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Abstract

One of the most pervasive problems afflicting mankind throughout the world is poor access to
clean freshwater and sanitatithn i t ed Nati onsd FAO states that
will be living in countries or regions with absolute water scardiith the growing demand for

high quality water, many new technologies of water purification are being developed timicater
potable and nopotable use. The reliability and ease of operation of memitrased filtration
systems have led to their proliferation in wastewater treatment. Ultrafiltration (UF) is one such
well-developed low pressure membrane separation prosedsrudifferent applicationslowever,
membrane fouling remains an inevitable problem in all presiiven membrane processes
Biofouling, in particular, is the most difficult type of fouling to address in terms of cleaning and
regeneration of the mendre,causing deterioration of the membrane performamceadng to

high operational costshort replacement intervadgsdincreasen chemical usageCurrent trend

and future direction of antifouling membranes are based on biologically inspired leaieciaas

block copolymers with desired functional groups (amine, hydroxyl, acid),
hydrogenated/hydroxylated and aminated graphene, aliened carbon nanotubes and aquaporin.

In this thesisa novel conceps proposed and practicéd prevent biefouling by developing a
selfcleaning membrane surface imparted with enhanced hydrophilicity via bleadiegvly
synthesized, watensoluble, highly hydrophilic biologically inspired gmwlymers and
functionalised graphene basadditiveswith PES dope solution within the membrane matrix. The
polymeric additives were developed by polymerising the highly reactive alkene monomers
containing highly hydrophilic, negatively charged carbox@@OH), hydroxyl {OH) and amine
(-NH2) functional graips by a simplatom transfer radicgdolymerization techniquelhe new
surface chemistryenabled by the anchoring afitimicrobial silver nanopatrticles to the functional
groups of the polymeriadditives hasbeen shown to besponsible for the setleaning property
exhibited by the membrane surface.

Four new additives were investigated in this thesis for their effect on membrane hydrophilicity,
permeability andselectivity. Theyinclude polyethylene glycedilver (PEGAQ) attachedpoly
acrylonitrile-co-maleic acidPANCMA), polyethylene iminesilver (PE}AQ) attached PANCMA,
PEGAg attachegoly acrylonitrile.co-maleic aail co-diaminonaleio nitrile (PANCMACDAMN)

and amine and carboxylated graphene attacpely acrylonitrileco-maleimide(G-PANCMI).



These new additives werblended with PES dope solution to prepare the hollow fiber
ultrafiltration membranes by dry wet spinning process. The additiFdSCMI alone was also

used to produce membrane without PES. All prepared polymeric additives aneértii@anes

were characterized thoroughlysing Fourier transform infrared (FTIR) spectroscodyclear
magnetic resonance (NMR) gpescopy, Raman spectroscop\el @ermeable chromatography
(GPC), Thermogravimetric analysis (TGA)Differential scanningalorimetry(DSC), Energy
Dispersive Xray SpectroscopyEDX), Transmission Electron Microscopy (TEMpntact angle

(CA), Scanning electromicroscopy (SEM), Porometergize of inhibition test and clean water

flux test. Finally, the membranes were testedtheir permeability, selectivity and antifouling
property in long term experiments using different feed water.

From the analytical data it was found that the hydrophilicity of all membranes prepared with these
new additives are significantly increasedt the optimized condition, PEG&g attached
PANCMADAMN reduced the contact angle of the PES membrane by 78.1% compared to the
control membrane and the membrane fabricated {BAGCMI gives a water contact angle of
zero (0°) which is 100% reduction. Sianly, the water permeability of the membranes is also
increased significantly with these new additives. At the optimized condition;ARE&tached
PANCMADAMN increasathe water permeability of the PES membrane by 119.8% compared to
the control membranand the membrane prepared only witHPBNCMI gives 126% higher water
permeability compared to the control PES membrane. The highest selectivity was also achieved
for the GPANCMI basedmembrane which wasiore than99% with protein solutionand the
second tghest selectivity was achieved for the membraiith PEGAg attached PANCMA
which was 96.2% witlthe sameprotein solution. Based on the experimental dditselectivity,
permeability and antifouling propertiyye overall performance of the additives aréhie following
order;G-PANCMI >PEG-Ag attached®’ANCMADAMN > PEG-Ag attached PANCMA > PEl

Ag attached PANCMA.

Development of biologically inspired materials basettcleaning ultrafiltration membrane with
long lasting properties opens up a viable solution foiffdiding in ultrafiltration application for
wastewater purification arnshsed orthefindingsin this work it can be concludethat the ultra

wetting gaphene will be an ideal material for new generation water filtration membranes.
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CHAPTER:1

1. Introduction

1.1INCREASING GLOBAL D EMAND FOR CLEAN FRESHWATER

Water is a valuableesourcdor mankind. Over 3.6 million people around the world die each year
from drinking unsafevatet. Waterborne pathogens have a negative effect on public health in the
developing countries. Thepeoblems are expected tpow inthe coming decadeBased orthe

projected global water scarcity in 202 shown in Figure 1.1, it has besstimated thathe

number of people affected by severe water shortages in 2025 is expected to increase from the

current(2014)fourfold to six foldf. Besides a shortage of fresh water problem, there is also an

increasing need for extensive treatment of the existing fresh water resources. In both developing

and developed nations, growing tendencies of (micro) pollutants such as heavy metals, pesticides,

pharmaceutical derivatives, disinfectionproducts, and endocrine disruptors are discharged into
water supplies. The amount of these harmful contaminants is growing rapidtiieafatt that
many of these compounds aalreadytoxic in trace quantiti€s is rowadays resulting inthe

reguhtionson drinking water qualityyecoming more stringent

Projected Water Scarcity in 2025

W hysical worer scarcity
Bl cconomic water scarcity
B lirtle or no warer scorcity
[ Notestimered

Note: [ indicates countries that will import more
thar 1056 of thekr cerdal consumption in 2025,

Figure.11. Projected global water scarcity in 2025 (International Water Management In&titute)
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With the growng demand for high quality water, many new technologies of water purification are
being developed to cater for potable and palatable water to humans. Wastewater treatment facilities
are also becoming popular in chemical and manufacturing industriesucerpdllutionand to
protectthe marine environment. Among these technologies are membaged processes that

are inherently advantageous because of their high efficiency, ease of implementation, declining
cost$ and low environmentampact Their versatility to purify and recycle water renders them

highly competitive candidasefor use in water purification and water reclamation plants.

1.2MEMBRANE TECHNOLOGY FOR WATER FILTRATION

In membrane basedtfiation processmembrane is used as a selecplagsical barrier to separate
compoundgcontaminants) from pure watby applying a driving force acroghie membrane. In
membrane based filtration system a feed water stream is separatedliff énemtstreamsa) the
productfiltrate/ permeates, containingolsites that passhrough the membraneand b) the
concentratecontaining solutes and pimles rejected by the membrén&igure 1.2 shows the

schenaticof membrane filtration process.

Dilute Feed

Figurel.2: Schematiof membrane filtration process.

Membrane operation methods can be classified considering the parameters of driving force,
separation mechanism and the rejection properties of the membrane. In case of pressure driven
membr ane processes, t he dr i vi osgthd neemlorame. Fosir a pr
pressure driven water filtration membrane processes can be discriminated based on differences in

feed pressures and membrane rejection capacities: (1) micro filtration, (2) ultrafiltration, (3)

2
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nanofiltration and (4) reverse osmosianked by increasing pressure. Figli®. shows the

scheme of different pressudeiven membrane filtration processes and rejection.
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ions ions solids

Figure1.3.Scheme of different pressudeiven membrane filtration processes and rejection
capacities

A classificationgenerally made is low pressure membranes for microfiltration and ultrafiltration
and high pressure membranes for nanofiltration and reverse osmosis. Microfiltration screens
particles from 0.1 to 10 microns and ultrafiltration screens particles from @D1omicrons.
Nanofiltration is applied for removal of divalent ions to reduce the hardness of the water and
Reverse osmosis membranes are able to remove monovalent ions for more than 99%. The pores
in NF and RO membranes are smaller than 2 baw pressue microfiltration (MF) and
ultrafiltration (UF) membranes are the research focus of this ttists of these will be discussed

in more detail in the literature review chapter

1.3. HISTORY OF MEMBRANE PROCESS

The history of membrane technology baBkdtion was started over 250 year ago with the French
cleric Abbe Nollet when he observed water transport across a pig bladder covering the mouth of a
jar containing win&®. Moritz Traube, prepared the first artificial membrane in 18@dassler

introduced the first concept of membeadesalination in 1950, bgescribingii s a | t repel |
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osmotic membraneso af¥td Infihp earlyrl969soeteand Sourieajanf i | ms ¢

(1960, 1963) introduced the basis for modeéay reverse osmosis by research with cellulose
acetate membranes with improved salt rejection and water flux, making membrane desalination
practical'®4, In 1963, the first spiralvound element was developed by Gahétomicsin. The

first patentfor reverse osmosis was dated 1964 by Loeb and Soutitafrin film composite
membranes were introduced ineti970s, and improvements were madeembancewater
permeability and rejection (selectivity) properties and reduce the feed pressure. The history of
membrane science is well described in several reviéws'®, Figure 1.4shows the historical

developnent of pressure driven membrane process and the future direction

UF composite Introduction of Current and lock
membranes and NF & ceramic future Bloc
MF membranes membranes for directions copolymer
development water filtration [_|_| basec:a
membranes
1970s 1990s _
M, / Aquaporin
| £ . based
< < ~ ” biomimetic
\/] \/l \/ ™~ membranes
1960s 1980s 2000 Hydroxylated
Loeb and Sourirajan pevelopment Development E:I?;I’;ene
invented of Thin film of mixed membranes
Asymmetric composite matrix
membranes membranes membranes

Figure.1.4 Historical development of pressure driven membrane process and the future direction

Recently, biologically inspired materials (bleckpolymer/copolymer with desired functional
groups, hydroxylated graphene, carbon nanotubes and aquppmem water channel) based
biomimetic membranes have been getting much attention in developingembranes fowater
filtration!®. Research on biomimetic membrane has developed rapidly during the lakt dada

these biomimetic and bimspired materials based membranes are considered as the next
generation of advanced membranes. Some of the areas which are being considered for these
biomimetic membranes are block copolyn&#$ Ultrafiltration (UF) membrane process are well

being used for the pretreatment to RO proce&sice, inthis research, carboxylicGQOOH),
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hydroxyl (OH) and amine-(NH>) functionalized copolymers and graphéwéich are previously
studied for ROwill be used to modify the polyethersulfone (PES) ultrafiltration (UF) membranes

to improve the permeabilifgelectivityand antifouling propertiedlux drop).

1.4.DISSERTATION OUTLINE
Thethesis consists of 10 chapters, the structures of whiobuslieed as follows:

Chapter 2 consists of 3 major sections amsgveral sub sectionghich provide sufficient
backgroundand theories on low pressure membrane (ultrafiltraion and microfiltraion) pescess
membrane modules, operation of low pressure membrane systems and different fouling types with
current fouling mitigation strategies. This chapter also gives informaliouat alifferent type of
materials used in the development of ultrafiltration membrane and the principles of membrane
surface modification. A comprehensive review in the present chapter covers the latest works and
gaps on the PES ultrafiltraion membrane acefmodifications. PES bulk modification including
sulfonation, grafting and hydroxylation chemistry atmeir limitations were also discussed.
Blending of additives and nanoparticles to PES dope solution and their effect on hydrophilicity,
permeability ad antifouling propertiesrealso discussed. The current limitations and practical
challenges in blending of hydrophilic additives are finally addressed.

Chapter 3 summarizes thkterature review and the research gap in a short foha.noveltyand

thedetailed scope and objectives of the current veoekalso discussed in this chapter.

Chapter 4 provides information on the materials used, general membrane preparation procedures,
experimental setips for membrane performance evaluation, protocols amdacterization

techniques involved throughout this research.

Chapter 5 presents thesynthesis of highly hydrophilic, acid functionalized waiesoluble
copolymer additive polyacrylonitrile co maleic acid (PANCMA). This chaptalso coverghe
development of PES membrane by dry wet spinning method and the modification of PES
membrane by highly ydrophilic hydroxyl ¢OH) rich polyethylene glycol (PEG) and silver
nanoparticle (Ag). Finally, the membrane characterization and performances @guitlso

discussed and compared against the control PES membrane.

5



CHAPTER:1

Chapter 6 introduces a novel concept to develop seleaning membrane surface with negatively
chargedacid functionalized {COOH) hydrophilic water insoluble PANCMA with thermally
grafted amine-(NH>) functionalizedPEI and positively charged antimicrobial silver {AgThe
effect ofthis novel surface chemistry on the hydrophilicity, water permeability and selectivity of
the membrane is also discussed. Moreover, the antibacterpes of the membrane are also

evaluated before and after long time filtration and the reatstsliscussed

Chapter 7 presents the synthetic route to anotther selfcleaning membranpreparedusing a

new polymeric additive poly agrylonitrile co maleic acid co eamino melionitrile)
(PANCMACDAMN). This chapter also discussthe synthesis of a novel biologically inspired
copolymer PANCMACDAMN with carboxylic (COOH) and amine-NH.) functional groups.n
addition, this chapter revesalthe mettod of covalenly attacling the msitively charged
antimicrobial silver (Ag) and hydroxyl {OH) rich PEG to PANCMADAMN. The effect of this

new additive on the performance of the PES ultrafiltration membrane in terms of permeability,

selectivity and antduling properties is also discussed.

Chapter 8 discusses the synthesis of a novel ultreetting graphene based ultrafiltration
membraneaisingcarboxylig hydroxyl and amine functionakdgraphene. It also reveals the effect

of incorporationmodified ultrawetting graphenénto the PES ultrafiltration membramaatrix.

The synthesis of ultravetting graphene / graphene modified patyylonitrile co melimide (G

PANCMI), PESGraphene dope formulation and the ultretting graphene based compeditF

membrane development are also discussed in details. Finally, the effect-afatting graphene

on the PES membraneés surface hydropnaterl i city

emulsion were analyzed and the resatediscussed.

Chapter 9 outlines the summery of result and discussion / the effect of different (4 different
additives) additives on the hydrophilicity, water permeability, selectivity and the antifouling

properties of the PES ultrafiltration membrane.

Chapter 10 summarizes the conclusions of this research and provides recommendations for

future work.
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2. Literature review

2.1. LOW PRESSURE MEMBRANE PROCESS

Low pressure membrane process, microfiltration and ultrafiltration are typiesdlgt for the
removal of particulate, suspended solids and microbial contaminants, and camabedopeder
positive pressure aregative pressure (i.e., vacuum pressure). Positive pressure systems typically
operate betweed.2 barand2.76 bay whereas, acuum systems operate betwe@2 barto -0.83

bar. There is no significargressureaifference between microfiltration and ultrafiltration system
operaion. In the membrane procedgse distinction betweemicrofiltration and ultrafiltrations
typically based upon thgore size omolecular weight cubff (MWCQO). MWCO isa specification

that refers to molecular massmfcro solutde.g.proteinglycol andor water soluble polyme)s

for which a membrane has a retention of greater than 90 pércent
2.11.MICROFILTRATION

Microfiltration refers to the separation obntaminantgarticles in the range Quin i 10 pum.
Pressure difference across the membran&dsdtiving force for microfiltrationwhich forces
filtrate through the membrane. The necessary pressure difference is achieved either by a
compressed gas or ppnon the upstream side of the membrane, or by applying a vacuum to the
filtrate/permeateside of themembrane. Microfiltratioms characterizetyy high permeation fluxes

and by operation at lowpressuresMicrofiltration process carbe performed invwo mgor
configurations deadend flow and croslow for various applications such asjastewater
treatment$23, clarification fruit juice$®, wine and beér?’, continuous produatliminationand

cell recycle during fermentation and downstream processingemhehtation brottt¥é and
continuous separation of blood from ptaes cell€®.

2.1.2. ULTRAFILTRATION

Ultrafiltration (UF) is one of the membrane based process wipehats by pressure difference
as its driving force andonstituteghe research focus of this proje€heryan (1986hasdefined

ultrafiltrationasa fractionaton technique that can simultaneously concentraiteidal substances

7
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or macromolecules in processeamUltrafiltration is a low-pressure operation at transmembrane
pressures (TMP) of, typically, 0.5 toldars.Ultrafiltration can be considered as a method for
simultaneously concentratinggurifying, and fractionating macromolecules or fine colloidal
suspensions.Molecular weight cutoff (MWCO) is a specification used by membrane
suppliers/manufacturer to describe the retention capabilities of UF membrane. Ultrafiltration
covers particles, contaminants and molecules that range molecular weight from about 1000
Daltons to abot 500,000 Daltor’S. Numerous researches around the world have proven that
ultrafiltration provides most favorable pretreatment for seawater desalination based on reverse
osmosis membranes (SWRO¥ treatment of municipal wastewatet, treatment of oily
wastewater from petroleum industd&®, textile industry (dye) waste water treatnféfit and

demineralization of animal blood plasffia
2.1.2.1.ULTRAFILTRA TION MEMBRANES

Membranes with thpore size betweerDlhm to 100 nm and are called ultrafiltratiorembranes

These membranes goerous and asymmetricinstructwvé t h a wal |l t hi®kness
Ultrafiltration membranes are manufactured using either organic (polymeric) materials or
inorganic (ceramic) material&enerally, ceramic membranes are prepared from metal oxides li
alumind®, zirconid’, titani® and zeolité®. Similarly, the polymeric membranase made up of
polymer with high mechanical strength and chemical stability in addition toradgrular weight,

chain flexibility, chain interactiongetc Some of the commonly used polymeric membrane
materials are polysulfod® polyethersulfon®, sulfonated polysulfoné?, polyvinylidene
fluoride®?, polyacrylonitril€®, cellulose acetatd polyimide®, polyetherimide®, aliphatic
polyamide$’, and polyetherketod® Compared to polymeric membrane, ceramic membranes
have high mechanical, chemical, microbiologicahd thermal stability. However, ceramic
membranes are generally much more expensive with respect to membrane area compared to
polymeric membrané® Thus polymeric membranes are more commonly usethfge scale

ultrafiltration applicatios. Polymericultrafiltration membranes are the focus of this thesis.

Generally, polymeric membrareare fabricated intwo different configurations flat sheet or
cylinder (tubular / hollow fiber).Polymeric flat sheet membranes are fabricated by using

thermodynamically stable polymer solution through phase inversion technique via immersion
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precipitatioR®. Polymeric membrane technology obtained much attention from both academia and
industry for its potential apigation in separation processes after 1966 when Mahon made the first
hollow fiber membranés®2. The principle of membrane formation by phase separation process is
independent ofthe membrane configuration. Fig2el (a) and (b) show the principle of

membrane formation by phase separation process.

Non-solvent mflow (Coagulant)
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Figure2.1. (@ Solvent/norsolvent exchange during fabrication of flat sheet membrane by phase

separation process
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Figure2.1 (b) Solvent/norsolvent exchange during fabrication of loal fiber membrane by
dry wet spinning process (by phase separation process)

However, hollow fiber spinning process is slightly complex than the casting process of flat sheet
membranes because in hollow fiber spinning process, a pressurized viscous polymer solution is
extruded through a spinneret. Several other parameters playtampomles on the membrane

morphology and separation performance of the hollow fiber membrane (eg,. structure and
dimensions of the spinneret, viscosity of the dope, polymer flow rate, dope temperature and

9
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composition, internal and external coagulantseltuid flow rate, air gap, humidity and fiber
takeup speed). Ultrafiltrdon membranes can be fabricated in two different morphologies (1)
Symmetric or homogeneous (cross section shows a uniform porous structure) and (2) Asymmetric
(cross section showssvo different structurel thin deng layer with a porous support layer).

Figure2.2shows the ghematic representation of symmetric and asymmetric membrane

SYMMETRIC ASYMMETRIC
- Integral asymmetric
, . : AN TR v LT TSy Tty g
Honporous A B O 10N 3} YT Yy
Cylindrical

Composite structure

Figure2.2 Schematic representation of cressction of symmetric and asymmetric membféne

In comparison, hollow fiber configuration is a favorite choice for modules in membrane separation
process compared to flat sheet membranes because of the larger membrane area penanit vol
selfmechanicabupport which can be back flushed for liquid separation and good flexibility and
easy handlint. Hollow fiber membranes are widely used for ultrafiltration and these membranes
can alsobe appliedas porous support to make nanofiiva and reverse osmosis membranes
through coating theurface with polymeric materials

2.1.3.MEMBRANE MODULES

As indicated abovelwafiltration membranes can be fabricated in two major geometubslar
and flat sheeforms These two geometries are the basis for five principal configurations of
membrane modules. Talf2el shows the five different configurations of ultrafiltian membrane

module$>.

10
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Table2.1.Different configurations of ultrafilttdon membrane modules

Module Configurations

Hollow fiber
Tubular
Flat plate

Spiral wound

Rotating

Ultrafiltration membrane module configuration refers to the membrane geometry and the way it is
mounted in the module and oriented with respect to the feed solution flow. The configuration is
the bassto determine the process performance and the appiigdabifeed solutions with certain
characteristics. An ideal membrane module configuration would provide a high membrane area
per volume ratio, low energy expenditure, high turbulence, easy to clean and low maintenance.
Table2.2 shows the advantages asidadvantages of the above five different membrane module
configurations.

Table2.2. Advantages and disadvantages of different membrane module configuf&tiths

Module Channel Packing Energy Particulate Ease of

configuration  spacing density costs plugging cleaning

(cm) (m?/m3) (pumping)

Low Fair

Hollow fiber 0.020.25 1200 High
Tubular 1.02.5 60 High Low Excellent

Flat plate 0.030.25 300 Moderate Moderate Good
Spiralhwounc EEeXex O 600 Low Very high Poorfair
Rotating 0.050.1 10 a Moderate Fair

a: Energy costs are determined by the rotatjmeed instead of the pumping.
Each type of membrane module configuratiorsitsaspecific characteristics based on its packing

density, hold up volume, ease of cleaning, cost of module, pressure drop and quality of pre
treatment required. As shown in taleove table, the hollow fiber and spiral wound modules have
the highest packing density compared to other types of membrane module configurations. Hence,

the hollow fibers (capillary), and spiral wound ultrafiltration membrane modules are the two major

11
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types of membrane modules used for most of thtrafiltration applicatiors®’. Hollow fibers,
tubular and capillary involve the hollow fiber configuration, whereas the modules of flat sheet
membranes are usually contained in the pdatgframe devices and spiral wound elemeiffitso

most commonly usedltrafiltration membrane modak configurations in industrial membranes

separation processage discussed below.

2.1.3.1. HOLLOW FIBER MEMBRANE MODULES

The hollow fiber membranes are in the shape of thin hollow tubes with a very small diameter. In
hollow fiber module, a large numbefrhollow fibers are assembled together into a pressure vessel.
The geometric arrangement of hollow fiber membrane module is similar to conventional tubular
heatexchanger assembly. Figu2e8. shows a cutting view of a hollow fiber membrane module.
Hollow fiber membrane module has the highest packing density compamter types of

modules and it has a maximum membrane surface area per unit volume as high as?A6°000m
68,69

Reject (residue)

Permeate

Fiber bundle

Figure2.3 Hollow fiber membrane modufé

Ultrafiltration hollow fiber membrane module can be i@ted in two different configurations a)
inside-out filtration and b) outsiden filtration. In insideout operation the high pressure feed
solution enters into bore side of the membrane and permeate is collected in the sHell side
Whereas, in outsidm filtration process the high pressudesd solution enters into shell side and
permeate is collected in the bore $id&igure2.4showsthe two different configurations based

on the feed flow.

12
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Figure2.4. (a) Insideout filtration, (b) outsidein filtration

In general, the hollow fiber membrane module can achieve high packing density heHexiste
manner which is the most critical criteria to be considered in a membrane syktemesuls in

higher productivity, mechanically sedtipport,easybackwash for liquid separation and easy
handling during module fabrication and in the oper&fidfrom many of the previously conducted
studies, it was found that the common filtration behavior of hollow fiber membranes is
characterized by treatment operationa@rameterssuch as tim&ependent nomniform
distribution of trans membrane pressure (MRix, and filtration resistance along the fiber due

to lumenside pressurerdp induced by permeate fld% In choosing the right membrane module
configuraton for a water treatment system, the module may be tested and evaluated first for the
specfic waste wate®. In this work,the hollow fiber membranenodule is used in outsida

configurdion.

2.1.3.2. SPIRALWOUND MEMBRANE MODULE

Membrane modules, such as tubular and plate frame operate at low quantity of feed volume and
consist of small membrane area with low permeate fluxa giral wound module haslarge
membrane surface area andmbrane packing densityq0-1000 n¥/m®) compared to tubular and

plate frame membrane modules, it is used to tagel feed volume applicatiéh In addition,

spiral wound module can operate at high tramemmbrane pressure drop and turbulent flow
regimes, due to the presence of spaEgure2.5.shows the assembly of spiral wound module,
consising of a sandwich of flat sheet membranes and a separator/spadoemt@an envelope

enclosing them to provide mechanical strength and permeate flow space.

13
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Figure2.5. Spirakwound membrane module assenibly

In spiral wound moduleghe spacer enhances mass transport in the feed channel and also it
develops the turbulence at the membrane surface and reduces the concentration polarization across
the membrane module and hence, it enhances the pure water flumirsindzes the pressure

drop®. The spacer also directly reducks pumping power consumptiGnHowever, the spacer
increases the flow resistance and the suspended materials can easily block the spacer and also
parially block the feed chann€l

2.1.4. ULTRAFILTRA TION OPERATION METHODS

Ultrafiltration operation metbds are generallglassified ino two maincategorieseither dead

end filtration or crossflow filtration, based on direction of the flow of the processed feed solution
and the nature of the lattén. theory, all contaminants/particles in a feed solution that are smaller
than the pore size of the membrank pass through the membrane, and contaminants or particles
larger than the pores of the membrane will be retained on the upstream/rejection side of the
membrane.Compared tarossflowsystem, dea@nd filtration systems usuallgvolve simpler
configuratiors and require less capital outlay and maintenance costs. However, filtration

performance is often poor in deadd mode compared to crossflow system due to the high
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resistance to filtrate flow by rejected material (particles bigger than thespae of the membrane).
Thus the dea@nd configuration is more suitable option only when the particle loading in the feed
is low, for example in clarification of filtration media or purification of gases. Crossflow filtration

mode can be used even fogtrer solids loading.

2.14.1.DEAD-END FLOW FILTRA TION

In deadend ultrafiltration operations the flow is perpendicular to the membrane and the entire
filtration volume is passed through the membrare/ particles/contaminants in the feed solutions

that are larger than the pore size of the membranes are deposited on the membrane surface, forming
a cake layer of solids on the membrane surface. The liquid that passes through the membrane is
known as the filtrate/permeate. Figixé. shows the schemati diagram of a deaend flow

filtration systemwherethe thickness of the cake layer grows until further filtration is not possible.

The filtration rate also decrease with filtration time due to the hydraulic resistance of the cake

layer.
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Figure2.6. Schematic diagram of a de&ahd flow filtration
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2.1.4.2.CROSSFLOW FILTRA TION

In crossflow ultrafiltration, the feed solution flows tangentially to the membrane surface.
Crossflow ultrafiltration is operated with two effluent streams: a permeate/fithatam and a
retentate/rejection stream. Only a portion of the feed solution passes through the membrane as
product/permeates, and the other portion flows tangentially along the nmembwmsface as
rejection. Figure2.7. shows the schematic diagram of aossflow filtration system. Ideadend
operations all the transported materials accumulate on the membrane surface, whereas during
crossflow ultrafiltration most of the particles/contaminants are carried away in the retentate.
Crossflow configuration is ore suitable for treating wastewater with high solids content and

higher permeation fluxes can be achieved compared to theedéddtration method.
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Figure2.7. Schematic diagram of a crossflow filtration
2.2. MEMBRANE FOULING
One major drawback ahembrane technology is its depleting performance over time such as flux
reduction, rejection impairment and membrane breakage, leading to high operational costs and

short service lifé®. According tothe Union of Pure and Applied Chemistry (UPAC), fouling is

the loss of performance of a membrane due to deposition of suspended or dissolved substances on
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its external surfaces, at its pore openings, or within its ofBEise three main consequences of

fouling are as below:

(1) Increase of required feed pressure and consequently higher operating cost
(i) Frequent chemical cleaning of the membranes to maintain the permeate flow or TMP

(i)  Shortening membranes lifetime

Themajor fouling mechanisms of ultrafiltration (UF) membranes are scaling of inorganic deposits,
particulate and colloidal matter, organic fouling andioigling. Different types of fouling may
occur simultaneously and can influence one anéth®caling by inorganic compounds is usually
controlled by an anscalant and/or acid cleaning. Particulé@ling can be controlled by
pretreatment like coagulation and flocculation proc&kserefore, organic and bfouling are the

critical types of fouling.

Bio-fouling problems originate from organic foulinghe accumulation of the organi@sganic

fouling) favors the attachment and growth of microorgani@ssfouling) onto the surface of the
membrane. Nmerous previously reportedsearches indicatbat the electrostatic interactions

and hydrophobic interactions enhance the natural organic matters (NOMs) attachment on the
membrane surface, which was reported as the initial step in membrane®diilingw pressure

UF membrane systems are more suitablerépection of pathogens and (imyganic micro
pollutants and numerous reports indicate that organic fouling and followed Hhyuttiiny (bio-

fouling is the final stage of organic fouling) are the most serious problems in these membrane

system&"88, Principle and consequences of-biiling arediscussdfurther below.

2.21. BIO-FOULING

Generally bacteria grow on an available surieqgeosed to an aqueous environment rather than in
the aqueous phase and form biofilm on the sutfd&eAccording to Characklisral Marshall,
biofouling is the extent of biofilm formation which cassinacceptable operational probléfs
The beginning of biofilm formation is influenced by a several factors, such as conditioniffg film
electrostatic, hydrophobic and van der Waals interacfipssriace characteristics of substratum

and microorganisni$and quorum sensifig Bio-fouling originate from the accumulation of the
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organics (protein, humic substance, natural organic mattersaatbed conditioning film that
favors theattachment and growth of microorganisms onto the surface of the meftarkhe
conditioning film contains a higher concentration of nutriesdmpared with the liquid phase
Formation of biofilm is initiated by the attachment of microorganisméeocbnditioning film.
When the attached microorganisms grow, the bioftartsto develof’. The matured biofilm
formation is due to early surface colonization by some microorganisms anddiessted
bacteria themproduce extracellular polymeric substances (BR&)facilitate the attachment and
growth of other microorganisrifs EPS arenainly carbohydrates, lipids, proteingyity of humic
substances and a small quantity of nucleic acids. According to D&y, the initial adhesion
of microorganisms is critical for biofilm formati®h Generally, EPS are responsible for
membrane fouling by irreversibly binding to the membrane surfacéhagénhance the bacteria
survival of the biofilm by forming a chemically reactive diffusion transport barrier with liacter

cellst®, Figure.28. shows the stepwise process of biofilm formation.

Attachment Colonization Growth

SRR [Viembrane surface RISt

Figure.28. Step by step formation of biofilm (attachment, colonization and growth)

The formation of a biofilm on a membrane surface will result in increased operating pressures,
loss of product water quality, increased chemical cleaning frequency, and reducedneelifdbr
time'°%. Moreover, it is extremely difficult to clean the membrane ltlaatbeeriouled by biofilms
because the micrmrganisms are protected by the matrix of EPS which are chemically bound to

the membrane surfat®®

18



CHAPTER:2

2.22. BIOFILM CONTROL ON MEMBRANES

In general, biofilm on membrane surface can be treatephigical, chemical and iological
treatment methods here are number of physical methods such as backwashing the membrane
module, reducing the concentration of solids in the liquid by pretreatment method before flow in
to the membrane module and applying a tangential surface shedt*fddcevever, Percival et al.,

suggested that structurally strong biofilm may form due to feigtl flow%4.

In biological method, enzymigased cleaning agents can be used to treat membrane fouling and
compared to many chemical cleaniegzymes based cleaning agents are less aggressive to the
membran&®. Compared to traditional alkali cleaning, enzymatic cleaning was found to be much
better in removing biofilm from ultrafiltration membrdfz It has been reported that
bacteriophage can be used to infect the host bacteria by rpfi@tien of virions to lyse the host
cellst%”. According to Goldman et al., bacteriophage can be used to reduce microbial attachment
on ultrafiltration membrane surface by an average of.488wever, bacteriophage tends to be

rather hosspecific and se@ocktails of rages would be required for microbial contfél

The dosing of biocides may decrease bacterial levels in thdiquiltt by killing the free floating
cells butmay beless efficient on the biofilM® Simoes eél., alsohighlight that the food debris
residues may contain microorganisms which may behave as a surface for colofifzation
Hydrogen peroxide and hypochlorites have been used as effective disinf€etémtaddition,
hypochlorites are also used as membsmelling agents and may flush out the material lodged
within the membrane poreblowever hypochlorites may decrease membran®dif®uaternary
ammonium compounds based products are not suitable to be used on msiné@use they
may adsorb onto the membrane surfaesultingin flux decline and damage the membratés

Moreover, EPS matrixes protect the biofilms which tend to be veistarsto biocidesthus it is

very difficult to clean the membrane thaas beerfouled by biofilmt% Disinfectants are not
always successful in controlling biofilm since it is impossible to inactivate all microorganisms in
the feed water (small number of microorganissrenough to form a biofilnty% Furthermore, the
extended exposure of membranes to disinfectants may damage the membrane sivmtires
may lead to the loss of ability to reject contaamts The use of disinfectants calsolead to the

generation of carcinogenic disinfection by prodti¢ts? Since pevention is better than aeyrit
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is more effective tgrevent the attachment of bacteria on the membiratiee first placehan
killing the bacteria already formenh the biofilm. This leads tothe concept ofmembrane

engineering to modify the membrane surfaceriter toredu®/ prevent bacterial adhesigh

2.3. MEMBRANE SURFACE MODIFICATION

2.3.1. MEMBRANE MATERIALS

Membranematerial isthe key parameter to be understood before modification of the membrane
surface to preverdtiofilm. Polymeric membranes are most widely used for wastewater treatment.
This is due to their increased separation efficiency and decreased maintenance costs when
compared to inorganic materials based membranes. Long term liquid based pressure driven
separation processes ultrafiltration requires polymeric membrane materials that possess properties
such as good mechanical strength, thermal stability and excellent chemical resistance to have a
sustained reduced maintenance ©d&t The weltknown polymeric materials include
polysulphone (PS), cellulose acetate (CA), polyvinyl alcohol (PVA), polyvinyl chloride (PVC),
polyvinylidene fluoride (PVDF), cellulose nitrate (CN), polyethersulphone (PESly
acrylonitrile (PAN) etc'>'21 Among these materials PES and PVDF are the most popular
membrane materialndhave been studied for many years for the synthesiérafiltration (UF)
membranes due tdheir excellent chemical and mechanical propett@$® In general,
hydrophilic materialshave a tendency to swell in water, which results in loss of mechanical
strength and lower rejection is attaindad. overcome this problenfydrophobic stabl@olymer
basednembraneare used and are imparted with improved hydrophilicity by surfeoméfication

for high waterpermeability, selectivityand antifoulingpropertiesThe hydrophobic/hydrophilic
properties of the membrane can be studied by meashengpntact angle of the membrane. The
membranes having higher contact angle ¢@@e said to be hydrophobic and lower contact angle
(<90%) are said to béydrophilic. Contact angleof the membranes igenerallyaffected by the
membranesurface propertiesuch agoughness, pore sizpprosity and the pore size distribution.

PES based ultrafiltration membranes are the focus of this thesis.

2.3.1.1. BIOLOGICALLY INSPIRED MATERIALS
Recently, biologically inspired materialbl§ck-copolymer/copolymer wittdesirel functional

groups, hydroxylated graphe, carbon nanotubes and aquapepiotein water channel) based
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biomimetic membraneshave ben getting much attention in desalinatif8n Biomimetic
membranes are generally developed with natural or ndikealybrid materials by mimicking the
biological approaches to bring in specific properties to the memBfétés Research on
biomimetic membrane has developed rapidly during the last decade. Even though there are still
many challenge® overcome, biomimetic and binspired membranes are still considered as the

next generation of advanced membranes. Some of the areas which are being considered for these
biomimetic membranes are block copolym&fs with desired functional groups,
hydrogenated/hydroxylated and aminated graplt&h& and water channel proteins
(aquaporin?® based membranes. Different membranes for desalinatiorthairdcommercial

viabilities are presented in Figure?2.
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Figure2.9 Current state of membrane developiien desalination and their commercial
viabilities (adapted and modified froltary TheresaM. etal., Energy Environ. Sgi2011, 4,
19461971)°
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2.3.1.1.1 BLOCK COPOLYMER BASED BIOMIMETIC MEMBRANES

The most immediate approach to fabricate biomimetic membranes is to bring in dthieuil
structure of natural cell membrane into the synthetic membranes. One such way is to incorporate
the biological proteins into the bilayer lipid membrane (BE®1)However, the inherent drawback

of this method is the low stability of the phospholipid bilayer in the cell membfangvercome

this issue, supported lipid bilayer membranes are deveitpBtbck-copolymer / copolymer with
carboxylic (COOH), hydroxyl {OH) and amine -\NH2) functional groups are consi@eras
biologicdly inspiredmaterials. These functional groups will form inter molecular hydrogen bond
with water moleculesln recent studies, these negalyveharged functional groups have been
shown to give significant improvements in the hydrophilicity of the membrahE8 due to inter

molecular hydrogebonding3“.

2.3.1.1.2. AQUAPORIN BASEDBIOMIMETIC MEMBRANES

Another approach to develop biomimetic membranes is to incorporate thfoponeg proteins

called Aquaporin into the polymer suppdft These aquaporins are capable of forming water
channels under the right conditidf’s Followed by an interesting paper from Kumar ét°ain

the possibility of achieving higher permeability and selectivity by bio mimicking the membranes
using aquaporin, researchers are scrambling to synthesize this biomimetioraguegsed
desalination membranes in a practically viable scale and method as possible. However, the large
scale production of aquaporin, incorporation of aquaporin into the membrane surface in fairly large
numbers and the development of proper and seitabpport membrane layers for the stable

immobilization of these aquaporins are still very challentjfhg

2.3.1.1.3 GRAPHENE BASED BIOMIMETIC MEMBRANES

Graphene is a spi2ybridized twedimensional carbon shé&twhich has been used for several
promising applications such as energy siet&, surface coating®'#¢ nanopore sequencitg

and filtratiort*8, The wetting behavior of graphene plays an important role in these applications in
addition to its eneng storage efficiency and heat transfer capaé®y?’. Recently, graphene
gained much attention in the field of membrane science and engineering due to its high surface
area®!, high mechanical strendfii and chemical stability®. Theoretical analysis have also
predicted that graphene based membranes may exhibit orders of magnitude greater permeability

than the current state of the art membr&tié®. However, most of these studies are based on a
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single layer of graphene sh&ét Experimental studies also show that it is diffico fabricate
leak-free porous graphene membranes with large surfacé*@dféaMoreover, it is commonly
acceptedhat supported graphene is hydrophobic iureaind its water contact angle is, to some
extent, higher than that of grapRi&H81>e,

Graphene oxide (GO) is an amphiphilic graphene derivative (a satmyie layer of graphene) with
oxygen containing functional groupsOH, -COOH) attached to both sides of tgeaphene
flaket®%183 There are important beneficial aspects to having these oxygen containing functional
groups attached to the graphene structure. Firstly, they impart polarity to the flake so that the
graphene oxide iable to be more uniformly dispersed in solvents and eventually in the polymer
matrix it is blended intt§%1%4  Further, these oxygen containing hydrophilic functional groups
improve thewetting properties (hydrophilic properties) of the normally hydrophobic polymeric
membranes through hydrogen bond#igindeed, literature reports that the contact angle of water
on pristine graphene oxide films can vary from 0 to 60 detf&&%

Graphene oxidpolymer hybrid meerial based membranes exhibit excellent antifouling
property?® due to the interaction of contaminants with the delocalizedegtrons of the

nanocarbons®'32 Thermal stability and mechanical strémgf the polymeric membranes is also
increased by thaddition of graphen®’. Graphene oxideased membranes exhibit promising

qualities in the fieldf desalinatioh®® and selective ion penetratih

In this research, carboxydG@OOH), hydroxyl {OH) and amine-NH2) functionalzedcopolymers
and graphenkave beenused to modify the PES membrane

2.3.12. POLYETHERSULFONE (PES) MEMBRANE

PES possesss very high mechanical, chemical and thermal resistances with a glass transition
temperature of 22&. It also ha®utstanding oxidative and hydrolytic stability, which makes it an
ideal material to prepare membranes to be used in the water mephoeessé8®!’°. Figure2.10.

shows the structure of PES polymer.
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Figure2.1Q Chemical structure of PES polymer
Although PES and PES modified membranes have been widely used in water treatment, they
inherentlypossess hydrophobic surface property, which is the madwastage fotheirfunction
as an effective filtration membrane. Many studies have shown that membrane ifothimgnajor
problem in membrane filtration, is directly related to hydrophobic nature of the meniBfaftes
Membrane fouling is mainly caused by adsorption ofpolar solutesis well ashydrophobic and
electrostatic interactions of particles bacteria with membrane surfac&he ogerational
drawbacks of such fouling problems inclubdegher energy consumption, shorter membrane
lifetime and unstable separation performandé.
Since PES is hydrophobic in nature, various signifisaudies focusing on approaches adopted to
impart more hydrophilicity via surface modificationave been reporté*’®. There are several
methods reported for theydrophilicmodification of PES polymers or membranes to increase the
antifouling propertywater flux, biocompatibility and othespecialized functions in membrane

filtration.

2.3.1.3 POLYETHERSULFONE (PES) MEMBRANE MODIFICATION

There arethree mainways to modify the PES polymer and membrateesbtainlong-lasting
antifouling hydrophilicpropertiedor water filtration. They are (1) bulk modification of PES, (2)

surface modification of PES membranes and (3) blending meflnadyvarious PES membrane

modification approaches are described in detail below.
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2.3.2. BULK MODIFICATION OF POLYETHERSULFONE (PES)
Bulk modification is a method of incorporating different étinnality/functional groups o the
polymer back bone (molecular structure). Various types of modification of PES polymer are

discussed bellow

2.3.2.1. SULFONATION OF POLYETHERSULFONE (PES)

Sulfonation is an electrophilic aromatigxstitution reaction, in whicsulfonic acid group ((SO:H)
areintroduced into the structure of PES molecule in place of a hydrogert’a@snshown in
Figure2.11 below The sulfonic acid groups introduced by this method are usually localized in the
ortho positions on the arotnarings of the PESwhich are activated bghe electron donating
oxygen atom of the main chafft*’>. The sulfonic acid group repulses #ectron and deactivates

the aromatic rings for substitution, which makes sulfonadidifficult process

Figure.2.11. Chemical structure of sulfonated PES

The sulfonation of the PES polymer is normally carried out using sulfonating agents such as
sulfuric acid HSQy, sulfur trioxide S@, chlorosulfonic acid CISEH, trimethylsilylchlorosulfate
(CH3)3SiSQCI etc,7817% The chosen reagent is added dropvitséhe polymer solution at a
constant temperature after whidtetpolymer is precipitated in ice cold water, filtered, separated,
washed with deionized water and then dried. Of all the sulfonating agents, sulfuric acid is the
cheapest but its disadvantage is that it can cause the polymer chain to degrade asfdigdsult o
temperature or long reaction time. This may possibly bring down the mechanical resistance of the
membrane, limiting its use in industrial applicatioRgyure.212. shows the possible chemical
degradation of PES during sulfonation.
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2 phenols

Figure2.12. Degradation of PES during sulphonation (reactidth strong sulphuric aciéi’.

Therefore, control of temperature and reaction time is critically important when employing sulfuric
acid. Sulfonation of PES using chlorosulfonic acid also causes degradation, crosslinking and
branching in the polymer. However, its main advantage is that a homogeneous solution is formed
which can be effective in controlling the degree of sulphonation'tbShe latter is an important

factor representing the rate and level of sulfonation, which has a idigatt on the mechanical
properties as well as the hydrophilicity of the membrane material. For instance, it is known that as
the DS decreases, the tensile strength of the membrane decreases whilst its hydrophilicity
increase$’. DS is affected by reaction parameters such as the reaction time, temperature,
sulfonating agents, an@tio of sulfonating agents, PES and solvents. It is typically determined
using the ion exchange capacity of the sulfonated PES ($B¥%)r through proton NME or

infrared sgctroscopy. The presence of sulfonic acid groups was confirmed by the FTIR and NMR

spectroscopyHowever, the possibility of polymer chain degradameay affectthe physical and
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chemical property of the materialhus limiting its use in industriabpplication$®® more

particularly in membrane application

2.32.2. GRAFTING FUNCTIONAL GROUPS TO POLYETHERSULFONE (PES)

Grafting is the process of adding functional groups toplgmer to enhance its properties.
Carboxylic group is the most commonly used functional group to graft on to the PES surface. The
presence of carboxylic groups has been shown to increase the hydrophilicity of the PES polymer,
as measured by water contartgle measuremenfs This grafting requires morenergy than
simultaneouggammaray irradiation. Briefly, PES polymer, aqueous acrylic acid and measured
amount of additives are added and treated with nitrogen and sEahtiger, the mixture was
irradiated with gamma yasource at room temperature folladvby filtration and washing. The
powder was then extracted and dried in oven at vatifuifhe higher the absorbed dose of
radiation, the more free radicals formed for grafting, resulting in incregsgde of grafting (DG).
However, this method also causes degradation of the PES polymeric materials and to avoid
extensive degradation, it is necessary to control acetylation and oxidation reactions in the

proces$®. Figure.213 shows the process of fabrication of carboxylic polyethersulfone (CPES)
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Figure.213.Process ofabrication of carboxylic polyethersulfone (CPES)

Recently, membranes graftedth various other functional groups have also been synthesized by
chlorosulfonation first and then chlorinated by phosphorous pentachfSridgdroxyl, carboxyl
and methyl groups have subsequently been graftedl@RES matrix through different reactions.

The synthesis is shown in figure1283
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Figure.214.PES modification by grafting different functional grotifis

2.33. SURFACE MODIFICATION OF POLYETHERSULFONE (PES) MEMBRANE

As mentiond in the section 2.2.2, bulk modification is a method of incorporating different
functionality/functional groups in to the polymer back bone (material modification) before the
dope formulation. Surface modification is a post modification (post fabricgtimeess. There

are many types of PES membrane surface modificasatescribed below.

2.33.1. SURFACE COATING VIA THIN FILM LAYER

Several polymers were coated onto the PES membranes, which showed highpematability
compared to the uncoated olésln this method, a thin selective layer, referred to #erafilm

layer (TFL), is diectly deposited as a coatingtorthe membrane surface. The TFL coating has
been provedo improve the antfouling properties of PES membranes. For instance, Ma et al.
developed a dual layer membrane by coating and crdssdipolyvinyl alcohol (PVA) oto the

PES membrane. The hydrophilicity was found to increase with increastriguling properties

of the coated PES membraffe Polite et al. coated PES membrane with the surface active agents
such as Triton and cationghenyl trimethyl ammonium bromid®TAB), which was also found

to increase the antifouling properties of the membifdngimilar effects have been observed with
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PES coated with inorgé&c compounds such as zeolite, Zj@lumina etc. Bae at al dip coated the
sulfonated polyethersulfon6SPES) membrane by TiO2 nanoparticle suspension and formed
nanocomposites, which was proved to decrease the amount and rate of'Youiingilarly,
Kochkodan et al. dip coated their PES membrane by TiO2 particles using UV irradiation at 365
nm which resulted in improvements in tHux by increasing hydrophilicity and antidiling
properties of the membraiié Recently, layer by layer deposition of polyelebttes, as depicted

in Figure 2.15was used to enhance the selectivity and water flux of the PES memtranes

Polycation Nanoparticle Polycation Enzyme

Qs 1) LR/ S

Figure2.15 Layer by layer deposition by alternating spray coating of polyanions and

polycations$®®

Aravind, U. K. et al, reported thatrptein separation can be enhanced by coating chitosan or
polystyrene sulfonate on to the PES membranes whrohsfa novel composite membrane with

high flux and permeability®. This protein separation is dependent on the thickness of the
deposited layers and the solution e coating technique also improves other properties of the

PES membranes such as the stimuli respon&i¥isiectronic property®and biocompatibilit}?’.

2.33.2. SURFACE COATING VIAINTERFACIAL POLYMERIZATION

Unlike the thin film coating, interfacial polymerization involves a chemical reaction which occurs
at the interfacial boundary of immiscible solutions such as water and organic solvent or at the
membrane surface @t the pore surface. Interfacial polymerization can be used to modify the
surface of flat sheet membranes but is difficult to use for hollow fiber membranes, which represents
an inherent limitation of this technigti& It can be considered as the combination of coating and
polymerizationThis method of coating has beggmonstrated to increase the antifouling property

due to increased hydrophilicity and the separation performance of PES membranes. By choosing
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different monomers, many kinds of functional composite membranes can be prepared for different
purposes. Thus, FEmembranes have been modified by PVA/PA composite thint4ged PVA,

PEG and chitosaf’. As a result, the membranes exhibited no tendency to be irreversibly fouled
by humic acid at neutral pH and increased with decreasing the pH to a value of 3.

With the application of intéacial polymerization method, efficient membranes that can perform
selective separation of gaseous compounds such asC etc. have been developethe
separation performance of the compogtyaniline (PA) membranes was investigated by
Ramachandhraat al. bythe in situ interfacial polymerization ovpolysulfone(PSF) and PES
membranes using different amines with aromatic acid chlorides. The PEI based composite
membranes showed better salt rejection, permeation performance at the acidic feed and
Pdydiacetyleng PDA) based membranes showed better performance at the alkaline feed. Carrier
composite membranes containing trimethylenetetramine (TETA) and hexane soluble trimesoyl
chloride (TMC) were developed on to the PES support by interfacial polymerization kddch
honey comb like structuf®. These membranes with adkiness of 0.2um were said to have high
selectivity for CQ and CH. Another work involved the preparation of PA layer by applying TMC

and piperazine via interfacial polymerization on to the PES menmStaltas found that the salt
rejection capability decreases as the irradigtimwer increases and the membrane is characterized
using SEM and AFM studié®¥. Moreover, the modified membranes shovwstductural and
performance stabilities. Similar work has been done by BucR%@tdio prepared the composite

NF membranes containing aromatic cycloaliphatic polyamide layer on to the PES membranes via
interfacial polymerization of,3-cyclohexanebis(methylame) (CHMA) in water with TMC in
hexane. The flux and the rejection decrease as the chlorine concentration increase due to the

conversion of Hbonding amide NH group to thenonhydrogenbonding NCI group.

Man-made polymers with optimized moleculacognition cavities called molecularly imprinted
polymers (MIPs) have attracted extensive attention due to their potential applications. These MIPs
can also be attached to PES membranes via the interfacial polymerization technique in order to
enhance theelective separation properties of the membrifies

2.3.3.3. PHOTOINDUCED SURFACE MODIFICATION
Photceinduced chemical surface modification involves mild reaction conditions, low temperature,

high selectivity, suitable excitation wavelength and can be incorporated at the end of membrane
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manufacturing proce€®. However, this method is difficult to implement within the internal

surface of hollow fiber nmabranes.

Many studies have been carried out to modify polyolefins using vinyl monomers via UV induced
grafting. Initially, photoactive poly(arygulfone) requiring no photo initiators was used to modify

the PES membranes by phataluced grafting and thextent of the modification using different
monomers was examinétl Also, 2-hydroxyethyl methacrylattHEMA) was grafted on to the

PES membrane using glow discharge technique. However, this -ipboiced surface
modification depends highly on the membrane properties such as the pore size, pore distribution,
surface barge and interactioff8. This type of PES membrane modification always causes
degradation of the membranes if the irradiation time is uncontf&llétbrman et al. used the time

of flight ion mass spectroscopy after irradiation and studied the surface chemmgésia the

PES UF membranes. They found a number of chemical changes such as addition of oxygen,
degradation of benzene rings, carbon depletion, hydroxyl formatiés etc

Modification of PES membranes by usingviyl-2-pyrrolidinone (NVP) as the monomer, the
hydrophilicity was said tincrease by 25% and the fouling decreased by?#9%1oweverthe

dip modified membranes exhibit simultaneous lof8mfine Serum AlbumiiBSA) rejection and
permeability, which showed that there is a high degree of polymer chains that block the pores and
decrease the permeabifit), but the immersion modified membranes retained their permeability
and rejection. For dip modification, UV lamps and light filters were used to filter out 254 nm
wavelength light whicltaused the protein rejection and thus the membrane fouling was reduced
significantly?'t. Apart from NVP monomer, various other hydrophilic monomers have been used
to modify PES membranes by phétmdiation technique to improve the antifouling pedjpeg'

214 Also, another work by Abu et al. showed that #eeylic acid (AA) modified PES NF
membranes haiticreased permeability compared to the unmodified memfankesaddition to

the use of agatively charged hydrophilic monomers such as AA, several positively charged
hydrophilic monomers were also grafted on to the PES membrane to inhibit bacterial growth or to
have antibacterial activity along with reducing biofouling and enhance membeanénd®’. The
performances of the modified PES membranes using 6 grafted monomers were invdsyigated
Taniguchi et al. and the surface wettability of the modified PES membranes was ir¢fétsed

Poresize was seen to have a major effect on membrane performance. With pore size of 50 kDa,
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the modified PES membranes using NVP, AA and/lamide2-methyt1-propanesulphonic acid
(AMPS) monomers, achieved high retention and flux with lower fouling properties. With larger
pore size of 70 and 100 kDa, the modified PES membranes using AA and AMPS monomers,
showed high rejection and fluxes with greater cleaning capacity. Also, the PES mesnbra
modified with weak acid AA monomer reduced the irreversible fouling properties to zero, whereas

the hydrophilic monomers increased the irreversible fouling prop@fties

Better separation performances of the PES membranes were achieved by modifying the
membranes usg hydrophilic functional moieties such as AA aadrylamide (AM)by UV
induced modificatioft®. The separation trend depends on the pH and decreases as the pH increases.
For both the modified PES membranes, the water fouling recovery ratio and the antifouling
property was found to be greater than for the unmodified PES membranes, eventhigugh
permeation and separation performances were different. Using this UV assisted method of
modification, the PES membranes were modified using graft polymerization of 3 hydrophilic
monomers, NVP2-acrylamidoglycolic acid monohydrate (AA@hd 2-acrylamdo-2-methyt1-
propanesulfonic acid (AAR)with 300 nm wavelength lamf3@ Since BSA was negatively
charged, the antifouling performance was better for the modified membranes using the AAP
monomer. Wei et al. developed a method for depositing the charged molecules layer by layer by
electrophoresis with Ugrafting on the PES membrane surfaces with different types of monomers,
MA, AA and AAG, which are strong polyelectrolytes, HEMA aNevinylformamide (NVF),

which are weak polyelectrolyt&$, After modification, the membrane possessed more hydrophilic
and negative charges on its surface, which gives lower fouling properties. The strong
polyelectrolytes improved the NOM retention and decreased the permeability and molecular
weight cut ¢f (MWCO) of the PES membranes, whereas the weak polyelectrolytes increased the
permeability, MWCO and the pore size of the membranes.

The commercial PES membrane was modified by phatoced grafting method to resist
biofouling?®. Also, the PES membrane can be modified by photo graft polymerization of
polyethylene glycol monoacrylateEBEMA) on to the surface controlling the UV irradiation time,
monomer composition and the degree of functionalizAfokiowever, the recommended best
conditions are high monomer concentration (40g/L), average irradiation tim8 (hibs) for

achieving higher flux and lower fouling. Heterogeneous photo graft copolymerization of 2 water
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soluble monomers PEGMA and  N,N-dimethykN-(2-methacryloyloxyethyN-(3-
sulfopropyl)ammonium betaine (SPE)yas carried out to modify the PES membranes, which

achieved higher fouling resistaré®

Zhou et al. combined the pheiteduced graft polymeration with the high throughput platform

and modified commercial poly(aryl sulfone) membranes. They prepared the BSA resisting
surfaces using graft polymerization on to PES membranes and were shown to have reduced NOM
fouling®?%222, Another work involves preparation of the PEGA by esterification of PES with AA
and then using this to modify the PES membranes via UV irradf&tidine pure water flux and

the PES rejection comparison of the control and modified membranes suggestdtieth
permeability and the rejection ratio can be optimized by controlling the PEGA concentration. Also,

it was found that the tensile strength and the elongation ratio were decreased for the modified PES
membranes. However, they had good stability eesr awelling in NaClO solution for a long

period of time. To attach active biomolecules and reactive groups on to the surface of the PES
membranes, a new heterogeneous UV irradiation method was developed without compromising
the membrane selectivi§?. PES membrane was also reported to be modified by the photo induced
graft copolymerization ofjuaternized Zdimethylamino)ethyl methacrylatgDMAEM)>?%. This
modification showed that the pore size and the pore size distribution was reduced, which was

attributed to free radical density for the photo reactive PES.

Even though it is difficult to modify the PES hollow fiber membranes by pimotiaced method

as has been highlighted earlier in this section, there are a few studies reported to overcome this
drawback. Bequet et al. developed a novel method of preparing NF hollow fiber from the UF
membranes by modifying the PSF ultra filtration hollow fibersdogfting AA or MA via
photochemical methdéf. GomaBilongo et al. developed a numerical model to represent this
modification method using UV irradiatiét. This method could be adopted to modify the PES
hollow fiber membranes as well. Anyhow, the carboxyl groups showed pH sensitivity. Another
method involves modifying the inner surface of Bf&F hollow fibers by gas initiation under UV
that optimizes the pore size in the membr&iesere benzophenone was used as a photo initiator,
AM as the graft monomer amblyacrylamide(PAM) was grafted on to the membrane surface.
This method can also be applied to modify th&SHollow fiber membranes.
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2.3.3.4. GAMMA RAY AND ION BEAM INDUCED GRAFTING

Gamma rays have high intensity and energy that can break down the chemical bonds in polymers
leading to the formation of free radicals which are highly reaative to theirsingle unpaired
electron and can readily initiate a polymerization reaction. Filho et al. studied the radiation induced
grafting of styrene on to casted PES membrane using the gamma ray, whereby polystyrene side
chains were grafted onto the membrane whichild then be sulfonated to become proton
conductiveé®. Similarly, PES powder has also been grafted ugalgmethacrylic acid (PMAA)

and poly acrylic acid (PAA) monomers using gamma ray irradiatio graft
polymerizatiod?®?*° Figure2.16 shows thepreparation of grafted PES membrane by gamaya
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Figure.2.16 Preparation of grafted PES membrane by garayarradiatio®
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Because this gamma irradiation method involves breaking down the chemical bonds of the
polymeric membranes, their mechanical strength can be severely affected. For this reason, this
method is rarely used for modifying PES membranes. Instead, ionitvadmation is the preferred

method to graft monomers. It works by creating active sites on the membrane surface. AA
monomers have been grafted on to PES membrane using such ion beam irradiation té¢hnique
The grafted PES membrane was seen to have increased water flux and rejection compared to the
neat PES membrane with pH resperdue to the presence of hydroxyl groups. This method can

be used to develop cationic and anionic membranes. PES membranes have also been modified
using an electron beam irradiation method involving a single step of treating the membranes
soaked in agueausolutions of low molecular weight compounds with hydrophilic functional
moieties prior to exposure to the electron b&arthe advantage of this single step method is that

it does not require any catalysts, solvents, photo initiators or any additional purifications steps.
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2.3.3.5. PLASMA BASED GRAFTING POLYMERIZATION AND TREATMENT

Plasma, generated by the process of ionizing gas or watanother surface modification
technique that has been used to achieve or increase PES membrane hydrdphilicitygh the
formation of functional groups and radicals that are required for graft polymerization. lonization
of a gas can occur via electrical disgfarat high frequencies using microwaves and radio
frequency waves. Using these waves, the upper surface of polymeric membranes have been
modified and activated by introducing functional groups to increase the hydrophilicity without
changing the polymer 2% Such plasma treatment can be optimized to impart the modified

membrane surface with different properties.
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Figure.2.7. O, plasma treatment of the membréatte

Figure 2.7 shows the plasma treatment of the membrane using oxygen gas. Initially, the
membrane surface is bombarded with the plasma components which are ionized and thus radical
active sites are created. These radicals are capable of photodegradingoadsoaxcept the-C

H and GC bonds and thus react with the oxygen moleééfleBor oxygen plasma treatment, the
functional groups reported are carboxyl, carbonyl and the hydroxyl groups. Other gases that have
been used for PES modification include argonQ®, NHs, and HO?3%2%8 Plasma treatment

using nitrogen gas introduces functional groups such as amine, amide, imine and nitrile on to the
PES membrane surface. Similarly, £8asma treatment introduces oxygen molecule on to the
membrane surface in the form of carbonyl, acid and ester groapsukfiace oxidation, which

increases the membraneds hydrophilicity.

The methods of plasma treatment and plasma induced grafting have been applied to modify both

flat sheet and the hollow fiber PES membranes. Improvement in performances in terms of
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membrandouling and hydrophilicity have been demonstrated after plasma treatment of these two

membrane designs with oxygen §és

2.33.6. ATOM TRANSFER RADICAL POLYMERIZATION (ATRP)

ATRP is one of the convenient methods for new graft polymer synthesis under mild conditions
and different types of vinyl monomers can be polymerized under controlled conditions. Three
grafting methods inclling graftingto, graftingthrough and graftingrom, have employed ATRP

to modify membranes based on the applications of the graft copoRfth&rsone reported work,

the PES underwent chloromethylation at mild conditions to produce benzyl chloride functional
groups at the surfaces. These groups act as the initiators for the-guitfatal ATRP to modify

the PES membrane functionality. TRERP was carried out using the hydrophilic polymer
brushes ofPES monomethacrylate (PEGMA), sodidrstyrenesulfonate (NaStS) and their
copolymer brushes via chloromethylated PES surfaces. TVIREgrafted PES membranes
showed higher protein resistaft®*%. Other methods which can be used are free radical mediated
polymerization (SFRP), iodingansfer polymerization and reversible additfeeggmentation

chain transfer polymerization (RAFT).

2.33.7. OZONEINDUCED GRAFTING

Ozone (Q) is a triatomic allotrop which is less stable than the @nd is present at lower
concentration in the earthodés atmosphere. Ozon
Uv light from reaching the earthods surface,
behavesas a pollutant that can cause respiratory problems and burn sensitive plants. However,
ozone has many industrial and consumer applications and one such application is related to

membrane surface modification, as illustrated in Figurg.2.1
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Figure.2.18Reaction schemes of hydrophilic polymers grafting on to the PES membrane
activated by UV/ozone treatment (a) PVA, (b) PEG and (c) chitésan

To improve the hydrophilicity of the PES membrane, it is possible to graft hydrophilic polymers
such as PEG, PVvAnd chitosan on to PES membrane via UV/ozone treatfAeihtvas shown

that the modified PES membrane had increased surface roughness, increased hydrophilicity and
decreased protein absorption when compared to the unmodified PES membrane. Among all the
three polymers used, PEG was shown to be the best polymer to enhance the antifouling properties

via lower contact angle and protein absorption.
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2.3.3.8. IONIC MODIFICATION METHOD

PES hollow fiber membranes which are delaminatiee duallayer asymmetric @amposite
membranes have been develofmdgas separation. These membranes were fabricated using the
co-extrusion and drjet wetspinning phase inversion technigtf€sMore recently, dualayer

hollow fiber spinning technology and the silver ionic modification method have been combined to
increase gas selectivify. Figure.2.9 shows the dual layer hollow fiber spinning unit. The three
main factors that are responsible for the enhanced gas separation performaneehagpdrted

to be the steric hindrance, electrostatic cross linking and affinity to specific gases, which have been

attributed to the ionic groups incorporated into the PES matrix.

Back pressure

, clean

1Solvent|
I system !

[‘ Dual layer spinneret

Figure.2.D. Dual layer hollow fiber spinning uif¢

This method can be used to develop PES that possess antibactiévigt for food processing
industries Recently, silver ion modified PES membranes were prepared using the interaction
between the sulfonated groups and silver ¥nsThe silver particles were successfully

incorporated on to the sulfonated PES membranes using vitamin C as the reducing agent. The
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modified PES membrane can be used to inhibitdsecsuch astaphylococcus aureus, E. coli
andStaphylococcus albus

2.33.9. PORE FILLING METHOD

The pore filling method can be used to surface modify the PES membranes. Shah et al. developed
functionalized membranes in the pores of a PES porous nigtroationic polymerization of
styrene. The polystyrene is sulfonated using sulfuric acid to provide catalyti¢®sifass charged
membranecan also be used for separating whey protein, where a much higher selectivity (a five
fold increase)has been achieved compared to the unmodified membrane at*pHrigire.2.20

shows cationic polymerization of styrene (a) and polystyrene grafts in the membrane pore (b).

|'S(‘);* “H-CH, + "Il=("ll‘, — |—S();>lll‘(.'ll) “H=CH,
)
IFuII-size image (7 K)I
(a)

> r = 100-500 nm >
Neg2e%s2 2920999
\ Convective Flow
225 22@ l 229999

N
m,.\m

Figure.2.20 (a) Cationic polymerization of styrene (b) polystyrene grafts in the membrane
pore#*®
2.33.10. REDOX GRAFTING METHOD

Redox reactions are tho#®at involve the transfer of electrons between two chemical species via
oxidation and reduction. The most widely used redox system consists of potassium persulfate and
sodium metdisulfite that can generate radicals on the membrane surface for graffisigadthod

of grafting is used for initiating polymerization reactions whereby the redox initiators are used to
produce radicals under controlled conditions. The initiation takes place when an oxidant and a
reductant are present in the reaction mixture aaot limited by temperature, such that the

membrane can be modified in agueous environment at room temperature without removing oxygen.
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Low molecular weight PES NF membranes and thin film composite membranes have been
developed using the redox grafting med whereby negatively charged and neutral hydrophilic
functional group were inserted on the membrane surface via in situ redox polymerization of
acrylate monomef&. The modified NF m@branes have been used to treat dye effluent solutions
and the composite membranes used for brackish water desalination with good fouling resistance.
Similarly, Belfer et al. modified the PES UF membranes using redox initiators to produce radicals

and themethacrylate based monomers for polymerizafion

2.33.11. MOLECULAR IMPRINTING

Molecular imprinting is a method of incorporating molecular recognition sites in polymeric
membranes in the presence of a template molecule resulting in sites similar in shape and
functionality to the émplate molecuf@®. The template molecule is also called the imprinting
molecule and the imprinted polymers are called the molecularly imprinted polymers (MIPs).
Recently,Bisphenol A(BPA) imprinted PES hollow fiber membrane was developed using dry

wet spinning method and this was used for advanced separation processes made possible by the
increase in the binding sites in the polyf&rThe separation process may be affected by pH
conditions that cause the cemtration driving force required for rapid and efficient separations.
MIPs have high selectivity and sensitivity for compounds with low molecular mass in medical

field. The BPAimprinted PES membranes also have the capability for whole extraction dévices

2.33.12. THERMAL INDUCED GRAFTING AND IMMOBILIZATION METHOD

This method is used to covalenifgmobilize biomolecules such as protein, amino acids, enzymes
etc. on to PES membranes via chemical reactions involving thermal activation of the chemical
initiator or the cleavage agent. The thermal grafting method can be used to prepare modified PES
memlbranes that help to improve their antifouling and their pH properties. Recently, the stable PES
membranes were modified by the thermal crosslinking method using poly(ethylene glycol)
diacrylate as the crosslinking modifier in the presence of catalyst ¢aaef°3. Figure.2.21

shows the method of thermal induced surface dinksng on PES membrane. These modified

membranes was said to increase in mass with wegr@ermeability and antifouling property.
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However, excessive increase in mass will cause decreased performance. Another study involved
modifying the PES membranes to increase the antifouling property aralleseling capability of

the membranés®. PES membranes were first grafted uspuy (methacrylic acid) toform
PMAA-g-PES which introduces acid functional groups on the membrane surface. These acid
groups were activated by-hydroxysuccinimide for trypsin to attach covalently to the membrane.

The modified membranes can be recovered by simple flushing shoslirgesning property.

membrane membrane
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Figure.2.21Thermal induced surface crelgsking on PES membrafe

Various PES membrane modifications using thermal induced methed been reported.
Methacrylic acid grafted PES membranes were prepared beimpyl peroxid¢BPO) as the
initiator?>>, Two or more amino acids linked via peptide bonds were used to modify the PES
membrane. The amino acid sequence was covalently linked to the amine modified PES membrane
using ethyl émethyl aminopropylcarbodiimide (ED&Y. Figure.2.2Zhows the reaction scheme

of PES modification.
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Figure2.22 Reactiorscheme of PES modificatiéi?

2.34. BLENDING METHOD

2.34.1. BLENDING OF HYDROPHILIC ADDITIVES WITH PES DOPE SOLUTION

The pure PES membrane does not have antifouling property due to its hydrophobicity and thus
need to be modified via blemd) to increase its hydrophilicity and antifouling property. This
method involves blending of PES with surface modifying macromolecules (SMMs), amphiphilic
copolymers, hydrophilic monomers, biocompatible compounds etc. In the amphiphilic copolymers,
the hydrophilic group allowsncreasinghydrophilicity and hydrophobic group allows it to be
miscible with membrane materials. During blending and membrane formation, the copolymers
accumulate on the membrane surface that was controlled by kinetics of the membrane forming
systems. Based on thithe amphiphilic copolymers can have hydrophilic and biocompatible
functional groups on the surface to increase the hydrophilicity and biocompatibility of the

membranes respectively.

42



CHAPTER:2

Blending is one of the simplest methods widely used for PES membraiifecatmn. This method
involves direct blending of the pore forming hydrophilic polymers such as PVP and PEG with PES
dope solution to increase membrane hydrophilicity and antifouling progettrf8&sAmphiphilic
polymers have also been synthesized and btemddr PES membran&82%°. The most serious
problem in water treatment using membranes i
membrane impermeable to the water as time incredéasy studies have been reported to
improve the antifouling property of the PES membranes using the blending method. The
antifouling properties of PES ultrafiltration membranes were studied using the natural organic
matter (NOM) that showed decrease inxftlue to NOM fouling on the membrane. The water flux

and the milk permeation flux of the PES membrane decreased with increase in protein rejection
and enhanced antifouling property due to smaller surface pore size when treated with At water
Another study reported that theembrane flux of PES was not much affected by the fouling layer
formatior®2. Having rough surfaces, PES formed a thick fouling layer during apple juice
clarification that was found to have more openings when compared to other smoother membranes
made of nylon. Amphiphilicpluronic copolymer with PEO and other contents was synthesized and
blended with PES by Jiang et%l They were able to modify the length of the PEO chain and the
pluronic contat in the membrane to increase the antifouling property and flux recovery. Later,

pluronic F127 was used to modify the surface tarfdrm pore$>®.
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Figure.2.3. Cleaning process by SDS solufigh
Increasing the pluronic F127 content was shown teease the surface pore size and antifouling

property of the membrane. However, when blended with PES, the flux recovery remained the same
when washed with water. When washed with sodium dodrdfate (SDS) solution, the flux
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recovery increased to 93.33%¥e to prevention of oil droplets accumulating on membrane surface
and thus can be used for oil/water separatfon

An ultrahigh molecular weight copolymer styrene maleic anhydride (SMA) was prepared using
super critical carbon dioxid®. This hydrophilic copolymer was blended with PES to form

SMA/PES membrane with @neased surface hydrophilicity and protein absorption resistance.

'{-cu:—cu—a I—Cl |+~ + HO+CH,CH,0%-CHj

o 0”0
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PTSA. 100 °C "PCHJ—CH—(“H—({.H%'
DMF, N, protection 4(]7 Ll‘\
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OH: (05 —oonn
“TCH,CH,03-CH;

SMA-¢g-MPEG
Figure.224.Synthesis of SMA;-MPEG*®°

They also prepared amphiphilic copolymers with SMA and methoxy PEG grafts thialewdsd

with PES to form membranes with fouling resistaiteAcrylonitrile copolymer with charged
functional groups was blended with phenolphthalRES compound to form ultrafiltration
membraes that are antifouling and used for protein separation depending on the pH of the
solutiorf®®. PESPAN membranes were also prepared for ultrafiltration with antifouling properties
improved by aqueous alkali treatment at room temperdfuRRecently, hydrophilic monomers

such as acrylic acid/HEMA and PVP were blended with PES casting solution in DMAC to form
the modified PES memane via phase inversion technique by immersion precipitafiorhis
membrane was found to be fouling resistant with decreasing water fluxes and increasing milk

water permeation.
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Figure.225.Effect of AA and HEMA on flux stability of PES membraffés

The pore size and the performance of modifie® PiEembranes were usually modified using the
synthesizing method and conditions that could increase the solvent evaporation time, lower the
pore size and permeation r&fe However, the organic compounds removal from river water was

not affected much by the modified membrane. Macromolecules that can modify the membrane
surfaces were @8l to PES membrane via blending them together which leads to an increase in
membrane performance and stability. This was reported by Susanto et al. using macromolecules
like PVP, PES and Pluronic to modify PES membrane, out of which pluronic showed the bes

performance among all in terms of stability, antifouling property and biocompatfitsility
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Figure.2.26Water flux over time at pressure 450 K®a

Surfacemodifying macromolecules (SMMs) were developed for modifying the PES membrane
surfaces and thus enhance the membrane properties. They can be fluoropolymers with fluorinated
end group§®. SMMs on PES UF membranes via blending method was studied by Matsuura et
al*”®. In this studypolypropylene glycobased additive was used to modify PES membranes. The
modified membranewith lower MWCO and smaller pore size had high TOC removal, lesser
permeate fluxes and hence decreased fouling. An amphiphilic copolymer is synthesized by Wang
et al using hydrophilic DMMSA and hydrophobic BMA through radical polymerization and
different @ncentrations of these compounds is then blended with PES to fabricate the UF

membrane with antifouling propertfé$

In another work, PES was modified by PEGylating via chlorosulfonated PES to increase
hydrophilicity of the membrané%. Also, it was proved that both the PEGylated PES and SPES
membranes could have increased permeation prepeliatsuura et al studied the modified PES
membrane usin§odium dodecyl sulfaSDS solutions as the gelation me#lia With increasing

SDS concentration, it was fod that the MWCO and pore size decreases. The membrane pore size
increases and the rejection ratio decreases with the addition of hydrophilic additives and solvents

in the gelation bath.
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Figure.2.Z.PVA and Borax crosknking®’*

Antifouling property of the PES membrane can be enhanced by blending other copolymers such
as hydrophilic additive of silic®VP nanocomposités®. The elution of PVP was prevented by
preparing terpolymer, PAMA-VP using NMP solvent via free radil polymerizatiof'.
However, the acrylonitrile chains in the terpolymer make it insoluble. The acrylic acid chain
imposes negative charge and vinyl pyrrolidone imposed miscibility with PES. The terpolyme
blended PES membrane has reduced protein adsorption with increasing antifouling property. Su
et al prepared a copolymer witimethacryloyloxyethylphosphorylcholine (MP@nd butyl
methacrylate (BMARNd then blended with PES to prepare antifouling UF membranksvas
reported that the BSA rejection was decreased with increase in flux recovery ratio and thus a
decrease in irreversible fouling was shown. Another polyn@yimide, being chemically and
thermally resistant, was used to enhance the antifouling properties of the PES membrane by
blending it together in DMF solvetit. Another polymer, poly(amidienide) was synthesized and
blended with PES to prepare membranephmgse inversion method, which had improved protein
rejection and antifouling propert€& Blending PES with various other polymers such as
polypropylene glycol angoly (acrylonitrileco-acrylic acid co vinyl pyrrolidon®(AN-AA-VP)

showed good antifouling property due to increased hydrophilicity with increased flux
recovery’>?’°. Moreover, addition of surfactants to the casting solution of PES improves the
permeation performance and antifouling properties of the mentBtane

2.34.2. BLENDING NANOPARTICLES W ITH PES DOPE SOLUTION

Recently, different nanoparticles were blended with PES dope solution to improve the hydrophilic

and the antibacterial properties of the PES memBtsiie It was reported that the concentrations

a7



CHAPTER:2

of TiO2 nanoparticles influences the pore size, porosity, rejection rates and permeation rates of the

TiO2-PEScomposite membranes with improved fouling resist&fce
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Figure.2.83.MWCOs of inmodified and modified membrart&s

Also, the mechanical and chemical modification of the nanoparticles on the surface of the
membrane was studi®d This was found to improve the dispersion properties of the nanoparticles
with less agglomeration. TiOnanoparticles were also used to blend with $pBimide and
prepare nanofiltration membrar’®&s Here, the PEPolyimide was modified for OH groups for
attachment of nanopatrticles on to it. TH@H groups on the membrane surface helps uniform
attachment of the maparticles. The sulfonated PES (SPES) ultrafiltration membrane was
modified by TiQ nanoparticles and was found to have improved electronegativity and antifouling
performance exhibiting good adhesion between the nanoparticles and the PES polymelsdt was a
reported that the TiPnanoparticle decorated SPES were homogenous with increased proton
conductivity and water swellig®’. In addition to the inorganic nanoparticles, polymeric
nanoparticles weralso blended with PES membrane to have increased membrane performance.
The polymeric nanoparticles used are biodegradable andiodagradable depending on the
membrane applications. Recently, pH specialized membranes were prepared by blending PAA
gelsof size 250 to 3000 nm with PE& These membranes were also used for ion exchange and
were found to be stable. Semterpenetrating nanoparticles were also used to prepare PES
membranes via blending metHétl Here, PESwas blended wittcrosslinked PVP semilPN
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nanoparticles and the resulting modified membrane was reported to have increased hydrophilicity
and blood compatibility.

Apart from nanoparticles, the inorganic compounds such as zeolite and alumina werenalsd bl

with PES to have increased antifouling property. Zeolites, being micropatoosncsilicate
minerals, were blended with PES to form mixed matrix membranes of 3, 4 and 5 angstrom at high
temperature close to glass transition temperature thdtipasyas selectiviff®. The sepaation
properties of the mixed matrix membranes were affected by the pore blockage of zeolites by the
polymer. A novel silane coupling agent was used to modify the zeolite giving higher permeability

and selectivity than the unmodified one, when made inxedmatrix membrané®.

= RO room temperature
g O | N 24 h
= + RO=8i—(CH;)3-NH, - -
{~OH l I
= H,C n toluene
zeolite silane
3A, 4A and 5A APDEMS (R = CH ,CH,)
Filtering Drying 5—0
- = 3| _Si—(CH,);-NH,
Washing with At110°C for 1 h 50 \ ’ ’
toluene and methanol under vacuum = H,C

Modified zeolite { zeolite-NH ,)

Figure.2.29Chemical modification of zeolite surfe€@

To improve the gas separation performance, Kusworo et al synthesized 4 angstrom flat sheet
polyimide PESzeolite membranes. It wasported that the £and N permeation decreased and

their selectivity increasédf. Another important inorganic compound that has been used for PES
modification is alumin&® This modified membrane was shown to reduce the flux decline, fouling
rate and increase the membrane permeability. Similarly; We® blended with PES was prepared

and studietf®. Sulfonated PES could also be blended with PES, PVP and PEG to prepare the
casting solution and then prepared into membranes with permanent hydrophilicity due to
macromolecular compoundd& By increasing the concentration of SPES in the membrane, the
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contact angle was shown to decrease, indicating an increase in the hydrophilicity of the
membran&®. Also, the surface pore size, pure water flux, milk water permeation and the sub
layer poosity were all increasetiydroxyl, carboxyl, amino and methyl groups can be grafted to
PES membrane matrix by reacting with the chlorosulfonic groups to increase the membrane
biocompatibility-3

2.34.3.BLENDING OF NANOBIOCIDES WITH PES DOPE SOLUTION

In general, noble metals are toxic to microorganisms and the effectiveness of these metals are in
the following order: Ag >Hg >Cu >Cd >Cr >Pb>Co >Au >Zn >Fe >Mn>Mo&3Bilver is the

best biocide among all the noble metals. Themntrobial activity of silver has been studied in a
broad spectrum against Gramagative and Graspositive bateria, including drug resistant strains,
viruses, fungi and protozoa has been well studied and gfg¥&n As the size of a silver particle
decreases to narstale, the antinicrobial efficacy increasetueto the larger surface area per unit
volume®®. Hence, silver nanoparticles are being consideseh @ffective amnicrobial additive

to prevent bacterial growth on the membrane compared to other antimicrobial agents. In the recent
years, several research reports indicate thagetholymeric membranes fabricated with silver
nanoparticleshow high antibacterial activit}*>24>2°". However, the main disadvantage of this
method is the leaching of these particles from the membrane matrix due to the harsh operation
conditions. The leached Ag particles exhibit toxicity in drinking water application. Because of

leaching problems, it difficult to use these materials for drinking water applications.
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3. Scope and Objectives of Present Work

As highlighted in Chapter Rolyether sulfondPES) a popular membrane materilibs been
studied for many years for the synthesis roicrofiltration (MF), ultrafiltration (UF) and
nanofiltration(NF) membranes due to its excellent chemical and mechanical properties. However,
its hydrophobic nature has limited its applications espediallmembraneseparatiorprocesses
involving water treatmenihus, several techniquesvedeenproposed andeveloped in order to
overcomethis major disadvantageof PES These techniques, which have been extensively
reviewed in Chapter Jclude hydrophilic modificationsfahe PES/PES basedembrane surface

to increase its permeability and reduce membrane fousdpighlighted earlier, one of the most
effective modifications involvesulphonation reactioto bring the highly hydrophiti, negatively
charged sulphonic functional group in to PES ma®everal studies have shown that &S
membranes generated by sulphonation are more hydrophdie, selectiveand more resistant to
fouling than normal unmodified PES membranétwever during sulphonatiorespecially
involving reaction with concentrated sulphuric gdide physical and chemical property of the
materialcouldchangeor PESmaydegrade as phenol.

In addition, methods such as coatjmgration carboxylation, plasma treaent,blending etc, have

been reported to enhance hydrophilicity and reducefdabing (deposition of hydrophobic
organics on the surfageon the membraneMost of these methods are post fabrication
process/methods and hence, these methods requiredomadisetup / process. The post
modification process will also compressreduce thepore size of the membrane which may
increase the selectivity at the expense, however, of reduced permeabiltygall these methods
blending method has been widalged since it is by far the simplest meth8adly (N-vinyl
pyrrolidinone) (PVP), a hydrophilic polymer having no hydroxide group or ionic charged group,
has been widely used as a good additive for the modification of PES membrane through the
blending methd. Hydrophilicity and theanti-fouling property of the PES membranes blended
with PVP were significantly increased. Similarly, polyethylene glycol (PEG) can also increase the

membranéhydrophilicity andwater permeability. However, it is well known that P¥nd PEG
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are water soluble additives, and the elution of PVP and PEG from the blended membrane is

unavoidablelue to the harsh operating condition

Incorporation of nanomaterials into polymeric matrices could also alter the hydrophilicity and the
antimiaobial (anttbio-fouling) properties of polymeric membranes. The nanoparticles such as
silica, titanium dioxidesilver, zirconium dioxide, selenium arwbpper weraised to modify the

PES membrane dace. As it is physically attached to the membrane mabtending of these
nanomaterials may also leach during the harsh operating condition and the addition of a photo
catalyst like titanium dioxide may degrade the polymeric membranes. Still, research has been
geared up again in searoha better membraneadification method to improve the PHfased

membranes in the past few years.

3.1 SCOPE AND OBJECTIVES OF THE PRESENT WORK

As mentioned above, it is well known that PVP and PEG are water soluble additives, and the
elution of these additives from the membrane matrix is unavoidable due to the harsh operating
condition.In order to overcome the above issues, the presentiigikghts the development of

PES ultrafiltration hollow fiber membranes with long lasting antifouling properties by blending
water insoluble highly hydrophilic copolymer additives with immobilized silver nanopatrticles. In
order to achieve this objectivljghly hydrophilic negatively charged carboxyCQOH) and
positively charged amineNH>) functional group containing monomers such as, maleic acid and
diaminomeleonitrile will be polymerized with water insoluble monomer acrylonitrile to obtain a
final highly hydrophilic water insoluble copolymer additive. In addition to this, highly hydrophilic
hydroxyl group {OH) containing polyethylene glycol (PEG) or amine functionalized polyethylene
imine (PEI) will be grafted to the prepared copolymer to get tla fidditives. The final additive

will have these highly hydrophilic electronegative carboxyl, hydroxyl and positively charged
amine functional groups, whichave been shown to give significant improvements in the
hydrophilicity of the membran&¥'3 by inter molecular hydrogetonding3413529829 gnd
antifouling properties bywitterionic functionality In addition,antibacteriatompound, silver (Ag)
nanoparticleswill be covalently attached to some of these functional groups to haeda
cleaningsurface. It is generally accepted thifites kills bacteriaby rupturing the cell waif®and
negatively charged protoplasm compounds will deposit on the positively charged silver containing

surface by electrostatic attractté®®L. Similarly, it has ken proven that the electro negative
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hydroxyl, carboxyl and amine functional groups repel the protoplasm compound by electrostatic
repulsiort®1353%2 |n the proposed membrang)en the bacteria approaches the membrane surface,
the positively charged antimicrobial silver will kill them by rupturing their negatively charged
plasma wall (which leads to the leakagfenegatively charged protein molecules through the
ruptured bacterial cell wall), whereas the highly hydrophilic, negatively chargedrattigdroxyl
functionalities will prevent the deposition of these protein molecules onto the membrane surface
by electrostatic repulsion. Thereby, the membrane can exhibit thelesating property. In
addition, since the silver nanoparticles (AgNPs) areesldbdby covalently attacimentin the

copolymer matrix, the leaching of AgQNPs will be completely prevented.

Thus four different membrane modifications will be implemented as follows:

(1) As an initial step, highly hydrophilicCOOH functional groups contaimg maleic acid will
be polymerized with acrylonitrile to obtain a final water insoluble copolymer additive poly
acrylonitrile co maleic acid (PANCMA) (PANCMA will be used as a base additive/linker
for all the work in this thesis). This new additive wi# blended with PES dope solution
to increase the hydrophilicity, water permeability and the antifouling properties of the PES
membrane. Highly hydrophili¢ OH contaimng polyethylene glycol (PEG) and silver
nanoparticle (Ag) will be covalently attachedth@ PANCMA in the membrane matrix to

evaluate the effect of these functional groups on the performance of PES membrane.

(2) In the second step, a novel seléaning membrane surface will be developed. In order to
develop a seltleaning surface, negativebharged carboxyl-COOH) rich, hydrophilic
water insoluble PANCMA will be used as a base additive. Hyper branched
Polyethyleneimine (PEI) will be thermally grafted to PANCMA to obtain the final additive
and positively charged antimicrobial silver (Agvill be chemically attached to the final
additive by thermal grafting. This Ag attached PEI will attach to the base PANCMA
additive to get the final additiMeANCMA-PEFAg. The modified PANCMAPERAg will

be then blended with PES dope solution to prepaee hbllow fiber ultrafiltration
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membranes by dry wet spinning process to evaluate the effect of this novel additive on the
performance of the membrane.

(3) Third step will involve the formation of another seléeaning membrane surface via a new
polymeric additive poly (acrylonitrile co maleic acid co -@nino maleionitrile)
(PANCMACDAMN). Negatively charged carboxylie@OOH) acid functionalised maleic
acid and amine positively chargeeNH.) rich diaminomaleionitrile and acrylonitrile
(alkenes monomers)ilMe polymerized to obtain PANCMACDAMN. Positively charged
antimicrobial silver (Ag) and hydroxyl {OH) rich PEG will be chemically attached to the
new additive by thermal grafting. The modified PBAG attached PANCMADAMNwill
then be blended with PE8ope solution to prepare the hollow fiber ultrafiltration
membranes by dry wet spinning procassvaluate the effecif this novel additive on the

performance of the membrane.

(4) In the final step, a novel ulthaetting graphene based ultrafiltration ni@ane will be
synthesized with carboxylic, hydroxyl and amine functional groups. In order to develop
the membrane, initiallythe wettability of graphene will be increased by amine and
carboxyl functional groups. InitiallyGraphene will be t acid functiafized with highly
concentrated hydrochloric acid and sulphuric acid. The carboxylic group will then be
modified to acid chlode. Finally the acid chloride modified graphene will be aminated by
using diethylene amine. The amine and carboxylated graph®re attached to a highly
hydrophilic water insoluble poly acrylonitrile co maleic acid (PANCMA) and imidized by
thermal imidization process. The graphene modified poly acrylonitrile co maleimide (G
PANCMI) will be used to prepare/blended with PES doplkiteon. The hollow fiber
ultrafiltration membranes will be prepared by dry wet spintingvaluate the effect this
novel additive on the performance of the membrane.

(5) All the preparedmembranes will be characterized usimgclear magnetic resonance
spectroscopy (NMR), Fourier transform infrared (FTIR) spectroscopgman
spectroscopyenergydispersive xray (EDX) spectroscopycontact angle (CA), tensile
testing, zeta potential (surface charge analyzer), scanning electron microscopy (SEM),
zone ofinhibition and the prometer. Finally, all the prepared membranes will be tested

for their permeability, selectivity and antifouling property in long term experiments.
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4. Materials and Characterization
Methods

Only common materialsised for modification and fabrication of membranes and the general
characterization methods of these membranes will be discussed here. The procedures involved for
fabricating the membranes themselves will be covered in the individual chapters 5, 6, 7 and 8

4.1. MATERIALS

Polyethersulphone (PES) powder was purchased from Sumitomo chemicals pte Itd, Japan.
Acrylonitrile, maleic anhydride,potassium persulphate {80Q0sg), anhydroussodium sulfite
(NaSOs), silver nitrate (AgNQ), azoisobisbutyronitril§AIBIN), sodium borohydride (NaBkE)

and polyethylene glycol (PEG) of molecular weight 400 were purchased from sigma Aldrich with
99% purity. High purity ethanol, ihethyt2- pyrolidone (NMP), polyvinyl pyrolidonéPVP) and
diethylene glycol (DEG) were also purchased from Sigma Aldrich and used as reEgfoéidted
graphite nano platelets xGnP was purchased from xGnP Sciences Pibd wiater used for the
reaction was distilled and denized (DI) with a Mill-Q plus system from Millipore, Bedford,

MA, USA.

4.2. CHARACTERIZATION METHODS

All prepared polymeric additives and the membranes were characterized thonmigbliFourier
transform infrared (FTIR) spectroscopy, , Raman spectrosgabyermeable chromatography
(GPC),thermo gravimetric analysis (TGAgnergydispersivex-ray (EDX),transmissior@lectron
microscopy (TEM),contact angle (CA), scanning electron microscopy (SEpbrometer, zone
of inhibition test and clean watpermeaility test. Finally, the membranesiMbe tested for their
permeability, selectivity and antifouling property in long term expeanishesing different feed

water.
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4.2.1. STREAMING POTENTIAL MEASUREMENTS

The surface zeta potential of membranes maasured by the SurPASS electro kinetic analyzer
(Anton Paar Corporation). The measurements were based on the streaming potential and streaming
current and are related to the surface charge at a solid/liquid interface. The zeta potential
measurements alsodicate the surface chemistry (pH titration) and liquid phase adsorption
processes. The membrane was cut to 2cm by 5cm dimension and placed in the clamping cell with
two spacers (Figuré.1). Here, 500mL of 1mM aqueous potassium chloride solution wasiedp

to cell as the background electrolyte and 0.25M HCI (acid) and 0.1M KOH were chosen for
titration. The acid and the base volume increments were set to 0.1mL. The zeta potential was
measured each time starting from pH of around 5 up to 9.5 (for tzeje) and then after two

times rinsing with MQ water from pH down to 2 (for acidic range). For each pH, the zeta potential
measurement was repeated 4 times (2 measurements from left to right and another 2 from right to

left) and average was taken.

. streaming potential

streaming current

cell resistance
pressure difference

volume flow rate

K
®1 |
4‘ |

hh L RS 232

o [ o |
|

Figure 4.1SurPASS electro kinetic analyzer (Anton Paar Corporation)
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4.2.2. FOURIER TRANSFORM INFRARED SPECTROSCOPY (FTIR)

The surface functional groups and the chemical structures of modified polymer samples and
membranes were investigated by using Fodmansform Infrared (FTIR) Spectroscopy shown in
Figure4.2.(FTIR8400, Shimadzu, Japan). To examine the modified polymer samples, dried 99%
KBr was mixed with 1% samplend then pressed into a transparent pellet which was mounted
onto the instrument usindpe pellet holder. On the other hand, to investigate the hollow fiber
membranes, single reflected attenuated total reflection (ATR) plate was used and the film sample
holder was used to study the flat sheet membranes. All the spectra were measured in the

transmittance mode from the wave number range iZBB™ ! with 45 scans.

IRPrestige-21
"

Sample holder

Figure 4.2 FourierTransforminfraredSpectroscopy used in this study

4.2.3. THERMAL ANALYSIS (TGA)

To investigate thermal properties of the membrane mateti@smo gravimetric analysis
(TGA5000, TA instrumentjvasused. TGA was used at a heating rate of 20°C/min up to 800°C
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undernitrogenatmospheravas used. Membrane samples were cut into spiadles and were

placed in a high thermal resistance tray (FiguB).

TGA

Figure.4.3.Thermo Gravimetric Analyzer (TGA5000, TA instrumesgd in this study

4.24. PORE SIZE ANALYSIS i CAPILLARY FLOW POROMETRY

To study the mean flow pomgze, the bubble pressure point and porosity of the membranes, a
capillary flow porometer (model no: CFR200AEXL) from PMI Porous Materials Inc., shown

in Figure4 .4, was usedWet-up/dry-down mode was used for the test on flat sheet membranes
with thediameter of about 22 mm. In order to wet the samples, before running the experiments,
one side of the membranes was filled with GalWick liquid with surface tension of 15.9mN/m.
Hollow fiber membranes with one side potted with a sample holder (using egsaxyyand wetted

with GalWick liquid was used for the tefach experiment was repeated at least 3 times and the

average was calculated.
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Air inlet

Figure4 4. Capillary flow porometer for measuring pore sizéhefmembranes

4.25. TRANSMISSION ELECTRON MICROSCOPY (TEM)

To stud/ the structure othe polymer encapsulated nanomateridie transmission electron
microscopy (TEM) was use(Figure.45). The transmission electron micrographs were taken
using a Hitachi HFB100 electron microscope operating at 200 kV and a JEOL 3010 UHR
transmission electron microscope (TEM) operating at 300 kV. For TEM imagingotimaer
encapsulatedanomaterialsvere first dispersed in ethanol by sonication for a few minutes and

then a droplet of the prepared solution was dropped on the carbon coated copper grid and was

59



CHAPTER:4

allowed to evaporate under ambient conditions. The grid was then subjected to vacuum overnight

and used for TEM measurements.

TR

o £ «— Condenser aperture
Objective = = =

aperture

ee—Specimen hOF|>

der
J o ort

*‘,\

S f

-
-
!
-]

. under cpver
)

.
e

Figure.45. Transmissn electron microscopy (TEM)

4.26. SCANNING ELECTRON MICROSCOPY (SEM)

A scanning electron microscope (SEM) Jeol-F&00F coupled to an XmaxN detector for energy
dispersive Xray (EDX) analysis wassed(Figure.46.) to study the morphological appearance,

the overall chemical composition and the distribution of the chemical elements of interest in the
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membrane. To obtain clear imagds samples were sputter coated with platinum, usidgG
1600 aito fine coater (JOEL, Tokyo, Japan) and then observed by using scanning electron

microscopy. To obtain the cressction images, membranes were immersed in liquid nitrogen and

fractured before measurement.

BT i ' ; = Too— !
Figure.46. Scanning electromicroscope (SEM) (Jeol Jsi#600F) coupled to an XmaxN
detector for energdispersive Xray (EDX) analysis used in this study

4.27. GPC

Gel permeation chromatography (GPE)gure.47.) was performecat National University of
SingaporédNUS)usinga Wates GPC system, equipped with a Waters 1515 isocratic HPLC pump,

a Waters 717 plus Autosampler injector, a Waters 2414 refractive index detector, and a series of
three linear Jordi columns (Jordi Gel DVB 1000A, packed with 5 mm PDVB particles), using
DMF asthe eluent at a flow rate of 1.0 mL/mifihe samples were submitted to NUS and the
analysis procedures and thesultsprovided by NUSwas used as such to report the molecular

weight of the polymefThe analysis procedure was as described bdlbercalibration curve was
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generated using polystyrene standards and a Shimadzil@ADrefractive index detector.
Tetrahydrofuran (THF) was selected as the mobile phase and the system was calibrated with mono

dispersegoly(ethylene glycol) standards

o ~ -
Figure.47. Gel permeation chromatography (GPC)

4.28. CONTACT ANGLE (CA) ANALYSIS

The contact angles of water / oils (Gfr/ CAoil) of theunmodified and modified membranes
were determined using the Sigma 701 Tension(€igure.48.) from KSV Instruments Limited

to investigate the effect of surface modification on the hydrophillicity and the oleophobicity of the
membranes. The liquid bowl was filled with DI water or toluene. The membrane samples were cut
into 15mm pieces and clampeal the sample holder. Theembranesvere immersed into the

liquid in the bowl and the advancing contact angle was calculated with the aid of computer

software.An average of five readings was record@deach sample
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Figure.48. Contact angle analyz€8igma 701 Tensiomefer

4.29. ANTIBACTERIAL ACTIVITY BY ZONE OF INHIBITION TEST

The material with antibacterial property will have resistance towards bacterial growth and hence
the membranes made from these materials are expected to haeellinig resstance.The
antibacterial activity of the control and the modified membranes were determined qualitatively
using thezone ofinhibition test. First, the nutrient agar is poured onto the disposable sterilized
petri dishes and was allowed to solidify00 ml of 5 x 1 CFU/mI E.coli concentrations was
streaked over the culture plate and was spread uniforrhl.iembrane samples were cubin

small pieces (10mm in length) and were placed gently over the solidified agar plate. The plate was
incubated at 3XC for overnight and was observed. The antibacterial activity was identified and

estimated by a clear zone of inhibition.

4.2.10. CONFOCAL MICROSCOPE ANALYSIS

To visually evaluate the antifouling efficiency of the membréligtion test was conducted using

10 ppmfluorescein isothiocyanat&(TC) loadedbovine serum albumirBSA) in DI water as a

feed solution. The membrane samples before and after filtration was analyzed using the confocal
laser scanning microscopy (CLINDlympus FV 1000 with TIRF microscopkfigure 49) to see

the protein absorption on the membrane surfabe.membrane samples were mounted on to the
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instrument by using coverslip facing down to the objective lens on the stage. Then, the
fluorescence oFITC loaded BSA was observedtex =2 4 9 5 emA H20 nnao visualize the

presence and amount of BSA protein present on the membrane surface before and after filtration.

Figure 49.Confocal instrument

4.2.11. RAMAN SCPECTROSCOPY ANALYSIS

Raman spectroscopy is a vibrational technique that is extremely sensitive to geometric structure
and bonding within molecules. Even small differences in geometric structure lead to significant
differences in the observed Raman spectrum of a molecule. Rgpeattoscopy is a relatively

easy, nordestructive, nortontacting and quick measurement method to probe the inelastic
scattering of light from a sample surface at room temperature at ambient pressure. A single
frequency of radiation is used to irradittte sample. The spectrometer detects scattered light with
respect to its energy difference from the incident beam. The spectrum measured is used mainly to
detect vibration states in the molecules to provide information on the chemical structure of
substanes. Raman spectroscopy was carried out usM@g@®-Raman spectrometefFigure 4.0
(ANDOR-DU420A-OE-152, EU) in the range of 2000 to 500 ein The laser spot size was 0 to
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250 and the excitation was 532 nm. An integration time of 30 s was chosen for each

measurement to achieve spectra with good counting rates. The laser power was kept at 28.2 mW

to prevent irreversible thermal damages of the specimen surfaces

Figure 4.0.Raman spectroscopy used for this study

4.2.12. NANOMATERIAL LEACHING TEST

The leaching test was conducted by subjecting the membranes to ultrasonication which is actually
the worst condition that a membrane can experience than the normal operating cofedidhs
months operation at 50 LA#). If the Ag leakage under such harsh condition is low, then it can

be concluded that Ag will not leach from the membrane at the normal operating conditions. The

detailed analysis methodology is as below.

The leaching test for theanoparticle incorporatedembranevas carried out using thieductively
Coupled Plasma Optical Emission Spectrom@@y-OES) instrument to detect the concentration
of silver that has been leached othesilver attached membma samplesvere immersed in DI
water and ultrasonicated at 37 kW for 60 mins. Afilerasonication, the watgrasanalyzed using

ICP-OESto detect the concentration of sihierthe water

65



CHAPTER:4

4.3. MEMBRANE PERFORMANCE EVALUATION

4.3.1. CLEAN WATER FLUX TEST

The clean water fluxes for the all prepared membranes were measured by using the filtration
system shown in Fige4.11. The hollow fiber membranes with the total effective membrane area

of 0.03 nfwere used to fabricate the membrane module. The two efltfes membrane module

were sealed by using epoxy glue while keeping the lumen open on one side to collect the permeate
water. The developed membrane module was mounted into the filtration systemfl@voss

ultrafiltration experiments were carried outlsiar feed pressure.

Hollow fiber membrane module

. Mixture

0o

Flow meter
TBEII Valve T@

P t; Clean water t;
ermeate tank ater @ 14
Feed Pump

I Backwash Pump

e I T

Electronic balance

Figure.4.1. Filtration set up used to study the clean water flux
Filtration occurred from the outside to the inside of the hollow fiber membrane. The permeation
was collected in a beaker mounted on an electronic balancecéiftgraction, the pure water flux

(Jv) was determinedlhe pure water weight at four different time intervals (interval between each
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sampling point was 15 min) was measured to get the average water flux for each sample. The pure

water flux / permeability wer calculated by the following equations:

Permeate volume (L)
Water flux (&) = (Eg. 4.1)
Area (nf) x Time (h)

Pure water permeability /AP

&P is the pressure drop through the membrane (bar).

4.3.2. LONG TERM EXPERIMENT WITH POLLUTED WASTEWATER

A long term (4200 min) filtration test was carried out by using different waste water feed. Cross
flow ultrafiltration experiments under constant pressure mode were carried outgozpated
membrane by usinipe same filtration apparatus shown indfeg.11. The feed waste water was
stirred usinganelectrical stirrer to get homogenous feed water and was then pumped through the
membrane 0.4 bar pressure. The permeation was collected in a vessel mounted on an electronic

balance. Flux drop was calculated by using the following equation:

JwX
Flux drop A 4, %) = 100- | — x 100 (Eq.42)
Jw

Where J is the initial flux and Jx is flux at time x

The antifouling properties of the membranes were measured from permeability drop or flux drop
(in %) of the membranes over time using various feed water (reservoir water, protein solution,
polysaccharide solution and -@ilater emulsion)in orderto studythe filtration efficiency of the
membrane, Total organic carbon (TOC) and turbidity of the feed and permeate were measured and

the rejection percentage was calculated according to following equation:

Co
Rejection (R%) =[ - — | x 100 (Eq.43)
Cs

Where G and G are permeate and feed concentrations of TOC and turbidity respectively
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5. Effect ofhydroxyl (-OH) carboxyl (i
COOH) andsilver (Ag) functionalization
on the antifouling properties of the
prepared membranes

5.1. INTRODUCTION

As discussed in literature revieBhapter2, PES material may degrade or its physical/chemical
properties may change during sulfonatidtydrophilic additivesblended in the membrane
materialmay leachwith time due to harsh operag conditiors. In an attempt to circumvent these
potential problems, it is proposed timis chaptey to blendhighly hydrophilic, water insoluble
poly(acrylonitrile-co-maleic acijl (PANCMA) as a cepolymer to the PES dope solution in order

to introduce the carboxyl functionality in the membrane, which can be used as a linker to attach
the highly hydrophilic polyethylene glycol (PEG) and silver to the membrane without affecting
the PESstructure.The combination of negatively charged hydroxyl (Digroups and the
positively charged (A may lead to aeutral surface which can prevent the electrostatic attraction
of natural organic matter to the membrane surfaé® membranes were chatarized using
Fourier transform infrared (FTIR) spectroscopy, Endbigpersive Xray (EDX), Contact angle
(CA), Scanning electron microscopy (SEM), and the porometer. Both control and modified PES
PANCMA membranes were tested by zone of inhibition tedtcdean water flux test. Finally, the

membranes were tested for their permeability and antifouling activity.

This chapter is based oi:Sy nt hesi s and c¢ hAgnnanotdilieed PES&ollowo n o f
fiber ultrafiltration membranes with long lastimgn t i f oul i ng pr o
by PrinceJ.A., Bhuvan&., Boodho&.V.K., AnbharasV., SinghG.,

(2014), published in Journal of Membrane Science. 454,88
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5.2. EXPERIMENTAL METHODS

General characterization and experimental methods are describ&haipter 4. Specific
experimental procedures with conditions particular to this chapter are highlighted below.

5.2.1. MATERIALS

Polyethersulphone (PES) powder was purchased from Sumitomo chemicals pte Itd, Japan.
Acrylonitrile, maleic anhydride, potassiumpersulphate (K5:0s), anhydrous sodium sulfite
(NaSQ), silver nitrate (AgNQ@) and polyethylene glycol (PEG) of molecular weight 400 were
purchased from Sigma Aldrich with 99% purity. High purity ethanehméthyl2- pyrolidone

(NMP), polyvinyl pyrolidore (PVP) and diethylene glycol (DEG) were also purchased from Sigma
Aldrich and used as receivethe waste water used for the long time filtration was collected from

a local reservoir with a TOC (81.59 ppm) and Turbidity (138 NTU) confdrg.water usedof

the reaction was distilled and-gmized (DI) with a Mill-Q plus system from Millipore, Bedford,

MA, USA.

5.2.2. SYNTHESIS OF POYL (ACRYLONITRILE CO MALEIC ACID) (PANCMA)

Copolymerization of acrylonitrile and maleic anhydride was performed accdoding previously
reported precipitation polymerization process usip8&Rs and NaSQ; as initiatof®. Typically,

to 250 ml DI water at 90°C, 98 g maleic anhydride and 53 g acrylonitrile were added into the
reactor equipped with mechanical stirrer, thermometer, and nitrogdat tube. After complete
dissolution, 4g KS,Og and 1.85 g N&5O; were added into the stirring solution while maintaining

the reaction temperature at 90°C under a nitrogen atmosphere. The pH value of the mixture was
adjusted to around 3 using 0.1NS@Qs. After 5 hours ofcopolymerization the precipitated
copolymer was filtered and washed with excessodeed water and ethanol to remove residual
monomers.After thorough drying, the synthesized PANCMA was used to prepare the dope

solution.
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5.2.3. PREPARATION OF MEMBRANES BY DRY WET SPINNING

The PES hollow fiber membranes were prepared by dry wet spinning method. PES was used as
the base polymer, NMP was the base solvent, DI water was used asaver and two additives
poly vinyl pyrolidone (PVP) (pore forming agent) and hydrophilic PANCMwere used to
improve the surface property of the membrane. The composition of the casting solutiodonsist
of 21 wt% PES, 5 wt% PVR-30, 5 wt% DEG, 59~69 wt% NMP andl® wt% PANCMA,
respectively. The compdsn of the dope solutions is shown in Tablé. The schematic
representation of the dope solutions are presented phtee diagrarasshown in Figire5.1.1n
general polymeric membranes can be formulated in 3 different directions they are 1) atljasting
polymer concentration to adjust the dope viscaaitgt coagulation valueith respect to solvent;

2) adjusting the nosolvent concentration with respect to solvent to adjust the coagulation value;
3) adjwsting polymer and nemolvent concentrationd ¢he same time with respect to solvent to
adjust viscosity and coagulation value this thesis the polymeric additive concentragiorere
adjusted with respect to the solvent corndion to optimize the polymeric additives

concentration in order tachieve higher permeability, selectivity and antifouling properties.

PVP powder was first added into the NMP /DEG mixturetiousd bottonflask and the solution

was stirred by a mechanical stirrer for at least 1 hour. After complete dissolution ofi€sitied
guantities oPANCMA and PES were added and allowed to stir at a constant speed of 250~350
rpm for at least 24 h at 80 to obtain a completely dissolved homogeneous polymeric solution.
The solution (S5) with 10% PANCMA concentration was foundddbterogeneous. All other
dope solutions from S84 were used to fabricate the membranes. The dope solution was poured
into the polymer tank and degassed at a vacuum press¥&lodr for 20min. Nitrogen gas was
purged into the dope tank to createinert atmosphere and to push the polymer to the polymer
pump. NMP and water were mixed in 80:20 volume ratios and poured into the bore liquid tank.
The polymer solution and the bore liquid were pumped to the spinneret (OD 1.2mm, ID 0.6mm).
The air gap was>tied at :0mmThe hollow fiber membranes were fabricated at arouf@ 2md

at around 65% relative humidity with a take up speed of 0.25 m/s. The membrane turned opaque
soon after coming into contact with water whicticates that the coagulation and ppéation of

PES from the solution and finally a translucent, white hollow fiber membrane was formed. The

membrane was then collected from the winder and left inside a post coagwiatgrtank for a
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minimum of 24 h to washout the residual NMP, DEG aNtP Phat was not removed from the

solution at the point of coagulation.

Polymer 100%
PES+PVP+PANCMA

A Twophasé region’ /
< ey 7
ANV VATEVAY,
- /H/ N
100 100

Solvent 100% E 40 50 Non Solvent 100%
NMP DEG

Dope solutions: ¢ (S1), B (S2). #(53), ® (54). @ (S3)

Figure.5.1. Phase diagram for the dope composition

Table.5.1. Composition of the dope solutions for the hollow fiber membrane fabrications

Sample D PESw%) oS0 POS MR @) et
s1 21 5 5 69 0
s2 21 5 5 66.5 2.5
S3 21 5 5 64 2
s4 21 5 5 615 7.5
S5 21 5 5 59 10

5.2.4. MEMBRANE SURFACE MODIFICATION

Before surface modification, the preparaifldw fiber membranes were washed with water and
ethanol to clean the surfacetbé membrane for about 15 min. The cleaned membranes were then
immersed in 500 ml of 2:1 PEG: AgN@queous solution at 8C for 2 h forthermal grafting.
Figure.5.2shows thesurface modification of PEBANCMA membrane. The surface grafted
membranes were then washed with excess water and dried at room temperature before
charaterization To keep thesurface modified membraneget, theywere immersed inta post

treatment solution of 40% ethanol and 6QBfcerinbefore testing the clean water flux.
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Figure.5.2. Schematic representation of stepwise modification of hollow fiber

5.2.5. MEMBRANE CHARACTERIZATION
General membrane characterization methods are presented in Chapter 4 under Materials and
Characterization Methods.

5.3. RESULTS AND DISCUSSION

5.3.1. FOURIER TRANSFORM INFRA-RED ANALYSIS

FTIR analysis was used to investigate the interaction of PE@G@talthe PANCMA/PES hollow

fiber membrane. Figre 5.3. represents the FTIR spectra for neat PES membrane S1 as well as for
PES/PANCMA membranes S2, S3 and S4 (blended with 2.5 wt %, 5 wt % and 7.5 wt% of
PANCMA respectively) and grafted with PEG and ailvt is confirmed from the spectra that the
PEG and silver is successfully grafted to the PES/PANCMA membrane. The band at 2&17cm
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due to the &N stretching of the nitrile group and the band at 171b@rthe C = O stretching
vibration of the acidarbonyl group present in the PANCMA. The absorption band at 116Bcm
attributed to the €-C stretching vibration of repeate@-CH.-CH;- units of polyethylene glycol.

The broad band at 3558 ¢nis due to the stretching vibration of hydroxyl group presin the

PEG. It is also observed that, as the PANCMA concentration increases, the intensity of the

PANCMA and PEG vibrational bands increases.

(31)

(82)

(S3)

(S4)

% Transmittance

3650 3150 2650 2150 1650 1150 650
Wave number (cm-1)

Figure.5.3. FTIR spectra of S1) PES S2) PES/PANCMA (2.5 wt%)/PEG/ABESPANCMA
(5Wt%)/PEG/Ag S4) PES/PANCMA (7.5Wt%)/PEG/Ag
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Apart from t hi s, astheintesactianlbeweendhe Ot and Agdncréabes, the
peak shifts to lower wavenumber. The OH stretching vibration for neat PANCMA was observed
at 3391crmt, as the Ag gets attached to OH of PANCMA, the peak shifts to 3568mn52,
3551cm! for S3 and 3548crhfor S4.

A schematic representation of the grafting of PEG/Ag to PANCMA and their bonding interaction
is shown in Figre.5.4.

Figur.5.4Proposedgchematic representation of grafting of PEG/Ag to PANCMA

5.3.2. MORPHOLOGY OF HOLLOW FIBERS

The hollow fiber membranes fabricated through-@et spinning process had an average inner
diameter of 0.6mm and an outer diameter of 1.0mm. The surface morphology and cross section of
the hollow fiber membranes were examined using SEM and the microgaa@lsown in
Figure5.5 and Figire5.6 The micrographs of thenodified hollow fibers show a smooth PEG
surface together with uniform distribution of silver.
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Figure.5.5. SEM pictures of unmodifié81)and modified S2, S3 and S4)ollow fiber

membranes

As seen in Figre.5.6,the hollow fibers exhibit different internal structures depending on their
composition. S1 is the neat PES membrane which shows the presatasefnumber of macro

voids in its internal structur®n the other handis the PANCM concentration increases from

2.5 wt% to 7.5wt%, the void structure diminishes gradually and formation of uniform sponge like
structures over the entire membrane cross section is observed. According to Kh&Yetmeo

voids and cavity structures are formed when the rate of coagulation is fast and sponge like
structures are formed when the coagulation process is slow. From the micrographs, ivedobser
that, the addition of PANCMA reduced the macro voids in the membrane. This can be explained

by the increase in viscosity of the polymer solution with increase in polymer concentration. The
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increase in solution viscosity slows down the diffusion of-solvent into the membrane which

in turn decreases the rate of coagulation.

X238 108xm

X200 108»m

Figure.5.6. Cross section morphology of unmodifigd) and modified(S2, S3 and S4)ollow

fiber membranes

5.3.3. EDX ANALYSIS

The presencef silver wasfurther confirmed by EDX analysis and the spectra are shown in
Figure.5.7.The EDX spectra show a peak at 3KeV which corresponds to the silver and the peak
around 2.5 KeV belongs to sulphur which comes from PES. It is also observed that the grafted
silverconcentration increases with the increase in PANCMA concenti@ticnease in PANCMA
concentration will give more active sitecfd functional groups) for grafting)rhis fact is further
evidenced from the elemental mapping shown as an insetunef5F. The EDX mapping also

confirms the uniform distribution of silver all over the membrane surface.
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Figure.5.7. EDX results of unmodified and modified hollow fiber membranes
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5.3.4. LEACHING TEST FOR SILVER

The surface grafted membranes (after thermal grafting) were then washed with excess DI water
for 2 hours and dried at room temperature before testing. The dried samples S2, S3 and S4 were
immersed in DI water and ultrasonicated at 37 kW for 60 mins. Altexsonication, the water is
analyzed using IGB®ES. The leached silver is found toless than gpmfor all the samples. This
confirms that the silver is in strong covalent bonding with the hydroxyl groups of the PANCMA,
which prevents the leaching olver.

5.3.5. CONTACT ANGLE

The hydrophilicity of the PE®RANCMA membranes was measured by their contact angle and the
results are tabulated in Tabbe2 With S1 being the control, the rest of the samples shows a
decrease in water contact angle withraaréase in PANCMA concentration and reached the lowest

at S4 with 15.3+1.2 This test has proven the effectiveness of PEG grafting with PANCMA in
generating a more hydrophilic membrane with S4 having at least a75.5% decrease in the contact
angle from theontrol membrane. From the analytical data it is identified that the hydrophilic PEG

grafting with PANCMA can be used to reduce the surface CAw of the PES membrane.

5.3.6. PORE SIZE ANALYSIS

The average pore sg®f the control PES membrane (S1) and the modified-PESCMA

membrane samples S2, S3 and S4 are presented inSTablde experimental data indicate that

the mean pore size of the membraskghtly decrease with the PANCMA concentration. This

may be de to the increase in viscosity of the dope solut®eanerally, pores in the membranes

are formed by diffusion of nesolvent from coagulation bath into the membrane matrix and the
de-solvation of casting solvent. If the solution viscosity increases,ithusion of coagulant into

the casting solution will be reduced and hence the macro voids can be reduced. The dense surface
generally forms when a high ratio of the solvent out flow occurs compared to trsoinent

infow®®. The | owest average pore size achieved is

whereas the contr ol membr ane exhibited a mean

Table.5.2Poresize, contact angle and the clean water flux of the control PES men(iBdgne
and the modified PEBANCMA membrane samples.
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0.09 £ 0.025 62.6+ 3.7 513t 21
0.08 + 0.03 48.1+ 1.8 567+ 18
0.07 £ 0.015 24+ 2.3 702 27
0.05 + 0.02 15.3: 1.5 581+ 14

5.3.7. ZONE INHIBITION TEST

The antibacterial activity of the control (S1) and the modified-PESCMA membranes S2, S3

and S4 were determined qualitatively using the zone inhibitionRigsire.5.8 shows the zone of
inhibition for all different samples from S1 to Stis observed thadll the membranes with silver

(i.,e S2, S3 and S4jleared theE.coli bacteria around themiving distinct zones of inhibition
(defined asclear areas with no bacterial growth) around the membranes. The width of the zone
around the S1, S2, S3 and S4 was about 0 mm, 1 mm, 2 mm and 2.5 mm respectivady. This
attributed to the bactericidal propertyf silver in the composite membranes. It i@snd that, as

the concentration of PANCMA in the membrane increases, the zone of inhibition increases
gradually, which is due to the increased attachment of the silver omuetinbrane via chemical
bonding with the acid functional group in PANCMA. In t@st, the control exhibits no zone of
inhibition under the same conditions and high bacterial growth near the membrane was detected.

These results indicate that the hollow fiber membranes with silver have very gobddaatial
property.

Figure.5.8. Zone of inhibitionf modified and unmodified membranes
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5.3.8. CLEAN WATER FLUX

The membranes 34 were tested to evaluate the clean water flux of the membrane by using a
cross flow filtration setup. Table.2 shows theclean water flux for all the four membranes at a
constant feed water pressure of lbar. All membranes were tested in the system under similar
conditions with S1 as the control. Even though the pore size is smaller than S1 and S2, samples S3
and S4 gave higr flux, which may be due to the increase in hydrophilicity (decrease in contact
angle) of the membraneowever, when compared to S3, sample S4 gives lowewnftuch could

be due to the reduction in membrane pore sidge reduction in pore Sizeay crede some
resistance to the flow of water and hence, the flux gets red@cgthilar observation was made

in a pevioudy reported work usin@pydrophilic membranesyherebythe fluxwasreducel as the

pore size decreag®®.

5.3.9. LONG TIME PERFORMANCE AND THE FOULING EVALUATION

A long time (4200min/72hrs) separation test was carried out for the control membrane (S1) and
the best performing membrane (S3), and the results are summarizedrevn3-@yThe flux drop

for the control membrane iswuch higher (45.3% of the initial flux) compared tbhe PES
PANCMA membrane (19.4% of the initial flux). It is also observed thasu@cemodified PES
PANCMA membrane (S3) gives comparativatyore stable fluxthan the unmodified PES
membrane, which suggests ttia¢ PEGAg grafted PESPANCMA membraneepel the organic
matters from the surface of the membranaee effectively, thereby establishing a mangéifouling

surface.
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Figure.59. Pure water flux (a) and Flux drop (b) for the con(&il)and the best

performingmembrangS3)in long time run

In order to study the filtration efficiency of the membrane, the total organic carbon (TOC) and
turbidity of the feed water (reservoir water) and permeate water were measured (6 samples were
collected every 60mins once and TOC and Turbiditye measuredor each sampla order to

get the average TOC and Turbidity removal efficiency). Percentage of rejection was calculated
and plotted in Figre.5.10From the experimental dathwas found that the TOC removal of the
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control (S1) and the modified membrgi&3) were almost same for the first 20000min. However,
after 1000mirthe TOC and turbidity removal efficiency of modified sample S3 is slidigtier
than the control sample SThis is due to themaller pore size of the membrane sample033&(
0.015um) compared to the membrane sample S1 (0.09 + Q@25The membrane surface
properties may also play a role or telectivitypecausgthe modified membrangurfacecontain

highly hydrghilic negatively charged acid and hydroxyl functional groups.

TOC Removal (%)

2000

Time (min)

#S1 MsS3

Turbidity Removal (%)
D
il

2000

Time (min)

Figure.5.10. Contaminant removal efficiency for the control and the best performing membrane

in long time run with wastewater: TOC rejection (a) Turbidity rejection (b)
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5.4. SUMMARY

In the current work, PEBANCMA hollow fiber membranes were fabricated by dry wet spinning.
Highly hydrophilic polyethylene glycol (PEG) and silver nanoparticles (Ag) were covalently
attached to the acid group in tpely (acrylonitrileco-maleic acid) (PAICMA). The prepared
membranes were characterized thoroughly. The EDX data confirmgdetbence ofilver (Ag)

and the FTIRdate confirmed the covalent attachment paflyethylene glycol (PEG) with
PANCMA. From the contact angle data, it was identified tha new surface modification can
increase the membrane hydophilicity. The water contact angle of the PES UF membrane can be
reduced by around 75.5% from 62.6+ 3.7 to 15.3%dn? the pure water flux increased by about
36% from 513LMH to 702LMH for the odified membrane. Antibacterial study was performed

for the prepared membrane using the zone of inhibition test and the clear zone for the modified
membranes indicate the antibacterial properties of the membrane. During long time test with
reservoir waterit was found that the modified membrane exhibited a lower flux drop giving a
stable flux compared to the control membraimilarly, the selectivity of the modified membrane

(S3) is also better compared to the control membrane sample S1.
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6. Effect of amine (-NH») carboxyl (i
COOH) andsilver (Ag)
functionalization on the antifouling
properties of the prepared membranes

6.1. INTRODUCTION

In the previous chapter tledfects of a combination ohydroxyl ((OH), carboxylic(-COOH) and
silver on the antifouling properties tife prepared membrangere determinedHere, amine -
NH2) functional groupsvere incorporated in the membrane in the place of hydroxyl group to
investigate its ability to maintain the antifoulipgoperty of the membrankn this chapter, a novel
concept to prevent biftouling by developing a killing and setfieaning membrane surface was

proposed and developed.

As mentioned earlign the literature review (Chapter 2) and scope of this thesigp(€ha) the
current state of the art membranes are modified either with a hydoophitiitive or with
antibacterial compoursid most commonly silvei Ag/ Ag™. It has been proven that positively
charged silver can kill the bacteria by rupturingith@dasna membrane. Onceéhe plasma
membrane teaks the negatively charged compounds rich protoplasm deposits onto the surface of
the membranéelhe presence of negativaethiarged NHz, -COOH andi OH functional groups on

the membrane surface has been shown to be effective in combatting thepboiittie negatively
charged colloidal particles, proteins, lipids and amino acids etc. via an electrostatic repulsion

mechanism, thereby inasing thenydrophilicity of the membras

In order to develop a setieaning surfacen the present work, the functional group$e attached

onto the membranesurface were carefully chosddegatively chargedarboxylic acid {COOH)

rich, hydrophilic waterinsoluble PANCMA was chosen as a base additraine (-NH>) rich

PEI was chosen as another additive and positively charged antimicrobial silvr wAg
chemically attached to iy thermal grafting. This Ag attached PEI was attached to the base
PANCMA additive to get the final additiv@ANCMA-PEFAg. The modified PANCMAPELFAgQ
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was then blended with PES dope solution to prepareath@w fiber ultrafiltration membranes by

dry wetspinning process.

The antibio-fouling mechanism of the novel membrane is illustrated in Fi§uré-rom the figure,

it can be easily understood that the positively charget digacts bacteria by electrostatic
attraction and kills them by rupturing theegatively charged plasma wall. When the protoplasm
rich in negatively charged compounds includangteins, lipids and amino acids e&pjll out on

the surface of the membrane, the highly negatively char@&DH,-N, -NH andi NH2 functional
groups wil repel them by electrostatic repulsion, thereby allowing the surface to remain free of
the protoplasm deposits.

-
4 -
X Lo,

S ” (-\“\“ ::—', -ve charged
g s $2 - plasma membrane

o
- eriv™ =

— pact -

s ~e"2ye charged

’\’up Cup, plasma membrane

PANCMA-PEI-Ag = =5
modified S A -
PES UF membran

plasma
membrane

Figure.6.1. Schematic representation of thedeHining property of the membrane
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The prepared membranes were characterized using Fourier transform infrared (FTIR)
spectroscopy, Energispersive Xray (EDX), Contact angle (CA), scanning electron microscopy
(SEM), and the Porometer. Both control PES and modified PASCMA-PEFAg membraes

were subjected tazone of inhibition test antheasurements aflean water flux. Finally, the
membranes were tested for their permeability, selectivity and antifouling property in long term

experiments.

This chapter is based ofiiSeltcleaning MOF bast PESPANCMARPEI-Ag ultrafiltration
membranésA solution to biefouling issuen membrane separation
p r o c bysPsinte J.A., Bhuvana S., Anbharasi V., Ayyanar N.,
Boodhoo K.V.K., Singh G., (2014), published in Nat&@aentific
Report4, 6555; DOI:10.188/srep06555

6.2. EXPERIMENTAL METHODS

General characterization and experimental methods are described in Chapter 4. Specific

experimental procedures with conditions particular to this chapter are highlighted below.

6.2.1. MATERIALS

Polyethersulphon@ES) k3010 powder was purchased from Sumitomo Chemicals Pte Ltd, Japan.
Acrylonitrile, maleic anhydride, azoisobisbutyronitrile (AIBN), silver nitrate (AgN&odium
borohydride (NaBH4) andolyethylenimine (PEljvere purchased from Sigma Aldrich w@B%

purity. High purity ethanol, Nmethyt2- pyrolidone (NMP), N,NDimethyl acetamide (DMACc),
Polyvinyl pyrolidone(PVP) and diethylene glycol (DEG) were also purchased from Sigma Aldrich
and used as received. The water used for the reaction was distidledeenized (DI) with a

Milli -Q plus system from Millipore, Bedford, MA, USA.

6.2.2. SYNTHESIS OF POLY (ACRYLONITRILE CO MALEIC ANHYDRIDE)
(PANCMA)

Poly (acrylonitrileco-maleic anhydride) was synthesized by a free radical polymerization in

solutionsuspension method using DMAcaarding to the reaction scheme shown in Figure 6.2
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The procedure involved addii®g89 grams ofmaleic anhydride and 5.31 gramsaofylonitrile to

about 150 ml DMAcand stirmg the mixtureat room temperature for abt 30minutes. After
complete dissolution, 1.25 grams of AIBN was added to the solutiothandixture was stirred

at 6(°C for about five hours. The polymer obtained as a suspension was separated out by filtration

and washed thoroughly with diethyl etlzrd dried overnight in vacuuat 40C.

S N o o o AIBN

kK ¢kcnc

Figure.6.2 Synthesis of poly (acrylonitrile co maleic anhydride) (PANCMA)
6.2.3. SYNTHESIS OF Ag CAPPED PEI

Silver graftedPEI was preparedccording to the reaction scheme shown in Figu8eTo a 50ml

of aqueous PEI (50%) solution, 0.5grams of AgN&as added and allowed to stir at room
temperature for 1 houAbout 10ml of freshly prepared NaBMasthenadded drop wise to the
above solution over a period of 30 mimgh stirring continued overnight at 8G. The final dark

green solution obtained was then subjected to dialysis for 2 days to remove excess reactants.

NH
H,N 2 NHAg
H,N 2 \/\N/\/ AgHN HZN\/\N/\/

H H AgNQ/NaBH: H H

\/\H/\/N\/\N/\/N\/\”/\ —_— \/\N/\/N\/\N/\/N\/\N/\
A
kK ¢kyncsz " g

1

NH, NH,

HN AgN

1

Figure.6.3Synthesis of Ag capped PEI
6.2.4. SYNTHESIS OF Ag CAPPED PEI ATTACHED PANCMA

Silver capped PEI was attached to PANCMA by a simple nucleophilic addition reamtamding
to the reaction scheme shown in Figure &dout 10 grams of PANCMA was added to a 250ml

flask with 200mlI DMAc. The flask was connected to a nitrogen inlet. After complete dissolution,
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25ml of silver capped PEI solution was added drop wise to the polymer solution and allowed to
stir at room tempature for 24 hours. The obtained final homogeneous solution was then poured
into methanol to separate the Ag capped PEI attached PANCMA. The polymer was filtered,

washed with methanol and dried in vacuum &CA6vernight.

PANCMA

PE1AQ8Q°C, 4 hrs

NHAEN N NHAG BN~ ~ NHAG L HN o~ NHAg

AN

PANCMAPE{Ag

Figure.6.4 Synthesis of Ag capped PEI attached PANCMA
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6.2.5. PREPARATION OF MEMBRANES BY DRY WET SPINNING

Polyethersulfone (PE®pllow fiber ultrafiltrationmembranes were prepared by dry wet spinning
method. PES was used as the base polymer, NMP was the base solvent, DEG was used as a non
solvent and two additives, PVP (pore forming agent) and hydrophilic and antimicrobial
PANCMA-PEFAg polymer composite wereised to improve the surface property of the
membrane. The casting solution coresikif 21 wt% PES, 5 wt% PVR-30, 5 wt% DEG, 64~69

wt% NMP, 05 wt% PANCMA and &6 wt% PANCMA-PEFAQ, respectively. PVP powder was

first added into the NMP /DEG mixture ir@und bottom flasland the solution wasechanically

stirred for at least-1.5 hours. After complete dissolution of PVP, PANCMA/PANCNEIAg

and PES were added and allowed to stir at a constant speed of 250~350 rpm for at least®24 h at 80
C to obtain acompletely dissolved homogeneous polymeric solutibable 6.1 shows the
composition of the membranes fabricatétle dope solution was poured into the polymer tank

and degassed at a negative pressur8.6fbar for 15820 min. Nitrogen gas was purgedo the

dope tank to create an inert atmosphere and to push the polymer towards the polymer pump. Bore
liquid consisting of NMP and water in 80:20 volume ratio was poured into the bore liquid tank.
The polymer solution and the bore liquid were pumpetécpinneret (OD 1.2 mm, ID 0.6 mm).

The air gap was fixed at 20mm. The hollow fiber membranes were fabricated at ardGraha5

at around 657/0% relative humidity with a take up speed of 0.25 m/s. The membranes were then
collected from the winder andfténside a postoagulation water tank for a minimum of 24 hrs to
washout the residual NMP, DEG and PVP that were not removed from the solution at the point of
fabrication processTo keep the membranes wet, they were immeistal a post treatment

solution of 40% ethanol and 60% glycerin before testing the clean water flux.

Table.6.1. Composition of the dope solutions for the hollow fiber membrane fabrications

21 0

5 5 69 0
21 5 5 64 5 0
21 5 5 64 0 5

* All the samples (formulations) are different from the previous chapter (Chapter 5)
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6.3. RESULT AND DISCUSSION

6.31. TEM ANALYSIS OF Ag CAPPED PEI COLLOID

Figure6.5a. shows the TEM picture of the synthesized gl The nanopatrticles are spherical

in shape with sizes the range of 3 to 6nm. The nanoparticles also show a more uniform
distribution in the PEI matrix. A schematic representation of the silver capped Bticiwn in
Figure6.5b.

Figure.6.5. (a) TEM image of silver attached PEI (b) Chemical model of silver attached PEI
6.3.2. FTIR ANALYSIS OF PANCMA AND PEI-Ag ATTACHED PANCMA

The structure of th€ ANCMA polymer, synthesized according to the procedure described in
Section 5was confirmed by FTIR spectrophotometer as shown in Figyé.d he presence of CN
stretching vibration at 2243ctand the imide stretching vibrations at 1784cand 1707cr

confirms the copolymer formation in anhydride form.
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PANCMA (Anhydride)
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Figure.6.6. FTIR Spectrum of the PANCMA and SiMRE| attached PANCMA

The attachment of PEAg to the copolymer was also confirmiedm theFTIR spectrum in Figure

6.6 by the presence of OH stretching vibration of the carboxylic acid observed as a broad band
at 3550crt, nitrile stretching vibration at 2245chandcarbonyl stretching vibration observed as

a strong band at 1708chThe attachment of PEI to the copolymer was confirmetthéypresence

of a strong C-N-C stretching vibration at 1352c¢handi NH bending vibration at 1585¢h

FTIR analysis was used tovestigate the chemical composition of fabricated holfdver
membrane. Figuré.7 represents the FTIR spectra for neat RESnbrane, PES/PANCMA (5

wt %) and PES/PANCMAPEIAg membranes. With the PES/PANCMA membrane, most of the
anhydride moiety present in the PANCMA gets hydrolyzed to acid as the blend (dope solution)
reaches the coagulation bathntainingwater; this is cofirmed from the broad band at 3560¢ém

in the FTIR spectra. The band at 2243%dmdue to the N stretching of the nitrile group whilst

the band at 1708 cfis the C=0 stretching vibration of the acid carbonyl group present in the
PANCMA. The presence of PANCMREFAg in the PES matrix is confirmed from thérile,
carbonyl, imide and amine vibrations at 2243¢rh716cmt,1770cmt, 1382cm' and 1625cm
regectively.
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Figure.6.7. FTIR spectra of S1) PES S2) FFFSNCMA (5 wit%) S3) PESPANCMA-PEFAgQ
(5wt %)

6.33. MORPHOLOGY O F HOLLOW FIBERS AND EDX ANALYSIS

The hollow fiber membranes fabricated through-wet spinning process had an average inner
diameterof 0.5mm and an outer diameter of 1.0mm. The surface morphology and cross section of
the PES and modified PES hollow fiber membranes were examined using SEM and the
micrographs of the Ag modified membranes are shown in E@8te consist of a smooth dace

together with a uniform distribution of silver particles.
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Figure.6.8. SEM images of membrane sample®B5%, SZPESPANCMA and S3PES
PANCMA-PEFAg (a) Cross section (b) Outer surface

Similar to our previous studiChapter5)*3, the hollow fibers exhibit different internal struogs
depending on their composition. The neat PES membrane shows the presence of a large number
of macro voids in its internal structure. The PES membrane with 5wt% PANGWéentration

has fewer macro voidsand more sponge like structuredVith the PES/PANCMA/PEIAg
membrane, the sponge like structure predominates the macro voids and correlates well with the
increase in dope solution viscosity as described in our previous(Gipter5)*36. The presence

of silver particles was further confirmed by EDX analysis as shown in Fgg@nehe presence of

silver and its uniform distribution all over the membrane is evidenced from the elemental mapping
shown in Figuré.9 b.
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Figure.6.9. Cross secti¢®EM image)a) and the distribution of silver (Ag) element (points
measured by EDX mapping analysis) on the membrane-seasi®n (b) of the sample FES
PANCMA-PEIAg

6.34. LEACHING TEST FOR SILVER

The composit®ESPANCMA-PEFAgQ (S3) membranes were soakedihwater overnight and

dried at ambient temperature before the leaching test. The dried membrane samples were immersed
in fresh DI water and ultrasonicated at 37 kW for 120 mins. After ultrasonication, the water was
analyzed using Inductively Coupled Plasr@ptical Emission SpectroscogyCP-OES). The

leached silver was found to be less tBapmfor all the samples. Thsuggestshat the silver has
stronginteractions witithe amine groups of the PEI, which prevents the leaching of silver from

the membraa matrix.

The leaching test was conducted by subjecting the membranes to ultrasonication which is actually
the worst condition that a membrane can experience than the normal operating conditions (e.g. 3
months operation at 50 LAf). Since the Ag leakagader such harsh condition is only less than

2ppm, Ag will not leach from the membrane at the normal operating conditions.
6.35. CONTACT ANGLE

The hydrophilicity of the control PES (S1), PPBNCMA (S2) and PE®?ANCMA-PEFAg (S3)
membranes were measurey their contact anglerhe control PES sample S1 showed a water
contact angle d63.2 + 3.9.Sample S2 with 5% PANCMA showed a water contact andid 4f

94



CHAPTER:6

+ 2.8 which isa 14.4%reductioncomparedo the control sample. Sample S3, with 5% of Ag
cappedPEIl attached PANCMA, showed the lowest water contact an@@.@f + 2.1°, which is

about 48.3% reductioan the controlsample. Thesffectiveness of PANCMAPEIAg blending

with PES in generating a more hydrophilic membrane is clearly demonstrated by these tests. The
increased hydrophilicity is attributed to the presence of the ariiid,) and acid {COOH)

groups attached to the PEIAABPANCMA in the PES membrane matrix.

6.36. PORE SIZE ANALYSIS

The average pore size of the control PES membrane (SILPRESMA membrane (S2andthe
PESPANCMA-PEFAg membrane (S3) ammeasuredThe experimental data indicate that the
addition of theAg capped PEI attached PANCMA does not have a significant effect on the mean
pore size of the PES. The average pore sizes of sample S2 ah@&2R 0.015umare slightly

lower compared to sample SQ.@Q9 + 0.02um The reduction in pore size may be daoethe
increase in the polymer concentration (additional 5% of PANCMA for S2 and 5% PANEEBIA

Ag for sample S3 compared to the control membrane) which results in an increase in the viscosity
of the dope solution. With the increase inlymer solution conentration,the diffusion of
coagulant into the polymer solution is slower leading to the formation of sponge like structures

with reduced pore siZ&.
6.3.7. CLEAN WATER FLUX

The control PES membrane (S1), PESNCMA membrane (S2) and the PPANCMA-PE}

Ag membrane (S3) were tested to evaluate the clean water flux of the membrane using a cross
flow filtration setup.The clean water flux for all the 3 different membranese measuredt a
constant feed water pressure of 100.KR&n though their pore ®7s slightly smaller than S1,
samples S2 and S3 gave higher pure water flux which may be due to the increase in hydrophilicity
(represented by a decrease in contact angle) of the membhenkighest flux achieved is 687 *

28 LMH for sample S3 which isbaut 39.4% higher than that for the control membrane.

6.38. ZONE OF INHIBITION TEST

The antibacterial activities of the control PES membrane (S1);FAA8CMA membrane (S2)
and the PE®?ANCMA-PEFAg membrane (S3) were determined qualitatively using the zone
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inhibition test. As shown in Figui@10.(a), sample S3 exhibited positive resuitsh a clear
inhibition zone of width 2.8.0 mm around the membrane in stark contrast to sample S1 and S2
which did not show any inhibition zone. This is due to the bactericidal property of silver

nanoparticles in the composite membrane S3.

In order tostudy the seltleaning property of the membrane, all 3 membrane samples were filtered
with 10 ppm sodium alginate solution (the alginate solution is representative nédghgvely
charged protoplasm compounds that would be released by lysed bactetizgd@anin and then

tested for their antibacterial property. The results are presented in.EigjQ(b).

Figure.6.10. Zone of inhibitioaf modified and unmodified membranes before filtration with
sodium alginate solution (a) and after filtration wsthdium alginate solution (b)

Sample S3 exhibited positive results with a clear inhibition zone around the membrane even after
a long period of continuous filtratioof sodium alginatesolution. This result confirms that the
negatively charged functionabroups present inthe modified membrane matrix prevent the
deposition of sodium alginate on the membrane surface. This finding is in agreement with
previously reported work indicating that membranes with hydrophilic negatively charged
functional groups onhe surface can repslubstancesvhich make up extra cellular polymeric

substances(EPB}30107,
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6.39. LONG TIME PERFORMANCE AND FOULING EVALUATION

To evaluate the antifouling efficiency of theembranealong time (1320 min) filtratiomf 10ppm
sodium alginate in DI water was carried out for ¢tbatrol PES membrane (S1), REBNCMA
membrane (S2) and the PPANCMA-PEFAg membrane (S3) individually, and the results are
summarized in Figuré.11a. It is observed that the modified RBANCMA-PEFAg membrane

(S3) gives stable flux compared to thbettwo membrane samples S1 and S2. The flux drop of
the membranes is shown in Figid 1b. The flux drop for the modified PEHSANCMA-PEFAgQ
membrane (S3) is lower (16.3% of the initial flux) than the control membrane sample S1 (55.3%
of the initial flux) and the PE®*ANCMA membrane sample S2 (33% of the initial flux). The
obtained results indicate that there is not much decrease in the flux with time for the modified PES
PANCMA-PEFAg membrane (S3) confirming that the PANCMPEFAg modified PES
membranean best repel the organic matter in the form of the sodium alginate from the surface of

the membrane.
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Figure.6.11. Pure water flux (a), Flux drop (b) and sodium alginate (TOC) removal efficiency (c)
for the membrane samples ®1S3 in long time run with 10ppm sodium alginate solution

In order to study the filtration efficiency of the membrane, the total organic carbon (TOC) of the
feed water and permeate water wereasured (4 samples were collected every 60mins and the
TOC was measured in order to get the average TOC removal efficiency over time). Percentage of
TOC rejection was calculated and plotted in Figure.6.11.c. From the experimental data, it was
found that the TOC removal of the modified RESNCMA-PEFAg membrane (S3p highest

compared to samples S1 and Bis may due the slight different in the average pore sizes of the
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membrane. The pore size of the membrane sample S2 aBd83 (0.015umare slightly lower
compared to sample SD.09 + 0.02un It is alsofound that the modified membrane gives
comparatively stable rejection of TOC when compared to the other two samples. This is due to the
hydrophilicity andzwitterionic effect bythe presence of highly negatively charg&DOH,T OH

and positively chargedNH2> on the membrane surface. Thegative surface charge of the
membrane prevents the deposition of the negatively chardieidab particles (proteins, lipids

and amino acids etc.,) on the membrane surface by electrostatic repulsion, which can slow down
the membrane fouling procé$s It is also reported that the membrane fouling can be reduced by
increasing the negative surface density of the mem#¥aA©C removal efficiency of the control
membrane was alsacreased with time, which may due to the pore congiriatr development

of a cake layer (fouling) on the membrane surfdce
6.4. SUMMARY

In thischapter a novel concepias developetb prevent biefouling by developing a killing and
selfcleaning membrane surface incorporating antibacterial silver nanoparticles and highly
hydrophilic negatively charged carboxylic and amine functional groups. The innovative surface
chemistry helps toaduce the contact angle of the novel membrane by at least a 48% and increase
the pure water flux by 39.4% compared to the control membrane. The flux drop for the novel
membrane is also lower (16.3% of the initial flux) than the control membrane (55.8%iwitial

flux) during the long term experimentsith sodium alginatesolution. Moreover, the novel
membrane continues to exhibit inhibition to microbes even after 1320 nsadaim alginate

filtration.
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/. Effect of hydroxyl (-OH), amine (-
NH»), carboxyl (f COOH) and silver
(Ag) functionalization on the
antifouling properties of the prepared
membranes

7.1. INTRODUCTION

In chapter 5, the effect dfydroxyl (OH) functional group and iohapter 6the effect ofamine ¢
NH2) functional groups were tested separatgith cartoxylic (-COOH) functional groups and
antimicrobial silver to evaluatieir effect orthe performance of the PESembranen terms of
hydrophilicity, water permeability, selectivity and membrafoelling. In this chapter, both
hydroxyl ((OH) and amine-(NH>) functional groupgogether withcarboxylic (COOH) contain
polymeric additive were prepared. In order to prepare the new adgiiye(acrylonitrile co
maleic acid co diamino neonitrile) (PANCMACDAMN), alkenes monomers like carboxylic
groups rich melic acid, amine groups rich diammaeonitrile and water insolublacrylonitrile
were chosen carefully and polymerized themaltym transfer radicgbolymerizationmethod.
Hydroxyl rich PEG and antimicrobial silver were chemically attachettigonewly synthesized
additive PANCMACDAMN to get the final additive PE®g attached PANCMADAMN. The
new highly hydrophilic additive was blended with PES dope solution ta@eathe antifouling

properties of th€ES membrane.

In this chapter the setfleaning mechanism was further confirmed and proved experimentally.
Silver kills bacteriaby rupturing the cell walf® allowing negatively charged protoplasm
compoundgo be apositedon the positively charged silver containing surfégeelectrostatic
attractiort®>%°%, Similarly, it has been proven that the electro negative hydroxyl, carboxylic and
amine functional groups repel the protoplasm compound by electrostatic reftilStofe. The

above ChapterChapter 5 & 6showed that the hydrophilicity and the antifouling property of the
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PES UF nembrane can be improved by blending the highly hydrophilic, water insoluble poly
(acrylonitrileco-maleic acid) (PANCMA) with covalently attached mflinctional amine
containing molecule polyethylene iminsiéver (PE+AQ)1®® (Chapter6) andpolyethylene glycol

silver (PEGAQ)'® (Chapter5). The findings proved that these highly hydrophilic electronegative
hydroxyl, carboxylic and amine functional groups contain water insoluble additivels not only
improve the hydrophilicitpf the membrane but, when acting together with silver, also ingueyt
lasting antifouling propertie® the membraneia a killing and cleaning mechanism. Figuta
showsa schematic comparison of the afiotiling mechanism exhibited kthe silver modied

membrane and the proposed s#é¢faning biofouling resistant membrane.
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Figure7.1: Schematic representation of the silver modified membrane and the proposed self
cleaning biofouling resistant membrane.

In this chaptera novel biofouling resistanel-cleaningmembrane will be developday using a
copolymer with electronegative carboxylic and amine group with immobilized PEG and positively
charged silver nanopatrticle. In order to achieve this objective, monomers with desired functional
groups &aylonitrile, maleic acid and dmino naleonitrile) will be chosen and polymerized to

obtain the final polymerpoly (acwylonitrile co maleic acid co dmino naeionitrile)
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(PANCMACDAMN). PEG and silver nanoparticle will be covalently attached to the prepared
copolymer additive by simple thermal grafting method. The final additive will be used to modify
the PES ultrafiltration mebrane by simple blending method and the membrane will be developed
by phase inversion technique.

This chapter is based ofiHighly hydrophilic copolymer modified PES ultrafiltration (UF)
membranes with robust antifouling properties. by Pr i nce
Bhuvana S., Anbharasi V., Ayyanar N., Boodhoo K.V.K., Singh G.,
Under review irDesalination (Manuscript IDDESD-15-01256)

7.2.EXPERIMENTAL METHODS

General characterization and experimental methods are described in chag@pecHic

experiments with conditions particular to this chapter are disdrssow.

7.2.1. MATERIALS

Polyethersulphone (PES) powder was purchased from t&mmi Chemicals pte Itd, Japan.
Acrylonitrile, maleic anhydride, azoisobisbutyronitrile (AIBIN), silver nitrate (AgiN@nd
polyethylene glycol (PEG) of molecular weight 400 were purchased from Sigma Aldrich with 99%
purity. High purity ethanol, Nnethyt2- pyrolidone (NMP), polyvinyl pyrolidone (P\AR30) and
diethylene glycol (DEG) were also purchased from Sigma Aldrich and used as received. The water
used for the reaction was distilled andideized (DI) with a Mill-Q plus system from Millipore,
Bedford,MA, USA.

7.2.2. SYNTHESIS OF POLY (ACRYLONITRILE CO MALEIC ACID CO DIAMINO
MELEONITRILE) (PANCMACDAMN)

Copolymerization of acrylatrile, maleic anhydrideand damino maleonitrile was performed

using AIBN as initiatorTypically, to a 250 ml DI water at 90°C, 98 g maleic anhydride and 53 g
acrylonitrile were added into the reactor equipped with a mechanical stirrer, thermometer, and
nitrogen inlet tube. After complete dissolution, 1.85 g AIBIN was added into the gtwlation

while maintaining the reaction temperature at 90°C under a nitrogen atmosphere. The
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copolymerization was continued for 5 hrs, after which the precipitated copolymer was filtered and
washed with excess denized water and ethanol to remove residmonomersAfter thorough

drying, at 60C in vacuum oven, the synthesized PANCMACDAMN was further functionalized
with PEG and Ag before being used as an additive to prepare the PES dope solution.

7.2.3. ATTACHMENT OF PEG AND Ag WITH PANCMACDAMN

To further functionalize the copolymer, 25 g of PANCMACDAMN is dissolved in 200ml of NMP.
After complete dissolution, about 10 g of PEG and 1 g of silver nitrate is added to the solution and
allowed to stir at 80°C for about 2 hrs. 10ml of 0.1 M solutibsaalium borohydride is slowly
added to the above solution and allowed stir at the same temperature for another 3 hours. Finally,
the solution is precipitated in methanol and filtered and wasiftbdexcess déonized water and
ethanol to obtain functionated PANCMACDAMN. Figure 7.2, shows the schematic
representation of theynthesis of PANCMACDAMN and attachment of PEG and Ag with
PANCMACDAMN

STEP-1: Synthesis of PANCMACDAMN OHO

o o
OHO HaN - NH,
——~—~~<N+o o + /=& AIBN NHZNH,
o
” /  \\  80°C-2hrs N= /
= N N / \
> V4 A\
N N

STEP-2: Attachment of PEG and Ag with PANCMACDAMN

2
PEG/AgNO3/NaBH,

80°C - 8hrs

Figure 7.2:Synthesis of PANCMACDAMN and attachment of PEG and Ag with
PANCMACDAMN
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7.2.4. PREPARATION OFMEMBRANES BY DRY WET SPINNING

The PES hollow fiber membranes were prepared by dry wet spinning method. PES was used as
the base polymer, NMP was the base solvent, DI water was used asavern and two additives,
PVP-K-30 as pore forming agent and Ingpdhilic PEG and silver grafted PANCMACDAMN were

used to improve the surface property of the membrane. The composition of the casting solution
consists of 21 wt% PES, 5 wt% PR30, 5 wt% DEG, 59~69 wt% NMP and1® wt%
PANCMACDAMN, (M1-0%, M2-2.5%, M35%, M4-7,5% and M510%) respectively. The phase
diagram for the used dope compositaord the phase behavisrshown in Figur&.3in ESI. PVP
powder was first added into the NMP/DEG mixture in a round bottom (RB) flask and the solution
was stirred by a méanical stirrer for at least 1 hour. After complete dissolution of PVP;R&EG
grafted PANCMACDAMN and PES were added and allowed to stir at a constant speed of 250~350
rpm for at least 24 h at 8C, to obtain a completely dissolved homogeneous polyraslition.

All dope solutions from M&M5 were used to fabricate the membrarése dope solution was
poured into the polymer tank and degassed at a vacuum pressu lwdr for 20 min. Nitrogen

gas was purged into the dope tank to create an inert ateresphd to push the polymer to the
polymer pump. NMP and water were mixed in 80:20 volume ratio and poured into the bore liquid
tank. The polymer solution and the bore liquid were pumped to the spinneret (OD 1.2 mm, ID 0.6
mm). The air gap was fixed at 1émThe hollow fiber membranes were fabricated at aroufd 25

C and at around 65% relative humidity with a take up speed of 0.25 m/s. The membrane turned
opaque soon after coming into contact with water which indicates that the coagulation and
precipitationof PES from the solution and finally a translucent, white hollow fiber membrane was
formed. The membrane was then collected from the winder and left inside a water tank (post
coagulation tank) for a minimum of 24 hrs to washout the residual NMP, DEG dndhviwas

not removed from the solution at the pasfitoagulationTo keep the membranes wet, they were
immersednto a post treatment solution of%Cethanol and 60%lycerinbefore testing the clean

water flux.
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Figure 7.3Phase diagram of the dopemposition with optimization direction

7.3. RESULT AND DISCUSSION

7.31. FTIR ANALYSIS OF PANCMACDAMN

Structural confirmation: The structures of theew additive PANCMACDAMN and presence of
the new additive in thenodified PES membranewere studied by Fourier transform infrared
(FTIR) spectroscopy and the results are present&agure 7.4.PES and PES/PE®&g grafted
PANCMACDAMN hybrid hollow fibers were successfully fabricated by using the dry wet
spinning process. FTIR analysis wasdi$or the structural confirmation of incorporation of REG
Ag grafted PANCMACDAMN into PES matrix. The FTIR spectrum is shown ini€@.4. And

the successful incorporation of the copolymer into PES matrix is confirmed.CHietretching
vibration of thePES,PEG and PANCMACDAMN was observed around 292%cifihe CN
stretching peak for nitrile group of the-polymer is observed at 2241&mThe OH stretching
vibration of the PEG is observed at 3492cand the carbonyl stretching vibrations of the acid

groups in copolymer is observed at 1690cll these peaks confirms the presence of PEG
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grafted PANCMACDAMN in PES matrix. It is also observed that the peak intensity of the

copolymer increases withcrease in concentration.
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Figure 7.4 FTIR spectrum of theew additive PANCMACDAMN and presence of the new
additive in themodified PES membranes
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7.3.2. GPC ANALYSIS OF PANCMACDAMN

The molecular weight (Mw) and the molecular weight distribution o$yimthesized polymer with
respect to polystyrene standards was measured by @simpermeation chromatography and the
average of all the peaks is reportddhe results are presented in Figure Frdm the analysis, the
weight averagenolecular weight othe polymer was found to be around 95§/fidol. The number
average molecular weight was around 7580®ol. The polydispersity index (Mw/Mn) was
calculated to be 1.27. This analysis confirms the high molecular weight of the synthesized polymer

with contrdled polymer width.
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Figure 7.5Gel permeation chromatography analysis of PANCMACDAMN
7.33. MORPHOLOGY OF HOLLO W FIBERS AND EDX ANALYSIS
The hollow fiber membranes fabricated throughwet spinning process had an average inner
diameter of 0.6mm and an outer diameter of 1.2mm. The morphology of the cross section of all

the prepared hollow fiber membranes were examined using SEM and tognayphs of the
control sample (M1) and the best performing membrane sample (M4) are présguted.6.
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Figure 7.6:SEM image (cross sectionj control membrane M(a) andmodified (best

performing) hollow fiber membranes sample M4 (b)

The morphology analysis shows that the hollow fibers exhibit different internal structures
depending on their composition. M1 is the neat PES membrane which shows the presence of large
number of macro voids in its internal structure. When the PANCMACDA®&®Ncentration
increases from 2.5 wt% to 10wt%, the void structure diminishes gradually and formation of
uniform sponge like structures over the membrane cross section is observed. This can be explained
by the increase in viscosity of the polymer solutioithwincrease in PANCMACDAMN
concentration. The increase in solution viscosity slows down the diffusion efaheent into the
membrane which in turn decreases the rate of coaguldti@SEM image of the cross section

and thepresence of silver and itsxiorm distribution all over the best performing membrane
sample M4 is evidenced from the elemental mapping shown in Figure

: 100pm '

Figure 7.7:SEM image (cross section) (a) aBmental mapping (b) ehodified (best
performing) hollow fiber membranassample M4
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7.34. LEACHING TEST FOR SILVER

After the thermal surface grafting process was performed as described earlier, the membranes were
washed with excess DI water for 2 hours and dried at room temperature before testing. The dried
samples M2, M3, M4rad M5 were immersed in DI water and ulganicated at 37 kW for 60

mins. After ultrasonication, the water was analyzed using inductively coupled plasma atomic
emission spectroscopy (I8PES). The leached silver is foundlte less thar2ppm for all the

samples. This confirms that the silver is in strong covalent bonding with the functional groups of
the PANCMACDAMN, which prevents the leaching of silver.

7.35. CONTACT ANGLE

The hydrophilicity of the membranes was measured by their water contact angle and the results
are tabulated in Tablgél. With M1 being the control, the rest of the samples shows a decrease in
water contact angle with an increase in PANCMACDAMN concemwinadind reached the lowest

at M5 with 14.2+2.3 This test has proven the effectiveness of PG grafted
PANCMACDAMN in generating a more hydrophilic membrane with M5 having at least a 78.1%
decrease in the contact angle from the control membrane (cantletof control membrane is
64.6t3.2).

7.36. PORE SIZE ANALYSIS

The average pore size of the control PES membrane (M1) and theA#E§afted
PANCMACDAMN modified PES membrane samples M2, M3, M4 and M5 are also presented in
Table7.1. The experimental data indicate that the mean pore sizes of the membranes are gradually
decreases with the PANCMACDAMN concentration. This may be due to the increase in viscosity
and coagulation of the dope soluti@enerally, pores in the membranes farened by diffusion

of nonsolvent from coagulation bath into the membrane matrix and tseldation of casting
solvent. If the solution viscosity increases, the diffusion of coagulant into the casting solution will
be reduced and hence the macro voals be reduced. The dense surface generally forms when a
high ratio of the solvent out flow occurs compared to thesuvent inflowThe lowest average

pore size achieved 305+ 0.026 m f or membr ane sample M5 where

exhibited a mean pore size@07 £ 0.02 m.
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Table 7.1 Pore size, contact angle and the clean water flux of the control PES membrane and the
PEGAg grafted PANCMACDAMN modified PES membrane samples.

Sample ID CAw (°) Por e si ze Clean water flux (LMH)

M1 64.6+ 3.2 0.07 £0.02 477.6% 18.2
M2 49.1+ 1.7 0.07 £0.02 666.2+ 22
M3 32.4 2.0 0.06 + 0.025 858.6+ 27.1
M4 18.# 1.3 0.05+£0.02 1050.2+ 24
M5 14.2+ 2.3 0.04+0.025 984.6+ 14

7.3.7. ZONE INHIBITION TEST

In order to investigate then@bacterial activity of the membranepne of inhibition test was
performed for the control membrane sample (M1) and the best performing membrane sample (M4).
Figure7.8shows the zone of inhibin for the two different samples M1 and M4 (a) before protein
filtration (b) after protein filtration. It can be easily identified that the membrane sample M4
exhibited positive results even after 12 hrs continuous filtration of protein solution whereas M1
does not show any inhibition zone. The width of the zone around the sample S4 was about 2.5 mm

(before protein filtration) and 1-8Bmm (after protein filtration) respectively. This is attributed to

the stable bactericidal property of composite membrane M4

Figure7.8: Zone of inhibitionof control S1 and modified best performing membrane M4 (a)
before protein filtration, (b) after protein filtration
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7.3.8 CLEAN WATER FLUX

The membranes MIM5 were tested tevaluate the clean water flux of the membrane by using a
cross flow filtration setup at a constant feed pressure of 1bar and the results are pre$abled in
7.1. All membranesvere tested in the system under similar conditions with M1 as the cditteol.
pure water flux of the membrane increased with increasing Rg&tached PANCMEADAMN
concentration. The highest flux achieved in this study 1#40.2+ 24 LMH for the membrane
sample M4 which is around 120% higher than the control membrane& W16 18.2 LMH).

This improvement is due tbe increase in the membrane hydrophilicity as indicated by a decrease
in its water contact anglédowever, when compared to M3 and M4, sample M5 gives lower flux

due to the slight reduction in membrane pore sizgoe compression.

7.3.9 LONG TIME PERFORMANCE AND FOULING EVALUATION

In order to evaluate the effect of the PBG grafted PANCMADAMN on the membrane, the
control M1 and the best performing membrane sampleviet4¢ chosen on the basis of pure water

flux permeability testsTable7.1 and Figurer.9(a)). A12 hrs filtration test was conducted using
10ppm BAS in DI water as a feed solution through the two membrane samples. The results are
summarized in Figuré.9(b).It is observed that the PEA) grafted PANCMACDAMN modified
membrane sample M4 gives a more stable flux compared to the control membrane sample M1.
Figure7.9(c) shows the normalized permeabili®yJO) or flux drop over time. The flux drop for

the membrane M4 is only 14.29% of the itilux after 9hrs protein separation whereas the flux
drop for control membrane M1 is 60% for the same duration of operation. The obtained results
highlight that the presence of negatively charg@d, i NH> andi COOH functional groups on

the PEGAg graftel PANCMACDAMN can best repel the protein from the surface of the
membraneln order to evaluate the selectivity and the filtration efficiency of the membrane, the
total organic carbon (TOC) of the feed BAS solution and permeate water were measured (4
sampés were collected every 60 mins with 15mins frequency and the TOC was measured in order
to get the average TOC removal over time). The percentage of TOC rejection was calculated and

presented in Figure.9 (d).
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Figure7.9 Pure water flux for the controhembrane sample M1 and the best performing
membrane sample M4 at 1bar feed pressure (a), water permeability during long time run with
10ppm BSA solution at 1bar feed pressure for the same samples (b), normalized water

permeability for the BSA solution sagation during long time run (c) and BSA protein (TOC)

From the experimental data, it is found that the TOC removal of the membrane M4 is also higher
and more stable compared to membrane Mis may due the slight differeein the average

pore sizes of the membrane. The pore size of the membrane sampleOvi4 (0.02um) was
slightly lower compared to sample 1.5 = 0.02. The increased TOC removalso confirms

the increased hydrophilicitgnd zwitterionic effecof the PEGAg grafted PANCMACDAMN
blended membraseM4 by negatively chargedOH, -COOH and positively chargedNH>

removal efficiency / selectivity of the membranes in % (d)
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functional groups on the membrane surface. Restrlies have also shown that thegative

surface charge of themembrane prevents the deposition of the negatively charged colloidal
particles such as proteins, lipids and amino acids etc., on the membrane surface by electrostatic
repulsion, which could slow down or reduce the membrane fddti§ On a related note, i$
interesting to see from Figui®&9 (d) thatthe increase in TOC removal efficiency of the control
membrane Mlwith time may be due to the pore constriction/pore blockingemelopment of

fouling on the membrane surfd€® Finally, a confocal lacer scanning microscope (CLSM)
analyss was conducted on the membrane samples to evaluate the protein absorption on the
membrane surface and the images are presented in FigOré&rom the images it can be further
confirmed that the protein absorption on the membrane M4 surface can bélehbwever, the

protein absorption on the control membrane M1 is high.

Figure7.1Q Confocal lacer scanning (CLSM) imagécontrol sample M1 and the best

performing membrane sample M4
7.4. SUMMARY

In this chapter a simple feasible methdths been demonstratemlimpart biefouling resistance

to a membrane surface by developing a water insoluble unique copolymer additive, palynely
(acwylonitrile co maleic acid co diamino negonitrile) (PANCMACDAMN) with highly
hydrophilic electronegates carboxylic and amine functional groups. In addition, another highly
hydrophilic hydroxyl group rich polyethylene glycol (PEG) and positively charged antibacterial

compound silver (Ag) were covalently attached to the copolymer additive by simple thermal
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grafting method. The final additive PE&Y attached PANCMACDAMN was used to modify
polyethersulfone (PES) ultrafiltration (UF) membrane. Characterization tests indicate that the
innovative surface chemistry increases the hydrophilicity of the membranduxnynmg the water
contact angle (Cf) by 78.1%and increasess permeability by 120% compared to the control
membrane. More importantly, the innovative surface chemistry prevents protein attachment to it
and continuously exhibit inhibition to microbes even after a 720 min continuous filtration of

protein solution.
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8. Effect ofhydroxyl (-OH), amine (-
NH»>) and acid (-COOH)
functionalized grapheneon the
antifouling properties of the
prepared membranes

8.1. INTRODUCTION

The individual effecs of hydroxyl (OH) functional group(Chapter 5) andamine ¢(NH>)
functional groupgChapter 6) and the combined effectdoth amine-(NH2) and hydroxyl {OH)
groups(Chapter 7) have been testedjether with carboxylic-COOH) functional groups and
antimicrobial silver to evaluate their effect on the performance of the PES membrane in terms of
hydrophiliciy, water permeability, selectivity and membrane fouling. The experimentdialata
shown that the overall performances of the membranes are increased with the new additives.
However the thermal stabilityof these membrane are not improved and hence in this chapter
highly thermally, chemically and physically stable graphene will be modifiednydtroxyl ((OH),

amine (NH.) and carboxyl{COOH) functional group$or use asa hydrophilic additive to PES

dope solution.

Graphene oxiddased membranes exhibit promising qualities in the field of desalif&taord
selective ion penetratiéff. Graphene oxideolymer hybrid material based membranes also
exhibit excellent antifouling properf¥? due to the interaction of contaminants with the delocalized
p-electrons of the nanocarbd?f®2 In general, highly hydrophilic polymeric materials will have
low mechanical and thermal stability and swell during continuous immersion irffafeermal

and mechanical properties of the polymeric membranes is increased by the addition afegraphe

and its derivative$§” which imparts a strong rigid structure to the membrane matéfial

In this chapter a facile method to fabricate graphdmesed composite membrane in real

downstream applicatiowill be developedIn order to achieve this, the wettability of exfoliated
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graphene nano platelets (xGnP) willibereased by amineNH.) and carboxylationnCOOH) to

an ultrawetting level. While graphene oxide attains an increased level of hydrophilicity via
COOH andi OH functional groups, in this work a combinationi@OOH andi NH> functional
groups was choseninstead to modify the graphene for use in water filtration membrane
applications. Amine modified graphene has recently been reported as an alternative to graphene
oxide in biomedicdf! and energ¥? (battery) related applidains. Carboxylic and amine
functional groups have been shown to give significant improvements in the hydrophilicity of the
membrane'$*1*® by inter molecular hydrogehonding3*13529%2%9 The novelty in the present
work is that, n addition to improved hydrophilicity due to the presence of amine and acid
functional groups, the ultraetting modified graphene will also be covalendligyached to an
anhydride containing polymer matrix namely poly acrylonitagemaleic anhydride (PANCMA)

via a simple condensation reaction to form amic acid. This is made possible by the teNHinal
groups of the functionalized graphene which are kntomeact readily with anhydrides to form
strong, stable covalent bonds. The ulireiting graphene attached PANCMA will be thermally
imidized to produce the final graphepely(acrylonitrileco-maleimide) (GPANCMI) polymer
composite, which by virtue ohé imide functionality, will have improved thermal and chemical
stability. Theultrawetting graphene modified-BANCMI so formed will be used to fabricade

water filtration membranby the simple phase inversion methGd#

This chapter is based on:AUltra-wetting graphendd a s ed membr aneo by Pri nc
S., Anbharasi V., Ayyanar N., Boodhoo K.V.K., Singldd&rnal of
Membrane Sciencg00, 76i 85(2016).

8.2. EXPERIMENTAL METHODS

General characterization and experimental methods are described in chapter 4, some specific

experiments with conditions particular to this chapterdiscussd below.
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8.2.1. MATERIALS

Acrylonitrile, maleic anhydride, ethylene diamine, aratzobisisobutyronitrile(AIBN) were
purchased from Sigma Aldrich with 99% purity. High purity ethanol, nitric acid (§iNSlphuric

acid (HSQ), thionyl chloride (SOQG), N-N-Dimethyl acetamide (DMAc) andFluorescein
isothiocyanate(FITC) attached bovine serum albumin (BSA) were also purchased from Sigma
Aldrich and used as received. The exfoliagegphene nanoplatelgteGnP) were purchased from

XG SciencesThe water used for the reaction was distilled antbdezed(DI) with a Milli-Q plus
system from Millipore, Bedford, MA, USA.

8.2.2. SYNTHESIS OF FUNCTIONALIZED xGnP

About 1 gram of the pristine xGnP was refluxdgth an excess of acid mixture {6Qw/HNO3, 3:1)

to introduce the acid and hydroxfgnctionality on tothe graphene surfaces. After successful
oxidation, the functionalize’GnP was centrifuged, filtered and washed with excess water until
the pH of the wash water was neutral. After thorough drying, the acid functionalized xGnP was
further refluxed with 151 of thionyl chloride at 8@ for 24 hrs. The excess thionyl chloride
postreaction was filtered off before 150ml of ethylene diamine was added to the reaction vessel
operating under reflux for another 24hrs. The amine functionalized xGnP was $epHyated

out by centrifugation and washed with excess ethanol to remove the unreacted reagents.
8.2.3. SYNTHESIS OF xGnP GRAFTED PANCMI (GPANCMI)

PANCMA was synthesized as per our previously reported procedure using azobisisobutyronitrile
as an initiato'*®. The synthesized PANCMA waalowed to react for 24 hrs with the amine
functionalized xGnP in 500m| of DMAc &0°C. The water formed as a result of this condensation
reaction was removed by forming an azeotrope with toluene. This reaction leads to the formation
of the product in am acid form. This intermediate product was further subjected to thermal
imidisation using a multistage heating of 32@or 2hrsand20®°C for 1hr to obtain the final xGnP

grafted PANCMI.Figure8.1 shows the schematic representation of the synthesisREXBCMI.
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Acid modified Acid chloride
. graphene modified graphene
Q Graphene G
(b) Amine and acid HO  HN

(a) modified graphene

DMAC

\e 80°C - 24hrs
NO 0]
PANCMA +

Amine and acid modified graphene G-PANCMAA G-PANCMI

Figure.8.1Synthesis of functionalized xGr(R) Synthesis of @ANCMI (b)
8.2.4. PREPARATION OF FLAT SHEET MEMBRANE

The PANCMA and GPANCMI ultrafiltration membranes were prepared by $imaple phase
inversion methott®34 PANCMA / GPANCMI were used as the base polymersnisthyk2-
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pyrolidone (NMP) was the base solvent, diethylene glycol (DEG)used as a nesolvent and
polyvinylpyrolidone(PVP)was used as an additive (pore forming agent). The composition of the
casting solution consists of 21 wt% PANCMARRANCMI, 5 wt% polyvinylpyrolidone (PVHK-

30), 5 wt% Diethylene glycol (DEG), and 69 wt%nmethyl2-pyrolidone (NMP) respectively.

The phase diagram of the dope composgiis presented in Figure.8RVP powder was first
added into the NMP /DEG mixture in a round bottomed (RB) flask and the solution was stirred by
a mechanical stirrer for agdst 11.5 hours. After complete dissolution of PVP, PANCMA/G
PANCMI were added and allowed to stir at a constant speed of 250~350 rpm for at least 24 hrs at
8(°C, to obtain a completely dissolved / dispersed homogeneous polymeric solution. The
homogeneoupolymer solution was used to fabricate ultrafiltration membrane by phase inversion
method®3% To keep the membranes wet, thegrevimmersedn a post treatmergolution of

60% water and 40% glycerin before testing for clean water flux.

Polymer 100%
(PANCMA/G-PANCMI+PVP

10 90

Dope composition

(21%PANCMA/G-PANCMI+
5%PVP+5%DEG+ 69%NMP) 50 50
60 40

Solvent 100% 10 20 30 40 50 60 70 80 90 Non Solvent 100%
(NMP) (DEG)

Figure.8.2. Phase diagram for 8ePANCMI dope compositions
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8.2.5. PREPARATION OF HOLLOW FIBER MEMBRANE BY DRY WET SPINNING

The controlPolyetherslfone (PES) and xGnP grafted poly (acrylonitrile co maleimide) (G
PANCMI) modified PESG-PANCMI hollow fiber ultrafiltration membranes were prepared by
dry wet spinning method. PES was used as the base polyrvethyl-2i pyrrolidone (NMP) was

the base solvent, diethylene glycol (DEG) was used as-aaieent,polyvinylpyrrolidone (PVP

k-30) was used as an additive (pore forming agent) aRRACMI was used as a hydrophilic
additive. The composition of the casting solution consists of 21 wt% PES, 5 wt3B0P5 wt%
DEG, 69 wt% NMP respectively 5% of-BANCMI was added to the PESPANCMI dope
composition by replacing 5% of NMP where the NMP concentration was 64%. The phase diagram
of the dope compositions is presentedrigure.8.3. PVP powder was first added into the NMP
/DEG mixture in a round bottomed (RBask and the solution was stirred by a mechanical stirrer
for at least 11.5 hours. After complete dissolution of PVP, PES ardABICMI were added and
allowed to stir at a constant speed of 250~350 rpm for at least 24 hGtt8btain a completely
dissolved / dispersed homogeneous polymeric solution. The dope solution was poured into the
polymer tank and degassed at a negative pressufe6oBar for 1520 min. Nitrogen gas was
purged into the dope tank to create inert atmosphere and to push tneipyards the polymer
pump. NMP and water were mixed in 80:20 volume r@tiwlP: Water 80:20) was used as a bore
liquid and poured into the bore liquid tank. The polymer solution and the bore liquid were pumped
to the spinneret (OD 1.2 mm, ID 0.6 mm).€Thir gap was fixed at 50mm. The hollow fiber
membranes were fabricated at aroun8i@%nd at around 630% relative humidity with a take

up speed of 0.21 m/s. The membranes were then collected from the winder and left inside a water
tank (post coagulatiotank) for 24 hrs to washout the residual NMP, DEG and PVP that was not
removed from the solution at the point of fabrication pradessrder to keep the membranes wet,

the membranes were immersed into a post treatment solution of 40% water and 689 glyc

before testing the clean water flux.
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Figure.8.3. Phase diagram for tARESG-PANCMI dope compositions

8.3. RESULTS AND DISCUSSION
8.3.1. FTIR ANALYSIS OF xGnP, PANCMA AND G-PANCMA

The structures of the modified xGnP, PANCMA andP@GNCMI were studied by Fourier
transform infrared (FTIR) spectroscopy and the results are presenkegune 8.4. The FTIR
spectrum of amine modified xGnP shows a broad peak around 3436cramine strathing
vibration ¢(NH stretching), a small peak at 2915¢tror the i CH stretching vibrations of the
ethylene moietyn ethylenediamine and a sharp and intense peak at 1672fani NH bending
vibration. This confirms the attachment of ethylene diamine to xGnP. The FTIR spectrum of
PANCMA shows a small band at 2972¢ior thei CH stretching vibration of theCH: groups
in maleic anhydride, a sharp peak at 2243awrrespondingo thei C-N stretching vibration of
nitrile group and bands at 1784¢rand 1707cm for the i C=0 stretching vibrations of the
anhydride carbonyl groups. The FTIR spectrum é?ACMI shows a broad band at 3219tm
corresponding to thieNH stretching vibation of the diamine moiety, a small peak at 2931 éon
the 1 CH stretching vibration, a sharp peak at 224%arorresponding to th&@CN stretching
vibration of the nitrile group and two sharp peaks at 1770antd 1718cmicorrespondingto the
C=0 stretchig vibrations of the imide carbonyl groups and finally a peak at 138wni C-N-
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C stretching vibration confirming the formation of imide functionality by the attachment of amine
modified xGnP to PANCMA.

XGnP

B, o e

| Amine modified xGnP

_al \[“'/-’f<

1672

3436
PANCMA (Anhydride)

|
2972

Transmittance (%)

G-PANCMI

I
3219 , L.

) - ' _ 8 1386 '
3650 3150 2650 2150 1650 1150 650

Wavenumber (cm™)

Figure8.4.FTIR spectrum of xGnP, amine moddi@GnP, PANCMA (anhydride) and-G
PANCMI

8.3.2. RAMAN SPECTRAL ANALYSIS OF xGnP, PANCMA AND G-PANCMA

Figure 85 shows the Raman spectra of xGnP, aminat®dP and GPANCMI. All the three
compounds exhibited both the D band at around 1358acd G band at 1590 ¢inThe intensity

of D band in aminatexdGnP is significantly larger compared to that of the xGnP which is ascribed
to the disordered structure of the aminat€hP by the amine treatment. This D band intensity is
further increased iG-PANCMI, which indicates the attachment of PANCMA to the graphene
structure. The &and, which is ascribed to the ordered structure, is also increased due to amination

and PANCMA attachment. The attachment of polymer to the graphene structure is further
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confirmed by the increase in ID/I@atio between the intensity of D band and G baatd from
0.23 to 0.56 and to 0.60 for xGnP, aminax&hP and GPANCMI respectively, indicating that
the attached molecules are in between the platelet gallpr@sding a disordered structure for
xGnP.

(G-BAND) G-PANCMI
* (10/1G: 0.60)

(D-BAND)

Amine modified
xGnP (10/1G:0.56)

Neat
xGnP (10/1G:0.23)

Intensity

1000 1200 1400 1600 1800
Wavenumber (cm™?)

Figure8.5 Raman spectroscopy analysis of unmodified graphene, amine and carboxylated
graphene and ®ANCMI

8.3.3. ZETA POTANTIAL ANALYSIS

Figure8.6 shows the zeta potential analysis of PANCMA anBANCMI. Zeta potential is a key
indicator of surface charge as well as the stability of colloidal disperdibiesncreased polarity
and charge density of the modified graphene are due to the presengggehn containing
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(carboxyl, hydroxy) functional group¥%®4 It is known that, oxygen containirfignctionalities
with low pka of 34 will lead to negative zeta potentidlis also observed thet normal pH (of

around 67), the GPANCMI is more stable in dispersion than PANCMA as it exhibits high
negative potential of aboedOmv at this pH.
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Figure 8.6 Zeta potential analysis

8.3.4. TGA ANALYSIS

The differences in thermal stability of PANCMA andRANCMI are highlighted irFigure 8.7.
Compared to PANCMA, &?ANCMI shows excellent thermal stability. There is a slight weight
loss at about 90°C f(!ANCMA, which may be due to loss of solvent or water molecules adsorbed
onto it. The drastic weight loss for PANCMA occurs at about 190°C showing the complete
degradation of PANCMA. In sharp contrastFBNCMI shows greater thermal stability up to a
tempeature of 408C, confirming the improved thermaifoperties due to the presencétafrmally

rigid imide functionality anckGnPin the polymer matrix.
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Figure8.7 TGA analyse®f PANCMA and GPANCMI membranes

8.3.5. CONTACT ANGLE ANALYSIS AND DISPERSIBILITY TEST

In order to evaluate the hydrophilicity of the wtwatting graphene based membrane, the prepared
membranes were tested for their water contact gi@fe) and the data are presented-igure
8.8(a). It is observed that the water contact angle of tHeABICMI membrane is reduced to zero
(ultracwetting level) which is 100% lower than that of the PANCMA membrane (averagefCA
PANCMA membrane is 63.3°). The contact angle reduction for {RABCMI memlrane is due

to the presence of highly hydrophilic carboxyCQOH), hydroxyl (OH)and amine {NH>)
functional groups on the surface of the graphene Nano sheets attadh®NCB/I. In recent
studies, these functional groups have been shown to give simgitéficgint improvements in the
hydrophilicity of polymeric membran&¥'3®. The contact angle reduction with time was also
evaluated for both the PANCMA andFANCMI membranes and the data are presentEgyure

8.8 (b). The CAy of G-PANCMI membrane is reduced to zero within one second (as it is difficult
to take readings manilya within a second, the images were video recorded for subsequent
analysis), whereas PANCMA membrane took 420 seconds to reach <5°. The rapid reduction in
contact angle of @ANCMI membrane further confirmed its ukwaettability of the modified

graphene.
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Figure.88. Average water contact angle (ajgter contact angle reduction of tAhé NCMA and
G-PANCMI membranes with time (b) and the dispersibility or stability of the unmodified
(xGnP) and modified graphene-@&ANCMI) in solution with timgc).

As the dispersibility of the xGnP attached to the polymaritical to the fabrication of the water
filtration membrane by phase inversion method, this parameter was visually evaluated for xGnP
and GPANCMI. 1% solutions of XxGnP and-BANCMI in DMAc were pepared in 50 ml glass
bottles and ultrasonicated for 1 hr at 37 kHz. The ultrasonicated solutions were allowed to settle
at a constant position at room temperature with relative humidity-@606& Photos were captured

1 hour after ultrasonification andatery subsequent 24 hrs up to 120 hrs. The photos are presented
in Figure8.8c. The images clearly show that the xGnP completely settles down within a few hours
whereas the @ANCMI remains dispersed, proving that the modified xGnP is more stable in
solution for more than 120 hrs. THishaviorof high dispersibility is due to theéreased polarity

and charge density of the surface of modified graphene containing carboxyl, hydroxyl and amine

functional group¥064
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8.3.6. MORPHOLOGY ANALYSIS

The surfacenorphology and cross section of the PANCMA and uligdting graphene based G
PANCMI membranes were examined using SEW@re8.9). Although both membranes had an
average thickness of 100um, they exhibited different internal structures depending on their
composition. The PANCMA membrane shows the presence of a large number of macro voids in
its internal structure, whereas the ulvatting graphene modified -BANCMI membranes is
populated with more spongdie structures in the cross section next to therimal surfaceThe
presence of highly hydrophilic amine, hydroxyl and carboxylic groups in the-vditang
graphenéncreaseshe viscosity and the coagulation potential of the casting solution. This increase
in coagulation will slow down the nesplvern/solvent exchange. As a result, less water will be
drawn into the membrane, reducing the macro voids inltin@wetting graphene modified-G
PANCMI membrang$>136304 A macro voids free spongike structure helps to enhance the
porosity, water permeability and selectivalthe membrane. Moreovahe even distribution of
ultraswetting graphene Nano sheets can be identified in the cross section and on the outer surface
of the GPANCMI membrane. Also, the actual-FFANCMI membrane is black whereas the
PANCMA membrane stilfemains white ircolor.

Figure.89. SEM images of PANCMA and-BANCMI membranes (a) Cross section (b) Outer
surface (c) Actual image of synthesized PANCMA anBANCMI membranes
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