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ABSTRACT

Membrane based separation has proved its efficiency over other traditional
techniques of water purification. Significant research had been done in this area, still
the abundant scope of membrane technology has driven many scientists to further
explore the field. The current research work is one such attempt to study the
efficiency of nanomaterials in the polymeric membranes.

This research work is focused on incorporating Polyaniline and TiO, based
nanocomposites into the polymer membranes and to study the properties and
performance of the prepared polymer nanocomposite membranes. Polyvinylidene
fluoride and Polysulfone were the two polymers used in this study. The different
nanomaterials prepared for this study include Polyaniline nanofibers, Polyaniline
coated TiO,, sulfated TiO,, Aminated TiO,. The properties and performance of the
membranes was analyzed by cross sectional morphology, surface hydrophilicity,
water uptake capacity, surface topography studies, permeation properties, antifouling
ability. The self-cleaning ability of the membranes was determined by evaluating the
flux recovery ratio. The water purification ability of the membranes was evaluated in
terms of heavy metal ion rejection and dye removal studies.

Polyvinylidene fluoride membrane containing 1.0 wt.% of Polyaniline
nanofibers exhibited a maximum rejection of 98.52% and 97.38% for Pb** and Cd**
respectively. Polysulfone membranes containing sulfated TiO, were successful in
removing Methylene Blue dye up to 90.4% under Ultraviolet radiation. Polyaniline-
TiO; incorporated Polysulfone hollow fibre membranes showed maximum rejection

of 81.5% and 96.5% for Reactive Black 5 and Reactive Orange 16 dyes respectively.

Keywords: Polyaniline, nanocomposites, heavy metal ion, dye removal
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Chapter 1

Abstract

This is an introductory chapter which outlines the need and importance of the
current research work on water purification. It deals with the important aspects of
polymeric membrane technology, such as membrane separation basics, membrane
fabrication process, merits and demerits of membranes, different types of membranes
and their applications. The chapter also gives a literature review which justifies the

use of nanomaterials as a membrane additive for the present work.

1.1 INTRODUCTION TO MEMBRANE TECHNOLOGY

Water is one of the nature’s precious gifts to mankind and is a source of prime
importance. Water is very essential for the existence of life on earth. In the 21st
century, the most crucial problem afflicting people around the world is global water
scarcity. Majority of the earth’s water i.e., over 97% of all water on earth is in the
oceans. The remaining 3% of the water is available as freshwater out of which 68.7%
is locked up in glaciers and icecaps, 30.1% as groundwater and remaining 1% in lakes
and rivers which is accessible to human use (Figure 1.1). However the rapid growth in
population and economy have resulted in greater demand on the quantity and quality
of drinking water, leading to catastrophic water shortage in arid and water-stressed
areas. Various organizations report that about 1.2 billion people will be short of
access to clean fresh water and about 66% of the world's population may live in water
stressed countries by 2025. It is projected that by year 2030, the global needs of water
would increase to 6900 billion m® from the current 4500 billion m*® (Misdan et al.
2012). As a result, the present surface water resources will no longer be sufficient to
meet the future needs for mankind.

Many freshwater bodies are being contaminated by industries and human use.
Over 1.2 billion people lack access to safe drinking water, 2.6 billion have little or no
sanitation, millions of people die annually, 3,900 children a day, from diseases
transmitted through unsafe water or human excreta. Countless more are sickened from
disease and contamination (Shannon et al. 2008).

Water contamination and scarcity also strongly affects energy and food
production, industrial output, and the quality of our environment, affecting the

Department of Chemistry 1



Chapter 1

economies of both developing and industrialized nations. With the increasing water
scarcity and rise in wastewater generation each day, treatment of waste water has

become inevitable.

All water_ on earth

Salre 97% ‘_‘_1..---"' T

Freshwater 3% Q

. Groundwater 30.1%

"y

lescaps and Surface water 0.3%
Glaciers 68.7% e —
 Lekes 87% h

Rivers 2% f S-.-.-au.ﬁps 1%
Figure 1.1 Distribution of water on earth (SOPAC Water, Sanitation and
Hygiene)

Water reuse continues to rise as demand for fresh water supplies increases
worldwide. By recycling and reusing treated wastewater, communities and industries
can save on the costs of clean water, ensure adequate supplies and help to preserve a
diminishing natural resource. Fortunately, a recent flurry of activity in water treatment
research offers hope in mitigating the impact of impaired waters around the world.
Numerous researches have been conducted in an effort to develop sustainable
technological solutions that would meet increasing water consumption. Some of the
alternative sources that have been studied to tackle the fresh water scarcity are the
treatment of brackish water, waste water and seawater into clean water. Among them,
desalination technology, which converts seawater into clean water, has been regarded
as an effective approach due to their abundance in nature (Subramanian and Seeram
2013). Membranes are used for desalination of sea water and brackish water,
production of potable water and also for treating industrial effluents.

Thus pollution and scarcity of fresh water around the world, accompanying

increasing population and stringent standards of drinking water or wastewater
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discharge, make membrane filtration emerge as a competitive alternative in future

water treatment processes.

1.2 HISTORY OF MEMBRANES
The first study of membrane phenomena dates back to 1748, when Abbe

Nollet placed spirit of wine in a vessel closed with animal bladder, permeation was
observed. In 1820, Dutrechet introduced the phenomenon osmosis to characterise
flow of liquid through permeable barrier. The first synthetic membrane was developed
by Fick in 1855, from nitrocellulose. In some years, i.e., in 1861, Graham carried out
first dialysis process using synthetic membranes. For the next 30 years, Traube and
Pfeffer worked with osmotic process using artificial membranes.

In 1906, scientist Bechold coined the term Ultrafiltration (UF) and these
membranes were used as filters (Singh 2006). Membrane filters were then
commercialized in 1927 in Germany. Around 1920s, Reverse Osmosis (RO) was first
observed and experimented. However it was not much noticed, until it was
rediscovered by Ried and his workers after 30 years. In 1940, Kolff first demonstrated
hemodialysis using membranes.

By 1960, membrane science had developed but only at laboratory scale and at
industrial application in small scale. A milestone in membrane technology was
discovery in 1960, that transformed membrane separation from laboratory scale to
industrial production i.e., Loeb and Sourirajan process for making Cellulose Acetate
RO membrane by phase inversion. The flux of the first Loeb Sourirajan RO
membrane was nearly 10 times higher than any membrane available till then. The
work of Loeb and Sourirajan led to the commercialization of RO membranes and also
paved a way for the development of Ultrafiltration (UF) and Microfiltration (MF)
membrane processes.

With the industrial application of membranes, development of membranes for
medical separation processes also progressed individually. By 1960, membrane
technology was used in medical field on a large scale. More than a million people are
now treated by artificial kidneys, membrane blood oxygenator and controlled drug

delivery system.
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During 1960 to 1980, major growth was observed in membrane technology.
On the basis of L-S method, new methods of membrane preparation like interfacial
polymerisation, multilayer composite membranes and also different modules
membranes like spiral wound, hollow fibre, capillary modules were developed
(Richard 2004). Hence by the end of 1980, UF, MF and RO membranes were well
established worldwide.

The major discovery after 1980s was the development of membranes for gas
separation process. Most important development was hydrogen separation using
membrane introduced in 1980. Within few years gas separation technology evolved
and expanded rapidly. In late 1980s, pervaporation technique for dehydration of

alcohol was developed which are now at commercial stage.

1.3 MEMBRANE SEPARATION BASICS
Membrane is the heart of every membrane process. Membrane can be defined

as a semipermeable active or passive barrier which, under a certain driving force,
permits preferential passage of one or more selected species or components of a

gaseous and/or liquid mixture or solution (Hsieh 1996).

Phase 1 Membrane . Phase 2

® -
e VO —%—-— 0
Feed L 1@ ® '—%_P Py (O |Permeate
O O =
o §___ 0
-

driving force

AC, AP, AT, AE
Figure 1.2 Schematic representation of membrane separation
The schematic representation of membrane separation is given in the Figure
1.2. Phase 1 represents the feed and phase 2 represents the permeate. The stream to be

treated by the membrane is called the feed. The species passing through the
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membrane is called the permeate whereas the species rejected by the membrane is
called retentate. Separation through the membrane is achieved because of the ability
of the membrane to transport one component from the feed mixture more readily than
the other component or components. This separation takes place through different
mechanisms for different membrane processes and also depends on the type of
membrane used.

Transport through porous membranes occurs through pores by diffusion flow
and the selectivity is based on size exclusion (sieving mechanism). The selectivity of
the membranes depends on the differences between the particle and pore size.
Molecules with size larger than the pore size of the membrane are completely rejected
and molecules with smaller size than the pore size can pass through the barrier.

Transport through nonporous membranes is based on solution-diffusion
mechanism in which the permeate dissolve in the membrane material and then diffuse
through the membrane. Therefore the interactions between the permeate and the
membrane material dominate the mass transport and selectivity. Selectivity in these
membranes is mainly determined by differences in solubility and/or differences in
diffusivity.

The transport rate of a component through a membrane is determined by
driving forces such as concentration (AC), pressure (AP), temperature (AT) and
electrical potential (AE) gradients and the concentration and mobility of the

component in the membrane matrix.

1.3.1 Basic Terms in Membrane Science
Flux: Flux is defined as the amount of water passing through unit area of the

membrane per unit time. The productivity of the membrane is expressed in terms of

flux.

] = < e e 1.1

At X A

where,
'J" is water flux expressed in L/m?h

'Q' is amount of water passing through the membrane in Liter (L)
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"At’ is the time in hours (h)

A’ is the effective membrane area responsible for the filtration, expressed in (m?).

Solute Rejection: The selectivity of a membrane is given in terms of rejection which

is expressed as

C
Percent Rejection (%R) = (1 — C—p> x 100 ..........eqn1.2
f

where,
'C,," is the concentration of the solute in permeate (can be expressed in M, mM, %)

'Cf’ is the concentration of the solute in feed solution.

e Fouling: Fouling is a process in which the suspended or dissolved substances from
the feed deposit on the external surface of the membrane, at its pore openings or
within the pores (Figure 1.3). This leads to an accumulation of retained material and
depletion of the permeating components in the boundary layers adjacent to the
membrane surface. Membrane fouling results in flux decline and eventually effects

the performance of the membrane over a period of time.

Feed flow

© o

v

External
fouling

Internal
fouling

\\§ AN

Figure 1.3 Fouling on membrane (The University of Texas, Austin)

e Water Uptake: Water uptake capacity of the membrane is expressed as

WW - Wd
Water uptake (%) = (W—) x 100 ......... eqn 1.3
w
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where,
‘W, is the weight of wet membrane
‘Wy " is the weight of dry membrane
The water uptake property of a membrane reflects its bulk hydrophilic nature

which is a very essential parameter that affects its permeability and antifouling

property.

e Porosity: Porosity of a membrane is defined as the ratio of the pore volume to

geometrical volume. It is given as
Ww - Wd

Porosity € (%) = ( o

) e qn 1.4

where,

‘W, and ‘W’ are the weights (g) of wet and dry membrane samples respectively,
A is the area of the sample (cm?), ‘7’ is the thickness (cm) and ‘p’ is the density of
water (0.998 g/cm®).

1.4 MERITS AND DEMERITS OF MEMBRANE TECHNOLOGY
Benefits

e Membrane processes are energy efficient

e Simple in operation

e Membrane processes can easily be combined with other separation processes
e Separation can be carried out under mild conditions

e Membrane properties are variable and can be adjusted

e Easy to control and scale up
Drawbacks

e The long term reliability is not yet proven

e Membranes may require extensive pretreatment owing to their sensitivity
towards concentration polarisation and fouling

e Membranes are not mechanically very robust and can be damaged under the
operating conditions (Mulder 1996)
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Nevertheless, progress has been done in the recent years, in preparing
membranes which have better performance, better chemical and thermal stability and

which are less sensitive to operation conditions.

1.5 CLASSIFICATION OF MEMBRANES
A very precise classification of membranes is rather difficult to make, since

they can be broadly classified on the basis of their origin, nature, morphology, and

application as,

e Biological or synthetic membranes

e Organic or inorganic membranes

e Symmetric or asymmetric membranes
e Porous or non-porous membranes

e Solid, liquid or gel membranes

e Neutral, positive, negative or bipolar membranes

1.5.1 Classification of Membranes Based on Driving Force
The physical and chemical properties of the membrane govern the mechanism

by which the separation of solutes is brought about. If the solution contains two or
more components, the separation is determined by their transport rate through the
interphase. The driving force for this transportation can be concentration gradient AC,
electrical potential gradient AE, pressure gradient AP or temperature gradient AT
(Table 1.1).

e AP acts as a driving force and leads to separation of chemical species when the
hydrodynamic permeability of the membrane is different for different materials

e When the diffusivity and concentration of various chemical species in the
membrane are different for different components, AC acts as the driving force

e Difference in electrical potential between two phases separated by membrane, leads
to separation of various chemical species when different charged particles show

different mobility in the membrane (Porter 1989)
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Table 1.1 Classification of membranes on the basis of driving force

AP

AC

AT

AE

Microfiltration
Ultrafiltration

Nanofiltration

Pervaporation
Gas separation

Dialysis

Thermo osmosis

Membrane distillation

Electrodialysis

Membrane

electrolysis

Reverse osmosis

1.5.2 Classification of Membranes Based on Morphology
Membranes can be classified as symmetric and asymmetric membranes

depending on their structure and morphology.

e Symmetric Membrane: They are characterized by uniform pore size distribution
across the membrane (Figure 1.4). They may have either porous or dense structure
which can be tuned as per the requirement. These types of membranes are generally

prepared by sintering or track etching method.

A T IO Tot el e
LIS IO4 1Ay L

"‘,:f.-‘- AT A

Figure 1.4 Surface and cross section of symmetric membranes

e Asymmetric Membrane: Asymmetric membranes form the most widely
adopted category of membranes today. The distinguishing features of these
membranes lie in their morphology, which comprises of thin-dense surface

layer on a porous sub-layer

Department of Chemistry 9



Chapter 1

Figure 1.5 Cross section morphology of asymmetric membranes

They are further classified as

e Integrally skinned asymmetric membrane: The dense top layer and the
porous support are composed of the same material. This type of structure is
generally obtained by phase inversion process.

e Thin film composite membrane: In this case, an ultra-thin layer of a polymer
is deposited on the top of a porous support. The dense active thin layer and
the porous support are made up of two different materials. Thus, the thin

barrier and the support layers are physically separated.

1.5.3 Classification of Membranes Based on Pore Size

TYPE OF MEMBRANES AND CHARACTERISTICS

Water Monovalent Multivalent  Viruses Bacteria Suspended
lons lons Solids
MICROFILTRATION
Water Monovalent Multivalent  Viruses Bacteria  Suspended
lons lons Solids
ULTRAFILTRATION
Water Monovalent Multivalent  Viruses Bacteria  Suspended
lons lons Solids
NANOFILTRATION : : : : : : : : : :
Water Monovalent Multivalent  Viruses Bacteria  Suspended
lons lons Solids

REVERSE OSMOSIS

Figure 1.6 Types of membranes based on pore size (Pentair X-Flow)
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Membranes are classified into four types depending on their pore size.
1. Microfiltration (MF): The average pore size of these membranes ranges from 0.05
to 2 um. They operate at a low pressure, below 2 bar. These membranes retain
particles by means of sieving. MF are used to remove microorganisms, separate

particles, bacteria from other smaller solutes.

2. Ultrafiltration (UF): UF membranes have pore size ranging from 2 nm to 0.05 pum
and operating pressure ranging from 2 to 10 bar. They retain particles and

macromolecules by sieving mechanism as in MF.

3. Nanofiltration (NF): NF membranes are membranes having pore size less than 2
nm and which operate between the pressures 5 and 40 bar. NF membranes are well

known for rejecting organics, multivalent ions.

4. Reverse Osmosis (RO): RO membranes operate at a higher pressure up to 100 bar
and having pore size less than 1 nm. They are mainly used in desalination of brackish
water and sea water. The mechanism of separation by these membranes is solution

diffusion.

1.6 MEMBRANE PROPERTIES AND MATERIALS
Membranes can be prepared from different materials such as polymers,

ceramics, glass, metals etc. Commercially used synthetic membranes are prepared
using either organic or inorganic materials. However the most important class of
materials in membrane preparation are organic i.e. polymers (Mulder 1996). Though
all polymers can be used for membrane fabrication only a limited number of polymers
are practically used for membrane preparation, taking into account their physical and
chemical properties.

Membrane material decides the properties of a membrane. Each material has
its own characteristic nature with respect to degree of hydrophilicity, chemical
resistance, mechanical strength and flexibility. A good membrane material exhibits

following characteristics

1. Film forming ability of the material which results in the formation of cohesive

film.
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2. Good mechanical strength of the material which can provide strength,
flexibility and stability to the film to sustain high operating pressures.

3. Tolerance to temperature variation i.e. T4 of membrane material should be
higher than that of the process temperature

4. Tolerance to all feed stream i.e. the material must have the ability to withstand
extreme pH conditions and other chemical environment

5. Good hydrophilic and hydrophobic balance to obtain higher flux, better
rejection and overall good performance.

6. Minimal fouling during operation

Many membrane materials are now available which satisfy most of the above
mentioned properties. Some of them are Polysulfone (PSf), Poly(vinylidene
difluoride) (PVDF), Poly(acrylonitrile) (PAN), Polyethersulfone (PES) (Figure 1.7) .
These materials are hydrophobic but exhibit excellent thermal, chemical and
mechanical stability required for a membrane. It may be difficult to have all the above
mentioned properties in one single polymer. The polymers can be mixed with

inorganic materials such as nanomaterials to enhance the membrane properties.

Polysulfone (PSf)

OO
OO

Polyethersulfone (PES)

L.

0T

C

I

N

Poly(acrylonitrile) (PAN)

I

n

(@]

H

(@]

F

n

Poly(vinylidene difluoride) (PVDF)

O—wn=—=0

Figure 1.7 Structures of some commonly used polymers in membrane technology
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1.6.1 Nanoparticles in Membranes
Synthetic membranes have become the focus of separation processes in

different industries. But the common problems faced by polymeric membranes, such
as high hydrophobicity, fouling, low fluxes and low mechanical strength have become
the focus of researchers in order to improve these disadvantages.

The most common disadvantage associated with the application of the
polymer membrane is membrane fouling. The consequence of fouling is the reduction
of membrane performance. Severe membrane fouling may require intense chemical
cleaning, higher energy demand or membrane replacement. Membrane fouling
originates from the attachment of solutes onto the membrane surface or into the
internal structure of the membrane. Membrane fouling has usually been explained by
pore blocking, cake formation or hydrophobic interaction. However, membrane
material is accepted as one of the predominant fouling modulators, with membrane
fouling expected to be more severe with hydrophobic than hydrophilic membranes.
The fouling materials set up an additional barrier or block the membrane pores
preventing the solvent from transporting through the membrane, hence raising the
transmembrane pressure and lowering the permeate productivity. There are various
solutions available to overcome this disadvantage, such as pre-treatment process
installation, membrane surface modifications, chemical and physical membrane
cleaning and so on.

However, membrane surface modification has become one of the most
important fields in the research. In membrane surface modification, the techniques
commonly used are blending, grafting, surface chemical reaction, and nanoparticle
incorporation. Although many attempts have been made to modify membrane
surfaces by chemical modification such as by grafting hydrophilic monomers on the
membrane, the effect is still too small to obtain satisfactory reduction of membrane
fouling (Ng et al. 2013). An emerging technology, polymer-nanomaterial composite
membranes, dispersing nanoscale fillers into the large polymer matrix, has been
attempted to solve some of the issues of permeability, selectivity, fouling, and

mechanical strength in the application of water treatment. The presence of finely
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dispersed inorganic nanoparticles in the polymer matrix has been proven to be very
useful in the improvement of membrane performance.

Polymer-nanomaterial composites, consisting of different couplings of
polymers and inorganic nanoparticles, are promising systems for varieties of
applications. A lot of combination moieties (polymers and nanomaterials) and
methods (in situ and ex situ) contribute to the extraordinary properties of these
polymer-nanomaterial composites. The incorporation of nanoparticles into polymeric
membranes has been the trend in the field of membrane research recently.

The nanoparticles can be incorporated with most of the polymeric materials
available, in order to produce membranes with specific characteristics, as a result of
the synergism of properties between the polymeric materials and nanoparticles.
Nanoparticles can affect the selectivity, hydrophilicity, conductivity, mechanical
strength, antiviral and antibacterial properties of the polymeric membranes, increased
skin layer thickness, a higher surface porosity of the skin, suppress macrovoid
formation, permeability of the membrane (although a decreased permeability may
also been observed, or a maximum permeability at intermediate nanoparticles
loadings) (Kim and Bruggenb 2010). However, the main objective of using
nanoparticles is often the fouling mitigation, sometimes combined with water flux
enhancement.

Though nanoparticles usually improve the performances of the membranes,
they also might change or even deteriorate the performances of the membranes.
Incorporation of nanoparticles into polymeric membranes has some disadvantages. An
increment in concentration of nanoparticles could lead to an increase in nanoparticles
agglomeration. Thus, careful study needs to be done in order to choose the most
appropriate types and composition of nanoparticles to be incorporated into polymeric
membranes.

The reason behind this approach can be mainly related to the interaction
between the two phases: by using well-distributed smaller particles, an enhanced
interaction is to be expected, so that the nanoparticles sites are used more effectively
for flux enhancement or fouling mitigation. Various characters of these nanomaterials

have resulted in different structures and performances of the prepared nanocomposite
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membranes. The first challenge for development of nanoparticle enhanced membranes
is in the manufacturing process. The simplest approach is to add a well-chosen
amount of nanoparticles to the casting solution. However, higher weight percentage of
nanoparticles in membranes might deteriorate the performances of membranes and
cause losses.

The addition of inorganic oxide nanoparticles causes an increase in tensile
strength to some extent. The reason reported was that the free motion of polymeric
chains is partly restricted by the intermolecular forces between the polymeric chains
and the inorganic oxide nanoparticles. At the same time inorganic oxide nanoparticles
are packed by polymeric chains twisting mutually, so the tensile strength of
membranes is also improved.

The increased permeability has been ascribed to increased free volume in the
polymer matrix caused by the nanoparticles disrupting the packing of the polymer
chains. The enhancement in permeability obtained for a given filler loading increases
as the primary particle size of the filler decreases. This result is likely related to
smaller particles yielding larger polymer/particle interfacial area, since at a fixed
volume fraction of particles there are a large number of small particles per unit
volume of nanocomposites, which gives them a greater capacity disrupt chain
packing, thereby affecting transport property. The macrovoids grow and become run-
through at low filler concentration and then are suppressed or disappear at higher
filler concentration (Wang et al. 2013). The thickness of skin layer increases with the
increase of filler concentration. These findings indicate that the addition of
nanoparticles has a large effect on membrane structure.

Whether polymer-nanomaterial composite casting solutions need other
additives has been always controversial in recent research. The nanoparticles are apt
to aggregate to each other. Therefore, varieties of dispersants or porogens are added to
the casting system of the polymer solution to overcome their aggregation and to
increase their dispersibility in the casting solution. Dispersion methods of
nanomaterials in polymer membranes include differing additions of original
nanomaterials, modified nanomaterials, dispersants, and porogens, etc. to overcome

their aggregation and to increase their dispersibility in the casting solution.
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Threshold content, good dispersion and pore-forming agent (porogen) have
become dominating factors during the preparation process of polymer-nanoparticle
mixed matrix membranes by the classical phase inversion method. Good dispersion of
all the nanomaterials, interlinking with threshold content, is greatly important to the
development of membrane structures. Threshold contents of the nanomaterials are
different, based on their characters. Beyond the threshold content, all nanomaterials
could increase the viscosities of the casting solution and in turn inhibit the
development of pore-structures and active layers.

Thus polymer-nanomaterial composite membranes prepared from the classical
phase inversion method are of great interest and have been researched extensively in
the fields of membrane and water treatment, although the varieties of complexities
and controversies are still to be studied.

1.7 MEMBRANE PREPARATION
Various techniques have been developed to prepare permeable films. The

selection of a technique for polymer membrane preparation depends on the choice of
the polymer, desired structure of the membrane and also application of the membrane
(Lalia et al. 2013). The performance of a membrane strongly depends on the
membrane structure. Various techniques are used for the preparation of membranes

namely

1. Sintering of pressed powder
2. Stretching of films

3. Track etching

4. Phase inversion

5. Template leaching

6. Coating

The most important and frequently used technique is phase inversion. Phase

inversion can be described as demixing process where the homogenous polymer
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solution is transformed from liquid to solid state in a controlled manner. Phase
inversion process involves a ternary system, which contains at least one polymer
component, one solvent and a non solvent, where the solvent and the solvent are
miscible. During phase inversion, solvent containing polymer solution undergoes
transition from one phase to two phase system i.e. liquid-liquid demixing takes place.
The two phase system will be consisting of polymer rich phase and solvent-rich or
polymer lean phase. At some stage of demixing (as the nonsolvent content increases),
the solution becomes thermodynamically unstable and the polymer rich phase gets
solidified and hence phase separation takes place. This phase inversion can be

achieved by different techniques given below:

1. Non-solvent Induced Phase Separation (NIPS): In this method, the polymer
solution is immersed in a coagulation bath containing non solvent usually water.
Demixing and precipitation takes place due to exchange of solvent from polymer

solution and non solvent from coagulation bath.

2. Thermally Induced Phase Separation (TIPS): In this method, a solvent at
elevated temperature and a nonsolvent at lower temperature are used. Thermal energy
is used to produce phase separation which on cooling results in the formation of the

membrane.

3. Evaporation Induced Phase Separation (EIPS): This method consists of a
polymer dissolved in a mixture of volatile solvent and a less volatile nonsolvent. As
the evaporation of volatile solvent takes place, polymer solubility decreases leading to

phase separation.

4. Vapor Induced Phase Separation (VIPS): In this method, polymer solution is
exposed to an atmosphere containing non-solvent, where the demixing is induced

because of the absorption of non solvent.

In a membrane process, the performance of a membrane depends strongly on

the morphology formed during the phase inversion and subsequent precipitation or
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solidification. The phase inversion methods usually result in the formation of

asymmetric membranes which are commercially used worldwide.

1.8 APPLICATION OF MEMBRANE TECHNOLOGY
Membranes are used in a broad range of applications. Generally membranes

are used for a variety of applications such as for water purification, dyes separation,
food processing, pharmaceutical industries etc. However each type of membrane has
its own applications as given below.

RO membranes are used for potable water production, municipal water
treatment, water/organic separation, food processing industries, removal of
environmental pollutants from water. RO membranes are used in textile industries for
chemicals recovery and in pulp and paper industry for water reuse.

NF membranes are used in softening of surface and ground water, for removal
of organics, removal of pesticides and treatment of textile effluents. NF membranes
are good candidates for waste water treatments as they are capable of removing
inorganic as well as organic foulants.

UF membranes are used to remove proteins, suspended colloids. They are
commonly used for product concentration, treatment of industrial waste water
containing heavy metal ions.

MF membranes are used for clarifying liquids. They are used to remove yeast
from alcoholic beverages. MF membranes are also used to remove long chain traces
of saturated fat from food oils.

Membranes are used in pervaporation process to separate solvent water
mixtures or organic solvent mixtures.

Membranes are used in gas and vapour separation equipments for oxygen
/nitrogen separation, helium recovery, separation of organic vapors from air.

Energy applications of membranes include their use in fuel cells. Polymeric
cation exchange membranes are used in Proton Exchange Membrane Fuel Cell
(PEMFC) and Direct Methanol Fuel Cell (DMFC).

Membranes are used in medicine for therapeutic purposes like hemodialysis,
hemofiltration and others (Li et al. 2011). More than 1 million uremic patients are

treated worldwide by hemodialysis using artificial membranes.
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Thus separations using synthetic membranes have been extensively adopted

for environmental, energy and biomedical applications

1.9 LITERATURE SURVEY
A significant amount of research has been conducted in the field of water

treatment using membrane technology. The use of nanoparticles in the manufacturing
process of polymeric membranes has received much attention during the last years.
Hybrid membranes comprising inorganic fillers i.e., nanoparticles in a polymer matrix
are well known, some of which are given below.

Fan et al. (2008) prepared novel nanocomposite membrane by filtration of
polyaniline (PANI) nanofiber aqueous dispersion with Polysulfone (PSf)
ultrafiltration (UF) membrane. The nanocomposite membrane showed better
permeability due to the hydrophilicity of PANI nanofiber layer when compared with
the PSf substrate membrane. In addition, the nanocomposite membrane had positive
surface potential under acidic condition because PANI could be protonated easily by
acid. During the filtration of Bovine Serum Albumin (BSA) solution, the
nanocomposite membrane showed much better antifouling performance than the

substrate membrane for the hydrophilicity and steric hindrance effect because of its

nanofiber layer.
s
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Figure 1.8 Assembly of PANI nanofibers on Polysulfone membranes

Department of Chemistry 19



Chapter 1

Zhang et al. (2012) prepared  TiO, nanoparticles  entrapped
poly(vinylidenefluoride) (PVDF) hybrid membranes by impregnating the pre-treated
PVDF film in the TiO, suspension. The pre-treatment of PVDF with cetyltrimethyl
ammonium bromide (CTAB) enhanced the TiO, loading. The adsorption behavior of
Cu?* on the hybrid membranes was studied, and a promoted adsorption and elution
efficiency of PVDF/TiO, hybrid membranes were observed compared with that of the
pristine PVDF film. It was found that the TiO, nanoparticles improved the surface
hydrophilicity and permeability of PVDF membranes, and the decreased adsorption
capacity of BSA indicated the promoted antifouling ability of PVDF membranes.
Also the PVDF/TiO, hybrid membranes exhibited potential applications in the
separation and pre-concentration of metal ions.

Kim et al. (2012) synthesized sulfonated SiO, nanoparticles with uniform
core-shell structure and were used as functional fillers for preparing composite proton
conducting membranes for direct methanol fuel cells (DMFCs). Poly(4-
styrenesulfonic acid) in the shell of SiO, nanoparticle contributed well-dispersion of
the SiO; nanoparticle in the Nafion membrane. The addition of core—shell
SiO, nanoparticles into Nafion matrix effectively improved membrane performance,
including ion exchange capacity, proton conductivity, mechanical strength and

methanol permeability.

HoG, OCHs
Si-OCHjz
OCH;

VTMS

S0, Na*

Silica with vinyl group Core-shell SiO,(Na*)

Figure 1.9 Core—shell structured SiO, nanoparticles containing poly(sodium4-

styrenesulfonate)

Vatanpour et al. (2012) studied the influence of boehmite nanoparticles as

innovative nanofiller on fabrication of polyethersulfone (PES) blended membrane.
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Boehmite is an aluminum oxide hydroxide (y-AIOOH) particle, containing hydroxyl

groups on its surface. The hydrophilicity and pure water flux of the membranes were

OH OH OH OH OH
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Figure 1.10 Structure of Boehmite (Vatanpour, V., Madaeni, S. S., Rajabi, L.,
Zinadini, S. and Derakhshan, A. A. 2012)

improved by incorporating of boehmite nanoparticles. Scanning electron microscope
(SEM) images showed that the nanoboehmite embedded membranes possessed a
typical asymmetric structure. These membranes also showed improved the flux

recovery ratio (FRR).
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Figure 1.11 Assembly of TiO, nanoparticles on the surface of PVDF/PES membrane
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Rahimpour et al. (2012) prepared poly (vinylidene fluoride)
(PVDF)/sulfonated polyethersulfone (SPES) blend membrane via immersion
precipitation. The membranes were modified by depositing of TiO, nano-particles
followed by UV irradiation to activate their photocatalytic property. The FTIR
spectrum confirmed the presence of OH functional groups on the PVDF/SPES
membrane structure, which was the key factor for deposition, and self-assembly of
TiO, nanoparticles on the membrane surface. The contact angle measurements
showed that the hydrophilicity of PVDF/SPES membrane was strongly improved by
TiO, deposition and UV irradiation. UV irradiated TiO, deposited PVDF/SPES
membranes possess high antibacterial property.

Song and Kim (2013) prepared membranes for ultrafiltration from polysulfone
(PST) composites with poly(1-vinylpyrrolidone) grafted silica nanoparticles (PVP-g-
silica). PSf/PVP-g-silica membranes exhibited higher water flux than PSf membranes.
The water flux of the membrane containing 1 wt% PVP-g-silica was 2.3 times higher
than that of PSf membrane. The hydrophilicity of the PSf/PVVP-g-silica membrane
also increased with increasing PVP-g-silica content. PSf/PVP-g-silica membranes

exhibited enhanced fouling resistance in fouling experiments using nonionic

surfactants.
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Figure 1.12 Structure of poly(1-vinylpyrrolidone) grafted silica nanoparticles
(PVP-g-silica)

Zhao et al. (2013) synthesized poly(vinylidene fluoride) (PVDF)/graphene
oxide (GO) ultrafiltration (UF) membranes. SEM images showed that the PVDF/GO
UF membranes developed finger-like pore substructure along with the increased

Department of Chemistry 22



Chapter 1

porosity and mean pore size. As revealed by FTIR spectra, large amount of -OH
groups appeared due to the introduction of GO nanosheets that improve the surface
hydrophilicity of the modified membrane. In permeation experiment, the water flux is
improved after blending GO. The flux recovery ratio (FRR) and the fouling resistance
results suggested that PVDF/GO UF membranes had better antifouling properties than
pure PVDF due to the changes of surface hydrophilicity and membrane morphologies.
Wu et al. (2014) prepared PANI nanofibers and carbonised them. After
carbonization, Polyaniline nanofibers were grafted with sulfonic acid groups using
concentrated H,SO,4. The resultant sulfonated carbonised PANI nanofibers had high
conductivity and good hydrophilicity which was able to load 18% of Pt on the
surface. These modified nanofibers were tested for PEMFC (Proton Exchange
Membrane Fuel Cell). The single cell performance testing showed that an increasing
maximum power and maximum current density was achieved with sulfonation time.
Jyothi et al. (2016) prepared aminated Polysulfone-TiO, composite
membranes. Amine group was introduced into PSf using Na,S;O, and nitrating
mixture. Membranes were decorated with different dosages of TiO, nanoparticles and
the performance of the membranes was studied for chromium removal. The
membrane containing 0.4 g of TiO, nanoparticles was able to remove chromium (1V)

completely from solution at pH 4.

From the above literature survey, it is observed that, nanomaterials have wide
scope as membrane materials and can be used for various applications. Keeping these

factors in mind the current research work was proposed.

1.10 AIM AND SCOPE OF THE WORK
The aim of the research work is to incorporate different nanoparticles into the

polymer membranes and to study the performance of the prepared polymer
nanocomposite membranes in water treatment.

From the literature survey, it is found that the incorporation of nanomaterials
in the membranes has given interesting and extraordinary results in the water-
treatment applications. Even though new fabrication methods using nanomaterials are

available, better understanding of the membrane fouling with nanoparticle-enhanced
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membranes in water purification and wastewater treatment is still lacking. Further

investigation of the properties of various polymeric membranes incorporated with

nanoparticles should be carried out in order to find the most appropriate combinations

and applications of the membranes fabricated.

1.11 OBJECTIVES OF THE WORK

To synthesize the nanomaterials/to modify the nanoparticles with hydrophilic
groups and to incorporate them into the polymer membranes

To characterize the prepared/modified nanoparticles by X-ray Diffraction
(XRD), Fourier Transform Infrared Spectroscopy (FTIR), Scanning Electron
Microscope (SEM) and Transmission Electron Microscope (TEM)

To incorporate the commercially available nanoparticles into the polymer
membranes in order to enhance the properties of the membranes

To study the morphology of the prepared nanocomposite membranes by SEM
To investigate the hydrophilicity of the prepared membranes by contact angle
measurement and performance by permeation, solution rejection and
antifouling nature of the nanocomposite membranes

To carry out heavy metal ion rejection and dye rejection/removal for selective

membranes
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Abstract

This chapter deals with the preparation of PVDF ultrafiltration membranes
with additives such as polyaniline (PANI) nanofibers and hydrolyzed-Polystyrene-co-
maleic anhydride (H-PSMA). The variation in properties of the PVDF membranes
with the addition of PANI nanofibers is presented. The PVDF membrane containing
1.0 wt. % of PANI nanofibers showed a maximum rejection of 98.52% and 97.38% for
Pb?* and Cd** ions respectively during Polymer Enhanced Ultrafiltration Process
(PUEF).

2.1 INTRODUCTION
Ultrafiltration (UF) membranes have been widely used in various separation

processes, generally in water treatment (Yan et al. 2005). The properties of a
membrane such as its hydrophilicity, high permeability, high surface porosity, good
pore structure, and antifouling nature are very crucial and have great influence on
membrane performance (Nair et al. 2013, Yan et al. 2006). These properties are
usually observed in asymmetric membranes. Among the various polymer materials,
polyvinylidene fluoride (PVDF) is one of the outstanding materials that can form
asymmetric membranes (Rahimpour et al. 2012, Yan et al. 2005). This homopolymer
contains alternating CH, and CF, groups along the polymer chain making it a
distinctive polymer (Figure 2.1), providing high mechanical strength, good chemical
resistance, and thermal stability and it exhibits good membrane forming abilities
(Yuliwati et al. 2011).
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Figure 2.1 Structure of Polyvinylidene fluoride (PVDF)

Most of the polymeric materials applied to water treatment like PVDF are

hydrophobic in nature. When a hydrophobic polymer membrane comes in contact

with the protein solutions, fouling takes place on the membrane surface. Therefore,

use of PVDF often results in intense membrane fouling and tremendous decline of
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water flux which limits its use in water treatment (Zhao et al. 2013). Many studies
such as physical blending, surface modifications and blending with hydrophilic
additives have been performed to improve the hydrophilicity of PVDF membranes.
Polystyrene-co-maleic anhydride (PSMA) is a hydrophobic, alternating copolymer
having alternating styrene and maleic anhydride units (Figure 2.2). On hydrolysis in
alkaline conditions, the anhydride ring of PSMA opens up and gives two carboxylic
groups making it hydrophilic and hence can be used as a hydrophilic additive
(Martinez et al. 2005). Also in the recent years, modifications on PVDF blends have

Figure 2.2 Structure of Polystyrene-co-maleic anhydride (PSMA)
been devoted to the blending of polymers with inorganic materials like alumina Al,O3
(Yan et al. 2005), silica (SiO;) (Wu et al. 2013), ZnO (Zhang et al. 2014), and TiO,
(Shi et al. 2013) nanoparticles. These nanoparticles when used as additives enhance
the pore formation and the interconnectivity of pores in the membrane and also

improve the membrane hydrophilicity (Razali et al. 2013).
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Figure 2.3 Structure of polyaniline
Polyaniline (PANI) is a well-known polymer which has gained importance
due to its ease of preparation, high conductivity, chemical stability, and low cost and
also exhibits great separation characteristics (Teli et al. 2012). Structure of polyaniline
is shown in Figure 2.3. PANI nanofibers possess high surface energy and hydrophilic

property because of which they are used to achieve super hydrophilic surfaces (Fan et
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al. 2008). PANI has been used to prepare membranes for gas separation,
pervaporation and electrodialysis (Teli et al. 2012).

Fan et al. (2008) prepared PSf UF membrane by filtration of PANI nanofibers
on the membrane surface, resulting in the formation of layer of PANI nanofibers on
the surface of the membrane. The nanocomposite membrane exhibited better
permeability, good hydrophilicity due to the presence of PANI nanofibers. The PANI-
PSf membranes also showed better antifouling nature because of its hydrophilicity
and also because of its steric hindrance effect due to its nanofiber layer.

Zhao et al. (2011) reported polysulfone PSf UF membranes with two different
additives such as poly(vinylpyrrolidone) (PVP) and PANI nanofibers and studied their
effect on membrane performance. It was observed that at the same content of
additive, PSf/PANI membranes exhibited higher protein rejection, antifouling
property, higher breaking strength and better additive stability when compared with
that of PSf/PVP membranes.

Liao et al. (2013) prepared electroactive switchable UF membrane with single
walled carbon tube-PANI (SWCT-PANI) nanofibers as additives. SWCT-PANI
nanofibers were prepared by in situ polymerization. These membranes were
electrically conductive and exhibited ultrafiltration properties.

Kajekar et al. (2015) prepared PANI nanofibers by interfacial polymerization
and used them as additives in PSf hollow fiber membranes along with PVP. The
membranes showed maximum rejection of 99.25% for Reactive Red 120 dye. The
membrane properties such as PWF, rejection, antifouling nature and thermal
resistance increased with the PANI nanofiber content in the membrane. Also the
presence of PANI nanofibers resulted in improvement of hydrophilicity of the
membranes.

However, the effect of PANI nanofibers on PVDF membranes has not yet
been studied by any of the researchers. As PVDF membranes are hydrophobic, an
attempt has been made to improve its hydrophilicity by the addition of PANI
nanofibers. In the present work, polyaniline (PANI) nanofibers and H-PSMA were
used as hydrophilic additives to improve the hydrophilicity of PVDF. Polyaniline
nanofibers were added in increasing concentrations into the PVDF-HPSMA
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membranes and their effect on membrane performance was studied. To the best of our
knowledge it is the first time polyaniline (PANI) nanofibers and H-PSMA were being

used as additives in PVDF membranes for increasing the performance.

2.2 EXPERIMENTAL
2.2.1 Materials

PVDF (Mw~1,80,000), Poly(styrene-co-maleic anhydride), cumene
terminated (PSMA) (Mn~1600) and aniline (99.5%) were purchased from Sigma-
Aldrich Co., Bangalore, India. Ammonium peroxydisulfate (APS) and Bovine Serum
Albumin (BSA) (Mw~69 kDa) were purchased from Central Drug House (CDH),
New Delhi, India. Hydrochloric acid (HCI) and N-methyl-2-pyrrolidone (NMP) were
purchased from Merck India, Ltd. Polyethyleneimine (PEI) (Mn~60,000), 50 wt.% aq.
solution (branched), was purchased from Acros Organics, USA. Cadmium nitrate
tetrahydrate and lead (11) nitrate were purchased from Sigma- Aldrich Co., Bangalore,

India.

2.2.2 Preparation of PANI nanofibers
PANI nanofibers were prepared by rapidly mixing reactions, a facile one step

method using APS as oxidant, following the procedure reported in the literature
(Huang and Kaner 2004). First an aqueous solution of 3 mL of aniline in 100 mL of
1M HCI and solution of 1.82 g of APS (0.8 mmol) in 100 mL of 1M HCI were
prepared. In the typical reaction, the two solutions were rapidly mixed under stirring
at 1000 rpm, to ensure sufficient mixing, at 0°C, using an ice bath. The stirring was
stopped when the polymerization was observed where the aqueous dispersion turned
to characteristic green color of polyaniline. The product formed was isolated from the
dispersion by centrifugation, purified by washing with HCI 3-4 times and then with
water until the suspension reached a neutral pH and then dried in oven at 40°C for 24
h, which yielded PANI nanofibers of nearly 2 g.

2.2.3 Hydrolysis of Polystyrene-co-maleic anhydride (PSMA)
PSMA was subjected to hydrolysis in aqueous solution under alkaline

conditions (Scheme 2.1). PSMA (2 g) was added to 100 mL of 1 N NaOH solution
and stirred for 1 h until complete dissolution took place. The hydrolyzed-PSMA (H-

Department of Chemistry 28



Chapter 2

PSMA) was precipitated by adding 1 N HCI drop wise until white precipitate was
obtained. The hydrolyzed product was washed with water to neutralize the acid and

kept for drying in oven for 24 h.

PSMA

Hydrolyzed PSMA (H-PSMA)

Scheme 2.1 Hydrolysis of PSMA

2.2.4 Preparation of PVDF-H-PSMA-PANI membrane
PVDF-H-PSMA-PANI membranes were prepared by immersion precipitation

method (Padaki et al. 2011) as follows. At first 2 wt.% of H-PSMA was dissolved in
NMP under stirring. Then the synthesized PANI nanofibers were added to the
solution. The solution containing PANI nanofibers was sonicated using sonicator at a
frequency of 40 KHz at 25°C for 30 min for their uniform dispersion and then kept
under stirring. Then 20 wt.% PVDF was added to the same dispersion and stirred for
15 h at 70°C. After the complete dissolution of PVDF, the casting solution was
sonicated for 35°C at a frequency of 40 KHz for 15 min and left still for 30 min to
remove any trapped air bubbles. The solution was then casted on to the glass plate and
dipped in the water coagulation bath for 24 h for the phase inversion to occur. The
PVDF and H-PSMA concentration in the casting solution was fixed at 20 and 2 wt.%
respectively for all the membranes, whereas the concentration of PANI nanofibers
was varied as 0, 0.1, 0.5, 1.0, and 1.5 wt.% and accordingly the membranes were
labeled as MO, M1, M2, M3, and M4. The concentration of H-PSMA was fixed at 2
wt.% for all the membranes in order to evaluate the effect of addition of PANI
nanofibers in the membrane with increasing concentration. Figure 2.4 shows the

images of the prepared membranes. As the content of PANI nanofibers increased in
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the membranes, the membranes became uniformly white to blue, blue to green in

color, showing the uniform dispersion of PANI nanofibers in the membranes.

M-2 M-3 M-4

Figure 2.4 Images of the prepared membranes

2.3 CHARACTERIZATION
2.3.1 Characterization of PANI nanofibers

FTIR spectrum and X-ray Diffraction (XRD) pattern were obtained to confirm
the formation of PANI nanofibers. An ATR-FTIR spectrophotometer (JASCO 4200)
was used to obtain the IR spectrum. XRD pattern was obtained from Rigaku Miniflex
600 with Cu Ka radiation. Scanning electron microscope (JEOL JSM-6380LA) and
transmission electron microscope (JEOL JEM-2100) were used to observe the

morphology of the PANI nanofibers.

2.3.2 Characterization of PSMA and H-PSMA
ATR-FTIR spectrophotometer (JASCO 4200) was used to record the IR

spectra of the PSMA and H-PSMA in the range of 4000650 cm ™.

2.3.3 Characterization of membranes
2.3.3.1 Membrane morphology

The morphology of the prepared membranes was analyzed by taking the cross
sectional images of the membranes using scanning electron microscope (SEM). The
membrane samples were frozen in liquid nitrogen and broken and then sputtered with
gold for electron conductivity before they were observed under scanning electron
microscope (JEOL JSM-6380LA).
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2.3.3.2 Contact angle measurement
The contact angle of the membranes was measured using FTA-200 dynamic

contact angle analyzer by sessile droplet method (Padaki et al. 2011). In order to
minimize the experimental error, for each sample, the contact angle was measured at
three different locations on the membranes and the average value was reported
(Kumar et al. 2013).

2.3.3.3 Water uptake measurements
Membrane samples were cut into 1 cm? size and immersed in distilled water

for 24 h and weighed immediately after removing the surface water. The wet
membranes were dried in a vacuum oven for 3 h at 45°C, and then the dry membrane
samples were weighed (Arthanareeswaran et al. 2008). From the dry and wet weights

of the samples, the water uptake was calculated using the following equation
% water uptake = (%) x 100 ... ... eqn 2.1

where, W,, and W are weights of the wet and dry membrane samples respectively.

2.3.3.4 Water flux study
The pure water flux (PWF) of the membranes was tested using dead end

filtration cell (Figure 2.5). An effective membrane area of 5 cm? was used for the
permeation studies. The membranes were kept immersed in water for 24 h before
carrying out the permeation experiments. Initially the membranes were subjected to
compaction at 0.4 MPa transmembrane pressure (TMP) for 30 min. Then time
dependent pure water flux of the different membranes was measured at 0.2 MPa TMP
at 25°C for every 1 min time interval (Nair et al. 2013). The PWF of the membranes
was calculated using the following equation.

where, J,, is the pure water flux expressed in L/m?h and Q is the amount of pure water

collected in liters (L) for time At (h) using effective membrane area of A (m?).
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Figure 2.5 Schematic representation of lab scale dead end filtration cell set up

2.3.3.5 Antifouling study
The antifouling property of the membranes was studied as follows (Kumar et

al. 2013, Nair et al. 2013). First the pure water flux J,,; (L/m?h) of the membranes
was measured at 0.2 MPa TMP. In order to study the antifouling property of
membranes, BSA was taken as the model protein. An aqueous solution of BSA with
concentration of 0.8 g/L was prepared and was fed into the filtration cell and was
filtered through the membranes for 30 min. After the BSA filtration, the membranes
were flushed with pure water for 20 min and then the water flux J,, (L/mzh) was
measured again. In order to evaluate the antifouling property of the membranes, the
flux recovery ratio (FRR) was calculated by the equation

FRR (%) = ;W—Z X 100 .. .. ... eqn 2.3

wil

The concentration of BSA in the feed and the permeate was measured using UV-
spectrophotometer at a wavelength of 280 nm (Kumar et al. 2013). The BSA rejection
% of the membranes was calculated using the following equation

C
%R = (1 - —”) X 100 ... .. eqn 2.4
Cy
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where, C, (mg/ml) and Cr (mg/ml) are concentrations of BSA in permeate and feed

respectively.

2.3.3.6 Heavy metal ion rejection
The heavy metal ion rejection study by the membranes was performed as per

the literature (Nagendran et al. 2008). Here Polyethyleneimine (PEI) was used as a
complexing agent, to complex with the metal ions (Figure 2.6). Briefly, aqueous
solution of Pb*" and Cd*" was prepared in PEI solution at a concentration of 1000
ppm. PEI solution was prepared by dissolving 1 wt.% of PEI in deionized water. Then
the pH of the solution was adjusted to 6.25 using 0.1 N HCI and NaOH. The solutions
containing PEI and metal ions were thoroughly mixed individually and left for 5 days
for the complete binding between PEI and the metal ions. Then metal ion complexed
PEI solution was fed into the filtration set and was filtered through the membranes.
Permeate was collected in order to study the rejection of the metal ions by
membranes. Concentration of the metal ions in the feed and permeate was evaluated
using Atomic Absorption Spectrophotometer (GBC 932 Plus). Metal ion rejection
percentage by the membranes was calculated using the formula

C
%R = (1 - —p> X 100 ........ eqn 2.5
Cy

where C, (mg/mL) and C; (mg/mL) are concentrations of metal ions in the permeate
and the feed respectively.

H,N NH,
NH, SNOON N

Figure 2.6 Metal ion complexation by PEI
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2.4 RESULTS AND DISCUSSIONS

2.4.1 Characterization of PANI nanofibers
The FTIR spectrum of PANI nanofibers is shown in Figure. 2.7. The spectrum

contains all the characteristic peaks of PANI. The peaks at 1570 and 1490cm*
correspond to the C=N and C=C stretching vibrations of quinoid and benzenoid rings
of PANI. Peaks at 1299 and 1244 cm™* are due to the stretching mode for the
benzenoid ring and the peak at 828 cm* can be ascribed to out of plane bending of C-

H.

% Transmittance

2000 1800 1600 1400 1200 1000 800
Wavenumber (cm'l)
Figure 2.7 FTIR spectrum of PANI nanofibers
X-ray Diffraction (XRD) pattern of PANI nanofibers is shown in Figure 2.8.
Two broad peaks at 20=17° and 23° with respect to (111) and (110) planes appear in
the pattern, which also indicates amorphous nature of PANI (Bhaiswar et al. 2013).
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Figure 2.8 X-ray Diffraction pattern of PANI
Figure 2.9 shows the SEM image of synthesized PANI nanofibers. From SEM,
it was found that, prepared nanofibers had uniform diameter of 96.3 nm. Figure 2.10
shows the TEM image of the PANI nanofibers.

ZBKU X225, 006 1xm BB88 12 27 SEI

Figure 2.9 SEM image of PANI nanofibers
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Figure 2.10 TEM images of the PANI nanofibers (A and B)

2.4.2 FTIR analysis of PSMA and H-PSMA
The FTIR spectra of PSMA and H-PSMA are shown in Figure 2.11. The IR

spectrum of PSMA shows two bands at 1853 and 1774 cm™* which can be attributed
to the five ring cyclic anhydride which correspond to the maleic anhydride groups in
PSMA (Haddadine-rahmoun et al. 2008). The IR spectra of H-PSMA show the
absence of these two bands and show a new peak at 1701 cm ™ which corresponds to
the carbonyl stretching frequency of the carboxylic acids present in H-PSMA. Also a
broad band appears at around 3397 cm™* which is due to the —OH stretching of
carboxylic groups in H-PSMA.
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Figure 2.11 FTIR Spectra of PSMA and H-PSMA

2.4.3 Membrane characterization
2.4.3.1 Membrane morphology

The SEM cross-sectional images of membranes with different contents of
PANI nanofibers are shown in Figure 2.12. All the membranes exhibit typical
asymmetric structure with dense top layer, porous sublayer and fully developed
macropores at the bottom (Teli et al. 2013). The pristine PVDF-HPSMA membrane
showed macrovoids in the sublayer, whereas the macrovoids in the PANI nanofiber
incorporated membranes were suppressed. Also long finger like projections were
observed in the PANI incorporated PVDF-HPSMA membranes. It was observed that
the finger like projections in the membranes increased with increasing length as the
concentration of PANI nanofibers increased. The change in morphology of the
membranes with PANI nanofibers can be attributed to the phase inversion process
taking place during the membrane formation (Zhao et al. 2012). The addition of PANI

nanofibers reduces the miscibility of the casting solution with water which accelerates
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Figure 2.12 SEM cross-sectional images of membranes

the phase inversion process. Also some amount of the additive, H-PSMA may diffuse

into the coagulation bath during the phase inversion. Thus the PANI nanofibers and
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H-PSMA act as the hydrophilic and pore forming agents respectively during the phase
inversion process. The presence of PANI nanofibers in the casting solution resulted in
the good interconnection between the pores due to the migration of PANI nanofibers
and also the pores become run through giving the long finger like projections during
the membrane formation (Zhao et al. 2011, 2012). Thus PVDF-H-PSMA-PANI
membranes had long finger like projections than the pristine PVDF-H-PSMA

membrane.

2.4.3.2 Contact angle
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Figure 2.13 Contact angle of membranes

The surface hydrophilicity of the membranes was determined by using contact
angle instrument. Lower the contact angle, more hydrophilic is the membrane. Among
the prepared membranes, MO membrane which did not contain any PANI nanofibers
showed the highest contact angle of 81.6°, whereas M4 membrane with highest PANI
content showed the lowest contact angle of 52.2°. The contact angle of the prepared
membranes decreased gradually in the order MO>M1>M2>M3>M4 as shown in
Figure 2.13, indicating that the membrane hydrophilicity increases with the increase
in concentration of PANI nanofibers. The increase in hydrophilicity with PANI
nanofibers can be assigned to the porous nature of PANI (Teli et al. 2013).
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2.4.3.3 Water uptake measurement
Water uptake by the property depends on the porosity of the membranes. The

water uptake by the membranes increased in the order MO<M1<M2<M3 as the PANI
content increased, after which the water uptake decreased for M4 membrane (Figure
2.14). The increase in water uptake is due to the increase in internal porosity of the
membranes with the increase in PANI content. The decrease in water uptake for M4
can be explained by the higher concentration of PANI. When the concentration of
PANI is more than 1.0 wt.%, PANI nanofibers may agglomerate and block the

membrane pores resulting in reduced water uptake.
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Figure 2.14 Water uptake of membranes

2.4.3.4 Water flux study
Figure 2.15 shows the pure water flux of the membranes. From the figure it is

evident that, PANI nanofiber incorporated membranes showed higher flux than the
pristine PVDF-H-PSMA membrane. The increase in flux of the membranes with
PANI content may be due the more hydrophilic surface, greater porosity, better
interconnected pores and longer pore length. Also the number of pores in the skin
layer increased with the content of PANI (Figure 2.12). These factors lowered the
resistance of water permeability through the membranes, and forced the water through

the membranes which improved the membrane permeability (Teli et al. 2013).
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However the decrease in flux was observed for M4 membrane with highest content of
PANI. Similar results were observed during the membrane permeation studies in
PANI incorporated membranes (Zhao et al. 2011, Zhao et al. 2012). The decrease in
water flux by the membrane at 1.5 wt.% of PANI may be the result of agglomeration
of PANI nanofibers which occurs at higher loading of PANI. This results in blocking
of membrane pores causing improper distribution of nanofibers in the membrane, in
turn decreasing the membrane permeability. The stability of hydrophilic additive in
the membrane also affects the membrane performance. The M4 membrane, with 1.5
wt.% PANI, showed leaching of PANI during the phase inversion process to some
extent. The loss of PANI might have been responsible for the decreased permeability
(Zhao et al. 2012). However the water flux of all the membranes including the
membrane M4 with 1.5 wt.% of PANI was much higher than the pristine P\VDF-H-
PSMA membrane.
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Figure 2.15 Pure water flux of the membranes
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2.4.3.5 Antifouling study
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Figure 2.16 Flux of membranes during BSA filtration

The water flux of the membranes during BSA filtration is shown in Figure
2.16. The water flux of all the membranes during BSA filtration was observed to be
lesser than the pure water flux of the membranes which may be attributed to the
adsorption of BSA on the membrane surface and pores. Among the prepared
membranes, PANI-PVDF-H-PSMA membranes showed higher flux than PVDF-H-
PSMA membrane during BSA filtration which indicated that the BSA molecules were
less deposited on the PANI incorporated membranes. BSA molecules get adsorbed
more easily on the hydrophobic surface than the hydrophilic surface. Thus the
adsorption of BSA was not favored in the presence of PANI nanofibers, which make
the membranes hydrophilic. The FRR values of all the membranes are higher than the
pristine PVDF-H-PSMA membrane (Figure 2.17). The higher the FRR value, the
better is the antifouling nature of the membranes. It can be noted that the FRR values
of the membranes increased with PANI nanofibers. The membrane MO, without any
PANI nanofibers, showed least FRR value due to the hydrophobic interaction between

PVDF and protein molecules. Nevertheless better fouling resistance by membranes

Department of Chemistry 42



Chapter 2

88.9 89.5
90 - 81.2 81.3
80 -
70 -
60 -
é 50 - 35
h 40 & |
£ 30
20
10 |
0 // T T T |'/,
M-0 M-1 M-2 M-3 M-4
Membranes
Figure 2.17 Flux recovery ratio of the membranes
80
A
&
nQ 1
oy
& 40
<
7))
m 4
2
® . 20
0-
M-0 M-1 M-2 M-3 M-4

Membranes

Figure 2.18 % BSA rejection % by the membranes

with PANI nanofibers indicated that the protein molecules adsorbed on the membrane
surface and pores (reversible membrane adsorption) during BSA filtration were easily
removed when the membranes were flushed with water. Thus from the FRR values
and water flux measurement, it was evident that membranes with PANI had better

antifouling nature than the pristine membranes. Higher antifouling ability of the
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membranes is due to the higher hydrophilicity of membranes due to PANI. The
presence of PANI can prevent the adsorption of protein on the surface due to the
existence of hydrophilic functional group. The BSA rejection % of the membranes is

in the range of 68-83% as shown in Figure 2.18

2.4.3.6 Heavy metal ion rejection

100 I Cd
I Pb
90
S 80
©
=
é 70 -
X
60

50

Figure 2.19 Heavy metal ion rejection

Polymer enhanced ultrafiltration process has been used for the removal of
metal ions from solutions by ultrafiltration membranes. The pore size of UF
membranes is not ideal for the rejection of metal ions from aqueous solution
(Maheswari et al. 2013). Hence metal ions are first complexed with polymer PEI, to
form macromolecular complex. Thus the metal ions are effectively removed by the
polymer—metal complex. In the present work, the well performed membrane among
all the prepared membranes, M3 with 1 wt.% PANI, was used for heavy metal ion
rejection studies. The % rejection of Pb?* and Cd** by the membrane is shown in
Figure 2.19. The membrane showed 98.52 % rejection for Pb®* and 97.39 % rejection
for Cd*" ions. Good rejection by the membranes can be attributed to the larger size of
Pb**—PEI complex and Cd**—PEI complex than the membrane pore size. Also the
hydrated metal ions are highly rejected because of the surrounding water molecules.
The % rejection of Ph?* was found to be slightly higher than that of Cd**. As reported
by Liang et al. (2012), H-PSMA can also have strong co-ordination ability towards
Pb** and can selectively adsorb Pb** through its carboxylate ion to form Pb—PSMA
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complex which might have resulted in the high rejection of Pb?* ions. Also the
smaller size of Cd** than the Pb?* ions might have resulted in the more number of

Cd* ions than Pb®" ions in the permeate solution.

2.5 CONCLUSIONS
PANI nanofibers were synthesized by facile rapidly mixed reaction method,

which acted as a hydrophilic agent for PVDF UF membranes. A novel additive,
hydrolyzed PSMA (H-PSMA) was used as a dispersant and pore forming agent. It
was found that, the hydrophilicity of the membranes increased with the addition of
PANI nanofibers. PANI nanofiber incorporated membranes showed enhancement in
the membrane properties such as better permeability, water uptake and contact angle
values. The pristine membrane PVDF-HPSMA fouled easily, whereas membrane
with PANI nanofibers showed better antifouling nature. The morphology of the
membranes also improved with better pores, as the content of PANI nanofibers in the
membranes increased. However from water uptake, pure water flux (PWF) and BSA
filtration experiments, it was found that membrane performance increased with the
increase in concentration of PANI nanofibers till 1.0 wt.%, beyond which the
performance of the membranes decreased. Thus it can be concluded that 1.0 wt.% of
PANI nanofibers in the membranes is the threshold content for the prepared
membranes, above which the membranes show a decrease in the performance. From
the heavy metal ion rejection studies it can be concluded that the well performed
membrane (1.0 wt.% of PANI nanofibers) has good potential for rejection of heavy
metal ions such as Ph?* and Cd?*, which exhibits a % rejection of 98.52% and 97.38%

for metal ions Pb** and Cd?* respectively.
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Abstract

This chapter details the preparation of polysulfone (PSf) membranes with
PANI-TiO, nanotubes as additives. Here PANI-TiO, nanotubes were prepared by
coating PANI over TiO, nanotubes and were dispersed in PSf membranes.
Polyethylene Glycol (PEG-1000) was used as a pore former. The effect of addition of
PANI-TiO, nanocomposites on the membrane performance was evaluated. The
membrane containing 1.0 wt.% of PANI-TiO; exhibited a rejection of 83.75% and
73.41% during the Polymer Enhanced Ultrafiltration Process.

3.1 INTRODUCTION
Ultrafiltration is an important membrane separation process which is used for

the purification of water, (Yi et al. 2013) for concentration of solutes and wastewater
treatment. Polysulfone is one of the widely used materials for the preparation of
ultrafiltration membranes, (Song et al. 2014) because of its excellent mechanical
strength, chemical resistance, thermal stability and good film forming ability (Kumar
et al. 2013). Structure of polysulfone is given in Figure 3.1. However polysulfone
membranes being hydrophobic in nature are susceptible to fouling. Thus the
modification of polysulfone membranes is inevitable. In the recent years, researches
have been focused on incorporation of nanomaterials into the membranes to improve
the separation performance and fouling resistance (Moghimifar et al. 2014). Among
these inorganic nanoparticles, TiO, has received much attention and is one of the
mostly used nanoparticles, due to its stability, availability, antibacterial nature and
hydrophilicity (Zhang et al. 2013).

CH, 0 n

Figure 3.1 Structure of polysulfone
In the recent years, nanohybrid materials with at least two different
nanomaterials are gaining interest where the benefits of two different particles could
be combined to have improvement in properties (Wu et al. 2014). Polyaniline (PANI)

based nanocomposites have been extensively studied due to its facile preparation and
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environmental stability (Wang et al. 2013). A large number of studies have been
focused on preparation of PANI-TiO, composites (Han et al. 2009). TiO, is
considered as the best material to prepare hybrid material with PANI (Li et al. 2013).
Ti of TiO, has tendency to form co-ordinate bond with ‘N’ atom of PANI (Teli et al.
2013). PANI-TiO, nanocomposites have applications in photocatalysis, charge
storage and gas sensors (Han et al. 2009, Li et al. 2013, Pang et al. 2014). Also
polymer/PANI and PANI/inorganic materials have shown improvement in
performance of membranes due to the hydrophilicity of PANI.

Aminabhavi et al. (2010) prepared PANI-coated TiO,-PVA membranes and
TiO,-PVA membranes for dehydration of 1,4-dioxane/THF aqueous solution by
pervaporation. The addition of nanofillers resulted an increase in membrane
selectivity to water. It was also found that the PANI modified TiO, membranes had
higher flux than TiO,-PVA membranes which is due to the higher hydrophilicity of
PANI than TiO,.

Daraei et al. (2012) prepared mixed matrix polyethersulfone membranes with
PANI coated Fe;O, nanoparticles as additives having affinity for copper ions. The
core shell PANI-FesO, nanoparticles were synthesized by chemical oxidative
polymerization with iron oxide as core. Different concentrations of additives were
used to determine the optimum value. The membrane containing 0.1 wt.% of
nanoparticles exhibited highest Cu(ll) removal.

Liu et al. (2014) synthesized polyaniline coated TiO,/SiO, (TS) nanofiber
membranes. TiO,/SiO, (TS) nanofibers were prepared by electro spinning and
calcinations, which were used as templates for in situ polymerization of aniline. The
results indicated that PANI was uniformly coated on TS nanofibers. The
nanocomposite membranes showed photocatalytic degradation of methyl orange
under visible light which is reasoned due to the synergistic effect of PANI and TiO,,

TiO, nanotubes, can act as excellent support materials for PANI, due to their
high surface area (Xie et al. 2014). On the other hand, TiO, nanomaterials are known
to undergo agglomeration in order to reduce their surface energy (Katoch et al. 2012).
The presence of PANI on TiO, can prevent the agglomeration, increasing the stability

of TiO, nanomaterials and facilitate uniform dispersion in the polymer matrix. Our
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previous study indicated that, addition of TiO, nanotube has significantly improved
the membrane performance (Kumar et al. 2013). The synthesized PANI-TiO;
nanocomposite could combine the merit of both TiO, and PANI and have synergistic
effect (Katoch et al. 2012, Radoici¢ et al. 2015). Also PANI-TiO, having strong
interaction between PANI and TiO, is known to have well dispersible nature in
solvents such as NMP (N-Methyl-2-pyrrolidone). These merits of PANI-TIiO, are
beneficial to the improvement of properties of membrane and hence enhancement in
the performance of the membrane is expected.

In view of these observations, PANI-TiO, nanocomposites with average
diameter of 50 nm were synthesized by coating PANI over TiO, nanotubes. The
synthesized PANI-TiO, nanocomposites were stable and were dispersed in
polysulfone membranes with increasing concentration. Polyethylene glycol 1000
(PEG 1000) was added as a pore former. The effect of addition of PANI-TIO,
nanocomposite on the membrane performance, such as permeability, hydrophilicity,
porosity and antifouling properties was studied. To the best of our knowledge, it is the
first time TiO, nanotubes coated with PANI have been used as hydrophilic additives

for the performance improvement of polysulfone membranes.

3.2 EXPERIMENTAL
3.2.1 Materials

Polysulfone (PSf) with molecular weight 35,000 Da, aniline (99.5%) and TiO,
nanoparticles were purchased from Sigma Aldrich Co. Bangalore, India. Polyethylene
glycol 1000 (PEG 1000) was purchased from Himedia Laboratories Pvt. Ltd., India.
Ammonium peroxydisulfate (APS) and Bovine Serum Albumin (BSA) was purchased
from Central Drug House (CDH), New Delhi. Hydrochloric acid (HCI), sodium
hydroxide (NaOH) and N-Methyl-2-pyrrolidone (NMP) was purchased from Merck
India, Ltd. Polyethyleneimine (PEI) (Mn~60,000) 50 wt% aq. solution, branched was
purchased from Acros Organics, USA. Lead (Il) nitrate and Cadmium nitrate
tetrahydrate and were purchased from Sigma-Aldrich Co, Bangalore, India.
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3.2.2 Preparation of PANI coated TiO, nanotubes
Preparation of TiO, nanotubes from TiO, nanoparticles was done as per the

literature (Kumar et al. 2013). 50 mL of 10 M NaOH solution was taken in a 100 mL
round bottom flask attached to a condenser with chilling. The solution was first heated
to 120°C followed by the addition of 2 g of TiO, nanoparticles. The solution was then
refluxed at the same temperature for 48 h under stirring. Then the mixture was cooled
to room temperature and poured into de-ionised water. After the nanotubes were
settled at the bottom, the supernatant solution was decanted and was washed
repeatedly with water. 150 mL of 0.1 M HCI was then added to the solution and was
stirred for 12 h at 60°C. Then the nanotubes were again washed with de-ionized water
until the neutral pH was obtained. The solution was centrifuged and the obtained
nanotubes were calcined at 450°C for 4 h.

Surface modification of the TiO, nanotubes by PANI was carried out by
chemical oxidative polymerization as follows (Lokesh et al. 2008). 1 mL of aniline
was added to 100 mL of 2 M HCI solution. 1 g of TiO, nanotubes were added to 5 mL
of water and sonicated at 40 KHz for a few minutes in order to prevent the
agglomeration of the TiO, nanotubes. This solution was then added to the solution
containing aniline and stirred for two hours. The polymerization of aniline was carried
out by the addition 2.4 g of ammonium persulfate solution with an equal molar ratio
to aniline to the above suspension at room temperature. The product formed was
isolated from the dispersion by centrifugation, washed with dil. HCI and water and
dried at 80°C for 24 h.

3.2.3 Preparation of membranes
The nanocomposite membranes were prepared by the phase inversion method.

Firstly, PANI coated TiO, nanotubes were dispersed in NMP and sonicated for 10
minutes for well dispersion. 5 wt.% of PEG 1000 was dissolved in NMP and was
added as a pore former for all the membranes. 2 g of PSf was added to the same
dispersion, and was kept for stirring at 60°C for 6 h. After the complete dissolution of
Polysulfone, the casting solution was sonicated for 15 min at 40 KHz to remove any
trapped air bubbles and left still under heating without stirring for 30 min to remove

any trapped air bubbles. Then the homogenous solution was casted onto the glass

Department of Chemistry 50



Chapter 3

plate. After casting, the glass plate was immersed in a coagulation bath (water) for the
phase inversion. The obtained membranes were washed thoroughly with water and
dried. The composition of the prepared membranes is given in Table 3.1

Table 3.1 Composition of the membranes

Membranes Psf (wt.%) PEG (wt.%) PANI-TiO; NMP
(wt %) (wt.%)
P-0 20 5 0 75
P-0.05 20 5 0.05 74.95
P-0.5 20 5 0.5 74.5
P-1.0 20 5 1.0 74
P-1.5 20 5 15 735

3.3 CHARACTERIZATION
3.3.1 Characterization of PANI coated TiO; nanotubes

PANI coated TiO, nanotubes were characterized by Fourier Transform
Infrared (FTIR) spectroscopy, X-ray Diffraction (XRD) and Transmission Electron
Microscope (TEM). FTIR spectra were recorded from SHIMADZU ATR-FTIR
spectrophotometer. XRD measurements were obtained from Rigaku Miniflex 600
with Cu Ka radiation. Transmission Electron Microscope (JEOL JEM-2100) was used
to analyze the morphology of PANI coated TiO, nanotubes.

3.3.2 Membrane Characterization
3.3.2.1 Morphology of membranes

The morphology of the prepared membranes was examined using Scanning
Electron Microscope (JEOL JSM-6380LA). Before the Scanning Electron
Microscope (SEM) analysis, the membranes were dipped and broken in liquid

nitrogen and sputtered with gold for conductivity.

3.3.2.2 Atomic Force Microscopy (AFM) measurements
The AFM measurements were carried out using Innova SPM Atomic Force

Microscope. The measurements were done on dry membrane samples. The membrane

surfaces were imaged in tapping mode. Antimony doped silicon cantilever having
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force constant in the range of 20-80 N/m was used to analyze the membrane surface
topography. The surface roughness of the membranes, expressed in terms of average

roughness (R.) and root mean square roughness (R) was measured.

3.3.2.3 Porosity and pore size
The porosity () of the membranes was obtained by gravimetric method

(Kumar et al. 2013).

where w; and w;,is the weight of the wet and dry membranes respectively. ‘A’ is the
effective membrane area (m?), I’ is the thickness of the membrane (m) and ‘d,,’ is
the density of water.

Surface pore size of the membranes in terms of mean pore radius was
analyzed using Guerout—Elford—Ferry equation, (Kumar et al. 2013) taking into

account porosity and water flux of the membranes

29 -1.75¢) x 871Q
Tm = e X A X AP

where ‘e’ is the porosity, ‘n’ is the viscosity of water (8.9 x 10 Pa s), ‘I’ is the
thickness of the membrane (m), ‘Q’ is the volume of pure water permeated through
membrane per unit time (m%s), ‘A’ is the effective membrane area (m?) and AP is the

operating pressure (0.2 MPa).

3.3.2.4 Water Uptake and contact angle measurement
The water uptake ability and hydrophilicity of the membranes was analyzed

using water uptake studies and contact angle analysis. These studies were done
following the methods mentioned in section 2.3.3.3 and section 2.3.3.2 of CHAPTER
2.

3.3.2.5 Permeation studies
The performance of the prepared membranes was evaluated by measuring pure

water flux, determining antifouling ability along with % FRR using BSA as a foulant.
These studies were performed according to the procedure explained earlier in
CHAPTER 2 (section 2.3.3.4 and section 2.3.3.5 respectively).
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3.3.2.6 Heavy metal ion rejection
Heavy metal ion rejection by the membranes was carried out by polymer

enhanced ultrafiltration (PEUF) and ultrafiltration (UF) process. For PEUF process,
aqueous solutions of Pb?* and Cd®* were prepared at an initial concentration of 1000
ppm in 1 wt.% of the PEI aqueous solution. The pH of the solutions was adjusted to
6.25 by adding small amounts of either 0.1 M HCI or 0.1 M NaOH. Solutions
containing the metal ions and PEI were mixed thoroughly and left standing for 5 days
for completion of binding between metal ions and PEI. PElI complexed metal ion
solutions were filtered through the membranes and the permeate was collected. In UF
process, feed solutions containing 1000 ppm of Pb®* and Cd** were filtered
individually through the membranes and the permeate was collected. The % rejection
by the membranes for the metal ions, during the filtration was determined by
analyzing the concentration of feed and permeate solution using Atomic Absorption
Spectrophotometer (GBC 932 Plus). Heavy metal ion rejection percentage by the
membranes was calculated using the formula

C
%R = (1 - —”) % 100 ... .. eqn3.3
Cy

where, C,, (mg/mL) and Cr (mg/mL) are concentration of metal ions in the permeate

and the feed respectively.

3.4 RESULTS AND DISCUSSION
3.4.1 PANI coated TiO, nanotubes characteristics

PANI coated TiO, nanotubes were prepared via chemical oxidative
polymerization. First the synthesised TiO, nanotubes were dispersed in HCI solution
containing aniline. In the presence of HCI, aniline gets transformed to anilinium
cation. Under acidic conditions, the anilinium ions adsorb on the surface of TiO,
nanotubes and then undergo oxidative polymerization in the presence of ammonium
persulfate (NH,4),S,0s, leading to the formation of PANI coating on TiO, (Katoch et
al. 2012).

FTIR spectra of pure TiO,, pure PANI and PANI-TiO, nanocomposite were
obtained in the range of 500-3700 cm™. Figure 3.2 shows FTIR spectra. Pure TiO,
shows broad peak around 3400 cm™ and small peak at 1638 cm™ which is due to the
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stretching vibration of hydroxyl group (-OH) and adsorbed water present on TiO;
(Cheng et al. 2014). Broad peak at 600 cm™ ranging from 1000 to 550cm™ is due to
the Ti-O-Ti bonds. FTIR spectrum of PANI shows peak at 1567 cm™ and 1487 cm™
which is due to the C=N and C=C stretching vibrations of quinoid and benzenoid

— PANI

—— PANL-TIO),

% Transmittance

L SO0 &0 ZiWpn 15040 104

Wavenumber (em™)

Figure 3.2 FTIR spectra of PANI, PANI-TiO, nanocomposite and TiO;

rings of PANI respectively. Further peaks at 1298 cm™ and 1246 cm™ can be ascribed
to the C-N stretching mode of benzenoid ring. Peaks at 1141 cm™ and 812 cm™
correspond to the C-H in plane and out of plane bending vibrations respectively
(Pereira et al. 2014). All these peaks of PANI were observed in the IR spectrum of
PANI-TiO, nanocomposite along with the broad —OH peak at 3400 cm™ which is
observed to surface hydroxyl group of TiO,. Also the broad peak ranging from 1000
to 550 cm™ due to Ti-O-Ti vibrations was observed in PANI-TiO, nanocomposite,
indicating the presence of PANI on TiO,.

X-Ray Diffraction patterns of PANI-TiO, nanocomposite, compared with pure
PANI and pure TiO, are shown in Figure 3.3. Pure PANI shows two broad peaks at
20=17° and 23° which can be ascribed to the (111) and (110) planes. The XRD pattern
of pure TiO, shows sharp peaks at 25.3°, 37.8° 48.1°, 54.6° and 62.6° with respect to
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(101), (103), (200), (105) and (213) planes respectively of anatase phase of TiO, (Li
et al. 2013, Nasirian and Milani Moghaddam 2014). The PANI-TiO, nanocomposite
showed two broad peaks at 20=17° and 23° and also all sharp peaks of TiO, which

confirmed the presence of PANI coating on TiO, nanotubes.

(110)

(111)
PA NI

(101)

(110)
(103) (200) ‘ PANI coated TiOz‘

Intensity (a.u.)

0 20 40 60 80 100 120

20 (degrees)
Figure 3.3 X-Ray Diffraction patterns of pure PANI, PANI-TiO, nanocomposite
and pure TiO;
TEM was carried out observe the shape and size of PANI coated TiO,
nanotubes. TEM images of PANI coated TiO, nanotubes are shown in Figure 3.4.

PANI coated TiO, nanotubes had diameter in the range of 40-50 nm.
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Figure 3.4 TEM images of PANI coated TiO, nanotubes (A and B)

3.4.2 Membrane characterization
3.4.2.1 Membrane morphology

The internal structure and the pore morphology of all the membranes was
studied using SEM. Figure 3.5 displays the cross-sectional morphologies of the
prepared membranes. The cross sectional images show that all the membranes
exhibited typical asymmetric structure with dense top layer and porous sub layer. The
nanocomposite membranes had well interconnected finger like pores from membrane
top layer to sub layer. The addition of PANI-TiO; to the membranes brings about
change in membrane structure. The finger like pore walls were linked with each other
by sponge wall, which allow the finger like pores to communicate with each other.
This is due to the well distribution of PANI-TiO, nanocomposite in the membranes
(Teli et al. 2013). The SEM images showed that membrane porosity increased along
with pore length as the PANI-TiO; content in the membranes increased. Also the skin
layer becomes thin and more porous with PANI-TiO, content. This is due to the
migration behavior of PANI i.e. during membrane formation, the hydrophilic additive
would migrate near the membrane water interface in order to minimize the interfacial
energy, thus acting as hydrophilic modifying agent (Zhao et al. 2012). As a pore
former, the addition of PEG would also favor the pore formation. However the effect
of PEG on the membrane morphology would be same for all membranes as same
amount PEG was added to all the membranes.
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Figure 3.5 SEM cross sectional images of (a) P-0 (b) P-0.05 (c) P-0.5 (d) P-1.0 and (e)
P-1.5 membranes (A, B, C, D and E are the enlarged images of a, b, ¢, dand e

respectively)

3.4.2.2 Surface topography of membranes
The surface roughness of the membranes was studied using AFM under

tapping mode. Figure 3.6 shows two-dimensional and three-dimensional scans of P-0,
P-0.5 and P-1.0 membranes. From the images, it can be seen that the surface of the
membrane P-0 was very rough and the surface roughness reduced for membranes P-
0.5 and P-1.0, containing PANI-TiO, nanocomposite. The decrease in membrane
surface roughness may be due to the uniform dispersion of PANI-TiO; in the polymer
matrix (Daraei et al. 2012, Zhang et al. 2012). The decrease in surface roughness of
the membranes was confirmed by the surface roughness parameters obtained for P-0,

P-0.5 and P- 1.0 membranes (Table 3.2). The mean roughness (R,) and root mean
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square roughness (Ry) was 334 and 402 nm for P-0, 54.2 and 67 nm for P-0.5 and

41.6 and 51.8 nm for P-1.0 membrane respectively.

957.0nm 150.2 nm

Figure 3.6 Two-dimensional scans of (A) P-0, (B) P-0.5 and (C) P-1.0 membranes
and three-dimensional scans of (D) P-0, (E) P-0.5 and (F) P-1.0 membranes
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Table 3.2 Surface roughness parameters of membranes

Membranes Roughness Parameters
Ra (hm) Rq (nm)
P-0 334 402
P-0.5 54.2 67
P-1.0 41.6 51.8

3.4.2.3 Porosity and pore size of membranes
The surface pore radius and porosity of the membranes are presented in Table

3.3. The addition of PANI-TiO, nanocomposite to the membranes increases the pore
size of the membranes except for P-0.5. The higher hydrophilicity of PANI coated
TiO; nanotubes at higher content would cause an increase of pore size. It is observed
that with the initial addition of PANI-TiO,, the membranes showed a sudden increase
in pore size for P-0.05 with 0.05 wt.% of PANI-TiO, content. The initial increase in
pore size may be due to the reason that the addition of nanocomposites to the casting
solution increases the thermodynamic instability of the solution, causing rapid
demixing, resulting in large pore formation at lower concentration. The low pore
radius for P-0.5 membrane is due to the reason that as the addition of PANI-TiO; is
increased from 0.05 wt.% to 0.5 wt.%, the viscosity of the casting solution is
increased. This delays the exchange of solvent and nonsolvent which results in the
suppression of the pore size (Vatanpour et al. 2012, Zhao et al. 2012). The membrane
with highest PANI-TiO, content showed slight reduction in pore size, which might be
due to the clogging of pores by the nanocomposite. The clogging of pores at higher
concentration of PANI nanocomposite has also been observed in literature (Teli et al.
2013). The porosity measurements indicate that the nanocomposite membranes have
higher porosity than the pristine membrane. Thus the addition of PANI-TiO, has led
to the increase in porosity of membranes which is evident from SEM images (Figure
3.5).
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Table 3.3 Mean pore radii and porosity of membranes

Membranes Mean pore radius (nm) Porosity (%)
P-0 8.25 53.36
P-0.05 14.21 69.60
P-0.5 7.02 76.09
P-1.0 10.72 72.34
P-1.5 8.52 82.60
3.4.2.4 Water Uptake

Figure 3.7 shows the water uptake by the membranes. The least water uptake
is shown by membrane P-0 whereas the water uptake of nanocomposite membranes is
higher and increases with the increase in PANI-TiO, nanocomposite. Water uptake
property of the membranes depends on the porosity of the membranes. As the porosity
of P-0 membrane is least among all the membranes (Table 3.3), membrane P-0
showed least water uptake. The increase in water uptake by PANI-TIO;
nanocomposite membranes with PANI-TiO, is due the increasing porosity of the
membranes. A slight decrease in water uptake shown by P-1.0 membrane may be due

to the less porosity observed for the membrane.
76
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Figure 3.7 Water uptake by the membranes
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3.4.2.5 Contact Angle of membrane surfaces
75

70 -
65 -

P-1.5

60 -
55
50 -
P-0 P-0.05 P-0.5 P-1.0

Contact Angle (°)

Membranes

Figure 3.8 Contact angle of the membranes

The contact angle of membranes represents the hydrophilicity and wettability
of membranes. Figure 3.8 shows the contact angle of the membranes. Membrane P-0,
showed highest contact angle indicating its hydrophobic nature. Membrane P-0 did
not contain any PANI-TiO, nanocomposite and having high contact angle is supposed
to be due to the hydrophobic nature of polysulfone. The contact angle of PANI-TiO,
nanocomposite membranes were in the range of 66-64°. Also the contact angle
decreased with the increase of PANI-TiO; content in the membranes. The membrane
with 1.0 wt.% PANI-TiO; content showed least contact angle. The decrease in contact
angle with the increasing concentration of PANI-TiO, in membranes indicated that
PANI-TiO, nanocomposite enhanced the hydrophilicity of the membranes. Figure 3.9

shows the images of contact angle measured on the membranes.
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Figure 3.9 Images of contact angle measured on the membrane surfaces

3.4.2.6 Permeation properties
Permeation properties of the membranes were studied by permeating pure

water through the membranes using dead end filtration cell at 0.2 MPa, TMP. The
pure water flux of the membranes is shown in Figure 3.10. All the nanocomposite
membranes showed higher permeate flux than the polysulfone membrane. The
nanocomposite membranes possessed higher hydrophilicity, higher porosity and
better vertically interconnected pores than the polysulfone membrane which led to the
water permeability of the membranes. The pure water flux of the membranes is in the
order P-0<P-0.5<P-1.5<P-0.05<P-1.0. The membranes P-0.05 and P-1.0 showed
higher water flux among the synthesized membranes. This is due to the higher pore
sizes of these membranes when compared to the other membranes (Table 3.3).
Among P-0.05 and P-1.0 membranes, though the pore radius of P-1.0 was lower than
that of P-0.05 membrane, the higher PWF is due to the higher hydrophilic nature of P-
1.0 membrane than P-0.05 membrane. The contact angle measurements showed that,
membrane P-1.0 possessed highest hydrophilicity. Higher PANI-TiO, content, higher
would be the hydrophilic nature of PANI and TiO, which would attract water

molecules easily into the membrane matrix thereby increasing the permeability
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(Zhang et al. 2013). Among P-0, P-0.5 and P-1.5 membranes, P-0 showed least PWF
due to the reason that membrane P-0 is hydrophobic in nature and did not contain any
PANI-TiO, nanocomposite. Though the pore radius of P-0.5 was lesser than that of P-
0 membrane, the PWF is higher because of the presence of hydrophilic PANI-TiO;

and higher porosity of the membrane.
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Figure 3.10 Pure water flux of the membranes

Membrane P-1.5 had higher PWF than P-0 and P-0.5 membranes, because its
pore size was higher than that of both P-0 and P-0.5 membrane. However the PWF of
P-1.5 membrane was lower than that of P-0.05 and P-1.0 membranes, because the
presence of excessive PANI-TiO, content led to the clogging of pores which in turn
decreased the permeability of the membrane. Similar results showing decrease in flux
with the increase in concentration of PANI and PANI based nanocomposites in the

membranes has been found in literature (Pereira et al. 2014, Zhao et al. 2012).

3.4.2.7 Antifouling properties
The fouling nature of the membranes was investigated through protein

filtration, using BSA as a model protein. The flux of the membranes during BSA
filtration is shown in Figure 3.11. The figure shows decline in flux of membranes for
initial few minutes. This initial decline of flux is due to the adsorption of BSA

molecules onto the surface of the membranes (Zhao et al. 2011). All the membranes
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showed higher flux than P-0 membrane. Since the nanocomposite membranes had
higher hydrophilicity, protein molecules could not be easily adsorbed on the
membrane surface indicating antifouling nature of membranes (Zhao et al. 2012). The
% FRR values of the membranes are shown in Figure 3.12. Higher the FRR value
better is the antifouling nature of the membranes. Membrane P-0 had least FRR value
among all the membranes. The membranes showed increase in FRR value with PANI-
TiO, content, indicating that addition of PANI-TiO; enhance the fouling resistance of
membranes.

50
~—+—P-0 —+ P-0.05——P-0.5
+ P-1.0 <« P-15

40-\

30 - T

W
ha -
MM B S o NI o o NP N e
M v -

Yy YT Ty vy

.
W o8 o -
e e = 2 - S-o-0 > 0000,

e .
R A i T S I I Iy

Water Flux (L/mzh)

B e e <t

10 -

0 | 0 20 30 40

Time (min)

Figure 3.11 Flux of the membranes during BSA filtration
As the hydrophilicity of the membranes increased with PANI-TiO, content, it
weakened the interaction between membrane surface and the protein molecules. Thus
the adsorbed BSA molecules on the membrane surface were easily removed by simple
washing resulting in high flux recovery ratio. The membrane P-1.5 showed little
decrease in FRR value. This may be due to the decrease in hydrophilicity as observed

by contact angle measurement.

The AFM results further confirmed that, addition of PANI-TIO,
nanocomposite into the membranes improved the antifouling nature of membranes. It

is well known that, lower the surface roughness of the membranes, better is the
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Figure 3.12 % FRR values of the membranes
antifouling ability. From Figure 3.6 and Table 3.2 it can be seen that membrane P-0
with no PANI-TiO, content was rough and surface roughness was reduced for P-0.5
and P-1.0 membranes. This decrease in surface roughness increased the antifouling
nature of the membranes since the foulants are more likely to adsorb on course

surfaces than smooth surface (Razmjou et al. 2011).

3.4.2.8 Heavy Metal lon Rejection
The heavy metal ion rejection by the membrane for metal ions Pb?* and Cd**

was studied by UF and PEUF process. Among the prepared membranes, the well
performed membrane M-1.0 which possessed highest hydrophilicity, better
permeability, highest FRR value was selected for the heavy metal ion rejection
studies. Figure 3.13 displays the % Rejection by the membrane during PEUF and UF
process for heavy metal ions Pb?* and Cd®* respectively. The membrane exhibited
83.75% rejection for Pb** ions and 73.41% rejection for Cd** ions during PEUF. The
% Rejection was higher for Pb than Cd this is because Pb*"PEI complex was larger in
size than Cd*"PEI complex. The % rejection for Pb?* and Cd** during UF was 68%
and 53.78% respectively. The rejection of metal ions during UF process is due to the
adsorption of metal ions the membrane surface. Figure 3.14 shows the elemental

mapping of Pb and Cd adsorbed on the membranes. The main adsorption sites for
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Figure 3.13 Heavy metal ion rejection by the membranes

metal ions were the nitrogen atoms of PANI of PANITiO, nanocomposite (Eisazadeh
et al. 2013). The unpaired electrons of the amine group of PANI can create coordinate
bond with metal ions resulting in the adsorption of metal ions on the membrane
surface (Min et al. 2012). The membranes showed higher % of rejection during PEUF
process than UF process. This is because the metal ion-PEI complex has greater size
than the membrane pore size. Hence the complexed metal ions are retained in the feed
solution. During the UF process, most of the metal ions would easily pass through the
membrane, as the pore size of the membrane is much higher than that of the metal
ions. Only the metal ions adsorbed on to the membrane surface would contribute to

the % rejection.
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Figure 3.14 Adsorption of Pb and Cd on the membranes

3.5 CONCLUSIONS
The performance of the polysulfone membranes can be improved by using

PANI-TiO, nanocomposite as a hydrophilic additive. The properties of the
membranes such as hydrophilicity, permeability, water uptake, porosity, antifouling
nature enhance with the addition of PANI-TiO, nanocomposite. The nanocomposite
membranes also showed good rejection for Pb?* and Cd** ions by PEUF process.
Taking into account the contact angle, PWF, % FRR value, it is found that the
properties of the membranes improved when the addition of PANI-TIO;
nanocomposite was increased up to 1.0 wt. %. When the concentration of the PANI-
TiO, nanocomposite in the membranes was further increased to 1.5 wt.%, the
membranes showed slight decrease in performance. The decrease in performance by
the membranes may be due to the agglomeration of the nanocomposite at higher
concentration leading to clogging to pores. Overall the PANI-TiO, nanocomposite
membranes can be used for water purification namely heavy metal ion removal with

minimum fouling.
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Abstract

This chapter gives insight into the modification of TiO, nanoparticles with
sulfate groups. The modified TiO, nanoparticles were then used as additives in the
polysulfone membranes and the properties of the nanocomposite membranes were
studied. This chapter explores the use of sulfated TiO; (S-TiO,) for dye removal from
aqueous solutions and the optimum conditions required. A maximum of 90.4%
rejection was obtained for Methylene Blue (MB) for the membrane having 2.0 wt% of
S-TiO, under UV light radiation.

4.1 INTRODUCTION
Membrane technology has been an important tool in water treatment because

of its selective and efficient separation, stability, ease in operation, flexible to be
integrated with other separation processes (Aluigi et al. 2014, Cheng et al. 2015,
Mahlambi et al. 2014, Zhao et al. 2015). Blending membranes with inorganic
materials such as nanoparticles is of interest because of facile preparation, good
dispersion, effective hydrophilicity (Qin et al. 2015, Zhao et al. 2013). TiO; is one of
the extensively used nanomaterial in preparing nanocomposite membranes
(Emadzadeh et al. 2014). This is because, TiO, nanoparticles provide hydrophilicity,
have stability and can also act as photocatalyst in hybrid photocatalyst-membrane
based waste water treatment (Hamid et al. 2011, Rajesh et al. 2013). TiO, is known to
have photocatalytic activity. Focus has been laid on improving its photocatalytic
efficiency. One among the efforts is sulfation of TiO,, where the presence of SO4*
increases the light absorption and the photocatalytic activity. SO,*-TiO, has also been
used as photocatalyst for the degradation of dyes.

Synthetic dyes have been extensively used in industries such as textile, rubber,
paper, plastic, leather etc. It has been estimated that nearly 10,000 types of
commercial dyes are available and more than 7x10° tons of dyes are produced
annually worldwide. The synthesis and usage of dyes can cause serious environmental
problems (Wei et al. 2013). Dyeing and finishing processes in textile industries
produce large quantities of wastewater streams containing nearly 50-200 mg/L of
unfixed dyes (Mondal and De 2016). Various techniques like adsorption, membrane

filtration are being used to remove the dyes from effluents of textile industry (Salem
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et al. 2009). Removal of dyes by adsorption is a slow and equilibrium governed
process. Also powder form of adsorbents are difficult to remove from the filtrate, in
addition to their high operating and disposal cost (Mondal and De 2016). Therefore
membrane based separation process offer an attractive alternative. The advantages
include physical separation, low energy, high scalability (Mondal and De 2016).

Methylene Blue (MB) is a cationic heterocyclic aromatic dye which has wide
applications in textile industry, for coloring paper, dyeing cotton, wool, as hair
colorant etc (Huang et al. 2010). Structure of Methylene Blue is shown in Figure 4.1.
However, acute exposure to MB can cause health hazards such as increased heart rate,
vomiting, cyanosis, tissue necrosis (Mohapatra and Parida 2006). Also effluents
containing dye such as MB is a major toxic industrial waste (Shao et al. 2013, Zeng
et al. 2011). MB containing waste water stream are highly colored, cause water
pollution and are also hazardous to aquatic organisms (Fradj et al. 2014, Zeng et al.
2011). MB is nonbiodegradable, exhibits high stability, difficult to degrade by
traditional methods. Hence the colored water needs to be treated and removed before
its disposal (Fradj et al. 2014).

H3C\N < \'J\,l _CHg

cI:H3 Cr cI:H3

Figure 4.1 Structure of Methylene Blue
Mohamed and Al-Esaimi (2006) prepared sulfated TiO, and non-sulfate TiO,
modified by NH,VOs;. Degradation of MB was tested for the sample effectiveness.
The results indicated that MB degradation was improved with V supported TiO,-
S0,%, showing 98% after UV irradiation, exceeding that of SO,* free TiO, which
showed degradation of 78% under same conditions. This is due to high surface area,

small crystallite size, decreased band-gap and acidity gained after sulfation.

Zou et al. (2009) synthesized sulfated TiO, and sensitized using hydrogen
peroxide and used as a photocatalyst under visible light. Results showed that TiO,
with strong surface acidity was obtained with sulfate groups anchoring on TiO,

surface. It was found that the degradation of methyl orange dye by sulfated TiO, was
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significantly faster when compared with that of commercially available Degussa P25
TiO,.

Ghambire et al. (2011) prepared transition metal loaded SO,*/TiO, powders.
It was reported that the sulfation process stabilizes TiO, catalyst, increases the surface
area of SO,%/TiO, when compared with pure TiO. It was found that maximum
photocatalytic decomposition of Methylene Blue was obtained using sulfated TiO,.
SO4%/TiO, enhanced the photocatalytic activity due to increased surface area, high
surface acidity.

Zhang and Liu (2015) prepared polysulfone membranes through phase
inversion process by doping with sulfated TiO, deposited on SiO, nanotubes (STSNs)
The STSNs were first prepared and then added through micro-reaction locations
inside channels and on the surface of the membranes. The properties of the
polysulfone membranes such as hydrophilicity, antifouling and anticompaction
enhanced on addition of STSNS.

In our present approach, sulfated TiO, nanoparticles (S-TiO;) were
synthesized and were used as additives into PSf membranes. S-TiO, was added in
increasing concentrations into the PSf membranes. The effect of addition of S-TiO,
on the performance of PSf membranes was analyzed. The membranes containing
sulfated nano TiO, were used for the removal of MB dye. The MB dye removal with
respect to the concentration of S-TiO, in the membranes, with and without UV

radiation was investigated.

4.2 EXPERIMENTAL
4.2.1 Materials

Polysulfone (PSf) having molecular weight of 35,000 Da and TiO;
nanoparticles were purchased from Sigma Aldrich Co. Bangalore, India. Bovine
Serum Albumin (BSA) was obtained from Central Drug House (CDH), New Delhi.
Isopropanol and N-methyl-2-pyrrolidone (NMP) was purchased from Merck India,
Ltd. Sulphuric acid (H,SO,) was purchased from Nice Chemicals Pvt. Ltd., India.
Methylene Blue (MB) was purchased from Sigma Aldrich Co. Bangalore, India.
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4.2.2 Preparation of sulfated TiO,
Sulfated-TiO, was synthesized as per the reported literature (Krishnakumar

and Swaminathan 2011). TiO, nanopowder was dispersed in 50 mL of isopropanol. 2
mL of 1M H,SO, was added to the solution drop wise under stirring. The solution was
kept under stirring for about 4 h. The resulting suspension was centrifuged, washed
and dried in oven at 100°C for 24 h. The dry sample was calcined for 5 h at 500°C.

4.2.3 Preparation of membranes
Membranes were prepared by phase inversion technique. 20 wt. % of Psf was

dissolved in NMP by stirring at 60°C for 24 h to get a homogenous mixture. S-TiO;
was added to the solution and sonicated for 5 minutes to avoid agglomeration. The
solution was further stirred for 1 h. Then the solution was sonicated for 15 min for
degassing i.e. to remove any trapped air bubbles. The solution was then left still under
heating for 30 min. Finally the solution was casted on the glass plate using Doctor’s
blade and immersed in distilled water for 24 h for phase inversion. The prepared
membranes were then washed thoroughly and air dried. Membranes were prepared
with different concentrations of S-TiO,, whereas the concentration of PSf was fixed to
20 wt. % for all the membranes. The concentration of S-TiO, in the membranes was
varied as 0 wt. %, 0.05 wt. %, 0.5 wt. %, 1.0 wt. %, 1.5 wt. % and 2.0 wt. % and the
membranes were labeled S-0, S-0.05, S-0.5, S-1.0, S-1.5 and S-2.0 accordingly.

4.3 CHARACTERIZATION
4.3.1 Characterization of S-TiO;

Fourier Transform Infrared FTIR spectrometer (SHIMADZU) was used to
obtain the IR spectra of TiO, and S-TiO,. Elemental analysis of sulfated samples was
carried out with the help of Energy Dispersive Spectrophotometer (EDS)-(JEOL JSM-
6380LA). Transmission electron microscope (TEM)-(JEOL JEM-2100) was used to
observe the morphology of sulfated TiO..
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4.3.2 Characterization of membranes
4.3.2.1 Morphology of membranes

The morphology of the synthesized membranes was studied by using the
cross sectional images of the membranes. The images were taken through Scanning
Electron Microscope (SEM) (JEOL JSM-6380LA).

4.3.2.2 Porosity and water uptake of membranes
The porosity (¢) of the membranes was determined by gravimetric method,

(Kumar et al. 2013) which gives the equation

where w; and w, are the weights of the wet and dry membrane samples
respectively.‘A’ is the effective membrane area (m?), ‘I’ is the membrane thickness
(m), d,,is the water density.

The water uptake study of membranes was done following the procedure
mentioned in section 2.3.3.3 of CHAPTER 2 and percent water uptake was calculated
using equation 2.1.

4.3.2.3 Mechanical property of membranes
The mechanical properties of the membranes were tested using tensile tester

(Model: LRX 2.5KN, LLYOD) at room temperature (Zheng et al. 2009). Rectangular
specimens of length 3 cm and width 1 cm were analyzed with gauge length of 30 mm.
The testing was done at strain rate of 10 mm/min. Triplicate measurements of the
samples were taken and the average values were reported (Vilakati et al. 2014).

4.3.2.4 AFM analysis
The AFM analysis of the membranes was performed using Innova SPM

Atomic Force Microscope. The membrane surfaces were imaged as per the details
given in section 3.3.2.2 of CHAPTER 3.

4.3.2.5 Contact angle of membranes
The contact angle of membranes was measured by sessile droplet method as

explained in section 2.3.3.2 of CHAPTER 2.
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4.3.2.6 Water Permeability
Water permeability of the membranes was analyzed by measuring the pure

water flux (PWF) using dead end filtration cell. The PWF of membranes was
measured as per the method explained in section 2.3.3.4 of CHAPTER 2, except that
the membranes were initially compacted for 1 h at 0.8 MPa and the PWF was
measured at 0.6 MPa TMP (Transmembrane Pressure) at intervals of 5 min for each
of the membrane.

The pure water flux was also measured by varying the pressure from 0.6 to 1.0

MPa for a fixed interval of time for each membrane.

4.3.2.7 Antifouling ability of membranes
Antifouling nature of membranes was evaluated by choosing BSA as a model

protein. The BSA flux was measured by following the procedure described in section
2.3.3.5 of CHAPTER 2 and the flux was measured at 0.6 MPa TMP.

4.3.2.8 Dye Removal by membranes
The dye removal efficiency of membranes was evaluated using Methylene

Blue (MB) dye. Aqueous solutions of MB at a concentration of 10 ppm and 20 ppm
were prepared. 0.1 g of each of the membrane was weighed and then cut into smaller
pieces and were transferred into 6 different conical flasks containing 25 mL of 10
ppm aqueous MB solution. The solutions were shaken continuously at 120 rpm inside
an orbital shaker (ORBITEK LT) for 15 h under closed/dark conditions. After 15 hrs,
aliquots of the suspensions were taken and the concentration of MB dye in the
aqueous solutions was analyzed using UV/Vis Spectrophotometer (SPECORD S 600).
The experiments were repeated in a similar manner for MB solutions at 20 ppm
concentration.

To study the degradation of MB using UV light, a UV source-UV tube (UV-
C) of 11W (PHILIPS) was placed 15 cm above the solutions inside the orbital shaker.
The experiments were carried out under UV light, in a similar manner as mentioned
above, for 15 h, for 10 ppm and 20 ppm concentration of MB solutions for each of the
membrane samples. The dye removal by the membranes was evaluated in terms of %

rejection, which was calculated using the formula
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C
% Rejection = <1 - C—p> x 100 ......... eqn 4.2
f

where, C; (mg/mL) and Cr (mg/mL) are the initial and final concentrations of MB in

the aqueous solutions.

4.4 RESULTS AND DISCUSSIONS
4.4.1 Characterization of S-TiO; nanoparticles

The FTIR spectra of S-TiO, and TiO, are shown in Figure 4.2. Broad peak
around 3200 cm™ and peak at 1642 cm™ is due to the stretching vibrations of surface
hydroxyl group and adsorbed water (Pereira et al. 2015). The peak at 1399 cm™ is due
to the stretching frequency of S=O bond and two peaks at 1130 cm™ and 1045 cm™
correspond to the characteristic frequencies of SO,* (Gambhire et al. 2011,
Krishnakumar and Swaminathan 2011). These peaks are not found in TiO,. Bands in
the lower wavelength region ranging from 600-1000cm™ can be ascribed to the Ti-O-
Ti vibration (Gambhire et al. 2011).
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Figure 4.2 FTIR spectra of S-TiO, and TiO;
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The EDX spectrum of S-TiO, is given in Figure 4.3 which shows the
presence of sulfur in the sample (Krishnakumar and Swaminathan 2011). The
presence of sulfur in S-TiO, was also analysed by elemental mapping of S-TiO,
(Figure 4.4).

001

2440

21

130

150

120

CF8

o0

= — TiK3g

—! TiKh

15Kb

&0

oifcd T TiLa

— 5K

30

b

000 1.0¢ 1.00 5.00 4.00 5.00 5.00 T.00 .00 .00 10,00

Ke¥

Figure 4.3 EDX spectrum of S-TiO;
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Figure 4.4 Elemental mapping of S-TiO, showing the presence of Sulfur (S), Oxygen
(O) and Titanium (Ti) in the sample

Figure 4.5 shows the TEM images of TiO, and S-TiO, nanoparticles. The
nanoparticle diameters were found to range from 20 to 30 nm. The morphology of the
TiO, nanoparticles which is spherical in shape (Figure 4.5 A) turned to somewhat
oval shape after sulfation (Figure 4.5 B), which may be due to the result of action of

sulfuric acid treatment during sulfation (Krishnakumar and Swaminathan 2011).
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Figure 4.5 TEM Images of A) TiO,and B) S-TiO,

4.4.2 Membrane characteristics
4.4.2.1 Membrane morphology

The cross sectional images of the membranes are shown in Figure 4.6 and
Figure 4.7. The SEM images display the typical asymmetric structure of membranes
having dense top layer, porous sublayer and macrovoids at the bottom. With the
addition of S-TiO, to the membranes, change in morphology of the membranes is
observed.

The porous nature of the membranes was found to increase with the addition
of S-TiO, and was maximum for S-2.0 membrane whereas, the pristine membrane S-
0, which did not contain any S-TiO, had very less pores in it. Except for the
membranes S-0, S-0.05, the porous nature was also observed in the skin layer of the
membranes. The addition of S-TiO, has resulted in imparting significant change to the
morphology of the membranes. The addition of S-TiO, decreases the thermodynamic
stability of the system. This leads to the rapid demixing between the solvent and non
solvent which results in enhanced porosity of the membranes (Rabiee et al. 2014,
Zhang et al. 2013). It can also be noted that, the macrovoids which were prominent in
the pristine, S-0 and S-0.05 membranes, were suppressed and were almost
disappearing in the S-1.5, S-2.0 membranes, where the concentration of S-TiO, was
higher. Similar results were also observed, when TiO, was added to the polysulfone
membranes (Yang et al. 2007).
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Figure 4.6 SEM cross sectional images of membranes a) S-0 b) S-0.05 c) S-0.5
(A, B, C are magnified images of a, b, c respectively)
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Figure 4.7 SEM cross sectional images of membranes d) S-1.0 e) S-1.5f) S-2.0 (D, E,
F are the magnified images of d, e, f respectively)

As observed in SEM images (Figure 4.7 E, F), the membranes at higher
concentrations, which contained 1.5 and 2.0 wt. % of S-TiO,, showed the presence of
S-TiO; in the membrane pores. Also some of the S-TiO; nanoparticles at 2.0 wt. %,
were found to form large aggregates and hence blocking the pores, as displayed in the

magnified image (Figure 4.7 F-1) of S-2.0 membrane.
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4.4.2.2 Porosity and Water Uptake of membranes
The porosity and water uptake of the membranes is given in Table 4.1. It is

observed that, the porosity of the membranes increases with the addition of S-TiO,.
The presence of hydrophilic S-TiO, would facilitate the formation of pores. Hence as
the concentration of S-TiO, in the membranes increases, more number of pores would
be formed, resulting in higher porosity of the membranes.

The water uptake of the membranes was in the order S-0<S-0.05<S-0.5<S-
1.0<S-1.5<S-2.0 (Table 4.1) i.e., as the concentration of S-TiO; in the membranes
increased, the water uptake also increased. Water uptake by the membranes depends
on membrane porosity. As the porosity of the membranes increases, water uptake

ability of the membranes also increases.

Table 4.1 Porosity and Water Uptake of membranes

Membranes | Porosity (%) | Water Uptake (%)
S-0 11.6 23.3
S-0.05 15.3 29.2
S-0.5 23.6 33.9
S-1.0 25.4 36.8
S-15 27.9 40.3
S-2.0 31.3 47.2

4.4.2.3 Mechanical strength analysis
Tensile strength and elongation at break are two important criteria which

decide the mechanical stability of the membranes (Shi et al. 2012). As seen in Table
4.2, the tensile strength and elongation at break of the membranes increased with the
increase in S-TiO,, from 12.29 MPa (S-0) to 23.59 MPa (S-2.0) and 111.43% (S-0)
to 123.63% (S-2.0) respectively. The improvement in mechanical property is be due
to TiO, which is known to have good mechanical stability and also due to the good
dispersion of S-TiO; in the membrane matrix, which causes strong interaction

between S-TiO, and polymer matrix (Abdal-hay et al. 2014). Also the presence of S-
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TiO, suppresses the formation of macrovoids, thus improving the mechanical

properties of the membranes (Shi et al. 2012).

Table 4.2 Mechanical Properties of membranes

Membranes Tensile Strength (MPa) Elongation at break (%)
S-0 12.29 111.43
S-0.05 15.59 111.95
S-0.5 19.86 114.55
S-1.0 20.96 121.40
S-1.5 21.38 123.63
S-2.0 23.59 131.40

4.4.2.4 AFM analysis

The two-dimensional and three dimensional AFM images of the selected

membranes, S-0, S-1.0 and S-2.0 membranes are shown in Figure 4.8. The addition of

S-TiO; into the membranes induced changes on the membrane surface. The neat S-0

membrane which did not contain any S-TiO, nanoparticles appeared to be rough

whereas the surface roughness was found to decrease with the addition of S-TiO.,.

This was confirmed by the surface roughness parameters observed for the membranes

(Table 4.3) which is expressed in terms of mean roughness (R,) and root mean square

roughness (Ry).

Table 4.3 Surface roughness parameters of membranes

Surface roughness parameters

Membranes Ra (nm) Ry (nm)
S-0 11.8 16.4
S-1.0 10.6 12.6
S-2.0 8.10 10.5
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Figure 4.8 Two-dimensional scans of A) S-0, B) S-1.0 and C) S-2.0 membranes and
three dimensional scans of D) S-0, E) S-1.0 and F) S-2.0 membranes

4.4.2.5 Contact Angle of membranes
Contact angle is used to determine the hydrophilicity and wetting ability of

membrane surface. The contact angle of neat PSf membrane (S-0) was about 70°,

whereas S-TiO, containing membranes showed lower contact angle. With the addition
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of S-TiO,, the contact angle of the membranes decreased, indicating that the
hydrophilicity of the membranes is elevated by the addition of S-TiO,. The contact
angle was least (60°) for S-1.0 membrane with S-TiO, content of 1.0 wt. %, and
thereafter for S-1.5 and S-2.0 membranes, the contact angle slightly increased. This
may be due to the reason that at 1.5 and 2.0 wt. %, the high content of S-TiO, would
block the membrane pores, resulting in higher contact angle. However S-1.5 and S-2.0
membranes were more hydrophilic than the neat PSf (S-0) membrane as shown in
Figure 4.9. Figure 4.10 shows the images of the contact angles measured on the

membrane surfaces.
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Figure 4.9 Contact Angle of the membranes
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Figure 4.10 Images of contact angles measured on membrane surfaces

Angle = 60.25
Base Width = 3.783E-

4.4.2.6 Water Permeability of membranes
The time dependent pure water flux of the membranes is shown in Figure

4.11. The water permeability of the nanocomposite membranes was superior when
compared with the pure PSf membrane. The PWF of the membranes increased with
the increase in S-TiO, content, especially after 0.05 wt.% of S-TiO, content. When
the S-TiO, content was 2.0 wt.%, the pure water flux reached maximum of about 6.37
L/m?h which is nearly 12 times higher than that of S-0 membrane (Zhang et al. 2012).
The increase in flux is due to the lower membrane resistance offered by the thinner
skin layer and higher porosity (Peng et al. 2010). The improvement in membrane
hydrophilicity with S-TiO, will also facilitate the diffusion of water through the
membrane (Huang et al. 2013). Water flux of the membranes also depends on the
morphology of the membranes. As shown in SEM images of the membranes (Figure
4.6 and 4.7), the internal structure of the membranes changed from closed structure to
well interconnected pores, resulting in improving the water flux (Qin et al. 2015).

The PWF of the membranes vs. pressure is shown in Figure 4.12. The pure

water flux of all the membranes increased with the increase in applied pressure. This
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is because, the driving force for the permeation of pure water through membranes is

enhanced by the increase in transmembrane pressure.
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Figure 4.12 Pure water flux vs. pressure

4.4.2.7 Antifouling nature of membranes
Figure 4.13 shows the time dependent flux behavior of the membranes during

BSA filtration along with the water flux before and after the BSA filtration. As
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observed in Figure 4.13, the initial flux for 30 minutes refers to the pure water flux.
For next 30 minutes the flux given is with respect to the BSA filtration. The flux of
the membranes during BSA filtration was much lower than that of the pure water flux.
This is due to the reason that, the BSA molecules present in the feed solution get
adsorbed or deposit on the membrane surface resulting in partial blocking of the
pores, thus resulting in lower flux (Kumar et al. 2013, Peng et al. 2010).

After the BSA filtration, the membranes were washed thoroughly and the
water flux was measured again (Zhao et al. 2015). Here we observe an increase in
flux, which implies that BSA molecules were removed from membrane surface during
washing, which results in good flux recovery. Depending on the obtained flux value,
FRR value for each of the membranes was calculated in order to evaluate the
antifouling ability of the membranes. FRR is the measure of antifouling nature of the

membranes. Higher the FRR value, better is the antifouling nature of the membranes.
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Figure 4.13 Flux of the membranes during BSA filtration
Figure 4.14 shows the FRR values of the membranes. FRR value is least for S-
0 membrane which is about 76%, whereas for the nanocomposite membranes, FRR
increased with the S-TiO, content and reached maximum of 93% for S-2.0 membrane.

The presence of sulfated nano TiO, weakened the interaction between the membrane
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surface and BSA molecules. Also high FRR value indicated that, the adsorbed BSA

molecules on the membrane surface were removed during hydraulic cleaning.
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Figure 4.14 Flux Recovery Ratio (FRR) of membranes

The antifouling nature of the membranes was supported by the AFM results.
From AFM measurements it was found that the membranes containing S-TiO;
nanoparticles were smooth (Figure 4.8, Table 4.3). Lower the surface roughness of the

membranes, higher would be the antifouling nature of the membranes (Razmjou et al.

2011).
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Figure 4.15 BSA Rejection % by the membranes
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The BSA rejection % by the membranes is shown in Figure 4.15. The
rejection properties of all the nanocomposite membranes except neat PSf membrane
were almost same. The rejection % of BSA by the neat PSf membrane (S-0) was 88%
and the rejection % of all the nanocomposite membranes was 99%. Since the BSA
molecules were larger in size than the pore size of the membranes, almost all the BSA

molecules were rejected by the membranes.

4.4.2.8 Dye Removal by membranes
Figure 4.16 and Figure 4.17 shows the MB rejection by the membranes under

dark and UV conditions at 10 ppm and 20 ppm MB concentrations respectively. The
membranes showed a maximum rejection of 90.4% at 10 ppm concentration of MB
under UV radiation, whereas the neat PSf membranes showed lowest rejection of 13.3

% at 20 ppm of MB concentration.

I Under UV radiation

100 4
I Under dark condition

% Rejection

S-0 S-0.05 S-0.5 S-1.0 S-1.5 S-2.0

Membranes
Figure 4.16 MB dye rejection by the membranes at 10 ppm
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Figure 4.17 MB dye rejection by the membranes at 20 ppm

It can be seen that, the MB rejection increased with the increase in S-TiO,
content in the membranes and was found to be least for the PSf membranes. The MB
dye removal by the membranes takes place by two mechanisms, i.e., by adsorption

and photodegradation (Mozia et al. 2007).
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Figure 4.18 Adsorption of MB on the membrane surface under dark conditions (a, b,
¢, d, e and f are membrane pieces of S-0, S-0.05, S-0.5, S-1.0, S-1.5and S-2.0

respectively)
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The dye removal by adsorption is as follows. Due to the presence of SO4-
TiO,, the membrane is negatively charged. Since MB is a cationic dye, it can easily
get adsorbed on the membrane surface by electrostatic interactions (Li et al. 2011).
Hence the retention of MB by the membranes is due to the adsorption of MB on the
membrane surface and in the pores (Fradj et al. 2014). The adsorption of MB on the
membrane surface is shown in the Figure 4.18 and Figure 4.19. It is seen that, the
membranes changed from white to blue when immersed in MB solution and also as
the S-TiO; content in the membranes increases, the adsorption also increases (Zheng
et al. 2009). This is because, more adsorption sites are available at higher content of
S-TiO,. The adsorption of MB on the membrane surface was confirmed by elemental

mapping of Nitrogen (element which is present in MB) as shown in Figure 4.20.
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Figure 4.19 Adsorption of MB on the membrane surface under UV (a, b, c, d,
e and f are membrane pieces of S-0, S-0.05, S-0.5, S-1.0, S-1.5 and S-2.0

respectively)
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Figure 4.20 Elemental mapping of N for adsorption of MB on the membrane surface
(A, B are surfaces of S-0 membrane after adsorption at 10 ppm and C, D are the

surfaces of S-2.0 membrane after adsorption at 20 ppm)

Comparing dye rejection in Figure 4.16 and Figure 4.17, it can be noted that
the increase in MB concentration from 10 ppm to 20 ppm results in fall of dye
rejection by the membranes. MB being a cationic dye, present in the solution get
adsorbed on the membrane surface and neutralize the negative charge present on the
membrane surface. Hence the available adsorption sites on the membrane surface for
MB becomes gradually less and also the electrostatic force of attraction between the
membrane surface and MB is gradually weakened (Mozia et al. 2007). Hence the
possible interaction between MB and membrane surface is reduced at higher
concentration of MB. Therefore the rejection of MB by the membranes was low at
higher concentration. Figure 4.21 shows rejection of MB by the membranes with

reference to the color of the solutions.
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Figure 4.21 Rejection of MB by membranes at 10 ppm (A, B, C, D, E and F are the
solutions of MB after the rejection by the membranes S-0, S-0.05, S-0.5, S-1.0, S-1.5
and S-2.0 respectively)

The dye removal by the membranes by photodecomposition takes place as
follows. During the photodecomposition, MB degradation occurs mainly due to the
hydroxyl radical (OH). TiO, is a photo catalyst, which when photoexcited at a
wavelength below 380 nm, the photons excite the electrons (e) from valence band to
the conduction band, leaving behind the holes (h*) in the valence band. The holes
react with water or hydroxide ions producing hydroxyl radical, which degrade MB
(Mohamed and Al-Esaimi 2006). But in TiO,, photocatalytic activity is limited due to
the recombination of electrons and holes resulting in low photo efficiency (Zhan et al.
2014). In sulfated TiO,, the presence of SO4* improves the photocatalytic efficiency
and hence intern increases the MB degradation. The sulfation of TiO, in S-TiO,
results in strong acidity giving rise to Lewis acid sites or electron deficient sites. They
act as electron trap for photogenerated electron, thereby increasing the life time of
‘OH radical resulting in enhanced photocatalytic activity (Mohamed and Al-Esaimi
2006, Zhan et al. 2014). Also the acidified surface in S-TiO,, on calcination, would
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lead to the generation of oxygen deficiency, which again serve as capture centers for
photoexcited electrons. This hinders the recombination of electrons and holes, while
the surrounding hydroxyl groups react with photoexcited holes to generate OH
radicals, which are the main oxidants in MB degradation (Gambbhire et al. 2011, Zhan
et al. 2014).

4.5 CONCLUSIONS
Sulfated-TiO, (S-TiO,) can be used as effective additives to Polysulfone (PSf)

membranes to improve the properties of membranes in terms of hydrophilicity,
porosity, water uptake and water flux. PSf membranes with S-TiO, exhibited good
antifouling nature. The improvement in properties of PSf membranes depend on the
concentration of S-TiO, in the membranes. Higher the S-TiO, content, better is the
performance of the membranes. However at higher concentration i.e. at 1.5 wt.% and
2.0 wt.% of S-TiO,, aggregation of nanoparticles in the membranes is observed,
which may hinder the performance of the membranes to some extent. The synthesized
membranes can be used effectively for the removal of BSA molecules, with rejection
of 99%. The PSf-S-TiO, membranes are more effective in MB dye removal under UV
irradiation. The MB dye removal by the membranes increased with S-TiO, content in
the membranes and S-2.0 membrane showed highest rejection of 90.4% at 10 ppm
concentration of MB under UV radiation. This approach showed that polysulfone-S-
TiO, membranes displayed good efficiency for dye removal and can be effectively

used for the removal of MB dye from aqueous solutions under suitable conditions.
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Abstract

This chapter explores the addition of nano TiO, and nano SiO; in the PSf
membranes. The chapter further presents the modification of these nanomaterials
(nano-TiO, and nano SiO;) with —NH, groups, which is achieved using 3-
Aminopropyltriethoxysilane (APTES). The effect of presence of amine groups in the
membranes on the membrane performance in terms of morphology, contact angle,
surface topography, permeability and antifouling ability is presented. The membranes
were also used for heavy metal ion rejection which showed a maximum rejection of

75.6% for Cd** metal ions.

5.1 INTRODUCTION
In the recent years, nanocomposites have gained lot of attention from both

academics and industries, due to its better mechanical, flow property, alteration in
electrical conductivity and thermal properties changing also the physical appearance
and minimizing the cost. In order to improve polymer membrane properties, many
researches in nanocomposite have been extended into various polymer systems. The
enhancement in properties can be due to the nanoscale structure effects and the
interaction between the inorganic materials and organic polymers (Lokesh et al.
2008). Many nanoparticles have been introduced to modify organic membranes, such
as Si0,, Zn0O, Fe304, SN0, and TiO,. Addition of inorganic particles into membranes,
in relation to modification of polymeric membranes for enhancing its hydrophilic
character, has been successfully proved to reduce the membrane fouling. When
hydrophilic nanoparticles particles are added in the membrane matrix it increases
hydrophilicity of the polymer membrane and enhances the water permeability while
mitigating the membrane fouling simultaneously (Martin et al. 2015).

Titanium dioxide (TiOy) is a very important nanomaterial used in industry. It
has been extensively used in paints, cosmetics, photocatalysis and photocatalyst
supports (Cheng et al. 2014). Surface modification of SiO, or TiO, nanoparticles can
be achieved by chemical or physical methods. When chemical processes are applied,
various organic or inorganic compounds of low molecular weight are preferred. The
most common modifying agents are silane promoters terminated with functional

groups. The —OH group present on the surface of SiO,/TiO, allow to bond covalently
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with different trialkoxyorganosilanes which are functionalized with amine (-NH>)
groups. The amine surface modification results in high yield and uniform distribution

of nanoparticles (Gradzik et al. 2011).
02H5_O

C,Hs—— O0—Si (CHZ) NH,
3

CoHs——O
3-Aminopropyltriethoxysilane (APTES)
Figure 5.1 Structure of 3-Aminopropyltriethoxysilane (APTES)

3-Aminopropyltriethoxysilane (APTES) has terminal amine group on the
propyl chain (Figure 5.1). It is widely used as a coupling agent for attaching the
organic molecules on to hydroxylated SiO; or TiO; (Cheng et al. 2014). The APTES-
modified TiO, and SiO, nanoparticles can be synthesized in a simple method at a low
reaction temperature.

Gradzik et al. (2011) modified TiO, and SiO, nanoparticles using different
molecules, where APTES was one among them, in order to reduce the agglomeration
of nanoparticles. The modification was confirmed by FTIR and UV-Vis spectroscopy.
The best results were obtained when APTES in methylizobutylketone was used as the
modifying agent.

Cheng et al. (2014) modified commercially available TiO, nanoparticles with
APTES and then deposited them on to the surface of paper sample by dip coating
method in water. The presence of terminal -NH, groups in APTES modified TiO,
contributed to the attachment of TiO, onto the surfaces of fibers of paper samples.
Thus the APTES modified TiO, coated paper exhibited high stability towards UV-
illumination.

Martin et al. (2015) synthesized SiO, nanoparticles and functionalized them
with amine and carboxylic groups. The amine fictionalization was done using
APTES. The functionalized SiO, were in corporate into PES membranes. Membrane
functions such as water permeability and antifouling property enhanced in the

presence of amine and carboxylic groups.
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In the present research work, commercially available TiO, and SiO;
nanoparticles were modified using silane coupling agent, in order to have amine
groups on TiO, and SiO,. The effect of addition of TiO, and SiO, and their aminated
forms on the membrane performance was analyzed. The synthesized nanocomposite

membranes were also used for the rejection of Cadmium metal ions.

5.2 EXPERIMENTAL
5.2.1 Materials

Polysulfone (PSf) having molecular weight of 35,000 Da, TiO, and SiO,
nanoparticles was purchased from Sigma Aldrich Co., Bangalore, India. Bovine
Serum Albumin (BSA) was obtained from Central Drug House (CDH), New Delhi.
N-methyl-2- pyrrolidone (NMP) was purchased from Merck India, Ltd. 3-
Aminopropyl Triethoxy Silane (APTES), (CgH23NO3Si) was purchased from
Spectrochem Pvt. Ltd. Mumbai (India). Cadmium nitrate tetrahydrate was purchased

from Sigma-Aldrich Co., Bangalore, India.

5.2.2 Modification of TiO, and SiO, nanoparticles
The modification of TiO, and SiO, nanoparticles were carried out following a

reported literature (Razmjou et al. 2011). 1 g of TiO, was dispersed in 50 mL of
ethanol under N, atmosphere. The solution was sonicated for 30 min at a frequency of
40 kHz for uniform dispersion. Then the silane coupling agent, APTES (3 mL) was
added drop wise to the mixture under N, atmosphere. The solution was stirred for 2 h
at 65°C. The modified TiO, nanoparticles were separated from the solution using
centrifuge. The aminated TiO, (A-TiO;) nanoparticles were washed several times
using ethanol and were dried in oven at 80°C for 24 h vyielding 0.9 g of APTES
modified TiO; (A-TiO,).

The modification of SiO, using APTES, was carried out in a similar manner,

where instead of TiO,, SiO, nanoparticles were used.

5.2.3 Preparation of membranes
The membranes were prepared by phase inversion method. For neat PSf

membrane, 20 wt.% of PSf was dissolved in NMP under stirring. For the

nanocomposite membranes, the nanoparticles were first added to NMP. The solution
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containing nanoparticles was sonicated for 15 min for their uniform dispersion and
then kept under stirring. Then 20 wt.% PSf was added to the same dispersion and
stirred for 6 h at 70°C. After the complete dissolution of PSf, the casting solution was
sonicated for 15 min and left still for 30 min to remove any trapped air bubbles. The
solution was then casted on to the glass plate and dipped in the water coagulation bath
for 24 h for the phase inversion to occur. The concentration of nanoparticles was fixed
to 1.0 wt.% for all the membranes. The composition of the membranes is given in
Table 5.1.

Table 5.1 Composition of the membranes

Membrane | PSf (wt. %) Nanoparticles added Wt. % of NMP
Codes nanoparticles (wt. %)
added

P 20 - - 80
P-T 20 TiO; 1.0 79
P-AT 20 Aminated TiO, (A- TiOy) 1.0 79
P-S 20 SiO; 1.0 79
P-AS 20 Aminated SiO, (A- SiOy) 1.0 79

5.3 CHARACTERIZATION
5.3.1 Characterization of aminated TiO, and aminated SiO,

The modification on TiO, and SiO, by APTES was confirmed by FTIR. FTIR
spectra were recorded from SHIMADZU ATR-FTIR spectrophotometer in the range
of 4000-600 cm™.

5.3.2 Characterization of membranes
The cross sectional morphology of the membranes was studied using SEM.

The samples for SEM were prepared as explained earlier in section 2.3.3.1 of
CHAPTER 2.
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The surface hydrophilicity and water uptake capacity of the membranes was
evaluated following the procedures mentioned in sections 2.3.3.2 and 2.3.3.3 of
CHAPTER 2.

The permeation properties and antifouling ability of the synthesized
membranes were tested by calculating the PWF and FRR values as described in
sections 2.3.3.4 and 2.3.3.5 of CHAPTER 2.

The surface topography of the membranes was analyzed using AFM. The
samples were imaged in tapping mode following similar methods mentioned in
section 3.3.2.2 of CHAPTER 3.The PWF and BSA flux was measured at 0.6 MPa
TMP.

The heavy metal ion rejection by the membranes for the metal ion Cd** was
evaluated. The heavy metal ion feed solutions of Cd** was prepared at a concentration
of 1000 ppm. These solutions were filtered individually through the membranes at 0.6
MPa TMP and the permeate was collected. The % rejection for Cd** by the
membranes was calculated using the equation 2.5 of section 2.3.3.6 in CHAPTER 2.
The concentration of metal ions in the feed and permeate solution was analyzed using

Atomic Absorption Spectrophotometer (GBC 932 Plus).

5.4 RESULTS AND DISCUSSIONS

5.4.1 FTIR analysis

— A-SiO,
v\/_m

Si0,

% Transmittance

4000 3500 3000 2500 2000 1500 1000

Wavenumber (cm_l)

Figure 5.2 FTIR spectra of SiO, and A-SiO,
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The FTIR spectra of SiO, and aminated SiO, (A-SiO,) is shown in Figure 5.2.
In IR spectrum of SiO, a broad band appeared between 3000 and 3600 cm™, which is
due to the —OH stretching of silanol groups (Arantes et al. 2012). Peak at 1640 cm™ is
due to the presence of adsorbed water molecules on silica. The characteristic intense
band of SiO, appeared from 1200-1000 cm™ which can be ascribed to the asymmetric
stretching vibrations of siloxane (Si-O-Si) (Kim et al. 2012). Peak at 950 cm™ and in
the range of 800-700 cm™ can be assigned to the Si-OH stretching and symmetric
stretching vibrations of siloxane (Si-O-Si) of SiO;, respectively (Kim et al. 2012, Tsali
etal. 2011).

—TiO,

% Transmittance

4000 3500 3000 2500 2000 1500 1000
Wavelength (em™)
Figure 5.3 FT-IR spectra of TiO, and A-TiO,

Figure 5.3 displays the FTIR spectra of TiO, and aminated TiO,. In IR
spectrum of TiO,, intense peak between 3500 and 3000 cm™ appeared due to the
surface hydroxyl group and small peak at 1640 cm™ is due to the adsorbed water on
TiO, (Gradzik et al. 2011). Band from 600-1000 cm™ is ascribed to the Ti-O-Ti
vibrations of TiO, (Pereira et al. 2015). In A-TiO,, apart from the above mentioned
peaks, new absorption peaks appeared (Oh et al. 2007). Peak at 2923 cm™ is assigned
to the C-H bond stretching of alkyl groups in APTES (Cheng et al. 2014). New band
at 1540 cm™ is ascribed to the N-H bending vibration of —NH, groups from

aminosilane (Gradzik et al. 2011).
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5.4.2 Characterization of membranes

5.4.2.1 Morphology of membranes

a

------------------------

450 SOnm 0000 18

Figure 5.4 SEM cross sectional morphology of the membranes a) P b) P-T c) P-AT d)
P-S e) P-AS (A, B, C, D and E are magnified images of a, b, ¢, d and e)

The SEM cross sectional morphology of the membranes is shown in Figure
5.4. The morphology of the synthesized membranes was studied in order to observe
any possible differences in the internal structure of the membranes due to the addition
of nanoparticles. All the membranes exhibited typical asymmetric structure with skin
layer at the top, dense porous structure and macrovoids at the bottom. However the
macrovoids reduced on addition of TiO, and SiO, in the membranes. On addition of

Department of Chemistry 101



Chapter 5

A-TiO; and A-SiO, to the membranes, the macrovoids almost disappeared and long
finger like projections became more prominent. Also in the case of membranes
containing aminated TiO; and aminated SiO,, even the skin layer appeared porous in
nature. This contributed to the improved water flux by the membranes as observed in

the permeation studies of the membranes.

5.4.2.2 Contact angle and water uptake of membranes
The surface hydrophilicity of the membranes was assessed by contact angle

measurement. The neat PSf membrane showed a contact angle of 70.7° due to its
hydrophobic nature (Figure 5.5). The hydrophilicity of the membranes increased on
addition of nanoparticles, where the membranes P-T and P-S containing nano TiO,
and nano SiO, showed contact angles of 62.4° and 65.08° respectively. The
hydrophilicity of the membranes increased even more on amination of TiO, and SiO,.
The membranes containing aminated TiO, and aminated SiO, had lower contact
angles than their corresponding amine free nanocomposite membranes. This may be

attributed to the presence of hydrophilic -NH, groups.
80
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Membranes

Figure 5.5 Contact angle of membranes

The water uptake of the membranes is given in Figure 5.6. The P-S and P-AS
membranes had higher water uptake capacity. This is because water uptake by the

membranes depends on the membrane porosity. From SEM images it was clearly seen
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that P-S and P-AS membranes exhibited more porous nature than all other

membranes.
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Figure 5.6 Water Uptake by membranes

5.4.2.3 Surface Topography of membranes

The surface topography of membranes was analyzed by AFM studies. The
effect of addition of nanoparticles on membrane surface roughness is shown in Figure
5.7 and Figure 5.8. The membrane surface roughness reduced with the addition of
nanoparticles. The mean surface roughness (R,) reduced from 16.1 nm for neat PSf
membrane to nearly 7 nm for the nanocomposite membranes (Table 5.2). It is well
known that membrane with lower membrane roughness will have better antifouling
abilities. This is because the foulants are likely to adsorb on course and rough surfaces
than smoother surfaces. Therefore the synthesized membranes having lower

roughness had higher FRR values as shown in the Figure 5.10.
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Figure 5.8 Three dimensional AFM images of D) P-S E) P-AS
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Table 5.2 Surface roughness of membranes

Membranes Roughness Parameters

Ra (hm) Rq (nm)
P 16.1 20.4
P-T 8.19 10
P-AT 7.02 8.67
P-S 1.24 9.24
P-AS 7.82 9.79

5.4.2.4 Permeability of membranes

Pure Water Flux (L/mzh)

12
=—P
® P-T 4 P-AT
N . —v— P-S—<— P-AS
T A A A A A A A A a
{4 &=a-—_gq e
; B e S B s e |
VY —y )
6 Vv v vy v v v vv v
4 -
24 " B 5 5 =2 3 ®m ®m = ®B = =
0 T T T T T T
0 10 20 30 40 50 60

Time (min)

Figure 5.9 Pure Water Flux of the membranes

Figure 5.9 shows the PWF of the membranes. The neat polysulfone membrane

showed very low water flux when compared with the nanocomposite membranes. The

PWF of the nanocomposite membranes was nearly 4 times more than that of neat PSf

membrane. Among the nanocomposite membranes, membranes containing modified

nanoparticles, i.e. aminated TiO, and aminated SiO, showed higher flux values than

the membranes containing their amine free forms. This may be due to the presence of

more pores in the skin layer of P-AT and P-AS membranes and also due to the

elongated pores which facilitate the water permeation through the membranes. Also
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the presence of -OH and amine groups on aminated TiO, and aminated SiO,, would

help in improving the water flux, by improving the hydrophilicity of the membranes.

5.4.2.5 Antifouling property of membranes
The flux of the membranes during BSA filtration is shown in Figure 5.10. As

expected, the BSA flux of the membranes was lower than that of the corresponding
PWF of the membranes. After the BSA flux, membranes were thoroughly washed
with water to remove any loosely attached foulants on the membrane surface. To
quantify the membrane fouling, FRR of the membranes was calculated. Figure 5.11
shows the FRR values for the membranes. It is seen that nanocomposite membranes
had higher FRR values, where the membranes P-AT and P-AS showed maximum
FRR of 91% and 88% respectively. This also may be due to the reduced membrane

roughness when compared with the pristine membranes (Table 5.2)
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Figure 5.10 BSA Flux of the membranes
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Figure 5.11 % FRR of the membranes

5.4.2.6 Heavy metal ion rejection by membranes
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Membranes
Figure 5.12 Heavy metal ion rejection by the membranes for Cd** metal ions

The heavy metal ion rejection by the membranes for Cd®* is shown in Figure
5.12. The nanocomposite membranes showed better rejection than the pristine
membrane. The maximum rejection by the membranes for Cd** was shown by P-AT
and P-AS membranes which exhibited a rejection of 72% and 75.6% respectively.
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This is due to the presence of amine groups in the membranes where the Cd** metal
ions have tendency to chelate with the -NH, groups present on the membranes, hence

contributing towards higher rejection.

5.5 CONCLUSIONS
In this chapter, nano TiO, and nano SiO, were used as additives into the

polysulfone membranes. Nano-TiO, and nano-SiO, were functionalized with amine
groups using APTES, which was confirmed by FTIR. Addition of TiO; and SiO,
improved the properties of PSf membranes. However both nano TiO, and nano SiO,
showed similar effects on membrane performance. The aminated forms of nano-TiO,
and nano-SiO, further improved the membrane performance in terms of permeation,
antifouling ability and hydrophilicity. The membranes containing aminated
nanocomposites, P-AT and P-AS showed rejection of 72% and 75.6% for Cd** metal

ions.
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Abstract

This chapter explores the preparation of PSf hollow fiber membranes with
PANI-TiO, nanocomposites as additives. The chapter gives insight as how PANI-TiO,
and the air gap distance during fabrication affect the properties and performance of
the membranes. The synthesized hollow fiber membranes can also be used as a
potential candidate for the dye removal, showing maximum rejection of 81.5% and

96.5% for Reactive Black-5 and Reactive Orange 16 respectively.

6.1 INTRODUCTION
Membrane separation methods using hollow fiber membranes is one among

the emerging technologies in the past few decades (Feng et al. 2013). Hollow fiber
membranes have been used for several applications such as waste water treatment,
dye rejection, gas separation etc, due to their selectivity and good productivity (Chen
et al. 2015, Feng et al. 2013). Hollow fiber membranes have been preferred over other
membrane configurations due to their high membrane surface area to module volume,
mechanical property and easy handling (Chen et al. 2015). Immersion precipitation
process provides asymmetric hollow fiber membranes which are used for separation
process and also exhibit characteristic features more advantageous than flat sheet
membranes (Tsai et al. 2006). The main advantages of hollow fibers over flat sheet
membranes are high productivity per unit volume and self supporting nature of hollow
fibers. The high productivity is due to the high surface area to volume ratio of the
hollow fibers. Since the hollow fibers are self supporting, it simplifies the fabrication
of the permeation cell whereas the flat sheet membranes require spacers or porous
supports during permeation (Chanda and Roy 2008, Khulbe et al. 2007).

Polysulfone (PSf) is one among the excellent polymeric materials used for
hollow fiber membrane fabrication (Korminouri et al. 2015). The properties of the
hollow fiber membranes can be tailored through surface modification techniques such
as polymer coating, photo grafting, using plasma etc. (Macanas et al. 2010). Hollow
fiber membranes with additives are being fabricated in order to have required
membrane morphology and desired properties (Chen et al. 2015). Adding inorganic

nanoparticles into the polymer dope solution to prepare nanocomposite hollow fiber
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membranes has been an interesting approach to improve separation properties, having
advantages of both nanoparticles and organic membranes and also due to its simple
operation process. Preparation of polyaniline (PANI) composites with inorganic
nanoparticles has gained attraction in the recent years to improve the activity (Salem
et al. 2009). PANI-TiO, nanocomposites exhibit properties which are combined of
PANI and TiO,, which are otherwise difficult to achieve with individual components
(Salem et al. 2009).

Dyes have been extensively used in textile industries and has become a source
of water contamination (Salem et al. 2009, Wei et al. 2013). Reactive dyes are usually
found in higher concentrations in textile industry effluents due to their low degree of
fixation to fibers such as cotton, viscose (Mondal and De 2016). There are various
reports in the recent years where PANI-TiO, nanocomposites are effectively used for
dye removal. Liu et al. (2014) prepared PANI coated TiO,/SiO, nanofiber
membranes, which were used for the degradation of methyl orange dye. The
membranes showed enhanced photocatalytic activity under visible light due to the
synergetic effect of TiO, and PANI. Debnath et al. (2015) synthesized PANI coated
TiO, nanocomposite and was used as a catalyst for photodegradation of Eosin Yellow
(EY) and Naphthol blue black (NBB) dye. The catalyst showed 99.85% and 99.74%
degradation for EY and NBB dyes respectively under optimum conditions. Jeong et
al. (2014) prepared PANI-TiO, nanocomposites and were used for antibacterial
activity and for photocatalysis of Methylene Blue (MB) dye under visible light. The
synergy between PANI and TiO, contributed towards higher charge separation in turn
enhancing MB degradation.

In this research, polysulfone nanocomposite hollow fiber membranes where
prepared with PANI-coated TiO, nanotubes as additives. Hollow fibers were
fabricated with different concentration of PANI-TiO, nanocomposites and their effect
on the performance of the membranes was evaluated. The air gap distance was also
varied during membrane fabrication and its effect on membranes was evaluated. The
hollow fiber nanocomposite membranes were investigated for rejection of reactive
dyes namely Reactive Black 5 (RB-5) and Reactive Orange 16 (RO-16).
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6.2 EXPERIMENTAL

6.2.1 Materials
Polysulfone (PSf Udel-P3500), TiO, nanoparticles, aniline (99.5%) were

purchased from Sigma Aldrich Co. Bangalore, India. Bovine Serum Albumin (BSA),
Reactive Black 5, Reactive Orange 16 were purchased from Sigma Aldrich Co.
Malaysia. N-methyl-2-pyrrolidone (NMP) was purchased from Merck Malaysia, Ltd.
Ammonium peroxydisulfate (APS) was purchased from Central Drug House (CDH),
New Delhi. Hydrochloric acid (HCI) was purchased from Merck India, Ltd.

0] 0

Il Il
NaO4SH2CH2C—ﬁON:N SO3Na NaO4SH2CH2C—ﬁON:N SO3Na
0 0

HO HO
H,N
0 ? O @)
I I
Nao4SHZCHzc—|s|, —N=N SO3Na HsC—C-HN

0

Reactrive Black 5 Reactive Orange 16

Figure 6.1 Structures of Reactive Black 5 and Reactive Orange 16

6.2.2 Preparation of PANI coated TiO, nanotubes
PANI coated TiO, nanotubes were synthesized as reported earlier in section

3.2.2 of CHAPTER 3 (Pereira et al. 2015). Initially TiO, nanotubes were prepared
from TiO, nanoparticles and then the TiO, nanotubes obtained were surface coated
with PANI. In brief, TiO, nanotubes were coated with PANI by chemical oxidative
polymerization (Lokesh et al. 2008). 2.5 mL of aniline was first added to 500 mL of
2M HCI solution. Then 2.5 g of TiO;, nanotubes dispersed in 25 mL of water, were
added to the above solution and then stirred for two hours. Polymerization of aniline
was carried out with the addition of 5.7 g of Ammonium peroxydisulfate (APS) to the
above suspension. The product formed was isolated by centrifugation, followed by
washing with HCI and water. The product was dried for 24 h at 80°C to obtain a yield
of 7 g of PANI coated TiO,.
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6.2.3 Membrane Preparation
PSf which was used as the base polymer for the hollow fibers was initially

dried in oven at 50°C for 24 h to remove any moisture present. First the PANI coated
TiO; nanotubes were dispersed in desired amount of NMP taken in a Scott bottle.
TiO,-PANI nanocomposites were dispersed in NMP by sonication for 30 min with
frequency of 40 kHz using Ultrasonic bath (Ultrasonic Cleaner DC-150H). The
mixture was then stirred at 27°C with an overhead stirrer and polymer PSf was added
to the solution. The solution was stirred until complete dissolution of the polymer was
achieved (Zulhairun and Ismail 2014). Thus obtained homogenous dope solutions
were degassed using the ultrasonic bath to remove trapped air bubbles (Dzinun et al.
2015). The neat PSf dope solution which did not contain any PANI-TIiO;
nanocomposite was prepared in a similar way without the addition of PANI-TiO,. The
composition of the dope solutions is given in Table 6.1. The viscosity of the dope
solutions was recorded using Basic viscometer (Model: EW-98965-40, COLE
PARMER, 20-2 million centipoises). The hollow fiber membranes were prepared by
dry-wet spinning methods. The homogenous spinning dope solutions and bore fluid
were extruded through the spinneret to obtain the hollow fibers membranes. The
spinning conditions are summarized in Table 6.2. The hollow fiber membranes
obtained were labeled as per the codes given in Table 6.1. The hollow fibers were
immersed in water for 1 day to remove the residual solvent. Then the fibers were post-
treated using glycerol aqueous solutions (glycerol: water; 10:90 wt. %) for 24 h to
prevent the pore collapse (Ren and McCutcheon 2015). Finally the hollow fiber

membranes were air dried for 2 days at room temperature before further use.
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Table 6.1 Composition of the dope solutions

Membrane Polysulfone PANI-TIO; Air gap Flow rate
Code (%) (wt. %) between the (Dope/Bore
spinneret and liquid)
the bath
P-A 20 0 5cm 5/5
P-B 20 0 10 cm 5/5
P-0.5-A 20 0.5 5cm 5/5
P-0.5-B 20 0.5 10 cm 5/5
P-1.0-A 20 1.0 5cm 5/5
P-1.0-B 20 1.0 10 cm 5/5

Table 6.2 Spinning conditions for hollow fiber membranes

Dope composition

PST/PANI-TiO/NMP

PSf/NMP (For Neat)

Dope Extrusion Rate (DER)

5 mL/min

Bore fluid

Distilled water

Bore Extrusion Rate (BER)

5/4 mL/min

Air gap

5cm and 10 cm

Spinneret Dimension (0.d/i.d)

1.15/0.55 (mm)

6.3 CHARACTERIZATION

6.3.1 Characterization of PANI coated TiO, nanotubes
PANI coating on TiO, was confirmed by Fourier Transform Infrared

spectroscopy (FTIR) and X-ray Diffraction (XRD). PANI coated TiO, nanotubes

were also characterized by Transmission Electron Microscope (TEM). SHIMADZU
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ATR-FTIR spectrophotometer was used to record the FTIR spectra. XRD
measurements were recorded using Rigaku Miniflex 600 with Cu radiation. The
morphology of PANI coated TiO, nanotubes was observed using TEM (JEOL JEM-
2100).

6.3.2 Characterization of membranes
6.3.2.1 Membrane Morphology

The morphology of the hollow fiber membranes was inspected by observing
the cross sectional images using Scanning Electron Microscope (SEM, TM 3000,
Hitachi). The membrane samples were immersed in liquid nitrogen, frozen and then
broken. The membrane samples were placed on a metal holder and sputtered with

gold under vacuum for electron conductivity.

6.3.2.2 Porosity and pore size of membranes
The overall porosity (&) of the hollow fibers was evaluated by gravimetry

method (Kumar et al. 2013) using the equation 3.1 mentioned in section 3.3.2.3 of
CHAPTER 3.
The pore size (r,,) of the membranes was calculated using Guerout-Elford-

Ferry equation (equation 3.2), as explained in section 3.3.2.3 of CHAPTER 3.

6.3.2.3 Water Uptake study
The water uptake ability of the hollow fibers was determined by immersing

the hollow fibers in distilled water for 5 hours. Then the membranes were removed
from water, and the wet weight was noted immediately after blotting the surface
water. The hollow fiber membranes were then dried and the dry weight was noted.
The water uptake capacity of the hollow fiber membranes was calculated using the

relation

Ww - Wd
% water uptake = (W—) x 100 ...... eqn 5.1
w

where, W,, and Wy are weights of the wet and dry membrane samples respectively.

6.3.2.4 Contact Angle of membranes
The contact angle between water and external surface of the hollow fibers was

measured using contact angle goniometer (Model: OCA 15EC, Dataphysics). To
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minimize the experimental error, for each sample, the values were taken as an average

of 10 contact angles measured at different locations on the hollow fibers.

6.3.2.5 Atomic Force Microscopy of membranes
The AFM studies on hollow fibers were conducted using SPM Atomic Force

Microscopy. The membrane surfaces were analyzed as explained in section 3.3.2.2 of
CHAPTER 3.

6.3.2.6 Pure Water Flux measurements
The pure water flux of the membranes was measured using bench scale cross

flow filtration set up. The membrane modules for the filtration studies were prepared
by potting the membranes with the help of epoxy resin and hardener (Kajekar et al.
2015). Five membranes of 16 cm length were assembled into each module. Distilled
water was circulated through the set up. The membranes were compacted at a
transmembrane pressure (TMP) of 3 bars for 30 min prior to further measurements.

Then the pure water (J,,1) was collected on the lumen side at TMP of 2 bars.

Jwi = AT eqn 5.2

where, Q is the pure water collected (L) for time At (h), A is the membrane surface

area (m?).

6.3.2.7 Antifouling studies
The fouling experiments were carried out with BSA as a model foulant. BSA

solution was prepared by dissolving BSA in distilled water at a concentration of 800
ppm. The BSA solution was filtered through the membranes and the BSA flux was
collected to evaluate the BSA rejection by the membranes. After the BSA filtration,
the membranes were thoroughly rinsed and washed with water and the water flux
(Jw2) of the membranes was measured.

The fouling resistance by the membranes was calculated using the formula

FRR (%) = ;W—Z X 100 ....eqn 5.3

wil

The BSA rejection by the membranes was evaluated using the equation

wr=(1-%
YR = |1 X 100 ....eqn 5.4
Cr
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where, C,, (mg/mL) is the concentration of BSA in the permeate and Cy (mg/mL) is

the concentration of BSA in the feed solution.

6.3.2.8 Dye Rejection
The dye removal performance of the nanocomposite hollow fibers was studied

using Reactive Black-5 and Reactive Orange-16 dyes. The aqueous solutions of RB-5
and RO-16 were prepared at a concentration of 10 ppm. The molecular structures of
RB-5 and RO-16 are given in Figure 5.1 (Chen et al. 2015). The dye rejection studies
of the hollow fiber membranes were carried out on the same cross flow filtration set
up, under similar conditions (Wei et al. 2013) as that for permeation studies. The
concentration of dyes in the aqueous solutions were analyzed using UV-Vis
spectrophotometer (HACH, Model: DR 5000) at a wavelength of maximum
absorption for each dye (Akbari et al. 2007). The dye rejection by the membranes was
investigated in terms of % rejection, given by the formula,

C
%Rejection = (1 — %) X 100 ....eqn 5.5

L

where, C; and Cr are the initial and final concentrations of the dyes in the aqueous

solutions.

6.4 RESULTS AND DISCUSSIONS
6.4.1 PANI coated TiO; nanotubes characteristics

PANI coated TiO, nanotubes characteristics confirmed the PANI coating on
TiO,.The characterization of PANI coating on TiO, along with their characteristic
peaks of FTIR and XRD, TEM images are explained in section 3.4.1 in CHAPTER 3.
From TEM it was found that PANI coated TiO, nanotubes had diameter in the range
of 40-50 nm.

6.4.2 Membrane Morphology
The SEM cross-sectional images of hollow fiber membranes are shown in

Figure 6.2, Figure 6.3 and Figure 6.4. It was found that the finger like projections
were formed beneath both inner and outer surfaces of the hollow fibers with thin

spongy layer sandwiched between them (Zhang and Wang 2014). The addition of
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PANI-TiO, nanotubes and change in spinning parameters like air gap distance

brought about change in membrane morphology (Sengur et al. 2015). It was observed

AMTEC, UTM AMTEC, UTM

______ NL D48 x5  S0um

NU D49 x120 T NL Dig x00 200um AMTECUTH

Figure 6.2 SEM Cross sectional images of P-A and P-B (A and B are magnified
images of a and b respectively)
that pristine polysulfone hollow fibers showed more porous nature in the skin layer
and also elongated pores whereas the porous nature in the skin was decreased with the
addition of PANI-TiO,.
Table 6.3 Viscosity of dope solutions

Dope solutions of Viscosity (mPas)
P-A, P-B 1661.9

P-0.5-A, P-0.5-B 1752.4

P-1.0-A, P-1.0-B 1876.5

The viscosity of the polymer dope solution increased with the increase in
PANI-TiO; content in the dope solution as seen in Table 6.3. The viscosity of the

dope solution affects the rheological property during liquid-liquid demixing which in
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turn affects the membrane morphology. During the phase inversion process, an
increase in dope solution viscosity, decreases the mass transfer rate, preventing the
formation of macroporous structure. Hence the length of the finger like projections
decreased (Dzinun et al. 2015).

Difference in morphology beneath the outer surface of hollow fibers was also
observed, when the air gap distance was varied for same composition of the dope
solutions. With the increase in air gap distance, the depth of the finger like projections
is reduced. The outer surface appeared denser with porous nature as the air gap

distance was increased from 5 cm to 10 cm. This was more prominently visible in the

case of P-1.0-A and P-1.0-B membranes. Similar results were also observed and
reported by (Sengur et al. 2015, Shi et al. 2013).

AMTEC, UTM AMTEC, UTM

T
‘ | '

i
———
NL D53 x15 S0um

R ——
4 NC D54 x120 , NL D54 x500 200um
AMTEC, UTM

AMTEC, UTM

Figure 6.3 SEM Cross sectional images of P-0.5-A and P-0.5-B (C and D are

magnified images of ¢ and d respectively)
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In dry-wet spinning method, the hollow fiber undergoes two coagulation paths. First
is the “non convective” type in the air gap region, then the rapid exchange of solvents
taking place as the fiber enters the coagulation bath. As the air gap distance is
increased, the external surface of the fiber is more in contact with air and undergoes
humid-induced phase separation for a longer time and then a delayed phase inversion
in the coagulation bath. Whereas when the air gap is reduced, the time delay causing
the phase inversion process is reduced, since the fiber enters the coagulation bath
faster, as a result, more and longer finger like projections are produced (Chung and
Hu 1997).

P-1.0-A

AL D89 x500 200um 7 AT 035 20 3oum
AMTEC, UTM AMTEC, UTM

Figure 6.4 SEM Cross sectional images of P-1.0-A and P-1.0-B (E, Fand G are
magnified images of e, f and g respectively)
At higher content of PANI-TIO, in the hollow fibers i.e.,, at 1.0 wt.%,
agglomeration of PANI-TiO, was observed as shown in Figure 6.4 (g ad G). The
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agglomeration of PANI-TiO, in membrane was further confirmed by elemental
mapping and EDX spectrum (Figure 6.5 and Figure 6.6). However lower content of

PANI-TiO; did not show any such agglomeration.

™
-

Mapping_947
MAG: 800 x D: 8.9 mm

Figure 6.5 Elemental Mapping of P-1.0-B membrane

cps/eV

3.0

2.5

Figure 6.6 EDX of P-1.0-B membrane
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6.4.3 Porosity, pore size and water uptake of membranes
The porosity and pore size of the membranes is given in Table 6.4.The

porosity of the hollow fibers decreased with the inclusion of PANI-TIO;
nanocomposites. This is because the viscosity of the polymer solutions increased with
the addition of PANI-TiO, , where the out diffusion of solvent is more favored than in
diffusion of non-solvent, leading to decreased porosity (Sengur et al. 2015). However
at 1.0 wt.% of PANI-TiO,, the porosity increased. This increase is due to the
hydrophilicity of PANI-TiO, membranes at 1.0 wt.% where the presence of higher
PANI-TiO, would attract more water flow into the membrane, leading to higher

porosity (Dzinun et al. 2015).

Table 6.4 Porosity and pore size of membranes

Membranes Porosity (%) Pore size (hm)
P-A 38.94 5.45
P-B 35.8 8.37
P-0.5-A 34.38 4.12
P-0.5-B 28.61 6.19
P-1.0-A 41.47 1.88
P-1.0-B 37.97 3.57

The water uptake by membranes is shown in Figure 6.7. Membrane water
uptake depends on the porosity of the membranes. The water uptake by membranes
decreases and then increases for 1.0 wt.% of PANI-TiO, membranes. The water
uptake values are consistent with porosity values, where the porosity is found to first

decrease and then increase.
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% Water Uptake
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Figure 6.7 Water Uptake by membranes

6.4.4 Contact Angle of membranes
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Figure 6.8 Contact angle of membranes
The contact angle of membranes is shown in Figure 6.8. The neat hollow fiber
membranes P-A and P-B, showed a contact angle of 84.54° and 82.27° respectively,
indicating that the membranes were hydrophobic in nature. The contact angle of the
membranes P-0.5-A and P-0.5-B, reduced, exhibiting contact angle of 78.60° for P-
0.5-A membrane and 79.26° for P-0.5-B membrane. The membranes P-1.0-A and P-

1.0-B which contained 1.0 wt.% of PANI-TiO, showed even lower contact angle of
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73.05° and 72.28° respectively. This reduction of contact angle is attributed to the
addition of PANI-TiO, nanotubes, which are hydrophilic in nature. Hence PANI-TIiO,
nanocomposites were able to reduce the hydrophobicity of the polysulfone
membranes. The variation in air gap did not affect the contact angle of the
membranes. The membranes with same composition but with different air gaps

showed nearly the same contact angle values.

6.4.5 Surface roughness of membranes
The surface topography of hollow fiber membranes was studied using AFM.

The three-dimensional and two-dimensional scans of the hollow fibers P-A, P-0.5-A,
P-1.0-A are shown in Figure 6.9. It was observed that the surface roughness of the
membranes increased with the increase in addition of PANI-TiO,. This may be due to
the reason that neat PSf, which did not contain any PANI-TiO, resulted in the smooth
surface. Whereas in the case of P-0.5-A and P-1.0-A membranes, the presence of
PANI-TiO; on the surface of hollow fibers would give rise to nodules or lumps on
surface, which may be due to the presence of agglomerated PANI-TiO,, contributing
to the increase in surface roughness. The trend was further supported by the surface
roughness parameters measured in terms of mean roughness (R,) and root mean

surface roughness (Rg) as given in Table 6.5.

Table 6.5 Surface roughness parameters of membranes

Membranes R, (nm) Rq (nm)
P-A 10.7 125
P-0.5-A 13.8 16.9
P-1.0-A 30.0 37.1
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3pm

il

Figure 6.9 Three-dimensional scans of A) P-A B) P-0.5-A C) P-1.0-A and two-
dimensional scans of a) P-A b) P-0.5-A c¢) P-1.0-A
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6.4.6 Permeation Studies
Figure 6.10 displays the PWF of the membranes measured at 0.1 MPa. There

are two main trends observed in the pure water flux of the membranes. First one is
that the membranes which were fabricated with higher residence time in air exhibited
higher PWF. As reported by Sengur et al. (2015) membranes with higher air residence
time have greater permeation rate. The pore size of the membranes fabricated with
higher air gap, were greater than that of the membranes prepared with lower air gaps
(Table 6.4). Therefore the membranes P-B, P-0.5-B and P-1.0-B exhibited high flux
than the corresponding P-A, P-0.5-A and P-1.0-A membranes.

50
- P-A —o—P-B
4 P-0.5-A + P-0.5-B
® e < P-1.0-A » P-1.0-B
— -
4 .
N: 40 "0 90000 00 00000%04g900e000e
v

£ MARS S RIENE S oo o a S EIE S s SRS L S S Tk
-

-

S

4 A

; 30 A f A hp s AAAAAAhArAALAAAALM, AAA
—

f H’H—.—H—.—«.—l‘.’““.—.—.—. 4558 EEEEEEa
2

= 20

E ST = T U S T ..
i

= ‘e q

A& 104 L i R EIPIPE S S T DR & B

T T T T T T T T T T T T T

0 5 10 15 20 25 30
Time (min)

Figure 6.10 Pure water flux of membranes
Second trend is that the PWF of the membranes decreased with the increase in
PANI-TiO; content in the membranes. This may be because the porosity and pore size

of the membranes decreased with the increase in PANI-TiO, content in the
membranes.

6.4.7 Antifouling property
The flux of the membranes during BSA filtration is given in Figure 6.11. The

figure also shows the flux of the membranes for water before and after the BSA
filtration. The antifouling ability of membranes was evaluated by calculating the FRR

value for the hollow fiber membranes. The pristine membranes exhibited lower %
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FRR values whereas the hollow fibers containing PANI-TiO, showed better % FRR

values. Membrane P-1.0-B showed highest flux recovery ratio of 95% (Figure 6.12).
Higher FRR indicates that in the presence of PANI-TiO,, the BSA molecules did not
remain adsorbed on the membrane surface after the BSA filtration. Thus the

membranes containing PANI-TiO; exhibited antifouling nature.
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Figure 6.11 Flux of the membranes during BSA filtration
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Figure 6.12 Flux Recovery Ratio (FRR) of membranes
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Figure 6.13 % BSA Rejection by membranes
The BSA rejection by the membranes was also evaluated. The hollow fibers
containing PANI-TiO, showed 99% rejection for BSA molecules whereas pristine
membranes P-A and P-B exhibited rejection of 95% and 93.6% respectively (Figure
6.13). This is because the nanocomposite hollow fibers had pore size smaller than that

of the BSA molecules, resulting in almost complete rejection.

6.4.8 Dye removal by membranes
The dye rejection by the hollow fiber membranes is shown in Figure 6.14 and

Figure 6.16. The membranes (P-1.0-A) showed a highest rejection of 81.5% for
Reactive Black 5 and maximum of 96.5% for Reactive Orange 16. The pristine
hollow fiber membranes, P-A and P-B showed least rejection for both the dyes.

The rejection of dyes by the hollow fibers increases with the increase in
PANI-TiO; content in the membranes. The PANI-TiO; incorporated hollow fibers
have NH" centers from PANI, due to which there is electrostatic interaction between
polyaniline and dye anions (Ahmed et al. 2012). Reactive Black 5 and Reactive
orange 16 are anionic dyes, which dissociate in aqueous to give sulfonic acid groups.
As a result of this, dyes get adsorbed on the membranes. Therefore higher the content
of PANI-TIiO; in the membranes, higher will be the rejection. Also it was observed
that, ‘A’ membranes (P-A, P-0.5-A and P-1.0-A) showed higher rejection than their
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corresponding ‘B’ membranes (P-B, P-0.5-B and P-1.0-B) for both the dyes. This is
because the membranes P-B, P-0.5-B and P-1.0-B had pore size greater than their
corresponding ‘A’ membranes (Table 6.4). Figure 6.15 and 6.17 display the digital
images of dye permeate after filtration of dyes Reactive Black 5 and Reactive Orange

16 through the hollow fiber membranes.
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Figure 6.14 Dye Rejection by membranes for Reactive Black 5
_— e P — - —

Figure 6.15 Images showing rejection of Reactive Black 5 by membranes A) P-A B)
P-B C) P-0.5-A D) P-0.5-B E) P-1.0-A F) P-1.0-B
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[ Reactive Orange 16 |
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Figure 6.16 Dye Rejection by membranes for Reactive Orange 16

Figure 6.17 Images showing rejection of Reactive Orange 16 by membranes A) P-A
B) P-B C) P-0.5-A D) P-0.5-B E) P-1.0-A F) P-1.0-B
6.5 CONCLUSIONS
Polysulfone hollow fiber membranes with different amount of PANI-TIO,
nanocomposites were fabricated. The air gap distance was also varied during
fabrication for each composition. The PANI-TiO, content and air gap distance

affected the morphology, permeation properties of the membranes. With the higher
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content of PANI-TiO, nanocomposite and higher air gap distance, finger-like
projections in the membranes decreased. The antifouling ability and hydrophilicity of
the membranes increased with the addition of PANI-TiO,. The membrane (P-1.0-A)
showed a maximum rejection of 81.5% and 96.5% for Reactive Black 5 and Reactive
Orange 16 dyes respectively. Thus the PANI-TiO, nanocomposite hollow fiber
membranes, can be used for dye removal from aqueous solutions by suitably varying

the air gap distance and PANI-TiO, content.
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Abstract
This chapter summarizes the entire work in brief and draws a comparison
between in house synthesized membranes in terms of their properties and

performance. It also lists the major conclusions drawn from the work.

7.1 SUMMARY
> A total of twenty seven membranes (5 series) with different compositions

were prepared in this research work

» Among the twenty seven membranes, twenty one were flat sheet membranes
and six were hollow fiber membranes

» Different nanomaterials based on Polyaniline and TiO, were synthesized in
this work which include Polyaniline nanofibers, Polyaniline coated TiO,,
sulfated TiO, and aminated TiO,

» The morphology of the prepared membranes was studied using SEM, AFM

» The performance of the prepared membranes was evaluated by examining the
water permeation property, surface hydrophilicity, water uptake capacity
antifouling study

» The synthesized membranes were subjected to water purification with respect
to heavy metal ion rejection and dye removal. Following are the important
results obtained
1. The PVDF membrane containing 1.0 wt. % of PANI nanofibers showed a
maximum rejection of 98.52% and 97.38% for Pb?* and Cd®" respectively
during Polymer Enhanced Ultrafiltration Process (PEUF)
2. The membrane containing 1.0 wt.% of PANI-TiO; exhibited a rejection of
83.75% and 73.41% during the PUEF process and 68% and 53.78% during UF
respectively.
3. A maximum of 90.4% rejection was obtained for Methylene Blue (MB) for
the membrane having 2.0 wt% of S-TiO, under UV light radiation.
4. The hollow fiber membrane, P-1.0-A dye rejection of 81.5% and 96.5% for
Reactive Black 5 and Reactive Orange 16 dyes respectively.
5. Polysulfone membranes (P-AS) was successful in removing Cd** metal ions

up to 75.6% from aqueous solutions
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The performance of all the prepared membranes in terms of PWF, contact

angle and antifouling ability (% FRR) are compared below. The five series of
membranes are named as follows

Table 7.1 Membrane series

Membrane series name Membranes
M-0-4 M-0, M-1, M-2, M-3, M-4
P-0.1.5 P-0, P-0.05, P-0.5, P-1.0, P-1.5
S-0-2.0 S-0, S-0.05, S-0.5, S-1.0, S-1.5, S-2.0
P-Aminated P, P-T, P-AT, P-S, P-AS
HF P-A, P-B, P-0.5-A, P-0.5-B, P-1.0-A, P-1.0-B

Figure 7.1 shows the PWF of ultrafiltration membranes measured at 2 MPa. It
shows that the PVDF membranes containing PANI nanofibers showed highest PWF.
This may be due to the larger pore size of the membranes. The hollow fiber PSf
membranes containing PANI-TiO, showed higher flux than flat sheet PSf membranes

containing PANI-TiO,. This proves that the hollow fiber membranes have greater
productivity than the flat sheet membranes.

250
200
150 mP-0-1.5
100 mHF
50 M-0-4

Figure 7.1 PWF (L/m*h) of UF membranes at 0.2 MPa
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mS-0-2.0
B P-Aminated

Figure 7.2 PWF (L/m*h) of NF membranes at 0.6 MPa

Figure 7.2 gives the PWF of NF membranes measured at 6 MPa. The neat PSf
membranes in both the series showed lower flux. P-Aminated series showed higher
flux because in this series all the membranes contained 1.0 wt.% of nanoparticles
whereas in the case of S-0-2.0 series, nanoparticles were added in increasing
concentrations from 0.05 to 2.0 wt.% However the flux of the membranes of P-

aminated series was higher than the highest composition (2.0 wt.% of S-TiO,) of S-0-
2.0 series.

100
80
= M-0-4
60
EP-0-1.5
40 .
20 = P-Aminated
0 EmS-0-2.0
mHF

Figure 7.3 Contact Angle (in degrees) of membranes
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Figure 7.3 shows the contact angle of all the synthesized membranes. All the
series of membranes showed decrease in the contact angle values with the addition of
nanomaterials in the membranes. The lowest contact angle was shown by M-4
membrane of M-0-4 series, containing 1.5 wt.% of PANI nanofibers.

mP-0-1.5

u M-0-4

B P-Aminated
HF

m S-0-2.0

Figure 7.4 % FRR of the membranes

The antifouling ability of the membranes was studied by measuring the %
FRR values for the membranes. All the membrane series showed an increasing trend
in the % FRR values. Among all the membranes, the hollow fibre membrane

containing 1.0 wt.% of PANI-TiO, showed highest flux recovery ratio of 95.46%

7.2 CONCLUSIONS
The major conclusions of the present work are listed below

v' The addition of PANI and TiO, nanocomposites improve the properties and
performance of the PVDF and PSf membranes

v There exists threshold content for the nanomaterials in the membranes beyond
which the nanomaterials agglomerate in the membranes

v' The change in spinning parameters like air gap distance during hollow fibre
membrane fabrication brings about change in membrane morphology and
performance. Lower the air gap distance, better is the performance of the

membrane
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v" The well performed membranes in this research work can be used for the
heavy metal ion removal and dye removal from aqueous solutions under

suitable conditions

The nanocomposite membranes prepared in this work can be subjected to
further studies of heavy metal ion removal using some other metal ions and removal
of few other dyes. Also the different nanomaterials and the nanocomposites prepared
in this work can serve as a guiding path for preparing new membranes with novel

applications.
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