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Abstract

Current study is about the grafting of PtBA polymer brushes on the Surface of TFC PA
membrane via ATRP which took place through four phases namely functionalization of
TFC PA by APTMS, bromination of APTMS functionalized membrane, growth of
PtBA polymer brushes on TFC PA membrane and then the hydrolysis of polymer
brushes grown membrane. Contact angle analysis, optical profilometry and FTIR
analysis has been done at each step of grafting. Morphology, permeation flux, salt
rejection and pore size was investigated. The contact angle for water has been reduced
from 51° to 34° due to conversion of PtBA to PAA which results in increase in
hydrophilicity. The flux rate has also been increased from 75 L/m”.hr to 80 L/m”.hr at
pH 3. Salt rejection is lowered from 98.8 to 95% but it remains in the acceptable range.
The result membrane has better hydrophilicity and permeation flux. The tensile testing
of membrane has shown that due to the grafting of PAA on the membrane surface, the

mechanical strength of the membrane has been increased appreciable.
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Chapter 1: Introduction

1.1 Background:

Water, which has chemical formula of H,O, two hydrogen atoms attached to one
oxygen atom makes up one molecule of water. Water is the most abundant natural
resource available to human beings. But nowadays, it is the most unavailable to
most population in the world. Most countries in Africa and Asia has been facing the
shortage of fresh water [1]. Fresh water scarcity is one of the largest concerns facing
by modern society. The “fresh water” can be defined as the water with less than
500ppm to 1000ppm of dissolved salt [2]. The earth where we live comprises of
71% of water and remaining 29% is land. In 71% water, available only 2.5% of total
can be used by humans and rest of it is not fit for human use. But only 0.01% is
clean and fresh water. Per UNO, the fresh water is basic human right and other
creature but still it is unavailable to approximately 2.8 billion people on the earth
[3]. By 2025 this number is projected around 3.5 billion. As the world population is

increasing day by day, the availability of fresh water is becoming scarce.
1.2 Water pollution in Pakistan:

Among many problem relating to public health, water pollution is one of the major
challenges nowadays. Quality of portable water in Pakistan falls well below the
acceptable range. Pakistan’s drinking water quality lies 80 among 122 countries [4],
[5]. Water present on surface and ground, both are contaminated with toxic metals,
pesticides, organic materials etc. The standards set by WHO for portable water are
not obliged by organizations in Pakistan. The trend of wurbanization and
industrialization has a major impact on quality of life, as the standard of living has
improved, it has adverse effect on the natural environment especially the water
resources. The major water borne diseases like diarrhea, cholera, hepatitis etc. are

the major issue caused using unsafe water in Pakistan [6].



1.3 Emergence of Polymeric membrane:

Membrane, a barrier which allows certain things to permit and block the rest. The
things may be atoms, ions molecules and small particles. There are different kinds
of membranes such as biological membranes, nuclear membranes and synthetic
membranes. The concept of membrane technology has been using from eighteenth
century. Different life sustaining process which are important make use of
membrane technology. Polymeric membranes are widely use in water treatment
due its low cast and ease with its fabrication [7]. One of the major concern for
membrane based water treatment is fouling which is initially natural concentration
polarization during filtration [8]. Permeate quality and permeation rate-over the
time can be adversely affected by fouling [9]. Membrane fouling is major concern

and efforts have been undergone to control the membrane fouling.

1.4 Membrane fouling:

Despite of low cost, polymer membrane has several disadvantages. Among them
membrane fouling is a core issue. Fouling occur due to unwanted interaction
between membrane surface and foulant molecules. Membrane surface morphology
such as surface roughness and charge, surface roughness and charge, surface
hydrophilicity/hydrophobicity and the nature of the foulant molecules to be attached
onto the membrane surface will greatly influence the membrane fouling [10]. The
membrane surface with a high degree of roughness tend to have high fouling rate
than the smooth surface [11]. The more the hydrophilic surface, less likely to be
fouled [12]. As the hydrophilicity increases, the more it attracts the water molecule
towards itself and prevent the membrane surface from the attack of foulant due to
hydrophilic-hydrophobic repulsion. Negatively charged surface may form fouling
through the interaction with the positively charged foulant molecules [13].
Membrane fouling could be reversible, irreversible depending upon the state of

foulant attached to the membrane surface [14]. Often simple hydraulic cleaning is



employed for the cleaning of reversible fouling which mainly occur due to the
reversible adsorption of foulant [15]. On the other hand, irreversible fouling occurs
due to the strong physio-sorption and/or chemisorption of foulant molecules on the
membrane surface and in pores [16]. Chemical and/or thermal treatment is often
required for irreversible fouling, which results in decline of membrane life [17].
Various physical and chemical techniques have been proposed to modify the
membrane surface to reduce the membrane fouling and to enhance the membrane

performance.



1.5 Research framework:

PHASE 1

Synthesis of Poly t-butyl acrylate by the ATRP. Formation of green colored viscous

liquid indicates the formation of polymer.

PHASE II

Surface modification of RO membrane which took place in three steps

1) Attachment of amine (--NH;) on the surface of membrane by the reaction of
APTMS with the membrane. The modified membrane is characterized using
FTIR-ATR, Optical microscopy, optical profilometry and contact angle
measurement.

2) Bromination of amine attached membrane by the reaction of BIBB which act an
initiator for growth of polymer brushes with the membrane. The modified
membrane is characterized using FTIR-ATR, optical microscopy, optical
profilometry and contact angle measurement.

3) Initiator attached polymer are reacted with the t-butyl acrylate for the growth of
polymer brushes. The modified membrane is characterized using FTIR-ATR,

optical microscopy, optical profilometry and contact angle measurement.
PHASE III

The polymer brushes grown membrane is characterized using SEM. After the SEM
analysis, the modified membrane is then hydrolyzed. After that the flux permeation

is measured that of modified membrane.



1.6 Aims and objectives:

Following are the main aims and objectives of research work
e Synthesis and characterization of poly t-butyl acrylate
e Surface modification of RO membrane with polymer brushes
e Characterization of modified membrane
e Aim of fabrication of modified membrane is to increase
1. Permeability flux
2. Hydrophilicity



Chapter 2: Literature Review

2.1 Membrane technology:

2.1.1 What is membrane technology:

A membrane is a selective barrier that permits the separation of certain species in a fluid
by combination of sieving and diffusion mechanisms [18]. Membranes can separate

particles and molecules and over a wide particle size range and molecular weights.
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Figure 1 Mechanism of membrane separation
2.2 Types of membrane separation processes:

Membrane separation process is categorized in three way

1. Pressure driven membrane
2. Electrically driven membrane process

3. Novel Membrane process
2.2.1 Pressure driven membrane processes:

Pressure driven processes use hydraulic pressure to force water molecules
through the membrane. The impurities are retained in the feed stream and clean water is
retrieved on the either side of the membrane [19]. Pressure driven membranes are

further classified as

1. Microfiltration



2. Ultrafiltration
3. Nanofiltration

4. Reverse osmosis

The filtration ranges and type of contaminants which they could clean is given in the

form of figure 2

1 1 1
REVERSE OSMOSIS ULTRAFILTRATION

NANOFILTRATION | MICROFILTRATION |

’—‘—‘ | Endotoxins | Blood Cells
Aqueous Salts | Enzvmes | Paint Pigments |

Atomic Radius | Lignosulphonate | lm
Metal lons | Virus . | | Bacteria |
| 0il Emulsions " Wood Resin Im‘
Antibiotics | Gelatin ‘
| Colloidal Silica | [ Blue Indigo Dye |
Im | Egg Albumen |A.,L_ Fir:e Test Dust |
| Flavors & Flaglances| | Latex | Particulates
ml::ﬂ?:t%UU 200 1.000 10,000 20.000 100,000 500,000
Weight
Micrometers  0.001p 001p 0l Top
Nanometers 1 nm 10 1m 100 nm 1000 nm

Figure 2 The filtration range of micro, ultra, nano and reverse osmosis membrane

2.2.2 Electrically driven membrane processes:

In electrically driven membrane process, the ions are forced to move through the

membrane using electric current. In this case the clean water remain at the feed stream

[20].
The electrically driven membranes are classified as

1. Electro dialysis

2. Electro deionization



3. Capacitive deionization
2.2.3 Novel membrane processes:

Novel membrane processes are also termed as osmotically driven membrane system.
These system uses almost negligible pressure to pump fluid across the membrane.

Novel membrane process includes

1. Membrane distillation

2. Forward osmosis membrane
2.3 Membrane technology for water treatment:

The membrane technology which are used commercially for water treatment nowadays
is pressure driven membranes where the driving force is the pressure difference across
the membrane [19]. These membrane processes are used for the treatment of water in
which the clean water is separated in the form of stream called as filtrate or permeate

and the remaining contaminants are termed as concentrates.

Membrane
Pretreatment High pressure
Feed pump Reject or concentrate
water
e

water
Permeate or Product
water

Figure 3 Schematic of typical membrane process for water treatment.

The membrane used in the treatment process is an excellent barrier. This system allows
continuous and reproducible filtrate or permeate quality. Along with the high quality of
permeate, membrane process is independent of type of contaminant in the feed.

Membrane used for water treatment can be classified as

1. Microfiltration

2. Ultrafiltration



3. Nano-filtration

4. Reverse osmosis

The classification of the membrane is based on the capabilities of the process which are

discussed in following section.
2.3.1 Microfiltration:

Microfiltration is the least constraining membrane type. It is employed for the removal
of submicron contaminates or particles such as bacteria, emulsion particles etc. The
pore size of these membranes is in the range of ca. 1-10um. Mostly these commercial
membranes have average pore size of 0.2um. These need an operating pressure of 500

KPa (5bar) [21].
2.3.2 Ultrafiltration:

Ultrafiltration membranes are used for removal of bacteria and viruses. It can also be
used for the separation of macromolecules such as sugar and proteins, also colloidal
silica and pyrogens [22]. Ultrafiltration membrane has a typical pore size of 0.05um and

operate at a pressure of 1000 KPa (10bar) [23].
2.3.3 Nanofiltration:

The Nanofiltration membrane operate on the principle of solution diffusion. In solution
diffusion, the monovalent ions diffuse through the membrane. Colour removal, sugar
and dye removal can be done by nanofiltration [24]. It can also be used for removing
THM precursor and sulfate in the wastewater supplies. NF has typically pore size of 1

to Snm and 5000kPa(50bar) pressure is needed for filtration [25].
2.3.4 Reverse Osmosis membrane:

Reverse osmosis membrane is most dense type of membrane commercially available. It
also works on the principle of solution diffusion. Dissolved salts and ions having
molecular weight less than 200g/mol are usually separated by using reverse osmosis
membrane[26]. It is used to produce ultrapure water for the use in pharmaceutical and
semiconductor. The pressure range for the operation of reverse osmosis system is in the

range of 7000 kPa (70bar) to 15000 kPa (150bar) [27][28].



Properties of above described membrane processes can be summarizing in the form of

table
Feature Microfiltration Ultrafiltration Nanofiltration | Reverse
Osmosis
Polymers Ceramics, sintered | Ceramics, Thin film | Thin film
metals, sintered metals, | composites, composites,
polypropylene, cellulosics, cellulosics cellulosics
polysulfone, polysulfone,
polyethersulfone, polyethersulfone,
polyvinylidene polyvinylidene
fluoride, fluoride
polytetrafluoroethy-
liene
Pore Size | 0.01-1.0 0.001 - 0.01 0.0001 - 0.001 | <0.0001
Range
(micrometers)
Molecular >100,000 2,000 - 100,000 | 300 - 1,000 100 — 200
Weight Cutoff
Range
(Daltons)
Operating <30 20 -100 50 - 300 225 - 1,000
Pressure
Range
Suspended Yes Yes Yes Yes
Solids
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Removal

Dissolved None Yes Yes Yes
Organics

Removal

Dissolved None None 20-85% 95-99%
Inorganics

Removal

Microorganism | Protozoan  cysts, | Protozoan cysts, | All All
Removal algae, bacteria algae, bacteria

Osmotic None Slight Moderate High
Pressure

Effects

Concentration | High High Moderate Moderate
Capabilities

Permeate High High Moderate-high | High
Purity

Energy Usage | Low Low Low-moderate | Moderate
Membrane High High Moderate Moderate
Stability

Table 1 Properties of different types of membrane for water treatment

Reverse osmosis membrane filament has three parts. First is the active layer of TFC

polyamide, second is the PES support layer and third is the nonwoven polyester fabric

as shown in figure.
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Polyamide Layer

Polysufone Layer

:
.

Polyester Layer

Figure 4 RO membrane filament structure.

Number of RO membrane materials can be employed for water desalination, but not all
of them can produce desired result. The membrane materials which are commercially
used for this purpose are polysulfone (PS) [29][30], cellulose acetate (CA) [31]-[33],
polyvinylidene fluoride (PVDF) [34]-[36], polyimide (PI) [37], [38], polyether sulfone
(PES) [39]-[41] and polyacrylonitrile (PAN) [42]-[44].

2.4 Thin film composite polyamide membrane:

Polyamides are the polymers in which repeating units are amides. The amides have

-CO-NH-, linkages. Naturally occurring polyamides are the proteins. TFC polyamides
have been produced from the interfacial polymerization reaction of 1, 3- phenylene

diamine and 1,3,5-trimesoyl chloride.

NH,
H (o]
cloc -~ cocli AN a2 NHCO b
/l\ X Inter-facial X AN ¢
X polymerization | l
4 curing %
| P F Z
Z NH,
coci — §° -

Figure 5 Interfacial polymerization reaction of 1,3-phenylene diamine and 1,3,5-

trimesoyl chloride.

12



TFC polyamide membrane are aromatic membranes with high chemical and mechanical
resistance [45]. They have excellent performance in the field of desalination and water

purification technologies. Typically, they have a pore size of 200nm.

Contact angle analysis is one of the widely-used technique used to study the membrane
hydrophilicity/hydrophobicity. Main factors that influence the contact angle values are
porosity, roughness and pore size distribution. Hydrophilicity is directly related to
contact angle, if the contact angle of water drop with the membrane surface is large, it
means that membrane has high hydrophilicity index. If the pore size is large than the
contact angle would be small. Also, the contact angle value declines with the decrease

in surface roughness of membrane [46].

Hydrophilicity has great effect on the fouling of membrane. Fouling can be decreased
by increasing the hydrophilic character of the membrane. By increasing the
hydrophilicity, water molecules can easily be attracted towards the membrane. Due to
hydrogen bonding ability of water, the water molecule attached to membrane surface
help other water molecules to adhere to the membrane. Once the bonding is established

it cannot be easily break [46].

Control of membrane structure is needed to enhance the performance of membrane. It is
difficult to control the structure of membrane. Several factors such as type of polymer,
the solvent and solvent type and concentration, temperature and composition
coagulation bath governs the performance and the structure of membrane. Other way to
increase the membrane performance is to functionalize the membrane surface which can

be achieve by coating, self-assembly, plasma treatment and chemical grafting [47].
2.5 Methods for the modification of PA membrane:

There are many ways for the modification of PA membranes. They are fall into three

main approaches [48]

1) Bulk modification of PA material and then to prepare modified membranes.
2) Surface modification of prepared membrane

3) Blending, which can also be regarded as surface modification
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In fact many kinds of methods are used for the modification of PA membranes such as
physical methods which includes blending and surface coating methods [49]-[51],
chemical methods including photo-induced grafting [52], gamma ray [53]and electron
beam induced grafting [54], plasma treatment and plasma induced grafting [55]-[57],
thermal induced grafting and immobilization [58], [59], surface initiated atom transfer

radical polymerization [58], [59]and so on.
Brief overview of some of the modification techniques are as follow
2.5.1 Bulk modification:

Bulk modification is done by reacting the desired functional group reagent with the
membrane material. After the completion of reaction, the material formed is used for
the fabrication of membranes. One of such modification is done by the reaction aqueous
isopropyl alcohol with the TFC PA membrane. It is a short span chemical reaction
which helps in the limited hydrolysis and fluorination with the improved antifouling

properties [60].
2.5.2 Blending methods:

It is the simplest and most widely used technique for the modification of TFC-PA
membrane. It can be used for both flat sheet and hollow fiber but the result are no seem
to be remarkable. Commercial cellulose acetate and polyamide RO membrane can be
modified using a homologous series of polyethylene-oxide surfactant [61] . By blending
them with PA the membrane can be easily modified. They can enhance the properties
such as hydrophilicity and antifouling but the leaching of these polymer may occur.
Now amphiphilic copolymers are synthesized and can be used for blended with PA
[62]. Other than polymeric organic materials, inorganic materials have been using for
blending purpose. One such example is mixed matrix membrane (MMM) in which
zeolite loading is used to enhance the properties [63]. Recent studies show that different
type of nanoparticles blended with PA membrane. One such study is the blending
Titania (T102) nano particles with PA membrane shows the enhancement of antifouling
properties [64]. Studies also shown the use CNT’s and graphene for this purpose [65],
[66].
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2.5.3 Surface-coating TFC-PA membrane:

In a surface coating method, TFC-PA membrane is coated by directly depositing a
selective thin layer forming a thin film layer (TFL). Mostly this technique can be used
for the conversion of MF/UF membrane into NF membrane [48]. One of such example
of this type of modification is the coating of TFC-PA membrane with polyvinyl alcohol
(PVA) then crosslinking it which results in the enhancement of antifouling properties
and hydrophilicity [67].A self-made dendritic molecule of TMMAM has been coated
over TFC polyamide RO membrane to improve the water flux without the salt rejection

antifouling and chlorine tolerant properties [68].
2.5.4 Surface coating via interfacial polymerization:

There is no reaction to occur during the simple coating method whereas a chemical
reaction occurs at the interfacial boundary of two immiscible solutions during the
interfacial polymerization. Usually a reaction occurs when a water-soluble monomer
and an organic soluble monomer are pare brought together at the interface between
water and water immiscible organic solvent. The polymer can be easily coated on the
PA membrane and this polymerization occur on the membrane surface and pore surface
during the interfacial polymerization. Since a chemical reaction is involved during
surface coating so it can be used only on flat sheet membrane, hollow fiber membranes
are difficult to modify by this process [48].One of such example is the interfacial
polymerization of polyamide-aluminosilicate SWNT nanocomposite membrane which

results in the higher rejection rate of divalent ions as compared to monovalent ion [69].
2.5.5 Photo-induced grafting PA membrane:

This photochemical technique is an attractive one for the modification TFC-PA
membrane. It has several advantages such mild reaction conditions and ambient
temperature, high selectivity of monomer and respective wavelength. This technique is
mainly used for the modification of flat sheet membrane whereas hollow fiber
membrane is difficult to modify by this process. Mostly photoactive monomer is used

for the modification. There are many publications about the UV irradiated induced
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grafting of vinyl monomers on the surface of polyolefins. Polyethylene glycol has been
grafted on the polyamide membrane which results in the increase in the hydrophilicity ,

permeate flux and the antifouling properties [70].
2.5.6 Gamma ray and electron/ion beam-induced grafting TFC-PA membranes:

This technique uses the gamma rays to start the modification. High energy of intense
gamma ray led to the formation of free radical by the induced chemical bond breakage.
The radical formed will initiate the polymerization process compared to the
conventional method in which the initiator is needed to start the polymerization process.
As we know gamma rays are very high energy beams which is used for bond breaking,

it would affect the strength of membrane, so this method is seldom used.

Ion beam irradiation is an alternative method of induced grafting. By this technique an
active site is created with the help of an ion beam, allowing the monomer to be attached
on the active surface of the membrane. This method is used for the formation of anionic
and cationic membranes. The attachment of 1-vinylimidazole on the surface of TFC RO
membrane with the help of gamma ray irradiation has improved fouling and flux

properties [71].
2.5.7 Plasma treatment and plasma-induced grafting polymerization:

Many plasma treatments have been introduced to make the permanent hydrophilic
membrane surface. Plasma can be generated by ionization of gas and water which is
used for the modification of membrane. Plasma treatment can also be used for the
formation of active site on the membrane surface for the grafting purposes. Radio waves
and microwaves are often employed for the ionization of gas by mean of electric
discharge at a very high frequency. The upper layer of the membrane surface is
activated with the help of plasma components to increase the hydrophilicity without
affecting the bulk polymer [72]. Plasma treatment can be used for the introduction of
variety of functional groups on the membrane surface by varying the conditions. The
use of gas in plasma treatment depends upon the host material. Low pressure plasma
helps in the enrichment of amine group on the TFC RO membrane used for

antimicrobial properties [73]. In another experiment a single step plasma
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polymerization process is used to deposit hydrophilic polymer triglyme on the surface

of TFC RO membrane for low organic fouling [74].
2.5.8 Thermal induced grafting and immobilization:

PES membrane can be superficially modified by using this technique. In this method, a
chemical initiator or cleavage agent is needed. A simple chemical procedure is needed
to covalently immobilize the TFC RO membrane surface for the attachment of
biomolecule such as enzyme, protein, amino acids [75]. One such work is done by Shi
and Jiang et al, they prepared the antifouling and self-cleaning membrane surface. They
have achieved this by covalently attachment of trypsin on poly (methacrylic acid)-

graft-polyether sulfone (PMMA-g-PES) membrane [76].
2.5.9 Initiated chemical vapour deposition method:

It is an all-dry free radical polymerization technique which has been carried out at low
temperature and low operating pressure. By this technique yang et al, has synthesized a
copolymer containing poly-sulfobetian zwitteric ion group which has been covalently
bonded to RO membrane [77]. In this method modifier is chemically attached to

membrane surface.
2.5.9 Surface Initiated ATRP:

Atom transfer radical polymerization the most convenient and one of the successful
method of grafting new synthesized polymer on the membrane surface. The reason is
that this technique promises to carry out at mild conditions and variety of vinyl
monomer can be polymerized in a controlled way and well defined structures can be
achieved [78].Zhang et al. has grafted poly sulfobetain methacrylate on the polyamide
surface through ATRP to improve the fouling properties of TFC RO membrane [79].
Until now there are grafting strategies of ATRP for the membrane modification namely,
grafting through, grafting from and grafting to. Detailed description of ATRP will be

carried out in next section.

2.6 Atomic transfer radical polymerization ATRP:
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According to IUPAC the ATRP is defined as “It the type of controlled reversible-
deactivation radical polymerization in which the deactivation of the radicals involves
reversible atom transfer or reversible group transfer catalyzed usually though not

exclusively by transition metal complexes.”

In the reaction where the ATRP occurs, atom transfer is the main step used for the
uniform polymer chain growth. Mitsuo Sawamoto and by Jin-Shan wang and

Krzysztopf Matyjaszewski in 1995 has discovered the ATRP.
2.6.1 General mechanism of ATRP:

Typical ATRP is represented by following mechanism [80]

Initiation:
K,,\q -
R—X + I-"‘\tu — Re + LnM""'""X
[X =CI, Br]
— Kp
Re + R _ - Pl.
Propagation:
K.
P,—X + L,.,M,u I — Pn' 4 LJV!,”"“X
=\ kv
a? X R Poi®
Termination:
Ky
Pn. + Pm. — - Pg’"l + ( Pna + Pn” )

Figure 6 General mechanism of ATRP

The overall equilibrium of ATRP is given as
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Figure 7 Overall equilibrium reaction of ATRP

Alkyl halide is used as an initiator (R-X) and transition metal complex as catalyst
during ATRP. The catalyst used during ATRP are mainly Cu, Fe, Ru, Ni, Os [80],
[81]etc. The activation of dormant species is carried out by the transition metal catalyst
through an electron transfer process to generate a free radical. During this process the
catalyst is oxidized to higher oxidation state. It is the reversible process which rapidly
establishes an equilibrium and the equilibrium is mainly shifted toward very low
concentration side. The number of polymer chain depends upon the number of
initiators. In ATRP each polymer growing chain has equal opportunity to propagate
with monomer to form living polymer chains (R-Pn-X). This results in the formation of

polymer chain with similar molecular weight and narrow molecular weight distribution.

ATRP has many advantages over conventional polymerization as it a robust technique.
It can make use of many functional groups such as amino, allyl, epoxy, vinyl and
hydroxy group. Ease of preparation, commercially available and inexpensive catalysts,

pyridine based ligands and initiators make it a diversified technique [81], [82].
2.6.2 Components of normal ATRP:

There are four important variable components of ATRP which are namely monomer,

initiator, catalyst and solvents.
2.6.2.1 Monomers:

In ATRP, the monomer which are used usually have the substituents so that it can

stabilize the propagating radicals e.g. styrene , (meth)acrylates, (meth)acrylamides and
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acrylonitrile.[80] If the concentration of them propagating radical balance the rate of
radical termination, the polymer will have high molecular weight with low
polydispersity index. So, for good polymerization other components of polymerization
must be synchronized with the concentration of dormant species as it should be equal or

higher than the propagating radical [81].
2.6.2.2 Initiator:

Initiator is main component which controls the number of growing chains. Rapid
initiation results in the polymer of narrow weight distribution and the consistency of
number of propagating chains [81]. Alkyl halides are the commonly used initiator
during the process as they are similar to organic framework as the propagating radical
[83]. Among the alkyl halide mostly alkyl bromides are used as they are more reactive
than alkyl chlorides but both have good control of molecular weight [81]. The

architecture of polymer is governed by the shape and structure of initiator [84].
2.6.2.3 Catalyst:

The most important component of ATRP is the catalyst. Equilibrium constant between
the dormant and active specie depends upon the catalyst. Equilibrium constant
determines the polymerization rate. If the equilibrium constant is small than the rate of
polymerization is low and if the equilibrium constant is too high than there will be high

distribution of chain lengths [81].
There are some requirements for the metal catalyst to be used in ATRP.

a) There needs to be two accessible oxidation states that are separated by one
electron

b) The metal center should have high affinity for halogen

¢) The coordination sphere of the metal will able to accommodate halogen when it
is subjected to oxidation.

d) Transition metal catalyst should by inert so it cannot give side reactions such as
reversible coupling with the propagating radicals and catalyst radical

termination, etc.
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According to most of the studies copper is among those which met the criteria having

versatility with wide range of monomers [85].
2.6.2.4 Solvents:

The solvents which are most likely to be used are toluene, 1.4-dioxane, xylene, anisole,

DMF, DMSO, water, methanol, acetonitrile and DMC,[86] etc.
2.7 Polymer brushes:

Polymer brushes are the long chain polymer molecules attached to the one end by the
surface or interface with the density of attachment so high that the chains are forced to

stretch away from the interface [87].

The reason behind the use of polymer brushes for the modification of membrane is due
to its colloidal stabilization, modification of bulk surfaces and interface to improve
adhesion, wetting and wear properties. The interface used may be solid interface,

interface between two solvents, between solvent and air [87].

There are two methods of producing polymer brushes namely physical and chemical

processes.

Physical process refers to coating of surface without any covalent bonding and there is
always a chance of desorption. Only the electrostatic and Vander Waal’s attraction exist

[88].

Chemical process involves the formation of covalent between the surface and coating.

There are two types of chemisorption process namely grafting to and grafting from.

The grafting to approach involves already prepared end functionalized polymer with
suitable moieties exposed onto the surface. The main drawback of this method is the

inherent diffusion limitation affecting the grafting reaction [89].

The grafting from approach the surface to be modified is activated by attaching a
suitable initiating species, then the growth of polymer chain takes place. The initiating

specie comprise the molecules which could carry out polymerization by ATRP [89].
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Figure 8 A) Grafting to, B) Grafting from, techniques

This study is about the growth of polymer brushes by ATRP in which grafting from

approach is used.
2.7.1 Why to choose ATRP for polymer brushes:
The main reasons for the growth of polymer brushes by ATRP are

e Accurate control of the thickness of polymer layer on the nanometer scale
has great importance in the application for chemical separation, sensor and
composite material [90].

e Due to ATRP the thickness of polymer brushes can be controlled. low MW
polymer can be formed due to the low molecular weight distribution [91].

e The choice of wide variety of monomer make it a versatile technique. Block
polymer can be formed thus tailoring the properties of polymer brushes over
the wide range [91].

e ATRP can be performed at relative low temperature and this process is easy

to execute [92].
2.7.2 Controlled synthesis of polymer brushes by ATRP (SI-ATRP):
It is the two-step process

e Immobilization of initiator on the substrate surface
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*the substrate in focus in this current study is TFC-PA membrane

e Atomic transfer radical polymerization.
2.7.3 Applications of polymer brushes:
Polymer brushes has several applications in the field of membrane separation such as

e Protein adsorption and separation [93]
e Solution diffusion separations such as water purification [94], [95]
e Pervaporation of organic compounds [96]

e (as separation [97]

Polymer brushes can also be used for the stimuli response material [98].
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Chapter 3: Materials and Experimental
Work

3.1 Materials:

All the chemical used for this experimental work were of analytical grades. This
experimental work consists of four steps. For first step, which is functionalization of
TFC PA membrane with amine group. We need 3 -Aminopropyl tri-methoxy silane
(97%), Distilled water. For second step, which is Functionalization of TFC PA-NH,
with Br, we need a-Bromo isobutyl bromide (98%) (initiator), Tri ethylamine (99.5%),
Dichloromethane was purchased from Scharlau, Nitrogen gas. Third step is the growth
of polymer brushes on the initiator attached TFC PA membrane, we need Copper I
bromide (CuBr, 98%), PMDETA (N, N, N’, N”’, N”’- Pentamethyl diethylenetriamine)
(99%), t-butyl acrylate (tBA, 98%), Tetrahydrofuran (99.9%).Fourth step which is the
hydrolysis , we need Trifluoro acetic acid TFA were purchased from Scharlau. Glacial

acetic acid for the purification of CuBr.
3.2 Experimental work:

This experiment is about the modification of TFC PA membrane with t-butyl acrylate

polymer brushes.
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APTMS functionalization

e Attachment of amine group on
TFC-PA membrane

Initiator attachment

e Attachment of Br group on the
APTMS functionalized membrane

Grafting of PtBA brushes

e Growth of PtBA brushes on
initiator attached TFC-PA
membrane through ATRP

Hydrolysis
e Conversion of PtBA into PAA

This experiment consists of four phases
3.2.1: Functionalization of TFC RO membrane with APTMS:

For the functionalization of PA membrane, TFC RO membrane was cut into dimension
of 2 inch? into four pieces. 60 ml Distilled water was taken in a cultural bottle of 100ml

and 4-5 drops of APTMS were added. Then the piece of membrane was put into the
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solution and sealed the bottle and left for an hour. After an hour, the membranes were

removed and dried under the vacuum at room temperature for 5 hours.

After the membrane was dried, it was cut into four pieces. One part is analyzed by
optical microscope, contact angle, optical profilometry and FTIR-ATR. The other three

parts are saved for further steps.
3.2.2 Initiator attachment on APTMS functionalized TFC RO membranes:

A solution of 0.37 ml (3mmol, 0.05M) a-Bromo isobutyl bromide, and 0.41 ml (3mmol,
0.05M) TEA in 60ml of dry DCM was injected over APTMS substrate under the N, at
room temperature over membranes in a round bottom flask with a continuous stirring
for 1 hr as shown in figure 8. After an hour membranes were removed and washed with
DCM and absolute alcohol, then dried under the vacuum at 60°C for 1 hr to obtain the

initiator functionalized samples.

Figure 9 Initiator attachment on APTMS functionalized RO membrane

One piece of sample is analyzed for contact angle, optical profilometry, optical

microscopy and FTIR-ATR. The other two samples were saved for further reaction.
3.2.3 Polymer brushes grafting (preparation of TFC PA-tBA membranes):

60mg of PMDETA, 5 ml of t-butyl acrylate which act as a monomer, 90mg of CuBr
were added in the 10 ml glass vial containing membranes placed in a preheated water

bath at 60°C and stirred for 4 hrs at 300rpm on hot plate as shown in figure 9.
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Figure 10 Growth of polymer brushes
Then membranes were washed with THF and dried under vacuum at 40°C for 4 hrs.

One membrane piece is analyzed for contact angle, FTIR, optical microscopy and

optical profilometry. The other part of membrane is saved for next step.

The auxiliary step before this step is the purification of a catalyst as CuBr oxidizes in

air. So, it sometime needs for the purification of CuBr.
The purification of CuBr can be done as

Purification of CuBr was done by the Keller-Wycoff method: washing (stirring in round
bottom flask) with glacial acetic acid overnight at 300 rpm as shown in figure 11, then
filtering it, after that washing two times with ethanol and then drying in vacuum oven at

40°C for 1 hour. Cu(I)Br is almost white (light green) powder

27



Figure 11 Purification of copper bromide
3.2.4 Hydrolysis of polymer brush grafted membrane:

After the grafting of PtBA on the TFC RO membrane, it was subjected to hydrolysis. 40
ml of DMC was taken in the bottle and 1.5 ml TFA was added and membranes were
placed in bottle for 10 mins. The membranes were washed with dichloromethane and

dried under the vacuum at 40°C for 4hrs.
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Chapter 4: Characterization techniques

Different characterization techniques which are used to characterize the polymer

brushes on the RO membrane are described below.

4.1 FTIR-ATR:

4.1.1 Introduction:

Nowadays, Attenuated Total Reflection (ATR) Is the most widely used sampling tool
for FTIR. ATR provides us with the qualitative as well as quantitative analysis of the
samples. It requires very little or no sample preparation which greatly speeds sample
analysis. The main benefit of ATR sampling is the very thin sampling path length or the
depth of the IR beam into the sample. In comparison to traditional FTIR sampling by
transmission which requires the dilution of sample with IR transparent salt pressed into
pallet or pressed to a thin film, before the analysis to prevent totally absorbing bands in

the infrared spectrum.
4.1.2 Working of FTIR-ATR:

Infrared beam into a crystal of relatively high refractive index is used on the ATR
sample. The IR beam reflects from the internal surface of the crystal and creates an
evanescent wave which projects orthogonally into the sample in intimate contact with
the ATR crystal. Some of the energy of the evanescent wave is absorbed by the sample
and the reflected ‘radiation is returned to the detector. The phenomena shown

graphically for single reflection ATR in figure 12
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Figure 12 Graphical representation of a single reflection ATR.
4.1.3 FTIR-ATR of membrane samples:

BRUKER’s Model ALPHA is used for the confirmation of functionalization of

membrane samples.

Figure 13 BRUKER, Model ALPHA FTIR-ATR.

The spectrum is recorded on the computer and analyzed. Five samples, one sample of

each step is analyzed using the FTIR-ATR. Each sample has a dimension of 1 cm®.
4.2 Scanning electron microscopy: SEM

4.2.1 Introduction:

Scanning electron microscopy (SEM), a sophisticated instrument used for the
topographical measurement and create images of the sample at a very high resolution.

SEM works on the principle of bombarding a beam of electron onto the sample and

30



analyzing the emitted radiation from the sample. SEM has the resolving power of 1nm

and the magnification rage is around 5000 to 3,000,00 X.
4.2.2 Construction:

Generally, SEM is divided into two parts, the electronic console and electronic column.
Electronic console division is used for the controls of SEM as it has switches and knobs
which are used for the control of filament current, focus, accelerating voltage,

magnification, brightness, and contrast.

In an electron column, there is a lens assembly. The electron beam is generated by the
filament under vacuum which is accelerated by the help of anodes. The lenses focus the
beam onto a small diameter and scanned across the surface of the specimen with the
help of electromagnetic coils which also act as lenses. The specimen is placed at the
lower chamber of the electron column. Above the sample stage there is a secondary

electron detector.
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Figure 14 SEM schematic

The conventional optical microscope uses white light as an illuminating source and it
has the resolution of the order of 0.2 micron. SEM is used for very high resolution, the
maximum resolution which can be achieved by using SEM is 25 A. As the electron are
bombarded on the specimen, it not only gives high resolution but it also generates
variety of the signals. These signals give us information about the specimen topography,

morphology, chemical nature and structure.
4.2.3 Interaction of electrons with matter:

There are two types of interaction which takes place between specimen and the

electrons. Elastic and Inelastic interaction.
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During the elastic interaction energy is conserved, only the path of electron changes.
During the elastic interaction, back scattered electrons are generated. During the
inelastic interaction both path and energy of the electron changes as the energy is

transferred to the sample. Secondary electrons are emitted during the inelastic collision.

Normally the electron undergoes multiple interaction and spreading out in a sample
with the continuous loss of energy. Due to this the interaction volume within the sample
is many times than that of diameter of beam. This penetration results in the variety of
signals from the samples including secondary electrons, backscattered electrons and x-
rays.

electron beam

Auger Electrons (AE) Secondary Electrons (SE)
surface atomic composition topographical information (SEM)

Characteristic X-ray (EDX)

Backscattered Electrons (SE)
atomic number and phase differences
thickness atomic composition
Continuum X-ray
Cathodoluminescence (CL) (Bremsstrahlung)
electronic states |nformat|on

@

Inelastic Scattering
composition and bond states (EELS)

SAMPLE

Elastic Scattering

Incoherent Elastic structural analysis and HR imaging (diffraction)

Scattering

Transmitted Electrons
morphological information (TEM)

Figure 15 Signals emitting from different parts of interaction volume.

Secondary electrons are generated when the electron beam interact with the loosely
bound outer most electron of the sample. Topographical information is given by the
electron of low energy (10-50eV). Backscattered electrons are generated by the

scattering of SE from the electromagnetic field of nucleus. Secondary electrons are
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many times in number than the incoming electrons whereas back scattered electron are

few in numbers but have the high energy.
4.2.4 SEM of membrane samples

Scanning electron microscopy (SEM) model Joel JSM 6490A was used to investigate
the morphology, cross section and topography of membrane. Samples are prepared for
SEM. Membrane are cut into 1cm? pieces, stacked on a steel stud by using carbon tape,

gold coated and analyzed.
4.3 Contact Angle Analysis:

4.3.1 Introduction:

The most important technique for the determination of hydrophilicity is the contact
angle measurement. Hydrophilicity will increase with the decrease in the contact angle.
Generally, the materials having contact angle less than the 90 degree are generally
considering as hydrophilic. So, hydrophilicity or hydrophobicity of the membrane can

be determined by contact angle analysis.
4.3.2 Measurement of contact angle:

Typically contact angle is measured by goniometer. The method employed for
measurement is static sessile drop method. In this method, an optical sub method is used
to capture a profile of pure liquid onto the solid substrate. The angle formed between
the liquid-solid interface and the liquid vapour phase is the contact angle. A high-
resolution camera is used to capture the image and then a software is employed to

analyze the contact angle.

A 10uml of distilled water is dropped onto the membrane surface. Images are taken
through the camera and three different measurements are taken to calculate the contact
angle. For the removal of experimental errors by taking the average of the measured

values.
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4.4 Optical profilometry:

4.4.1 Introduction

Profilometer is an instrument which is used to measure the surface profile to quantify
the surface roughness. Dimensions such as step, curvature, flatness are computed from

surface topography. This done with the help of probe or light.

There are two types of profilometers. Stylus or contact type is the earliest form of
profilometry. Stylus profilometry uses the probe to detect the surface. The probe is

typically a hard material such as diamond.

The other type is the optical profilometry or non-contact type which uses light instead
of stylus to detect the surface. Optical profilometry is faster than the contact type but
with the sacrifice of lateral resolution. The main advantage of optical profilometry is

that it does not damage the surface. It can also be used for 3D measurements.
4.4.2 Working of optical profilometry:

In the optical profilometry, a light beam is focused on the sample. After reflecting from
the surface the light splits up. As the light splits, constructive and destructive
interference takes place forming the light and dark bands, these bands are known as
interference fringes. The optical path difference between the fringes depend upon height
variance on the sample. The light areas represent the constructive interference whereas
dark areas represent the destructive interference. The path difference between the light
to dark is one half of the wavelength of the difference between the reference path and
the sample path. The point of out of focus means the less interference and high contrast

means the best focus.
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Figure 16 Working of optical profilometry.

4.4.3 Optical profilometry of membrane samples:

x
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NANOVEA PS-50 optical profilometer is employed for the measurement of roughness

of membrane samples.

38x33x43cm PS50

Quick and easy pen holder
.

Manual Z control

Standard or custom
sample holder ™~__

_~ Manual tip &tilt

Spacious and open platform
— Compact base

Automated 50mm XY control

Figure 17 Nanovea PS-50 optical microscope.

The membranes samples are cut into lem? pieces. Than placed on the plat form. Data is

acquitted from the attached computer.
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4.5 Optical microscopy:

4.5.1 Introduction:

The other name for the optical microscope is the light microscope as it uses the visible
light and the system of lenses to magnify. Basic optical microscopes are very simple,
now complex microscopes have been developed to improve the resolution and contrast.
Most modern digital microscopes are available with CCD camera to examine the
samples showing the results directly on computer rather than seeing through the eye

piece.
4.5.2 Working:

The modern optical microscopes are very complex. For accurate measurement, the
whole setup of optical path is controlled and accurately set but the working principle is
quite simple. The objective is the high magnifying glass lens i.e. of short focal length.
The specimen is brought very close to the objective lens. A magnified image is formed
at the focal point of eye piece. This is an inverted image. When this image is seen

through the eye piece we see a real and highly magnified image.
4.5.3 Optical microscopy of membrane sample:

Optika B-600 optical microscope is used for the analysis of membrane samples.

Figure 18 Optika B-600 optical microscope
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The membranes are cut into 1cm? pieces and analyzed through the microscope.
4.6 Permeation flux:

The membrane flux is defined as volume of the fluid flowing through the membrane per
unit area per unit time. Its unit is m*/m?.sec. Membrane flux test was performed using
the vacuum filtration assembly at constant pressure of 480psi at room temperature. Area

of membrane was 0.025m.
Flux = flow rate/area * time

Flow rate= initial volume — final volume.
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CHAPTER 5: Results and discussions

5.1: Reaction scheme for the synthesis of polymer brushes:

5.1.1 Reaction of TFC PA membrane with APTMS:

APTMS reacts with the TFC-PA membrane in which the Si-O-C bond is formed
between the silicon atom of APTMS and the carbonyl carbon present the polyamide
chain. Also Si-O-Si bond is formed between the APTMS attached on the polyamide

thus form coating.
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5.1.2 Reaction of a-bromo isobutyl with APTMS functionalized TFC PA

membrane:

The amine group on the APTMS functionalized PA serve as the reactive center. a-

bromo isobutyl bromide reacts with amine group present on the top of APTMS

functionalized polyamide membrane. Thus a bromine atom exposed which serve active

specie for ATRP.
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5.1.3 PtBA brushes growth on bromide functionalized membrane:

Bromine functionalized polyamide membrane undergoes ATRP in the presence of

CuBr(I) and PMDETA and results in the controlled polymerization of t-butyl acrylate

onto the polyamide membrane in the form of PtBA brushes.
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5.1.4 Hydrolysis of PtBA brushes grown TFC PA membrane:

As the PtBA is hydrophobic, to make it hydrophilic the PtBA has to be hydrolyzed. Hydrolysis
has been achieved by the reaction of trifluoro acetic acid with the PtBA grown membrane. The
t-butyl group present the brushes has been hydrolyzed to carboxylic acid group, thus

converting PtBA to PAA (polyacrylic acid).
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5.2 Optical Microscopy analysis:

The optical microscopy has been used to visualize the proceeding s of the reaction. First
membrane shows the surface morphology of the simple reverse osmosis membrane.

Second figure shows the membrane after treatment with APTMS. The third one is
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obtained after the initiator attachment over the APTMS functionalized membrane. The
fourth one is the polymer brushes grown membrane. It is obvious from the figure that
the polymer brushes have been grown over the membrane surface. Thus, it has been
concluded that the polymer brushes have been grown successfully on the TFC-PA
membrane by ATRP. It has also been concluded that there is the controlled growth of
polymer brushes which is the aim of ATRP.

Figure 19 Optical microscopy of a) simple membrane b) TFC PA—NH, ¢) TFC PA---
Br d) TFC PA — PtBA brushes.

5.3 FTIR-ATR:

Figure 20 shows the FTIR spectra of PA, PA-NH,, PA-Br and PA-PtBA membranes.
Figure 20(A) shows the FTIR of the pristine PA, the peak at 3050 cm™ shows the

aromatic stretching which is due to the aromatic group in polyamide, the peak at
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1690cm™ is designated to C=0 and the peak at 1585 cm-1 is that for N-H stretching of
the peptide bond present within polyamide structure. Figure 20(B)shows peaks for PA-
NH,, the peak at 3345 cm is attributed for N-H bond stretching due to presence of
amine group, the broad peak results from the weak N-H bond stretching and the peak at
1640cm™ is due to the N-H bond bending. It is the sharp peak which means that the
extensive bending has occurred in the bond. The peak at 1480cm™ shows the CH, bend
which is due to CH; group present in the attached APTMS chain. Figure 20(C) shows
The spectra for PA-Br shows that the peak which are formed due to N-H stretching and
bending has been disappeared which is due to the conversion of PA-NH, to PA-Br,
moreover the peak at 1712 cm™ shows C=0 present in the attached a-bromo isobutyl
bromide. For PA-g-PtBA, the peak at 1728 cm™ is dedicated for C== O group, the
peaks from 2977cm™ to 2874cm™ represent the alkyl C-H stretching which are weak
due to presence of t- butyl group. The peaks at 1366 cm’ corresponds to asymmetric
and symmetric C(CHj) stretching respectively[99]-[101].The peak at 1728cm’™

corresponds to C=0 present in the t-BA attached.
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Figure 20 FTIR-ATR analysis of a) PA, b) PA-NH,, ¢) PA-Br, d) PA-g-PtBA

The broad peak at 3185 cm™ in figure 21 shows the O-H stretching of the carboxylic
group, this broad peak is due to the extensive hydrogen bond in PAA.[102] .The peak at
1780cm-1 is due to C=0 present in the carboxylic group.

1.0
0.95 A
L14]
L]
=
£
L]
C
@
F 0851
14&5/ 1
cmr
0.80. O-H bend i cm-f ) .
b 3185 e
O-H stretch
1000 1500 2000 2500 3000 3500 2000

Wavenumber cm™

Figure 21 FTIR analysis of TFC PA-PAA
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5.3 Water contact angle analysis:

Table 2 shows the contact angle of the membranes. This parameter is used for the
determination of hydrophilicity/hydrophobicity. the contact angle greater than or equal
to 90° is termed as hydrophobic and the material which has contact angle less than 90°
is termed as hydrophilic[103]. Figure 22 shows the contact angle of all the membranes.
The contact angle TFC-PA, TFC PA-NH2, PA-Br, PA-g-PtBA and PA-g-PAA
membranes are 51°, 57°, 96°, 109° and 34° respectively. As seen at the contact angles,
the minimum contact angle is shown by the PA-g-PAA which is due to the presence of
carboxylic acid in PAA which means that it becomes hydrophilic. The maximum
contact angle is shown by PA-g-PtBA due to presence of methyl groups. So, we can
conclude that the conversion of PA-g-PtBA to PA-g-PAA has greatly reduced the
contact angle. The contact angle of PA membrane is 51° and that of PA-PAA
membrane is 34° [104]. The contact angle of PAA grafted membrane is less than the
commercially available PA membrane, which mean that PA-g- PAA membrane have

greater flux commercially existing membrane.
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Figure 22 Contact angle images of TFC-PA (A), PA- NH; (B), PA-Br(C), PA-g-PtBA
(D) and PA-g-PAA (E) membranes.

Sr. No. Membrane Composition Average Contact angle
1 TFC-PA 51°

2 PA-NH, 57°

3 PA-Br 96°

4 PA-g-PtBA 109°

5 PA-g-PAA 34°

Table 2 Contact angles of the membrane samples
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5.4 Scanning electron microscopy SEM:

Scanning electron microscopy images enables us to determine the morphology, cross-
section and average pore size of each membrane. Surface topography and cross-
sectional images of the prepared membrane are shown in labeled figures 23 and 24. It is
very clear from the SEM images the polymer brushes grown membrane have
asymmetric and finger like structure which helps in the better flow properties. The
micrographs of the membranes show the remarkable porosity. The pore size ranging
from 40 nm to 600nm. So, there is an increase in the pore size of membrane due to the
growth of polymer brushes. An important conclusion which can be drawn from the
experiment is that the increase in the number of large pores relative to the pure
polyamide membrane is due to the growth of polymer brushes onto the membrane. The
upright growth of PtBA brushes ease the flow of the water through the membrane. In
the previous research, it is clear that by increasing the pore size, porosity and

hydrophilicity, wettability and flux is increased.
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Figure 23 SEM A, B,C and D are surface morphology of PAA-g-PA .E, F,G and H for

simple membrane
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Figure 24 SEM images A, B, C & D cross-section of PAA-g-PA and images E, F, G &

H cross-section of simple membrane

5.5 Optical profilometry:
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Optical profilometry has been used to determine the surface roughness of the PA

membrane samples. Roughness is an important parameter for the flux measurements.

Hydrophilic surface with degree of roughness will increase the flux through the

membrane. From the table 4 it can be seen that the surface roughness has been increased

due to the growth of polymer brushes. PA has surface roughness of 40693 nm while

PA-g-PtBA membrane has value of 46232 nm which is due to the growth of polymer
brushes of PtBA. After the hydrolysis of PA-g-PtBA the PtBA has been converted to

PAA, the roughness value has been increased further. This will favor the better flux

than the simple PES membrane. So, it can be concluded that due to the growth of PtBA

brushes the surface roughness has been increased which increase the flux through the

membrane [105].

Sr. No. Sample Name Surface Roughness (Ra)
1 TFC-PA 40693nm
2 PA-NH, 2284 nm
3 PA-Br 11881 nm
4 PA-g-PtBA 46232 nm
5 PA-g-PAA 47476 nm

Table 3 Surface roughness Ra values of membrane samples.
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Figure 25 Graph showing the surface roughness values of all samples

5.6 Permeation flux:

Water flux through the commercial TFC-PA membrane and PAA grafted TFC-PA
membrane was analyzed by using a conventional filtration assembly and results are
shown in Figures 26. From the figure it is clear that at lower pH value of 3, membrane
shows the maximum flux. The membrane has been subjected to five cycles for flux.
And the membrane shows the maximum value for the cycle 5. Permeation flux has been
checked at 500 psi. The maximum flux is 80 L/m”hr at the pH value of 3 and the lowest
value of flux is 72 L/m”.hr at the pH value of 11. Hydrophilicity of the TFC-PA grafted
PAA has been considerably increased due to the presence of PAA. The passage of water
through the membrane is due to the increase in hydrophilic character. Due to

hydrophilic character the water molecules are attracted towards the membrane. Figure
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27 show the comparison of flux between modified and neat membrane which shows
that the flux of modified membrane was greater than the neat membrane at pH 3 which
was due to the increase in hydrophilicity and increase pore size. From the above SEM
images, contact angle, pore size and surface roughness, it has already been concluded
that due to grafting of PAA on the TFC-PA hydrophilicity of the membrane has
improved considerably. Pore size and surface hydrophilicity are the main factors that

govern the flux of the membrane.
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Figure 26 Graph showing the permeation flux for five cycles at pH 3 and 11
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Figure 27 Graph showing the comparison between the fluxes of neat and modified

membrane at pH 3,7 and 11.
5.7 Salt rejection:

Salt rejection is an important feature to analyze the membrane performance as it tells
how effectively a membrane can remove contaminants. Range of rejection through RO
system is typically 95% to 99%. In the case of desalination, it is referred as salt

rejection %.

o conductivity of feed water — conductivity of permeate water
salt rejection % = — * 100
conductivity of feed
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The higher the salt rejection, the better the membrane performance. If the membrane
has low salt rejection, it means it may requires cleaning or replacement. Salt rejection
can be calculated from the parameters such as total dissolve solids or conductivity. For

the high pressure RO membrane, sodium chloride rejection is often calculated [74].

Salt rejection has been calculated at different pH values. For the experiment 2000ppm
solution of NaCl has been used at pH values of 3,7and 11. At pH value 3 the membrane
shows the maximum value of salt rejection which is 94% [106]. The reason for this
value at pH value is due to the presence of an acidic group. This value is somewhat low
than the commercial RO membranes which is in the range of 95 to 99.4% but it is in the
acceptable range. The slight decrease in the salt rejection is due to the increase in the
flux which is 80 L/m”.hr for modified membrane but for commercial RO is approx.50-

60 L/m> hr.

Sr. No. pH value Permeation flux %0 salt rejection
L/m”.hr
1 3 80 95
2 7 75 92
3 11 72 90

Table 4 Permeation flux and % salt rejection at pH 3,7 and 11
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Figure 28 Graph showing the %salt rejection rate

5.8 pH responsive behavior of PAA brushes:

The PA-g-PAA membrane shows the reversible and conformational changes to
permeability in response to pH changes. These changes help to control the permeability
flux at different pH by triggering the pore size[107]-[109]. Protonation and deportation
of carboxylic group (-COOH) can control the effective pore size of the PA-g- PAA
brushes membrane as shown in figure 29. This transformation is sensitive to water pH

and results in the swelling and de-swelling of PAA brushes[110].
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Figure 29 Mechanism of protonation and deprotonation of PAA brushes at low and high

pH

At a pH higher than 4 the polyacrylic acid shows the extended conformation, driven
from their strong interaction with the aqueous environment and the electrostatic
repulsion among the dissociated side chain[111]. The effective pore size is greatly
reduced due to these phenomena which in turns declines the permeation flux rate. At
low pH the poly acrylic acid chains collapses to form the helical conformation[112].
This effect results in the opening of pores due to which increase in flux is observed as

shown in figure 10. The effect of pH on the flux is shown by the model in figure 30.

M &5

Membrane Cross-section Enlarged View
PA-g-PAA membrane
4
‘ At high pH
. \\
Pore “Open” : Pore “Closed”

At low pH

Figure 30 Model showing PAA conformation at low and high pH and its effect on flux
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5.9 Mechanical Testing

Tensile testing of the membrane has been done with the universal testing machine
Shimadzu model AG-X plus. Figure 31 shows the stress-strain curve of both Pristine
polyamide and PAA-g-PA membranes. The elastic limit of PAA-g-PA membrane is
higher than that of pristine PA which means that is more elastic in nature. The Young’s

modulus has been calculated by drawing a slope in the elastic region using the formula

ge—aoo
- Ee—&o
Sample Young’s UTS Toughness %elongation
Name Modulus MPa
GPa
Pristine PA 5.9+3 64.5+4 976 25
PAA-g-PA 10.6%5 745 1069 23

Table 5 : Mechanical properties of pristine PA and PAA-g-PA

The Young’s modulus for Pristine PA came out to be 5.9 + 0.4GPa and that for PAA-g-
PA was 10.6 £ 0.35 GPa which means that due to the grafting of PAA brushes the
resistance to deformation of the membrane within the elastic limit has been increased.
Also, the value of UTS of PAA grafted membrane is much higher than the pristine PA
membrane. Yield point elongation exist in the two curves which is due to the creation of

slip band due to stress. The other is due to the presence of impurities.
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Figure 32 Graph showing the ductility of the Pristine PA and PAA-g-PA
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Figure 32 shows the ductility of both membranes. The area under the curve shows the
toughness or ductility of the material[113]. From the graph it is clear that the due to the
grafting of PAA the ductility of the PA membrane has been increased. The growth of
polymer brushes form scaffolds due to crosslinking over the surface making it stronger.
Moreover the PAA is used as binder and adhesives in many application, so due to this
ability of PAA is binds the PA membrane surface strongly therefore the tensile strength

distributes more uniformly[110].
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Chapter 6: Conclusions

Polymer brushes of PtBA has been successfully grafted on the commercial TFC-PA
through ATRP and the PtBA has been converted to PAA to form the hydrophilic

surface. Behavior of the membrane for the flux and salt rejection has been studied.

Following conclusions were drawn from this research study.

1)

2)

3)

4)
5)
6)

Through ATRP method, polymer brushes of PtBA were grown on the membrane
surface. Proceeding of the membrane modification was monitored by the contact
angle analysis, FTIR, optical microscope and the optical profilometry. The FTIR
analysis results confirmed the PtBA and PAA. Salt rejection test was also done
to check the performance of membrane.

Membrane characterization results revealed that grafting of PtBA brushes has
remarkable effect on the membrane properties such as porosity, hydrophilicity
contact angle and permeation flux was observed. Due to the growth of PtBA
brushes the membrane morphology has also been changed.

Flux of the PAA-g-PA membrane has been considerably increased than the
pristine PA membrane

Hydrophilicity has been increased due to the grafting of PAA

Switchable performance of PAA-g-PA membrane at different pH’s

Salt rejection testing on the modified membrane was done to investigate the
membrane performance. It was done at different pH values. The maximum salt

rejection was observed at pH value of 3.

6.1 Future recommendation:

Polymer brushes of different polymer can be grafted on the membrane surface
and can be examined.

By adjusting the flux rate, salt rejection rate can be enhanced.
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This method of polymer brushes growth can be used to graft the membrane
surface for antifouling polymer.

Effect of pH on the surface morphology of the prepared membranes

Effect of temperature, pressure and mechanical values on the modified
membrane

Study of antifouling properties

Study for investigating the performance of membrane for seawater and brackish

water
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