SYNTHESIS AND CHARACTERIZATION OF
SOME HYDROPHILIC POLYSULFONE
BASED MEMBRANES AND THEIR
APPLICATION FOR SUSTAINABLE WATER
PURIFICATION

Thesis
Submitted in partial fulfilment of the requirements for the degree of
DOCTOR OF PHILOSOPHY
by
G P SYED IBRAHIM

DEPARTMENT OF CHEMISTRY
NATIONAL INSTITUTE OF TECHNOLOGY KARNATAKA,
SURATHKAL, MANGALORE - 575025
August, 2020






DECLARATION

| hereby declare that the Research Thesis entitled “SYNTHESIS AND
CHARACTERIZATION OF SOME HYDROPHILIC POLYSULFONE BASED
MEMBRANES AND THEIR APPLICATION FOR SUSTAINABLE WATER
PURIFICATION” which is being submitted to the National Institute of Technology
Karnataka, Surathkal in partial fulfillment of the requirements for the award of the Degree
of Doctor of Philosophy in Chemistry is a bonafide report of the research work carried
out by me. The material contained in this Research Thesis has not been submitted to any
University or Institution for the award of any degree.

G P Syed Ibrahim
Reg. No. 158025CY15F08,
Department of Chemistry

Place: NITK, Surathkal
Date:




CERTIFICATE

This is to certify that the Research Thesis entitled “SYNTHESIS AND
CHARACTERIZATION OF SOME HYDROPHILIC POLYSULFONE BASED
MEMBRANES AND THEIR APPLICATION FOR SUSTAINABLE WATER
PURIFICATION” submitted by G P Syed Ibrahim (Register Number:
158025CY15F08) as the record of the research work carried out by him is accepted as the
Research Thesis submission in partial fulfilment of the requirements for the award of degree

of Doctor of Philosophy.

Dr. Arun M. Isloor

Research Guide

Chairman- DRPC




ACKNOWLEDGEMENTS

| would like to express my deep sense of gratitude to my research supervisor, Dr. Arun
M. Isloor, Professor, Department of Chemistry, NITK, Surathkal for giving me an
opportunity to pursue my research work under his valuable guidance. Without his
supervision and persistence, this thesis would not have been possible.

| acknowledge NITK, Surathkal for providing the fellowship and financial support
necessary for the completion of my doctoral work.

My sincere gratitude is due towards my RPAC members, Prof M. B Saidutta of
Chemical Engineering and Dr. Udaya Kumar Dalimba, Department of Chemistry, for their
timely assessment and evaluation of my research progress. Their valuable inputs at various
stages of my work have contributed immensely in giving the final shape to my research
work.

| am very grateful to the present Head of the Department, Prof. Arun M. Isloor and
former Heads of the Department, Prof. Krishna Bhat and Prof. B. Ramachandra Bhat for
providing the administrative facilities and infrastructure. I am also thankful to Prof. A.
Nithyananda Shetty, Prof. A. Chitharanjan Hegde, Prof. A. Vasudeva Adhikari, Prof. D.
Krishna Bhat, Dr. D. Udayakumar, Dr. Darshak R. Trivedi, Dr. Sib Sankar Mal, Dr.
Beneesh P.B., Dr. Debashree Chakraborthy, Dr. Saikat Dutta, Dr. Vijayendra S. Shetti and
Dr. Lakshmi Vellanki for their assistance and moral support.

| would like to convey my appreciation to Prof. K. Narayan Prabhu, Prof. Udupa and
Prof. Uday Bhat of Department of Metallurgical and Materials Engineering, NITK for
allowing me to avail the instrumentation facility whenever required. 1 am thankful to the
Department of Chemical Engineering and Physics for extending the instrumental facilities.
| am very thankful to Prof. Ahmed Fauzi Ismail, Advanced Membrane Technology Centre
(AMTEC), Universiti Teknologi Malaysia for providing me an opportunity to conduct a
part of my research work in the AMTEC.

| would like to extend my appreciation to Prof. Ramin Farnood, Department of
Chemical Engineering and Applied Chemistry, University of Toronto, Canada and Prof.
Siamak Nejati, Department of Chemical and Biomolecular Engineering, University of
Nebraska, USA for allowing me to conduct part of my research work in their lab. I am also
very thankful to Prof. Mona Bavarian, Department of Chemical and Biomolecular

Engineering, University of Nebraska for her kind help and suggestions.



| truly appreciate the support extended by my research group at NITK, including Dr.
Harikrishna Nandam, Dr. Raghavendra Hebbar, Dr. Irfana Moideen K., Dr. Chandrashekar
Nayak, Miss Panchami, Mr. Sathyanarayan, Mr. Sivaraman, Miss. Pallavi and Mr.
Shivaprakash. | am thankful to all my friends at NITK, for making my stay fun-filled and
cherished one.

| am grateful to the non-teaching staff, Mrs. Shamila, Mrs. Deepa, Mrs. Sharmila, Mr.
Pradeep, Mr. Prashanth, Mr. Harish, Mr. Santosh, Mrs. Rashmi for their timely cooperation
with laboratory and analysis work.

My sincere thanks to Captain Dr. S. Abideen, Department of Zoology, Dr. Zakir Husain
College, llayangudi for his constant support and help provided during my bachelor's and
master's study. | also thank all my professors from Dr. Zakir Husain College, llayangudi
and Jamal Mohamed College, Trichy for educating me to achieve this level.

| am thankful to the Department of Science and Technology (DST), India, Water for
Food Daugherty Global Institute, Indo-US Science and Technology Forum (IUSSTF) and
the University of Nebraska for giving financial support for doing six months internship at
University of Nebraska, Lincoln.

I am highly indebted to my parents for their everlasting faith in me which has been the
backbone of my hard work and patience. This acknowledgment would be incomplete
without the mention of my wife M. Anisha Begam for her endless love and support. | am
very thankful to all my teachers who helped me to achieve this place. I also thank my family
members and friends for their constant encouragement during my Ph.D. tenure. Finally, I
extend my gratitude to all those who have contributed directly or indirectly towards the
completion of this work.

Thank you.

G P Syed Ibrahim



ABSTRACT

The intensifying obligation to clean, freshwater and declining obtainability from natural
resources, water need to be conserved effectually to come across future requirements. This
deteriorating condition fascinated the attention of global researchers towards
nonconventional sources, such as ocean water, treated water and groundwater. Membrane
separation processes have been established briskly in the past decade into the leading
technology for effective water treatment. Among the commercially available polymeric
membranes, polysulfone based membranes play an important role as it exhibits improved
chemical, thermal and mechanical stability. However, the trade-off between permeability
and solute rejection, reduced surface hydrophilicity and higher propensity towards fouling

of polysulfone membranes urge further development.

In this research work, polysulfone membrane performance was improved by
incorporating hydrophilic polymeric nanoparticles and blending with hydrophilic
polymers. The as-prepared composite or nanocomposite membranes were thoroughly
characterized using analytical techniques.

The nanocomposite hollow fiber ultrafiltration membranes were prepared with surface
modified halloysite nanotubes, zwitterionic polymer nanoparticles and zwitterionically
modified FesO4 demonstrated improved antifouling ability and dye rejection with higher
permeability compared to the pristine membrane. The as-added nanoparticles not only
increased the membrane surface porosity but also altered the surface hydrophilicity and
charge. The polysulfone blend ultrafiltration membrane was fabricated, which exhibited
enhanced heavy metal ions such as Pb?* (91.5 %) and Cd?* (72.3 %) rejection. To further
improve the heavy metal rejection, thin-film composite/nanocomposite membranes were
prepared. The as-prepared nanofiltration membranes demonstrated higher rejection of

heavy metal ions such as Pb?* (>98%) and Cd?* (>95 %) and improved antifouling property.

Keywords: Polysulfone, zwitterionic polymer nanoparticles, antifouling, water purification,

heavy metal removal, hollow fiber membrane
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CHAPTER 1

[INTRODUCTION]







Abstract: This introductory chapter presents the significance of present research work on
the use of membranes for water purification. It includes a general introduction, history and
classification. It also gives brief details on the membrane materials, preparation methods

and applications of membranes, along with a concise literature survey.

1.1 GENERAL INTRODUCTION

Among the natural elements, water is one of the prime elements for humans, plants, and
animals. The scarcity of potable water has been severe global anxiety for a long time (Kim
et al. 2016). With the increased development of modern society and rapid population
growth, the consumption of energy increases every year, which causes severe
environmental pollution problems, especially air and water pollution. The discharge of
contaminants into natural water resources leads to a shortage of clean water at the global
level (Shannon et al. 2008). In many of the countries, groundwater resources are already
dwindling. As stated by the World Health Organization, 1 billion people do not have access
to clean water. It is predicted that, by the year 2025, approximately 3.5 million people will
live in water-stressed countries (Elimelech et al. 2011). Figure 1.1 depicts the water scarcity

across the globe.

® >70%
25-70%
10-25%
0-10%

® Not applicable

Insufficient data

Figure 1.1 Schematic representation of water scarcity across the globe (Source: The United
Nations, 2019, “World Water Development Report 2019”)

The ocean contains about 97 % of water, which is having a high salt content of around
35,000 mg/L which makes it useless without any treatment. An additional 2 % of earth’s
water is present as ice at the polar caps and as glaciers. From the remaining 1 %, which is
freshwater, 0.3 percent is present in the atmosphere and only 0.1 percent in rivers and lakes.

The remaining 0.6 percent as groundwater and about half of the groundwater occurs at the

1



depth of 800 m (Elimelech et al. 2011). Since the freshwater and rainfall are unevenly
distributed over the landmasses, many areas of the world today are subject to severe
drought. In many of the places, the groundwater contains high salt concentration as a result
of both natural and anthropogenic processes.

One encouraging and widely accepted method to use polymeric membranes for the
purification of water. Due to the energy-efficient and less pollution of membranes, using
polymeric membranes for clean water regeneration has attracted significant attention, and
tremendous progress has been reported recently (Van der Bruggen et al. 2003, Sirshendu
de et al. 2009, Dumée et al. 2010, Kang et al. 2012, Purkait et al. 2018). In addition,

membrane devices and systems are almost always compact and modular.

1.2 HISTORICAL DEVELOPMENT OF MEMBRANE

The membrane technology is a relatively young branch of chemical research, and it
began just 40 years ago. Nollet was the first person to study the membrane phenomena and
discovered osmosis in the middle of the 18" century. He has discovered that using a pig’s
bladder, the water-ethanol mixture can be separated when it was brought in contact on one
side with pure water and another side with the water-ethanol mixture (Nollet 1752).
Furthermore, he was the first person to propose the relation between a semipermeable
membrane and the osmotic pressure. Later on, Graham studied the mass transport in the
semipermeable membrane in a systematic manner. He also studied the diffusion of gasses
through rubber and reported that rubber has different permeability for different gasses
(Graham 1866).

Initial studies on membrane permeation were performed with natural materials like
animal bladder or gum elastics. The first artificially prepared semipermeable membrane
was reported by Traube. He had prepared by precipitating cupric ferrocyanide in a thin
layer of porous porcelain (Traube 1867). In a while, Fick interpreted diffusion in liquid as
a function of the concentration gradient, and Van’t Hoff provided the explanation for the
osmotic pressure of dilute solutions (Fick 1855, Cohen 1899). In a short time, the flux
equation for electrolytes under the driving force of a concentration gradient was proposed
by Nernst and Planck (Nernst 1888). Donnan proposed the theory of membrane potentials
and membrane equilibrium (Donnan 1911).

Further advancement in science and polymer chemistry, membrane science and

technology had entered the new phase at the beginning of the twentieth century. The first



synthetic membrane was made by impregnating filter paper with a solution of nitrocellulose
in glacial acetic acid (Bechhold 1908). These nitrocellulose membranes were used as
ultrafilters for the removal of fine particles and macromolecules (Zsigmondy et al. 1918,
Joseph Elford 1931, McBain et al. 1931). The membranes for biomedical applications was
developed and implemented in the large scale production by Kolff et al. (1944).

In the initial days of development, membrane science and technology had been only a
subject of scientific interest with only a few practical applications. However, in early 1950,
membrane science became a focus of interest, since it had many versatile applications in
the field of biomedical and water treatment. The sudden boom in the advances of polymer
chemistry attributed to the development of many novel polymeric membrane materials with
extraordinary mechanical and chemical strength. Membrane transport properties had been
defined by an inclusive theory, based on the thermodynamics of irreversible processes
(Staverman 1952, Kedem et al. 1961). Spiegler studied the properties and extensive usage
of ion-exchange membranes (Spiegler 1958).

The major advancement in the field of membrane science and technology could be the
development of reverse osmosis membranes (Reid et al. 1959). The reverse osmosis
membrane could separate the salt from the seawater. The initial studies were carried out
with cellulose acetate membranes. The membranes exhibited a high rejection of salt with
moderate flux to produce the drinking water.

In the development of reverse osmosis membranes, the first asymmetric cellulose
acetate as the polymeric material was developed by Loeb and Sourirajan (Figure 1.2) (Loeb
et al. 1962, Sourirajan et al. 1973). The newly developed membrane had a dense layer at
the top which was responsible for the selectivity and flux. The membranes were prepared
by the phase inversion method. Later, other membrane materials such as polysulfone,
polyamide and polyacrylonitrile were employed for the preparation of asymmetric reverse
osmosis membranes. These polymers exhibited greater mechanical, thermal and chemical
stability than the cellulose acetate membranes. However, the cellulose acetate membranes
were a dominant candidate until the development of interfacial-polymerized composite
membranes (Riley et al. 1967, Cadotte et al. 1981). The as-prepared membranes were
showed higher rejection of salt, better chemical and mechanical properties than cellulose
ester membrane. Bray demonstrated the preparation of the spiral wound module for flat

sheet membranes towards the reverse osmosis membrane application.



Figure 1. 2 Prof. Loeb (left) and Sourirajan (right) (Source: Internet)

A diverse methodology to membrane geometry was the preparation of asymmetric
hollow fiber membranes with the aim of desalination of sea and brackish water by Du Pont
Corporation. The as-made hollow fiber membrane had a wall thickness of only 6-7 microns.
Nowadays the hollow fiber membranes are playing an important role in the preparation of
reverses 0smosis membrane since it is having many advantages like easy preparation,
handling, low cost, high surface area, low maintenance, less fouling and easy cleaning. It
also has importance in the field of gas separation and pervaporation. Additionally, there are

many advancements in the arena of hemodialysis membranes under progress.

1.3 DEFINITION AND CLASSIFICATION OF MEMBRANE

It is rather difficult to furnish the precise and comprehensive definition of synthetic
membranes. Nevertheless, the membrane can be defined as an “interface between two
adjacent phases acting as a selective barrier, regulating the transport of substances between
the two compartments”(Ulbricht 2006). The schematic representation of the membrane
operation is presented in Figure 1.3.
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Figure 1. 3 Schematic representation of membrane operation



Synthetic membranes exhibit a broad range of classification based on their structure
and pore size as shown in Figures 1.4 and 1.5. On the basis of membrane structure, the
membrane can be classified as symmetric and asymmetric membranes and based on pore
size it can be classified as microfiltration (MF), ultrafiltration (UF), nanofiltration (NF) and
reverse osmosis membrane (RO). The classification based on the morphology and pore size

of the membrane as follows.

1.3.1 Symmetric membrane

This type of membranes are referred to as isotropic membranes and denotes the uniform
structure throughout the membrane thickness (Buonomenna et al. 2011). They are mainly
used in dialysis, electrodialysis and microfiltration (\Vardon et al. 2011) and has a thickness
of 30 to 500 um. Generally, mass transfer depends on the thickness of the membrane. Since

it is having less thickness the permeation would be high.

1.3.2 Asymmetric membrane

These types of membranes contain both thin skin (0.1-5 pum) and a highly porous sub-
layer (100-300 pm) (Vardon et al. 2011). The top skin layer acts as a selective barrier to
the sub-layer and improves the selectivity. Thus, the skin layer pore size and nature of the
material determine the asymmetric membrane separation performances (Hu et al. 2013).
Consequently, the designing of skin layer structure has become a serious concern (Zhenxin
et al. 1991) as the mass transfer is mainly depending on the top layer (Nunes et al. 2001).
These membranes are mainly used in reverse osmosis, ultrafiltration and gas separation and
occasionally in microfiltration. The schematic representation of the symmetric and

asymmetric membranes is shown in Figure 1.4.

a)
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Figure 1. 4 a) Symmetric b) asymmetric membrane structure (Baker 2000)
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Figure 1. 5 Classification of membranes based on pore size (Mulder 2012)

1.3.3 Microfiltration (MF) membranes

These membranes are highly porous and have a pore size of 0.05-10 um. It is used for
the removal of suspension and emulsion. Since this type is pressure dependent, the
maximum applied pressure is less than 2 bar. In addition to this, it is necessary to ensure
the porosity (surface) is as high as possible with pore size distribution as constricted as

possible. The separation principle is a sieving mechanism.

1.3.4 Ultrafiltration (UF) membranes

It has a pore size of 1-100 nm. These membranes are intermediate between
microfiltration and nanofiltration. It is one of the excellent pre-treatment methods for the
NF membranes. It can be used to filter the macromolecules and colloids from the solution.
Since these membranes are porous, the rejection depends on the size and shape of the
solutes with respect to the pore size of the membrane. Additionally, the UF membranes
differ from the MF membranes by their asymmetric structure, in which the top dense skin
layer increases the hydrodynamic resistance. The optimum range of applied pressure for
UF is 1-5 bar.

1.3.5 Nanofiltration (NF) membranes
In general, the NF membranes would be used for the removal of lower molecular weight
inorganic salts and small organic molecules from the solvent. It is one of the pretreatment

methods for the RO membranes. As these membranes are capable of removing the small



size inorganic salt, the pore size of less than 2 nm must be engineered in the proper manner
to increase the hydrodynamic resistance. However, in the case of UF, the low molecular
solutes can be permeated easily. NF membranes are intermediate between the porous and
dense nonporous membranes. Consequently, the higher pressure of 10-15 bar is required

for the NF membranes.

1.3.6 Reverse osmosis (RO) membranes

These are all special types of membranes for the removal of inorganic salts. Both NF
and RO hold the same principles. Subsequently, RO membranes need to remove both the
monovalent and divalent inorganic salt to a greater extent. So, high pressure would be
applied to overcome the hydrodynamic resistance. Figure 1.6 represents the RO operation.
To allow water to pass through the membrane, the applied pressure should be higher than
the osmotic pressure. For example, seawater has an osmotic pressure of 25 bar (Mulder
2012). As represented in Figure 1.6, if the applied pressure is greater than the osmotic
pressure the water would move from high solute concentration to low solute concentration.
However, if the applied pressure is less than the osmotic pressure, water would migrate
from low solute concentration to high solute concentration. Therefore, the operating

pressure range for RO is 15-100 bar.
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|

Figure 1. 6 Schematic representation of water flow (Jw) as a function of pressure (AP) in
RO membrane
1.3.7 Forward osmosis (FO) membranes

Forward osmosis is one of the developing membrane technology that employs an
osmotic pressure difference to drive the water transport through a semi-permeable

membrane from low osmotic pressure side (feed) to the higher osmotic pressure side (draw)



(Cath et al. 2006). Compared to RO and NF, FO needs very less pressure and has a high
rejection of an extensive choice of solutes (Phillip et al. 2010, Jin et al. 2012, Xie et al.
2012). In addition, FO is an attractive alternative to the conventional pressure-driven
membrane process to overcome the high energy consumption as the high osmotic pressure
draw solutions are naturally available (seawater and RO brine) (Achilli et al. 2009). The
schematic representation of the FO system is presented in Figure 1.7.
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Figure 1. 7 Schematic representation of FO system

1.4 BASIC TERMINOLOGIES IN MEMBRANE SCIENCE

Certain rudimentary terminologies that are used in membrane science are as follows.
Flux: The pure water flux data determine the membrane porosity. It can be defined as “the
amount of water passing through the unit area of the membrane per unit time”. It is
calculated by the following equation.

Q
At X A

Where <J’ is water flux expressed in L/m? h, ‘Q’ is the amount of water passing through
the membrane in litre, ‘At’ is the time in hour and ‘A’ is the effective membrane area

which is expressed in m?,

Solute rejection: The membrane rejection capacity is determined by the top skin layer of

the membrane. The percentage of rejection can be elucidated by the following equation.

.. Cp
Percentage of rejection={ 1 — . x 100
f



Where ‘Cp’ is the concentration of solute in permeate and ‘Cy’ is the concentration of

solute in feed respectively.

Water uptake: The water uptake capacity is controlled by the surface hydrophilicity and

porosity of the membrane. The water uptake is expressed as follows.

_ Ww—Wgq
Water uptake (%) = T x 100
w

Where ‘W’ is the weight of the wet membrane and ‘Wy’ is the weight of the dry membrane
correspondingly.

1.4.1 Membrane fouling and control

The membrane fouling is one of the crucial processes, as it is directly affecting the
separation processes. It can be defined as the reversible or irreversible accumulation of
retained particles, colloids, emulsions, suspensions, macromolecules and salts on or in the
membrane. As a result, pore blocking and cake formation would be taken place.
Additionally, the porous membranes like MF and UF are more vulnerable to fouling. There

are three types of foulants that can be discriminated against.

e Organic precipitates (macromolecules, biological substances and so on)
e Inorganic precipitates (metal hydroxides, calcium salts etc.)

e Particulates

The fouling can be comprehended by plotting flux as a function of time as depicted

in Figure 1.8. The decline in flux owing to the fouling process.

Flux

|

Time ——

Figure 1. 8 Flux as a function of time
The membrane fouling can be controlled in the following ways.



o Pre-treatment of the feed solution
The feed solution should be treated with a complexing agent (like PEI, EDTA) before
filtration is one of the methods to reduce the fouling. Moreover, other methods like pH
adjustment, chlorination, charcoal treatment, heat treatment and pre-MF and UF can also
benefit effectively.
o Membrane properties
The modification in the membrane properties can lead to a reduction of fouling.
Likewise, engineering of pore size could control the fouling in an effective manner. Since
proteins adsorb more strongly at the hydrophobic surfaces than the hydrophilic surfaces,
the use of hydrophilic surfaces would be a decent choice. Besides, negatively charged
membrane surfaces are chosen in the presence of negatively charged colloids in the feed.
Thereby the protein adsorption can be reduced by electrostatic repulsion. However,
surface zwitterionization can reduce both the positive and negative charged protein
adsorption. The reduced surface roughness can prevent the fouling to some extent.
. Cleaning
In practice, cleaning methods would always be employed rather than the above-
mentioned methods as they are able to perform to a minimum extent. The frequency of
cleaning cycle can be assessed from the process optimization. There are three types of
methods are available.
I. Hydraulic cleaning
It is meant only for the MF and UF membrane via back-flushing. The principle of
back-flushing is that, changing of permeate direction from the permeate side to the feed
side after releasing the pressure. So that, the adsorbed foulants on the membrane surface
or in the membrane would be removed to a greater extent.
ii. Mechanical cleaning
It is applicable only to the tubular systems using oversized sponge balls.
iii. Chemical cleaning
The choice of chemical for cleaning depends on the module configuration, type of
membrane, chemical resistance of the membrane and sort of foulant to be removed.
This method is essential for reducing fouling. The amount of chemical and cleaning
time is very important compared to the chemical resistance of the membrane. Here, a

few of the chemicals are listed for chemical cleaning.
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1.5 MEMBRANE MATERIALS

There are many polymeric materials available in the market. However, all the materials
cannot be used for the membrane preparation application. The physical and chemical
properties of the polymeric material determine the suitability to use as a membrane
material. Further, hydrophilicity and hydrophobicity also important parameters for the good
membrane material (Baker 2012).

In the preparation of MF and UF membranes, the same kind of polymeric material could
be used. Nevertheless, the method of preparation is different from each other. The
preparation methods for the MF membrane are sintering, stretching and track-etching. In

which these techniques provide highly porous membranes.

F o
=< - O-HOk
Polyvinylidene difluoride (PVDF) Polyethersulfone (PES)
2 2
KO+ O+~
Polysulfone (PSF) Polyphenylsulfone (PPSU)

Figure 1. 9 Structures of few of the synthetic polymer
In the case of UF membranes, phase inversion technique is preferred. The polymers
such as poly(vinylidene fluoride) (PVDF), polysulfone (PSF), polycarbonate,
polyethersulfone (PES), polyamide, poly(ether-imide), polytetrafluoroethylene (PTFE) and
isotactic polypropylene (PP) are desired polymers (Figure 1.9) for the preparation of MF

and UF membranes.

1.5.1 Polysulfone (PSF) as membrane material
Among the polymer used for the preparation of UF membranes, PSF (Figure 1.10) is

one of the main classes of a polymer. It has extraordinary chemical and thermal stability. It
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exhibits the T4 value of 190 °C. These polymers are used widely for the preparation of UF
and support material for composite membranes. PSF is insoluble in water and less
hydrophilic in nature. However, it is soluble in polar aprotic solvents like DMF, NMP and
DMSO. Since it has very good film-forming properties, the membrane preparation is so
easy. Resistance to a wide range of pH and chlorine. Conversely, PSF is less hydrophilic
(Mulder 2012). This drawback of PSF calls for the improvement to increase the surface

wettability and fouling resistance character.
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Figure 1. 10 Chemical structure of polysulfone (PSF)

1.6 FABRICATION OF MEMBRANES

As mentioned in chapter 1.5, there are many polymeric materials available for the
preparation of the membrane. The number of the technique is also existing for the
preparation of the membrane. Conversely, the kind of technique utilized depends mainly
on the nature of the material and the desired structure of the membrane. For instance, in the
preparation of MF and UF porous membrane structure is preferred. In the case of

pervaporation and gas separation, nonporous membrane morphology is highly desirable.

1.6.1 Phase inversion method

The phase inversion technique is employed for the preparation of most of the
commercially available membranes. It is a simple and adaptable technique that allows the
preparation of all kinds of morphologies. Moreover, it is a process in which a polymer is
transformed from a liquid state to a solid-state. During demixing, one of the liquid phases
(high polymer concentration phase) will solidify to form the solid matrix. The concept of

phase inversion comprises the following different techniques (Mulder 2012).
= Precipitation by solvent evaporation

This is one of the simplest techniques. In this method, the polymer is dissolved in a
suitable solvent and cast over the suitable support. The support can be either porous
nonwoven polyester or the nonporous glass if not metal plate. The solvent can evaporate
under the inert atmosphere (N2 atm), with the purpose of eliminating the water vapor. It

provides a dense homogeneous membrane.
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= Precipitation from the vapor phase

In this method, the polymer dope solution is placed in a vapor atmosphere where the
vapor phase consists of a nonsolvent saturated with the same solvent. The membrane
formation occurs due to the diffusion of nonsolvent into the film. This leads to the porous

membrane without a top layer.
= Precipitation by controlled evaporation

In this case, the polymer is dissolved in the mixture of solvent and nonsolvent. As the
solvent is more volatile than the nonsolvent, the composition moves during evaporation to
a higher nonsolvent and polymer content. It leads to the formation of the skinned

membrane.
» Thermal precipitation

This method is useful for the preparation of MF membranes. The polymer solution is
prepared in a mixed or single solvent and cooled to assist phase separation is taking place.

= Immersion precipitation

Most of the commercially available polymeric membranes are prepared by phase
inversion via immersion precipitation technique. In this method, the dope solution is
prepared by dissolving the polymer in a single or mixture of solvent to obtain the
homogenous solution. Then the polymer solution is cast on the appropriate support and
immersed in a coagulation bath having nonsolvent. Precipitation occurs because of the
exchanging of solvent and nonsolvent. The schematic representation of the immersion

precipitation method is presented in Figure 1.11.
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Figure 1. 11 Schematic representation of phase inversion method
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1.7 APPLICATIONS OF MEMBRANE TECHNOLOGY
In the last two decades, membrane science and technology have attained significant
growth. Based on the application, different forms and sizes are now available. It has the

following advantages (Baker 2012).

o Energy efficient
o Low-temperature operation
o Recovery
o Water reuse
o Compact operation
o Easy scale-up
The membrane technology has the following applications.

1. Reverse osmosis (RO) membrane technology has been successfully used
since the 1970s for brackish and seawater desalination. It is also employed for the removal
of inorganic contaminants such as radionuclides, nitrates, arsenic and other contaminants
such as pesticides.

2. A non- pressure, electric potential driven membrane called Electro Dialysis
Reversal (EDR) has also been widely used for the removal of dissolved substances and
contaminants.

3. Low-pressure microfiltration (MF) and ultrafiltration (UF) membrane
filtration technologies have emerged as viable options for addressing the current and future
drinking water regulations related to the treatment of surface water, groundwater under the
influence and water reuse applications for microbial and turbidity removal. MF membranes
are capable of removing particles with sizes down to 0.1- 0.2 microns. Some UF processes
have a lower cutoff rating of 0.005-0.01 microns. Pressure or vacuum may be used as the
driving force to transport water across the membrane surface.

4. Membrane Bioreactor (MBR) and tertiary treatment systems are the best
available technologies for communities that are concerned about protecting the
environment and preserving potable water supplies. Whether a community needs to
improve the effluent quality from its existing conventional wastewater treatment plant or
construct a new compact and highly efficient wastewater treatment system, MBRs provide
cost-effective solutions that will meet or exceed discharge standards for years to come.

Effluent from these systems is of such high quality that it can be safely discharged into the
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most sensitive aquatic environments or reused in irrigation, industrial processes, or
groundwater recharge.

5. The membrane gas separation industry is still growing and changing. Most of
the large industrial gas companies started utilizing membrane technology now. Nowadays,
some of the research group members are focusing on vapor separation, air dehydration and
oxygen enrichment. It is also used for the separation of CO> from natural gas, hydrogen gas
separation and oxygen/nitrogen separation. By fine-tuning the solubility of CO,, the
selectivity and permeability can be improved.

6. Pervaporation systems are now commercially available for two applications.
The first and most important is the removal of water from concentrated alcohol solutions.
The ethanol feed to the membrane contains about 10 % water. The pervaporation process
removes the water as the permeate, producing a residue of pure ethanol containing less than
1 % water. The second commercial application of pervaporation is the removal of small
amounts of volatile organic compounds (VOCs) from contaminated water.

7. The main purpose of dialysis is to remove urea, creatinine and other waste
products directly from impure blood. Flat cellophane (cellulose) tube forms the dialysis
membrane; the hollow fiber membrane was wound around a rotating drum immersed in a
bath of saline. As blood was pumped through the tube, urea and other low molecular weight
metabolites diffused across the membrane to the dialysate down a concentration gradient.
The cellophane tubing does not allow diffusion of larger components in the blood such as
proteins or blood cells. By maintaining the salt, potassium and calcium levels in the
dialysate solution at the same levels as in the blood, the loss of these components from the

blood will be prevented.

1.8 LITERATURE REVIEW
In this chapter, a brief review of the literature on existing methods of water treatment has
been discussed. Membrane technology has attained an apex of success in the field of water
treatment for the past two decades. Amid the polymeric materials, polysulfone (PSF) has
attracted a remarkable consideration as a material of choice for the preparation of
membranes.
Morosoff et al. (1978) reported the preparation of polymer hollow fiber reverse osmosis

membranes. Where they used polysulfone as a substrate for the preparation of the
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membrane. The results exhibited that the composite membrane has enhanced the rejection
capacity.

The hydrophilic modification of the PSF membrane with polyvinylpyrrolidone (PVP)
as an additive was reported (Munari et al. 1988). The author has studied the effect of adding
PVP and its molecular weight on the viscosity of the casting solution. It has been reported
that the addition of PVP can increase the PSF membrane permeation rate, porosity and
water uptake compared to the neat PSF membrane.

Tremblay and group  members  studied the  changes  affecting
carboxylated polysulfone (CPS) membranes in relation to membrane porosity. The pore
size of CPS membranes containing COOH substituents was measured after exposure to
acidic and basic environments. Membrane pore size was found to be dependent on the type
of the carboxyl group. Pore size decreased by 10-25 % on exposure to acid. The conversion
from the COOH form to the ionic COO"Na* form, by exposure to a base, increased the pore
size of the membrane by 30-100 %. These changes were fully reversible on conversion to
the COOH form. Membranes were exposed to aqueous ethanol and chlorine to determine
their resistance to these environments. Aqueous ethanol had no measurable effect on
membrane pore size. For membranes in the -COOH form, 24-h exposure to chlorine
resulted in a small increase in membrane pore size, while no significant change was

observed for membranes in the COO'Na* form (Tremblay et al. 1992).

Novel and general method of modifying hydrophobic polysulfone (PSF) to produce
highly hydrophilic surfaces was reported by Song et al. (2000) (Scheme 1.1). This method
is the low-temperature plasma technique. Graft polymer-modified surfaces were
characterized with the help of FTIR-ATR and XPS. Study results demonstrated that
poly(ethylene glycol) (PEG) could be grafted onto the PSF membrane surface by low-
temperature plasma. The hydrophilic character of the modified surfaces was increased in
comparison with that of the neat membrane. The contact angle for a modified PSF

membrane was reduced apparently.
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Scheme 1. 1 Grafting of PEG on polysulfone membrane by low-temperature plasma (Song
et al. 2000)

Ribau et al. (2002) studied the effect of the pH on the ultrafiltration performance of
natural surface waters with moderate natural organic matter (NOM) content using a plate-
and-frame PSF membrane of 47 kDa MWCO. The results at three different pH values (acid,
neutral and basic) demonstrated the important role of the pH on the ultrafiltration (UF)
performance controlling the membrane fouling matter interactions. The higher fluxes and
lower NOM rejections obtained, at basic pH when compared to acidic pH, are explained in
terms of the variation of membrane and NOM charge, due to electrostatic repulsion and
adsorption effects.

Hydrophilic polysulfone ultrafiltration (UF) membranes from blends of cellulose
acetate with carboxylated polysulfone of 0.14 degree of carboxylation were prepared
(Sajitha et al. 2002). The effects of polymer blend composition on compaction, pure water
flux, water content and membrane hydraulic resistance have been investigated to evaluate
the performance of the membranes. The performance of the blend membranes of various
polymer blend compositions was compared with that of membranes prepared from pure
cellulose acetate and blends of cellulose acetate and pure polysulfone. The hydrophilic
cellulose acetate-carboxylated polysulfone blend UF membranes showed better
performance compared to membranes prepared from pure cellulose acetate and blends of
cellulose acetate and pure polysulfone.

Sundarrajan et al. (2007) synthesized the nanoparticles of MgO by the Aerogel method.
These MgO nanoparticles were then mixed with polysulfone and then subjected to
electrospinning to produce nanocomposite membranes. The hydrolysis of paraoxon, a
nerve agent stimulant, in presence of these membranes was studied using UV. The amount
of hydrolysis of the PSF-MgO composite membrane was 60 % less when compared to MgO
nanoparticles as such usage. The loading percentage of MgO into nanofiber is 35 %. The
fabricated composite membrane (containing 5 % MgO) was tested for chemical warfare
agent stimulant, paraoxon and found to be about 2 times more reactive than currently used

charcoal.
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Liu and group membranes prepared multiwalled carbon nanotubes functionalized with
poly(sulfone) (PSF) and poly(sulfobetaine methacrylate) (PSBMA) (MWCNT-
PSF/PSBMA) through sequential atom transfer radical polymerization (Liu et al. 2010).
The structure of MWCNT-PSF/PSBMA hybrid has been characterized by FTIR, Raman
spectroscopy and high-resolution transmission electron microscopy. Incorporation of
PSBMA chains to MWCNTSs introduces amphiphilic and protein-resistant properties to
MWCNT-PSF/PSBMA. The addition of 1 wt % MWCNT-PSF/PSBMA to PSF films
significantly improves their protein-resistant characteristic, as the composite films show a
4.4 % of protein adsorption compared to poly(styrene) Petri dishes. The PSF/MWCNT-
PSF/PSBMA composite has been applied to prepare antifouling ultrafiltration membranes
for protein separation. This work validates an effective and convenient approach to prepare
low-protein-adsorption surfaces and antifouling membranes.

Anaddo et al. (2010) developed the composite nanofiltration (NF) membrane
polyacrylic acid (PAA) in situ UV graft polymerization process using ultrafiltration (UF)
polysulfone (PSF) membrane as porous support. FT-IR spectra indicated that grafting was
performed. AFM microscopy showed the roughness of the surface was reduced by the
increase of UV irradiation times. The salts rejection increase was accompanied by the
grafting of polysulfone (PSF) ultrafiltration (UF) membrane. The rejection of NaxSOs,
MgSOa, NaCl and CaCl; salts by PSF-grafted-PAA nanofiltration (NF) membrane was in
the range of 98, 60, 52 and 30 % respectively, under 0.3 MPa.

Yi et al. (2010) developed electro-ultrafiltration membranes is an attractive target.
Electrically conducting ultrafiltration membranes by blending single-walled carbon
nanotube/polyaniline (SWCNT/PANI) nanofibers into a polysulfone (PSF) matrix was
reported. It is reported that, by selecting a number of nanofibers and applying a flash
welding technique, the chemical structure, porosity, thermal stability, conductivity,
hydrophilicity, permeability and Bovine Serum Albumin (BSA) rejection of these
composite ultrafiltration membranes can be controlled. The addition of SWCNT/PANI
nanofibers to the composites enhances the initial water permeability by 2.5-7.3 times and
increases the hydrophilicity and maintains considerable rejection of BSA from 39.8-73.7
%. Electrical conductivity between 0.1 and 3.4 x 10® S cm1 can be maintained over a
broad pH range from 0.52-10.2. By regulating the flash welding intensity, the conductivity,

permeability and BSA rejection can be enhanced up to 600, 2 and ~1.5 times, respectively.
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A mixed matrix membrane consisting of a polysulfone and nano-ZnO particles by a
combination of solution dispersion blending and phase-inversion method was prepared by
Alhoshan et al. (2013). The study is focused on the influence of ZnO on membrane
morphology, surface roughness and hydrophilicity, which were investigated through the
methods of scanning electron microscopy, atomic force microscopy and contact angle
meter, respectively. In addition, the changes in membrane characteristics with the addition
of nano-ZnO particles were examined by pure water flux, water content and porosity and
salts rejection including NaCl and MgSOas. From the results, it was revealed that nano-ZnO
particles constructed a membrane having a more hydrophilic, smooth and tightly packed
surface, which offered a high flux and an effective permeability barrier. Moreover, it was
observed that nano-ZnO particles produced a spongy membrane with uniform and well-
interconnecting pores.

Our previous group member reported the preparation of PSF-CS blend membranes.
Two different compositions of polysulfone in N-methylpyrrolidone (NMP) and chitosan in
1 % acetic acid were blended to prepare PSF—CS ultrafiltration membranes by the diffusion
induced phase separation (DIPS) method. The proper blending of polysulfone and chitosan
in PSF-CS membranes was confirmed by ATR-IR analysis. The surface and cross-
sectional morphology of the membranes was studied by scanning electron microscopy
(SEM). The membrane hydrophilicity was determined by water uptake and contact angle
measurements. The PSF-CS membrane showed enhanced hydrophilicity compared to a
PSF ultrafiltration membrane. An improved antifouling property was observed for PSF-CS
blend membranes as compared to pristine PSF ultrafiltration membranes. Both the
permeation and antifouling properties of PSF—-CS membranes increased with an increase in
chitosan composition (Rajesh et al. 2013).

Chai et al. (2016) prepared novel polysulfone-Fes04/GO mixed-matrix membrane by
embedding the iron-decorated graphene oxide (Fe304/GO) into PSF polymer. FesO4/GO
was then prepared by mixing both GO and Fe3O4 in the presence of ammonia hydroxide
(NH4OH) according to the co-precipitation method. A series of tests, such as X-ray
diffraction (XRD) and Transmission Electron Microscopy (TEM) were performed to
characterize the produced Fes04/GO nano-hybrid. The mixed-matrix membrane was
fabricated by casting the pre-mix PSF- Fe304/GO polymer solution mixture using the phase

inversion method. The performance of both neat PSF membrane and novel polysulfone-
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Fe304/GO mixed-matrix membrane was evaluated by measuring the membrane permeate
flux and humic acid rejection. The experiment demonstrated that the novel polysulfone-
Fe304/GO mixed-matrix membrane was having 3 times higher permeate flux than the neat
PSF membrane despite the drop in humic acid rejection from 89+2 % to 84+2 %. However,
polysulfone-Fes04/GO mixed-matrix membrane permeability was increased with the
compensation of decreasing retention capacity due to pore size enlargement, higher
porosity as well as higher hydrophilicity.

Ding and co-workers prepared the composite nanofiltration membrane by coating the
covalent crosslinked sulfonated polysulfone on a porous substrate (Scheme 1.2 ) (Ding et
al. 2016). Polyethylene glycol (PEG), dopamine (DA) and m-phenylenediamine (MPD)
were used as crosslinkers, respectively. The polyethersulfone/sulfonated polysulfone
substrate was prepared by phase inversion. The membrane surface chemistry,
hydrophilicity, morphology, PWF and rejections of PEG, methyl red and Na>SO4 were
characterized. The effect of the sulfonated polysulfone concentration on the membrane
characteristic was also investigated. The PEG-crosslinked membrane showed the lowest
contact angle of 9.0°, the highest PEG-600 rejection of 99.8 %, the highest methyl red
rejection of 99.8 % and the rejection of Na,SO4 was 93.4 % and the PWF was 3.1 L/m?h.
The DA crosslinked membrane had the highest PWF of 51.5 L m™2 h™* and the rejections
of PEG-600, methyl red and Na2SO4 were 46.0, 44.0 and 34.0 %, respectively.
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Scheme 1. 2 Crosslinking reaction of sulfonated polysulfone (SPSf) with A) meta
phenylenediamine (MPD) and B) PEG-200 (Ding et al. 2016)
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Basu et al. (2017) demonstrated the removal of pharmaceutical wastes through
electrostatic repulsion and size sieving in NF and RO from the aqueous feed. It is reported
that the incorporation of metal-organic frameworks (MOF) into the polymeric membrane
exhibited the 55 % retention of paracetamol.

An antifouling hybrid ultrafiltration membranes using polysulfone (PSF) and sulfonic
acid functionalized TiO2 nanotubes (TNTs-SOsH) prepared by Alsohaimi et al. (2017)
(Scheme 1.3). Hybrid membranes containing TNTs-SOsH up to 5 wt% were then prepared
from the blend solutions of PSF/TNTs-SOzH via a non-solvent induced phase separation
(NIPS) method. The hybrid membranes were characterized using contact angle, Fourier
transforms infrared spectroscopy, scanning electron microscopy and surface zeta potential
studies. The antifouling capability of hybrid membranes with bovine serum albumin and
humic acid (HA) as model foulants were investigated in detail. Hybrid membranes
exhibited better water permeability and antifouling performance during the filtration of
foulant solutions. The ultrafiltration of HA solutions of different concentrations was carried
out at pH = 7 and 1 bar feed pressure, with the removal of HA from the aqueous solution
being controlled through the charged behavior, porosity and exclusion of HA by hybrid
membranes. The maximum removal of HA from 20 ppm aqueous solution was achieved
using the hybrid membrane MTS-5 containing 5 wt% TNTs-SOzH.

. MPTEOS ' H202
Toluene, 140°C RT 24 h '

Scheme 1. 3 Synthesis of sulfonic acid functionalized TiO2 nanotubes (Alsohaimi et al.
2017)

Polyamide (PA) thin-film nanocomposite (TFN) membrane incorporated with
multiwalled carbon nanotubes-titania nanotube (MWCNT-TNT) hybrid was fabricated
(Wan Azelee et al. 2017). The hybrid was introduced to the PA selective layer during the
interfacial polymerization (IP) of trimesoyl chloride (TMC) and m-phenylenediamine
(MPD) monomers over porous commercial polysulfone (PS) ultrafiltration support. The
resultant TFN was characterized and applied for desalination. The results revealed that the
acid-treated MWCNT-TNT, which act as filler in the PA membrane, improved the surface
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properties of the membrane in term of surface charge, surface roughness and contact angle.
Consequently, the water permeability increased significantly without compromising the
salt rejection performance. The highest water permeability of 0.74 L/m? h bar was achieved
for the TFN membrane containing 0.05 wt% acid-treated MWCNT-TNT, which is
approximately 57.45 % than that of the neat PA membrane. The NaCl and Na>SO4 rejection
of this membrane was 97.97 % and 98.07 %, respectively that is almost like the neat
membrane.

Zambare and co-workers synthesized polyamine functionalized graphene oxide (fGO)
based polysulfone mixed matrix membranes with enhanced hydrophilicity, permeability
and antifouling properties (Zambare et al. 2017). The effect of chain length of the amine in
fGO on the performance of the mixed matrix polysulfone membranes was studied using
three different polyamines, such as ethylenediamine, diethylenetriamine and
triethylenetetramine. Synthesized membranes were characterized by the water contact
angle, tensile strength, SEM, AFM, EDS, overall porosity, water permeability, fouling
resistance, etc. fGO based polysulfone membranes showed higher porosity and
permeability, improved structural and mechanical properties and better anti-fouling
potential with high flux recovery after bovine serum albumin (BSA) filtration with little
change in BSA rejection. Polysulfone membranes containing 1 wt% of ethylenediamine
functionalized graphene oxide and 5 wt% of polyethylene glycol (PEG-600) additives,
displayed remarkably high pure water flux of 170.5 L/m?h bar, a 3-fold increase over
corresponding control membrane, in addition to substantially higher BSA rejection and
higher normalized recovered flux after fouling.

Zhang et al. (2019) fabricated high flux TFC NF membranes with novel acyl chloride
such as trimellitic anhydride chloride (TAC) and trimesoyl chloride (TMC) using PSF UF
membrane as support (Scheme 1.4). The chemical composition and structure of the PA
layer was tailored by using different concentration of TAC. It was reported that the as-
added TAC led to the formation of a looser PA layer structure during the interfacial
polymerization (IP) reaction. The added TAC also increased the surface hydrophilicity,
roughness, pore size and surface charge. With 0.04 wt% of TAC, the TFC membrane
demonstrated pure water permeability (PWP) of 13.2 L/m?h bar and Na;SO4 rejection of
97.6 %.
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Scheme 1. 4 Synthesis of thin film composite (TFC) nanofiltration (NF) membranes
(Zhang et al. 2019)

Xue and group members reported the preparation of chlorine resistant TFC NF
membranes incorporated with B-cyclodextrin (B-CD) (Xue et al. 2019). The TFC
membrane prepared with 1.8 wt% of -CD bestowed improved permeability and chlorine
resistant property for 96 h. The improved permeability of the TFC membrane was attributed
to the synergistic effect of the intrinsic cavity and the inactive hydroxyl group formed the
loose PA layer and water channel.

The cellulose nanocrystals (CNCs) incorporated TFN NF membranes were reported by
Rahimi et al. The CNCs were dispersed in TMC solution with varying concentrations and
reacted with PIP. It was observed that with an increase in the concentration of CNCs
increased the PWP of the TFN NF membrane. However, the higher concentration of CNCs
(above 0.1 wt%) resulted in deterioration of NF membrane performance. It was also
mentioned that CNCs concentration of 0.05 wt% exhibited water flux of 22.47 L/m?h and
Na2SOs rejection of 93.44 %. In addition, the modified TFN membrane presented improved
antifouling property (Rahimi et al. 2020).
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TFN hollow fiber NF membrane was fabricated by incorporating ZIF-93 metal-organic
framework (MOF) (Echaide-Goérriz et al. 2020). In the typical process, continuous MOF
layers were prepared by liquid-phase crystallization followed by IP reaction on the MOF
layer. The TFN membranes exhibited increased PWP and dye rejection compared to the
pristine membrane. Nevertheless, Zinc ions released during the degradation of MOF was
also attributed to the increase of PWP.

In another report, Zhu et al. (2020) reported the fabrication of the TFC membrane with
a supramolecular based protective layer. The prepared TFC membranes exhibited improved
chlorine resistance. The modified membranes demonstrated increased removal of dyes,
salts and micropollutants with only ~10 % reduction in water permeability. The increased
chlorine resistance was ascribed to the presence of a supramolecular coating layer, which
avoided the degradation of the PA layer by acting as a radical scavenger.

From the above literature survey, it is evident that PSF can be employed as an excellent
membrane material. However, limited research has been done on PSF as membrane
material due to its lower hydrophilicity and flux. Hence more research is needed to
overcome its drawbacks, as PSF being cheaper as compared to other commonly used
polymers would make an economical membrane material. The following work has been

proposed by taking these arguments into account.

1.9 SCOPE OF THE WORK

It is evident from the literature survey that the use of polysulfone (PSF) as membrane
material has attracted many researchers worldwide for its expanding utility in the field of
membrane separation technology. Keeping in view the advantages offered by this material,
research is in progress to overcome their existing drawbacks (such as hydrophobicity and
fouling) by some suitable modifications in order to make them an ideal membrane material.
The possibility of enhancing the membrane properties in terms of their hydrophilicity,
antifouling nature, chemical resistance, mechanical strength and thermal stability may help

in large scale utilization of this material in the near future.
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1.10 OBJECTIVES

1.

To prepare neat and modified polysulfone-based ultrafiltration and nanofiltration
membranes for water purification.

To synthesize the hydrophilic polymer and to fabricate the polysulfone blend membrane
with improved performance.

To study the effect of both organic and inorganic hydrophilic additives on property and
performance of the composite membranes.

To study the morphological features of all the prepared polysulfone membranes by
SEM and to characterize the polymer, nanoparticles and membranes by FT-IR, UV-
Vis, NMR, AFM, DSC, TGA, TEM, EDX and zeta potential analysis.

To study the permeation and rejection behavior of the newly prepared membranes.

To study heavy metal, salt and dye removal capacity of pristine polysulfone and
modified polysulfone membranes.

To determine pristine polysulfone and modified polysulfone membrane properties in
terms of water uptake, porosity and contact angle measurement and to study the

antifouling property and reusability of the prepared membranes.

25






CHAPTER 2

/BIO-INSPIRED, FOULING RESISTANT, \
TANNIC ACID FUNCTIONALIZED
HALLOYSITE NANOTUBE REINFORCED
POLYSULFONE LOOSE
NANOFILTRATION HOLLOW FIBER
MEMBRANES FOR EFFICIENT DYE AND

K SALT SEPARATION j







Abstract: In this chapter, a simple and novel loose nanofiltration (NF) membranes were
prepared by the addition of tannic acid-functionalized halloysite nanotubes (THNTS) in
polysulfone (PSF) membrane matrix via phase inversion method. The membrane
permeation studies were carried out with a sequence of salts (NaCl and Na>SO4) and dyes
(Reactive black 5 and Reactive orange 16). The resulted membranes exhibited increased
hydrophilicity, porosity, water uptake, antifouling performance, along with higher dye
rejection (>99 % for Reactive black 5 and >90 % of Reactive orange 16) and low salt
rejection (2.5 % of NaCl and 7.5 % of Na2SOa) properties. The nanocomposite membrane
also exhibited the highest pure water flux of 92 L/m?h compared to the pristine membrane
of 18 L/m?h made it a worthy candidate for the wastewater purification.

2.1 INTRODUCTION

The increased concentration of pollutants is inflowing water provisions through
anthropogenic sources, affecting in the insufficient entry to clean water for the rising
worldwide inhabitants (Shannon et al. 2008). The wastewater from the industries such as a
dye, paper, paint and tanneries are needed to treat appropriately before discarding or
recycling. The direct discharge of organic dyes into the water stream leads to severe
environmental imbalance, as most of them are non-biodegradable, toxic and consume
dissolved oxygen (Forgacs et al. 2004, Rafatullah et al. 2010, Wu et al. 2013). More
complex structures, high molecular weight and synthetic origin of reactive dyes make them
more stable, particularly even just 1.0 mg/L concentration in drinking water possibly will
impart color (Salleh et al. 2011, Xing et al. 2015).

In the dye industry, water is employed primarily as steam for the heat treatment of the
bath and then for transferring dyes into the fibers. The dyeing of about 1 kg of cotton needs
around 152 L of water, ~ 0.8 kg of NaCl and somewhere around 60 g of dyestuff (Dupont).
Therefore, the reclamation of dye from wastewater has excessive importance. Furthermore,
inorganic salts such as NaCl (~ 6 wt%) and Na>SO4 (~ 5.7 wt%) were incorporated to
improve the dye pickup ability of the cotton and during synthesis of dye, quite large amount
of low molecular weight intermediates are produced (Yu et al. 2001). The occurrence of
inorganic salts not only restraining the biodegradation of dyes but complicates the treatment
processes as well (Luo et al. 2011, Xie et al. 2011). In the thought of sustainability, the

recovery of dyes and salts from the wastewater needs a new technique that is cost-effective,

29



less time consuming and environmental friendly. Conventional methods, such as
electrochemical (Lin et al. 1994, Vlyssides et al. 2000), oxidation (Tratnyek et al. 1994),
coagulation by polymeric aluminum species (Shi et al. 2007) are having the similar

disadvantages that the resources are not recycled adequately (Zheng et al. 2006).

The employment of loose nanofiltration (NF) membrane has been recognized as the
complementary nominee for the wastewater management, as it has advantages like low
cost, low operating pressure, environmentally friendly, less energy consumption, high dye
rejection and high salt permeability (Liao et al. 2014, Ong et al. 2014, Zhu et al. 2016).
Even though NF has the capacity to reject more than 99 % of dyes, it has a high rejection
of inorganic salts (> 30 % NaCl), membrane fouling, concentration polarization and
molecular weight cut-off (MWCO) of 100-1000 Da signifying the near pore size of 1 nm.
Unavoidably, NF requires a high frequency of chemical cleaning, which would affect the
lifespan of membranes. The above shortcomings make the NF as an insignificant candidate
for the separation of dye/salt mixture (Koyuncu et al. 2003, Koyuncu et al. 2004,
Mohammad et al. 2015, Wu et al. 2016). Therefore, it is of prime importance to study the
loose NF membranes.

Lin and group members reported the separation of direct dye and salt in aqueous
solution. The results exhibited that, 99.0 % of dye retention with 95 % of NaCl permeation
(Lin et al. 2015). According to Yu et al., the poly (ionic liquid) functionalized SiO2 loose
NF membrane showed the increased permeation of salts with high rejection of dyes (Yu et
al. 2015). Xing et al. prepared negatively charged PSS-SiOz incorporated PES membranes
for the high rejection of dyes with less than 11 % of salt rejection (Xing et al. 2015). Yu et
al. reported the positively charged hydrotalcite nanosheets modified by poly (ionic liquid).
The loose NF membrane could reject 95 % of Reactive black 5 and around 90 % of reactive
red 49 with non-zero salt rejection properties (Yu et al. 2016). Zhu et al. investigated the
effect of adding chitosan-montmorillonite nanosheets to loose NF membranes and the
modified membrane exhibited high rejection of reactive red 49 and Reactive black 5 along
with high salts permeation (Scheme 2.1) (Zhu et al. 2015).
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Scheme 2.1 Preparation of chitosan—montmorillonite (CS-MMT) nanosheets (Zhu et al.
2015)

Polysulfone (PSF) is one of the perfect polymeric material for the preparation of
membranes, because of its high thermal stability, long-range of pH and chlorine tolerance
along with outstanding chemical resistance (Nabe et al. 1997, Kim et al. 2002, McVerry et
al. 2013). However, the pristine PSF membranes are suffering from severe fouling. The
fouling of membrane can be ascribed mainly due to the lesser hydrophilicity of the
membrane. Since the PSF membrane is less hydrophilic, it would foul very fast and the
lifespan of the membrane would be reduced to a great extent. Consequently, the
maintenance cost of the membrane would be enhanced. Of late, the significant extent of
efforts has been taken to improve the innovative composite polymeric membranes for
obtaining better surface hydrophilicity and antifouling performances (Ismail et al. 2013,
Yang et al. 2014, Pereira et al. 2015, Moideen K et al. 2016). Sharma et al. prepared PSF
ultrafiltration membranes using racemic and enantiomeric tartaric acid as an additive. It is
reported that the as-prepared membrane exhibited the enhanced removal crystal violet dye
(Sharma et al. 2016). Chai et al. demonstrated the preparation of PSF-Fes04/GO mixed
matrix membranes for humic acid rejection (Chai et al. 2017). In 1966, Mahon prepared
the first hollow fiber (HF) membranes (Mahon 1966). Related to flat sheet membranes, the
HF membrane is the superior of membrane since it has the following advantages: (i) the
increased surface area per unit volume of the membrane module, which renders enhanced
efficiency; (ii) easy cleaning, handling and preparation; (iii) consistent results; (iv) it does
not need any mechanical support (Chung et al. 2000, Wang et al. 2004). In recent days, HF
membranes are also used in gas separation, reverse osmosis (RO), ultrafiltration (UF),
dialysis and pervaporation.
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Over the past decades, Halloysite nanotubes (HNTS) has received greater attention from
the researchers due to its efficacy in the different fields. Figure 2.1 denotes the increased
attention paid towards the HNTSs for the past few years. These data are attained based on
the Scopus database. Moreover, HNTSs are cheaper, non-toxic and extensively found in soils
worldwide. On the other hand, the foremost morphology of HNTSs is elongated tubule with
a diameter of 50-100 nm and length of 100-2000 nm (Yu et al. 2016). Figure 2.2 represents
the structure of HNTs. Moreover, the lumen surface of HNTS is covered with alumina and
the outer surface is covered with silica predominantly, as a result, it is having the net
negative charge on the outer surface (Cavallaro et al. 2013, Owoseni et al. 2014). The
presence of plenty of hydroxyl groups on the surface of HNTs makes the nanomaterial
more hydrophilic and easier for further modifications. Nevertheless, to reject the anionic
dyes based on the electrostatic repulsion, the HNTs must be functionalized with selected

worthy materials.
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Figure 2.1 The number of publications based on the keyword “Halloysite nanotube”
(Scopus; as on 06™ Jan 2020)
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Figure 2.2 Structure of halloysite nanotubes (HNTS)
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Messersmith et al. reported facile and one-step modification using polydopamine
(pDA) as an effective modifier (Lee et al. 2007). According to Hebbar et al. the pDA coated
HNTs enhanced the flux, porosity, antifouling and antibiofouling properties of the as-
prepared membranes (Hebbar et al. 2016). Although pDA is unsophisticated to use on any
substrate and offers many potential applications, the cost of dopamine and typical dark
color of pDA coating would impairment some hands-on applications (Sileika et al. 2013,
Pan et al. 2015,). Tadas et al. described the usage of polyphenols as an active alternative to
pDA for the surface coatings (Sileika et al. 2013). Inspired by the phenomenon of staining
of teacups by the tea water, the plant-based polyphenol such as tannic acid (TA) was
identified as the universal coating material. These types of biomolecules consist of dense
gallol functional groups and thus exhibit strong solid-liquid interfacial properties (Wei et
al. 2015). TA is the low-cost, environmental friendly polyphenol. The commercial slight
yellowish amorphous TA powder is straight away extracted from the plants. In tanneries,
TA is used for the tanning of leathers. TA holds numerous advantages similar to pDA and
deposits under similar conditions. Moreover, it is hundredfold cheaper and delivers
colorless multifunctional coatings. The presence of plenty of hydroxyl groups in TA make
the coating more hydrophilic and enhance the surface charge. In addition, it has excellent
resistant towards the fouling by bacterial and mammalian cells (Tang et al. 2015).

The effect of adding TA coated graphene was studied by Liu and group members. The
results indicated that the functionalized graphene showed excellent adsorption capacity
towards Rhodamine B from the aqueous solution (Liu et al. 2015). According to Xu et al.
the maleimido-containing TA coated stainless steel surface exhibited outstanding
antifouling character (Xu et al. 2016). Zhang et al. stated the co-deposition of TA and
diethylenetriamine (DETA) on the commercially available polypropylene and poly
(vinylidene fluoride). The modified membranes displayed high water flux, hydrophilicity
and more surface wettability (Scheme 2.2) (Zhang et al. 2016). Yan et al. examined the
performance of the NF membrane via interfacial polymerization of TA and trimesoyl
chloride. The thin film composite membrane exhibited enhanced permeation and
antifouling performances along with excellent chemical stability (Zhang et al. 2013). Lin
et al. demonstrated the use of TA coating on iron ions via coordination. The results showed
that, the increased ratios of dye and salt rejection with the antioxidant ability (Fan et al.

2015). Xi et al. reported that the as-formed interlayer using TA and diethylenetriamine in
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the thin-film composite membrane, enhanced the flux and rejection capacity as the

interlayer assisted in the formation of defect-free polyamide layer (Zhang et al. 2016).
TA/DETA Solution

DETA  HN A~ A~ NH; NPT ISR
N :

Scheme 2.2 Schematic representation of co-deposition of tannic acid (TA) and
diethylenetriamine (DETA) on the membrane surface (Zhang et al. 2016)

In the contemporary study, facile, low-cost, green and one-step modification of HNTSs
with tannic acid via self-polymerization has been reported. The modified HNTs were used
as an additive to fabricate the PSF loose NF membrane via a dry/wet phase inversion
method. The effect of the addition of novel additive was thoroughly examined in terms of
surface hydrophilicity, porosity, anti-fouling and water uptake. The purpose of using TA
not only for the organic modification of HNTs but also to enhance the surface charge of the
nanomaterial, which would enhance the surface charge of the hollow fiber membrane. The
prepared novel PSF loose NF membrane also studied for the rejection capability towards
the reactive dyes with high inorganic salt permeation ability. Besides, the loose NF
membranes eliminate the formation of the toxic intermediates during the course of the dye
degradation and improve the dye and salt recovery as well. This is the first such report of

tannic acid-functionalized HNTs (THNTS) for the preparation of loose NF membranes.

2.2 EXPERIMENTAL
2.2.1 Materials and methods

Polysulfone  (PSF, Udel P-3500), polyvinylpyrrolidone  (PVP-K30),
Tris(hydroxymethyl) aminomethane (Tris base), halloysite nanotubes (HNTSs), Reactive
black 5 and Reactive orange 16 were purchased from Sigma-Aldrich (India). Tannic acid

(TA) was purchased from Loba chemicals. 1-Methyl-2-pyrrolidinone (NMP), NaCl and
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Na>SOs were obtained from Merck, India. Bovine serum albumin (BSA) was procured

from Himedia.

The functional groups present in the HNTs and THNTs were analyzed using FT-IR
(Bruker alpha spectrometer). Every single spectrum was recorded at a resolution of 2 cm™
by 24 scans using KBr pellets in the range of 4000-500 cm™. The TGA measurements were
performed in a nitrogen atmosphere with a flow of 100 mL min* by employing HITACHI
EXSTAR 6300. In this experiment, 5 mg of the sample was heated at 10 °C min from
room temperature to 800 °C. In the TEM analysis, the nanoparticles were dispersed in
ethanol by means of sonication for 1 h. Then, the dispersed particles were moved into a
carbon-coated copper grid (200 meshes). After evaporation of the solvent, the samples were

examined using JEOL JEM 123 under 200 kV acceleration voltage.

The elemental composition of nanoparticles before and after the modification was
carried out using EDX analysis (X-act Oxford instruments). The zeta potential of both
pristine and modified nanoparticles was analyzed by using the HORIBA SZ-100
nanoparticle analyzer. About 5 mg of the sample was dispersed in distilled water (pH ~ 6.4)
and transferred into the cell. The pristine and THNTs embedded loose NF membrane
surface charge was characterized by zeta potential, which was analyzed in the electrokinetic
analyzer (Surpass Anton Paar) by streaming current method. The hollow fiber membranes
were cut into the area of 2 cm x 1 cm and placed on the adjustable gap cell. Successively,
0.001 M KCI was used as the background electrolyte and pH was adjusted with 0.5 M HCI
or 0.5 M NaOH.

The morphology of the as-prepared membranes was studied using SEM. The
prerequisite amount of prepared hollow fiber membranes were dipped in methanol for 5
min. Further, the membranes were fractured in liquid nitrogen. The fractured membranes
were sputtered with platinum to avoid charging. The cross-sectional images of the hollow
fiber membranes were observed by using the TM3000 HITACHI tabletop microscope. The
water contact angle of the hollow fiber membrane surface was measured by contact angle
goniometer (15EC OCA, Dataphysics) at room temperature with 60 % of relative humidity.
To make the contact angle more authentic, for every sample the contact angle was analyzed
at five separate locations and the average was calculated.
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2.2.2 Preparation of functionalized halloysite nanotubes (THNTS)

The halloysite nanotubes (HNTs) were functionalized via a step self-polymerization of
tannic acid (TA) (Sileika et al. 2013). In short, 0.5 g of HNTs was dispersed in 50 mL of
Tris base (0.61 g of the base and 1.76 g of NaCl) by means of sonication (40 kHz, 60 W
Spectralab ultrasonic cleaning bath) for 30 min and the pH was adjusted to 7.8 with 0.1 M
HCI. Subsequently, 0.05 g of tannic acid was added and stirred at room temperature for 24
h. The resultant reaction mass was centrifuged (3500 rpm for 30 min) to obtain THNTSs and
washed with water (3 x 20 mL). The schematic representation of the preparation of THNTS

is presented in Scheme 2.3.

pH=738

| Tris buffer / Tannic acid

Scheme 2.3 The schematic representation of THNTS preparation

2.2.3 Preparation of functionalized halloysite nanotubes (THNTS) nanocomposite
loose nanofiltration membranes

The PSF and PVP were dried in a vacuum oven at 50 °C for 12 h to remove the absorbed
moisture. The detailed spinning parameters and dope solution composition are presented in
Table 2.1 and 2.2 correspondingly. All the hollow fiber membranes were prepared via the
dry/wet phase inversion method. For the preparation of HM-2, 0.36 g of THNTs was
dispersed in 77.7 mL of NMP and sonicated (40 kHz, 60W Spectralab) for 30 min.
Subsequently, 18 g of PSF and 2 g of PVP were added and heated to 50 °C for 12 h to get
the homogeneous dope solution. All the dope solutions were degassed before spinning. The
dry/wet spinning technique was used to spin the hollow fiber membranes by keeping the
dope and bore extrusion rate constant. The as-prepared fibers were submerged in distilled
water for 24 h with changing of water occasionally to eliminate the residual solvents. Then,
the membranes were retained in 20 wt% glycerol aqueous solution for 24 h to get rid of
pore collapse. The post-treated membranes were dried at room temperature for further

usage.
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Table 2.1 Hollow fiber membrane spinning parameters

Parameter Spun fiber values

Dope extrusion rate (mL min?) | 4

Bore fluid Distilled water
Bore flow rate (mL min™) 2
Air gap (cm) 1

Spinneret dimensions (mm) 1.1/0.55 (OD/ID)

Humidity (%) 60

Table 2.2 Dope solution composition

Membrane code | PSF (g) | PVP (g) | NMP (mL) | THNTs (g)
HM-0 18 2 7.7 0

HM-1 18 2 7.7 0.18

HM-2 18 2 7.7 0.36

HM-3 18 2 7.7 0.54

2.2.4 Water uptake and porosity

The water uptake study was done as per the literature procedure (Pereira et al. 2016).
In brief, the as-prepared membranes were cut into 2 cm of length and immersed in distilled
water for 24 h. The membranes were taken out and swabbed with blotting paper. The wet
weight of the membranes was logged and dried at 50 °C till constant weight. The dry weight
of the membranes was recorded. The percentage of water uptake was calculated by equation
(2.1). The percentage of porosity (&) was assessed by the gravimetric method (Kumar et al.
2013) which is denoted by the equation (2.2).

W,
% Water intake = (Ww—d)xmo (2.1)

w
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Where ‘Wy’ and ‘Wg” are the wet and dry weight of the membrane samples. ‘I’ is the
thickness of the membrane, ‘A’ is the area of the membrane (m?) and 'p' is the density of

pure water (0.998 g cm™).

2.2.5 Membrane filtration study

To determine the pure water permeability (PWP), salt and dye separation results, 5
number of fibers with a length of 10 cm (total area 8.635 cm?) were potted in a stainless-
steel adaptor using epoxy resin. The potted adaptors were dried at room temperature for 24
h. The experiments were run using a lab-made cross-flow filtration setup. Initially, the
membranes were compacted for 30 min at 3 bar pressure. Subsequently, the PWP was
studied at 2 bar pressure for 60 min and calculated by equation (2.3). The salt (1000 ppm)
and dye (10 ppm) separations were completed at 1 bar pressure as defined in equation (2.4).
The salt concentration was measured using a conductivity meter (Systronics 306
conductivity meter). The solute concentration of dye and BSA rejection were analyzed with
a UV-Vis spectrophotometer (HORIBA UV-1800). All the experiments were carried out at

room temperature.

3 Q
Jw = AXAP XAt (2.3)
Cp
%R=|1——-—)x100 (2.4)
Cy

Where ‘Ju’ is the permeate permeability and expressed in L /m? hbar, ‘Q’ is the amount of
water collected (L) through a ‘At’ (h) time, ‘A’ is the effective area of the hollow fiber
membrane (m?), ‘Cy’ and ‘Cs’ are permeate and feed solute concentrations correspondingly.

2.2.6 Molecular weight cut-off (MWCO) study

The MWCO study was carried out using polyethylene glycol (PEG) of different
molecular weight ranging from 2000 to 10000 Da. The separation performance depends
mostly on the MWCO and mean pore size of the membrane via a sieving mechanism. The
filtration study was performed using 500 ppm of PEG at 2 bar pressure as reported

elsewhere (Qin et al. 2016). The rejection of PEG was calculated according to the equation
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(2.4). In general, the ultrafiltration membrane would have the MWCO of 1000-100000 Da
(Ng et al. 2013). The MWCO of the membrane can be defined as the molecular weight of
solute which has above 90 % rejection. The concentration of PEG in the feed and permeate
was analyzed in terms of total organic carbon (TOC) with TOC-L SHIMADZU TOC

analyzer.

2.2.7 Membrane antifouling performance study

To analyze the antifouling performance of the as-made hollow fiber membranes, BSA
(0.8 g L) was used as a model foulant. Initially, the PWP was performed for 40 min and
depicted as Jw. Later the BSA filtration was performed for another 40 min and represented
as Jp. Subsequently, the membranes were washed with deionized water thoroughly. The
cleaned membrane water permeability was measured as Jw1 for another 40 min. To estimate
the antifouling property of each membrane, the flux recovery ratio (FRR) was calculated
as shown in equation (2.5).

Jw1

FRR (%) = (1—) x 100 (2.5)

w

2.3 RESULTS AND DISCUSSION
2.3.1 Characterization of functionalized halloysite nanotubes (THNTS)

The morphology of HNTs and modified THNTSs were investigated by TEM. Figure 2.3
denotes the TEM images of pristine HNTs and THNTS. Figure 2.3a shows that HNTs have
a tubular structure with both ends are open with a thickness of 10-15 nm. The diameter of
HNTs ranges from 50-100 nm and lengths of 100-2000 nm. TEM image was used to
calculate the inner and outer diameter of the nanotube before and after modification, in
order to interpret the morphology changes of the pristine HNTs and THNTSs. The results
showed that the outer diameter was enlarged to nearly 10 nm and inner diameter was
reduced to approximately 5 nm. It designates the formation of the TA layer on the inner
and outer surface of the HNTs. Cho et al. reported the modification of HNTs using

polydopamine (pDA) and similar reports were observed (Chao et al. 2013).
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Figure 2.3 TEM micrographs of a) HNTs and b) THNTs
The organic modification of HNTs using TA was confirmed by FT-IR and Figure 2.4,
which represents the FT-IR spectra of HNTs and THNTs. The peak at 3694 cm™, 3622

cm™ are designated to Al,-OH stretching vibrations and the peak at 1625 cm™ is ascribed

to the bending vibration of an adsorbed water molecule. The peak at 1038 cm™ represents
the in-plane Si-O stretching vibration. The peak at 913 cm™ is attributed to the bending
vibration of AI-OH. The new bands at 1711 cm™ and 3451 cm™ are ascribed to the carbonyl
stretching frequency of the ester group and —OH groups present in TA. The presence of

these new peaks confirmed the modification of HNTs by TA.
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Figure 2.4 FT-IR spectra of HNTs and THNTs
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The thermal stability of HNTs and THNTs was determined using TGA. The
experimental results further confirmed the modification. Figure 2.5 represents the TGA
curves of HNTs and THNTSs. In HNTSs, the weight loss between 50 and 150 °C was ascribed
to the loss of adsorbed water (as HNTs are hydrophilic in nature). Another weight loss in
the range of 450-550 °C was attributed to the dehydroxylation of the Al-OH group (Zhang
et al. 2012). For THNTSs, weight loss below 110 °C due to adsorbed water (presence of
adsorbed water is consistent with FT-IR spectra) and the new weight loss between 240 and
365 °C was attributable to the loss of coated tannic acid. In summary, the TGA results

confirmed the successful modification of HNTs with TA.
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Figure 2.5 TGA curves of a) HNTs and b) THNTs

The zeta potential analysis is one of the useful techniques to determine the surface
charge of the nanomaterial. In addition, the increased zeta potential would improve the
colloidal stability (Ginister et al. 2006, Qin et al. 2016). The presence of the Si-OH group
on the outer side of the HNTSs provide the negative charge and it was calculated as -26 mV
(pH~ 6.4) (Levis et al. 2002, Joo et al. 2013). The zeta potential was further enhanced to
-91 mV (pH~6.4) after modification of the HNTSs, which was due to the presence of plenty
of —OH groups present in TA. Figure 2.6 represents the zeta potential value of HNTs and
THNTSs. Therefore, the analysis result ascertains the presence of TA on the surface of the
HNTSs.
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Figure 2.6 Zeta potential curves of a) HNTs and b) THNTSs

2.3.2 Morphology of the hollow fiber membranes

In general, the permeation and rejection properties of the membranes can also be
determined from the cross-sectional images of the membranes significantly (Hebbar et al.
2014). The cross-sectional SEM images of the as-prepared pristine and nanocomposite
loose NF membrane with different amounts of THNTSs are presented in Figure 2.7. As
shown, all the membranes have produced an asymmetric structure with finger-like voids in
both inner and outer surfaces and the sponge-like structure in the middle upon phase
inversion. Despite the fact that, increasing the concentration of hydrophilic additive
THNTSs, the number of macro-voids increases in the inner and outer layers. This fact is
well-suited while comparing cross-sectional images of the pristine HM-0 and
nanocomposite membranes (HM-1, HM-2 and HM-3). In the HM-2 and HM-3, the vertical
voids are more noticeable than the horizontal voids. The vertically connected voids let the
water to permeate more with less internal resistance, high permeability compared to other
membranes. This accounting for the membrane HM-2 to exhibit enhanced permeability.
However, HM-3 exhibited reduced permeability owing to the agglomeration of
nanoparticles. Further, HF membrane inner diameter (ID) and outer diameter (OD) was
measured using SEM and presented in Table 2.3.

In addition, the presence of THNTs on the membrane was confirmed using EDX
analysis. The presence of Silica (Si), Alumina (Al) and Oxygen (O) in the EDX spectrum
(Figure 2.8b) confirmed the successful incorporation of THNTS into the membrane.
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Figure 2.7 SEM cross-sectional images of HM-0 (aand a’), HM-1 (b and b”), HM-2 (c and
c¢’) and HM-3 (d and d’)
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Figure 2.8 EDX analysis of a) HNTs and b) HM-2 membrane
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2.3.3 Membrane hydrophilicity

The surface hydrophilicity of the as-made membranes was measured by static water
contact angle analysis. The contact angle values of the membranes are represented in Figure
2.9A. The formation of a rigid and dense hydration layer depends on the hydrophilicity of
the membrane surface, which inhibits the absorption of the hydrophobic foulants and
enhances the permeation ability. As a general rule, lower the contact angle, the more will
be surface hydrophilicity and energy which ease the water to wet the surface of the
membrane (Liu et al. 2012). Comparative to the pristine membrane, the membrane HM-1
has exhibited the contact angle of 70° which is 9° less than the HM-0. Further increasing
the concentration of THNTS, the contact angle was reduced to 66° for HM-2 when THNTs
content was 2 wt% and still reduced to 63° for HM-3. The change in the hydrophilicity of
the membrane surface was attributed to the addition of THNTSs. During phase inversion,
the nanomaterials migrated towards the surface of the membrane, which reduced the water
contact angle. The surface hydrophilicity of the PEI membrane blended with MHNTs was
reported by Hebbar et al. (Hebbar et al. 2016) and the results are comparable to the present
experimental results.
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Figure 2.9 A) Water contact angle, B) Porosity and water uptake of hollow fiber
membranes, C) molecular weight cut-off (MWCO) study of the HM-2 membrane and D)

Zeta potential of HM-0 and HM-2 membranes as a function of pH
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2.3.4 Porosity and water uptake of the membranes

The porosity and water uptake of the as-made membranes are signified in Figure 2.9B.
The porosity of the prepared nanocomposite membranes exhibited increased porosity than
the pristine membrane. The membrane HM-2 displayed porosity of 63 % compared to the
HM-0 membrane of 33 %. The membrane porosity increases while increasing the amount
of THNTSs and then decreases. Specifically, for the HM-3 membrane, the porosity was
reduced to 58 % compared to HM-2. The reduced porosity can be attributed to the partial
agglomeration of the nanomaterial on the surface of the membrane. Additionally, the
increased concentration of THNTSs would have increased the viscosity of the dope solution.
As a result, the non-solvent inflow rate would have reduced with an increase of the solvent
outflow rate. Which possibly will cause the reduced porosity (Pereira et al. 2016, Salimi et
al. 2016).

The water uptake capacity of the membranes depends on the porosity of the asymmetric
membrane (Mi et al. 2003). As shown in Figure 2.9B, the percentage of water uptake
capacity was increased while increasing the porosity of the membrane. On the other hand,
the membrane HM-3 exhibited reduced water uptake of 61 % as the porosity decreases

owing to the agglomeration of the THNTS.

2.3.5 Pure water permeability and molecular weight cut-off (MWCO) study of the
membranes

The pure water permeability (PWP) primarily depends on the hydrophilicity and
porosity of the membrane. Table 2.3 illustrates the PWP of the nanocomposite membranes.
Proportional to the pristine membrane (HM-0), the PWP of the nanocomposite membrane
increased with the addition of THNTS, which was reliable with the results of contact angle

and porosity. Unambiguously, the pristine membrane exhibited PWP of 9 L/m? h bar,

Table 2.3 Properties of fabricated hollow fiber membranes

Membrane code | PWP (L/m?hbar) | FRR (%) | BSA rejection (%)
HM-0 09 +0.481 27 98.1
HM-1 35 +0.453 63 97.0
HM-2 46 +0.429 74 97.2
HM-3 41 +0.431 68 97.7
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nevertheless, the membrane HM-2 exhibited the increased PWP of 46 L/m? h bar
respectively. However, the PWP of HM-3 was reduced to 41 L/m? h bar because of the
reduced porosity. In summary, the PWP had been increased noticeably by adding THNTS
into the polymer matrix and this undeniably corresponding to the increased hydrophilicity

and porosity of the membrane.

The pore size of the membrane can be easily understood from the MWCO analysis.
As presented in Figure 2.9C, the rejection of PEG increases as the molecular weight of the
PEG increases. The MWCO of the HM-2 membrane is about 5562 Da, which suggests that

the as-prepared membrane is loose nanofiltration membrane (Liu et al. 2017).

2.3.6 The surface charge of the membranes

The surface charge measurement is one of the prime factors to determine the loose NF
membrane capability to separate the charged solutes. Herein the surface charge was
measured in terms of the zeta potential of loose NF membrane and it is presented in Figure
2.9D. The pristine membrane (HM-0) is negatively charged. Moreover, the membrane HM-
2 surface charge was increased after incorporating the THNTs compared to the pristine
membrane. A conceivable justification is that THNTs is negatively charged, which
enhances the negative charge of the nanocomposite membrane. As a whole, the zeta
potential measurements substantiate that the as-prepared loose NF membranes are
negatively charged.

2.3.7 Dye and salt separation

The performance of the loose NF membrane was evaluated using anionic dyes such as
Reactive black 5 (RB 5) and Reactive orange 16 (RO 16). Table 2.4 presents some of the
literature towards the capability of HNTs and modified HNTs for the dye removal
application. Figure 2.10A denotes the effect of the rejection of dyes and salts along with
solute permeability. Moreover, based on PWP, porosity and water uptake, the membrane
HM-2 was chosen as a best-performed membrane and HM-2 was utilized for separation of
dyes and salts. The HM-2 had been exhibited the rejection of > 99 % of RB 5 and > 90 %
of RO 16 owing to the presence of THNTSs. It was obvious that the as-made loose NF
membrane exhibited characteristically high rejection of dye molecules, analogous to the
NF membrane. The higher rejection of RB 5 contrast to RO 16 could be attributed to the

higher molecular weight of RB 5. It has been reported in literate that, the development of

46



thin filter cake layer on the surface of the membrane by the electrostatic interaction of
negatively charged dyes with the positively charged membrane surface (Zhu et al. 2015),
which may affect the water permeability of the membrane in the course of the prolonged
usage. In the present study, the formation of such a layer was avoided to some extent by
making the membrane surface negatively charged. Furthermore, the HM-2 exhibited the
permeation permeability of 43.5 L/ m?h for RB 5 and 44 L/ m?h for RO 16 at 1 bar. In
summary, the rejection of negatively charged dye molecules based on the electrostatic
repulsion, which is the possible justification. As presented in Figure 2.10A, the rejection of
salts followed the order Na>SO4 > NaCl. Especially the HM-2 membrane exhibited the
rejection of 7.5 % of Na>SOs and 2.5 % of NaCl respectively. Here, the electrostatic effect
and sieving effect played a vital role in the rejection. The rejection ratio varies as the size
of NaCl is smaller than Na,SO4 (Schaep et al. 1998). Moreover, the rejection of Na;SO4
could be due to both electrostatic effect and sieving effect, whereas in the case of NaCl
sieving effect conquers the dominant role (Han et al. 2013). Thus, the as-prepared loose
NF membrane could enhance the separation efficacy and has potential application in the
wastewater treatment. The digital images of the RB 5 and RO 16 feed and permeate are
depicted in Figure 2.10B.

To examine the membrane stability, a short-term of the filtration test was executed. The
dye solution permeability for the period of 12 h is presented in Figure 2.10C. There was a
slight drop in the dye solution permeability. This trend could be ascribed to the formation
of the dye cake layer over time. Similar results were reported by Jiuyang et al. (Lin et al.
2015).
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Figure 2.10 A), B), C) HM-2 membrane solution permeability and rejection of dyes and

salts, RB-5 and RB-16 feed and permeate digital images and D) anti-fouling studies of all
the membranes.
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Table 2.4 The dye removal ability of halloysite nanotubes (HNTS) incorporated membrane

Dyes Nanoparticle Feed | Removal | Mechanism Ref.
(ppm) (%)
Methyl violet HNTSs 100 >99 Adsorption | (Liu et
al.
2011)
Methyl violet HNTs-FesO4 150 >99 Adsorption | (Duan et
al.
2012)
Rhodamine 6G / HNTSs 1000 | >99/>99 | Adsorption | (Zhao et
Chrome azurol S al.
2013)
Reactive black 5/ | HNTs-poly(NASS) | 500 90/91 Donnan (Zhu et
Reactive red 49 effect al.
2014)
Reactive black 5/ | HNTs-SO3H 1000 | 95/90 Donnan (Wang
Reactive red 49 effect et al.
2015)
Reactive black 5/ | m-aminophenol 10 94/97 Adsorption | (Hebbar
Reactive Red 102 | modified HNTs et al.
2017)
Reactive black 5/ | THNTs 10 99/90 Donnan Present
Reactive orange effect study
16

2.3.8 Antifouling study of membranes

The antifouling property of the membrane determines the prolonged usage and filtration

performance. Especially in the case of wastewater treatment, the membrane used to foul in
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a while attributed to the adsorption and aggregation of foulants on the membrane surface.
Therefore, the low fouling tendency is one of the prerequisites for the nanocomposite
membranes. In the meantime, BSA molecules are larger in size, they could not be
penetrated through the pores and causes fouling on the membrane surface. In the present
study, the antifouling performance of both pristine and nanocomposite membrane was
analyzed by measuring the flux recovery ratio (FRR) after the membrane was stained via
BSA solution.

Figure 2.10D represents the water permeability of before and after BSA solution
filtration. As it is evident from the experimental results, the water permeability had been
decreased during the BSA filtration, which was due to the fouling and concentration
polarization (Matthiasson et al. 1980, Hoek et al. 2003). However, HM-3 membrane BSA
solution permeability was similar to HM-1, because, in the case of HM-3 membrane at a
higher concentration of nanoparticles there was a considerable amount of nanoparticle
agglomeration on the membrane surface. Consequently, there was a considerable decline
in the permeability. Still, in the case of the HM-2 membrane, the agglomeration was less
and the surface charge was also high. As a result, it could avoid the adsorption of BSA
molecules on the surface. Hence, there was an increase in the BSA solution permeability
when compared to other membranes. After washing with deionized water, the membrane
HM-2 exhibited the FRR of as high as 74 % compared to the pristine membrane (HM-0)
of 27 % and the values are tabulated in Table 2.3.

The enhanced FRR of the nanocomposite membrane could be attributed to the addition
of THNTSs, which has improved the surface hydrophilicity. It is understood that the more
hydrophilic membrane surface could form the hydration layer through electrostatic
attraction and hydrogen bonding. The as-formed hydration layer avoids the adsorption of
foulants by acting as a barrier flanked by the membrane surface and foulants (Holmlin et
al. 2001, Chen et al. 2010, McCloskey et al. 2012, Zinadini et al. 2014). Moreover, BSA
is negatively charged protein, bring about to the electrostatic repulsion between the
membrane surface and BSA molecules led to reduced adsorption of BSA. Further, all the
prepared membranes exhibited above 97 % of BSA molecules rejection as tabulated in
Table 2.3. In summary, the membrane antifouling property had been improved to a greater

extent by incorporating hydrophilic THNTS.
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2.4 CONCLUSIONS

Halloysite nanotubes were successfully modified with tannic acid in a facile one-step
self-polymerization method. The tannic acid modified HNTs incorporated loose
nanofiltration membranes were prepared by phase inversion method. The functionalized
halloysite nanotubes were characterized and confirmed the successful modification. The
effect of The functionalized halloysite nanotubes (THNTs) on the membrane
hydrophilicity, morphology, water uptake, porosity, pure water permeability and
antifouling performance were well studied. The as-prepared loose NF membranes exhibited
enhanced efficacy towards dye removal with the high permeation of salts. Precisely, the
nanocomposite membrane HM-2 loaded with 2 wt % functionalized halloysite nanotubes
(THNTS) exhibited as high as pure water permeability of 46 L/m? h bar. In addition, the
nanocomposite membrane exhibited the rejection of > 99 % of Reactive black 5 and >97.5
% of Reactive orange 16 with the dye solution permeability of 43.5 L/m?h and 44 L/ m?h
bar respectively. In conclusion, the as-prepared membrane has the potential to act as a good
candidate for the separation of dyes in textile wastewater. It is anticipated that this surface
functionalization strategy can be applied to other nanoparticles, bestowing them with

distinctive properties.
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Abstract: In this chapter, zwitterionic polymer nanoparticles were synthesized in one-step
reaction via distillation-precipitation polymerization (DPP), and were characterized. [2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium  hydroxide (SBMA) as
monomer, and N, N'-methylene bis(acrylamide) (MBAAm) as cross-linker are used for the
synthesis of nanoparticles. The newly synthesized nanoparticles were further employed for
the surface modification of polysulfone (PSF) hollow fiber membranes for dye removal.
The modified hollow fiber membrane exhibited the improved permeability (56 L/m?h bar)
and dye removal (>98 % of Reactive black 5 and >80.7 % of Reactive orange 16) with the
high permeation of salts. Therefore, the as-prepared membrane can have potential

applications in textile and industrial wastewater treatment.

3.1 INTRODUCTION

In recent years, the discharge of colored micropollutants into the water stream has
elevated widespread concerns as dyes are toxic, non-biodegradable and carcinogenic
(Shannon et al. 2008, Wang et al. 2013, Chethana et al. 2016). Anionic dyes are recognized
as contaminants in wastewater, which are broadly employed in industries like paper,
textiles and plastics (Liu et al. 2012). The dyes can be categorized into three types, viz. azo,
anthraquinone and triphenylmethane. Reactive black 5 and Reactive orange 16 are falling
below the category of azo dyes. These acid dyes are used for coloring the cellulose-based
fabrics, such as cotton. Since reactive dyes are accompanying moderate rates of fixation,
dyeing with reactive dyes always associated with serious environmental problems
(Jiraratananon et al. 2000).

The complex structure of the acid dyes makes it insensitive to biodegradation and
chemical oxidation. Consequently, it produces secondary pollutants during oxidation
(Baughman et al. 1994, Weber et al. 1995). With the intention of solving this environmental
pollution, it is critical to eliminate dyes from the effluent before discharging. A number of
methods such as flocculation, adsorption, photodegradation and chemical oxidation are
available for the treatment of wastewater (Ciardelli et al. 2001, Pala et al. 2002, Lee et al.
2006, Al-Degs et al. 2008, Wang et al. 2015). However, these methods are not cost-
effective, less energy-efficient, produces solid wastes and so on (Yu et al. 2010). Therefore,
a new method for treating this wastewater is very much required. Membrane separation

techniques have been proved to be the potential alternative (Chen et al. 1997, Cassano et
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al. 2001, Joshi et al. 2001, Marcucci et al. 2002, Fersi et al. 2005,) to remove dye from the
wastewater. In addition, it has many advantages like energy-efficient, low-cost, non-toxic,
easy to scale up, comprising no chemical reaction, high efficiency and produces less solid
waste (Baker 2000). In general, rejection of these low molecular weight dye molecules is
carried out using nanofiltration (NF) and reverse osmosis (RO) membranes (Tang et al.
2002, Bes-Pia et al. 2005, Suksaroj et al. 2005, Shen et al. 2016). Nevertheless, these
separation processes are suffering from some downsides such as low permeability and high
cost (Van der Bruggen et al. 2001, Van der Bruggen et al. 2005, Al-Amoudi et al. 2007,
Mondal et al. 2012). Ultrafiltration (UF) is one of the emerging pretreatment technology
for the RO and NF (Rosberg 1997). Specifically, hollow fiber UF membranes are
dominating over the flat sheet due to their increased surface area per unit of module volume
(Ong et al. 2014, Hebbar et al. 2017). In addition, UF membranes are talented to remove
suspended solids, bacteria and high molecular weight solute from water (Mulder 2012).

Polysulfone (PSF) is one of the versatile polymeric material for the preparation of
hollow fiber (HF) membranes. It has very high thermal, mechanical and chemical resistance
along with outstanding film-forming ability (Ho et al. 1992, Ulbricht et al. 1996). The other
polymeric materials such polyetherimide (PEI) undergoes hydrolysis under basic condition
(Jang et al. 1994), chitosan (CS) which is insoluble in organic solvents (Nishimura et al.
1991) and polyphenylsulfone (PPSU) is brittle in nature (Brostow et al. 2008). Therefore,
PSF is superior to other polymeric materials. Nonetheless, the PSF membrane is vulnerable
to severe fouling of very short duration. The fouling is caused by the less hydrophilic nature
of the PSF material. Consequently, the foulant forms a cake-like layer, which reduces the
permeation rate of the water as well as increase the hydrophobicity and operational cost
(Quintanilla 2010, Sun et al. 2013).

The effect of adding PEI modified silver nanoparticles into PSF UF membranes was
reported by Mauter and co-workers. The results indicated that surface-modified PSF
membranes exhibited increased antifouling and antimicrobial activity (Scheme 3.1)
(Mauter et al. 2011). Fan et al. explored the antifouling and hydrophilicity of the PANI/PSF
nanocomposite membranes. The nanocomposite membrane demonstrated enhanced
hydrophilicity and antifouling nature, as a result, the nanocomposite membrane exhibited
high permeability without losing its rejection performance (Fan et al. 2008). Joseph et al.

reviewed that the incorporation of zwitterionic thin or thick film on the surface reduced the
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protein adsorption (Schlenoff 2014). Tao et al. improved the blood compatibility of the
PSF membrane by the chemical modification of PSF with a zwitterionic polymer brush.
The results also indicated that the introduction of the zwitterionic functional group
increased surface hydrophilicity (Xiang et al. 2014). Haijun et al. investigated the effect of
grafting of the zwitterionic molecule on the PSF UF membrane. The results showed that
surface hydrophilicity and antifouling nature enhances while increasing the grafting time
(Yuetal. 2009). In current years, it has been reported that the incorporation of zwitterionic
nanoparticles exhibited improved hydrophilicity, permeability and antifouling
performances (Xuan et al. 2009, Jiang et al. 2010, Shao et al. 2015, Zhu et al. 2016).

Polysulfone UF Membrane Plasma Functionalized Nanoparticles Bound to
Membrane Surface Functional Groups
(-0H, -C=0, -COO0H)

Scheme 3.1 Preparation of biocidal nanomaterials incorporated polysulfone membrane
(Mauter et al. 2011)

The zwitterionic material has ample ionic groups that provide strong electrostatic
interaction with water molecules, therefore it provides stronger and denser hydration layer
over the membrane surface (Zhao et al. 2016). In addition, the polymer matrix is well
miscible with hydrophobic chains of the zwitterionic polymers. Ye et al. employed a
zwitterionic polymer brush on the TFC membrane to bestow anti-biofouling activity
(Scheme 3.2) (Ye et al. 2015). Liu et al. investigated the effect of adding zwitterionic-CNT
for the preparation of the ion-selective membrane. The added nanomaterial enhanced the
mono/multivalent ion selectivity when compared to the pristine CNT nanocomposite
membrane (Liu et al. 2015).

57



BiBB(1) O

(o)
Br :
HO_ l/\ /\_,NHz Br TRIS buffer, air Br o\| [ /\>
HOJ\) o o HOJ\/I\N
DMF, Et;N, N, pH 8.5 .
Dopamine (2) Polydopamine initiator
1) SBMA
\ 0o \.7 Q\-/o
N+ s Poly(SBMA-b-MTAC
ﬂo £ S ‘o urs'ﬂ ) oyt o )

\J
/\T\/B CuCly, TPMA, RA, 30 miin ?&gg Py O,JL*\ "
r bi‘,':i____é e | . <t hBr
2) MTAC W NS on oD m/g "
&; N o ok' 00 S0

>_</0 Nor H .
/ Q_/_ \ "J';l

N" »N/'
CuCly, TPMA, RA, 24 h |/,\ ‘o
N
.0
.87 -
0”7 0

Scheme 3.2 Zwitterionic functionalization of thin film composite membrane (Ye et al.
2015)

Among the polymerization processes, distillation-precipitation polymerization (DPP)
is the facile process and recently developed by Bai et al. (Bai et al. 2004). It is a unique
method to prepare nanoparticles with uniform size and shape without adding any surfactant
or stabilizer (Romack et al. 1995, Sosnowski et al. 1996). Additionally, this process can be
scaled up since the refluxing solvent can bestow an effective mixing and oxygen-free
environment (Yang et al. 2009). In comparison with the classical polymerization processes
such as atom-transfer radical-polymerization (ATRP), group transfer polymerization
(GTP), catalytic chain transfer polymerization and radical polymerization, DPP holds
superior advantages like lesser reaction time (typically 2-3 h), cheap starting materials, no
metal catalyst and ligand are required, no sophisticated apparatus required, reaction at
atmospheric condition, atom economy and easy isolation method. The mechanism of DPP
follows the order of radical initiation of monomer or cross-linker and subsequent chain
propagation by chain addition, which results in precipitation of polymeric nanomaterial.
The increased colloidal stability of the prepared nanoparticles could be attributed to the
surface charge, which is affecting through electrostatic repulsion. Thus, the aggregation of
the nanoparticles was circumvented. According to Feng et al. the nanoparticle size
increases with the increase of monomer and initiator concentration (Bai et al. 2004). The
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increased concentration of cross-linking agent such as MBAAM increases the
hydrophilicity of the material (Liu et al. 2016). Among the solvents, ACN was chosen as
the reaction solvent, however, protic solvents such as ethanol or methanol forms aggregate
through hydrogen bond formation (Liu et al. 2007).

In the present study, poly(MBAAmM-co-SBMA) zwitterionic polymer nanoparticles
were synthesized by SBMA as monomer and MBAAmM as a cross-linking agent via
distillation-precipitation polymerization (DPP). The as-synthesized nanoparticles were
characterized by FT-IR, TEM, SEM, BET, TGA, XRD and zeta potential analysis. The
PSF HF membranes were prepared with the different amounts of nanoparticles by dry/wet
phase inversion method. SEM, contact angle, porosity, water uptake, zeta potential, pure
water permeability and antifouling study characterized the as-made PSF HF membranes.
Furthermore, the nanocomposite membrane explored for the dyes such as Reactive black
5 (RB 5) and Reactive orange 16 (RO 16) rejections.

3.2 EXPERIMENTAL
3.2.1 Materials and methods

Polysulfone (PSF, P-1700) was purchased in the form of pellets from Solvay Specialty
Polymers (China). The solvents N-methyl pyrrolidone (NMP) and acetonitrile (ACN) were
obtained from Merck. Polyvinylpyrrolidone (PVP K-30), bovine serum albumin (BSA), [2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide (SBMA), N,N'-
methylene bis(acrylamide) (MBAAmM), Reactive black 5 (RB 5), Reactive orange 16 (RO
16) and azobisisobutyronitrile (AIBN) were procured from Sigma-Aldrich.

Morphology of the synthesized poly(MBAAmM-co-SBMA) nanoparticles was
visualized using transmission electron microscopy (TEM) (JEOL JEZM-2200FS) with an
accelerating voltage of 200 kV and Field Emission scanning electron microscopy (FESEM)
(HITACHI SU5000). The elemental mapping was carried out using Energy-dispersive X-
ray spectroscopy (EDX) (X-act Oxford Instruments). The functional group identification
was done by FT-IR (Bruker Alpha) spectrophotometer. Each sample was made into a KBr
pellet and analyzed at the resolution of 2 cm™ with 24 scans in the range of 4000-500
cm™. The thermal stability was measured by using thermogravimetric analysis (TGA)
(HITA CHI EXSTAR 6300) in the temperature range of 30-800 °C at a heating rate of 10

°C min under N2 atmosphere.
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The Bruner-Emmet-Teller (BET) surface area, pore volume and mean pore diameter
were measured using Smart instruments (Smart Sorb 92/93). The zeta potential and
hydrodynamic diameter of the nanoparticles were measured by dispersing 5 mg of sample
in distilled water (pH ~6.5) using the HORIBA SZ-100 nanoparticle analyzer. The
polymorphism of the poly(MBAAmM-co-SBMA) nanoparticles was analyzed by benchtop
powder X-ray diffractometer (XRD) (Rigaku, mini Flex 600) with Cu Ko as an X-ray
source. The as-prepared membrane samples were dried at 50 °C for 12 h before the analysis.
The cross-sectional images of the membranes were visualized by SEM (HITACHI
TM3000). The samples were sputtered with platinum to bestow conductivity. The surface
hydrophilicity of the membranes was measured using a water contact angle analyzer (OCA,
Dataphysics instrument) at room temperature. The zeta potential of the membrane surface
was analyzed by the electrokinetic analyzer (Surpass Anton Paar) with 0.001 M KCI as the
background electrolyte. The presence of nanoparticles in the membrane matrix was
confirmed by X-ray photoelectron spectroscopy (XPS, THERMO FISHER Scientific K-
ALPHA) analysis. Al Ka radiation (1486.6 ¢V) was used as an X-ray source and the take-

off angle was 20°
3.2.2 Synthesis of poly(MBAAmM-co-SBMA) nanoparticles

In a typical DPP process, SBMA (0.2 g, 0.71 mmol), MBAAmM (1.0 g, 6.4 mmol), AIBN
(0.0225 g, 0.13 mmol), ACN (100 mL) were taken in a 250 mL single neck round bottom
flask (RBF), purged with N2> for 30 min to remove the dissolved oxygen. The RBF
containing reaction mass (RM) was connected to the Dean-Stark receiver. The RM was
heated to 75 °C for 10 min. The temperature of the oil bath was slowly increased to 100 °C
to keep the reaction proceeding under reflux. About 35 mL of ACN was distilled out from
the RM through Dean-Stark receiver over 1 h. Then the RM was cooled to room
temperature and stirred for 1 h. The nanoparticles were filtered and washed with (2x20 mL)
ACN to remove the unreacted monomer and oligomer. The nanoparticles were dried under
vacuum (-25 Hg) at 50 °C for 12 h to yield 1.12 g of white powder. The synthetic route of

nanoparticles is represented in scheme 3.3.
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Scheme 3.3 Synthetic route to poly(MBAAmM-co-SBMA)

3.2.3 Hollow fiber (HF) membrane preparation

The PSF/poly(MBAAmM-co-SBMA) HF membranes prepared by the dry/wet phase
inversion method (Hebbar et al. 2017). The dope solution compositions are depicted in
Table 3.1 and spinning parameters are tabulated in Table 3.2. For the preparation of ZM-3,
0.1 g of poly(MBAAmM-co-SBMA) nanoparticles were dispersed in 79 g of NMP by
sonicating (40 kHz, 60 W Spectralab) for 30 min. Added 20 g of PSF and 1 g of PVP as a
pore-forming agent to the dope solution and stirred at 60 °C for 12 h. The dope solution
was degassed for 30 min using sonication. The HF membranes were spun by keeping the
bore and dope extrusion rate constant. The extruded HF membrane underwent phase
inversion in the coagulation bath. The as-made HF membranes were immersed in distilled
water for 24 h by changing the water periodically. The membranes were retained in 20 wt%
glycerol in water for a further 24 h to avoid the pore shrinkage. The post-treated membranes
were dried at room temperature for future usage. The illustration scheme of HF membrane

preparation has been given in scheme 3.4.

Table 3.1 The dope solution composition

Membrane | PSF (@) | PVP () | NMP (g) | poly(MBAAM-co-SBMA) (9)
ZM-0 20 1 79 0

ZM-1 20 1 79 0.02

ZM-2 20 1 79 0.05

ZM-3 20 1 79 0.10

ZM-4 20 1 79 0.20
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Table 3.2 Spinning parameters of PSF/poly(MBAAmM-co-SBMA) HF membranes

Parameters Conditions
Spinneret (mm) 1.1/0.55 (OD/ID)
Dope extrusion rate (mL/min) 3.0
Bore flow rate (mL/min) 2.5
Bore fluid Distilled water
Air gap (cm) 1.0
Humidity (%) 60
Coagulation bath Tap water
Coagulation bath temperature (°C) | 27.0
Collection drum speed (RPM) 7.0

[r—
Dope solution

"

" Gear pump

L . Spinneret Collecting drum

. Syringe pump
=1 Coagulation bath

Bore fluid

Scheme 3.4 An illustration scheme of hollow fiber membrane preparation

3.2.4 Porosity and water uptake studies

The porosity and water uptake studies were carried out to understand the surface
properties of the membranes. Porosity and water uptake studies were carried out as
mentioned in chapter 2, section 2.2.4.

3.2.5 Molecular weight cut-off (MWCO) study

The MWCO of the ZM-3 membrane was determined by filtering a series polyethylene
glycol (PEG) with an average molecular weight of 2000, 4000, 6000 and 10,000 Da (Tang
et al. 2016). The analysis was performed as mentioned in chapter 2, section 2.2.6.
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3.2.6 Permeation and antifouling study

In the permeation study, a 10 cm length of HF membrane sample was cut and potted
using epoxy adhesive. All the experiments were carried out in the lab-made cross flow
apparatus. At first, the membranes were compacted for 30 min at 2 bar pressure. The pure
water permeability (PWP) ‘J,, was measured at 1 bar for 60 min. An aqueous solution of
RB 5 and RO 16 was prepared at the concentration of 100 ppm. The solute concentration
was measured using a UV-Vis spectrophotometer (HACH DR 5000) at the Amax 0f 592 nm
and 494 nm for RB 5 and RO 16. The PWP, dye rejection and antifouling studies were
executed as mentioned in chapter 2, section. 2.2.5 and 2.2.7.

3.3 RESULTS AND DISCUSSION
3.3.1 Characterization of poly(MBAAmM-co-SBMA) nanoparticles

FT-IR spectra in Figure 3.1A represents the functional groups present in the
poly(MBAAM-co-SBMA) and MBAAM. The peaks at 1656 cm™ and 1529 cm™ designate
the stretching vibration of amide C=0 and bending vibration of NH-CO. The peaks at 1722
cm™ and 1043 cm™ indicate the ester (C=0) and sulfonate (5=0) stretching vibrations
(Suart 2004, Ji et al. 2012). The peak at 1626 cm™ attributed to the alkene C=C stretching
vibration of MBAAmM, which was not observed in the poly(MBAAmM-co-SBMA) due to the
polymerization reaction. This change is one of the reliable confirmation that the reaction
had been completed. The peak at 3271 cm™ indicates the stretching vibration of N-H in the
amide group of poly(MBAAmM-co-SBMA). The peak at 1229 cm™ due to the C-N stretching
vibration of the amide group. However, the peak at 954 cm™ owing to the presence of C-N
stretching vibration of the quaternary ammonium group (Shang et al. 2009, Ji et al. 2011,
Ji et al. 2012). The above results indicated that the poly(MBAAmM-co-SBMA) was
comprised of the monomer SBMA and cross-linker MBAAM.

The morphology of the as-prepared poly(MBAAmM-co-SBMA) nanoparticles was
visualized using field emission scanning electron microscope (FESEM) and transmission
electron microscopy (TEM). As depicted in Figure 3.1B, the nanoparticles exhibited
comparatively uniform shape and size, with a diameter in the region of around less than 60
nm. Kaiguang et al. reported that in DPP the size of the nanoparticles does not depend on
the amount of solvent removed, whereas the reaction temperature (Yang et al. 2009), AIBN

and monomer concentration (Bai et al. 2004) directly affects the size of the nanoparticles.
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Figure 3.1d presents the selected area electron diffraction (SAED) pattern of the
nanoparticles. It is clear from the picture that, the as-prepared nanoparticles exhibit small
spots creating up a ring. It indicates that the nanoparticles are polycrystalline in nature
(Egerton 2005). In addition, the nanoparticles show slight agglomeration, which is clear
from the TEM pictures. The possible justification for such agglomeration may be due to
the electrostatic attraction between the counterions. Figure 3.2 depicts the schematic
representation of nanoparticle synthesis and the possible mechanism of agglomeration. A
similar kind of observation had been reported elsewhere (Chang et al. 2013, Wang et al.
2017). Further, the elemental mapping analysis was carried out to confirm the presence of
all the elements. Figure 3.3a-d show the distribution of C, N, O and S elements in

poly(MBAAmM-co-SBMA) nanoparticles, among them S is the characteristic element of
SBMA monomer.
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Figure 3.1 A) FT-IR spectra of poly(MBAAmM-co-SBMA) and MBAAmM and B) FESEM
(@), TEM (b, c) images and d) selected area electron diffraction (SAED) pattern of
poly(MBAAmM-co-SBMA) nanoparticles
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Figure 3.2 The schematic representation of nanoparticles synthesis
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Figure 3.3 Elemental mapping of poly(MBAAmM-co-SBMA) (a-d)

3.3.2 Surface properties and hydrodynamic diameter

The zeta potential of the synthesized poly(MBAAmM-co-SBMA) nanoparticles was
measured. As shown in Figure 3.4a, the nanoparticles exhibited the zeta (zeta) potential of
-47.7 mV. The negative zeta-potential of the nanoparticles could be attributed to the
presence of the sulfonate group. The pKa value of the sulfonate group is 2 (Grainger et al.
2010) and the pKp, value of the quaternary ammonium group is 5 (Janson 2012).
Consequently, the quaternary ammonium group signifies a weaker base than the sulfonate
group as acid. Therefore, the overall surface charges of the as-synthesized nanoparticles
exhibit a negative charge in aqueous solution. According to Dorian et al., the dispersibility
of the nanomaterial could be enhanced by coating with the carboxylic acid group, which
provides negative zeta-potential to the material. As a result, the nanoparticle maintains the
suspension over the extensive range of pH deprived of any agglomeration (Hanaor et al.
2012). Similarly, the synthesized nanoparticles exhibit the negative zeta-potential and
develop an electrical double layer, which avoids the nanoparticles from aggregating and
preserves the stable dispersion in a variety of solvents through electrostatic repulsion.

Furthermore, the nanoparticles exhibited the BET surface area of 89.2 m?/g and a mean
pore diameter of 37 nm with the pore volume of 0.12 cc/g. In addition, the hydrodynamic
diameter of the nanoparticle was 331 nm, which is presented in Figure 3.4b. The increase
in the size was due to the slight aggregation of nanoparticles in water. Russell et al. reported
that the sulfonate group has a strong tendency to form hydrogen bonding (Russell et al.
1997). Therefore, the aggregate formation was attributed to the formation of hydrogen

bonding between the sulfonate group and water.
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Figure 3.4 a) Zeta potential and b) hydrodynamic diameter of nanoparticles

3.3.3 Thermal stability study

The thermal stability of the nanoparticles was analyzed using TGA. The TGA analysis
showed that the synthesized nanoparticle is thermally stable, as the onset of degradation is
above 250 °C. Moreover, the curve contains three-stage degradation. The first weight loss
between 25 and 105 °C due to the adsorbed water. The second weight loss from ~ 255 to
333 °C attributed to the degradation of a quaternary ammonium group. The third stage
degradation in the region of ~ 340 to 450 °C ascribed to the removal of more stable oxygen
functionalities. Figure 3.5A shows the TGA curves of the nanoparticles, along with its

differential thermogravimetry (DTG) curve.
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Figure 3.5 A) TGA, DTG curves and B) PXRD pattern of poly(MBAAmM-co-SBMA)

nanoparticles
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3.3.4 XRD analysis

Figure 3.5B depicts the XRD pattern of the poly(MBAAmM-co-SBMA) nanoparticles.
Two intense broad bands centered at 20 of ~11.88° and ~22.68° demonstrates that these
nanoparticles are polycrystalline in nature. This result is well-aligned with the SAED

pattern of the nanoparticles.

3.4 Characterization of membranes

3.4.1 Surface hydrophilicity

The hydrophilicity of the as-prepared membranes was evaluated by measuring the
contact angle and water uptake capacity. In general, it is believed that lower the contact
angle higher will be the hydrophilicity (Hurwitz et al. 2010, Moideen K et al. 2016). Since
the pristine membrane (ZM-0) is less hydrophilic in nature, it exhibited a higher contact
angle of 80.0°. However, for the nanocomposite membranes such as ZM-1, ZM-2, ZM-3
and ZM-4, the contact angle was observed 76.1°, 71.4°, 67.0° and 65.2° respectively (Table
3.3). The decrease in contact angle was attributed to the incorporation of hydrophilic
poly(MBAAmM-co-SBMA) nanoparticles. The hydrophilic functional group such as
sulfonate and amide group present in the nanoparticles was changed the interfacial free
energy of the membrane. In addition, the sulfonic acid group has a greater water uptake

capacity, which increases the surface hydrophilicity of the membrane.

Table 3.3 Membrane properties

Membrane | Contact angle (°) | Water uptake (%) | Porosity (%)
ZM-0 80.0 29.5 41.6
ZM-1 76.1 48.2 53.1
ZM-2 71.4 53.1 61.4
ZM-3 67.0 61.7 66.5
ZM-4 65.2 56.4 62.2
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3.4.2 Membrane Morphology

The change in the morphology of the membranes upon the addition of nanoparticles
was characterized using SEM. As shown in Figure 3.6, the nanocomposite hollow fiber
membranes exhibit asymmetric structure with top skin layer, sub-layer and fingerlike
macrovoids. The sub-layer is sandwiched between the top and bottom fingerlike layer. As
stated by McKelvey et al. the growth of macrovoids depends on the change in diffusion
rate between non-solvent and solvent during phase inversion (McKelvey et al. 1996). Since
the pore-forming agent such as PVP was added to all the membranes invariably, the change
in fingerlike projection between the prepared membranes was not observed distinctly upon
the addition of nanoparticles. In addition, the air gap 1 cm was maintained throughout the
spinning process to increase the permeability. Subsequently, the phase inversion occurred
on both the outer and inner sides of the membranes at a nearly concurrent rate and led to
the formation of two layers of the finger-like structure. The reported results are consistent
with the literature (Subramaniam et al. 2017). The normal digital photographic image of
the HF membrane is depicted in Figure 3.6F. Besides, the MWCO of the ZM-3 membrane
is 9242 Da (Figure 3.7), which suggests that the as-prepared membrane is the UF membrane
(Liu et al. 2017).

NL D57 x800 100 um

Figure 3.6 Cross-sectional SEM images of a) ZM-0, b) ZM-1, ¢) ZM-2, d) ZM-3 and e)
ZM-4 membranes magnified at 800X and f) digital photographic image of ZM-3 membrane
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Figure 3.7 Molecular weight cut-off (MWCO) curve of ZM-3 membrane
3.4.3 XPS analysis

The ZM-3 membrane surface was analyzed by XPS and depicted in Figure 3.8. As
shown in Figure 3.8A, the peaks at 168.38 eV, 285.18 eV, 400.18 eV and 532.18 eV were
attributed to S 2p, C 1s, N 1s and O 1s elements. Additionally, the deconvoluted peaks of
C 1sand N 1s are presented in Figures 3.8B and C. In Figure 3.8B, the peaks at 285.21 eV,
286.14 eV, 286.36 eV, 287.11eV and 288.15 eV were corresponding to C-C, C-N*/C-SO3
, C-O/C-N, C=0 and O-C=0. For N 1s, N-C=0, N-C and *NR4 were observed at 400.28
eV, 398.18 eV and 402.68 eV. The elemental composition (atomic %) of the nanocomposite
HF membrane was observed as 77.35 %, 15.81 %, 2.76 % and 4.08 % for C, O, Sand N
elements respectively. Thereby, the existence of the nanoparticles in the membrane matrix

was confirmed.
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Figure 3.8 Long-range A) ZM-3 and high resolution XPS spectra of B) C 1sand C) N 1s

3.4.4 Surface charge of the membranes

As shown in Figure 3.9A, the membranes ZM-0 and ZM-3 exhibited the negative
charge over the entire pH range of 4-10 and the absolute zeta potential value was decreased
to acidic pH values. The isoelectric point (IEP) of the PSF neat (ZM-0) membrane was
observed at pH 3.0, which is similar to the literature (Kim et al. 2002). However, the IEP
of the ZM-3 membrane was detected at pH 3.4. The change in the IEP could be attributed
to the incorporation of nanoparticles. In addition, the incorporated zwitterionic
nanoparticles are negatively charged at pH 6.5. However, the zeta potential of ZM-3 was
less at pH 7 when compared to the ZM-0 membrane. The reduced zeta potential could be
attributed to the intervention of cation adsorption from background electrolyte (KCI) on the
surface, which decreases the negative charge density of the sulfonate group. As a result, the

zeta potential of the nanoparticle becomes less negative, which directly reduces the net
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charge of the membrane surface. Overall, the as-prepared membrane could exhibit a
negative charge over the large range of pH.
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Figure 3.9 A) Zeta potential of ZM-0 and ZM-3 membranes, B) permeability, C) time
depended permeability in different conditions of ZM-0, ZM-1, ZM-2, ZM-3 and ZM-4
membranes and D) flux recovery ratio (FRR) and BSA rejection of membranes

3.4.5 Permeability and antifouling performances

The permeation of water through the membrane is determined primarily by the surface
hydrophilicity and pore size (Zhang et al. 2016). In order to evaluate the effect of the
different poly(MBAAmM-co-SBMA) nanoparticles content on the filtration performance of
the as-made membranes, the pure water permeability (PWP) of all the UF membranes was
measured; the results are presented in Figure 3.9B. As shown, the PWP of the membranes
increases with the enhancement of the concentration of nanoparticles. The pristine (ZM-0)
membrane exhibited the lowest PWP of 22 L/ m? h bar. The membrane ZM-3 embedded

with 0.5 wt% of nanoparticles exhibited the PWP of 56 L/ m? h bar. A plausible explanation
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is that the added nanoparticles could be increased the surface hydrophilicity of the
membranes. The increased hydrophilicity would enhance the rate of demixing during phase
inversion. Further, the non-solvent inflow and solvent outflow would be more.
Consequently, the porosity showed an increasing trend. As shown in Table 3.3, the porosity
and water uptake increased as the concentration of nanoparticles increases. The membrane
ZM-3 showed the highest porosity of 66.5 % and water uptake of 61.7 % compared to the
pristine membrane ZM-0 of 41.6 and 29.5 %. However, for the membrane ZM-4 with 1
wt% of nanoparticles, the porosity and water uptake reduced to 62.2 and 56.4 %. A similar
trend had been observed in PWP of the ZM-4 membrane. The PWP was reduced to 35L/
m? h bar. The convincible reason for the reduction in porosity, water uptake and PWP is
that the embedded nanoparticles may lead to partial agglomeration, consequently blocking
the pores of the membranes and increase the resistance towards the water permeation
(Hebbar et al. 2016, Zhu et al. 2016).

Figure 3.9C represents the time-dependent water permeability of the membranes at
different conditions. The initial decline in the permeability of the water was due to the
mechanical deformation of the membrane matrix (Reinsch et al. 2000). In addition, Figure
3.9C indicates the increase in water permeability as the concentration of nanoparticle
increases. However, during the BSA filtration, there was a sudden decline in the water
permeability. The sudden decline was attributed to the adsorption of BSA molecules on the
membrane surface, which blocks the polymeric membrane pores. The antifouling capacity
of the as-made membranes was measured in terms of flux recovery ratio (FRR) and it is
depicted in Figure 3.9D. The membrane ZM-3 exhibited the FRR of 73 % compared to the
pristine membrane ZM-0 of 24 %. The increased FRR of the ZM-3 was due to the increased
hydrophilicity.

It has been accepted widely that membrane surface decorated with zwitterionic
substances can bestow outstanding antifouling ability (He et al. 2008, Mi et al. 2012,
Rohani et al. 2012, Hadidi et al. 2014). Further, it forms the hydration layer over the
membrane surface, which avoids the adsorption of foulants on the membrane surface.
Moreover, the prepared nanocomposite membranes are exhibiting negative charges at the
neutral pH. As a result, the BSA molecules are poorly adsorbed via electrostatic repulsion
as the BSA molecules are negatively charged at pH 7.4. However, membrane ZM-4

exhibited a reduced FRR of 67 %. The reduced FRR was owing to the agglomeration of
72



the nanoparticles, which encourages the adsorption of the foulant. In summary, the
membrane with 0.5 % of nanoparticle loading is the optimal concentration for the

preparation of the membrane.
3.4.6 Dye removal study

The filtration ability of the ZM-3 membrane for the different dye solutions as a function
of pH is depicted in Figure 3.10. In the pH range of 3-10, the membrane performance varies
with the solution pH. As shown in Figure 3.10, in acidic pH the permeability of the dye
decreases and rejection increases. In general, the sodium salt of dye molecules is highly
soluble in water. However, while decreasing the pH to the highly acidic side, the sulfonate
groups present in the dye molecules are getting protonated and become a sulfonic acid
group. As a result, the solubility and polarity of the dye molecules are decreased. Thus, the

dye molecules are precipitated and aggregated largely at pH 3.

In summary, the increased rejection owing to the aggregation of dye molecules and
declined permeability due to the precipitation of dye, which is in good agreement with the
reported literature (Liu et al. 2017). At pH 10, the permeability of the dye was reduced to
a smaller extent. The reduced permeability could be due to the swelling of the membrane
at the basic pH. The swelling could increase the thickness of the membrane (Wang et al.
2016). Consequently, the permeability of the dye molecules was reduced to a smaller
extent. Further, the rejection of RB 5 was high as compared to RO 16 at pH 7. The reason
for the enhanced rejection was due to the size exclusion mechanism i.e., the higher
molecular weight of the former compared to later. In conclusion, the optimum pH for the
removal of both the dye molecules is 7. The digital photographs of the feed and permeate
of RB 5and RO 16 are depicted in Figure 3.11. The comparison of the dye removal capacity
of polymeric membranes from recent literature and the present study is illustrated in Table
3.4. Generally, the effluent from the textile and dyeing industry usually consist of dyes and
salts (Zhu et al. 2016). In that respect, salts such as NaCl and Na,SO4 rejection studies were
carried out. The ZM-3 membrane exhibited the rejection in following order Na>SOa4 (11 %)
> NaCl (7 %), signifying that the nanocomposite membrane was negatively charged, which

is consistent with the zeta potential result.
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Figure 3.10 ZM-3 membrane permeability and rejection of A) RB 5 and B) RO 16 dye
solution at different pH
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Figure 3.11 Digital photographs of a) RB 5, b) RO 16 feed and permeate at different pH
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Table 3.4 Comparison of dye removal ability of polymeric membranes from recent

literature and the present study

Membrane Type of Dye PWP DSP Dye Ref.
membrane (L/m?h | (L/m?h | rejection
bar)? bar)P (%)
Sepro NF 2A | Loose NF | Direct red | 10.5 9.6 99.98 (Lin et al.
80 2015)
Sepro NF 6 Loose NF | Direct red | 13.7 13.2 99.95 (Lin et al.
80 2015)
PES/ Loose NF | Reactive | 11.98 94 99.2 (Zhu et al.
GO-PSBMA black 5 2016)
UHO004 Tight UF Direct red | 27 26 99.9 (Lin et al.
(Hydrophilic 80 2016)
PES)
PAEK-COOH | Tight UF Congored | 29.5 25 99.0 (Liu et al.
2017)
PSF- Reactive | 56 51/51.8 | 98/80.7 | Present
poly(MBAA UE black 5/ study
m-co-SBMA) Reactive
orange 16

a-pure water permeability; b-dye solution permeability.

3.5 CONCLUSIONS

The zwitterionic polymer nanoparticles were synthesized via distillation-precipitation
polymerization. The as-synthesized nanoparticles exhibited high surface area (89.2 m?/g),
thermal and colloidal stability. The synthesized nanoparticles were successfully
incorporated into the polysulfone membrane matrix and the membranes were prepared by

dry/wet phase inversion method. The ZM-3 nanocomposite membrane showed high pure
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water permeability of 56 L/ m? h bar and rejection of Reactive black 5 (>98 %) and Reactive
orange 16 (>80.7 %) with the dye permeability of 51 L/ m? h bar and 51.8 L/ m? h bar at a
dye concentration of 100 ppm, which has the molecular weight cut-off of 9242 Da. These
results clearly reveal that the as-prepared membrane can be an attractive candidate for the

treatment of industrial and textile wastewater treatment.
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CHAPTER 4

GUNING THE SURFACE PROPERTIES OF\
FesO4 BY ZWITTERIONIC
SULFOBETAINE: APPLICATION TO
ANTIFOULING AND DYE REMOVAL
\ MEMBRANE /
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Abstract: In this chapter, zwitterionic nanoparticles were synthesized via covalent grafting
and free radical polymerization, and were characterized. The as-synthesized nanoparticles
were employed as a nanofiller to prepare superior antifouling polysulfone (PSF) hybrid
hollow fiber (HF) membranes. The FM-2 membrane exhibited the maximum pure water
permeability (PWP) of 61.1 L/m?h bar with humic acid (HA) removal efficiency of 98 %.
The fouling resistance was evaluated using humic acid as a foulant and the results
suggested that the FM-2 membrane exhibited less amount of humic acid adsorption with a
flux recovery ratio of 88.4 %. Furthermore, the FM-2 membrane demonstrated the Reactive
black-5 (RB-5) and Reactive orange-16 (RO-16) removal of above 99 % and 84 % without
much reduction in the dye solution permeability (DSP).

4.1 INTRODUCTION

Currently, access to clean water is one of the important challenges in our life (Werber
et al. 2016). The unexpected boom in industrialization, population growth and climate
change have desperately affected the availability of clean water for both humans and which
will become a prime concern in both developing and industrialized nations (Shannon et al.
2008, Ibrahim et al. 2018).

The natural organic matter (NOM) present in surface/groundwater determines the
productivity of ultrafiltration (UF) membranes, as the fouling due to NOM is a serious
concern. Humic acid (HA) is one of the most important constituents in NOM, which is
produced during the degradation of plants and dead animals. When HA polluted water is in
contact with a disinfectant such as chlorine, it produces disinfection by-products (DBPs).
For instance, trihalomethanes (THMSs) and other halogenated organic compounds. These
DBPs are carcinogenic and assist the microbial regrowth in water (Peters et al. 1980). In
addition, HA has the capability to absorb some of the cationic dye molecules and also
coordinate with pesticides, herbicides and heavy metal ions in contaminated water (Shenvi
et al. 2015). At the same time, the wastewater containing dye is also another toxic waste.
In industries like paper, textile, pulp and paints, several types of reactive dyes were used to
color cotton fabrics. These reactive dyes are not easy for chemical oxidation and
biodegradation. Thus, it leaves a secondary pollutant during oxidation (Weber et al. 1995,

Purkait et al. 2004). Therefore, the removal of HA and reactive dyes from the polluted
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water has become a challenging task in water purification, especially in membrane science

and technology.

To remove HA and reactive dyes from aqueous solution, the following methods have
been reported in the literature. Nanofiltration (NF), reverse osmosis (RO), coagulation,
adsorption, photocatalytic degradation and ozonation. However, NF and RO membranes
have low water flux and suffering from severe fouling (Hong et al. 1997). Other methods
were less efficient, time-consuming and produce solid wastes. Consequently, these
methods are not viable to scale up. Hence it is mandatory to improve a UF membrane with
great permeability and low fouling, which is more indispensable for the elimination of HA.
Further, fouling is one of the severe concerns in the development of superior UF
membranes, which come up from the interaction of HA on the membrane surface (Kaiya
et al. 1996). According to Lainé et al. greater fouling was witnessed with larger pore size
membranes and reduced fouling was reported for the hydrophilic membranes when
compared to hydrophobic membranes (Laine et al. 1989). Song et al. stated that the
charged membrane exhibited enhanced HA rejection over the uncharged membrane with
reduced flux decline. The electrostatic repulsion between the HA and membrane surface
increased the HA rejection. It is also mentioned that, governing the surface hydrophilicity
will also help in the reduction of HA fouling (Song et al. 2011). Further, it is reported that
less HA adsorption was observed on improved surface hydrophilicity and smoother surface
membranes (Hwang et al. 2011). Therefore, developing a hybrid membrane with enhanced
hydrophilicity, surface charge and reduced pore size will provide an effective solution to

this problem.

It is well understood that the blending of zwitterionic materials with less hydrophilic
polymeric materials will be a straightforward and cost-effective technique to mitigate the
fouling (Schlenoff 2014, Galvin et al. 2014, Leng et al. 2018, Tang et al. 2018).
Zwitterionic polymers are the substitute for broadly used poly(ethylene glycol) (PEG)
polymers to prevent the nonspecific adsorption of protein molecules, as the PEG groups
undergo enzymatic cleavage and oxidative cleavage in complex condition (Krishnan et al.
2008, Venault et al. 2016). Zwitterionic materials provide the ultra-hydrophilicity to the
membrane surface and mitigate the adsorption of foulants by forming the hydration layer

on the membrane surface (Jiang et al. 2010, Liu 2016). The zwitterionic materials for
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instance phosphocholine, carboxybetaine and sulfobetaine were largely investigated for the
antifouling performances. Among the zwitterionic materials, sulfobetaine methacrylate
(SBMA) is commercially available and readily undergo polymerization (Scheme 4.1)
(Lowe et al. 2002, Mi et al. 2014, Keating 1V et al. 2016, Wang et al. 2016, Zhu et al.
2016, Bengani-Lutz et al. 2017). It binds with water molecules more strongly via
electrostatic attraction than PEG chins. Also, it does not change the water hydrogen

bonding structure (Kitano et al. 2002).

o
PO ‘%}ﬁ SBMA
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Scheme 4.1 Preparation of zwitterionic copolymer as a selective layer to mitigate fouling
(Bengani-Lutz et al. 2017)

Recently, FesO4 has attracted great interest in the area of membrane science and
technology, for the reason that FesOs is non-toxic, low cost, good adsorbent, ease of
chemical modification, antimicrobial and biocompatible (Jian et al. 2006, Sun et al. 2007,
Daraei et al. 2012, Stanicki et al. 2014, Mukherjee et al. 2015). The zwitterionic
modification of magnetic nanoparticles with carboxybetaine was demonstrated by Zhang
et al (Zhang et al. 2010). The modification involved with many synthetic steps, which
complicates the modification process. Similarly, Xiao et al. described the zwitterionic
modification of magnetic nanoparticles, where the expensive and hygroscopic peptide
coupling reagents were employed (Xiao et al. 2012). These observations have prompted us
to modify the FesO4 with a simple reaction pathway and reagents. Mondini et al. reported
the preparation of zwitterionic dopamine sulfonate coated iron oxide nanoparticles to
explore the in vitro behavior (Scheme 4.2). Nevertheless, the costlier reagent dopamine

hydrochloride and long reaction time (72 h) have made this modification expensive
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(Mondini et al. 2020). Furthermore, the incorporation of zwitterionic Fe3O4 nanoparticles
into the less hydrophilic PSF HF membrane matrix is unexamined. In our previous report,
poly(SBMA-co-MBAAmM) zwitterionic nanoparticles were synthesized by distillation-
precipitation polymerization (Ibrahim et al. 2017). The formation of larger aggregates was
observed due to a higher degree of crosslinking. Thus, it was planned to avoid the usage of
the crosslinking agent.

HO:©/\/ NHz* CI~
HO HO

H _ I _
N._~_S0s HO N{_~_SO;
—_— +
+ —_— >
Mel ZDS
(SN Ad.NH3 HO DS DMF, 50 °C HO

/S: °
o EtOH, 50 °C

Scheme 4.2 Synthesis of zwitterionic dopamine sulfonate (ZDS) via dopamine sulfonate
(DS) (Mondini et al. 2020)

Herein, the novel, zwitterionic functionalization of FesO4 in two steps is reported. In
the first step, 3-(trimethoxysilyl)propyl methacrylate (MPS) was covalently grafted on the
Fes04 surface to introduce the vinyl group. In the next step, zwitterionic sulfobetaine
methacrylate (SBMA) was introduced via free radical polymerization. The as-synthesized
nanoparticles were deployed to increase the surface charge, hydrophilicity, water uptake,
porosity and antifouling properties of the polysulfone HF membrane. XPS was deployed to
analyze the zwitterionic functionalization and the existence of nanoparticles on the
membrane surface. The hybrid HF membranes were prepared by dry/wet phase inversion
method. The as-prepared HF membrane performance was studied for HA rejection with
different concentrations (10-50 ppm) and dye removal. The leaching of nanoparticles from
the hybrid membrane matrix was analyzed. Further, the ability of a hybrid membrane in
mitigating HA fouling was also demonstrated. This is a first-ever report to use zwitterionic
PSBMA@Fez04 nanoparticles for fabricating antifouling polysulfone hollow fiber tight
ultrafiltration membrane for HA and dye removal.

4.2 EXPERIMENTAL

4.2.1 Materials and methods

Polysulfone (PSF, Udel®, P-1700) obtained from Solvay chemicals. Sodium salt of
humic acid, 3-(trimethoxysilyl)propyl — methacrylate (MPS, 98 %), [2-
(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide (SBMA, 95 %),
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Reactive black -5 (RB-5, Dye content >50 %), reactive orange-16 (RO-16, Dye content
>70 % ), iron (II, I1T) oxide nanopowder (< 50 nm by TEM, Fe304), polyvinylpyrrolidone
(PVP) K-30 (Mw 40,000 and ammonium persulfate (APS) were procured from Sigma-
Aldrich. 1-Methyl-2-pyrrolidinone (NMP, 99.8 %), aqueous ammonia solution (25 %) were
acquired from Loba Chemie.

The functional groups present in the nanoparticles were examined by BRUKER Alpha
FT-IR. Morphology of PSBMA@Fe304 nanoparticles was observed by FESEM (ZEISS).
PXRD (Rigaku Cu Ka as X-ray source) was used to identify the crystalline phase of the
nanoparticles. The 20 angles were investigated from 20° to 70° at a scan rate of 10° min ..
The percentage weight loss of the nanoparticles was calculated using TGA (HITACHI
EXSTAR 6300). Typically, the analysis was performed at a heating rate of 10 °C min*!
from RT to 900 °C under the nitrogen gas flow of 100 mL/min. Zeta potential analysis
(HORIBA SZ 100) was carried out by dispersing ~ 4 mg of nanoparticles in DI water (pH
6.3). The presence of all the elements in the nanoparticle was characterized by EDX
analysis (X-Max OXFORD instruments). XPS (THERMO FISHER Scientific K-Alpha)
was utilized to analyze the surface elemental composition and confirmed the existence of
PSBMA@Fe304 nanoparticles in the HF membrane matrix. The morphology of the HF

membrane was characterized using HITACHI TM 3000 tabletop SEM.

The surface charge of the membranes was examined by the SurPASS electrokinetic
analyzer using an adjustable gap cell and 0.001 M KCI as the background electrolyte. The
pH was tuned using 0.2 M HCI or 0.2 M NaOH. The surface hydrophilicity of the HF
membranes was evaluated using Data Physics OCA 25 contact angle analyzer. The thermal
stability of the pristine and nanocomposite membrane was investigated by TGA. The effect
of nanofiller on the membrane surface roughness was characterized using AFM. The
permeation analysis was performed by the lab-scale cross-flow filtration system. For the
PWP study, all the membranes first compacted for 30 min at 2 bar with DI water. Later, the
pressure was reduced to 1 bar and PWP (Jw, L /m? h bar) was calculated as mentioned in
chapter 2, section 2.2.5.

The water uptake and porosity of the HF membranes were determined as mentioned in
chapter 2, section 2.2.4. The membrane pore size (rm) was estimated by the Guerout-Elford-

Ferry equation in equation (4.1).
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(4.1)

(- (2.9-1.75¢)811Q
m= eXAXAP

Where ‘5’ is the viscosity (8.9x10* Pa s) of water, ’I” is the thickness of the membrane
(m), ‘Q’ is the volume of permeated water per unit time (m°/s), '€’ is porosity, ‘AP’ is

applied pressure (Pa) and ‘A’ is area of the membrane (m?).

4.2.2 Synthesis of PSBMA@Fe304

In the first step, the vinyl group was attached to the FesO4 nanoparticles as reported
elsewhere (Zhang et al. 2015). In brief, 2 g of Fe3O4 nanoparticles were dispersed in a
mixture of deionized (DI) water/ethanol (100 mL/400 mL) for 30 min using an ultrasonic
cleaner (USC-100, Anmanm industries). Added 5 mL of MPS and 15 mL of Ag. ammonia
to the reaction mass (RM). The RM was aged at 60 °C for 24 h. Then, MPS@Fe304
nanoparticles were isolated by magnetic separation and washed with ethanol (3x25 mL)
thoroughly. The isolated material was dried at 55 °C for 15 h to yield 1.9 g of MPS@Fe304

nanoparticles.

In the second step, PSBMA@Fe304 nanoparticles were synthesized via free radical
polymerization. In short, 1.5 g of MPS@Fe304 nanoparticles were dispersed in 500 mL of
D1 water for 30 min. Added 9.0 g of SBMA and 0.36 g of APS to RM. The RM was purged
with N2 for 20 min followed by heating for 24 h at 60 °C under N2 blanketing. The as-
synthesized nanoparticles were isolated by magnetic separation and washed with DI water
(3x15 mL) and ethanol (2x15 mL), then dried at 55 °C for 15 h to yield 1.45 g of
PSBMA@Fe304 nanoparticles (scheme 4.3).

MPS SBMA
. N —SBMA
: EtOH,Aq.NH, N\ X APS, H,0, 60 °C
MPS@Fe;0, PSBMA@Fe;0,

e ~o Q M ®e 0 ~ | o (8
- 1]
= /O‘S:i/v\OJY \()J\O/\\/@N\/\vé“o
(0]
-~

Scheme 4.3 The schematic route for the synthesis of PSBMA@FezOs zwitterionic

nanoparticles
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4.2.3 PSBMA@Fes304/ PSF hollow fiber membranes preparation

In the typical preparation of the dope solution, PSBMA@Fe304 nanoparticles were first
dispersed in NMP using a probe sonicator (QSONICA, 50 % amplitude with on time of 1
second and off time of 10 seconds) for 15 min at RT. Then, pre-dried PVP and PSF pellets
were added to the solvent mixture. The solution was agitated using a mechanical stirrer at
50 °C for 14 h to obtain a homogeneous solution. The as-prepared dope solution was
degassed for 30 min at room temperature. The dope solution composition is depicted in
Table 4.1. HF membranes were produced by the dry/wet phase inversion method. The
homogeneous dope solution and bore fluid were extruded through an annular spinneret to
get the HF membranes. The HF membrane spinning parameters depicted in Table 4.2. The
as-prepared HF membranes were submerged in DI water for 24 h to exclude the residual
solvent with a change of water periodically. To circumvent the pore collapse, finally, the
membranes immersed in 10 wt% glycerol solution for an additional 26 h before air-drying.
The representative scheme of HF membrane fabrication is reported in our previous
publication (Ibrahim et al. 2017).

Table 4.1 The dope solution composition

Membrane | PSF NMP | PVP (g) | PSBMA@Fe304 (g) | PSBMA@Fe304
code (9) (9) (wt%)*

FM-0 20 79 1.0 0 0

FM-1 20 79 1.0 0.1 0.5

FM-2 20 79 1.0 0.2 1.0

FM-3 20 79 1.0 0.3 1.5

*W.r.t. PSF weight.
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Table 4.2 Hollow fiber membrane spinning parameters

Spinning parameters value
Dope extrusion rate 3.0 (mL/min)
Bore extrusion rate 2.5 (mL/min)
Spinneret dimension 1.1/0.55 (OD/ID)
Air gap 1.0 (cm)
Bore fluid DI water
Bore fluid temperature 25.0 (°C)
Collecting drum speed 7.0 (RPM)
Coagulation bath Tap water
Humidity 60.0 (%)
Coagulation bath temperature 25.0 (°C)

4.2.4 Antifouling and humic acid (HA) removal experiments

The antifouling study by adsorption was performed as follows. Typically, 10 ppm of
HA solution was made by dissolving the calculated quantity of sodium salt of humic acid
in DI water. The prepared HA solution was utilized to assess the antifouling capability of
the nanocomposite membrane. In the HA adsorption study, the HF membrane area of 1.727
cm? was cut and both of the ends were sealed with epoxy resin. Then it was submerged in
10 mL of 10 ppm HA solution at pH 7. The solution containing the sample was kept in an
orbital shaker (100 rpm) for 24 h at room temperature to attain the equilibrium of
adsorption. The concentration of HA before and after adsorption at 254 nm was measured
using a PerkinElmer LAMBDA 950 UV-Vis spectrophotometer. The quantity of HA
adsorbed per unit area of the membrane, ‘Q’ (ug/cm?) was determined using equation (4.2).

_(Co—=Ce)xV

y (4.2)

Q

Where, ‘Co’ and ‘Ce’ are the initial and equilibrium concentration (ug/L) of HA, *V’ is the

volume of the adsorbate solution (L) and ‘A’ is the area of the HF membrane (cm?).

Further, the antifouling ability of the HF membranes was evaluated by filtration. Before
starting the experiment, all the membranes compacted for 40 min at 2 bar. Then PWP (Jw)

was measured for 60 min by filtering DI water at 1 bar. After PWP, DI water in the feed
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tank was replaced with 10 ppm of HA solution and filtered for 60 min and HA solution
permeability was measured as Jua. Subsequently, the membranes were cleaned carefully
with 0.05 M ag. NaOH solution for 30 min. The PWP (‘Jw1’) of the cleaned membrane was
measured for another 60 min. To estimate the antifouling property of the HF membranes,

flux recovery ratio (FRR) was calculated using the equation (4.3).

FRR (%) = (]W—1 x 100 (4.3)
Jw
Furthermore, the HF membrane fouling was studied carefully by estimating the irreversible
fouling (Rir), reversible fouling (Rr) and total fouling (R¢) using the below-mentioned
equations (4.4, 4.5 and 4.6).

Rir (%) = (%) x100 (4.4)

R (%) = (]le_#) x 100 (4.5)

R (%) = (]W;ﬂ) x 100 (4.6)
w

HA removal of the HF membranes was evaluated using different HA concentrations
(10, 20, 40 and 50 ppm) at pH 7. Briefly, a known concentration of HA solution was filtered
through the HF membranes at pH 7. The initial and final concentration of HA was assessed
by a UV-Vis spectrophotometer (HACH DR 5000) at 254 nm. Furthermore, 100 ppm of
RB-5 and RO-16 dye solutions were prepared separately and a dye removal study was
performed at 1 bar pressure. The dye concentration in the feed and permeate was analyzed
by a UV-Vis spectrophotometer at 592 nm for RB-5 and 494 nm for RO-16. The percentage
of removal was determined by equation (4.7).

Removal (%) = (1 — %) x 100 (4.7)
f

Where ‘Cp’ and ‘Cy’ are the permeate and feed solute concentrations.

4.2.5 Iron leaching study
In order to identify the leaching of iron from the membrane matrix, DI water was

filtered for 24 h at pH 7 and 1 bar. 10 mL of sample was collected after 24 h of filtration.
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A standard solution with a varying concentration of 0.2 mg/L to 5 mg/L was made by
dissolving iron in 2 % aqueous nitric acid solution. The absorbance values were calculated
using a SHIMADZU AA-6800 atomic absorption spectrophotometer (AAS). A calibration
curve was plotted by taking the absorbance in the y-axis and concentration on the x-axis.

Through which the concentration of iron in permeate was measured.

4.3 RESULTS AND DISCUSSION

4.3.1 Characterization of prepared nanoparticles

The surface charge of the as-synthesized nanoparticles was calculated by zeta potential
analysis and presented in Figure 4.1a, b and c. The change in the zeta potential value in
each stage confirms the functionalization of FesOa. Figure 4.1a depicts the zeta potential of
Fe30a, which was — 47 mV (pH 6.3). After covalently bonded with MPS (Figure 4.1b), the
zeta potential value was increased to — 60 mV (pH 6.3). The increase in the surface charge
was owing to the presence of a hydroxyl group, which was formed by the hydrolysis of the
methoxy group. However, Figure 4.1c shows the zeta potential of — 36 mV (pH 6.3). The
decrease of negative charge was accounted for the presence of PSBMA on the nanoparticle
surface. SBMA has both anionic and cationic functional groups, which provide a neutral
charge to it. Consequently, it reduces the negative charge of the FezOs. The acquired results
are in agreement with the literature (Susanto et al. 2007). As stated by Hanaor et al., the
nanoparticles with high zeta potential value will form a stable dispersion, as the
agglomeration and settling were inhibited by the electrostatic repulsion (Hanaor et al.
2012). However, FesO4 nanoparticles were started settling down after 15 min owing to
Oswald ripening (Babu et al. 2009). More interestingly, PSBMA@Fe304 nanoparticles
were stable up to a longer time and the increased stability was ascribed to the presence of
the polymer chain, which acts as the steric stabilizer. Therefore, the as-synthesized
PSBMA@Fe304 nanoparticles will form a stable dispersion.

The formation of the vinyl group and grafting of SBMA on FesO4 was confirmed by
FT-IR analysis. As illustrated in Figure 4.1d, e and f, the bands at 580 cm™ and 1631 cm™
are due to the Fe-O stretching and adsorbed water O-H bending vibration. In Figure 4.1e,
the new peaks at 1700 cm™ and 1155 cm™ are ascribed to the ester group C=0 stretching
and Si-O-Si group. These two new peaks substantiated the presence of MPS on the surface

of Fe30s. However, the reduced stretching frequency of the ester (C=0) group was
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attributed to the presence of conjugation in the MPS (Suart 2004, Silverstein et al. 2014,).
In Figure 4.1f, the new characteristic peak at 1721 cm™ is designated to C=0 stretching,
peaks at 1183 cm™ and 1044 cm™ are linked with sulfonate group stretching vibration
(Silverstein et al. 2014, Zhu et al. 2017). Additionally, in the case of PSBMA@Fe304, the
ester group C=0 stretching vibration was observed at the little higher frequency. The
characteristic shift was ascribed to the absence of conjugation. Therefore, this shift further

confirmed the polymerization of MPS and SBMA monomers.
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Figure 4.1 Zeta potential of a) FesO4, b) MPS@Fe304 and ¢c) PSBMA@ Fe304at pH 6.3,
FT-IR spectra of d) Fe3O4, €) MPS@Fe304 and f) PSBMA@ Fez04and PXRD of g) FesO4
and h) PSBMA@Fe304

The PXRD diffraction pattern of the FesOs and PSBMA@FesO4 nanoparticles is
illustrated in Figure 4.1g and h. The characteristic diffraction peaks for FesO4 were detected
at 30.1°, 35.8°, 43.1°, 53.6°, 57.6°, 63.0° resultant to the Miller indices [220], [311], [400],
[422], [511] and [440] correspondingly (Figure 4.1g). As presented in Figure 4.1h, the

modified nanoparticles were also exhibited the same diffraction pattern as Fez04 and well-
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matched with JCPDS file number 75-1609. In summary, there was no noticeable change

was observed in the crystal structure of the nanoparticles after functionalization.

The thermal stability of the nanoparticles at various stages was examined using TG
analysis and shown in Figure 4.2a. In FesO4 (Figure 4.2a), the weight loss between 50 and
150 °C was caused by adsorbed water molecules. The major weight loss between 200 and
270 °C was ascribed to the decomposition of surface hydroxyl groups and the weight loss
at 900 °C was 5.7 wt%. After vinylation, the weight loss at 900 °C was 9.0 wt%. From this,
the grafting ratio of the vinyl group was calculated as 3.3 wt%. In the final step, the weight
loss at 900 °C was 11.2 wt% and the grafting ratio of PSBMA was calculated as 2.2 wt%.

Therefore, the change in weight loss confirms the modification of the nanoparticles.
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Figure 4.2 a) TGA curves of Fe30s, MPS@Fe304, PSBMA@Fe304 and b) FESEM image
(scale bar 100 nm), ¢) EDX spectrum and d) elemental mapping of PSBMA@Fe304
nanoparticles

The morphology and elements present in the zwitterionic nanoparticles were examined
by FESEM and EDX analyses. As described in Figure 4.2b, the nanoparticles exhibited
uniform size and shape. The presence of elements such as sulfur (S), nitrogen (N), silicon
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(Si) and carbon (C) confirmed the functionalization of FesO4 nanoparticles (Figure 4.2c).
Further, the uniform distribution of all the elements in the nanoparticles was explored by

EDX elemental mapping (Figure 4.2d).

4.3.2 Characterization of membranes

The TGA curve of membranes is represented in Figure 4.3. As shown, the
nanocomposite membrane (FM-2) exhibited improved thermal stability than the pristine
(FM-0) membrane. The two membranes exhibited a small amount of weight loss between
50 and 150 °C due to adsorbed water. For FM-0 membrane, one-step weight loss was
observed between 470 and 626 °C, due to the decomposition of the polymer main chain.
The weight loss at 900 °C for FM-0 was 71.2 wt%, which was decreased to 62.8% for the
FM-2 membrane. Further, the onset decomposition temperature of FM-0 was 470.5 °C,
however, the FM-2 membrane exhibited a higher onset decomposition temperature of 480.2
°C. Overall, the FM-2 membrane demonstrated decreased decomposition ratio, which was

due to the incorporation of the zwitterionic PSBMA@Fe304 nanoparticles.
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Figure 4.3 TGA curves of a) FM-0 and b) FM-2 membranes

The cross-sectional images of HF membranes spun with various concentration of
zwitterionic PSBMA@Fe304 are depicted in Figure 4.4. All the as-prepared membranes
exhibited asymmetric morphology with the finger-like structure in the inner and outer side
and sponge-like structure in the middle. It is curious to observe that, the added nanoparticles
increased the number of macrovoids and reduced the skin layer thickness of HF

membranes. Furthermore, the improved hydrophilicity caused an increased rate of
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demixing between the solvent and non-solvent. Consequently, the more porous membrane

was formed.
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Figure 4.4 SEM cross-sectional images of a) FM-0, b) FM-1, ¢) FM-2 and d) FM-3

The FM-2 membrane high resolution XPS spectra are presented in Figure 4.5. Figure
4.5a represents that, the presence of two peaks at 710.16 and 727.05 eV were due to Fe
2p32 and Fe 2p12. As depicted in Figure 4.5b, the high resolution C 1s spectrum can be
deconvoluted into six peaks at 283.24 (C-Si), 284.82 (C=C/C-C), 286.27 (CN*/C-SO3),
286.96 (C-N/C-0), 287.53 (C=0) and 289.54 eV (O-C=0) (Lin et al. 2017). The O 1s peak
was deconvoluted into four peaks at 530.61 (Fe-O), 531.55 (C=0/0-C=0), 531.9 (SO3)
and 532.72 eV (Si-O/C-0) (Figure 4.5¢) (Zhao et al. 2010, Sunkara et al. 2013). The
obtained XPS data confirmed the zwitterionic functionalization of FesO4 and the presence
of nanoparticles on the FM-2 membrane surface. In addition, the FM-2 HF membrane
surface elemental composition (atomic %) was calculated as 87.81 %, 0.94 %, 7.42 %, 0.60
%, 1.46 % and 1.74 % of C 1s, N 1s, O 1s, Si 2p, Fe 2p and S 2p elements respectively.

The analysis of the zeta potential of the membrane surface is useful in understanding
the relationship between the membrane surface and the solution in contact with it. The
membrane surface charge determines the fouling and rejection properties of the membrane.
The zeta potential of the outer surface of the membranes FM-0 and FM-2 HF membrane at
different pH is represented in Figure 4.5d. As shown, the isoelectric point (IEP) of the FM-
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0 membrane was identified at pH 3.07. In FM-0, the positive charge below the IEP was
ascribed to the adsorption of cations by the electronegative sulfone group. However,
negative zeta potential value was observed above the IEP, which was owing to the
adsorption of anions (OH/CI") on the membrane surface from the electrolyte (Kumar et al.
2013). The IEP of the FM-2 membrane was observed at pH 2.84. As discussed above, the
as-synthesized nanoparticles were negatively charged at pH 6.3. Consequently, the FM-2

membrane surface negative charge was enhanced when compared to the FM-0 membrane,

which was due to the presence of negatively charged PSBMA@Fe304 nanoparticles.
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Figure 4.5 XPS high resolution spectra of FM-2 membrane a) Fe 2p, b) C 1s, ¢) O 1s and
d) zeta potential of FM-0 and FM-2 membranes as a function of pH
The effect of PSBMA@Fe304 zwitterionic nanoparticles on the contact angle, water
uptake, pore size and porosity of the fabricated membrane are presented in Table 4.3. The
porosity was improved with the addition of PSBMA@Fes04 nanoparticles. In the FM-1
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membrane, porosity was enhanced by 14 % compared to the pristine FM-0 membrane. The
highest porosity of 61.5% was observed for the FM-2 membrane with 1.0 wt% of
zwitterionic nanoparticles. The same trend was observed for pore size and water uptake of
the hybrid membrane. Since the added nanoparticles are hydrophilic in nature, it increases
the diffusion rate between non-solvent and solvent exchange and leads to the formation of
porous membranes. However, the porosity was decreased with a higher concentration (1.5
wt%) of nanoparticles. Consequently, pore size and water uptake of the membrane were
also reduced. The higher concentration of nanoparticles will be partially agglomerated
(Hebbar et al. 2016) and increase the viscosity of the dope solution, thus slow down the
demixing process during phase inversion (Jiang et al. 2014). Therefore, it reduces the
membrane porosity, pore size and water uptake. Similarly, the contact angle of the hybrid
membrane was reduced with the addition of PSBMA@Fe304 nanoparticles. The lowest
contact angle of 67.2° was obtained for the FM-3 membrane, which is 12.6° less than the
pristine FM-0 membrane. The decreased contact angle of the hybrid membrane was
ascribed to the formation of a tight hydration layer and enhanced porosity (Zhao et al.
2015).

Table 4.3 Properties of hollow fiber membranes

Membrane | PWP | Contact | Poro | Water | Pore HA Surface roughness
(L/m? | angle | sity | uptake | size | adsorption (nm)
hbar) | (°) (%) | (%) | (hm) | (ug/em?)

Ra Rq | Rmax

FM-0 226 | 798 43.2 | 324 10.1 [435+0.5 |3.88 |4.94 |416
+16 | +1.3 +0.3 | +0.9 +0.1

FM-1 534 | 735 574 | 479 109 |29.1+0.8 |3.76 |4.68 | 319
+0.8 | +0.9 +0.9 | +0.2 +0.3

FM-2 61.1 |69.3 615 |58.1 116 |[17.3+0.2 | 294 |3.66 |30.8
+1.1 | +0.3 +0.2 | +0.4 +0.2

FM-3 459 |67.2 58.1 | 55.3 104 | 179403 |3.15 |3.94 |47.7
+0.6 | +0.7 +0.6 | +1.0 +0.1
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4.3.2.1 Permeability of membranes

The PWP of all the prepared membranes is illustrated in Table 4.3. The improved PWP
of the FM-2 membrane over pristine (FM-0) membrane was ascribed to the increased
surface hydrophilicity, porosity and water uptake. The PWP was enhanced with an
increased concentration of PSBMA@Fe30s4 up to 1 wt%. In general, the water molecules
first adsorb on the membrane surface and then permeate across the membrane. The
zwitterionic nanoparticles contain both sulfonate and quaternary ammonium groups, which
has a strong affinity for water molecules via electrostatic attraction, As a result, it forms a
strong hydration layer on the membrane surface. This layer has increased the interaction
between the membrane surface and water molecules. Subsequently, the water molecules
adsorbed more easily on the membrane surface and become permeate. Thus, the resistance
to the water permeability was reduced significantly. However, with a higher concentration
(1.5 wt%) of nanoparticles, the PWP was reduced. The reason for the reduction in PWP
was because of the partial agglomeration of zwitterionic nanoparticles, which has blocked
the membrane pores. Consequently, there was a noticeable reduction in the passage of the

water molecules.

4.3.2.2 Antifouling studies of membranes

The antifouling capability of the as-prepared hybrid membranes was studied by both
adsorption and filtration. The HA static adsorption of the membrane at pH 7 was carried
out and values are tabulated in Table 4.3. As shown, the adsorption of hybrid membranes
was less related to the pristine membrane. The adsorption was decreased with an increase
in the concentration of nanoparticles. The reason for the reduction in the HA adsorption
was owing to the increased negative charge (Ibrahim et al. 2017) and hydrophilicity (Chiag
et al. 2011, Jain et al. 2017). As the HA is negatively-charged molecules, (Hebbar et al.
2015) when it comes in contact with the negatively charged membrane surface, HA
molecules excluded through electrostatic repulsion. Also, the improved hydrophilicity,
which offered from the zwitterionic nanoparticles forms a strong hydration layer on the
membrane surface. The as-formed hydration layer hardens the contact between the HA and

the membrane surface.

The time-dependent pure water and HA solution permeability of all the membrane is
depicted in Figure 4.6. The total fouling (Ry), reversible fouling (Rr) and irreversible fouling
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(Rir) are estimated and shown in Figure 4.7a. As shown, the hybrid membranes exhibited
decreased Rt compared to the pristine (FM-0) membrane. The Rt value was decreased from
60.3 % to 50.1 % for the FM-2 membrane, which was as a result of the improved surface
charge and hydrophilicity of the FM-2 membrane. Thus, the FM-2 membrane prevented
the adsorption of HA on the membrane surface or pore walls (Hwang et al. 2011).
Conversely, for the FM-3 membrane, the R: value was slightly higher than the FM-2
membrane. Because, with 1.5 wt % of nanoparticles, the hybrid membrane surface
roughness was higher than the FM-2 membrane (Table 4.3), which overwhelmed the effect
of surface charge and hydrophilicity. The rough surface of the membrane has a higher
surface area and active sites, which increased the adsorption of HA molecules (Rechendorff
et al. 2006, Yang et al. 2011). As expected, the same trend was observed in the case of R,
and Rir. The FM-2 membrane exhibited the higher Ry and lower Rjr tendency with respect
to the pristine FM-0 membrane. The AFM 3D images of all the membranes are presented
in Figure 4.7b.
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Figure 4.6 Time-dependent pure water and HA solution permeability of membranes

The recycling property of the hybrid membranes was estimated by calculating the flux
recovery ratio (FRR). As presented in Figure 4.7a, the FRR value was increased from 66.2
% for FM-0 to 88.4 % for the FM-2 membrane. The increase in FRR value was owing to
the reduced surface roughness, improved surface hydrophilicity and the surface charge. The
formation of a negatively charged hydrophilic skin layer avoids the adsorption of HA

molecules. Therefore, the hybrid membrane could recover easily with simple aqueous
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caustic washing. Still, there was a small decline in the FRR of the FM-3 membrane, which
can be ascribed to the enhanced surface roughness (Table 4.3). It is well documented that,
fouling will be more on the highly rougher surface (Rana et al. 2010). Therefore, the hybrid

FM-2 hollow fiber membrane exhibited improved permeability and antifouling.
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Membrane Membranes

Figure 4.7 A) Percentage of flux recovery ratio (FRR), total fouling (Rt), reversible fouling
(Ry), irreversible fouling (Rir), B) AFM 3D images of membranes and C) HA removal and
HA solution permeability (HSP) of membranes at pH 7 and 1 bar
4.3.2.3 Humic acid removal

The HA removal and HA solution permeability (HSP) of the membrane is demonstrated
in Figure 4.7c. All the hybrid membranes exhibited enhanced HA removal than the pristine
membrane. The HA removal was improved from 81.4 % of FM-0 to 99 % of the FM-2

membrane with HSP of 9.7 L/m?h bar and 30.3 L/m?h bar. Generally, HA removal efficacy
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of the hybrid membrane is decided by membrane surface hydrophilicity, pore size and
surface charge. In this work, the pore size of the hybrid membranes is larger than the size
of HA molecules (typically less than 1 nm). Thus, the predominant mechanism for the
removal of HA was based on the electrostatic repulsion and hydration layer formation. As
reported in the literature, the presence of -COOH and —OH group make the HA negatively
charged molecules at pH 7 (Hwang et al. 2011). The as-prepared HF membrane also
exhibited negative charge at pH 7, which was confirmed in the zeta potential analysis.
Consequently, there was a strong electrostatic repulsion between the membrane surface and
HA molecules. Further, the as-formed hydration layer reduced the adhesion force between
the membrane surface and HA. Therefore, HA molecules were prevented from the
permeation across the membrane due to increased electrostatic repulsion and hydration
layer. At the same time, the FM-3 membrane showed the HA removal of 99.4 %, which is
slightly higher than the FM-2 membrane. The slight increment in the HA removal was
ascribed to the reduced porosity, pore size and increased nanoparticle concentration, which

would further increase the surface charge density.

The HA removal in different concentrations at pH 7 and 1 bar also studied using the
FM-2 membrane. The FM-2 membrane was selected as it exhibited higher permeability
compared to other hybrid membranes. As represented in Figure 4.8a, the HA removal
percentage was reduced with an increase in the concentration of HA. The FM-2 membrane
demonstrated the HA removal of 88.3 % at the HA concentration of 50 ppm. The reason
for the reduction in the HA removal with increasing concentration of HA was owing to the
inadequate availability of active sites. While increasing the concentration of the HA
molecules, there was a severe competition between the negatively charged HA molecules
and negatively charged active sites of the membrane. Thereby, some of the HA molecules
could permeate across the hybrid membrane and the same trend was observed in the
literature (Kumar et al. 2016, Hebbar et al. 2017). In summary, the FM-2 hollow fiber
membrane performed well at the HA concentration of 10 ppm. The digital photographic
images of feed (50 ppm) and permeate after UF using the FM-2 membrane is displayed in
Figure 4.8b.
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Figure 4.8 a) FM-2 membrane HA rejection in different concentration and b) digital
photographic images of feed (50 ppm) and permeate after UF using FM-2 membrane at pH
7 and 1 bar

Further, the stability of the FM-2 membrane with a surface area of 8.635 cm? was
studied using 20 ppm of HA as feed for 10 h at pH 7 and 1 bar. As indicated in Figure 4.9,
the HA concentration was decreased after 5 h and then attained a steady state. The HA
concentration in permeate was less than the permissible limit of 2 ppm throughout the
analysis. There was a slight decrement in the permeability as well, which was caused by
the growth of a thin cake layer on the membrane surface. In summary, the negatively
charged membrane surface facilitated the electrostatic repulsion against the negatively
charged HA molecules. Henceforth, the FM-2 membrane lifetime was able to extend
beyond 10 h. The observed results are in agreement with the literature (Panda et al. 2015).
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Figure 4.9 Longtime study of the FM-2 membrane using 20 ppm of HA as feed at pH 7

and 1 bar
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4.3.2.4 Dye removal study of hollow fiber membranes

Based on the PWP and FRR, the FM-2 HF membrane was chosen for the dye removal
study. The dye removal and DSP of the FM-2 membrane at different pH are represented in
Figure 4.10. As depicted in Figure 4.10a, the RB-5 rejection was above 99 % at all the pH
studied. However, at pH 10 and 3, the DSP was slightly reduced. The reduced DSP at pH
10 was attributed to the swelling of the HF membrane, which increased the thickness of the
membrane (Wang et al. 2016). At pH 3, the reduced DSP was due to the precipitation of
dye molecules. In general, the sodium salt of dye molecules is highly water-soluble. At
acidic pH, the sulfonate group was protonated to become a sulfonic acid group and
solubility of a dye molecule was reduced. Furthermore, the precipitated dye molecules

blocked the membrane pores and led to the reduced permeability.

In the case of RO-16 (Figure 4.10b), the HF membrane exhibited the rejection of above
84 %. At pH 7 and 10, the rejection was 84.7 % and 86.8 %. Nevertheless, at pH 3, the
rejection was increased to 96.2 %. The increased rejection of RO-16 at pH 3 was again
ascribed to the decreased solubility of RO-16 at pH 3. Similarly, the DSP has followed the
same trend as observed in RB-5 rejection. The enhanced removal ability of the FM-2 HF
membrane towards the negatively charged reactive dyes was also attributed to the surface
charge of the membrane. The incorporated nanoparticles bestowed the negative charge to
the HF membrane. Thus, the adsorption of dye molecules on the membrane surface was
circumvented through electrostatic repulsion, which improved the dye removal with less
reduction in the DSP. Furthermore, the higher rejection of RB-5 compared to RO-16 was
due to the size exclusion mechanism. Therefore, the larger molecular weight RB-5
exhibited a higher rejection percentage than the lower molecular weight RO-16. The
observed results are good accord with the reported literature (Ibrahim et al. 2017, Liu et al.
2017).
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Table 4.4 Comparison of dye removal ability of nanocomposite membrane with literature

Membrane Dye PWP? | DSPP Dye Type of Ref.
rejection (%) | membrane
Sepro NF 2 A Direct red | 105 |[9.6 99.98 Loose NF | (Lin et
80 al.
2015)
UHO004 Direct red | 27 26 99.9 Tight UF | (Lin et
(Hydrophilic PES) | 80 al.
2016)
PSF/poly(MBAAmM- | Reactive 56 51/51.8 | 98/80.7 Tight UF | (Ibrahim
co-SBMA) black 5/ et al
Reactive 2017)
orange 16
GR82PP Direct red | 37.4 | ~31/~33 | ~99.9/~94 Tight UF | (Jiang et
80/ al.
Reactive 2018)
orange 16
PSF/ Reactive |61.1 |56.2/53 |99.3/84.7 Tight UF | Present
PSBMA@Fe304 black 5/ study
Reactive
orange 16

3PWP: Pure water permeability (L/m?h bar); °DSP: Dye solution permeability (L/m?h bar)
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4.3.2.5 Iron leaching study

According to the World Health Organization (WHO), the permissible limit of iron in
drinking water is 0.3 to 3.0 mg/L (Mukherjee et al. 2017). However, the concentration of
iron in permeate measured by AAS was below the detection of 0.11 mg/L after 24 h of
filtration, which confirmed that there was no any leaching of iron nanoparticles from the
membrane matrix. Thus, these hybrid hollow fiber membranes are suitable for long-term

usage.

4.4 CONCLUSIONS

Poly(sulfobetaine)@Fez0s (PSBMA@Fez04) zwitterionic  nanoparticles  were
synthesized, characterized and used as an additive to fabricate polysulfone hollow fiber
ultrafiltration membranes. The influence of zwitterionic poly(sulfobetaine)@Fez04
nanoparticles on membrane surface charge, hydrophilicity, water uptake, porosity, pore
size, morphology and humic acid removal was examined and improved with respect to the
concentration of the poly(sulfobetaine) @Fe3O4 nanoparticles. The hybrid membranes were
less susceptible to adsorption of humic acid and the possible mechanism was predicted as
hydration layer formation and electrostatic repulsion, which was offered by the zwitterionic
nanoparticles. The FM-2 membrane exhibited improved antifouling property with a flux
recovery ratio of 88.4 % and irreversible fouling of 11.9 %. The highest humic acid removal
was demonstrated by the FM-3 membrane. However, owing to the partial agglomeration of
nanoparticles, the permeability of the FM-3 membrane was reduced when compared to the
FM-2 membrane. In addition, the FM-2 membrane demonstrated the high removal of
reactive dyes with a concentration of 100 ppm. In conclusion, the hybrid FM-2 hollow fiber
membrane can be used for the effective removal of humic acid with a concentration of 10
ppm at pH 7 and Reactive black 5 and Reactive orange 16 with a concentration of 100 ppm
at pH 7.
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/ONE-STEP SYNTHESIS OF NOVEL \
ZWITTERIONIC GRAPHENE OXIDE
NANOHYBRID: APPLICATION TO
POLYSULFONE ULTRAFILTRATION
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Abstract: In this chapter, zwitterionic graphene oxide (GO) nanohybrid was synthesized
using monomers [2-(methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)ammonium hydroxide
(SBMA) and N,N'-methylenebis(acrylamide) (MBAAm) (GO@poly(SBMA-co-MBAAmM)
and incorporated into polysulfone (PSF) hollow fiber membrane for the effectual rejection
of dye from the wastewater. The dye removal ability of the nanocomposite membranes was
studied using Reactive black 5 (RB-5) and Reactive orange 16 (RO-16) as model dyes and
antifouling performance was evaluated using Bovine Serum Albumin (BSA) as a model
protein. The as-prepared tight ultrafiltration hollow fiber membrane exhibited high
rejection of Reactive black 5 (99 %) and Reactive orange 16 (74 %) at a dye concentration
of 10 ppm and pure water flux (PWF) of 49.6 L/m?h.

5.1 INTRODUCTION

In recent times, wastewater generated from the textile industries is becoming
detrimental environmentally demanding effluent. It is mainly composed of a large amount
of organic dyes and inorganic salts, properly 5.6 wt % of Na.SO4 and 6 wt % of NaCl (Zhu
et al. 2016, Ibrahim et al. 2017). Among the organic dyes used, reactive dyes have gained
significant attention owing to the low tendency of fixing on the fibers. Accordingly, a
considerable amount of inorganic salts should be used to enhance the binding capability,
which led to the existence of a large number of dyes and salts in the wastewater stream
(Burkinshaw et al. 2011).

The discharge of untreated wastewater effluents into the environment, not only affect
human beings but also restrict the permeation of light which will affect the aquatic flora
and fauna to a greater extent (Wang et al. 2008, Geng et al. 2012). Further, the discharged
dye molecules are highly vulnerable to hydrolysis or oxidation to degrade into different
toxic substances. Reactive dyes are capable of causing skin diseases like contact dermatitis
and respiratory diseases like asthma (Thorén et al. 1986). In the matter of sustainability,
dyes and inorganic salts should be separated from the wastewater and recycled rather than
dye removal or water purification by reverse osmosis (RO). Additionally, the recycled dye
can be used in the dyeing process and salts can work well as draw solution in forward
osmosis (FO) (Lin et al. 2015, Lin et al. 2015, Zhu et al. 2015).

Membrane separation is one of the efficient and popular techniques for the purification
of wastewater (Hebbar et al. 2018, Ibrahim et al. 2018, Ibrahim et al. 2019). In the 1980s,
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the nanofiltration (NF) membrane was introduced and has become an attractive technology,
due to the improved selectivity, high permeation, low operating pressure and less
maintenance cost (Marién et al. 2016, Du et al. 2017). NF membrane has a pore size of
~0.5-2.0 nm and molecular weight cut-off (MWCO) between 200 and 1000 Da, which
renders the opportunity to stand superior in wastewater purification (Sun et al. 2012). The
mechanism of NF membrane separation is based on size exclusion and electrostatic
repulsion (Donnan effect). However, NF membrane performances are severely affected by
concentration polarization and membrane fouling (Tang et al. 2011). Essentially, in textile
wastewater treatment, the flux decline is triggered by the cake layer formation and pore
blockage (Koyuncu et al. 2004, Lin et al. 2015). According to Koyuncu, membrane fouling
can be reduced by increasing the cross-flow velocity (Koyuncu 2002).

In addition, the hydrophobic interaction and electrostatic attraction will also contribute
to the reduced flux via the accumulation of dye molecules in the membrane pore structure
(Koyuncu et al. 2003). Consequently, it increases the frequency of chemical cleaning,
which reduces membrane life. Besides, the high concentration of inorganic salts reduces
the permeate flux due to the increase in osmotic pressure (Xu et al. 1999). Therefore,
advanced NF membranes having dye removal capacity with low salt rejection and high flux
are highly anticipated in the field of textile wastewater treatment.

The use of tight ultrafiltration (T-UF) can be recognized as an operative approach for
the bifurcation of dye/salt mixture (Lin et al. 2016, Liu et al. 2017). Lin and co-workers
demonstrated the fractionation of dye/Na>SO4 using the UH004 T-UF membrane (MWCO
4700 Da) from textile wastewater. The results revealed that the membrane could reject >
98.9 % of both reactive blue 2 and direct dyes along with the high permeation of Na;SO4
(Lin et al. 2016). Liu et al. applied a positively charged T-UF membrane with MWCO of
12700 Da for separation of dye, which allowed 99.9 % rejection of Congo red with dye
solution permeation of 84 L/m? h bar (Liu et al. 2017). Hydrophilic polyaryletherketone
(PAEK)-COOH T-UF membrane was reported by the Liu group (Scheme 5.1). The
prepared membrane exhibited a rejection of 99.8 % Congo red (100 ppm) with the complete
permeation of NaCl and < 10 % rejection to Na>SOs (Liu et al. 2017). Hence, the T-UF
membrane having both high permeability of water and inorganic salts with high rejection

of dye molecules is highly desirable since the textile effluents increase day by day.
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Scheme 5.1 Synthesis of carboxylated cardo poly(arylene ether ketone)s (PAEK-COOH)
(Liu et al. 2017)

The carbon-based nanomaterials have been demonstrated many interesting properties
such as adsorption of organic dyes and heavy metals, desalination and antimicrobial activity
(Machida et al. 2006, Ai et al. 2011, Liu et al. 2011, Kumar et al. 2019). Graphene oxide
(GO) consists of reactive functional groups such as -OH, epoxy and -COOH has designated
as an effective substitute for constructing the nanocomposite membranes owing to its
characteristic 2D structure, high chemical stability, strong hydrophilicity and high surface
area (Liu et al. 2012). GO has been incorporated into the membrane matrix for constructing
nanocomposite membranes with enhanced flux and antifouling properties (Goh et al. 2015,
Tang et al. 2015). Nevertheless, graphene derivatives are susceptible to form aggregation
in dope solution, as a result, it forms a random dispersion.

Furthermore, the compatibility between the membrane matrix and GO is poor, which
may enhance the defects in the matrix. Consequently, there will be a compromise in the
selectivity and mechanical strength of the nanocomposite membrane (Wang et al. 2015,
Zhu et al. 2016). For that reason, surface modification of GO for the betterment of improved
performance and compatibility is mandatory. Zwitterionic materials bearing both anionic
and cationic groups have been developed as favorable antifouling and superhydrophilic
materials. It establishes a strong hydration layer on the membrane surface, which is
essential for reducing the adsorption of foulants capability and enhancement of flux (Shao
et al. 2015).
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The nanocomposite membrane will have improved compatibility, as the hydrophobic
chains in the zwitterionic polymers are miscible with the polymer matrix. Zhu et al.
described the preparation of zwitterionic GO via reverse atom transfer radical
polymerization (RATRP), which is overall in three steps (Scheme 5.2) (Zhu et al. 2016).
Zhao et al. prepared zwitterionic GO via free radical polymerization at 60 °C under a
nitrogen atmosphere. The prolonged reaction time (40 h) and inert atmosphere still increase
the operational cost (Zhao et al. 2016). He et al. stated the functionalization of GO in two
steps. In the first step, GO was vinylated by 3-(methacryloxy) propyltrimethoxysilane
(MPS) followed by reaction with some of the monomers via surface-initiated precipitation
polymerization (He et al. 2015).
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Scheme 5.2 Synthesis of zwitterionic GO via reverse atom transfer radical polymerization
(RATRP) (Zhu et al. 2016)

Distillation precipitation polymerization (DPP) is one of the developing methods for
the preparation of uniform-sized micro and nanoparticles. It was first reported by Bai et al.
for the preparation of poly(divinylbenzene) microspheres (Bai et al. 2004). It is described
that the size of particles can be altered by changing the concentration of the monomer and
radical initiator. In addition, the increased degree of cross-linking also influences the size
of the particles. DPP is i) Time-saving (<2 h) and facile method compared to the
conventional polymerization process. ii) No stabilizer and pH adjustment are required. iii)
As reaction proceeds at refluxing temperature, no need for the inert atmosphere. iv)

Prepared particles show excellent colloidal stability in various solvents without adding any
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stabilizing agents. In the typical process, acetonitrile (ACN) was chosen as a reaction
solvent, since the monomers and initiator are highly soluble and synthesized nanoparticles
are insoluble.

The preparation of functionalized FezO4 nanoparticles via DPP was reported by Zhang
et al. The as-prepared hydrophilic nanoparticles demonstrated the improved binding
capacity towards glycoproteins (Scheme 5.3) (Zhang et al. 2015). Guangwei et al. modified
the MWCNTSs with functional groups such as -COOH, —-SOzH and PO3zH by DPP. It was
stated that the modified MWCNTSs improved proton conductivity (He et al. 2014).
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Scheme 5.3 Synthesis of functionalized Fe3O4 magnetic nanoparticles via DPP (Zhang et
al. 2015)

Jianfeng et al. reported the first paper on the surface functionalization of multiwalled
carbon nanotube (MWCNTSs) with poly(acrylic acid) and poly(acrylamide) via in situ
radical polymerizations (Shen et al. 2008). Later, the GO surface was functionalized with
poly(acrylic acid) and poly(acrylamide) via covalent bonding, which was reported by Shen
et al. (Shen et al. 2009). In 2011, Kan et al. demonstrated the functionalization of GO with
different polymer chains via free radical polymerization (Scheme 5.4) (Kan et al. 2011). It
was stated that after functionalization, the aggregation of GO was reduced to a greater
extent. In this typical reaction, polymer chains are directly attached to the C=C bond of
GO and the rest of the active functional groups were intact.

Radical
@
26X

Monomer

Scheme 5.4 Functionalization of GO via free radical polymerization (Kan et al. 2011)
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Further, by combining the advantages of this method and DPP would provide a simple
and cost-effective methodology for the functionalization of GO. In this typical
polymerization process, the vinyl monomers are initiated by radical polymerization and the
formed radicals are added to C=C bonds of GO via propagation. Consequently, there is a
formation of many radicals on the GO surface, which undergoes further chain propagation
and termination. Conversely, so far no experimental evidence has been reported to support
the above-said mechanism (Kan et al. 2010). Additionally, the functional groups such as —
COOH and —OH of GO are intact. Thus, there was no compromise in the hydrophilicity of
GO after functionalization.

Inspired by the above reports, GO@poly(SBMA-co-MBAAmM) nanohybrid was
synthesized via DPP using GO as the backbone, MBAAmM as a cross-linking agent and
SBMA as a zwitterionic monomer. This material was used as an additive to prepare
ultrafiltration (UF) hollow fiber (HF) membranes, using polysulfone (PSF) as the
membrane material. The presence of all the elements and membrane morphology were
studied using XPS and SEM analyses. The effect of incorporated nanocomposite on UF HF
membranes was examined based on surface hydrophilicity, water uptake, MWCO and pure
water permeability. The as-prepared membrane’s filtration performance was demonstrated
for dye and salt separation using negatively charged reactive dyes as model pollutants in
detail. Additionally, the dye rejection at different concentrations of dye and salt, different
pH, various pressure and antifouling performances have also been studied. To the best of
our understanding, this is the first such paper which describes the synthesis of novel
GO@poly(SBMA-co-MBAAmM) nanohybrid and used as an additive in PSF UF HF

membrane.

5.2 EXPERIMENTAL

5.2.1 Materials and methods

Azobisisobutyronitrile (AIBN), graphite powder, acetonitrile (ACN), N-methyl-2-
pyrrolidone (NMP), polyvinylpyrrolidone (PVP) and MBAAM were obtained from Loba
chemicals. Polysulfone pellets (PSF, Udel® P-1700) was purchased from Solvay chemicals.
SBMA, RB-5, RO-16 and bovine serum albumin (BSA) were procured from Sigma
Aldrich. Sodium sulfate (Na>SOs), sulfuric acid (H2SOs), sodium chloride (NaCl),
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hydrogen peroxide (H202), potassium permanganate (KMnOa), phosphoric acid (HzPO4)
acquired from Merck.

The morphology of GO@poly(SBMA-co-MBAAmM) was examined by transmission
electron microscopy (TEM - JEOL JEM-2100). The presence of all the elements in the
nanohybrid was confirmed and elemental mapping was performed using energy dispersive
X-ray (EDX, X-Max Oxford instruments) analysis. FT-IR spectra with a scanning range of
4000-600 cm™* were measured using a BRUKER ALPHA ECO FT-IR spectrometer as KBr
pellets. The thermal stability of the as-synthesized nanohybrid was determined by
thermogravimetric analysis (TGA, HITACHI EXSTAR TG/DTA 6300). The
nanocomposite was heated from room temperature to 800 °C at a heating rate of 10 °C min
Lunder nitrogen gas. The polymorphism of GO and nanohybrid was recorded using powder
X-ray diffractometer (PXRD, Rigaku Miniflex) in the range of 5 to 40° using Cu Ka as an
X-ray source. The surface charge of the nanohybrid was characterized using the HORIBA
nanoparticle analyzer. SEM (HITACHI TM3000) was used to observe the cross-section
images of the membranes. Surface hydrophilicity was analyzed by the static water contact
angle, which was performed in contact angle goniometer (Data Physics instruments,
OCAZ20). The membrane elemental composition and presence of nanohybrid were studied
by X-ray photoelectron spectroscopy (XPS, THERMO FISHER Scientific K-ALPHA)
analysis. Al Ka radiation (1486.6 eV) was employed as an X-ray source and the take-off

angle was 90°.

5.2.2 Preparation of graphene oxide

Graphene oxide (GO) was prepared as stated in the literature (Marcano et al. 2010). In
brief, 2 g of graphite was added to the mixture of 240 mL of Conc.H2SO4 and 27 mL of
H3POsat 10 °C. 12 g of KMnO4 was added lot-wise undercooling. The reaction mass was
cooled to RT and heated to 50 °C for 12 h. Furthermore, the reaction mass was cooled to
RT and slowly poured into 130 mL of ice-cooled water containing 2 mL of 30 % H20..
The supernatant was decanted and the remaining solid was again washed with 130 mL of
Conc. HCI (30 %). The GO nanosheets were washed with water until the neutral pH and

finally with 1x130 mL of ethanol and isolated by centrifugation.
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5.2.3 Synthesis of zwitterionic graphene oxide nanohybrid (GO@poly(SBMA-co-
MBAAM))

The GO@poly(SBMA-co-MBAAmM) nanohybrid was synthesized via a one-step DPP
technique. Typically, 0.1 g of GO was dispersed in 100 mL of acetonitrile in a dried round
bottom flask by using an ultrasonic cleaning bath (Anmanm industries USC-100). Added
0.2 g (0.71 mmol) of SBMA, 0.8 g (5.18 mmol) of MBAAm and 0.02 g (0.12 mmol) of
AIBN and stirred for 15 min at room temperature. The reaction mass was purged with
nitrogen gas for 20 min to eliminate the dissolved oxygen. Later the reaction was performed
by attaching Dean-Stark receiver and heated in an oil bath to 75 °C for another 15 min. The
oil bath temperature was gradually rose to 110 °C to continue the polymerization reaction
at reflux. When 40 mL of acetonitrile has removed over 40 min through Dean-Stark
receiver, the reaction mixture was allowed to room temperature and agitated for an
additional 1 h. The nanoparticles were isolated and washed with acetonitrile to remove the
oligomer and unreacted monomer. The material was dried at 55 °C for 15 h (Yield = 0.9 g).
The synthetic route of GO@poly(SBMA-co-MBAAmM) nanohybrid is represented in
Scheme 5.5.
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Scheme 5. 5 GO@poly(SBMA-co-MBAAmM) nanohybrid synthesis
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5.2.4 Preparation of ultrafiltration hollow fiber membranes

PSF ultrafiltration (UF) hollow fiber (HF) membranes were prepared by the dry/wet
phase inversion method. The PSF and PVP were dried at 60 °C for 24 h prior to dope
solution preparation to eliminate the adsorbed water molecules. Details of the spinning
parameter and dope solution composition are depicted in Table 5.1 and 5.2. In the
preparation of TM-2, 0.05 g of GO@poly(SBMA-co-MBAAmM) nanohybrid dispersed in
79 g of NMP using a probe sonicator (QSONICA, 50 % amplitude with on time of 1 second
and off time of 10 seconds) for 10 min. Added 1 g of PVP and stirred for 10 min at room
temperature. 20 g of PSF was added to the dope solution lot wise and stirred at 60 °C for
24 h to obtain the homogeneous solution. The dope solution was degassed for 6 h to remove
any residual air bubbles. The as-prepared dope solution was used to spin the UF HF
membrane. The schematic representation of the HF membrane spinning system is
represented in our previous report (Ibrahim et al. 2017). The as-made HF membranes were
dipped in deionized water for 24 h to complete the phase inversion followed by 20 wt%
glycerol solution for another 24 h to circumvent any pore collapse. The membranes were
air-dried for future usage. The membranes prepared with different GO@poly(SBMA-co-
MBAAmMm) concentration of 0, 0.1, 0.25 and 0.5 wt% from now denoted to as TM-0, TM-1,
TM-2 and TM-3.

Table 5.1 Spinning parameters of hollow fiber membrane

Parameters Conditions
Coagulation bath Tap water
Spinneret (mm) 1.1/0.55 (OD/ID)
Coagulation bath temperature (°C) | 27
Bore flow rate (mL/min) 2.5
Dope extrusion rate (mL/min) 3
Bore fluid Distilled water
Air gap (cm) 1
Collecting drum speed (RPM) 7
Humidity (%) 60
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Table 5.2 The hollow fiber membrane dope solution composition
Membrane | PSF | PVP | NMP | GO@poly(SBMA- | GO@poly(SBMA-co-
@ | (@ | (@ | co-MBAAmM)(g) MBAAm) (Wt%)*

TM-0 20 1 79 0 0

T™-1 20 1 79 0.02 0.1
T™M-2 20 1 79 0.05 0.25
TM-3 20 1 79 0.1 0.5

* With respect to PSF

5.2.5 Characterization of membranes

The water uptake, porosity and PWP of the HF membranes were determined as
mentioned in chapter 2, section 2.2.4 and 2.2.5.

The rejection experiments were conducted using a different concentration of RB-5 and
RO-16. The concentration of salts was measured from conductivity (JENWAY 4520
conductivity meter) analysis and concentration of dye molecules was measured using UV-
Vis spectrophotometer (DR6000 HACH). The percentage rejection, ‘R’ was determined
using this equation (5.1).

Cf—C

R (%) = C—p X 100 (5.1)
f

Where ‘Cp’ and ‘Cy’ are the solute concentration in permeate and feed respectively.

The molecular weight cut-off (MWCO) of the membrane was characterized by filtering
sequence of polyethylene glycol (PEG) with a molecular weight of 2000, 4000, 6000 and
10000 Da at the concentration of 100 ppm at 1 bar. The PEG concentration in both feed
and permeate was evaluated using a total organic carbon analyzer (TOC, SHIMADZU).
The PEG rejection, ‘R’ was determined using equation 5.1. MWCO is the molecular weight
of solute upon which at least 90% of rejection can be attained. Furthermore, the Stokes
radius of PEG solute was determined [equation (5.2)] from its average molecular weight.
Where ‘rp’ is in nm and molecular weight (MW) in Da.

r, =16.73 X 10712 x MW 0557 (5.2)

The antifouling performance of the UF HF membrane was evaluated using 800 ppm
BSA solution as feed at room temperature and 1 bar pressure. FRR, Rir, Rr and Ry were

calculated as explained in chapter 4, section 4.2.4.
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5.3 RESULTS AND DISCUSSION

5.3.1 Characterization of GO@poly(SBMA-co-MBAAmM) nanohybrid

GO and GO@poly(SBMA-co-MBAAmM) were examined by FT-IR and are presented
in Figure 5.1A and B. In GO, the peak at 3365 cm™ due to O-H stretching vibration and the
C=0 peak was observed at 1735 cm™. The peaks at 1624, 1219 and 1056 cm™ were owing
to C=C, C-0O and C-O-C vibrations respectively (Lin et al. 2011). For GO@poly(SBMA-
co-MBAAmM), peaks at 3065 and 2947 were ascribed to C-H stretching vibrations. The ester
group present in SBMA was observed at 1722 cm™ (Zhao et al. 2016). The amide group
C=0 stretching and N-H bending vibrations were detected at 1657 and 1530 cm™. More
importantly, peaks at 1043 and 1117 cm™ were assigned to the symmetric and asymmetric
stretching vibrations of the sulfonate (SO3") group. The peak at 1209 cm™ was bestowed by
C-N stretching vibration (Suart 2004). In that way, the modification of GO was confirmed
by FT-IR. The formation of intermolecular hydrogen bonding improves the compatibility
between PSF and nanohybrid and homogeneous distribution of nanohybrid across the

membrane matrix.
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Figure 5.1 FT-IR spectra of A) GO and B) GO@poly(SBMA-co-MBAAM)

The morphology of zwitterionic GO was observed in TEM and shown in Figure 5.2. In
Figure 5.2A, GO exhibits a distinct crystal clear and distorted laminar structure. However,
in Figure 5.2B, GO is uniformly covered by nanosize poly(SBMA-co-MBAAmM)
nanoparticles, which are homogeneously spread on the surface of GO. The surface of the
GO was comparatively smooth and no wrinkles were observed. Conversely, the modified

GO shown some of the wrinkles and folding under the same condition. In addition, many
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irregular dark dots are present on the modified GO surface, which makes the modified GO
darker and rougher than unmodified GO. The magnified image of functionalized GO is
shown in Figure 5.2C, which further confirmed that some of the poly(SBMA-co-MBAAmM)
nanoparticles are intercalated between the GO layers (Urbanova et al. 2018). In summary,

the morphological changes in TEM images confirmed the functionalization of GO.

Figure 5.2 TEM images of A) GO, B) and C) GO@poly(SBMA-co-MBAAmM) in different

magnifications

Figure 5.3A represents the powder X-ray diffraction (PXRD) pattern of both GO and
GO@poly(SBMA-co-MBAAmM). GO has peak at 20 = 9.8° resultant to the [001]
diffraction peak with an interlayer spacing of 9.0A (Marcano et al. 2010, Huang et al. 2013,
Wang et al. 2016). However, in the case of GO@poly(SBMA-co-MBAAmM), the [001]
reflection of GO at 26 = 9.8° was not detected as the regular stack of GO was demolished
by the intercalation of nanosize poly(SBMA-co-MBAAmM) and the increased disorder,
which provides additional confirmation of intercalation of the poly(SBMA-co-MBAAmM)
at GO. The obtained result is well aligned with the literature (Xu et al. 2008, Chen et al.
2010, Han et al. 2014, Huang et al. 2015, Zhao et al. 2016). Furthermore, the increased
interlayer spacing and disorder of the GO@poly(SBMA-co-MBAAmM) nanohybrid would
have more amount of active sites than the GO.

TGA was used to understand the thermal properties of GO and GO@poly(SBMA-co-
MBAAmM) and presented in Figure 5.3B. In GO, the weight loss below 100 °C owing to
adsorbed water. The major weight loss around 200 °C was due to CO, CO and steam
release (Stankovich et al. 2007, Yu et al. 2013) and slower weight loss between 450 and

900 °C was ascribed to the decomposition of more stable oxygen-containing functionalities
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(Shen et al. 2009). In addition, the total weight loss of GO was ca. 65.1 %. However, in the
case of GO@poly(SBMA-co-MBAAmM) the total weight loss was ca. 80.8 %. The
difference in weight loss validates the successful functionalization of GO. Therefore, the
loading density of MBAAmM and SBMA on GO was ca. 157 mg/g. The increased thermal
stability of the modified GO was due to the formation of hydrogen bonding.
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Figure 5.3 A) PXRD of (a) GO, (b) GO@poly(SBMA-co-MBAAmM), B) TGA curve of (c)
GO, (d) GO@poly(SBMA-co-MBAAmM), C) and D) zeta potential of GO and
GO@poly(SBMA-co-MBAAmM)
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Figure 5.4 A) EDX and elemental mapping (inset) analyses of GO@poly(SBMA-co-
MBAAmMm) and B) Cross-section SEM images of (a) TM-0, (b) TM-1, (¢c) TM-2 and (d) TM-
3 membranes

The surface charge of the nanohybrid was analyzed and depicted in Figure 5.3C and D.
As far as the GO is concerned, it forms very stable aqueous colloids (Kotov et al. 1996,
Cassagneau et al. 2000). The prepared GO (Figure 5.3C) exhibited a negative charge (-62.9
mV at pH 6.3) in the aqueous medium is related to the results by Li et al. (Li et al. 2008).
The negative charge of GO again confirmed the presence of carboxylic acid and hydroxyl
groups. Nevertheless, after functionalization (Figure 5.3D) the nanomaterial exhibited zeta
potential value of - 2.4 mV (pH 6.3). The reduction in zeta potential could be attributed to
the existence of evenly distributed zwitterionic poly(sulfobetaine) (PSBMA). This trend
was comparable to the results reported by the Ulbricht group (Susanto et al. 2007). Further,
the presence of all elements in the nanohybrid was confirmed in EDX and elemental
mapping confirmed the distribution of all the elements (Figure 5.4A).

5.3.2 Morphology of hollow fiber membranes

The cross-section images of the pristine PSF HF membrane and nanocomposite HF
membranes with various concentrations of GO@poly(SBMA-co-MBAAmM) are presented
in Figure 5.4B. It was found that the as-prepared HF membranes demonstrated typical
asymmetric structure with sponge-like intermediate layer sandwiched between the top and
bottom finger-like macro-voids. Since the coagulant (water) was intruded from both the top
and bottom of the membrane, finger-like macro-voids were extended up to the sponge-like
dense layer. However, there were no significant morphological changes were observed

between the pristine and nanocomposite membranes in SEM, as PVP was added invariably.
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5.3.3 XPS analysis of membranes

Figure 5.5A depicts the wide range XPS spectra of both TM-0 and TM-2 membrane.
For the TM-2 membrane, the peak at 284.98 eV corresponds to the C 1s element. O 1s
element peak detected at 532.48 eV. The peak at 167.98 eV can be ascribed to the S 2p
element. The new peak at 400.48 eV was due to the existence of the N 1s element, which
was not observed in the pristine membrane (TM-0). Further, the C 1s and N 1s elemental
peaks were deconvoluted and depicted in Figure 5.5B and C. In Figure 5.5B, C 1s was
deconvoluted into five different peaks with binding energies of 284.9, 286.1, 286.3, 287.6
and 291.58 eV, which are assigned to C-C/C=C, CN*/CSOz", C-O/C-N, C=0 and O-C=0
respectively. In Figure 5.5C, N 1s was deconvoluted into three peaks namely N-C=0 and
N-C and R:N* with the binding energies of 400.48, 398.18 and 402.28 eV. The atomic %
of all the elements present in the membrane are as follows. For TM-0 membrane, C - 83.10
%, O -12.21 % and S - 4.69 % and for TM-2 membrane, C - 81.85 %, O - 13.88 %, S -
2.84 % and N - 1.44 %. Therefore, XPS analysis confirms the occurrence of nanohybrid in

the membrane matrix.
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Figure 5.5 A) XPS wide-scan TM-0 and TM-2 membrane spectra, B) high resolution C 1s
and C) N 1s spectra of TM-2 membrane
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5.3.4 Surface properties of hollow fiber membranes

The hydrophilicity of the membrane was measured by contact angle analysis. In
general, the hydrophilic membrane surface is less prone to fouling (McCloskey et al. 2012,
Li et al. 2014), which is necessary for reducing the maintenance cost and to increase the
membrane lifecycle. Figure 5.6A depicts the contact angle of membranes. The contact
angle of the pristine membrane (TM-0) was 80 +1.2° however, in the case of the TM-2
membrane, the contact angle was 68 +1.5°. The reduction in contact angle could be ascribed
to the addition of hydrophilic GO@poly(SBMA-co-MBAAmM). The presence of both
anionic and cationic functional groups in SBMA, render more affinity to bind with “free
water” molecules, which results in reduced contact angle. Further, during the phase
inversion, the added nanomaterials tend to transfer towards the top layer to reduce the
interfacial energy. In contrast, while increasing the nanomaterial concentration from 0.25
to 0.5 wt%, the contact angle was increased to 70 +1° due to the presence of hydrophobic
alkyl functional groups in functionalized GO. To understand the surface hydrophilicity
further, water uptake capacity of the pristine and nanocomposite membrane was carried out
and presented in Table 5.3. The nanocomposite membrane TM-2 exhibited the highest
water uptake capacity of 60.3 +1.8 % compared to the TM-0 membrane of 39.6 +1.4 %.
Conversely, for the TM-3 membrane, it was reduced to 57.1 +1.5 % as hydrophilicity was

reduced. The obtained result is in good agreement with the contact angle result.

As shown in Table 5.3, with an increase in the concentration of nanohybrid, porosity
was also increased related to the pristine membrane. As shown, the TM-2 membrane
exhibited an increased porosity of 61.1 +0.34 %. Conversely, the TM-3 membrane shown
the reduced porosity of 57.8 +0.52 %. The reduced porosity was attributed to the
agglomeration of nanohybrid at a higher concentration.
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Table 5.3 Properties of UF HF membranes

Membrane | PWP Water Porosity Fouling (%)
2
| e o0 e T T e [ w
TM-0 22.5 39.6+1.4 |42.4+0.42 | 412 |8138 21.2 38.8
+0.67 +0.5 | +0.23 | +0.11 | +0.34
TM-1 40.3 51.5+2.1 | 49.7+0.71 | 534 |76.3 34.7 24.1
+0.41 +0.45 |+0.31 | +0.32 | +0.41
TM-2 49.6 60.3+1.8 | 61.1+0.34 | 73.9 71.1 39.1 17.4
+0.54 +0.36 | +0.33 | +0.3 +0.38
TM-3 42.1 57.1+15 | 57.8+0.52 | 70.5 72.7 36.8 20.7
+0.73 +0.71 | +0.28 | +0.43 | +0.51

The MWCO of the as-prepared UF (UF) HF membrane was determined from the
rejection of PEG with different molecular weights. As can be seen from Figure 5.6B, while
increasing the molecular weight of the PEG, the rejection percentage also increases
correspondingly. MWCO of TM-2 membrane was 10665 Da and Stokes radius of PEG
solute was 2.93 nm respectively, which confirmed that the as-prepared membrane is

ultrafiltration membrane.
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Figure 5.6 A) The contact angle of hollow fiber membranes and molecular weight cut-off
(MWCO) curve of TM-2 membrane
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5.3.5 Pure water permeability study

The pure water permeability (PWP) of as-prepared membranes is represented in Table
5.4. In general, PWP is mainly associated with the hydrophilicity and slack structure of
nanocomposite membranes. It was observed that PWP was enhanced due to the
incorporation of GO@poly(SBMA-co-MBAAmM) nanohybrid, which was coherent with the
obtained results of contact angle and water uptake. To a more precise, pristine membrane
(TM-0) revealed the PWP of 22.5 L/m? h bar. However, in the case of the TM-2 membrane,
PWP was improved to 49.6 L/m? h bar. This enhancement was attributed to the
incorporation of nanohybrid, which provided improved hydrophilicity, porosity and slack

structure of the nanocomposite membrane.

The zwitterionic materials have a functional group such as sulfonate and a quaternary
ammonium group, which has a strong attraction towards the water molecules via
electrostatic attraction. Therefore, the attraction between the water molecules and the
membrane surface will be more. Further, the incorporated nanohybrid in the polymer
matrix can diminish the interaction of polymer chains to some extent. Therefore, it
decreases the resistance to the transport of water molecules across the membrane and led
to increased permeability. Nevertheless, for the TM-3 membrane the PWP, hydrophilicity
and porosity were decreased. The reason for this reduction is as follows. With a further
increase of nanohybrid, tend to agglomerate and obstruct the pathway of permeation. As a
result, PWP and porosity were reduced. The decreased hydrophilicity was due to the
enhancement of hydrophobic alkyl groups in the MBAAmM and SBMA. In summary, the
as-prepared UF HF membrane noticeably exhibited an increased PWP compared to the

pristine membrane.

5.3.6 Dye separation performance of the membrane
5.3.6.1 Effect of dye concentration

To evaluate the dye removal capacity of the as-prepared membrane, the rejection
experiment was carried out with various concentrations of RB-5 and RO-16. Among all the
prepared membranes, TM-2 was preferred for the dye removal studies. Figure 5.7 presents
the percentage of dye rejection with dye solution permeability. As it is clear from Figure
5.7, the membrane demonstrated the highest rejection of 99 % for RB-5 and 74 % of RO-

16 at 10 ppm of dye concentration. However, for both dyes, the dye rejection and dye
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solution permeability were decreased with the increase of dye concentration, which is in
accordance with the results reported by Liu et al. (Liu et al. 2017).

The four charged RB-5 demonstrated the highest rejection than the two charged RO-
16. In general, the higher the charge of the dye molecules, the greater would be the degree
of hydration. Consequently, the size of the dye molecule increases. As shown in Figure 5.8,
the greater hydration degree and higher molecular weight of RB-5 could be attributed to
the higher rejection compared to low molecular weight and less hydrated RO-16. Further,
the reason for decreased rejection was due to the increased concentration of impurities such
as CI', SO4%* and HCOs in the feed solution. The presence of such ionic species would
increase the electrostatic shielding effect, thereby decreasing the rejection of dyes (Lin et
al. 2015). A similar report had been published for the decreased rejection of direct red 23

(Lin et al. 2016). Meanwhile, the permeated dye molecules cause fouling, which results in
decreased dye solution permeability slightly.
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Figure 5.7 TM-2 membrane performance as a function of dye concentration for A) RB-5
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Figure 5.8 Schematic representation of hydration of dye molecules
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5.3.6.2 Effect of pressure

The performance of the TM-2 membrane with respect to applied pressure is depicted in
Figure 5.9A and B. Dye solution permeability increases with the increase of pressure for
both the dyes, however, dye rejection was decreased. The decreased rejection could be
attributed to the enhancement of concentration polarization effect, which improves the

permeation of dye molecules. The observed results are in parallel with the results reported
by Petrini¢ et al. (2007) and Lin et al. (2016).
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Figure 5.9 TM-2 membrane performance as a function of pressure for A) RB-5 and B) RO-
16 (10 ppm and pH 7) and as a function of pH C) RB-5 and D) RO-16 (10 ppm and 1 bar)
5.3.6.3 Effect of feed solution pH

The separation efficiency of membranes can be effectually altered by the solution pH
since the electrochemical properties of the membrane surface and the dye molecules are
directly affected. Figure 5.9C and D describe the effect of solution pH on dye rejection and
dye solution permeability. The optimum state of greater rejection and permeability was
observed at pH 7. However, at pH 10 both rejection and permeability were declined. In the
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case of basic condition, the membrane surface is highly ionized and undergoes severe
swelling. The swelling could effectively make the membrane surface (skin layer) thicker
(Wang et al. 2016), therefore, membrane permeability decreases. Furthermore, the
decreased rejection can be ascribed to the inferior electrostatic repulsion between the
membrane surface and dyes. At high basic conditions, the electrostatic interaction is
screened by the presence of OHions. It was noted that at pH 3, dye rejection was increased
and permeability was declined. In acidic conditions, dye molecules get protonated to a
greater extent, which in turn solubility of dye molecules are reduced and get precipitated in
the feed tank. As a result, rejection increases owing to precipitation, while permeability
decreases because of membrane fouling from dye precipitation on the membrane surface.

The feed and permeate digital photographic images of RB-5 and RO-16 is depicted in
Figure 5.10.

Figure 5.10 Digital photographic images of (a) RB-5 and (b) RO-16

5.3.6.4 Salt and salt/dye mixture filtration

As textile wastewater is a mixture of dye and inorganic salts, it is important to study
the rejection profile of salt and salt/dye mixture. Further, the added salt has a direct impact
on membrane performances (Van der Bruggen et al. 2001, Akbari et al. 2007, Zheng et al.
2013). Subsequently, a membrane with high rejection of dye molecules with high salt
permeation is highly needed to process the textile wastewater. TM-2 membrane exhibited
complete permeability to NaCl and <5 % rejection of Na2SOas. The filtration performance
of the TM-2 membrane for RB-5 and RO-16 at different concentrations of NaxSOs is
illustrated in Figure 5.11. As reported by Nilsson et al. salt/dye solution permeability was
decreased with the increase of salt concentration. The reduced permeability was attributed
to the change in the osmotic pressure, which reduces the net driving pressure. In spite of

the TM-2 membrane exhibits lower rejection for Na>SOa, water transports faster than salt
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(“Dilute effect”) due to steric exclusion (Fang et al. 2014). However, the rejection was

increased as the dye molecules form aggregates under the influence of added salt. Some of

the recent literature reported and commercially available membranes are summarized in

Table 5.4.

Table 5.4 Summary of reported literature and commercially available membranes for dye

rejection.
PWP* DSP** Rejection Ref.
Membrane Dye (L/m?h | (L/m?h bar) (%)
bar)
Commercial Sepro | Direct red 80 13.7 13.2 99.9 (Lin et al.
NF 6 2015)
GO-PSBMA/PES | Reactive red 11.9 8.8 97.2/99.2 | (Zhu et al.
loose NF 49/Reactive 2016)
black 5
UHO004 Direct red 80, 27.5 27.0 98.9 (Lin et al.
(hydrophilic PES) | direct red 23 2016)
and congo red
PAEK-COOH T- Congo red 29.5 25.0 99.8 (Liu et al.
UF 2017)
GO@poly(SBMA- Reactive 49.0 41.0/43.5 | 99.0/74.1 | Present
co-MBAAmM)/PSF black 5/ study
UF Reactive
orange 16

*- Pure water permeability, **- Dye solution permeability.
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Figure 5.11 TM-2 membrane performance of salt/dye mixture for A) RB-5 and B) RO-16
(10 ppm of dye, 1 bar and salt is Na;SO4)

Furthermore, a short-term stability study was performed and depicted in Figure 5.12.
During the 24 h of filtration, there was a slight decrease in the dye solution permeability
and a small increment in the rejection was observed. The change in the rejection and
permeability was ascribed to the formation of the dye cake layer and cake-enhanced

concentration polarization.
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Figure 5.12 Short-term stability study of TM-2 membrane at 1 bar and 10 ppm, (a) RB-5
and (b) RO-16
5.3.7 Antifouling study

The membrane filtration performance greatly depends on the antifouling property.

Typically, membranes used in wastewater treatment are more vulnerable to membrane
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fouling, which was ascribed to the adsorption and aggregation of foulants on the
hydrophobic membrane surface. Consequently, membrane permeability is reduced. As the
foulants are contacting the membrane surface via hydrogen bonding, electrostatic
interaction and weak van der Walls force (Zhao et al. 2013), simple hydraulic cleanings
will not help to recover the maximum membrane flux until the membrane has antifouling
property. Hence, high flux, low fouling tendency and high rejection capability are the
prerequisites of the nanocomposite membrane. In the present study, BSA was used as a
model protein. Generally, as the size of BSA molecules is larger than the membrane pore
size, it adsorbs on the membrane surface rather than penetrate the pore. Thus, it causes

severe fouling on the membrane surface.

Figure 5.13 signifies the water permeability before and after BSA filtration. The water
permeability was reduced to a greater extent after BSA filtration, which was attributed to
the blockage of membrane pores by adsorption of BSA molecules on the membrane surface
and concentration polarization. However, after washing, the nanocomposite membrane

could recover the maximum water permeability while compared to the pristine (TM-0)

membrane.
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Figure 5.13 Water and BSA solution permeability of pristine and nanocomposite

membranes

The calculation of the flux recovery ratio (FRR) would be useful to determine the

antifouling performance of the membranes. In addition, total organic fouling (R,
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reversible fouling (Rr) and irreversible fouling (Rir) were also calculated for better
understanding and values are tabulated in Table 5.3. The TM-2 membrane showed the FRR
of 73.9 % compared to the TM-0 membrane of 41.2 %. The enhanced FRR of the
nanocomposite membrane was owing to the improved hydrophilicity and surface charge
by the addition of GO@poly(SBMA-co-MBAAmM) nanohybrid.

The better hydrophilicity of the nanocomposite membrane assists to form a hydration
layer on the membrane surface, which hinders the adsorption of protein molecules (Zinadini
et al. 2014). Thus, the loosely adsorbed foulants were easily removed with a simple
hydraulic water wash. Moreover, since the as-prepared nanocomposite membrane is
negatively charged at pH 7.4, it also would help to inhibit the adsorption of negatively
charged BSA molecules through electrostatic repulsion. The R of the pristine membrane
was 81.8 %, which shows the inferior antifouling nature of TM-0. The nanocomposite
membrane TM-2 demonstrated the Rir of 17.4 %, which confirmed the loose adhesion of
foulants on the membrane surface. In the case of TM-0, Rir was 38.8 % as the foulants had
a strong attraction towards the membrane surface. Still, TM-3 membrane performance was
less compared to TM-2. The reason for the reduced performance of TM-3 could be
attributed to the agglomeration of nanohybrid at the higher concentration. In summary, the

antifouling property of the TM-2 membrane was significantly enriched.

5.4 CONCLUSIONS

The prepared graphene oxide surface was functionalized with zwitterionic sulfobetaine
via distillation precipitation polymerization. The as-synthesized nanohybrid was
incorporated into the polysulfone membrane matrix and ultrafiltration hollow fiber
membranes were prepared by dry/wet phase inversion method. The modification of
graphene oxide was confirmed by spectroscopic and microscopic techniques. The existence
of nanohybrid in the membrane matrix was investigated by XPS analysis. The impact of
nanohybrid on the hydrophilicity, water uptake, porosity, molecular weight cut-off,
morphology, permeability and antifouling capacity of nanocomposite membranes were
explored. The nanocomposite membrane (TM-2) exhibited high pure water permeability
(49.6 L/m? h bar) and reactive dyes such as Reactive black 5 (99.0 %) and Reactive orange
16 (74.1 %) rejection with high salt permeability, which was owing to the presence of

nanohybrid. TM-2 membrane with 0.25 wt% loading of nanohybrid exhibited the
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irreversible fouling of 17.4 %, signifying enhanced antifouling ability; the as-prepared
novel ultrafiltration hollow fiber membrane demonstrates a potential application for

salt/dye mixture separation in textile wastewater.
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CHAPTER 6

/ PERFORMANCE INTENSIFICATION OF \
POLYSULFONE ULTRAFILTRATION
MEMBRANE BY BLENDING WITH
COPOLYMER ENCOMPASSING NOVEL
DERIVATIVE OF POLY(STYRENE-CO-
MALEIC ANHYDRIDE) FOR HEAVY METAL
\ REMOVAL FROM WASTEWATER /
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Abstract: In this chapter, the hydrophilic polymer was synthesized by the aminolysis of
poly(styrene-co-maleic anhydride) cumene terminated (PSMAC) using p-aminohippuric
acid. The effect of the blend ratio of polysulfone (PSF) and poly[styrene-alt-(N-4-
benzoylglycine-maleamic acid)] cumene terminated (PAH) on morphology and permeation
were studied. The blend membrane was also screened for heavy metal ion removal. The M-
3 membrane was screened for heavy metal ion removal and achieved the removal of 91.5
% of Pb%* and 72.3 % of Cd?* ions, respectively. The adsorption parameters indicated that
the Langmuir isotherm model fits well for both Pb?* and Cd?* ions adsorption on the M-3
membrane. The adsorption capacity attained from the Langmuir isotherm model was 19.35
and 9.88 mg/g for Pb?* and Cd?* ions correspondingly.

6.1 INTRODUCTION

The intensifying obligation for clean, freshwater and declining obtainability from
natural resources, water needs to be conserved effectually to come across future
requirements (Service 2006). This deteriorating condition fascinated the attention of global
researchers towards non-conventional sources, such as ocean water, treated water and
groundwater. Membrane separation processes such as ultrafiltration (UF), nanofiltration
(NF), reverse osmosis (RO) and forward osmosis (FO) have been established briskly in the
past decade into the leading technology for the effective water treatment (Petersen 1993).
The UF membrane separation process is currently considered as the improved water
purification method since it is cost-effective, efficient and reduced potential for fouling. In
addition, it serves as a pretreatment filter for RO and NF membranes during desalination
of seawater (Rosberg 1997).

The scarcity of water across the globe has directed to reuse wastewater. Industries such
as paper, battery, electronics, tanneries, metal plating and pesticides are discharging heavy
metals directly or indirectly into the environment in large quantities. In addition, the
practice of untreated wastewater for irrigation would increase the accumulation of heavy
metal concentration in soil (Li et al. 2016). As stated by the Environmental Protection
Agency, lead (Pb?*) and cadmium (Cd?*) are highly toxic materials (Demirbas 2008).
Furthermore, lead can damage the kidney, central nervous system, liver, reproductive
system and strongly bound to serum protein in the blood, which can change the functional

properties of serum protein (Ayranci et al. 2004). Cadmium has been classified as a
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probable human carcinogen and chronic exposure leads to kidney dysfunction (Fu et al.
2011). Thus, spreading out the efforts to regulate the wastewater treatment as an important
way to avoid the entry of heavy metals into soil and food chain.

Researchers have proposed quite a lot of methods for the removal of heavy metals from
water such as using a water-soluble polymer as a complexing agent (Geckeler et al. 1996),
adsorption (Duman et al. 2010), precipitation (Gharabaghi et al. 2012), ion-exchange
(Alam et al. 2014), thermal and chlorination treatment (Liu et al. 2015), NF (Zhang et al.
2015), polymer nanocomposite (Chavan et al. 2015) and the rest. Polymer enhanced
ultrafiltration (PEUF) is also one of the most popular methods, in which the heavy metal-
containing solution is treated with a complexing agent such as polyethylenimine to form
the larger complexes, which is filtered through UF membranes (Hebbar et al. 2016).
Nevertheless, most of the methods are expensive thus making it less economical. Moreover,
it generates solid waste also time and energy-consuming. UF membrane containing metal
coordinating polymer would be one of the most effective methods which can overcome the

above drawbacks.

Polysulfone (PSF) is one of the commercially available pressures driven UF membrane
polymeric material which is having the superior capacity to remove pathogens,
macromolecular natural organic matter, viruses, bacteria and inorganic colloidal particles
from water (Cheryan 1998). Furthermore, PSF is stable over a wide range of pH, thermally
labile and chlorine resistant (Ibrahim et al. 2017). However, the membranes prepared by
using PSF as the polymeric material is lesser hydrophilic (Ibrahim et al. 2017) in nature
and hence it fouls at a very faster rate. Fouling is one of the core problems in membrane
technology. Typically, the adsorption of foulants on the membrane due to the hydrophobic
nature of the membrane, which results in irreversible fouling that significantly interrupts
the membrane permeation performances throughout the filtration processes (Sawada et al.
2012). As a result, the membranes need to be cleaned by using chemicals or backwashes,
which leads to an increase in operational cost and reduces lifetime (Kuzmenko et al. 2005).
In addition, the PSF membrane does not have any metal coordinating site for forming the
complex with heavy metal ions for adsorptive removal. Furthermore, the pore size of the
PSF UF membrane is larger than the heavy metal ions. As a result, an additional

complexing agent such as polyethylenimine (PEI) to be employed before filtration.
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Therefore, the PSF polymer to be modified with metal coordinating groups such as —NHz,
-COOH, etc. The PSF membrane hydrophilicity can be enhanced by grafting with
hydrophilic polymers (Helin et al. 2008), the addition of hydrophilic nanomaterial (Ong et
al. 2016), or water-soluble additives (Moideen K et al. 2016) to the casting solution and
plasma oxidative post-treatments (Kim et al. 2002). Nevertheless, these events enhance the
hydrophilicity and deliver only short-term influence, which involves more tedious steps for

preparation and scale-up.

The blending of PSF with a polymer with an ability to form coordination polymer
(Joseph et al. 2003) and hydrophilic polymer (Meng et al. 2009) is one of the conventional
methods for intensifying hydrophilicity, pore size and heavy metal removal. Styrene-maleic
anhydride (SMA) was used as a hydrophilic additive to polyethersulfone membranes and
stated that the SMA was hydrolyzed during membrane formation. Consequently, the
prepared membranes unveiled better hydrophilicity and protein adsorption resistance (Zhu
et al. 2007). Tang et al. prepared electrospun sodium salt of SMA cross-linked with
diethylene glycol hydrogel nanofibers and indicated that the nanofiber is able to show better
water swelling character (Tang et al. 2007). Thomas et al. indicated that hydrolyzed
poly(styrene-co-maleic anhydride) (HPSMA) for adsorption of a Pb?* ion from a solution
of Pb?* and Zn?* ions and results revealed that it has the capacity to adsorb Pb?* ion to better
extend via complex formation than Zn?* ion (Thomas et al. 2008). Zhu et al. synthesized
graft copolymer of methoxyl poly(ethylene glycol) and SMA as an additive. The studies
exhibited that, the increase of surface hydrophilicity and improved anti-fouling properties
over the neat membrane (Zhu et al. 2008). Shenvi et al. reported HPSMA as an additive
that enhanced the permeation properties (Scheme 6.1) (Shenvi et al. 2014).

OH OH

Scheme 6.1 Synthesis of hydrolyzed poly(styrene-co-maleic anhydride) (HPSMA) (Shenvi
etal. 2014)
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In the contemporary study, poly[styrene-alt-(N-4-benzoylglycine-maleamic acid)],
cumene terminated (PAH) polymer was synthesized and blended with PSF in a different
ratio. The PSF/PAH blend membranes were fabricated by phase inversion method. The
result of the blending ratio on the morphology of the membrane and execution was
premeditated in depth. The surface hydrophilicity was evaluated by dynamic contact angle
analysis. The membrane cross-sectional morphology was characterized by SEM. The
presence of PAH in the membrane matrix was confirmed by XPS analysis. The miscibility
of the blend membrane was characterized by DSC analysis. The functioning of blended
membranes was studied by means of pure water permeability (PWP), water uptake,
porosity and surface charge. In addition, an attempt was made to explore the adsorptive

heavy metal ion removal affinity of the as-prepared membranes.

6.2 EXPERIMENTAL SECTION

6.2.1 Materials and methods

Polysulfone (Udel P-3500) was acquired from Solvay chemicals. N-methyl pyrrolidone
(NMP), dimethyl sulfoxide (DMSO) and thionyl chloride (SOCI2) were purchased from
Spectrochem, India. Poly(styrene-co-maleic anhydride), cumene terminated (PSMAC) (Mn
~16 kDa by GPC) was procured from Sigma-Aldrich, India. Cadmium nitrate tetrahydrate
(assay 98 %) and lead (1) nitrate (assay 99.9 %) were obtained from Sigma- Aldrich Co.,
Bangalore, India. Glycine and p-aminobenzoic acid (PABA) were purchased from Loba

Chemicals.

The ring-opening reaction of PSMAC with p-amino hippuric acid and the functional
groups present in the isolated polymer was confirmed by recording its FT-IR spectra. The
same was recorded using Bruker Alpha FT-IR spectrometer in the range of 4000 — 500
cm™. The dry polymer sample was mixed with KBr and pressed into a tablet. *H NMR
spectrum was recorded on Bruker Avance-400 spectrometer (400 MHz) using DMSO-ds
as a solvent and (TMS) as an internal standard with 32 number of scans. The unit of
chemical shift is represented in 6 (ppm). The cross-sectional SEM images were recorded
employing a tabletop scanning electron microscope (TM3000, HITACHI, Japan). The
membrane samples were dipped in methanol for 1 min followed by the cryogenic fracture

in liquid nitrogen and sputtered with a thin layer of platinum using a sputtering apparatus
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with the intention of spawning an electrically conductive surface. X-ray photoelectron
spectroscopy (XPS, THERMOFISHER Scientific K-ALPHA) was employed to identify
the presence of PAH on the membrane surface. Al Ka radiation (1486.6 ¢V) was used as

an X-ray source and the take-off angle was 20°.

6.2.2 Synthesis of p-aminohippuric acid

The synthesis of p-aminobenzoyl chloride was adopted from McMaster et al.
(McMaster et al. 1928). In brief, thionyl chloride (40 mL, 0.54 mol) was added slowly into
p-aminobenzoic acid (10 g, 0.07 mol) (1) in 100 mL round-bottomed flask (RBF) and
heated to reflux for 4 h. After the completion of the reaction, the excess of thionyl chloride
was distilled off completely to get pure p-aminobenzoyl chloride (2), which was transferred
into addition funnel under the nitrogen atmosphere. In another RBF, charged sodium
hydroxide (10.75 g, 0.26 mol) in 50 mL of demineralized water and cooled to 0-5 °C. Added
glycine (4.35 g, 0.05 mol) to the RBF containing aqueous sodium hydroxide and stirred for
15 min. Then, p-aminobenzoyl chloride was added dropwise over 30 min at 0-5 °C. The
progress of the reaction was monitored by TLC (absence of glycine was confirmed by
ninhydrin test). Upon the completion of the reaction, the pH of the reaction mass was
adjusted to 7.0 with 10 % of HCI and stirred for 1 h at 0-5 °C. The solid obtained was
filtered, washed with demineralized water and dried. The attained yield was 58 %. The
melting point of the compound was found to be 197-200 °C (decomposition) and it was
corresponding to the literature [199-200 °C (decomposition)] (DeRuiter et al. 1989).

6.2.3 Synthesis of poly[styrene-alt-(N-4-benzoylglycine-maleamic acid)], cumene
terminated (PAH)

The procedure was adopted from Chenglin et al. (Chenglin et al. 2012). The PSMAC
(1 g) and p-aminohippuric acid (2 g) (3) were added to the RBF with a ratio of 1:2 and
dissolved in dimethyl sulfoxide (10 mL). The reaction mass was heated in a water bath at
50 °C until the maleic anhydride group in the FT-IR spectrum (~1853 and 1778 cm™)
completely disappeared (Figure 6.1). Upon the completion of the reaction, the reaction
mass was allowed to cool to room temperature and added 20 mL of demineralized water
dropwise to the reaction mass and stirred for 1 h at room temperature. The obtained solid

was filtered and washed with demineralized water. The material was dried at 55 °C under
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vacuum for 12 h. The schematic illustration of PAH synthesis is exemplified in Scheme

6.2.

Scheme 6.2 The synthetic route for the poly[styrene-alt-(N-4-benzoylglycine-maleamic

acid)], cumene terminated (PAH)

6.2.4 Preparation of polysulfone/poly[styrene-alt-(N-4-benzoylglycine-maleamic

acid)], cumene terminated blend membranes

The PSF was dried at 50 °C for 12 h to remove adsorbed water. For preparing the blend
membrane, PSF and PAH (4) were dissolved in NMP at 60 °C for 24 h to get the
homogeneous solution. Subsequently, the polymer solution was sonicated (40 kHz, 60 W

Spectralab ultrasonic cleaning bath) for 30 min at room temperature for removing the

trapped air and then it was cast over glass plate using a glass rod. After casting, the solvent

was endorsed to evaporate for 10 s and immersed in the coagulation bath containing

demineralized water. The prepared membranes were retained in demineralized water for 24

h at room temperature with changing of water. Furthermore, it was washed several times

with demineralized water followed by air-dried for further analysis. The details of the

blending ratio of polymers are depicted in Table 6.1.

Table 6.1 Polysulfone (PSF)/poly[styrene-alt-(N-4-benzoylglycine-maleamic acid)],

cumene terminated (PAH) blending ratio for preparing the membrane

Membrane code | PSF (g) | PAH (g) | NMP (g) | % composition (PSF : PAH)
M-0 2 0 8 100:0

M-1 19 0.1 8 95:5

M-2 1.8 0.2 8 90:10

M-3 1.7 0.3 8 85:15

M-4 1.6 0.4 8 80:20
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6.2.5 Membrane permeation study

The hydrophilicity of the membrane is one of the key prerequisites for the membrane
to uptake water (Ong et al. 2016). The water uptake study was done by the following
reported procedure (Abbas et al. 2016). In short, membranes of 1 cm? area were cut and
immersed in demineralized water for 24 h at room temperature. The wet membranes were
taken out and the adsorbed water on the membrane surface was wiped out with blotting
paper and weighed. The wet membranes were dried at 75 °C for 24 h and the dry weight of
the membranes was recorded. The percentage of water uptake was calculated using the
equation (7.1). The changes in hydrophilicity after blending was confirmed by measuring
the contact angle of the membranes. The analysis was executed employing an OCA15 plus
video-based optical contact angle measuring instrument (Data Physics instrument,
Germany) by means of a sessile droplet method. The contact angle was measured thrice at
different locations of the membrane and the average value was reported for minimizing the
experimental error. The porosity of the prepared membranes was measured as explained in
chapter 2, section 2.2.4. The permeation properties of the membrane were assessed by
utilizing a lab-scale dead-end filtration unit. The permeation experiments were carried out
on the round membrane disk with effective filtration of an area of 0.0025 m?, where pure
water was loaded in a feed tank. Every membrane was compacted for 30 min at 6 bar
Transmembrane pressure (TMP) before initiating the experiment. Then the TMP was
reduced to 5 bar and maintained at the same pressure for about 15 min to attain the stable
flux. Subsequently, the pure water permeability (PWP, ‘Jw’) was measured at the same
TMP for 80 min. The PWP was calculated using the equation (6.2).

W —
% Water uptake = (WW—d) x 100 (6.1)
w
3 Q
YT AtxAXAP (62)

Where ‘Wy’ and ‘Wq’ are the weight of the wet and dry membranes, ‘A’ is the area of the
membrane (m?), ‘AP’ is the applied pressure, ‘Ju’ is expressed in (L m? h'? bar?) and ‘Q’

is the amount of water collected through a At (h) time.
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6.2.6 Surface charge of the membrane

The surface charge of the membranes was determined by measuring the zeta potential
(SurPASS, Anton Paar, Austria) based on streaming current method. The membrane
sample was cut and immobilized on the adjustable gap cell. The measurements were
completed using 0.001 M KCI solution as background electrolyte and pH was adjusted
using a 0.5 M HCI solution.

6.2.7 Molecular weight cut-off (MWCO) study

Polyethylene glycol (PEG) containing an average molecular weight of 6000, 10,000,
15,000 and 20,000 Da (100 ppm) was filtered through the membrane to determine the
MWCO at 2 bar. The concentration of PEG in both feed and permeate was measured using
a total organic carbon (TOC, SHIMADZU) analyzer. The percentage rejection of PEG was
calculated using the equation (7.3). MWCO of the membrane is determined by minimum
PEG rejection of 90 % and the Stokes radius of PEG (rp) can be calculated (equation 6.4)

on the basis of its average molecular weight (Liu et al. 2017).

c

%R:(l ——p) x 100 (6.3)
c
f

I, = 16.73 X 10712 x M0557 (6.4)

Where ‘Cyp’ and “Cy’ are permeate and feed solute concentration and ‘M’ is the average

molecular weight of PEG correspondingly.

6.2.8 Heavy metal ion removal study

The heavy metal ion removal experiments were carried out for various feed
concentrations (prepared by dissolving a calculated amount of metal salt in water) of
cadmium nitrate tetrahydrate and lead (I1) nitrate aqueous solution as the feed separately
and effect of pH and other ions (10 mg/L of each NaCl, CaCl, MgCl, and FeCls aqueous
solutions were used) were also studied. The feed and permeate were analyzed by using ICP-
OES (Inductively coupled plasma optical emission spectroscopy, PerkinElmer) to identify
the metal ion concentration and the percentage of metal ion removal (‘% R’”) was calculated
by equation (6.5). All the metal ion removal experiments were carried out using a self-

constructed dead-end filtration system.
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%R:(l _g_p) x 100 (6.5)
f

Where ‘Cp’ and ‘Cs’ are permeate and feed metal ion concentration.

6.2.9 Adsorption study

The adsorptive ability of the M-3 membrane on Pb?* and Cd?* ions was evaluated as
follows. 0.05 g of M-3 membrane sample was kept in interaction with 50 mL of each metal
ion solution (concentrations varied from 20 — 100 mg/L) in a conical flask and placed in an
orbital shaker (150 rpm) for 24 h with solution pH of 6 at room temperature. ICP-OES was
used to analyze the initial (Co) and equilibrium (Ce) concentrations in mg/L respectively.
The percentage of removal (% R) by adsorption was calculated using the equation (7.6). In
addition, the amount of metal ion adsorbed per unit gram of M-3 membrane (ge) was

calculated by equation (7.7).

%R = (1 - %)x 100 (6.6)

0

Co—Co) V
g, = L=t (6.7)

m

Where ‘ge’ is equilibrium adsorption capacity (mg/g), ‘V’ is the total volume of metal ion
solution (L) and ‘m’ is the weight (g) of the dry membrane, which was used for adsorption

study.

6.3 RESULTS AND DISCUSSION

6.3.1. Characterization of polymer and membrane

The FT-IR spectra of PSMAC and PAH are represented in Figure 6.1. As shown in
Figure 6.1b, the peak at 3336 cm™ can be ascribed to the symmetric stretching of —OH
group. The band at 1407 cm™ is due to the C-O-H bending. The carboxylic acid C=0
symmetric stretching vibration was observed at 1690 cm™ due to the presence of hydrogen
bonding. The peak at 1652 cm™ was due to amide C=0 symmetric stretching. The amide
N-H bending was observed at 1598 cm™. The peak at 2920 cm™ was depicted to the
aliphatic C-H stretching. More importantly, stretching of anhydride peak was observed at
1853 cm™ and 1778 cm™ in PSMAC, which was not detected in the PAH sample spectrum.
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In this manner, the ring-opening reaction of the PSMAC by the p-aminohippuric acid was
confirmed by FT-IR.

Transmittance (%)
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Figure 6.1 FT-IR spectra of a) PSMAC and b) PAH
'H NMR spectrum of PAH is shown in Figure 6.2. It is very clear from the spectrum
that, the multiplet at 5 6.6 to 7.9 resembles the aromatic protons. The amide N-H protons
were detected at 6 10.0 and 10.4. The more deshielded active methylene group (-CH>)
protons were observed at 6 5.8 due to the presence of amide and carboxylic acid groups.
The peak at 6 12.4 confirmed the presence of carboxylic acid group protons. Moreover, the

aliphatic protons at 6 2.5 were merged with the DMSO-ds peak. These values are consistent
with the proposed polymer structure.
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Figure 6.2 *H NMR spectrum of PAH

The thermal behavior of PSF/PAH blend membranes was studied from the DSC plots.
It is observed that the blend membranes exhibited single T4 value and it can be ascribed to
the presence of many weak Van der Waals interactions between the two polymers. In
addition, the increased Tq value was attributed to the presence of hydrogen bonding (Kwei
1984) and the existence of hydrogen bonding was confirmed by the shift of -C=0 and -OH
absorption in FT-IR spectra as well. The possible interaction between PSF and PAH

polymer by hydrogen bonding is schematically represented in Figure 6.3.
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Figure 6.3 Possible interaction between PSF and PAH polymer via hydrogen bonding
XPS wide and narrow scan spectra of M-0 and M-3 membrane are presented in Figure
6.4. For M-0 membrane (Figure 6.4a), the presence of three major emission peaks at 284.98
eV, 532.08 eV and 167.88 eV were attributed to the presence of C 1s, O 1s and S 2p
elements. Nevertheless, after blending with PAH polymer the new peak at 399.98 eV was
observed and it was attributed to the presence of N 1s element. Furthermore, the C 1s and
N 1s peaks were deconvoluted and presented in Figure 6.4b and c. The peak at 285.07 eV
was due to C-C/C=C. The C=0 peak was observed at 287.16 eV. The peak at 286.16 eV
was attributed to the presence of C-O/C-N. The presence of the amide group (O-C=0) was
detected at 290.84 eV. In the case of N 1s, two peaks were observed at 398.18 eV and
400.48 eV, which corresponding to N-C and N-C=0 bonds in an amide. Thereby the

presence of PAH on the membrane surface was confirmed by XPS analysis.

144



a)

Ols

Counts/s

T T T T T T
0 100 200 300 400 500 600 700
Binding energy (eV)

C1ls N 1s
c)

b)

Counts/s
Counts/s

T T T T T T T T T T T
280 282 284 286 288 290 292 204 396 398 400 402 404

Binding energy (eV) Binding energy (eV)

Figure 6.4 a) XPS wide scan spectra of M-0 and M-3 membranes, b) and ¢) M-3 membrane

narrow scan spectra of C 1s and N 1s

6.3.2 Surface hydrophilicity of the membranes

The surface hydrophilicity is one of the key parameters in a membrane preparation. The
surface hydrophilicity of the prepared membrane can be measured by the contact angle
analysis. As per a general rule, if the contact angle is less, the membrane surface would be
more hydrophilic and vice versa. The contact angle of the membrane surface can be reduced
by incorporating hydrophilic substances. The membrane M-3 exhibited a less contact angle
of 55° compared to the pristine membrane (M-0) of 82°. The contact angle is represented
in Table 6.2. As the ratio of PAH increases, the water contact angle value was further
decreased. However, over 20 % of PAH, the water contact angle was started increasing.
The increase in water contact angle was attributed to the increase of hydrophobic alkyl
group of PAH in the blend and it has dominated the effect of hydrophilic functional groups.
The changes in the contact angle of the blend membranes could be comprehended in the
following way. i.e., during the phase inversion process, to diminish the interfacial energy

between the polymer blend solution and non-solvent bath, the hydrophilic PAH polymer
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travels towards the surface of the membrane. As a result, the PAH polymer density will be
more on the membrane surface and pore surface (Humplik et al. 2011). Additionally, as far
as the asymmetric membrane is concerned, the skin layer controls the performance of the

membrane rather than the sublayer.

Table 6.2 Membrane properties

Membrane | Thickness Contact Water Porosity PWP*
code (um) angle (°) | uptake (%) (%) (L m2h?par?)

M-0 158 +0.1 82 +1.6 21.1+3.3 30.3+1.3 |1.72+0.23

M-1 143 +0.2 74 +2.1 60.2 +2.7 40.1+42.3 | 344 +0.21

M-2 149 +0.1 65 +1.2 61.5+1.8 42.4+1.6 |6.72+0.23

M-3 162 +0.2 55 +2.3 77.7+34 57.1+1.2 | 35.7+0.35

M-4 151 +0.4 61 +2.6 74.1 +3.9 55.2+1.7 | 30.7 +0.32

“PWP: Pure water permeability (L m2h™ bar™)

6.3.3 Water uptake, porosity and MWCO of membranes

In general, the water uptake capability of the membrane depends on the surface
hydrophilicity. The M-3 membrane had shown the uppermost water uptake ability of 77.7
% compared to the pristine membrane (M-0), which was attributed to the presence of PAH
polymer. However, the M-4 membrane had publicized the water uptake of 74.1 %. This
abnormal tactic was ascribed to the decreased hydrophilicity of the M-4 membrane. The
decreased hydrophilicity of the membrane reduces the hydration sphere which formed on
the surface of the membrane. Furthermore, as the ratio of PAH increases, the hydrogen
bonding between the blend membrane and water also increases (Manawi et al. 2016).
Thereby, it can put up a number of a water molecule on the macrovoids present in the
membrane. Whereas, in the case of M-4, the increased ratio of the alkyl group diminishes
the hydrogen bonding. Since the alkyl group, the hydrophobic effect was less, there was a
slight change in water uptake between M-3 and M-4 sequentially. The water uptake ability

of blend membranes is tabulated in Table 6.2

The porosity of the blend membranes improved with an escalation in the ratio of PAH
up to the M-3 membrane. It is evident from the literature that, the porosity can be improved

by incorporating hydrophilic nanomaterials and pore-forming agents (Zhao et al. 2008). In
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the current study, no nanomaterials and pore-forming agents were employed. The increased
percentage of porosity can be enlightened with the following reasons. The first reason could
be the formation of hydrogen bonding between water molecules and PAH. Secondly, the
improved hydrophilicity enhanced the rate of demixing and led to the formation of more
fingerlike projections. Consequently, the porosity was increased. The membrane M-4 had
exhibited a decrease in porosity to a small extent. This phenomenon can be explained as
follows. Due to the low miscibility and decreased hydrophilicity of PAH beyond 20 %, the
interaction between PAH and water diminishes to a small extent. Therefore, the rate of
demixing decreases and it led to the formation of the dense membrane, as captured in SEM
images. Hence, the porosity was decreased (Ali et al. 2016, Dervin et al. 2016). The
percentage of porosity is depicted in Table 6.2.

Figure 6.5 depicts the MWCO of the membrane. The MWCO of M-3 membrane was
15510 Da and the Stokes radius was 3.6 nm respectively. This result suggests that the

prepared membrane is a UF membrane.
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Figure 6.5 Molecular weight cut-off (MWCO) of M-3 membrane
6.3.4 Morphology of the membranes

In the direction of studying the membrane morphology, the cross-section of the
membrane samples was witnessed in SEM, as displayed in Figure 6.6. The pristine PSF
(M-0) membranes classically yielded in a dense skin layer at the surface reinforced by the
fingerlike voids throughout phase inversion (Corry 2008). The membrane M-1 unveiled

vertical microvoids, nevertheless, the horizontal macrovoids are less noticeable. Moreover,
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the membranes M-2 and M-3 were exhibited vertical microvoids stretched up to the bottom
layer of the membrane and no horizontal macrovoids were detected. In addition, M-4 had
publicized vertical microvoids whereas the horizontal macrovoids are pronounced little
more compared to the M-3 blend membrane. This is due to the diminished hydrophilicity
of the membrane. Furthermore, it was understood that the water could flow through the
vertical pore at ease as well as with less amount of in-house resistance. Whereas, in the
case of water flow in the horizontal pore experiences more in-house resistance and led to

less water flux.

Fingerlike structure
Spongelike structure

Vertical microvoids Horizontal macrovoids

Figure 6.6 Cross-sectional SEM images of a) M-0, b) M-1, ¢) M-2, d) M-3 and e) M-4
6.3.5 Pure water permeability of membranes

The pure water permeability (PWP) of the prepared blend membranes was increased as
the ratio of PAH increases, as illustrated in Table 6.2. The M-3 membrane exhibited the
maximum PWP than the pristine (M-0) membrane. The improved flux could be attributed

to the increased hydrophilicity and porosity of the blend membranes. As mentioned above,
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the surface hydrophilicity and porosity decrease the resistance of permeation of water
molecules through the membranes and unveiled better permeability. However, the M-4
membrane exhibited decreased PWP than the M-3 membrane owing to reduced

hydrophilicity and porosity.

6.3.6 Surface charge of membranes

Surface charge is one of the key factors in determining the separation properties of the
UF membranes. The M-3 membrane exhibited a higher negative charge than the pristine
M-0 membrane, as depicted in Figure 6.7. The increased negative charge was attributed to
the presence of the carboxylic acid groups in the membrane. Since the pH decreases to the
acidic side, the carboxylate ions are protonated and as a result double layer thickness
shrinks. The change in the zeta potential of the PSF membrane was ascribed to the
incorporation of PAH polymer.

Zeta potential (mV)
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Figure 6.7 Zeta potential of membranes
6.3.7 Heavy metal ions removal study
Heavy metal ions are the most hazardous environmental pollutants and non-
biodegradable in nature. In the current study, among all the prepared blend membranes, the
well-performed membrane M-3 was favored for the heavy metal ion removal studies. The
prepared novel polymer contains carboxyl groups, that acting as a coordinating site for the
heavy metal ions (Hummer et al. 2001). Thereby metal ions were removed by adsorption

on the surface of the membrane, as depicted in Figure 6.8.
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Figure 6.8 The proposed mechanism of complex formation with metal ions and hydrogen

bonding

6.3.7.1 Effect of other ions

In the view of the real-time application, it is very important to carry out the metal ion
removal experiment in the presence of other ions such as Na*, Ca** Mg?* and Fe** ions and
presented in Figure 6.9. It was found that in the presence of Na* ions the removal efficiency
was reduced to a small extent. However, as the valency of other metal ion increases the
removal percentage was decreased to a greater extent. The reason for this reduction was
due to the reduced mobility of Pb?* and Cd?* ions towards the membrane surface. The other
ions got involved in complex formation with PAH polymer, which makes less available
active functional groups for Pb?* and Cd?* ions to bind. Furthermore, as explained by
Miyoshi et al. (Miyoshi 1999) the formation of ion-pair between the other metal ions and

membrane surface was also affected the membrane performances.
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Figure 6.9 Removal of metal ions using M-3 membrane in the presence of other ions (2
bar, 10 mg/L and pH 6)
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6.3.7.2 Time-dependent study

Figure 6.10 depicts the heavy metal ions removal as a function of time. It was observed
that, removal and permeate solution flux started decreasing with time. Moreover, the
percentage of removal of Pb?* was higher than Cd?*. The reason could be, the Pb?* would
have displayed a strong affinity to form the stable complex with polymer rather than Cd?*
i.e., the Pb?*-polymer complex would be more stable than the Cd?*-polymer complex. To
evaluate this statement, the following literature helped in resolving the unknown fact.
Junxia et al. reported Cd?* and Pb?* complexation using high molecular weight poly(acrylic
acids). The results revealed that the Pb?* was well bound to form stable complex than Cd?*.
Thus the metal binding capacity of poly(acrylic acids) for Pb?* was higher than Cd?*(Junxia
et al. 2007, He et al. 2016). Similarly, glycogen-graft-poly (acrylic acid) copolymer
exhibited the selective removal of Pb?* over the other metal ions (Pal et al. 2015). The
decreased removal of metal ions and reduced permeate solution flux can be attributed to
the pore collapse and fouling on the membrane surface. Additionally, the adsorption of
foulant on the membrane surface reduces the interaction of metal ions with the membrane

surface by forming a cake layer. Consequently, the removal efficiency was decreased.
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Figure 6.10 Heavy metal ion removal of M-3 membrane as a function of time with
permeate flux (10 mg/L, 2 bar and pH 6)
6.3.7.3 Reusability test of membranes

In addition, the reusability of the M-3 membrane was characterized by simple acid
treatment (0.2 M HNO:3) and had run for five cycles with 10 mg/L of feed solution (pH 6)
at 2 bar pressure. The results indicated that the M-3 membrane manifested higher removal
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of above 88 % of Pb?* and 63 % of Cd?* ions up to four cycles. However, in the case of the
fifth cycle, the metal ion removal decreased to less than 76.1 % of Pb?* and 60.3 % of Cd?*
ions (Figure 6.11). To further confirm the adsorption and desorption (after washing with
acid) of heavy metal ions on the membrane surface, elemental mapping was carried out
which is presented in Figure 6.12. It concludes that the novel membrane could be
regenerated by simple acid treatment. Table 6.3 summarizes some of the recent literature

reports towards the heavy metal ions removal by the UF membrane.
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Figure 6.11 Reusability study of M-3 membrane
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Figure 6.12 Elemental mapping of M-3membrane a) and a’) after filtration and b) and b”)
after acid washing
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Table 6.3 Summary of heavy metal ions removal by ultrafiltration membranes

Additive Metal | Removal | Adsorption | Feed | pH | Mechanism Ref.
ions (%) capacity | Conc.

removed (mg/g) (ppm)
Poly  3-|Cu®* 99.23, NA 1000 |6 | Molecular | (Kalais
methyl 2- | Pb?*, 89.61, sieving elvi et
vinyl Cd? 97.15 al.
pyridinium 2015)
nitrate
Hydrous Pb?* 95% 13.2 0.1 7 | Adsorption | (Abdull
ferric oxide ahetal.
nanoparticl 2016)
es
Polydopam | Pb?*, 79,73 NA 1000 |6 | Molecular (Hebba
ine coated | Cd?* sieving r et al.
halloysite 2016)
Polydopam | Pb?*, NA 20.23, NA 5.4 | Adsorption | (Fang
ine Cd?", 17.01, et al
nanoparticl | Cu®* 10.42 2017)
es
Nickel iron | Cu?*, 98.6, 41.42, 50 4 - | Adsorption | (Monda
oxide Cd?*, 71.38, 23.87, 10 | et al

Ni2*, 62.51, 17.46, 2017)

Zn?*, 83.45, 35.25,

Pb?*, 98.14, 52.11,

Crb* 52.84 17.45
PAH Pb?*, 91.5,72.3 | 19.35, 10 6 | Adsorption | Present
polymer Cd?* 0.88 study
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6.3.7.4 Adsorption isotherm

The adsorption capacity (mg/g) of the M-3 membrane at different metal ion
concentrations (mg/L) is presented in Figure 6.13. The heavy metal ion adsorption on the
membrane surface was studied by fitting the adsorption data into Langmuir and Freundlich
isotherm models. The linear form of the Langmuir model is depicted in equation (6.8). It
bestows the homogeneous system with single layer adsorption.

fe 14 Ce (6.8)

de bqmax Admax

Where ‘Ce’ and ‘qe’ are the concentration and amount of metal ion adsorbed at equilibrium
(mg/g), ‘gmax’ is the maximum adsorption capacity (mg/g) and ‘b’ is the Langmuir constant

(L/mg), which is related to the affinity of the binding site.

Equation (6.9) depicts the linear form of the Freundlich isotherm model and it

designates the multilayer adsorption in a heterogeneous system.
Ing, =InKr + % InC, (6.9)

Where ‘Ke” (mg?*™ LY" g%) and “n’ are Freundlich constants.

The obtained isotherm parameters of both the isotherm models are tabulated in Table
6.4. It is clear from the Table that, the adsorption parameters follow Langmuir isotherm
more satisfactorily rather than Freundlich isotherm with the regression coefficient R? value
of 0.99 for Pb?* and 0.98 for Cd?* ions. It was observed from Figure 6.13 that, the order of
metal ion adsorption is Pb (I11) > Cd (I1). The adsorption was assisted by the electrostatic
interaction between PAH polymer and metal ions. The increased adsorption of Pb?* ion
was ascribed to the decreased hydration energy (1345 kJ/mol) and first hydrolysis constant
(pK1 7.71) of Pb?* ion compared to the Cd?* ion (1575 kJ/mol and pK110.08) (Barnum
1983, Marcus 1991, Mondal et al. 2017). In general, lower the first hydrolysis constant and
hydration energy facilitates the formation of the metal hydroxide (MOH™) (Qiu et al. 2009,
Nguyen et al. 2015, Sounthararajah et al. 2015). Therefore, lead (1) forms more metal

hydroxide and led to enhanced adsorption than cadmium (I1).
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Table 6.4 Langmuir and Freundlich isotherm parameters for Pb?* and Cd?* adsorption on
M-3 membrane at pH 6

Metal Langmuir model Freundlich model
ion
gmax (Mg/g) | b (L/mg) RZ | Ke(mgtt LY gy | 1/n R?
Pb?* 19.35 0.1417 0.9978 | 6.81 0.2309 | 0.9124
Cad?* 9.88 0.0589 0.9871 | 2.26 0.2955 | 0.947
18-  —a—pp* 85 | e
E‘: 174 a) Et 8.0 < b)
E 16 - E-l: 75
§ 15 % 704
-4 -1
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Figure 6.13 The adsorption capacity of the M-3 membrane at pH 6 a) Pb?* and b) Cd?*

6.4 CONCLUSIONS

The poly[styrene-alt-(N-4-benzoylglycine-maleamic acid)], cumene terminated
polymer was synthesized and used as an additive to the polysulfone blend membrane. The
polysulfone/poly[styrene-alt-(N-4-benzoylglycine-maleamic acid)], cumene terminated
blend ultrafiltration membranes were prepared by phase inversion method with a different
ratio of poly[styrene-alt-(N-4-benzoylglycine-maleamic acid)], cumene terminated
copolymer. The optimum ratio of polysulfone/poly[styrene-alt-(N-4-benzoylglycine-
maleamic acid)], cumene terminated was found to be 85:15 (M-3) with pure water
permeability of 35.7 L /m? hbar. In addition, the M-3 membrane exhibited 91.5 % of Pb?*
and 72.3 % of Cd?* ions removal with a feed concentration of 10 mg/L. The results also
revealed that the further increase of polysulfone/poly[styrene-alt-(N-4-benzoylglycine-
maleamic acid)], cumene terminated amount beyond 20 % diminished the hydrophilicity,
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porosity and pure water permeability. The porosity of the blend membrane (M-3) was
increased to 57.1 % compared to the pristine polysulfone membrane. As a whole, the novel
polymer polysulfone/poly[styrene-alt-(N-4-benzoylglycine-maleamic acid)], cumene

terminated would be the prospective nominee for improving the membrane performances.
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Abstract: In this chapter, poly(homopiperazine-amide) thin-film composite (HTFC)
nanofiltration (NF) membranes fabricated using homopiperazine (HP) as a novel
monomer. The effect of crosslinking degree and post-treatment time were studied. The
HTFC membrane salt and heavy metal rejection and antifouling performance were also
evaluated in this chapter. The HTFC NF membranes prepared with 2 wt% of
homopiperazine and 0.15 wt % of 1,3,5-benzene tricarboxylic acid chloride (TMC) and
post-treatment with ethylenediamine (EDA) in isopropyl alcohol (IPA) bestowed the
improved performances, among which the HTFC-1 membrane demonstrated increased
pure water permeability (PWP) of 7.0 L/m?h bar with Na,SO4, MgSO4 and NaCl rejection
of 97.0 %, 97.4 % and 23.3 % respectively. The HTFC-1 membrane also exhibited higher
rejection on Pb?* and Cd?* ions of 98.1 % and 96.3 % and flux recovery ratio (FRR) of

96.9 % without any chemical treatment.

7.1 INTRODUCTION

The continuous deterioration and contamination of surface and groundwaters by heavy
metal ions, existing in industrial wastewater, have increased the demand for development
of advanced technologies for water purification (Karan et al. 2015, Werber et al. 2016,
Ibrahim et al. 2017, Wang et al. 2018). Complete removal of such ions from water
resources is of critical importance due to their hazardous impact on human health (Fu et al.
2011).

Heavy metals are typically named after the elements with a specific gravity greater than
5.0 and atomic weight between 63.5 and 200.6 (Srivastava et al. 2008). Among the heavy
metals fitting in this range, Lead (Pb?*) and cadmium (Cd?*) ions are the most common
ones found in industrial wastewater; these two elements have various applications in
industries such as batteries, paint, fertilizer, pigments, electroplating, etc. The overexposure
of humans and animals to these metal ions can cause severe health issues and ultimately
death. As an example, Cd?* has been classified as a probable human carcinogen by the U.S.
Environmental Protection Agency (Fu et al. 2011, Zhang et al. 2014). Also, the ingestion
of Pb?* could damage the kidney, liver, nerve and reproductive system (Hebbar et al. 2016,
Moideen et al. 2016, Nayak et al. 2019). Therefore, there is a high demand for the
development of technologies to entirely remove heavy metal ions from water resources
(<100 ppb).
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The conventional methods for treating the water resources, contaminated with heavy
metal ions, are coagulation-flocculation, ion-exchange and adsorption (Barakat 2011, Fu et
al. 2011, Yang et al. 2019). However, the usage of a large quantity of chemicals, challenges
in sludge management and difficulties in the separation of adsorbent after adsorption
hamper the effective usage of the mentioned techniques (Barakat 2011, Fu et al. 2011).
Furthermore, since the concentration of the heavy metals in wastewaters is very low (<10

ppm), the removal of the ions, using the conventional methods, is challenging.

Currently, membrane-based purification is the most promising and scalable approach
for the removal of heavy metal ions from water resources. That is, the considerable
improvements in the membrane technologies have made it more suitable for heavy metal
removal compared to the conventional techniques. Currently, among all the membrane-
based techniques, reverse osmosis (RO) and nanofiltration (NF) are considered as the state-
of-the-art technology for water purification and desalination. Especially, NF plays a vital
role in the wastewater purification and desalination as it acts as an intermediate between
RO and ultrafiltration (UF). NF operates at a lower pressure than RO and exhibits solute
rejection in the range of 100 to 1000 Da (Wang et al. 2018, Dai et al. 2019).

The applications of NF membranes have been extended from desalination to pesticide
removal (Berg et al. 1997), heavy metal (Ye et al. 2019), dyes (Bai et al. 2019), and
pharmaceuticals waste (Peeva et al. 2019) removal. The state-of-the-art NF membranes are
thin-film composite (TFC) membranes and prepared via interfacial polymerization (IP),
which consists of active polyamide (PA) layer on the UF or microfiltration (MF) membrane
substrate (Scheme 7.1). The NF membrane performance is primarily depending on the
quality of the PA layer, which curbs the permeability and solute rejection of the NF
membrane. The performance of the PA layer formed during IP can be adjusted by properly
choosing the type of monomer, monomer and initiator concentrations, miscibility of phases,

reaction time and post-treatment (Kim et al. 2005).

160



O NH, @ NH;*
© s0; @ (CH,),N*

SR\

(o)

lonic 3 GTMAC
\ e

complexation quaternization

DSS PEC NP QPEC NP
Scheme 7.1. Fabrication of quaternized polyelectrolyte complex incorporated
nanofiltration membrane (Ye et al. 2019)

In this chapter, the synthesis of poly(homopiperazine-amide) TFC (HTFC) membranes
by reacting homopiperazine (HP), as novel amine and 1,3,5-benzene tricarboxylic acid
chloride (TMC), as a crosslinker, at the agueous-organic interface is reported. The as-
prepared HTFC membranes were further post-treated with ethylenediamine (EDA) in
isopropy! alcohol (IPA) to fine-tune the HTFC membrane surface properties. The effect of
post-treatment time on the membrane permeability, surface roughness, hydrophilicity and
metal ion rejection was carefully examined. In addition, the antifouling property of the TFC
membranes was carried out by using humic acid (HA) as a model foulant in dynamic

crossflow filtration mode.

7.2 EXPERIMENTAL

7.2.1 Materials and methods

Polysulfone (PSF, M, ~22,000), homopiperazine (HP, 98 %), sodium hydroxide
(NaOH, >98 %, pellets), lead nitrate (Pb(NOz)2, 99.9 %), cadmium nitrate tetrahydrate
(Cd(NOs3)2.4H20, 98%), humic acid sodium salt (HA) and ethylenediamine (EDA, >99 %)
were purchased from Sigma-Aldrich. 1,3,5-Benzenetricarboxylic acid chloride (TMC, 98
%) was purchased from Acros. Polyethylene glycol (PEG) of different molecular weight
and N, N-dimethylformamide (DMF, anhydrous, 99.8 %) were procured from Loba
Chemie. Isopropyl alcohol (IPA, >99.8 %) was obtained from Merck. Isopar-G was
purchased from Univar, USA. Poly(ethylene terephthalate) nonwoven fabric (PET, K#01
3249) was purchased from Hollytex, USA. Sodium chloride (NaCl, >99.5 %), anhydrous
sodium sulfate (Na.SO4, >99.0 %) and anhydrous magnesium sulfate (MgSOa, >98.0 %)
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were obtained from Fisher Scientific. Reverse osmosis (RO) water was used to prepare the
salt solution and in the coagulation bath for phase inversion.

Attenuated total reflectance Fourier-transform infrared spectroscopy (ATR- FTIR) was
performed using a Bruker Alpha spectrometer. Accordingly, a small area of the HTFC
membrane was cut (1 cm x 1 cm) and placed on the diamond window of the ATR module.

The data was collected with a resolution of 4 cm™ and averaged over 24 scans.

The wettability of the membrane surfaces was evaluated by measuring the water contact
angle (KRUSS DSA 100E) on each sample. To do so, a 5 uL. water droplet was placed on
the dried membrane and contact angle was measured after 10 s using the sessile drop
method. The measurements were performed on three different locations of each sample.
The reported values show the average of three measurements with one standard deviation.

The surface charge of NF membranes was measured using a streaming potential
analyzer (SurPASS, Anton Paar). The membranes were attached to parallel planar surfaces
(sample holders) of an adjustable gap cell (Anton Paar). Subsequently, the membranes (1
cm x 2 cm) were fixed on the sample holders. The gap between the samples was adjusted
to be ca. 100 um using two knobs. The electrolyte solution (ImM KCI) flowed at different
pressures along the gap between the samples. The electrolyte flow generated a streaming
potential from which the zeta potential of the membrane surface was calculated using the
Helmholtz—Smoluchowski equation (Mohammadi Ghaleni et al. 2018). The measurements
were done using electrolyte solutions having different pH values. The pH of the electrolyte

was adjusted by the automatic addition of KOH or HCI during the measurements.

Scanning electron microscopy (SEM) images were collected using a FEI Helios
NanoLab 660 instrument. The membranes were air-dried overnight, cut in size and adhered
to the conductive carbon tape and sputter-coated with ~60 nm of gold using a Ted Pella
sputtering machine (108 Auto), before taking the SEM images. For cross-section images,
the membrane samples were dipped in liquid nitrogen and freeze-fractured before the

drying stage.

The surface morphology of NF membranes was acquired using Bruker Dimension Icon
atomic force microscopy (AFM) at ambient conditions. The analysis was executed in peak

force tapping mode (SCANASYST-AIr) using a silicon tip with a nominal tip radius of 2
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nm and resonance frequency (fo) of 70 kHz. The measurements were performed in 3 pm X

3 um area of the sample and the average roughness was determined over the entire area.

The surface elemental composition and degree of crosslinking were identified using X-
ray photoelectron spectroscopy (XPS) (K-alpha, ThermoFisher Scientific). XPS survey
spectra were obtained over the spot size of ~400 pum, range of 0-1200 eV with 100 ms dwell
time, 200 eV pass energy and averaged over four scans. High-resolution XPS core electron
spectra were obtained with 50 eV pass energy, 50 W beam power, 100 ms dwell time and

averaged over four scans.

7.2.2 Fabrication of poly(homopiperazine-amide) TFC (HTFC) membranes

The PSF beads were dried in vacuum (~ 25 inHg) at 60 °C for 12 hours to remove
adsorbed water. The PSF supports were fabricated through the nonsolvent induced phase
separation (NIPS) method. Briefly, 15 wt% PSF was dissolved in DMF and stirred for eight
hours at 60 °C. The solution was deaerated by keeping the dope solution at room
temperature for six hours without stirring. The nonwoven PET fabric was secured on the
glass plate by taping it from the backside, and prewetted with DMF; the excess DMF was
removed by Kimwipes (Kimberley-Clark). The dope solution was poured on the fabric and
cast on the wet PET using a casting knife (Gardco) with an adjustable gap set at 50 mils.
After the solution was cast, the substrates were immediately immersed in a coagulation
bath containing water. After gelation (five minutes), the membranes were transferred to
another water bath and soaked for 24 hours to remove the residual solvent. The as-prepared
PSF support membrane exhibited a thickness of ~100 um measured by a micrometer at
different locations. The PSF substrate membranes were stored in deionized water at 4 °C
until use.

The poly(homopiperazine-amide) thin-film composite (HTFC) nanofiltration (NF)
membranes were prepared by performing interfacial polymerization (IP) on the prepared
PSF support. All the TFC membranes were prepared at room temperature (20 °C) and
relative humidity of 60%. In brief, PSF substrates were sandwiched between the glass plates
and HDPE frames, creating wells 1 cm deep. Next, 30 mL of DI water containing 2 wt%
HP and 0.35 wt% NaOH was poured on the substrate, and the substrate allowed to rest for
two minutes. The excess of HP solution was drained by keeping the frame in the vertical

position for one minute. The residual droplets of the HP solution were removed by gently
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padding the support, using a Kimwipe. In the second step, 30 mL of Isopar-G solution
containing 0.15 wt% of TMC, was poured into the well and left for one minute to allow the
reaction to complete. Subsequently, the excess solution was drained by keeping the frame
in a vertical position for one minute. The as-formed PA films were post-treated with 20 mL
of IPA containing 1 wt% of EDA. The duration of the post-treatment step was chosen as a
variable. Membranes post-treated for one, two and three minutes were labeled as HTFC-1,
HTFC-2, and HTFC-3, respectively. Subsequently, the excess EDA solution was removed,
and the membranes were cured in a convective oven for eight minutes at 60 °C (Scheme
7.2). The membranes that did not go through any postprocessing and one was washed for
one minute with IPA were labeled as control and HTFC-IPA respectively. The as-prepared
membranes were stored in deionized water at 4 °C until use. The synthetic scheme of the
active layer of the NF membrane is presented in scheme 7.3. The details of reactant

concentration and post-treatment are given in Table 7.1.

Scheme 7.2 Schematic representation of HTFC NF membrane preparation
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Scheme 7.3 Synthetic scheme of poly(homopiperazine-amide) thin-film composite
(HTFC) membrane preparation. In the first step, homopiperazine (HP) and trimesoyl
chloride (TMC) reacted via Schotten—Baumann reaction to give polyamide-I. In the second
step, ethylenediamine (EDA) was post-treated with the as-formed polyamide-I layer to

react with residual acyl chloride group and yield polyamide-11

Table 7.1 Poly(homopiperazine-amide) thin-film composite (HTFC) membrane

parameters
Membrane | Homopiperazine | Trimesoyl chloride | NaOH Post-treatment
(HP) (wt%) (TMC) in Isopar-G 9)
(Wt%)

Control 2 0.15 0.1 No post-treatment

HTFC-IPA 2 0.15 0.1 No EDA. Only IPA

HTFC-1 2 0.15 0.1 1 wt% EDA in IPA for 1
min

HTFC-2 2 0.15 0.1 | 1wt% EDA in IPA for 2
min

HTFC-3 2 0.15 0.1 | 1wt% EDA in IPA for 3
min

EDA-Ethylenediamine, IPA- Isopropyl alcohol
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7.2.3 Characterization of poly(homopiperazine-amide) TFC (HTFC) membranes
The filtration performance of NF membranes was analyzed using custom-made
crossflow stainless-steel membrane cell with an active area of 19 cm? at 20 °C. All the
experiments were replicated at least three times. Before the pure water permeability (PWP)
and solute rejection, each membrane was compacted at 170 psi (11.7 bar) for 1 h using DI
water to reach the steady-state regarding permeability. Subsequently, PWP, <J, (L m2ht

bar) was measured at 150 psi (10.3 bar) using the following equation:

__Q (7.1)
AXAtXAp

w

where ‘Q’ is the permeate volume in litter, ‘At’ is the time in hour, ‘Ap’ is the operating

pressure in bar and ‘A’ is the effective membrane area in the module (m?).

The salt rejection efficiency of the NF membrane was analyzed by filtering 2000 ppm
of NaCl, Na,SO4 and MgSOs solution at 150 psi (10.3 bar) and 20 °C. The conductivity of
both feed and permeate were analyzed using Oakton CON 2700 conductivity meter. The
heavy metal removal efficiency of the as-prepared NF membrane was determined by
filtering 10 ppm aqueous solution of Pb(NO3), and Cd(NO3)2 at 150 psi (10.3 bar), 20 °C
and pH 5 separately. The metal ion concentration in both feed and permeate was determined
using ThemoFisher inductively coupled plasma mass spectrometry (ICP-MS). The %

rejection (‘R’) was calculated using equation (7.2).

7.2
%Rz(l—i—p)xloo (72
f

where ‘C, and ‘Cy’ are the permeate and feed conductivity in salt rejection and ‘C,> and

‘Cy’ are the permeate and feed solute concentration in heavy metal and PEG rejection.

The molecular weight cut-off (MWCO) of the membrane was determined by filtering
200 ppm PEG molecule with different molecular weight (200, 400, 600 and 1000 Da) at
150 psi (10.3 bar) and 20 °C. The concentration of PEG solute in both feed and permeate
was analyzed by total organic carbon (TOC) SHIMADZU TOC-L analyzer. The rejection
(R) was calculated using equation (7.2). The PEG rejection curve was plotted, where the
PEG solute rejection at 90 %, defined as the MWCO of the membrane (Gao et al. 2019).
The Stokes radius (rp) (nm) of the PEG was determined based on its average molecular

weight MW as presented in equation (7.3).
166



Ip = (16.73x1012) x MW0-557 (7.3)

The antifouling performance of all the HTFC membranes was evaluated using 200 ppm
of HA. Briefly, ‘J. was measured initially at 150 psi (10.3 bar) and 20 °C for 8 h. Later,
the feed solution was replaced with 200 ppm HA solution and the filtration was continued
for another 8 h at 150 psi (10.3 bar) and 20 °C and HA solution permeability (Jp) was
measured. After fouling with the HA solution, all the membranes were washed with RO
water for another 1 h under the crossflow condition at 10 psi and 20 °C to remove the
loosely adhered HA molecules on the membrane surface. Again, the water permeability
(‘Jw’) was measured for another 8 h at 150 psi (10.3 bar) and 20 °C. The flux recovery ratio

(FRR) was calculated using the following equation

FRR (%) = ]]W—l x 100 (7.4)

w

7.3 RESULTS AND DISCUSSION

7.3.1 Characterization of poly(homopiperazine-amide) TFC (HTFC) membranes

The functional groups present on the HTFC membrane was characterized using
ATR-FTIR. The ATR-FTIR spectra of the PSF substrate and all the HTFC membranes are
presented in Figure 7.1A. All the HTFC membranes exhibited peaks at 2967 cm™, 1293
cm?, 1242 cm™ and 1150 cm™, which were attributed to the characteristic aromatic C-H
stretch, S=0 asymmetric stretch, C-O-C stretch and S=O symmetric stretch of PSF support,
respectively. When compared to the PSF substrate ATR-FTIR spectrum, the new peak at
~1625 cm in all the HTFC NF membranes was observed. The new peak was attributed to
the C=0 stretching vibration of the amide group, which confirms the presence of the PA
layer formed via IP on the PSF substrate (Zhang et al. 2019). Furthermore, the broad peak
located at ~3401 cm™ and the peak at 1725 cm™ were ascribed to the -OH and C=0 stretch
of the residual carboxylic acid groups, respectively.

Furthermore, the elemental composition, chemical bonding and degree of crosslinking
were analyzed using XPS measurement. As shown in wide-scan XPS spectra (Figure 7.1B),
the presence of all the elements confirms the PA layer structure. The surface elemental
composition (atomic %), O/N ratio and degree of crosslinking of all the HTFC NF
membranes are depicted in Table 7.2. As depicted, the O/N ratio of the control membrane

was 1.0 and the value was increased up to the HTFC-1 membrane and then reduced to 0.96
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for the HTFC-3 membrane. Theoretically, for a fully crosslinked PA layer, the O/N ratio
varies between 1.0 and for the fully linear structure it varies between 2.0. Using the XPS
results, the degree of crosslinking was calculated by using the following equation (Kwon
et al. 2008).

Degree of crosslinking (%) = x 100 (7.5)

X+Y

Where X and Y are the crosslinked and linear part of the PA layer and can be calculated

from the experimental O/N ratio acquired from XPS analysis by the following equation,

0 _ 3X+4Y
N  4X+2Y

(7.6)

As calculated, the control membrane exhibited the degree of crosslinking of 47.0 %.
However, after post-treating with IPA, the degree of crosslinking was reduced to 40.3 %
(HTFC-IPA). This reduction in the degree of crosslinking was attributed to the removal of
unreacted monomers and hydrolysis of the acid chloride group in the PA layer by water-
miscible solvent IPA, which reduced further crosslinking during heat treatment. However,
the degree of crosslinking of HTFC-1, HTFC-2 and HTFC-3 NF membranes were not
calculated as the post-treatment was performed with EDA in IPA.

The added EDA has changed the PA layer structure, which led to the different repeating
units compared to the control and HTFC-IPA membranes. Still, the O/N ratio of HTFC-1
and HTFC-2 membranes confer the clue that, the degree of crosslinking is less compared
to the control membrane. At the same time, the HTFC-3 membrane demonstrated a higher
degree of crosslinking compared to all the NF membranes. This trend was attributed to the
increased time of post-treatment with EDA. In 3 minutes of post-treatment time, the added
EDA reacted with unreacted acid chloride and further increased the crosslinking density.
For the control membrane, C 1s was deconvoluted into two peaks. The peaks at 284.71 eV
and 287.11 eV were ascribed to C-C and N-C=0 bond. The N 1s peak was deconvoluted
into two peaks and peaks at 399.42 eV and 399.89 eV were attributed to C-N and N-C=0
bond.
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Figure 7.1 A) ATR-FTIR spectra and B) wide scan XPS spectra of HTFC membranes

Table 7.2 XPS elemental composition of poly(homopiperazine-amide) TFC (HTFC)
membranes

Membrane Atomic concentration (%) O/N Degree of cross-
ratio linking (%)
C1s Ol1ls |[N1s |Nails |Cl2p
Control 7272 134 |1343 |044 |- 1.0 47.0

HTFC -|73.71 |13.73 |11.08 {116 |0.31 |124 40.3
IPA

HTFC-1 |70.74 |1499 | 1198 | 201 |0.28 |1.25 -

HTFC-2 | 7221 |13.52 |12.07 {184 |035 |1.12 -

HTFC-3 | 7261 |13.14 |13.67 |0.25 |0.33 |0.96 -

The surface morphology of the as-prepared HTFC NF membranes was observed by
SEM and AFM and presented in Figure 7.2. As shown in Figure 7.2A, all the HTFC
membranes exhibited nodules and globules structure with ‘nano cracks’ owing to the IP

reaction of HP and TMC. When compared to the control membrane, the HTFC-IPA and
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HTFC-1 membranes surface were less tightly packed with nodules and globules as these
membranes were post-treated. As the HTFC-IPA membrane was post-treated only with
IPA, it exhibited the least loose-packed surface morphology. At the same time, the HTFC-
2 and HTFC-3 membranes surface were tightly packed as the control NF membrane. This
phenomenon possibly results from the fact that the added NaOH catalyzed the amidation
reaction between HP and TMC followed by post-treatment with EDA in IPA. As a result,
the EDA molecule further undergoes an amidation reaction with unreacted TMC
molecules, which resulted in increased crosslinking density and tightly packed surface
morphology. The NF membranes exhibited a PA layer thickness of ~80 - 85 nm. The
obtained SEM results are well aligned with XPS results (crosslinking density).

The AFM 2D images and average roughness (R.) parameter of all the HTFC
membranes with an area of 3 um x 3 pm are presented in Figure 7.2B. The AFM 2D images
of all the HTFC membranes confirm the nodule and globules structure. It is very interesting
to note that, among all the membranes prepared control membrane exhibited a higher Ra
value of 10.3 nm. Later, the Ra value was decreased to 6.58 nm for HTFC-IPA and then
increased gradually to 9.43 nm (HTFC-1). Subsequently, the HTFC-2 and HTFC-3
membranes demonstrated the Ra values of 8.19 nm and 7.14 nm. The change in the R, value
for all the HFTC NF membranes can be explained based on the rate of amidation reaction
and post-treatment. In the control membrane, the added NaOH increased the rate of
amidation reaction between HP and TMC at the aqueous and organic interface, which left
the minimum amount of TMC as unreacted. Thus, it forms a highly thicker and rougher PA
layer (Xue et al. 2016). However, after post-treatment with IPA the R, value was reduced
(HTFC-IPA), which was attributed to the removal of a few low molecular weight PA layers
and unreacted monomers. Meanwhile, after post-treatment with EDA in IPA for 1 min
(HTFC-1), Ra value increased due to the further amidation reaction between EDA and
unreacted acyl chloride. Correspondingly, the HTFC-2 and HTFC-3 membranes bestowed

a decrease in Ra value respectively.

In summary, the NF membranes prepared with PIP as monomer demonstrated ridge and
valley-like structure with Ra in the range of 30-45 nm (Lai et al. 2016, Lai et al. 2018). In
the present study, the formation of nodules and globules structure with ‘nano cracks’ and
reduced surface roughness of the HTFC NF membrane was attributed to the solubility and
diffusivity of HP during IP reaction.
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Figure 7.2 A) SEM and B) AFM 2D images of the HTFC NF membranes

The surface charge of all the HTFC NF membranes in the pH range of 5to 9 is presented
in Figure 7.3A. As shown, all the as-prepared HTFC membranes demonstrated positive
charge below pH 6.2, which favors the rejection of divalent or multivalent ions via the
Donnan effect (Van der Bruggen et al. 1999, Childress et al. 2000). The isoelectric point
(IEP) for the control membrane was found to be at pH 6.47. Compared with the control
samples, the IEP for the HTFC-1 membrane declines to pH 6.25. The reduced IEP (slightly
increased negative charge) was attributed to the removal of unreacted monomers and
oligomer during the post-treatment process. As the unreacted amine removed during the
post-treatment, the unreacted acyl group (-COCI) in the PA layer hydrolyzed in the
presence of water, forming a COOH group. As a result, the HTFC-1 membrane becomes
more negative than the control membrane. By increasing the post-treatment time, it was
expected that the unreacted carboxylic groups to be cross-linked by EDA, which results in

an increased IEP.

Furthermore, the surface hydrophilicity of NF membranes can also be assessed by
measuring the water contact angle (CA) (Lai et al. 2016). According to the Wenzel model,
the increased surface roughness will reduce the contact angle (Wenzel 1949). As depicted
in Figure 7.3B, the pristine control membrane exhibited the lowest water CA of 16.9° due
to higher Ra value when compared to all other HTFC membranes. After post-treatment with
IPA, the HTFC-IPA membrane CA was increased to 18.7° as there was a decrement in the
Ra value. Subsequently, HTFC-1, HTFC-2 and HTFC-3 membranes were exhibited CA of
17.9° 18.3° and 24.1°. This increased trend of CA was attributed to the EDA crosslinking,
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which increased the degree of crosslinking and reduced the availability of free carboxylic

acid groups in the PA layer (Gorgojo et al. 2014).
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Figure 7.3 A) Zeta potential as a function of pH and B) contact angle of all the HTFC NF
membranes
7.3.2. Poly(homopiperazine-amide) TFC (HTFC) membrane performance

Based on the crosslinking degree of the PA layer, it is possible to fine-tune the pore
size and solute rejection of the HTFC membranes. In general, the higher crosslinking
degree leads to smaller pore size and higher solute rejection. The different molecular weight
PEG neutral solute rejection was evaluated by MWCO measurement and results are
presented in Figure 7.4A. The results indicated that the MWCO of control, HTFC-IPA,
HTFC-1, HTFC-2 and HTFC-3 membranes were 253 Da, 260 Da, 272 Da, 266 Da and 326
Da. Furthermore, the PEG solute Stokes radius (rp) of all the HTFC NF membranes was
also calculated as 0.36 nm, 0.37 nm, 0.38 nm, 0.37 nm and 0.42 nm respectively. The
MWCO of all the NF membranes was almost in the same range except the HTFC-3
membrane. The slight decrement in the HTFC-3 membrane solute rejection was attributed
to the increased time (3 min) of post-treatment. During post-treatment, not only amidation
reaction between EDA and TMC happens but also the removal of a few low molecular
weight PA layers happened. Consequently, there were some minor defects formed, which

led to a slight reduction in solute removal.

The pure water permeability (PWP) of all the HTFC NF membranes is depicted in
Figure 7.4B. The permeability of the NF membrane mainly depends on the porosity of the
PA layer (Ji et al. 2000), surface hydrophilicity (Bano et al. 2015) and PA layer thickness
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(Zhu et al. 2018). When compared to the pristine control membrane (PWP 3.6 L/m?h bar),
the HTFC-1 NF membrane exhibited the highest PWP of 7.0 L/m?h bar. The increased
permeability of the HTFC-1 membrane was attributed to the post-treatment with EDA in
IPA and increased surface hydrophilicity.

The increased hydrophilicity of the HTFC-1 membrane improved water permeability
by attracting water molecules towards the membrane matrix and reduced the mass transfer
resistance across the membrane. As calculated by the crosslinking degree from XPS
analysis (Table 7.2), the higher crosslinking degree (47 %) of the pristine control membrane
attributed to reduced PWP. However, post-treatment with IPA reduced the crosslinking
degree to 40.3 % by removing some of the low molecular weight PA layer and unreacted
monomer. As a result, the reduction in thickness of the PA layer or unblocking of the
permeation pathway would have happened (Gorgojo et al. 2014). Thereby the permeability
was increased from 3.6 L/m?h bar (control) to 6.0 L/m2h bar (HTFC-IPA). Furthermore,
the post-treatment with EDA in IPA for HTFC-1 NF membrane PWP further enhanced to
7.0 L/m?h bar. Nevertheless, EDA in IPA post-treatment for HTFC-2 (2 min) and HTFC-3
(3 min) membranes exhibited a decreased trend of PWP, which was mainly due to the
increased crosslinking density. The presence of EDA molecules in IPA reacted with
unreacted acyl chloride and resulted in a higher crosslinking density. Thus, the HTFC-2
and HTFC-3 membranes demonstrated PWP of 6.4 L/m?h bar and 5.5 L/m?h bar. In
summary, the improved PWP of the HTFC-1 membrane was ascribed to the increased

surface hydrophilicity and reduced crosslinking degree.

The representative divalent and monovalent salts such as Na2SOs, MgSO4 and NaCl
rejection ability of the NF membranes were analyzed and depicted in Figure 7.4C. All the
NF membranes demonstrated above 94 % rejection towards divalent salts of both Na>SO4
(control- 95.7 %, HTFC-IPA- 94.6 %, HTFC-1- 97.0 %, HTFC-2- 96.9 % and HTFC-3-
97.1 %) and MgSOas (control- 96.7 %, HTFC-IPA- 95.2 %, HTFC-1- 97.4 %, HTFC-2-
97.1 % and HTFC-3- 997.9 %). Subsequently, all the HTFC NF membranes exhibited
below 30 % rejection of NaCl. The improved rejection of MgSO4 was attributed to the
Donnan effect. Because the control and HTFC-1 membranes were negatively charged and
HTFC-2 and HTFC-3 membranes were positively charged at pH 7 (Figure 7.3A).
Therefore, in the case of control and HTFC-1 membranes the SOs* ions were
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electrostatically repelled at the same time to maintain the electrical neutrality Mg?* ions
were also rejected.

Still, as HTFC-2 and HTFC-3 membranes were positively charged at pH 7, thus Mg?*
ions were rejected via electrostatic repulsion. In Na2SQOj4 rejection, as shown in Figure 7.3A,
the control and HTFC-1 membranes were negatively charged at pH 7. However, HTFC-2
and HTFC-3 showed a slightly positive charge at pH 7. Thus, the control and HTFC-1
membranes were rejected the SO4% ions via electrostatic repulsion (Donnan effect), as a
result in order to maintain the electrical neutrality Mg?* ions were also rejected. Yet, the
HTFC-2 and HTFC-3 membranes were a little positively charged at pH 7.0 due to the
reaction between EDA and acyl chloride during post-treatment. In addition, the HTFC-2
and HTFC-3 membranes exhibited rp value of 0.37 nm and 0.42 nm. However, the hydrated
ionic radius of SO4>, Mg?*, Cland Na* ions are 0.4 nm, 0.43 nm, 0.33 nm and 0.36 nm
(Brant et al. 2005, Marcus 1988). Thus, the Na2SO4 rejection mechanism for HTFC-2 and
HTFC-3 membranes depends on the size exclusion. The obtained results are well aligned
with the literature (Bera et al. 2018, Trivedi et al. 2018). In summary, all the membranes
were highly selective towards the divalent salt (Na.SO4 and MgSQgs) rather than the
monovalent salt (NaCl). The reason for the reduced rejection of the monovalent ions was

due to reduced charge density and size of CI- and Na* ions.

From a practical application point of view, operational stability is one of the main
requirements for the NF membrane. In that connection, based on the better permeability
and salt rejection HTFC-1 membrane was chosen and characterized for long term tests (24
h) and results are presented in Figure 7.4D. As depicted, the HTFC-1 membrane
demonstrated better stability, permeability and salt rejection over 24 h. The obtained results
indicated that the as-prepared HTFC membranes are suitable for the desalination of

brackish water.
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Figure 7.4 A) Molecular weight cut-off (MWCO), B) pure water permeability, C) salt
rejection of HTFC membranes and D) long-time Na>SO4 rejection and permeability of
HTFC-1 membranes at 150 psi and 20 °C

7.3.3 Heavy metal ions removal and antifouling study of poly(homopiperazine-
amide) TFC (HTFC) membranes
In order to explore the versatility of the as-prepared HTFC NF membranes, the heavy
metal ions rejection efficiency of all the HTFC NF membranes were tested and presented
in Figure 7.5A. All the HTFC NF membranes exhibited >97 % Pb?* and >94 % Cd?* ions
rejection at pH 5. As Pb?* and Cd?* ions form insoluble metal hydroxide at above pH 7 (Li
et al. 2016, Ibrahim et al. 2018), in this study, the rejection experiment was performed at
pH 5. While looking at the metal ion rejection results, the HTFC NF membranes
demonstrated higher rejection towards Pb?* than Cd?* ions. This is unexpected, as the size
of Pb?* ions is smaller than Cd?* ions. The reason for the higher rejection of Pb?* over Cd?*
can be explained as follows. (i) Higher normalized volume charge density and (ii) lower
ionic strength of Pb(NO3)2 solution than Cd(NOs3). solution and (iii) increased hydrated
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stability of Pb?* at pH 5 than the Cd?*. The increased hydrated stability of the Pb?* bestowed
better charge-charge repulsion between the Pb?* ions and the positively charged membrane
surface (Bouranene et al. 2008, Bera et al. 2018). Therefore, Pb?* ions were rejected by >
97 % when compared to the Cd?* ions (> 94 %). The heavy metal ion rejection ability of
the as-prepared membrane is compared with literature and results were comparable with
most of the membranes and superior to some of the NF membranes reported (Table 7.3).

Table 7.3 Comparison of heavy metal removal capacity of as-prepared NF membrane with

literature
Membrane PWP Metal ion Rejection Ref.
(L/m?h bar) (%)
Dow membrane NF90 7.14 Pb?* [Pb(NOs)2] | 91-94 (Saikaew et
al. 2010)
Dow membrane NF270 | 13.2 Pb?* [Pb(NOs)2] | ~60 (Al-Rashdi
Cd?* [Cd(NO3);] | ~68 et al. 2013)
Polybenzimidazole/ 0.826 Pb?* [Pb(NOs),] | 93 (Zhu et al.
polyethersulfone dual- Cd?* [Cd(NO3)2] | 95 2014)
layer
hollow fiber membrane
Matrimid/PE1/Nexar 2.4 Pb?* [Pb(NOs)2] | 99.8 (Thong et
Cd?* [CdCly] 98.2 al. 2014)
PAN/SPEB blend 7.62 Pb?* [Pb(NOs)2] | 94.6 (Jia et al.
Cd?* [CdCly] 95.1 2019)
HTFC-1 7.0 Pb2* [Pb(NQOz)2] |98.1 Present
Cd?* [Cd(NOs3)2] | 96.3 study

The higher metal ions (Pb?" and Cd?*) rejection of all the as-prepared NF membranes
were attributed mainly to the NF membrane surface charge. As all the prepared NF
membranes were positively charged at pH 5, the metal ions (Pb?* and Cd?*) rejected via
electrostatic repulsion (Donnan effect). The positive charge on the control and HTFC-IPA
NF membrane at pH 5 was attributed to the higher crosslinking density, which led to the
reduced unavailability of the free carboxylic acid group and for HTFC-1, HTFC-2 and

HTFC-3 membranes, the presence of EDA increased the positive charge. However, the
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membrane HTFC-5 membrane demonstrated slightly reduced metal ion rejection owing to
the increased rp value (0.42 nm) compared to other NF membranes prepared.

Furthermore, the fouling of the NF membrane is one of the bottlenecks during
membrane filtration. The presence of NOM such as HA in the wastewater will affect the
NF membrane flux by adsorbing on the membrane surface (Tang et al. 2007). In this study,
the antifouling ability of all the prepared NF membranes was analyzed for 24 h and
represented in Figure 7.5B. As shown, all the NF membranes exhibited a sudden drop in
the water permeability when the feed solution was changed from water to HA solution. The
sudden drop in water permeability was ascribed to the deposition of HA molecules on the
membrane surface, which acted as a barrier for the water molecule to pass through the
membrane. Then, the control and all HTFC NF membrane's antifouling efficiency was
evaluated by measuring the flux recovery ratio (FRR). In general, the TFC NF membranes
prepared with piperazine (PIP) as monomer exhibited FRR in the range of 60-70 %
(Mansourpanah et al. 2013, Gol et al. 2014, Mansourpanah et al. 2015, Akbari et al. 2016).
Therefore, further surface modification of PIP based NF membranes is needed (Guo et al.
2019). However, in this study, after simple water washing of all the NF membranes
prepared using HP as monomer bestowed >94 % of FRR. When compared to all the NF
membranes prepared in this study, the HTFC-1 membrane demonstrated higher FRR (96.9

%) and water permeability.

The improved antifouling performance of the as-prepared NF membranes can be
explained based on the NF membrane surface physicochemical properties such as improved
hydrophilicity and reduced surface roughness. All the HTFC membranes conferred the
contact angle of less than 24.1°, especially the HTFC-1 membrane exhibited contact angle
of 17.9° (Figure7.3B). As these HTFC NF membranes are more hydrophilic in nature, it
forms strong hydration layer on the membrane surface easily (Ibrahim et al. 2017, Fu et al.
2019). The as-formed hydration avoided the adsorption of foulant molecules (HA) on the
membrane surface. Furthermore, the as-formed minimum amount of foulant molecules on
the hydrophilic membrane can easily be removed by simple water washing. In another way,
as shown in Figure 7.2B, the reduced surface roughness of the HTFC NF membranes
(especially HTFC-1 Ra=9.43 nm) attributed to the reduced adsorption of foulant molecules
(HA). Indeed, colloidal fouling in NF membranes can be directly related to the surface
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roughness as these colloidal foulant molecules are clogged into the valleys of the rough
membrane surfaces (Vrijenhoek et al. 2001). Therefore, the reduced surface roughness of

the as-prepared HTFC NF membranes could demonstrate improved antifouling

performance.
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Figure 7.5 A) Pb?* and Cd?* rejection of HTFC-1 membrane at pH 5, 150 psi and 20 °C
and B) antifouling performance of control, HTFC-IPA, HTFC-1, HTFC-2 and HTFC-3
membranes with 200 ppm of humic acid at 150 psi and 20 °C

7.4 CONCLUSIONS

In summary, a novel and easily scalable poly(homopiperazine-amide) thin-film
composite nanofiltration membrane using homopiperazine as a monomer is fabricated. The
influence of ethylenediamine in isopropyl alcohol post-treatment on the nanofiltration
membrane performances were studied. The XPS analysis confirmed that the degree of
cross-linking was reduced with post-treatment and then increased with an increase of post-
treatment time. The as-prepared poly(homopiperazine-amide) thin-film composite
nanofiltration membranes exhibited nodule and globules surface morphology. The zeta
potential analysis revealed that the negatively charged membrane surface could be altered
into positively charged by simple ethylenediamine post-treatment. The nanofiltration
membrane prepared with 2 wt% of homopiperazine, 0.15 wt% of trimesoyl chloride and
post-treatment with ethylenediamine in isopropyl alcohol for 1 min resulted HTFC-1
membrane, which was chosen as the best performing membrane in terms of pure water
permeability (7.0 L/m?h bar), Na;SOa (97.0 %), MgSOa (97.4 %), NaCl (23.3 %), Pb?
(98.1 %), Cd?* (96.3 %) rejection and higher flux recovery ratio (96.9 %). Overall, the as-
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prepared poly(homopiperazine-amide) thin-film composite nanofiltration membranes are
having potential application towards the desalination and heavy metal ions removal.
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Abstract: In this chapter, the thin-film nanocomposite (TFN) membrane was developed by
integrating zwitterionic polymeric nanoparticles into the active layer of the membranes.
The effect of concentration of nanoparticles in the polyamide layer towards the
permeability and solute rejection were evaluated. The TFN membrane antifouling and
heavy metal rejection capabilities were also examined in this chapter. The fabricated TFN
membranes exhibited pure water permeability (PWP) of 11.4 L/m?h bar and salt rejection
value of 97.6 % and 16.9 %, for sodium sulfate and sodium chloride, respectively. The
fabricated membranes demonstrated metal ion removal efficiencies of 99.48 % and 95.67

% for Pb2* and Cd**ions respectively.

8.1 INTRODUCTION

The scarcity of potable water at the global scale begs for the development of methods
and materials that allow for tapping into impaired water resources (Werber et al. 2016,
Abraham et al. 2017, Ibrahim et al. 2017, Guo et al. 2019). Among the various waste
streams, effluents of industrial wastewater plants are among the challenging streams for
treatment. The high concentration of heavy metal ions is one of the major culprits. It is
anticipated that the heavy metal contamination will become even a more pronounced,
challenging issue, owing to the growth of industry and population (Wang et al. 2018).
Heavy metal ions are toxic and nonbiodegradable and the need to develop separation
technology that targets these contaminants is at high demand (Kumar et al. 2014, Bandara
et al. 2019).

Membrane-based separation is among the most suitable candidates for treating impaired
water resources. Compared with other separation technologies, such as mechanical vapor
compression and multistage distillation, membrane-based separation often have a lower
energy demand and carbon footprint; as a result, they are the more cost-efficient and eco-
friendly solutions to water recovery and reuse (Ganesh et al. 2013, Hebbar et al. 2016,
Werber et al. 2016, Zhang et al. 2016, lbrahim et al. 2017). Currently, reverse 0smosis
(RO) and nanofiltration (NF) are the state-of-the-art technology for desalination and
removal of heavy metal ions from wastewater streams (Ben-Sasson et al. 2016, Ibrahim et
al. 2019, Jia et al. 2019, Yang et al. 2019). Nonetheless, the trade-off between the
permeability and selectivity along with the fouling propensity of the RO membranes has

limited the large scale deployment of this technology for heavy metal ion removal (Qi et
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al. 2019). NF is an attractive process for removing heavy metal ions; however, to make this
process an economically viable solution, challenges attributed to the fouling propensity and

low permeability of the NF membranes should be addressed.

Thin-film nanocomposite (TFN) membranes are the promising choice of membranes for
the NF application. TFN membranes are composed of a selective nanocomposite polyamide
(PA) and a porous substrate layer (Lai et al. 2016). Recently, Hoek et al. reported on TFN
membrane fabrication by incorporating zeolitic nanoparticles in the polyamide (PA) layer
(Jeong et al. 2007). The as-prepared membrane exhibited an enhanced permeability without
any change in the solute rejection. The improved performance of the TFN membrane was
attributed to the flow of water molecules through the molecular sieve pores. In parallel,
many efforts have been devoted to fabricating TFN by incorporating nanoparticles and
fillers within the PA active layers (Lau et al. 2015). Different nanomaterials including
zeolitic imidazolate framework, cellulose nanocrystals, modified TiO2, carbon nanotubes
and graphene and graphene oxides have been utilized to enhance the performance of TFN
membranes (Zhao et al. 2014, Kim et al. 2015, Safarpour et al. 2015, Lai et al. 2016, Zhu
etal. 2017, Bai et al. 2018, Maalige et al. 2018, Ibrahim et al. 2019), nonetheless, creating
stable dispersions of these nanomaterials and the tight integration of these materials within

the active layer of TFNSs, is among the main challenges.

Herein, the integration of zwitterionic polymeric nanoparticles within the TFN active
layer is reported. The polymeric nanoparticles are prepared via distillation-precipitation
polymerization (DPP) (He et al. 2014). The as-prepared polymer nanoparticles contain
residual vinyl groups, allowing for further chemical modification of the matrix. To impart
zwitterionic properties to the nanoparticles, the “thiol-ene” reaction followed by covalent
attachment of L-cysteine (L-Cys) was used. It has been well established that, the presence
of zwitterionic moiety on the membrane surface impart improved hydrophilicity to the
membrane via formation of hydration layer (Liu et al. 2017), which bestowed the improved
antifouling property. The zwitterionic polymer nanoparticles P(MBAAmM-co-SVBS)@L-
Cys) were dispersed into organic solution, used as the precursor solution for PA synthesis.
The fabricated membranes were characterized and their performance in removing heavy
metal ions from a feed solution containing 10 ppm Pb?*, Cd?* were evaluated. The results

indicate that the TFN membranes, fabricated using polymeric nanoparticles as an additive,
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have lower fouling propensity and higher removal efficiency, exceeding 99 %, for the
heavy metal ions. These attributes, along with the high permeate water permeability (11.4
L/m?h bar) of the fabricated membranes, make these TFN membranes a suitable candidate

for removing heavy metal ions from contaminated water resources.

8.2 EXPERIMENTAL

8.2.1 Materials and methods

Polysulfone (PSF, Udel® P-3500) was obtained from Solvay chemicals. N-methyl
pyrrolidone (NMP, 99.8 %), acetonitrile (99.9 %), L-cysteine (L-Cys, 97 %), polyethylene
glycol (PEG) 200, 400, 600 and 1000, polyvinylpyrrolidone (PVP) K-30,
azobisisobutyronitrile (AIBN, 98 %) and N,N’-methylenebis(acrylamide) (MBAAmM, 99 %)
were purchased from Loba chemicals. Sodium 4-vinylbenzenesulfonate (SVBS, >90 %),
lead nitrate (Pb(NO3)2, >99.0 %), cadmium nitrate tetrahydrate (Cd(NOz)2 .4H20, 98 %)
and sodium dodecyl sulfate (SDS, >99.0 %) were procured from Sigma-Aldrich. Trimesoyl
chloride (TMC, 99 %) and cyclohexane were obtained from Acros Organics and Merck,

respectively.

The functional groups in the nanoparticles and membrane were identified by Fourier
transform infrared (FT-IR) spectroscopy, using a Bruker Alpha Fourier-transform infrared
spectrometer. The morphology of the as-synthesized nanoparticles was studied using a
transmission electron microscope (TEM) JEOL JEM-2100. The particle solution was drop
cast on a TEM copper grid and the sample was dried and transferred to the microscope. To
evaluate the structural property of the sample, X-ray diffraction was performed by loading
powder samples in a sample holder of a Rigaku SmartLab diffractometer (Cu Ka). The
diffractogram was collected between 0-90 degrees in 20 mode. The thermal stability of the
nanoparticles was determined using HITACHI STA7000 thermogravimetric analysis
(TGA).

The elemental mapping of the nanoparticles was evaluated by performing energy-
dispersive X-ray (EDX) spectroscopy using a scanning electron microscope (SEM)
equipped with an Oxford EDX detector. Briefly, the samples were spread on a conductive
carbon tape (PELCO Tabs) and then mounted on an SEM stub. The data were collected
using 10 KeV for the electron beam at the working distance of 10 mm. The cross-sectional
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images of the membranes were collected using HITACHI TM3030 SEM. The samples were
freeze fractured by submerging in liquid nitrogen. The surface roughness of all the
membranes was measured using a BRUKER icon atomic force microscope (AFM). AFM
cantilever with a tip radius of 2 nm and resonant frequency (fo) of 70 kHz was used for all

measurements; all measurements were performed in tapping mode.

The nanoparticles’ elemental composition and surface chemistry were evaluated using
AXIS ULTRA X-ray photoelectron spectroscopy (XPS, Al K-Alpha). Each XPS spectrum
is the average of five scans; survey spectra were recorded with a pass energy of 200 eV and
100 ms dwell time. The surface charge of the membrane was analyzed using the SurPASS
electrokinetic analyzer from Anton Parr. The water contact angle was measured using
KRUSS Advance contact angle goniometer. The specific surface area and pore volume
distribution were estimated by a nitrogen adsorption-desorption method, using
Quantachrome® ASiQwin™. The pore size distribution was estimated using the Barrett-
Joyner-Halenda (BJH) method (Lowell et al. 2012).

The pure water permeability (PWP) (L/m? h bar) was assessed using a lab-made
crossflow system as explained in chapter 7, section 7.2.3. Typically, a 28.27 cm? area of
the membrane sample was kept in the crossflow system and compacted at 5 bar pressure

for 30 minutes. Then, the PWP was evaluated at 4 bar pressure.

The salt removal percentage was evaluated using a feed solution containing 1000 ppm
of Na.SO4 and NaCl. The heavy metal removal analysis was performed using a 10 ppm
aqueous heavy metal salt solution of Pb(NO3)2 and Cd(NO3)2. The salt concentration in
permeate was determined using a conductivity meter (Systronics) and the heavy metal ion
concentration was identified using inductively coupled plasma-optical emission
spectrometry (ICP-OES, Optima 7300DV, PerkinElmer). The salt rejection and heavy

metal ion removal, R, was calculated as explained in chapter 7, section 7.2.3.

8.2.2 Synthesis of P(IMBAAM-co-SVBS)@L-Cys nanoparticles

The P(MBAAmM-co-SVBS) nanoparticles were synthesized through the DPP method
(Ibrahim et al. 2017). Briefly, in a 250 mL round-bottom flasks, the monomers, SVBS (0.17
g, 0.82 mmol) and MBAAmM (1.0 g, 6.48 mmol) and initiator AIBN (0.0225 g, 0.13 mmol)

were dissolved in 100 mL of acetonitrile; then the flask was connected to a dean-stark. The
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mixture was degassed for 20 minutes by bubbling with nitrogen (commercial grade). The
temperature of the mixture was increased slowly to achieve a reflux condition. The
temperature was maintained between 100 and 110 °C using an oil bath. After distilling 40
mL of acetonitrile over a period of one hour, the reaction mixture was cooled down to room
temperature and further stirred for one hour at room temperature. The reaction mixture was
transferred into centrifuge tubes and nanoparticles were isolated by centrifugation. The
unreacted monomers and oligomers were removed by repeating the centrifugation three

times. The isolated nanoparticles were dried in an oven at 50 °C for 12 hours.

L-Cys were covalently attached to the P(MBAAmM-co-SVBS) nanoparticles to induce
the zwitterionic property, following a previously reported process (Liu et al. 2016). Briefly,
0.9 g of P(MBAAmM-co-SVBS) nanoparticles were dispersed in ethanol/water (2:3 v/v)
mixture in a round-bottom flask. To this mixture, 0.5 g of L-Cys and 0.045 g of AIBN were
added. The solution was bubbled with nitrogen (commercial grade) for 20 minutes to
remove the dissolved oxygen. This solution was heated to 80 °C and stirred for 24 hours in
an oil bath, followed by cooling to room temperature and further stirring for one hour. The
zwitterionic nanoparticles were isolated by centrifugation. The schematic representation of
the synthetic scheme for the P(MBAAmM-co-SVBS)@L-Cys zwitterionic nanoparticles is

shown in scheme 8.1A.

8.2.3 Fabrication of zwitterionic thin film nanocomposite (Z-TFN) and thin film
composite (TFC) membranes

To integrate zwitterionic nanoparticles, P(MBAAmM-co-SVBS)@L-Cys, into the active
layer of TEN membranes, thin-film composite membranes fabricated through dispersing
the nanoparticles in the precursor solution, used for interfacial polymerization. The
interfacial polymerization was performed on macroporous supports. The macroporous
polysulfone (PSF) membrane was fabricated and used them as the support layer. For the
preparation of PSF support, a method reported in the literature was adopted (Misdan et al.
2013). For all thin-film composite (TFC) and Z-TFN membranes, the PA active layer was
synthesized through interfacial polymerization. The processing parameters were adopted
from the previous report on NF membrane fabrication (Lai et al. 2016). Briefly, the Z-TFN
membranes were prepared as follows: an aqueous solution of 2.0 % (w/v) PIP in DI water

was made by dissolving 0.4 g of PIP in 20 mL of DI water, at room temperature. Organic
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solutions containing TMC and P(MBAAmM-co-SVBS)@L-Cys nanoparticles were prepared
by adding 0.15 % (w/v) TMC and different concentration of P(MBAAmM-co-SVBS)@L-
Cys nanoparticles (0.025 %, 0.05 % and 0.1 % (w/v) in 20 ml cyclohexane; the solutions
were sonicated in an ultrasonic cleaning bath (SPECTRALAB UCB) for 30 minutes.

To form the PA layer, the aqueous solution was poured on the surface of the PSF
substrate; the substrate was kept in the horizontal position for two minutes to allow for the
infiltration of the aqueous solution into the substrate. Then, the excess solution was
removed by a rubber roller. Subsequently, the organic solution was dispensed on the PIP-
infiltrated PSF substrates and the solution was drained off after 10 seconds. The as-prepared
Z-TFN membrane was rinsed with DI water and kept in an oven at 60 °C for eight minutes.
For preparing control TFN membranes, the same procedure was repeated without using any
nanoparticle in the organic solution; the solution composition and concentration and the
processing conditions were kept the same. The as-prepared TFN and Z-TFN membranes
were stored in DI water for further use. The membranes were labeled as Z-TFN-1, Z-TFN-
2 and Z-TFN-3 corresponding to the 0.025 %, 0.05 % and 0.1 % (w/v) concentration of the
P(MBAAmM-co-SVBS)@L-Cys nanoparticles in the organic solution, respectively. The
schematic representation of Z-TFN membrane preparation is given in scheme 8.1B.
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Scheme 8.1 A) Schematic representation of P(MBAAM-co-SVBS)@L-Cys zwitterionic
nanoparticles synthesis (green sphere represents the nanoparticles) and B) Z-TFN

membrane fabrication via interfacial polymerization
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8.2.4 Characterization
The molecular weight cut-off (MWCO) and rp were calculated by the solute rejection
experiment using 0.2 g/L PEG (200-1000 Da) as explained in chapter 7, section 7.2.3. The

experiments were performed at 4 bar differential pressure.

The antifouling properties of the membranes were assessed using 0.5 g/L BSA as the
foulant. Initially, the membrane was stabilized with DI water for three hours at 4 bar and
the pure water permeability (PWP, ‘Jw’) was noted. Then, the feed solution was replaced
with the BSA solution; the filtration was performed at 4 bar in crossflow configuration and
the permeate flux (‘Jp’) was measured. After the BSA fouling cycle, the membranes were
cleaned with DI water by circulating DI water in crossflow mode. After the cleaning cycle,
the water permeability was measured, noted as ‘Jw1’ and the flux recovery ratio (FRR) was
calculated as explained in chapter 7, section 7.2.3.

8.3 RESULTS AND DISCUSSION

8.3.1 Characterization of P(MBAAmM-co-SVBS)@L-Cys nanoparticles

Figure 8.1A presents the gas sorption-desorption isotherms for the nanoparticles; as
shown, the nitrogen sorption represents a H2 type hysteresis loops which indicates the
presence of ink-bottle-shaped pores according to the Brunauer-Deming-Deming-Teller
(BDDT) classification (Li et al. 2017). The estimated specific surface area of the particles
was ~370 m?/g. The pore diameter and pore volume for the sample were estimated to be
3.37 nm and 0.52 cc/g, respectively. Thus, the pore size of the nanoparticles falls in the
range of mesoporous (Bantawal et al. 2018). The BET surface area of the as-synthesized
nanoparticles is relatively large when compared with the other mesoporous materials (Table
8.1).
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Table 8.1 BET surface area comparison of as-synthesized nanoparticles along with

literatures

Nanomaterial BET surface area Pore volume Ref.

(m*/g) (cc/g)

ZrO; 24.6 0.04 (Wang et al. 2005)
MesoporousAl,Oz | 312.0 0.36 (Labhsetwar et al. 2009)
HNTSs 64.5 0.20 (Jin et al. 2015)
TiO2 nanotubes 173.9 0.27 (Al-Maadeed 2016)
TiO2 P25 56.0 0.25 (Subramaniam et al. 2017)
CNTs-OH 145.7 0.52 (Zheng et al. 2017)
P(MBAAmM-co- 370.0 0.52 Present study
SVBS)@L-Cys

Figure 8.1C shows the ATR-FTIR spectra of the precursor and nanoparticles. The peaks
at 1058 cm™ and 1132 cm™ were ascribed to S=0 symmetric and asymmetric stretching
vibrations (Azari et al. 2013). Additionally, the C=0 stretch (amide I) and N-H bending
(amide I1) in the P(MBAAmM-co-SVBS) nanoparticles were observed at 1654 cm™ and 1527
cm™ (Maetal. 2016). For P(MBAAmM-co-SVBS)@L-Cys zwitterionic nanoparticles, a new
salient peak appeared at 1583 cm™; which attributed to the carboxylate group of L-Cys.
The shift in the wavenumber of the carboxylate stretch can be explained by the resonance
effect and hydrogen bonding (Blom et al. 2007, Rijs et al. 2010, Silverstein et al. 2014).
The surface charge of the P(MBAAM-co-SVBS)@L-Cys nanoparticles was measured to
be £=-13.22 mV at pH 7.0; the negative charge was attributed to the presence of sulfonate

functional groups.

Figure 8.1D shows the TEM image of the nanoparticles. The nanoparticles were
spherical in shape with the particle size ranging between 20 and 40 nm. The ring-like
selected area electron diffraction (SAED) pattern, shown in the inset of Figure 8.1D,
implies that the as-synthesized nanoparticles are polycrystalline in nature. The SEM image
of the sample on the conductive tape along with the representative EDX elemental mapping
is shown in Figure 8.2E. The presence of sulfur signal confirms the successful attachment
of the L-Cys to the P(MBAAmM-co-SVBS) nanoparticles.
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Figure 8.1F depicts the TGA curves of P(MBAAmM-co-SVBS) and P(MBAAmM-co-
SVBS)@L-Cys nanoparticles. In P(MBAAmM-co-SVBS) nanoparticles, the weight loss
around 120 °C is attributed to the adsorbed water molecules. The second weight loss,
observed in the temperature window of 264 to 500 °C attributed to the loss of stable oxygen
functionalities (Pandey et al. 2014). For the P(MBAAmM-co-SVBS)@L-Cys nanoparticles,
an additional drop in the TGA thermogram can be observed, between 232 to 280 °C, which

attributed to the degradation of the L-Cys groups.

To further evaluate the chemical composition of the nanoparticles, XPS measurement
on the particles was performed. As shown in Figure 8.1G, the sulfur signal in the XPS
signal confirms the presence of L-Cys in the sample. Figure 8.1H presents the C 1s spectra
of the nanoparticles. This peak is deconvoluted into five peaks located at 284.61, 286.30,
287.42, 288.61 and 289.88, assigned to C-C, C-O/C-N, C=0, 0O-C=0 and N-C=0,
respectively (Tien et al. 2011, Das et al. 2012,). As shown in Figure 8.11, the N 1s spectrum
is deconvoluted into four peaks, centered at 399.44 eV, 401.49 eV, 402.19 eV and 403.89
assigned to amine (NHz), amide (N-C=0), protonated amine (NHs*) and oxidized nitrogen
(N-O"), respectively (Tawil et al. 2013). The presence of NH3" points to the zwitterionic
nature of the nanoparticles.
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Figure 8.1 Nanoparticles characterization. A) and B) BET surface area and pore size
distribution of P(MBAAmM-co-SVBS)@L-Cys nanoparticles. C) ATR-FTIR spectra of a)
Sodium 4-vinylbenzenesulfonate, b) P(MBAAm-co-SVBS) and c¢) P(MBAAmM-co-
SVBS)@L-Cys. D) TEM images (Inset: SAED pattern), E) EDX elemental mapping of
P(MBAAmM-co-SVBS)@L-Cys and F) TGA curve of P(MBAAmM-co-SVBS) and
P(MBAAmM-co-SVBS)@L-Cys. G), H) and 1) XPS survey and high resolution spectra of
P(MBAAM-co-SVBS)@L-Cys

8.3.2 Characterization of Z-TFN and TFC membranes

To evaluate the structural properties and surface topography of the composite
membranes SEM and AFM were used. Figure 8.2a-d’ shows the structural properties of the
cross-section of the membranes. Both the TFC and Z-TFN membranes exhibited a dense
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PA layer, with a thickness of around 120 to 145 nm, supported on the spongy PSF
substrates. Nonetheless, no significant change was observed between the TFC and Z-TFN.
On the contrary, the AFM height images of different membranes, shown in Figure 8.2A-D,
suggest that the roughness factor of the membranes was increased when organic precursor
solution with a higher concentration of the nanoparticles was used to fabricate membranes.
The roughness parameters including root-mean-square of the height deviations (Rg),
maximum roughness (Rmax) and average plane roughness (R.) are tabulated in Table 8.2.
The increased surface roughness of the Z-TFN membranes was attributed to the hydrophilic
nature of nanoparticles. Upon bringing the organic phase in contact with the support PSF
layer, soaked in aqueous piperazine solution, these hydrophilic nanoparticles migrate to the
aqueous phase interface, resulting in the formation of membranes with different surface
topography (Qu et al. 2010). Furthermore, the thickness of the formed polyamide layer is
in the range of the nanoparticles dimension; hence, it is expected that the assembly of
nanoparticles led to a rougher surface (Karan et al. 2015).

Table 8.2 AFM surface roughness parameters of TFC and Z-TFN membranes

Membrane Roughness parameters
Ra(nm) | Rq(nm) | Rmax (nm)
TFC 35.3 48.5 303.2
Z-TFN-1 46.2 72.6 412.4
Z-TFN-2 79.6 109.3 478.8
Z-TFN-3 102.5 135.4 521.3
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Figure 8.2 Membrane characterization. SEM cross-sectional images of a), a”) TFC, b),
b’) Z-TFN-1, ¢), ¢’) Z-TFN-2 and d), d’) Z-TFN-3 and AFM 3D images of A) TFC, B) Z-
TFN-1, C) Z-TFN-2 and D) Z-TFN-3 membranes and E) zeta potential (§) of TFC and Z-

TEN-2 membranes

The zeta potential (&) of the membranes were measured to evaluate the surface charge
of both TFC and Z-TFN membranes. The & of TFC and Z-TFN over a pH range of 2-10
and are shown in Figure 8.2E. The TFC membrane presented a negative charge in a wide
range of pH with an isoelectric point (IEP) at pH 2.40; this characteristic is attributed to the
presence of a hydrolyzed carboxylic acid group (-COOH) on the PA layer. For the Z-TFN-
2 membrane, a shift in the IEP of the membranes toward higher pH values was noted. A
plausible reason for this trend is the electrical neutrality of the zwitterionic particles present
on the membrane surface, reducing the negative charge density of the nanocomposite
membrane surface. Taken as a whole, the & analysis revealed that the as-synthesized
nanocomposite membrane was negatively charged, owing to the presence of -COOH and
—S0OzsNa groups.

To evaluate the membrane’s transport properties, PEG rejection experiments were
conducted. The MWCO of the Z-TFN-2 membrane was determined as 743 Da with a PEG

Stokes radius (rp) of 0.66 nm; these values suggest that these membranes can be categorized
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as nanofiltration membranes (Ng et al. 2013). Further the PWP for different membranes
was measured. The PWP of TFC, Z-TFN-1, Z-TFN-2 and Z-TFN-3 was found to be 6.2,
7.4, 11.4 and 13.1 L/m?h bar, respectively. This trend indicates that increasing the
concentration of the nanoparticle in the PA precursor solution results in an increase in the
water permeability of the membranes. Nonetheless, the membranes prepared with
nanoparticle concentration above 0.05 % (w/v) did not show satisfactory salt rejection and
a trade-off between permeability and selectively was observed. Z-TFN-2 membrane was
chosen for the remainder of our work as both the salt rejection and permeability were

satisfactory.

Comparing the Z-TFN-2 with the TFC membranes, Z-TFN-2 membranes provide 1.8
times higher flux at the same salt rejection value when compared with the TFC membranes.
The improved PWP was attributed to the increased surface roughness and the higher free
volume created in the PA layer through the introduction of new interfacial domains between
nanoparticles and polymers. This free volume can act as a water channel enhancing water
permeability. Here, it was postulated that the formation of a large defect was hindered by a
tight interaction between two organic phases, the zwitterionic nanoparticles and polyamide,
hindering the phase segregation (Membranes 2013). In addition, it is expected that the
zwitterionic nanoparticles on the PA layer, create a hydration layer on the membrane
surface, which increases the interaction between water molecules and PA layer (Liu et al.
2017, Duong et al. 2018, He et al. 2018, Lee et al. 2018, Ma et al. 2018). This can be
deduced from the increased contact angle of the Z-TFN membrane when compared with
the TFC membrane.

The performance of the fabricated NF membranes was further evaluated using Na2SOs,
MgSO4, NaCl and MgCl; and heavy metals salts such as (Pb(NO3). and Cd(NO3)>) as the
solute. As shown in Figures 9.3A, the TFC membrane rejection for Na2SO4, MgSQO4, NaCl
and MgCl, were 97 %, 97.3 %, 14.3 % and 14.7 % respectively. After incorporating 0.05
% (wi/v) of zwitterionic nanoparticles in the PA layer, no drastic change in the salt rejection
was observed. However, the permeate flux was increased two-fold compared to the TFC
membrane. The higher rejection of divalent ions was attributed to the increased charge
density of SO4> ions compared to ClI ions. Thus, SO4> ions could exhibit better

electrostatic repulsion against the negatively charged membrane surface (Donnan effect).
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Simultaneously, while increasing the zwitterionic nanoparticles concentration of precursor
solution from 0.05 % to 0.1 % (w/v), it was noted that the salt rejection properties of the
fabricated membranes deteriorated. The reduced salt rejection was associated with the
formation of defects within the PA layer, allowing the ions to pass through. A similar
observation is reported in the literature for the nanocomposite membranes (Ma et al. 2012,
Mollahosseini et al. 2013, Ghanbari et al. 2015, Zhu et al. 2017). Hence, here, the optimum
concentration for the zwitterionic P(MBAAM-co-SVBS)@L-Cys nanoparticles was
identified as 0.05 % (w/v). Figures 9.3B shows the permeability of membranes tested using
salt solutions. Figure 8.3C shows the NF membrane performance in heavy metal ion
removal. As shown, the Z-TFN-2 membrane exhibited the Pb?* and Cd?* ions removal of
99.48 % and 95.67 %. As noted earlier, the MWCO and rp of the Z-TFN-2 membrane were
743 Da and 0.66 nm, respectively. The hydrated radii of Pb?*, Cd?* and NO3™ are 0.401 nm,
0.426 nm and 0.335 nm (Nightingale et al. 1959).

Thus, the removal of these ions is not based on a size-exclusion mechanism. It was
postulated that the removal efficiency of the membranes is due to Donnan exclusion. The
IEP of the Z-TFN-2 membrane is 3.2; hence, at pH 5, where the separation test is
performed, the electrostatic repulsion between the negatively charged membrane and NO3"
ion. The principles of electroneutrality on the membrane surface mandate that the Pb?* and
Cd?* ions be repelled. The observed phenomenon is well aligned with the reported literature
(Mehiguene et al. 1999, Mehdipour et al. 2015). Table 8.3 presents the comparison of the
NF membrane's performance with respect to heavy metal removal and desalination.

The antifouling ability of the as-synthesized TFC and Z-TFN-2 membranes was
assessed by filtering a solution containing BSA (0.5 g/L) as foulant. As depicted in Figure
8.3D, the permeability of both TFC and the Z-TFN-2 membrane was reduced due to
fouling. The Z-TFN-2 membrane exhibited a flux reduction of 25 % after 20 hours of
continuous testing, whereas the TFC membrane demonstrated a flux reduction of 30 %.
Thereafter, the membranes were simply cleaned with pure water and water permeabilities
were measured again. The Z-TFN-2 membranes showed FRR of 83.1 % while the TFC
membranes exhibited FRR of 71.5 %. The improved FRR was ascribed to the presence of
zwitterionic P(MBAAmM-co- SVBS)@L-Cys nanoparticles, which form a hydration layer
on the membrane surface (Zhang et al. 2009, Fan et al. 2017). In addition, the Z-TFN-2
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membrane is negatively charged (Figure 8.2E); hence, a larger electrostatic repulsion
between the negatively charged membrane surface and BSA molecules is expected (Ang et
al. 2007).
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Figure 8.3 Membrane performance. A), B) Na2SO4, MgSO4, MgCl>, and NaCl rejection
and flux of TFC and Z-TFN membranes, C) Pb?* and Cd?* removal and flux of Z-TFN-2
membrane at 4 bar and pH 5 and D)
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Table 8.3 Comparison of heavy metal removal and desalination capacity of as-prepared

NF membrane along with literatures

Membrane | Pressure | Salt rejection PWP Heavy metal Ref.
(bar) (%) (L/m?h | removal (%)
bar)

TMC 10 MgCl>=96.3 3.45 Pb?* = 93.00 (Zhang et al.
Cross- Ni?* = 96.30 2014)
linked
Chitosan—P
ES
Matrimid/P | 10 MgCl, = 96.5 2.4 Pb?* = 99.80 (Thong et al.
El/Nexar NaCl =71.2 Cd*=98.20 | 2014)
HPEI 1 Na,SO4 ~ 40.0* | 5.01 Pb?"=95.70 (Zhang et al.
modified NaCl ~59.02 Cd?" =90.50 2015)
GO&EDA
framework
PEI-PEG 5 NaSO4 ~ 85.0% | ~8.00 Pb?* = 99.80 (Bera et al.
conjugate NaCl ~40% Cd?* =90.30 2018)
modified
Ag
nanocompo
site
poly(PIP)
HTFC-1 10 Na2S0s+=97.6 |7.0 Pb2*=98.10 Chapter 7

NaCl =16.9 Cd?*=96.30 | Table7.3
Z-TFN-2 |4 Na2SO4=976 |11.4 Pb2*=99.48 Present work
membrane NaCl =16.9 Cd?* =95.67

aAssessed from published figures; PWP: Pure water permeability

8.4 CONCLUSIONS
In  summary, the zwitterionic P(MBAAmM-co-SVBS)@L-Cys nanoparticles

incorporated into thin-film nanocomposite nanofiltration membranes enhanced the
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performance of the membranes in removing heavy metals. The zwitterionic thin-film
nanocomposite membranes exhibited improved pure water permeability when the
nanoparticle concentration was increased. Above a certain concentration of nanoparticles
in the membrane the permeability-selectivity trade-off sets in and the performance
deteriorate. The compatibility between the organic nanoparticle and the polyamide allows
for the tight integration of these nanoparticles within the polyamide films. A concentration
of 0.05 % (w/v) of nanoparticles was noted as the optimum concentration of nanoparticles
in the precursor solution and thin-film nanocomposite membranes with superior
performance compared to that of thin-film composite membranes were fabricated. The
zwitterionic and high surface area P(MBAAM-co-SVBS)@L-Cys nanoparticles improved
the antifouling performances of the Z-TFN-2 membrane against organic fouling and the
flux recovery ratio and flux reduction were 83.1 % and 25 % after 20 hours of filtration.

Overall, the Z-TFN-2 membrane was suitable for desalination and heavy metal removal.
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Abstract: This chapter bestows the brief summary of the whole research work and draws
a short comparison between in-house fabricated membranes in terms of their properties

and performance. It also confers the major conclusions drawn from the work.

9.1 SUMMARY

+ A total of thirty membranes (7 series) were fabricated with different types of additives.
+ Among the thirty membranes, 22 membranes were ultrafiltration and 8 membranes
were nanofiltration.

+ Hydrophilic additives such as tannic acid modified halloysite nanotubes,
zwitterionically modified Fe3Os and graphene oxide (GO), zwitterionic polymer
nanoparticles and functionalized poly(styrene-co-maleic anhydride) copolymer were used
to improve the polysulfone membrane performances.

+ Both hollow fiber and flat sheet membranes were prepared via the phase inversion
method.

+ All the membrane surface properties were characterized using SEM, AFM, zeta
potential, contact angle and XPS analysis and the performances were evaluated by
examining the surface porosity, water uptake, hydrophilicity, antifouling and solute
rejection.

+ Finally, the as-prepared membranes were exposed to the purification of wastewater

containing heavy metal ions, dyes and humic acid respectively.
The following important results were obtained from the present research work.

1. HM-2 HF membrane fabricated with 2 wt% of tannic acid modified halloysite
nanotubes demonstrated improved pure water permeability (PWP) of 46 L/m? h bar
compared to the pristine membrane. Also exhibited rejection of > 99 % of RB 5 and >
97.5 % of RO 16 with the dye solution permeability of 43.5 L/m?h and 44 L/ m?h bar
respectively.

2. ZM-3 nanocomposite HF membrane (MWCO 9242 Da) showed high pure water
permeability of 56 L/ m? h bar and rejection of RB 5 (> 98 %) and RO 16 (> 80.7 %)
with the dye permeability of 51 L/ m? h bar and 51.8 L/ m? h bar at a dye concentration
of 100 ppm.

3. FM-2 HF membrane showed improved antifouling property with a flux recovery ratio
(FRR) of 88.4 % and irreversible fouling of 11.9 %. The highest HA removal was
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demonstrated by the FM-3 membrane. However, owing to the partial agglomeration
of nanoparticles, the permeability of the FM-3 membrane was reduced when compared
to the FM-2 membrane. In addition, the FM-2 membrane demonstrated high removal
of reactive dyes (RB 5 >99 % and RO 16 >84 %).

4.  TM-2 HF membrane with 0.25 wt% loading of nanomaterial exhibited high PWP (49.6
L/m? h bar) and reactive dyes such as RB-5 (99 %) and RO-16 (74 %) rejection with
high salt permeability.

5. M-3 membrane with PSF/PAH blend ratio of 85:15 exhibited 91.5 % of Pb?* and 72.3
% of Cd?* ions removal with feed concentration of 10 mg/L. The results also revealed
that the further increase of PAH amount beyond 20 % diminished the hydrophilicity,
porosity and PWP.

6. HTFC-1 membrane demonstrated increased PWP of 7.0 L/m?h bar, salt rejection
(NazSO4 - 97.0 %, MgSOs - 97.4 %, NaCl - 23.3 %), heavy metal rejection (Pb?*- 98.1
%, Cd?*- 96.3 %) and FRR (96.9 %) comparted to control membrane.

7. Z-TFN-2 membranes exhibited PWP of 11.4 L/m?h bar and salt rejection value of 97.6
% and 16.9 %, for sodium sulfate and sodium chloride, respectively. The fabricated
membranes demonstrated metal ion removal efficiencies of 99.48 % and 95.67 % for

Pb?* and Cd?*, respectively.

The performance of all the prepared membranes in terms of PWP, contact angle and

solute rejection are compared in Table 9.1.
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Table 9.1 Series of prepared membranes

Membrane Membranes Type of membrane Type of modification
series

HM HM-0, HM-1, HM-2 | Ultrafiltration/Hollow Nanocomposite
and HM-3 fiber

ZM ZM-0, ZM-1, ZM-2, | Ultrafiltration/Hollow Nanocomposite
ZM-3 and ZM-4 fiber

FM FM-0, FM-1, FM-2 | Ultrafiltration/Hollow Nanocomposite
and FM-3 fiber

™ TM-0, TM-1, TM-2 | Ultrafiltration/Hollow Nanocomposite
and TM-3 fiber

M M-0, M-1, M-2, M-3 | Ultrafiltration/Flat sheet | Blending
and M-4

HTFC Control, HTFC-1, | Nanofiltration/Flat sheet | Thin film coating
HTFC-2 and HTFC-3

Z-TFN TFC, Z-TFN-1, Z- | Nanofiltration/Flat sheet | Thin film coating
TFN-2 and Z-TFN-3

The pure water permeability (PWP) of all the prepared hollow fiber and flat sheet UF

membranes are compared in Figure 9.1A and B. As shown, the FM-2 hollow fiber UF

membrane prepared with 1 wt% of PSBMA@Fe304 nanoparticles exhibited increased PWP

compared to all the prepared hollow fiber membranes. The PM-2 flat sheet UF membrane

with 1 wt% of ionic nanoparticles demonstrated the highest PWP. The improved PWP of

the UF membranes was attributed to the increased porosity and hydrophilicity.
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Figure 9.1 Comparison of pure water permeability of A) hollow fiber and B) flat sheet
ultrafiltration membranes

The surface hydrophilicity of the membrane plays an important role in membrane
properties such as permeability and antifouling performances. Figure 9.2A and B depict the
comparison of the contact angle of both UF and NF membranes. Among the UF membranes
prepared, the M-3 blend membrane fabricated with PSF: PAH ratio of 85:15 exhibited
lowest contact angle. The results indicated that the blend UF membranes demonstrated
improved hydrophilicity compared to nanocomposite UF membranes. The increased
hydrophilicity was attributed to the presence of hydrophilic polymer. Whereas in
nanocomposite UF membranes, as the concentration of hydrophilic nanoparticles is less in

the membrane matrix, the surface hydrophilicity was not increased to a greater extent.
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Figure 9.3A and B present the dye removal efficiency of hollow fiber UF membranes.
As shown, all the hollow fiber UF membranes exhibited >99 % of rejection for Reactive
black 5, whereas, for Reactive orange 16, the rejection was in the range of 74 to 90 %. The
reduced rejection of Reactive orange 16 was attributed to the lower molecular weight of

Reactive orange 16 dye molecules compared to Reactive black 5.
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Figure 9.3 Comparison of A) Reactive black 5 and B) Reactive orange 16 removal of
hollow fiber ultrafiltration membrane HM, ZM, FM and TM series

The PWP and Na>SOjs rejection of prepared TFC and TFN NF membranes were
compared in Figure 9.4A and B. All the TFC and TFN NF membranes demonstrated >90
% rejection of Na,SO4. However, improved PWP was observed for the Z-TFN NF
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membranes compared to TFC NF membranes. The improved PWP of Z-TFN membranes

was ascribed to the formation of nanovoids in the polyamide layer.
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Figure 9.4 Comparison of A) pure water permeability and B) Na.SOs rejection of HTFC
and Z-TFN nanofiltration membrane series

9.2 CONCLUSIONS

The major conclusions of the present study are listed below.

1. The added tannic acid-functionalized HNTSs, zwitterionic GO and Fe3Oa,
zwitterionic and ionic polymer nanoparticles improved hydrophilicity, porosity and
antifouling performance of the PSF membrane.

2. The blending of hydrophilic polymer (PAH) with PSF exhibited a change in the
morphology and increased membrane performances such as PWP, hydrophilicity
and heavy metal removal.

3. The higher concentration of nanomaterials/hydrophilic polymer caused the
deterioration of membrane performance due to the agglomeration or decreased
hydrophilicity.

4. The increased surface charge played a vital role in increasing repulsion between
membrane surface charge and dye molecules.

5. Incorporation of zwitterionic/ionic polymer nanoparticles resulted in the improved
hydrophilicity and antifouling performance by forming a hydration layer on the
membrane surface.

6. The IPA and EDA treatment for the polyamide layer could bring about change in
the polyamide layer thickness and surface charge.

208



7. The addition of zwitterionic nanomaterials in the polyamide layer improved

permeability by forming a nanovoid.

Present research work gives a glance of interminable opportunities within the resources
of different modification techniques in developing membranes with specific properties that
can be tuned based on targeted applications. As much more is to be explored, the future
work will be devoted to further understanding of the effect of modification techniques on
the morphology to property relationship of the membranes. Successively, the developed
membranes will be tested for long-term performance, durability, the stability of polymer in
adverse conditions and will be optimized for superior antifouling and antibiofouling

property for water purification.
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