for crystallization application, the draw and feed tanks were
replaced with 4M NaCl and effluent solutions in each 400 ml volume, respectively, and
maintained at 25 °C and 40 °C, respectively. Both the tanks were completely sealed with a

parafilm sheet to avoid evaporation loss.
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The water flux and RSF were calculated by using equation 1 and 3. Moreover, the SRSF was

also calculated using equation 4.

The membrane regeneration efficiency was evaluated by flux recovery ratio (FRR%) using the

equation 10.

FRR% = 22100 10
Jvl

Where, Jv2 is the water flux obtained after the membrane regeneration and Jy1 is the water flux

of the new membrane.
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Fig. 16: Schematic of FO setup for evaluating membrane performance for FO applications

4.3.9 Hybrid separation technologies of pharmaceutical effluent

The pharmaceutical effluent was treated with three different separation processes for

recovering rifaximin antibiotics. Initially, 2000 ml of effluent was pre-treated using a PP
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hollow fiber MF membrane. The specification of the MF membrane was given in the author’s
previous work[171]. Due to high turbidity, the Effluent was prefiltered in the batch mode to
reduce the turbidity and remove the particulate matter present in the feed effluent. After the UF
treatment process, the UF permeate solution was treated with a rotary evaporator to remove the
ethanol from the effluent. Out of 2000 ml effluent, 1100 ml of 75% ethanol and 25% water
mixture was recovered from the effluent and the balance concentrated 900 ml effluent was
further concentrated in the FO process to recover rifaximin. The concentrated effluent was
centrifuged in a batch centrifuge (REMI NEYA-12) for 20 mins at 6000 rpm to remove
rifaximin crystals. The schematic diagram of the UF treatment process and digital images of
rotary evaporator products are shown in Fig. 17a and Fig. 17b, respectively. The properties of
raw effluent are given in Table 3.

(a) -

\
UF Membrane | | Membrane
(treated 3 times) ‘ After UF treatment | § Adsorption

Rifaximin Effluent

Raw Effluent Permeate Effluent

Fig. 17: (a) Schematic diagram of effluent in UF treatment process, (b) digital image of rotary

evaporator products

Table 3: Effluent characteristics

Effluent Properties | Units Values

Turbidity NTU 114
pH - 8.5
Ethanol % 75

82
TH-3195_186151006



Water % 25
Rifaximin g/lit 37.8

Osmotic pressure bar 125

The best performed FO membrane (i.e., r-GO-S) with the NaCI-DI water system was used to
concentrate pharma effluent. Considering low test cell membrane surface area (4 cm?), the FO
process was operated in a batch mode wherein both DS and FS were recirculated for two hrs.
In each batch of operation, the water was recovered from the effluent by using 4M NaCl
solution as the initial DS concentration. For the FO process, 400 ml of rifaximin solution was
taken as feed solution and 4M NaCl in 400 ml was taken as draw solution. To maintain ~45
bar initial osmotic pressure difference across the FO membrane, 4M NaCl (~170 bar) was used
as DS. The FS and DS characteristics of all six batches of the FO process along with each batch
of operation time were presented in Table 4. Therefore, a sufficient chemical potential gradient
should be available to get high water flux through the FO membrane. The water flux was
initially measured for every 1 hr interval. Each batch FO cycle was operated for 5 hrs to extract
sufficient water from the feed side. In the FO crystallization experiment, the temperature of
both DS and FS were maintained at different temperatures (i.e, FS temperature higher than the
DS temperature) to achieve high FS saturation concentration, which helps improve the
crystallization process. Therefore, the feed effluent and draw solution temperatures were
maintained at 40 °C and 25 °C. However, after the end of each FO batch cycle, the feed solution
(rifaximin) was cooled down to room temperature (25 °C) to crystalize the rifaximin in the feed
solution. After each batch of the FO process, the concentrated FS was centrifuged to recover
the rifaximin crystals from FS. However, the used DS was replaced with freshly new DS at
each FO batch cycle. The batch centrifuge was operated at 6000 rpm for 20 mins, and the
concentrated crystal slurry was dried in an open pan for 24 hrs. The supernatant solution was
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again used as feed solution and the process can be continuous for long term recovery. The
extracted crystals from all 6 batches were washed in distilled water to remove NaCl deposition
due to RSF. Also, the concentration of rifaximin in DS solution was measured using HPLC for
each batch. The continuous FO recovery process can be scaled up for further batch process to
recovery maximum rifaximin. The detailed process flow diagram of continuous and integrated

batch process for rifaximin recovery is presented in Fig. 18a-b.

Table 4: FS and DS properties for different batches of FO process in both the modes

ALDS ALFS
Properties Batch 1 (after 5 hrs) Batch 1 (after 5 hrs)
FS DS FS DS

Initial | End Initial | End | Initial | End Initial | End

Rifaximin (g/L) 15.10 | 16 0 0.42 |14.90 | 1535 |0 0.22
Volume (ml) 400 365 400 435 | 400 378 400 422
Pellet  Rifaximin | 165 128
(mg)
Properties Batch 2 (after 5 hrs) Batch 2 (after 5 hrs)
FS DS FS DS
84

TH-3195_186151006



Initial | End Initial | End | Initial | End Initial | End
Rifaximin (g/L) 15.7 16.3 0 032 |15 15.3 0 0.16
Volume (ml) 365 340 365 390 |375 360 375 390
Pellet  Rifaximin | 130 74
(mg)
Properties Batch 3 (after 7 hrs) Batch 3 (after 7 hrs)

FS DS FS DS

Initial | End Initial | End | Initial | End Initial | End
Rifaximin (g/L) 159 |16.7 |0 0.40 | 1515 [ 154 |0 0.18
Volume (ml) 340 310 340 370 | 360 343 360 377
Pellet  Rifaximin | 142 88
(mg)
Properties Batch 4 (after 5 hrs) Batch 4 (after 5 hrs)

FS DS FS DS

Initial | End Initial | End | Initial | End Initial | End

85

TH-3195_186151006




TH-3195_186151006

Rifaximin (g/L) 16.36 | 17.05 |0 0.34 | 15.2 1553 |0 0.16
Volume (ml) 300 275 300 325 | 340 322 340 360
Pellet  Rifaximin | 115 90
(mg)
Properties Batch 5 (after 5 hrs) Batch 5 (after 5 hrs)

FS DS FS DS

Initial | End Initial | End | Initial | End Initial | End
Rifaximin (g/L) 16.7 17.14 |0 0.29 | 16.35 [ 1565 |0 0.13
Volume (ml) 275 255 270 290 | 320 305 320 335
Pellet  Rifaximin | 90 80
(mg)
Properties Batch 6 (after 5 hrs) Batch 6 (after 5 hrs)

FS DS FS DS

Initial | End Initial | End | Initial | End Initial | End
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Rifaximin (g/L) 16.87 | 17.4 0 0.26 | 15.51 | 15.8 0 0.11
Volume (ml) 250 232 250 270 | 305 293 300 312
Pellet  Rifaximin | 80 82
(mg)
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Fig. 18: Schematic flow chart of (a) continuous rifaximin recovery process (b) hybrid batch

rifaximin recovery process

4.4 Results and Discussions

4.4.1 Characterization of sericin particles and GO flake

GO flakes and sericin particles used for the coating of commercial nylon membrane were

examined under AFM and electron microscope. The AFM analysis revealed the average lateral

dimension of the GO flakes to be around 1-2 um; similarly, the average height of flakes was
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87



found to be in the range of 4 to 5 nm. Under AFM and electron microscopic investigation, the
lateral size and average height of the sericin particles were found to be 0.1-2 um and ~ 9-10

nm respectively (shown in Fig. 19a-d).

GO flakes (b) " single.GO fidke

Fig. 19: Representative AFM images along with corresponding height profiles of (a) multiple
GO flakes, (b) single GO flake, and (c) single sericin particle. (d) TEM image of the sericin

particles.

4.4.2 FESEM analysis of the fabricated membranes

GO and sericin was coated on a porous nylon support through filtration of the respective
aqueous dispersions. The pore size distribution and range of pore sizes of different membranes
are shown in Fig. 20a and the cross-sectional image of the r-GO membrane shown in Fig. 20b
confirms the thickness of the r-GO layer around 1 pm onto the nylon substrate (at higher
magnification). The FESEM image of the support layer surface reveals the size of the void

space or pores in the range of 0.20 to 0.3 um, as shown in Fig. 21a. The gravity-induced
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filtration of 30 ml aqueous solution of sericin (20 mg/ml) clogged the large pores of the nylon
microfiltration membrane. Under FESEM examination, when sericin was coated on a nylon
membrane, the surface appeared to be smooth with partial reduction of pore size due to
deposition of sericin which is shown in Fig. 21b. Similarly, vacuum filtration-driven coating
of GO flakes on a nylon membrane and annealing it to form r-GO layer created a highly
uniform and atomically smooth filtration surface. A FESEM image of the smooth surface of
the r-GO coated on nylon membrane is presented in Fig. 21c. When r-GO flakes were deposited
on top of the sericin-coated nylon membrane, its macroscopic dents were homogenized and the
surface became uniform. The smooth surface of the r-GO-sericin layer is evident from the

electron microscopic image in Fig. 21d.

In contrast to the r-GO-S membrane, when sericin was deposited on top of the r-GO coated
nylon membrane (S-r-GO), the surface became rough and wrinkled, which is attributed to the
non-uniform geometry of the individual sericin particles. The surface morphology of the S-r-
GO prepared by depositing sericin (30 ml, 20 mg/ml) on top of the r-GO layer is shown in Fig.
21e. The cross-sectional FESEM image of only the nylon support layer in Fig. 21f revealed a
highly porous surface with an inset image showing the pores of nylon in a higher magnification
range. In the cross-sectional FESEM image of the r-GO-S/nylon membrane (Fig. 21g), the
sericin particles penetrate the pores of the nylon membrane and get deposited in the inner
surface of the pores, thus reducing the pore diameters of nylon support which is also evident
with the inset image revealing a reduction in pore size of the nylon support when compared to
only nylon support. The GO flakes did not penetrate through the sericin-coated pores and got
deposited on top of the sericin-coated nylon membrane by producing a thin layer of r-GO of
thickness ~1 pum. The coating of sericin particles on both the outer and inner surface of the
pores of the nylon membrane is evident from the pore size measurement done by employing a
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porometer instrument. The average pore size of the sericin/nylon membrane (0.15 pm) was
measured to be lower than that of the pristine nylon membrane (0.22 um). This reduction in
average pore size supports our hypothesis about the coating of the sericin particles in the inner
surface of the pores of commercial nylon membrane. The average pore size of the r-GO-S
membrane was found to be further reduced to 0.11 um after the application of the r-GO coating
on top of the sericin/nylon membrane with minimum and maximum pore sizes of 0.08 um and

0.145 pm, respectively.

The stacking of the sericin and r-GO layer on the commercial nylon membrane is evident from
the cross-sectional FESEM image of the S-r-GO membrane in Fig. 21h. In this configuration,
the sericin nanostructure did not penetrate the pores of the nylon membrane, as it was blocked
by the pre-coated r-GO layer. The higher magnification of the cross-sectional image of the S-
r-GO membrane in Fig. 21i revealed layer-by-layer deposition of sericin particles on r-GO
coated nylon membrane. The thicknesses of sericin and r-GO layers were measured to be
around 150 nm and 850 nm, respectively. Therefore, the sericin particles covered 150 nm thin
layer of the r-GO layer. The nylon support layer thickness was around 100 um which was

measured by using an electronic micrometer.
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Fig. 20: (a) Pore size distribution of different membranes, (b) cross-sectional image of r-

GO/nylon membrane

: g rGO/nylon
A

Fig. 21: FESEM analysis of the surface morphology (a) nylon membrane, (b) sericin/nylon
membrane, (¢) r-GO/nylon membrane, (d) r-GO-sericin/nylon (r-GO-S), (e) sericin-r-
GO/nylon (S-r-GO). Cross-sectional FESEM image of (f) only nylon support (inset shows
porous nylon support at higher magnification), (g) r-GO-S/nylon membrane (inset shows
sericin deposition inside nylon support at higher magnification), (h) S-r-GO/nylon membrane,

(i) sericin and r-GO layer of a S-r-GO/nylon membrane at higher magnification..
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4.4.3 EDX analysis of the fabricated membranes

The EDX analyses of the as-prepared membranes are shown in Fig. 22a-d. The C/O ratio of
the GO/nylon membrane was observed to be increased from 2.49 to 3.27 in the r-GO/nylon
membrane due to partial loss of the oxygen-containing functional groups during the heat
treatment process (150 °C for 2 hours). Both GO/nylon and r-GO/nylon membranes have
shown the presence of nitrogen contents of about 4.6 wt.% and 5.8 wt.%, respectively, which
is attributed to the amine groups present in the nylon membrane. After sericin doping and heat
treatment, the nitrogen content was found to be increased to 10 wt.% and 11 wt.% for r-GO-
S/nylon and S-r-GO/nylon membranes, respectively. This is attributed to the presence of both
nitrogen-containing amide groups in the sericin particles and amine groups of nylon membrane,
and this observation further confirmed the co-existence of sericin particles with r-GO. While
the oxygen content of the r-GO/nylon membrane was found to be 22.1 wt.%, the oxygen
percentage in r-GO-S/nylon and S-r-GO/nylon membranes was found to be 33.8 wt.% and 33.2
wt.%, respectively. The enhancement in oxygen percentage was attributed to the presence of

oxygen-containing functional groups (like —OH) in the sericin particles and r-GO together.
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Fig. 22: EDX analysis for membranes (a) GO/nylon, (b) r-GO/nylon (c) r-GO-S/nylon, (d) S-

r-GO/nylon membrane with C, O, and N composition

444 FTIR spectra and XRD of fabricated membrane

Fig. 23a show the FTIR spectra of sericin, GO membrane, S-r-GO membrane, and r-GO
membrane. The FTIR spectrum of sericin showed a broad vibrational peak at 3420 cm™,
representing the stretching mode of the hydroxyl group (-OH). The bands that appeared at 1660
cm™ and 1540 cm™ correspond to amide | and amide 11 groups present in sericin protein. The
IR spectrum of GO exhibits peaks at 3400 cm™, 1720 cm™, 1620 cm™, and 1050 cm™
corresponding to -OH, -C=0, -C=C, and —C-O groups, respectively[172]. In the IR spectrum
of the r-GO membrane, the broad peak band at the C=0 group (1720 cm™) was removed
entirely, while the peak intensity at -OH group (3420 cm™) was diminished due to the partial
removal of oxygen-containing functional groups during the annealing process. The IR

spectrum of the S-r-GO membrane suggests that the functionalization with sericin particles and
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the successive annealing process decreased the overall intensity of the band corresponding to
the stretching mode of -OH. Furthermore, the disappearance of band representing the -C=0
group in the IR spectrum of the S-r-GO membrane confirms the reductive elimination of the
oxygen groups. The shifting of the bands (1660 cm™ and 1540 cm?) of pristine sericin particles
to 1653 cm™ and 1534 cm™ at the IR spectrum of both S-r-GO membrane and r-GO-S
membrane confirm chemical interactions between the functional groups of GO and

sericin[173].

To get further insights into the structure of the membranes, samples were studied through XRD
and calculated the interlayer spacing. As shown in Fig. 23b, the GO and r-GO membrane
exhibited sharp peaks at 10.2° and 11.2°, corresponding to the d-spacing’s of 9 A and 7.7 A,
respectively. The interlayer spacing obtained as such is in good agreement with our previous
reports as well as with the reports of other authors[174]. The XRD pattern of sericin displayed
a broad peak centred at 26=21.5°, corresponding to the d-spacing of 4.1 A[175]. However, S-
r-GO membrane displayed left shift of prominent reflection in the 26=5.5 value corresponding
to interlayer d-spacing of 15.8 A, along with a small hump of very low intensity reflections at
26=19.2°, corresponding to d-spacing of 4.8 A which might be due to sericin. The increase in
d-spacing can be attributed to the incorporation of sericin molecules between GO sheets due to

nucleophilic interaction between epoxy group of rGO and -OH groups of sericin.
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Fig. 23: (a) FTIR spectra of fabricated membranes; (b) XRD pattern of fabricated membranes

445 Zeta potential and contact angle analysis of the fabricated membrane

Zeta potential values of the individual components of the membranes were studied to obtain
insights into the surface charge of the FO membranes. At the concentration used in this study
(20 mg/ml), the zeta potential value of sericin was found to be around -11.8 mV (see Fig. 24a)
[176]. For the measurement of zeta potential of the membranes, the active layer was removed
from nylon substrate and dispersed in DI water. The zeta potential values of GO (-34.8 mV)
and r-GO (-26 mV) at neutral pH were also found to be in the same range as the reported
literature[177]. The reduced value of zeta potential for r-GO was attributed to the removal of
oxygen-containing functional groups. The zeta potential values of both sericin-r-GO mixture
(S-r-GO) and (r-GO-S) were found to be around -28.2 mV and -29 mV, respectively, which
was slightly higher than r-GO membranes. The synergetic enhancement in the negative zeta
potential values of sericin and r-GO mixture is attributed to the functionalization of sericin

protein onto the surface of r-GO improves the solution stability of both sericin particles and r-
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GO flakes. Since the membranes (S-r-GO and r-GO-S) were bilayers of the same materials

(and sericin), the zeta potential values were almost similar.

Fig. 24b shows the bar diagrams of the water contact angles of sericin/nylon, GO/nylon, r-
GO/nylon, S-r-GO/nylon, and r-GO-S/nylon membranes. The pristine GO membrane exhibits
a water contact angle of 48°. The removal of oxygen-containing functional groups decreases
the surface energy of the membrane, and hence the contact angle of the r-GO membrane
increases to 79°. The water contact angle of sericin (20 mg/ml) coated nylon membrane was
found to be 35°, which is consistent with the reported values[178]. The contact angle for the S-
r-GO membrane was found to 61°. The drastic reduction in the contact angle of the S-r-GO
membrane as compared to that of the r-GO membrane is attributed to the deposition of the
hydrophilic sericin layer on top of the r-GO layer. However, the contact angle of the r-GO-S
membrane (76°) was a bit higher than the S-r-GO membrane but was less than 90° (in the
hydrophilic range). The pre-coated r-GO layer on top of the sericin-coated nylon membrane

was attributed to an increase in contact angle.
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Fig. 24: (a) zeta potential analysis of different membranes; (b) contact angle analysis of

fabricated membranes

4.4.6 Membrane parameter estimation

The model equations for the FO process were solved using the Modelica language in the
Dymola software tool. The experimental results at Cgs ranging from 0.5 to 2M NaCl provide
the basis or parameter estimation followed by validation. The experimental data such as
concentrations, flow rates, pressures, and weight change over time of both FS and DS were
used to estimate the membrane parameters. The model parameters were estimated by
minimizing the error between the model and experimental data. The error function can be
defined as the square of absolute error between the experimental and model data as shown in

equation 11.

2 2
Zt Juep —J Joo—1
Error — [ W,exp w,model ] _l_[ s,exp s,model ] 11
t=0 ‘]w,model ‘]s,model

The bound used for model tuning parameters were 0.001 < Lp (L m? h! bar™) < 100; 0.0001

<B (L m?h?)<10; 1< S (nm)< 750000; 0.0001< kg (m ht) <100; and 0.0001 <k:<100.

The estimated pure water permeability (L, L m~*h~'bar~"), solute permeability coefficient
(B, L m~2h~1), structural parameter (S, nm), mass transfer coefficient for DS (k;, m h~1) and
FS (kf,mh‘l) were 31.21 = 0.08, 4.87 = 0.03, 472500, 18.1 + 0.53, and 0.28 + 0.11,
respectively for r-GO-S membrane. The above mathematically obtained data for pure water
permeability coefficient (Lp) and solute permeability (B) coefficient was almost aligned with
the obtained RO experimental result which was around 32.26 L m~2h~bar~! and 3.78
L m~2h~1, respectively (see Fig. 25c-d) and the corresponding average % error was 1.903.

Regarding structural parameter data, Li et al prepared GO incorporated FO membrane and
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found structural parameter (S) to be 452 um or 452000 nm[179], which was also aligned with

our results.

The pure water permeability, solute (NaCl) permeability coefficient, and structural parameter
were estimated experimentally, respectively. The estimated membrane parameters were
validated using the experimental data. Fig. 25a-b represents the comparison of experimental
and model predicted water flux and reverse solute flux for 0.5M to 2M, respectively. From the
figures, it can be observed that both water flux and reverse solute fluxes of model and actual
experimental data were almost aligning for 0.5M to 2M draw solution concentration with R?

values around 0.99, thus confirming the validation of experimental results with the model

study.
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Fig. 25: Comparison of experimental results and model predictions at different draw solution
concentrations (0.5M to 2M) in FO mode for (a) water flux (L m? h'l); (b) reverse solute flux
(g m? h); Experimental data of r-GO-S membrane in RO mode for (c) water permeability

coefficient; (d) solute permeability coefficient

4.4.7 Comparison of membrane performance in forward osmosis
The membrane performance (water flux, RSF, and SRSF) was evaluated using the FO process.

The performance of r-GO/nylon, S-r-GO/nylon, r-GO-S/nylon and sericin/nylon membranes
was estimated in active layer facing draw solution mode (ALDS) and active layer facing feed
solution (ALFS) using a lab-scale cross flow FO system. The GO/nylon membrane cannot
withstand the cross-flow system, whereas the r-GO and sericin doped r-GO membranes have
attained higher water stability due to the reduction process. The reduction of functional groups
reduces the affinity of GO flakes toward water as well as enhances the interlayer n—r attractive
force. Moreover, doping agent (sericin) used here comprised functional groups capable of
strongly binding with both r-GO laminates and nylon substrate[173]. Fig. 26a-c shows the
comparative FO performance of r-GO membrane and sericin doped r-GO membranes with
cellulose triacetate (CTA) FO membrane. The highest water flux was observed for the
sericin/nylon membrane (78 L m* h*) followed by the r-GO-S/nylon membrane (54 L m? h-
1, S-r-GO/nylon (36.8 L m? h) and r-GO/nylon membrane (26 L m? h) and then the CTA
FO membrane (8 L m? ht) in the ALDS orientation. However, in ALFS orientation, the water
fluxes of sericin/nylon (57.7 L m2 h%), r-GO-S/nylon (38.5 L m? ht), S-r-GO/nylon (28 L m
2 hY), r-GO/nylon (15 L m™ ht), and CTA FO membranes (6.4 L m? h') were lower than
ALDS. The resistance offered by the active layer of the membrane induces dilutive ICP across
the draw side of the membrane, which significantly reduces the effective osmotic pressure at

the interface of the active layer, reducing the water flux to a great extent in ALFS mode. The
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high-water flux for sericin/nylon membrane was due to the presence of hydrophilic sericin
particles inside as well as on top of nylon support which will allow more water molecules than

NaCl, thus reducing dilutive internal concentration polarization (DICP).

Similarly, the lowest RSF value was observed for the r-GO-S/nylon membrane (6.5 g m? h)
followed by the S-r-GO/nylon membrane (7 g m? h'%), -GO membrane/nylon (8.2 g m? h'l)
and sericin/nylon (62.8 g m? h'!) in ALDS orientation. Like water flux in ALFS mode, there
was a decline in RSF of all the membranes in ALFS mode. The low water flux of the r-
GO/nylon membrane was observed due to the annealing-induced narrowing of inter-layer
spacing between GO nanosheets. The sericin doped r-GO membranes showed 2 and 1.4 times
increment of water flux for r-GO-S/nylon and S-r-GO/nylon membranes, respectively,
compared to the r-GO/nylon membrane in ALDS mode. The reason for higher water flux in
the r-GO-S/nylon membrane is due to the presence of sericin particles inside the porous nylon
support, resulting in driving more water molecules from the feed solution than salt ions from
draw solution since sericin is more hydrophilic than r-GO and the corresponding conceptual
mechanism for higher water flux is shown in Fig. 26d. The presence of hydrophilic groups in
r-GO and sericin together is attributed to enhancing the overall water flux. However, the water
flux of the S-r-GO/nylon membrane was lower than the r-GO-S membrane in ALDS mode
because the sericin particles were not coated inside the porous nylon support, which resulted
in less water flux from the feed side as the support layer was facing towards feed side, unlike
the r-GO-S membrane. Moreover, the area of sericin deposition inside the nylon membrane
was high, resulting in more water flux than the S-r-GO/nylon membrane. The movement of
water molecules in the S-r-GO/nylon membrane increases compared to the r-GO membrane
due to larger d-spacing of 15.8 A along with sericin particles deposition onto the r-GO layer,

which is evident from FESEM analysis, resulting in obtaining an overall higher water flux. In
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ALFS mode, S-r-GO/nylon membrane showed lower water flux than r-GO-S/nylon despite
showing lower contact angle due to the occurrence of severe DICP than r-GO-S/nylon
membrane inside the nylon support. As sericin was generally reported to have higher chlorine
resistance[180], deposition of salt ions inside the pores of S-r-GO/nylon will be higher
compared to r-GO-S/nylon membrane as sericin was not penetrated inside the pores of S-r-
GO/nylon membrane. The permeate water from feed side would dilute the solute at the interior
surface of active layer, thus leading to severe DICP in S-r-GO/nylon membrane. Due to this
reason, the net osmotic driving pressure was reduced across the membrane, thus leading to
lower water flux in S-r-GO/nylon membrane compared to r-GO-S/nylon membrane. Moreover,
in r-GO-S/nylon membrane, sericin particles are seen penetrating inside the sericin-coated
nylon membrane which will allow more water molecules than NaCl. This will lead to
alleviating the DICP inside the pores. Hence, in r-GO-S/nylon membrane, the sericin molecules
improved the performance of both support as well as active layers. Therefore, the overall water
flux was higher than S-r-GO membrane in ALFS mode. The high RSF of sericin/nylon
membrane was due to non-uniform sericin coating on nylon substrate which facilitated the
passes of salt ions easily from draw side, as can be seen in Fig. 26e. Since, the sericin particle
are smaller compared to r-GO sheets and absence of r-GO layer in sericin/nylon membrane
also facilitated in higher RSF. The low RSF of overall sericin doped r-GO membranes
compared to the r-GO/nylon membrane and sericin/nylon is attributed to the higher surface
negative charge of both sericin and r-GO layers, resulting in a stronger repulsive force between
ClI ions and the negatively charged membrane surface by Donnan exclusion[181]. The effect
of sericin particles on the r-GO layer had a significant effect as the sericin peak intensity
dominates over r-GO intensity, which is evident from the XRD analysis. With the addition of

sericin, the SRSF of r-GO-S/nylon and S-r-GO/nylon membranes decreased from 0.28 g/L of
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r-GO/nylon membrane to 0.12 g/L and 0.18 g/L, with a percentage decrease of 57.1% and
35.7%, respectively, in ALDS mode. However, the SRSF values in the ALDS mode were
slightly less than in the ALFS mode due to the higher water flux obtained in the ALDS mode.

Membranes with lower SRSF values were suitable for FO applications.
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water flux of r-GO/nylon and r-GO-S/nylon membrane, (e) Digital image of sericin/nylon

membrane (30 ml, 20 mg/ml)
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4.4.8 Long-term stability test

The long-term stability test was conducted for the optimized r-GO-S membrane, and the same
was compared with the r-GO membrane. The operating condition was 1M NaCl as draw
solution and DI water as feed solution with ALDS orientation. Fig. 27a shows water flux for
both r-GO-S and r-GO membranes for 30 long hours. It was observed that for the initial 2 hours
of operation the water fluxes of r-GO-S and r-GO membranes were 54 L m? h't and 26 L m
ht, respectively. With time, the water flux decreases and was saturated at 38 L m?h*and 12.2
L m h! for the r-GO-S and r-GO membrane, respectively. It was found that the rate at which
the water flux was decreasing was less in the r-GO-S membrane compared to the r-GO
membrane. This might be due to the presence of sericin particles inside the substrate which
was strongly bonded with nylon substrate as nylon membrane has high protein binding
properties. After doing the FO experiment for some hours, both draw and feed sides were
thoroughly cleaned with DI water to remove the NaCl and osmotic backwashing was also
performed to remove salts from inside the pores of the support layer. This was done to remove
the salts completely from both sides and again establishing initial conditions. The water flux
of the r-GO-S membrane increased to 45.8 L m h?, while for the r-GO membrane, the water
flux increased to 18.5 L m? hl. The FRR% of the r-GO-S membrane was 84% whereas for the
r-GO membrane it was 70%. The higher FRR% in the r-GO-S membrane was due to the
presence of hydrophilic sericin particles present inside the pores, which helped in mitigating
internal concentration polarization (ICP) by avoiding the deposition of salt ions inside the
pores. As sericin exhibits higher chlorine resistance, the deposition of NaCl inside the pores of
nylon will be less as sericin particles were already deposited inside the pores which will
ultimately lead to low ICP. Due to low ICP occurrence, after washing with DI water, the r-GO-

S membrane produced higher FRR% than r-GO membrane. Similarly, the RSF of the r-GO-S
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membrane was 6.6 g m? h for an initial 2 hours shown in Fig. 27b. With time the RSF value
for both the r-GO-S membrane and r-GO membrane was also increased. However, the rate of
increment in RSF value for the r-GO-S membrane was less compared to the r-GO membrane
because of the more negatively charged r-GO-S membrane. Due to the enhanced negative
charges, there is a high electrostatic repulsive force between CI" ions and the r-GO-S membrane
surface compared to the r-GO surface, and hence, the overall RSF value was less than the r-
GO membrane. Moreover, the leaching of r-GO layers after prolonged use also resulted in
penetration of salt ions at a faster rate as compared to the r-GO-S membrane where the leaching
of the dense layer is not seen in inset of Fig. 27a. The nylon membrane had high protein binding
properties which resulted in strong n-m stacking process between the layers along with
hydrogen bond network between hydroxyl and epoxy groups of r-GO and polar amino acid
residues of sericin, thus increasing the binding force between sericin and r-GO layers[182].
Due to these reasons, the leaching of r-GO-S from the nylon membrane was prevented to a
great extent. Fig. 27¢ shows the leachability of sericin for both draw and feed solutions. It was
found to have no traces of sericin in both the solutions. Another reason for the lower RSF of
the r-GO-S membrane was due to dilutive external concentration polarization (ECP) at the
draw side as higher water flux was obtained for the r-GO-S membrane which diluted the draw
solution at a faster rate compared to the r-GO membrane, thus reducing the NaCl concentration
difference across the separation layer which resulted in lowering the RSF to a greater
extend[116]. Due to this reason, after cleaning the membrane surfaces, the RSF value was
observed to be less for the r-GO-S membrane (9 g m ht) than the r-GO membrane (14 g m

h).
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Fig. 27: Comparative long-term stability study of r-GO-S/nylon membrane and r-GO/nylon
membrane (inset shows the images of respective membranes) for (a) water flux, (b) RSF with
1M NaCl as draw solution, and DI water as feed solution in ALDS mode, (c) leachability test

of sericin in r-GO-S membrane for both draw and feed solutions

4.4.9 Performance of hybrid separation processes of effluent and membrane fouling
study

As described in section 4.2.9, downstream of the fermenter was treated through UF, rotary
evaporator, FO, centrifuge, and crystallization processes to produce rifaximin crystals. The
performance of the membrane was studied by performing multiple FO cycles of batch operation

to concentrate rifaximin in an ethanol-water mixer.
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The long-term stability of the r-GO-S membrane in real-time FO experiments for both ALDS
and ALFS orientations was investigated. Fig. 28a show the water flux of the r-GO-S membrane.
For the initial 2 hours operation, the water fluxes in ALDS and ALFS orientations obtained
were 28.6 L m?htand 17.1 L m2 h, respectively. With time, the water fluxes decreased and
reached 10 L m? h't and 7.6 L m? h! for ALDS and ALFS modes, respectively, after the 3™
FO cycle due to the deposition of rifaximin crystals nucleate on the membrane support layer,
which resulted in fouling and eventually decreased the water flux. During the long-term
operation, it was observed that the water flux attenuation in the ALDS mode was high
compared to the ALFS mode. This is because the foulant was adsorbed at a faster rate on the
support surface compared to the active layer which is negatively charged, thus preventing the
foulant to get adsorbed. Moreover, the water flux from the feed to the draw side was
concentrated in the feed solution at each FO cycle, which resulted in the increment in the
average sizes of rifaximin crystals, thus causing fouling on the membrane surface. Therefore,
the membrane and pipes were first flushed with water and then with ethanol (as rifaximin

antibiotics were soluble in ethanol only).

Further, to remove foulants in the membrane surface and dense layer, the osmotic backwash
was performed by swiping the membrane as described in patent[183]. After cleaning, the FO
process was again conducted with the same membrane and the water fluxes in ALDS and ALFS
modes were found to be recovered to 21.5 L m? h' (74%) and 14.5 L m? h' (84%),
respectively. The hydrophilic nature of sericin particles build a thin water boundary layer onto
the membrane surface through hydrogen bonding that weakens the hydrophobic interaction
between rifaximin foulants and membrane surface resulting in smoothed surface that prevents
settlement of rifaximin foulants on the membrane surface[184]. Due to the above properties,
the rifaximin particles can be removed from the surface by osmotic backwashed and cleaned

106
TH-3195_186151006



with ethanol (as rifaximin was soluble in ethanol). As a result of better resistance to fouling,
the water flux can be recovered to a great extent, thus increasing the FRR. Furthermore, since
the r-GO-S membrane was negatively charged, the higher electrostatic repulsion between
effluent (-70 mV) and r-GO-S membrane resulted in lesser adsorption of rifaximin in ALFS
mode than in the AFDS mode which resulted in less fouling tendency, thus increasing the

FRR% of (~ 84%) for ALFS mode compared to FRR% of (~74%) for ALDS mode.

Similarly, like water flux, the forward rifaximin flux (FRF) also showed a decreasing trend
with the increasing operating time. After operating for initial 16 hrs, the FRF value decreased
from 0.42 g/h to 0.25 g/h and from 0.22 g/h to 0.13 g/h for ALDS mode and ALFS mode,
respectively shown in Fig. 28b. This was due to the deposition of the rifaximin crystals on the
membrane support layer surface (ALDS) as well as an active layer (ALFS) for a prolonged
time (shown in the digital image in Fig. 28d) resulting in the decrease in water flux which
simultaneously decreased the rifaximin flux in draw side with time. The deposition of rifaximin
foulants on the active and support layer of the membrane is shown in the FESEM image of Fig.
Ala-b. However, after ethanol cleaning and osmotic backwashing of the membrane, the FRF
value increased to 0.34 g/h and 0.18 g/h for ALDS and ALFS modes. This was mainly due to
the removal of rifaximin crystals deposited on the porous nylon support (ALDS) and active
layer (ALFS) as well as the inner region, which paved the way for water molecules to pass
easily across the separation layer, thus simultaneously increasing both water flux and FRF
values. The RSF values shown in Fig. 28c revealed that with increasing operating time, both
Na* and CI ions from the draw solution were increasing with concentration. However, the
RSFnaci in ALDS (6.8 g m? h') was a little high compared to ALFS (4.2 g m h'1). This was
due to the higher water flux obtained in ALDS compared to ALFS mode resulting in
concentrated ICP in ALDS mode, whereas it was dilutive ICP in ALFS mode. Also, during the
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long-term stability operation, the overall RSFnaci in ALFS mode was less compared to the
ALDS mode due to the Donnan exclusion theory. The digital images of the GO and S-GO
membranes along with GO dispersion and sericin solution are shown in Fig. 28e. Fig. Alc-d
show the EDX spectra of the r-GO-S membrane before and after the FO process. The high
traces of CI™ ions are visible on the membrane surface after the FO process compared to low
traces of Na* ions due to penetration of Na* ions through the membrane as the surface charge
of the membrane is negative. Hence, the rejection of ClI™ ions was higher than Na*, resulting in
deposition on the membrane surface. It was revealed after long-term FO operation (32 hrs for
FO process), the coating layer was not leaching out from the nylon membrane, which confirms
better durability and satisfactory stability performance. Moreover, to confirm the durability of
the fabricated membranes, stress vs stain curves were recorded for different membranes, shown
in Fig. Ale. From the stress-strain curve, the maximum tensile stress of both sericin doped r-
GO membranes were found to be highest for r-GO-S/nylon (14 MPa) and S-r-GO/nylon (11
MPa) membranes, which was significantly higher than that of pure nylon membrane (8.5 MPa).
The improvements in mechanical properties are attributed to strong hydrogen bonding between
the functional groups of rGO and sericin, leading to strong interfacial interaction between the

matrix, thus increasing the toughness[185].
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Fig. 28: Long term FO performance of r-GO-S membrane (a) water flux, (b) FRF, (c) RSF with
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used after 6" cycle for ALDS and ALFS modes and corresponding GO dispersion and sericin
solution and (e) corresponding GO dispersion and sericin solution along with digital images of

GO/nylon and S-GO/nylon membrane

After each FO batch cycle, the concentrated feed solution was centrifuged for 20 mins at 6000
rpm and the supernatant solution was again recycled for subsequent FO cycles. So due to these
reasons, there was a decrement of feed volume as the batch cycle increases. Moreover, parafilm
sheets were used to seal both draw and feed sides to prevent evaporation loss. The average
sizes of supernatant solution were small compared to pellet solution, subsequent FO cycles of
supernatant solution would again increase the sizes, thus recovering more rifaximin amount.
The pellet solution recovered was vacuum filtered through a PTFE membrane (0.1 pum pore
size) and dried in a desiccator. The rifaximin powder crystals recovered were thoroughly

washed with DI water 2 times to purge salt ions present inside the crystals. The amount of

109

TH-3195_186151006



rifaximin powder crystals recovered after successive batches of the FO cycle is shown in Fig.
29a. As the concentration of the feed side was increased slightly due to water removal, the
average rifaximin sizes were also increased, resulting in pellet formation after the
centrifugation process. It was found that the recovered rifaximin amount in the FO-3 cycle was
slightly higher than the FO-2 cycle due to a higher operation run (7 hours) compared to the FO-
2 cycle (5 hours), resulting in the extraction of more water which concentrated the feed solution
more than FO-2 cycle. However, the average rifaximin sizes in ALFS mode were observed to
be lower than in ALDS mode. This may be due to the following two phenomena occurring at
the support and dense layer surface (i) high internal concentrative CP of rifaximin with high
water flux in ALDS mode and (ii) low external concentrative CP of rifaximin with low water
flux in ALFS model. Therefore, in ALDS mode the rifaximin concentration at the dense layer
surface was expected to be higher than in the ALFS mode. The high localized concentration of
rifaximin can enable better crystal growth. The average rifaximin sizes before and after each
batch FO cycle are shown in Fig. 29b. The digital images of rifaximin powder recovered at
different stages of FO cycles are shown in Fig. 29c. The characterizations of powder from
effluent solution shown in Fig. A2a-c confirm the validation of powder crystal as rifaximin
antibiotics which are consistent with reported literature[186]. The XRD analysis of rifaximin
powder crystal shows numerous peaks which confirms its crystalline nature of it, whereas the
FTIR spectra reveal the presence of functional groups like OH group, ketone group, etc. The
FESEM image clearly shows the crystal formation of rifaximin with a size ranging from 0.1

pm to 4 um and the same validation was done with Delsa nano also.
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Moreover, the comparative fouling studies of r-GO-S/nylon membrane and literature reported

sericin doped membranes are shown in Table 5.

Table 5: Comparative fouling studies of the r-GO-S/nylon membrane with literature reported

sericin doped membranes

Membrane Mode Foulant FRR% References
r-GO-S/nylon FO Effluent 84% This work
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r-GO-S/nylon PRO Effluent 74% This work

S-PA RO BSA 70.8% [180]
S-TFC PA RO BSA 80% [187]
S-TMC PSf NF BSA 86% [188]

S-PP HF NF Greywater 99% [189]

S-PA= Sericin modified polyamide; S-TFC PA= Sericin modified thin-film composite
polyamide; S-TMC PSf= Sericin modified trimesoyl chloride polysulfone; S-PP HF= Sericin
modified polypropylene hollow fiber; BSA- Bovine serum albumin, FO- Forward osmosis,

RO- Reverse osmosis, NF- Nanofiltration

45 Summary

This study explored the effect of sericin doping on r-GO laminates for higher performance in
the FO process. We fabricated sericin doped r-GO membranes by two facile methods including
vacuum filtration on a porous nylon support layer and annealing it for final membrane
formation. With the addition of hydrophilic sericin on the r-GO layer and vice versa, the
membrane properties were further enhanced with surface smoothening, and higher negative
surface energy, which improves the membrane performance. The optimized r-GO-S/nylon
membrane exhibited excellent water flux (54 L m? h'!) and better SRSF (0.12 g/L) than the
pristine r-GO membrane (0.28 g/L) and commercial membranes (0.4-0.5 g/L). The sericin
when combined with r-GO laminates induces higher negative surface energy on the membrane,
resulting in the formation of electrostatic repulsion force between Cl- ions and membrane

surface, thus increasing the overall salt rejection capacity. The long-term stability test showed
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higher FO performance for the r-GO-S membrane compared to the r-GO membrane without
leaching the coating layer. The membrane regeneration properties of combined sericin and r-
GO layers resulted in excellent FRR% of 84% in ALFS mode and 74% in ALDS mode, thus
revealing better durability and long-term stability of the membrane. Finally, our results can
provide a breakthrough in the modification of FO membranes and can be a potential candidate
for various water-related applications. Furthermore, the combination of FO with other
membrane processes like UF and vacuum distillation would enable fouling resistant energy-
efficient operation and achieve high effective antibiotic recovery from pharmaceutical effluent

using a cost-effective strategy.
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CHAPTER 5

5 Energy recovery from forward osmosis process using amorphous silicon oxide

crosslinked vanadium pentoxide-reduced graphene oxide membrane

Abstract: This chapter reports an innovative approach to minimize the energy consumption by
transforming the reverse solute flux into sustainable electricity by the application of a novel
FO membrane fabricated with two-dimensional flakes of vanadium pentoxide (VO) and

reduced graphene oxide (r-GO) and cross-linked with amorphous silicon oxide (aSiO).

This part of the thesis is published in Chemical Engineering Journal. 469 (2023) 143964

(https://doi.org/https://doi.org/10.1016/j.cej.2023.143964).
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5.1 Introduction

Sustainable energy harvesting system became pivotal for meeting today’s technological
advances. The salinity gradient energy is one of the most predictable and stable energy
resources that can produce clean energy due to its abundant reserves and wide
distribution[190]. This clean energy resource can be captured through membrane technologies,
such as pressure retarded osmosis (PRO) or reverse electrodialysis (RED)[191]. One of the
emerging technologies for producing clean water and clean energy in a sustainable way is
forward osmosis process (FO)[192]. The FO process is gaining tremendous attention for
applications such as concentrations of high-value products and wastewater treatment[193].
However, difficulties and expensive regeneration process of draw solution (DS) is making FO
an energy-intensive method for producing low-cost end products. Moreover, the techno-
economic studies and financial payback time of any FO process depend on the water flux of
the FO membrane[194]. The higher water flux can lead to lower payback time, reducing the
system’s overall cost and energy consumption. The utilization of commercial FO membranes
and polymer-based membranes is hindered by their lower water flux, increased reverse solute
flux (RSF), proneness to fouling, and elevated costs, thus restricting their applicability[195].
Additionally, recent statistics indicate that existing technologies require substantial energy and
incur high expenses[196,197]. Therefore, the development of tightly arranged permselective
nanofluidic membranes, formed by assembling two-dimensional nanomaterials, offers
promising prospects for cost reduction by concurrently enhancing water flux and decreasing

reverse solute flux.

Scattered research efforts addressing the entangled issues of water and energy as a whole were
explored in some literatures. For example, the bio-electrochemical reactions of microorganisms

in microbial cells shown to produce energy and pure water simultaneously[198]. However,
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maintaining the pace of such enzymatic processes is a nontrivial task. Park et al. showcased
the potential of ion-selective membranes in the reverse osmosis (RO) process, enabling the
recovery of approximately 50% of the pumping energy while simultaneously producing water
and energy[32]. However, preserving the integrity of electrode-membrane assemblies within
high-pressure systems remains a formidable obstacle, particularly in fields such as fuel cells
and electrolyzer[199,200]. Therefore, the search is on for alternative systems or methods along
with fabrication of novel membranes that could simultaneously address the issues of water and

energy.

The salinity gradient driven energy harvesting process, namely pressure retarded osmosis
(PRO)[46], RED[201], and capacitive mixing (CM)[202] were extensively studied for
standalone energy generation applications, considering the viability of producing more than
15% of the total global energy by mixing river and seawater. However, the unavailability of
suitable membranes hinders the progress in longer run. Moreover, the fabrication of
membranes for these processes requires exotic techniques, which were not widely available
until recently. However, the recent escalation in the research related to the fabrication of novel
membranes/materials uncovered several new ways of preparing well-packed perm-selective
nanofluidic channels in high density. These new developments in membrane technology were

leading to a resurgence in the concentration gradient-driven energy harvesting processes.

5.2 Scope of this investigation

The concentration gradient-driven energy harvesting process involves the transport of ions
across a selective membrane from a higher concentration to a lower concentration chamber,
while the FO process involves the transport of water molecules across a semi-permeable
membrane from a lower concentration to a higher concentration chamber[203]. The basic

requirements of the membrane for both these processes are different, for example, a FO
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membrane needs to have high water flux and low salt permeability, while a RED membrane
requires to have high ion selectivity and low resistance to ionic transport for the concentration
gradient energy generation process. However, features like permselectivity, high porosity, high
charge density, and higher stability are desired in both kinds of membranes[204]. Due to their
non-ion-specific transport properties, commercial FO membranes are not suitable for
electrochemical-based energy harvesting processes. Hence, coating of nanomaterials on
conventional FO membranes is found to enhance the water flux and ion selectivity by
increasing the charge density, and such coated membranes can be applicable for both FO and
energy generation processes. Among different 2D material-based membranes, vanadium
pentoxide (VO) possesses the highest surface charge and lowest resistance to ionic
transport[205]. Similarly, reduced graphene oxide (rGO) based membranes are known to
possess superior stability, selectivity and anti-fouling properties in an aqueous medium[206].
The optimized membrane can exhibit higher water flux and low reverse solute flux (RSF) and
simultaneously can generate electrical energy to compensate for the energy consumption

during the FO process.

In the present study, we demonstrated the possibility of simultaneous energy generation and
FO-based concentrating process by employing a hybrid bi-layer membrane of aSiO crosslinked
r-GO and VO nanosheets. Remarkably, the coating of modified VO and rGO nanosheets
drastically enhanced the water flux and decreased the RSF while simultaneously generating
electrical energy for prolonged operational hours. Additionally, the study also explored energy-
recovering possibilities and crystal production in realistic scenarios using different
concentrations of tea as the feed solutions Moreover, the robust coating of 2D nanomaterials
showed excellent stability (for more than 90 days) in DI water as well as in acidic and basic
mediums. The results of this work not only address the critical gap in the efficient use of energy
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in the FO process but also provide a significant breakthrough towards sustainable and efficient

water treatment technologies with integrated energy recovery systems.

5.3 Experimental sections

5.3.1 Materials
Sigma Aldrich-India, supplied sulphuric acid (H2SOs4), graphite powder, hydrogen peroxide

(H202), hydrochloric acid (HCI), sodium chloride (NaCl), potassium chloride (KCI), potassium
dihydrogen phosphate (KH2POs), potassium permanganate (KMnOgs), vanadium pentoxide
(V20s) and bis[3-(triethoxysilyl) propyl] tetrasulfide (Bis) (MW: 538.95 g/mol). Nylon
membrane (0.22 um pore size) was purchased from Sterlitech Corporation, USA. Tea dust was

purchased from local market.

5.3.2 Synthesis of GO nanosheets
GO sample was prepared by following modified Hummer’s method. Typically, 1 g of graphite

and 6 g of KMnO4 were slowly added into 50 ml of H.SOj4 solution in an ice bath under
continuous stirring conditions. The solution was then transferred into a water bath maintained
at 35 'C. After 2 hours, the solution was transferred back to the ice bath and 100 ml of deionized
(DI) water was added very slowly, maintaining the temperature below 30 ‘C which was
followed by dropwise addition of H>O> solution (8 ml). The addition of H,O> changed the
colour of the solution from black to light yellow. The resultant solution was repeatedly washed
with HCI solution (20 wt.%, 500 ml) through centrifugation and filtration process. After
washing with HCI, the GO sample was dried in a desiccator followed by washing with excess
acetone. An aqueous dispersion of the prepared GO (1 mg/ml) was centrifuged for 10 minutes
(at 2000 rpm) to separate the large aggregates and the supernatant solution was preserved for

further experiments.
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5.3.3 Synthesis of VO dispersion and VO-aSiO membrane

The VO nanosheets were synthesized by stirring VO powder with H20: in ice-cold conditions
(5-10 °C)[207]. Typically, 2.4 g VO powder was dispersed in 25 ml deionized (DI) water,
followed by the addition of 25 ml of 50 % H20.. The addition of H20. produced vigorous
bubbling, yielding dark-brown precipitation, which slowly turned into a thick gel. The gel was

diluted with DI water to prepare dispersions of required concentrations.

For the preparation of VO-aSiO membrane, 40 ul bis[3-(triethoxysilyl) propyl] tetrasulfide
(Bis) was stirred with 25 ml ethanol for 1 h and 13 ml of VO dispersion (15 mg/ml) was mixed
with Bis solution and heated at 80 °C for 3 h under refluxed conditions. After reacting with
Bis, the dark brownish-coloured VO dispersion turned into dark greenish coloured aSiO-VO
dispersion. Finally, the solution was filtered through a PTFE membrane of 0.1 um pore size
and dried in ambient conditions to obtain the freestanding VO-aSiO membrane. The digital

images of the dispersions and respective membranes are shown in Fig. 30.
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VO dispersion VO-aSiO dispersion VO membrane VO-aSiO membrane

Fig. 30 Digital image of VO and VO-aSiO dispersion and their respective membranes and

FESEM images
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5.3.4 Fabrication of VO-aSiO-rGO membrane

Typically, athin layer of GO flakes was coated on top of a nylon support membrane via vacuum
filtering 30 ml aqueous dispersion of graphene oxide (GO) (0.033 mg/ml). The VO-aSiO
dispersion (4 ml of 1 mg/ml) was vacuum filtered through the GO-coated nylon membrane.
The tri-layered membrane was then dried inside a desiccator for 24 h, followed by heating
under vacuum at 150 °C for 2 h. Digital images of thus prepared membranes (VO-aSiO-rGO)

and GO membranes are shown in Fig. 31.

VO-aSiO-rGO

GO

Fig. 31: Digital images of (a) GO, (b) VO-aSiO-rGO membranes (inset FESEM cross-section
image)

5.3.5 Generation of electricity from concentration gradient

The VO-aSiO-rGO/nylon membrane was placed as a separator between two chambers of an
electrochemical device. Two Ag/AgCI electrodes connected to a Keithley-2450 sourcemeter
instrument were dipped in the reservoir solutions. The output voltage and current values were
recorded using Keithley-2450 digital sourcemeter, by filling one of the chambers with an

aqueous solution of 10 M KCI, and the KCI concentration of other chambers was varied from
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10° M to 1 M. The current-voltage (I-V), and current-time (I-T) graphs were recorded under

each salinity gradient and correspondingly power density was calculated by using Equation 12.
P=VxI/A 12

Where V was the output voltage in Volt (V), | was the output current in Ampere (A) and A was

the membrane area in m2.

5.3.6 Membrane parameter estimation

The water flux and reverse solute flux across the membrane for increasing draw solution
concentration is represented by solution diffusion (SD) model in equation 5 and equation 6.

where, the L, B, P4, and Py represents the pure water permeability coefficient (L m™ h*bar™),
solute (NaCl) permeability coefficient (L m h™t), and transmembrane pressure (bar) between
DS and FS, respectively. The mgp, Trpm, Camand Crp, represents the osmotic pressure and
concentration at the active layer of the membrane surface on the draw and feed sides,

respectively.

5.3.7 Membrane performance evaluation

The performance of fabricated rGO, VO-aSiO and VO-aSiO-rGO membranes was investigated
in a lab-scale FO set-up (effective area of 4 cm?) under a controlled environment. The draw
solution (DS) and feed solution (FS) tanks were circulated through the FO test cell with a
definite flow rate using plunger pumps. The water flux was calculated by measuring the change
the DS weight change using a weighing balance (model-XD/XR) with accuracy of +0.01 g.
The reverse solute flux (RSF) of different salt concentrations was measured by using the Hanna
conductivity meter (model H15321). Two copper wires were inserted on either side of the
membrane and connected to the sourcemeter. The schematic of the FO setup coupled with the

sourcemeter is shown in Fig. 32.
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Fig. 32: Schematic of FO setup used for simultaneous energy harvesting and forward osmosis

5.4 Results and Discussions

5.4.1 Characterization of GO and VO nanosheet and their respective membranes

The bi-layer nanoporous membrane was prepared by coating commercial nylon membranes
with aSiO crosslinked 2D sheets VO and GO (VO-aSiO-GO). While GO was prepared through
the modified hammer method, VO sheets were exfoliated from bulk powder by treating them
with ice-cold H20- at 5-10 °C[208,209]. The EDX spectra of the VO-aSiO-rGO membrane
reveal the presence of silicon and sulphur, whereas the XRD spectra shows peaks of both VO-
aSiO and rGO for VO-aSiO-rGO membrane. Moreover, the contact angle of VO-aSiO-rGO
membrane shows drastic reduction (50°) as compared to rGO membrane (80°) due to the
presence of hydrophilic VO-aSiO laminates, as shown in Fig. 33A. The lateral dimensions of
GO were in the range of 500 to 2000 nm, and that of VO varies between 300 and 800 nm, see

AFM images in Fig. 33B(a-b). The average height of GO, and VO flakes were ~ 5 nm and 6
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nm, respectively. The zeta potentials of both GO and VO were negative with a magnitude of
31 mV and 45 mV, respectively, consistent with the earlier reports. The large negative zeta
potentials values indicate the existence of high-density negative charges on the surface of the

2D sheets.
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Fig. 33: (A) (a) EDX spectra along with (b) XRD and (c) contact angle of VO, VO-aSiO, r-
GO, VO-aSiO-rGO and GO membranes, (B) AFM images of (a) GO, (b)VO nanosheets, (c)
VO-aSiO nanosheets and (d) FTIR spectra of VO-aSiO, VO-aSiO-rGO, r-GO, and VO

membranes were compared with that of Bis

As illustrated in Fig. 34a, pristine VO nanosheets were functionalized with aSiO crosslinker
by reacting the same with Bis molecules at 80 °C. After the aSiO coating, the magnitude of the
zeta potential of VO was found to decrease from - 45 mV to - 34 mV. The reduction in zeta
potential is attributed to the consumption of free surface hydroxyl groups for binding with aSiO
linkers generated from the decomposition of Bis molecule. A similar observation was reported

by Cheng et al with kaolinite clay [210]. Before heating at 80 °C, the X-ray photoelectron
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spectrum (XPS) of the VO and Bis mixture showed a doublet energy peak of S 2p centred at
164 eV and 168 eV originating from the S-S group[211]. However, it disappeared after the heat
treatment process, suggesting the decomposition of the Bis-molecule, shown in Fig. 34b. The
Bis-molecule decomposes by releasing ethanol and the S-S group leaving behind amorphous
Si0[210]. The release of the S-S group and formation of aSiO was also supported by the FTIR
analysis. The band centred at 472 cm™ (S-S bond) and 780 cm™ (Si-C group) of the Bis
molecule[212] disappeared after the heat treatment process, indicating the release of the S-S
group and breakage of the Si-C linkage, respectively. A new peak centred at 1256 cm™
appeared in the IR spectrum of the VO-aSiO membrane that represents the Si-O-Si linkage
which proves the successful grafting of SiO moieties onto the surface of VO nanosheets via
chemical bonding[213], see Fig. 34c. The dark patches of the VO-aSiO sample observed in the
FETEM examination also indicate the deposition of aSiO on the VO surface shown in Fig. 34d.
Moreover, the surface morphology of the VO-aSiO membrane in FESEM shows a rough and
fluffy-like surface (see Fig. 34e), indicating the formation of agglomerated nanospheres of

amorphous oxides of silicon after decomposition of Bis molecules.

The VO-aSiO-rGO membrane was prepared by vacuum filtering VO-aSiO dispersion through
GO coated nylon membranes followed by heating at 150 °C. The annealing process reduces
oxygenated functional groups of GO and helps to strengthen the membrane through n-n
interactions between the graphitic regions of adjacent rGO nanosheets[214]. During the
vacuum filtration and heating process, the crosslinking of aSiO also extends to rGO layers via
bonding between the terminal -Si-OH group of VO-aSiO and oxygen functional groups of rGO
through hydrolysis, which is evident from the Si-O-C band at 1050 cm* in the IR spectrum of
V0-aSiO-rGO in Fig. 33B(d). A similar mechanism was reported by Zhang et al, where the
hydrolysis of tetra-ethyl-ortho-silicate (TEOS) led to the formation of silica nanoparticles,
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which interacted with GO nanosheets through the conversion of C=0 bonds on GO to Si-O-C
bonds upon reaction with TEOS[215]. The existence of crosslinking and n-w interactions in the
V0-aSiO-rGO membrane was also indicated by the outstanding stability of the membrane in
aqueous environments. Soaking in water for more than 60 days did not deteriorate its
mechanical and chemical integrity. Under similar conditions, both pristine GO and rGO
membranes started breaking down within 10 days. The stability of the VO-aSiO-rGO
membrane was also studied under acidic and basic conditions, as shown in Fig. A3a-b. It was
seen that even after 90 days of soaking in 10° M and 104 M HCl and 10 M and 10* M NaOH

solution, the membrane’s structural integrity was intact without deteriorating its mechanical

strength.
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Fig. 34: Basic characterizations of membranes: (a) Schematic illustration of the VO-aSiO-rGO
membrane fabrication process. (b) XPS peak of sulphur 2p in VO-Bis mixture before and after
heating at 80 °C. (c) FTIR spectra of VO-aSiO, VO and Bis samples. (d) FETEM image of VO-
aSiO nanosheet, and (e) FESEM surface morphology of VO-aSiO membrane. The intrinsic
parameters of the VO-aSiO-rGO membrane: (f) reverse solute flux (g m? h?) (inset image
shows VO-aSiO-rGO membrane), (g) water flux (L m h't) with DS of different concentrations

(0.5M-2M) with DI water as the FS

The intrinsic parameters like water permeability (Lp), solute permeability (B) and structural
parameter (S) for optimized VO-aSiO-rGO membrane were estimated in the active layer facing
draw solution (ALDS) mode of the FO process[216]. The pure water permeability (Lp,
L/m?2.h.bar), solute permeability coefficient (B, L/m?.h), structural parameter (S, nm), and mass
transfer coefficient for DS and FS (Kg, m.h) of VO-aSiO-rGO membrane were estimated to
be 39.9 £0.004, 6.57 +0.065, 472500, 0.74 +0.008 and 18.02 +0.043, respectively. The pure
water permeability, solute (NaCl) permeability coefficient and structural parameters were also
determined experimentally. Fig. 34f and Fig. 34g compares experimentally and model
predicted water flux and reverse solute flux for 0.5M-2M draw solution concentration. It can
be observed that both water flux and reverse solute fluxes of the model and experimental data
were aligned with R? values of around 0.99 confirming the validation of experimental results

with the model study.

To understand the transport characteristics of the VO-aSiO-rGO membrane, a rectangular piece
of the same was mounted in between two compartments of an electrochemical device. lonic
conductivities of the membrane were measured by filling the compartments with aqueous KCl
solutions. The linear current vs voltage (I-V) curves going through the origin indicate the

presence of fluidic channels in the VO-aSiO-rGO membrane that interconnect the electrolyte
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chambers. The conductivity vs KCI concentration plot shown in Fig. 35a displays two distinct
regimes, for bulk-like conductivity and surface-charged-governed conductivity. The
occurrence of surface-charged-governed conductivity and XRD reflections in the 26 values at
6.5A and 10A suggest the existence of molecularly thin 2D nanofluidic channels in the VO-

aSiO-rGO membrane as shown in the Fig. 33A(b).

5.4.2 Concentration gradient-driven electricity generation

The developed membrane consists of tiny nanofluidic channels that can selectively transport
ions and molecules based on their size and charge, providing an ideal means for separating and
purifying substances. The fabricated membrane generated electrical energy from a
concentration gradient established in the compartments of an electrochemical device (shown
in the inset image of Fig. 35b) and was separated by a VO-aSiO-rGO membrane. The low
concentration side was fixed at 10® M aqueous KCI solution and the high concentration side
was varied from 10° M to 1M. As expected, the VO-aSiO-rGO membrane generated different
open circuit voltage (Voc) and short-circuit current (lsc) from the varying concentration
gradients. The system could generate a Vo of 293.3 mV and Isc of 32.2 pA at the maximum
concentration gradient. The Voc and Isc vs time curve is shown in Fig. 35¢. The declining trend
of current can be attributed to the change in the concentration gradient across the chambers
(due to the water flux and RSF), and concentration polarization near the membrane. The Voc
(at 1 =0) and Isc (at V = 0) obtained from I-V curves were found to be increasing with the
increasing concentration gradient, as shown in Fig. 35d. The power density was found to be
increasing with the increasing concentration gradients, and the highest power density of 4.72
W.m was measured at a concentration gradient of 10° fold, as shown in Fig. 36a . In Table 6,
the output energy performance of VO-aSiO-rGO membrane is compared with other systems

reported in recent years.
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Table 6: Comparative energy performance of our membrane and other reported literatures

Membrane Salinity Power density | Voltage Reference
gradient W.m?) (mV)

PEI@GO/CNFs 50 fold 5 158 [217]
MS/AAO 1uM - 3M 4.5 96 [218]
TOBC/GO 0.5-0.01M 0.96 121 [219]
CoAl LDH 103 fold 0.7 165 [220]
ANFs@MMT 10 fold 5.16 197.45 [221]
WS,/CNF 05-0.01M 1.99 55.81 [222]
TizCaTx 10 uM - 3M 7.89 280 [223]

VO-aSiO-rGO 10° fold 4.75 293 This work

PEI@GO/CNFs = Carbon nanofibers membrane bridged with grapheme nanosheet and
hyperbranched polymer, MS/AAO = Mesoporous silica-alumina heterostructure membrane,
TOBC/GO = TEMPO oxidized cellulose nanofiber, CoAl LDH= Cobalt Aluminium layer
double hydroxide, ANFS@MMT = Aramid nanofibres were intercalated into lamellar
montmorillonite membrane, WS,/CNF = Metallic phase WS,/ cellulose nanofibre composite

membrane, TisCoTx = Layered titanium carbide membrane
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Fig. 35: Generation of electricity from concentration gradients: (a) Surface charge governed
ionic conductivity plot, and (b) 1-V graph of VO-aSiO-rGO membrane with 10° fold
concentration gradient of KCI (inset image shows a digital image of an electrochemical device).
(c) Output voltage and current as a function of time with 108 fold concentration gradient. (d)

Comparison of output voltage and current at different concentration gradients

The Voc obtained in the previous experiment comprises two components, (a) the redox potential
due to potential drop at the electrode-electrolyte surface (Vredox), and (b) voltage due to
selective diffusion of ions (Vosm)[224]. Similarly, the I values obtained as such have
contributions from both ion selective diffusion and Vredox. Vosm Was obtained by subtracting

the contribution of Vredox from Voc (Vosm = Voc - Vred), and laife was obtained from lgits = Vaifs X
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G, where G was the conductance of the membrane. Transport numbers of cations calculated

under each salinity gradient were shown in Table 7.

Table 7: Data extracted from experimental measurements under different salt gradients

Cmax/ | Vmeas | Vredox | Vosm= Vmeas- Imeas G lred =G | losm = lmeas t:
Cmin | (1=0) V) Vo (V=0) X Vreq - Ired
(mV) . MA) | WAV) 1 ua) (HA)
10 67.6 56 11.6 0.312 4.47 0.25 0.062 0.598
102 124 110.5 13.5 15 12.4 1.37 0.13 0.557
108 158 142 16 4.1 26.7 3.79 0.31 0.545
10 180 162 18 14.4 82.4 13.35 1.05 0.538
10° | 235.7 204 31.7 24.8 110 22.44 2.36 0.554
108 293 190 103 32.2 91.3 17.34 14.86 0.645

The Vredox itself was measured by using a pair of Ag/AgCl electrodes across the nylon support
membrane without having a coating on it. In low-concentration gradients, the experimental
V'redox Values were increasing linearly. However, at higher concentration gradients, it deviates
linearly with a reduced slope, as shown in the Fig. 36b. Similar behaviour was also reported by
other authors [225,226] which can be attributed to the following factors. The large pore sizes
of nylon support membrane (without coating), due to which, at higher concentration gradient,
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the ions quickly travel across the chambers minimizing the concentration difference, and
inefficiency of Ag electrodes to convert large ionic signals into electrical signals in such a short
time. The related 1-V graph for other individual membranes (rGO, VO-aSiO) at 10* fold is
shown in Fig. 36¢, represents lower Vo and Isc as compared to VO-aSiO-rGO membrane. This
disparity can be ascribed to the lower surface charged density exhibited by the rGO and VO-

aSiO membranes.
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Fig. 36: (a) Power density with respect to KCI concentration gradient, (b) Comparison of
calculated and experimental output voltages of uncoated nylon membrane at different

concentrations, (c) 1-V graph of different membranes at 10* fold concentration gradient
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5.4.3 Performance of membranes in the FO process
The membrane performance (water flux and RSF) was evaluated using forward osmosis

process using lab scale FO set-up, as shown in Fig. 32. The performance of all the membranes
was estimated in active layer facing draw solution mode (ALDS) using lab-scale cross flow
FO system. The GO/nylon and VO/nylon membranes could not withstand the cross-flow
system, whereas rGO/nylon, VO-aSiO/nylon and VO-aSiO-rGO/nylon membranes have
attained higher stability due to cross-linking of Bis-derivatives. Fig. 37a-b shows the
comparative FO performance of VO-aSiO/nylon membranes with different amount of VO-
aSiO loading (4mg to 20mg). The highest water flux (135 L m? h') and RSF (200 g m? h')
were observed for VO-aSiO/nylon membrane with 4 mg loading. The water flux and RSF were
found to be inversely proportional to the increasing VO-aSiO loading. At higher loading (20
mg), the water flux and RSF were calculated to be 32 L m? h™ and 26 g m h%, respectively.
The higher water flux of all the VO-aSiO coated membranes can also be attributed to lower
contact angle (38°) as well as enlarged inter-layer d-spacing (14 A), which facilitates the

transfer of water molecules at a faster rate, as shown in Fig. 33A(c).
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Fig. 37: Membrane performance of VO-aSiO membrane with respect to increasing loading

amount for (a) water flux, (b) RSF
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To reduce the effect of RSF, constant amount of GO was coated on nylon substrate and then
different amount of VO-aSiO was coated on top of the GO/nylon membrane to form bi-layer
membrane. Fig. 38 shows the performance of VO-aSiO-rGO/nylon bilayer membrane in
forward osmosis process. Initially, constant 0.25 mg GO was coated on nylon substrate
followed by different amount of VO-aSiO loading. Due to the pre-coated GO layer, the water
flux and RSF drastically reduced to 80 L m? h™* and 70 g m h™%, respectively for 4 mg VO-
aSiO loading. As the VO-aSiO loading was increased to 12 mg, the water flux (38 L m? h)
and RSF (25 g m h!) also shown a decreasing trend due to stacking of more VO-aSiO layers
along with pre-coated GO layer, which provided higher resistance to water molecules and salt
ions. With increased amount of GO layers from 0.25 mg to 0.5 mg and 1 mg, the water flux
and RSF correspondingly decreased due to uniform coating of VO-aSiO-rGO/nylon
membrane. The RSF of VO-aSiO-rGO/nylon membrane was found to be almost similar to that
of rGO/nylon membrane. Finally, with 1 mg GO loading and 4 mg VO-aSiO loading, the
optimized water flux and RSF was found to be (45 L m? h™*) and (6.1 g m hl), respectively.
Membrane with this composition was used for most of the applications (unless mentioned

otherwise), including long-term stability test and simultaneous energy-water experiments.

134
TH-3195_186151006



Constant GO loading (0.25 mg) % Constant GO loading (0.5 mg) 90 Constant GO loading (1 mg)

©
=]

‘TA 754 _I_ ‘T: 754 ‘T: 754
N: o o~
'E 60| £ 604 .E 60
- =) -
= 45 = 451 =
z g 2
o 30 't 30 u: 30
o 2 o
© 154 S 15 g 15
g M
0 r 0- 0 T
4 8 12 4 8 12 4 8 12
VO0-aSiO loading (mg) VO0-aSiO loading (mg) VO-aSiO loading (mg)
80 Constant GO loading (0.25 mg) 80 Constant GO loading (0.5 mg) 80 Constant GO loading (1 mg)
‘T: 60 - ‘T: 60 - ‘_A 60
o o ~'=
£ £ \
Q 40 Q 40 s, 40
w w o
7] « "w"
X 20 ¥ 20 2 20
ol o oL Bl e mm |
4 8 12 4 8 12 4 8 12
V0-aSiO loading (mg) VO-aSiO loading (mg) V0-aSiO loading (mg)

Fig. 38: FO performance of VO-aSiO-rGO membranes fabricated with different VO-aSiO and

GO loadings

5.4.4 Comparative performance analysis and stability test

A commercial CTA-FO, r-GO/nylon, and PSS-doped rGO membrane from our previous study
[174] were also operated under conditions similar to that of the VO-aSiO-rGO membrane. The
water flux of VO-aSiO-rGO (45 L m h') was found to be 6, 1.8 and 1.3 times higher than
CTA-FO (7.8 L m2 h), rGO/nylon (26 L m? h') and PSS-rGO/nylon (34 L m? h')
membrane, respectively, as shown in Fig. 39a. The higher water flux of VO-aSiO-rGO
membrane was attributed to a lower contact angle (51° vs 80° of rGO membrane) and enlarged
inter-layer d-spacing (13.6 A vs 8 A) of rtGO membrane. Moreover, the RSF values of the VO-
aSiO-rGO membrane (6.1 g m? h') were found to be lower than that of similar membranes
like CTA-FO (8.7 g m? hY), rGO/nylon (7 g m? h) and PSS-rGO/nylon (6.5 g m? h?), as

shown in Fig. 39b. The low RSF of the VO-aSiO-rGO membrane was attributed to the higher
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negative surface charges of both VO-aSiO (-34 mV) and rGO (-26 mV) layers, resulting in a
stronger repulsive force between CI ion and negatively charged membrane by Donnan
exclusion[181]. With the addition of VO-aSiO to rGO/nylon membrane (VO-aSiO-rGO), the
SRSF of VO-aSiO-rGO decreased by 51.8% from 0.27 g/L of rGO/nylon membrane to 0.13

g/L, shown in Fig. 39c.
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Fig. 39: Comparative FO performance: (a) Water flux, (b) RSF, and (c) SRSF values of CTA-
FO, rGO, PSS-rGO and VO-aSiO-rGO membranes coated on nylon substrate measured under

identical FO conditions

An experiment to evaluate the long-term stability of the VO-aSiO-rGO membrane was
conducted with 1M NaCl as DS and DI water as FS in the ALDS mode. Fig. 40a compares the
water flux of the VO-aSiO-rGO membrane with that of the rGO membrane for 40 h. During
the initial period (first 2 h), rGO and VO-aSiO-rGO membranes exhibited water fluxes of 25
L m? h?and 45 L m? h, respectively. Though declining trends were observed in the water
fluxes of both membranes, the VO-aSiO-rGO membrane maintained a stable water flux of 28.5
L m h't after a day of continuous operation. Moreover, the rate of decrease in the water flux
was observed to be lower in the VO-aSiO-rGO membrane as compared to that of the rGO
membrane. After conducting the FO experiment for 25 h, both the draw and feed sides were

thoroughly cleaned with DI water and osmotic backwashing. After cleaning, the water flux of
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the VO-aSiO-rGO membrane was increased to 38.5 L m? h', while that of the r-GO membrane
was increased to 16.3 L m? h. The flux recovery ratio (FRR%) of the VO-aSiO-rGO and rGO
membranes was calculated to be 85.5% and 65.2%, respectively. The higher FRR% in the VO-
aSiO-rGO membrane was attributed to hydrophilic VO-aSiO coating on the rGO layer, which
helped in preventing salt penetration from the draw side and mitigating internal concentration

polarization (ICP)[116].

Similarly, the RSF values for both VO-aSiO-rGO and r-GO membranes were increased with
increasing time, but the rate of increment in the VO-aSiO-rGO membrane was found to be
lower than that of the r-GO membrane (Fig. 40b), which was again attributed to the higher
negative charge of VO-aSiO (-34 mV) flakes as compared to that of rGO (-26 mV) flakes.
Another possible reason for the lower RSF of the VO-aSiO-rGO membrane may be due to
reduced dilutive external concentration polarization (DECP) with high water flux, i.e. at higher
water flux with VO-aSiO-rGO membrane, the draw solution was highly diluted (compared to
r-GO membrane), lowering the concentration gradient across the separation layer, which
further help to reduce the RSF[227]. Moreover, after prolonged operation, leaching was
observed in the rGO membrane but not in the VO-aSiO-rGO membrane. However, if the
membrane was not washed, the water flux reduces as the concentration polarization builds up
creating a barrier for permeating water from the feed side to the draw side. However, after a
particular duration, the flux reaches a steady state as the effect of concentration polarization
gets saturated, as evident from derivative flux value which tends to reach zero. Therefore, after
operating for continuous 48 h, the water flux was saturated at 25.7 L m2 h! as compared to

28.5 L m h'! for a day of operation, as shown in Fig. 40c.
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5.4.5 Energy harvesting performance for different membranes in FO process

The previous sections demonstrated that the VO-aSiO-rGO membrane exhibits remarkable

performance in the FO process. In this section, the effect of different membrane materials on

the energy performance was investigated. In the FO test cell, two Ag wires (connected to the

sourcemeter through Cu wires) were placed in the FO test cell on either side of the membrane

(active layer and support layer) to study the simultaneous electricity harvesting and FO process

in ALDS mode. It can be observed in Fig. 41a-b that the VO-aSiO-rGO membrane exhibited
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higher output voltage and current as compared to standalone rGO and VO-aSiO membranes.
The magnitudes of trans-membrane voltage and osmotic current was found to be increasing
with increase in the zeta potential values of the different membrane materials, rGO (-26 mV),
VO-aSiO (-34 mV), VO-aSiO-rGO (-40 mV). This was because with higher surface charge
density, the permselective nature will be higher, which can increase the transport number, thus
exhibiting higher output voltage and current[228]. Hence, the highest saturated voltage (285
mV) and saturated current output (20 pA) was observed in VO-aSiO-rGO membrane. Since,
higher output voltage and current was found for VO-aSiO-rGO membrane, all the future

experiments were performed with VO-aSiO-rGO membrane only.
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Fig. 41: Output (a) voltage, and (b) current of rGO, VO-aSiO and VO-aSiO-rGO membranes

as a function of time during FO process.

5.4.6 Energy harvesting performance for different draw solutions and with increasing
KCI molarity concentration in FO process

In this section, the effect of different draw solute concentration on the energy performance was
also investigated with the optimized VO-aSiO-rGO membrane. It can be observed in Fig. 42a-
b, the output voltage and current for 1M KCI electrolyte solution was highest followed by

NaCl, MgCl, and KH2POa4. This can be attributed to the highest diffusion coefficient of K™ ion
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compared to other cations due to its smaller hydration radius[229]. This faster cation diffusion
can provide efficient charge separation which can increase the output voltage and current[230].
Moreover, the effect of increasing DS concentration with respect to energy performance was
also investigated, as shown in Fig. 42c-d. When the molarity of KCI concentration was
increased from 1M to 3M, the change in output voltage was enhanced from 296 mV to 380 mV
with an increment of 28.8%. However, there was 72% increment in output current (from 36
MA to 62 pA). This was because at higher concentration gradient, the mobility of K™ and CI

ions are higher than the water molecules, leading to significant ion flux and hence output

current.
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Fig. 42: Output (a) voltage, and (b) current with different DS; Output (c) voltage, and (d)
current with increasing KCI molarity concentration. In all the experiment, flowrates of both DS

and FS were maintained at 0.5 L/h and DI water as FS

5.4.7 Energy harvesting performance at zero flow rate and increasing flow rates in FO
process

In this experiment as shown in Fig. 43a-b, initially when the pump was switched on, the output
voltage and current peaked at value 320 mV and 30 YA, respectively. But as soon as both the
pumps were switched off, the output voltage and current drastically decreased due to the
disruption of flow. However, even after the initial decrease, there may still be some residual
osmotic pressure difference and ion concentration gradient across the membrane. This can be
due to the presence of the dissolved solutes in the feed and draw solutions that did not fully
mix, or due to ion diffusion across the membrane. As a result, the system generated stable
output voltage and current of 240 mV and 24 pA, respectively. With the increasing time, the
voltage and current depleted and saturated at 50 mV and 7 YA, respectively. This could be due
to the reduction in concentration gradient below the threshold limit which led to the overall

decrease in both voltage and current.
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Fig. 43: Output (a) voltage, (b) current at zero flow rate
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5.4.8 Simultaneous energy recovery and FO process

The previous sections demonstrated that the VO-aSiO-rGO membrane exhibits remarkable
performance in both concentration gradient-driven energy harvesting and the FO process. Fig.
44a-b shows the output voltage and output current as a function of time with 1 M KCI as DS
and DI water as the FS. With equal DS and FS flow rate of 2 L/h, the constant output voltage
of 290 mV was measured wherein the current was reduced from 30 pA to 27.8 pA during 2.4
h of continuous operation. The decrease in current over time can be attributed to factors such
as accumulation of ions across the membrane and membrane clogging. The open-circuit
voltage mainly depends on the permselectivity and concentration difference[32]. Since, the
draw and feed solution concentrations were almost constant (in continuous mode), the open-

circuit voltage exhibited a constant output throughout the experiment.

The comparison analysis of the energy and forward osmosis performance at different flow rates
was also investigated. At a lower flow rate (0.5 L/h), the output voltage and current were 296
mV and 36 YA and simultaneously the water flux and RSF was measured to be around 12.8 L
m?h?'and 3.4 g m?h?, respectively. From the saturated voltage and current values (296 mV
and 36 pA, respectively) the power output was calculated to be 0.026 W.m™2. The energy
consumption for pumping was calculated to be 0.100 W.m by using the following equation

13.
P=(f*QxaP)/n+A 13

Where Q was the flow rate (0.5 L/h), AP was the differential pressure measured to be 0.05 Psi,
A was the membrane area, n was the pump efficiency ~ 0.7 and f was the conversion value
(11.2*10%)[32,231]. Based on the above parameters, overall energy saving in the FO process

through concentration-driven electricity was calculated to be ~ 26 %.
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To gain further insights into the synchronized energy harvesting and forward osmosis process,
the flow rates of both the DS and FS sides were increased simultaneously. While both the flow
rates (DS and FS sides) increased, the water flux and RSF increased from 12.8 L m? h to 43.6
L m?h'and 3.4gm?h'to 15.3 g m?h’, respectively. The observed variations in the water
flux and RSF can be explained through variations in DECP and concentrative internal
concentration polarization (CICP) with respect to DS and FS flow rate. The DECP at the active
layer of the membrane reduces with an increase in DS flow rate and then will increase the DS
concentration at the membrane surface[232]. Similarly, the CICP at the support layer reduces
with an increase in FS flow rate, and that will reduce both DS and FS solute concentration at
the interface between the support and separation layer and that will increase both water flux
and RSF[233]. Even though, the RSF and water flux were increasing with flow rate, the output
voltage and current were decreasing when flow rates were increased and this phenomenon was
observed due to reduced residence time of ions near the membrane surface, (refer Fig. 44c-d).
Further similar response observed while increasing DS flow rate alone (refer Fig. 45a) confirms
that DS resistance time was critical parameter to achieve optimum power output. As DI water
was taken as FS, no CICP occurred at the support layer [232], but DS solute at interface
between support and separation layer will be reduced with increase FS flow rate. The CICP on
the support layer may have lighter effect on water flux and RSF, but the DECP on the active
layer determines the output voltage and current values. Therefore, the output voltage and

current values were found to be proportional to the salt rejection ability [32].

The effect of water flux and RSF on the output voltage and current in ALDS mode and batch
mode was also studied for the VO-aSiO-rGO membrane by using 1M KCI and 1M KH2PO4 as
the DS and DI water as the FS at constant DS and FS flow rates of 10 L/h and 15 L/h,
respectively. As can be seen from Fig. 44e-f, the water flux of KCl was found to be higher than
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KH2PO4 due to the higher osmotic concentration gradient of KCI across the membrane surface
[234]. Regarding the energy performance, the output voltage decreases with the decreasing
water flux and increasing RSF for both KCI and KH2POa. Similarly, the current values also
decreased with decreasing water flux and increasing RSF, see Fig. 44g-h. The above
observation suggests that good selectivity and permeability of membrane support both FO and
electricity generation process. As mentioned earlier, detailed understandings of the
interdependence of FO and concentration gradient-driven electricity harvesting process under
the conditions of flowing electrolytes across the electrodes and membrane surfaces demand
further theoretical studies. Since, the experiment was performed in batch mode, the osmotic
pressure across the membrane decreased with DS dilution that decreased the water flux and
increased the RSF value with time. As a result, both voltage and current decreased with

time[235].
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Fig. 44: Energy recovering in the FO process: Output (a) voltage, and (b) current of VO-aSiO-
rGO membrane in continuous FO process (flow rate 2 L/h for both DS and FS). Comparison
of (c) voltage, and (d) current with different FO parameters at different flowrate in batch mode.
1M KCI and DI water were used as DS and FS, respectively. Simultaneous energy harvesting
and FO application with 1M KCI and 1M KH2PO;4 as the DS in batch mode, (e) voltage vs

water flux, (f) voltage vs RSF, (g) current vs water flux, and (h) current vs RSF, DI water was

used as the FS

The effect of different flow rates of DS (at a constant flow rate of FS) and FS (at a constant
flow rate of DS) on energy performance was also investigated in the ALDS mode. As can be
seen from Fig. 45a, with increasing DS flow rates (by maintaining a constant FS flow rate),
both output voltage and current decreased. This was because, at higher DS flowrates, the DECP
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and residence time will be reducing that will disrupt the ion equilibrium at the membrane
surface, which in turn, reduces the ion transport through the membrane. This reduces the
effective driving force of the draw solution and hence reduce both output voltage and
current[117]. In contrast, when the FS flow rates were increased with a constant DS flow rate
(refer Fig. 45b), both output voltage and current increased. This was because, at higher FS flow
rates, the CICP has negligible effect, since DI water was used as FS. This improves the effective
ionic transport through the membrane and reduces the RSF value to a great extent, thus
maintaining the osmotic pressure across the membrane which will let to increase in both output

voltage and current.

The realistic scenario of tea concentrating through FO process was also explored for
simultaneous energy recovering. Tea solutions of different concentrations (10 mg/ml and 20
mg/ml concentrations) were used as the FS, the optimized VO-aSiO-rGO was used as the FO
membrane with 1M KCI as the DS. The experiment was performed in the ALDS mode. Fig.
45c¢-d show the output voltage and current as a function of time with flow rates of DS and FS
maintained at 0.5 L/h. The output saturated voltage (240 mV and 205 mV) and current (17 YA,
and 13.5 pA) obtained with 10 and 20 mg/ml tea solutions as FS was found to be lower than
that of DI water as the FS (296 mV and 36 pA). This was because the inorganic ions present
in the tea solution could neutralize the concentration gradient-driven permselective movements
of ions. Moreover, at higher feed concentration compared to DI water, the mass transfer
coefficient decreases due to the effect of CICP, which in turn decreases the net osmotic pressure
across the membrane[118]. By emphasizing the application of the membrane in tea
concentration and energy generation, we aim to showcase its potential for use in industries
related to tea processing and potentially in other applications that require concentration
processes and energy harvesting.
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Finally, to check the applicability in real application scenario, the fabricated membrane was
explored for tea concentration and energy recovery in the FO process near its saturation point.
Long term water flux performance was studied by using 1M KCI as DS and tea solution (20
mg/ml) as the FS, flow rates were maintained at 10 L/h and 15 L/h, respectively. The membrane
exhibited a water flux of 30 L m h' for 2 h which gradually decreased with time and saturated
at 12.5 L m? h'! after 20 h continuous operation, thus increasing the tea concentration over
time. The decreased water flux was attributed to the accumulation of tea molecules on the
membrane surface (fouling) decreasing the mass transfer coefficient. The FO-based

concentrating process leads to nucleation of tea crystals near the membrane [140,236], as

shown in Fig. 45e-f.
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Fig. 45: Energy performance of VO-aSiO-rGO membrane: Effect of (a) varying DS flowrates
with constant FS flowrates of 10 L/h, and (b) varying FS flowrates with constant DS flowrates
of 10 L/h on current and voltage output. Output (c) voltage, and (d) current with 10 mg/ml and

20 mg/ml tea solutions used as the FS, 1M KClI is used as the DS, (flowrate = 0.5 L/h on both
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sides), (e) long term water flux for tea crystallization in FO process, (f) tea crystals recovered

after FO experiment

The comparison of energy efficiency for different DS solutions at lowest flow rate is shown in

Table 8.

Table 8: Comparison of energy efficiency for different DS solutions at the lowest flow rate.

TH-3195_186151006

Molarity DS/FS Voltage | Current | Extracted | Pumping | Saving

(M) flow rates (mV) (HA) Power Power Energy
(L/h) (W.m2) (W.m?2) (%)
1M KCI 0.5 295 35 0.0258 0.10 25.8
2M KClI 0.5 340 48.5 0.041 0.10 41
3M KClI 0.5 380 62 0.0589 0.10 58.9
1M NacCl 0.5 280 20 0.014 0.10 14
1M MgCl» 0.5 240 13.5 0.0081 0.10 8.1
1M KH2PO4 0.5 135 8.5 0.00286 0.10 2.86
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5.5 Summary

In conclusion, we demonstrated the possibility of synchronized energy harvesting in the FO
process with an overall energy saving of ~ 26 %. The robust nanofluidic FO membrane
fabricated by crosslinking 2D flakes of VO and rGO extracted electrical power (up to 4.72
W.m2) from the concentration gradient. The FO performance of the VO-aSiO-rGO membrane
(45 L m h't) was found to be better than that of both the pristine rGO membrane (26 L m?2 h-
1y and commercial CTA-FO membrane (7.8 L m? h'!). The membrane reported here showed
outstanding long-term stability in both acidic and basic mediums (for more than 90 days of
soaking) as well as during prolonged operational 40 h of the FO without showing any sign of
leaching. The possibility of extracting electrical energy from realistic FO processes was
demonstrated by using DI water and tea solutions as the FS. It was observed that in the
continuous FO mode, the system is able to generate constant output voltage (290 mV) and
current (28 pA) for prolonged operational 2.4 h. Moreover, in batch mode, the system was able
to generate highest output voltage and current of 296 mV and 36 PA, respectively while
simultaneously producing water flux of 12.8 L m? h'* and RSF of 3.4 g m? ht at 0.5 L/h flow
rates. Finally, the FO system is able to produce tea crystals and generate electrical output
voltage and current with different tea concentrations. Considering the ease of coupling between
FO and concentration gradient-driven energy harvesting process, this study could lead to a
novel platform for studying or handling the highly entangled issues water-energy nexus and

creating a self-sustaining system that can operate independently of external energy sources.
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CHAPTER 6

6 Summary and scope for the future work

6.1 Summary

The studies involved the investigation of the potential of 2D nanomaterials as a coating material
for FO membrane with an enhancement of surface properties explored in this work. MF flat
nylon sheet membrane was used as a support material for the FO membrane, and it is tested for
various applications like aqueous solution concentration, resource recovery and energy
generation. In the first phase of the thesis work, one of the most common 2D nanomaterials,
GO and its derivative rGO, were used as a coating material for the fabrication of the FO
membrane. The coating process was performed using a vacuum filtration setup. The
physiochemical properties of GO and thermally rGO were studied along with the bonding
mechanism with nylon MF membrane. The study revealed that GO swells in an aqueous
solution and delaminated from the substrate, thus confirming the instability in the FO process.
Therefore, its binding ability with the substrate was analysed at different operating conditions
(temperature and heating time). It is found that at high temperature with longer duration of
heating, the rGO membrane becomes more stable in an aqueous solution. However, the water
flux drastically decreases with increasing temperature and heating time due to the reduction in
inter-layer spacing between the nanosheets. Therefore, it is found that the optimum heating
condition required for the fabrication of the rGO membrane is 150 °C for 2 hours. All future

experiments are conducted with the optimized condition membranes.

After determining the optimal conditions for creating an rGO membrane for FO, the GO flakes
were classified into three categories: large, medium, and small. This was achieved through the
process of centrifugation and sonication. Additionally, the impact of varying the thickness of
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the GO loading on rGO membranes was explored. The outcome of the FO process showed that
membranes created using larger GO flakes displayed lower water flux and reverse solute flux
(RSF) when compared to their smaller counterparts, where both the water flux and RSF were
noticeably higher. Similarly, the membranes with thicker coating exhibit lower water flux and
RSF as compared to thinner coating. Therefore, the rGO membrane fabricated with medium
flake size and 1 um thickness is found to be the optimized FO membrane. Since thermally rGO
membrane alleviates the water flux, the incorporation of hydrophilic doping material is
introduced to enhance the FO performance. One such hydrophilic polymer is polystyrene
sulfonic acid (PSS) which is doped onto rGO laminates to improve the water flux. The physical
adsorption followed by the chemical linking and thermal fixation of PSS-rGO membrane was
demonstrated during the fabrication process. The PSS-rGO membrane increased the surface
hydrophilicity and surface charge density, which enhanced the water flux while simultaneously
maintaining the RSF, thus solving the trade-off between permeability and selectivity of the FO
membrane. The optimized PSS-rGO membrane is experimented for long-term stability and
compared its performance with rGO and CTA-FO membrane for 25 hours. The results showed
higher water flux and lower RSF for the PSS-rGO membrane than the rGO membrane

throughout the long-term experiment, indicating the effect of PSS on the rGO membrane.

Based on the rGO membrane’s stability performance in the aqueous solution, the stable rGO
membrane was doped with hydrophilic sericin protein via two facile methods for enhancement
of surface properties of rGO membrane for high water flux, low RSF and high anti-fouling
properties in pharmaceutical effluent. The study revealed that the sericin-doped rGO
membranes (rGO-S and S-rGO) increased the water flux up to 54 L m?2 h* and 36 L m? h'!
and decreased the SRSF up to 0.12 g/L and 0.18 g/L, respectively, as compared to the rGO
membrane (26 L m? h' and 0.25 g/L). Subsequently, the optimized rGO-S membrane

152
TH-3195_186151006



exhibited a stable water flux of 28 L m h* for 20 hours while maintaining low RSF. Regarding
the anti-fouling test using pharmaceutical effluent as the FS, the rGO-S membrane regeneration
properties resulted in excellent FRR% of 84% and 74% in ALDS and ALFS modes,
respectively, thus revealing better durability and long-term stability of FO membranes. Finally,
the hybrid batch FO process of the pharmaceutical effluent resulted in the recovery of
continuous rifaximin antibiotic crystals, thus enabling simultaneous fouling resistant energy-
efficient operation and high effective antibiotic recovery from pharmaceutical effluent using a

cost-effective strategy.

Another application of the FO process was explored using a novel FO membrane fabricated
with two-dimensional flakes of VO and rGO crosslinked with aSiO to form a VO-aSiO-rGO
membrane. The optimized VO-aSiO-rGO membrane exhibited a superior water flux of 45 L
m? h?' and low SRSF of 0.13 g/L, thus outperforming the existing commercial FO and
standalone rGO membranes. These outstanding characteristics demonstrated the membrane’s
superior separation efficiency, making it ideal for concentration applications. Furthermore, the
study explored the membrane’s potential to generate electricity by producing output voltage
and current values up to 293 mV and 32.2 pA, respectively, when subjected to a 10° fold
salinity gradient. This remarkable result led to a power density of approximately 4.72 W.m.
Finally, the possibility of extracting electrical energy from realistic FO processes was
demonstrated by using DI water and tea solutions as the FS. The system was able to generate
the highest output voltage and current of 296 mV and 36 pA, respectively, while
simultaneously producing a water flux of 12.8 L m? h'* and RSF of 3.4 g m h'! at the lowest
0.5 L/h flow rates. Moreover, the FO system could also produce tea crystals and generate
electrical output voltage and current with different tea concentrations. This new approach
addresses the urgent need for energy-efficient water treatment and lays the foundation for
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sustainable, high-efficiency water treatment technologies integrated with energy recuperation

mechanisms.

Overall, these results demonstrated the fabrication of novel FO membranes using 2D
nanomaterials to modify the surface properties of polymeric membranes and apply those

fabricated membranes for various applications demonstrated in this thesis work.

6.2 Recommendation of future research

In this thesis work, the fabrication of flat sheet FO membrane was explored for various
applications. Further investigations into the scalability of large area flat sheet FO membrane
with other 2D nanomaterials are recommended. The materials performance found in one
section can be applied into other sections as well. However, due to COVID lockdown which
led to time constraints, the experiments were not able to perform. Therefore, in the future
research work, the same materials can be studied for the different applications as well.
Moreover, new ideas on the fabrication techniques of continuous flat sheet FO membrane with
different 2D nanomaterials may be a good option to improve the FO process's performance and

economic feasibility.

Further investigation on the potential use of 2D nanomaterials for coating on different
membrane modules like ceramic and hollow fibre membranes is recommended. Hollow fiber
membranes have a significantly higher effective surface area compared to flat sheet
membranes. The bundled configuration of multiple fibres allows for a larger surface area per
unit volume, which enhances the overall separation efficiency. This scalability makes them
suitable for a wide range of applications, from small-scale laboratory setups to large-scale

industrial systems.
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Appendix Al: Characterization of r-GO-S membrane after fouling test
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Fig. Al: (a) FESEM image of nylon support in ALDS mode (inset shows magnified image),
(b) FESEM image of r-GO-S layer in ALFS mode (inset shows magnified image), (c) EDX

spectra and mapping of r-GO-S membrane before and after FO process, (e) stress-strain curve
of all the fabricated membranes
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Appendix A2: Characterizations of Rifaximin crystals
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Fig. A2: (a) FTIR spectra of rifaximin crystals, (b) XRD peaks of rifaximin crystals, (c)
FESEM image of rifaximin crystal
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Appendix A3: Membrane stability performance data
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Fig. A3: Membrane stability test of VO-aSiO-rGO membrane in (a) DI water, (b) acidic and
basic mediums for more than 60 days
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