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Chapter 1

Chapter 1

General introduction

1.1. Global crisis of freshwater scarcity

Water resource is essential and valuable on the earth. As water covers 70% of our planet,
people always consider that it will be plentiful. However, only 3% of the world’s water is fresh
water, and two-thirds of that is tucked away in frozen glaciers or otherwise unavailable for our
use (Fig. 1.1). Nevertheless, during the last few decades, human activities enhanced freshwater

scarcity becoming a threat to sustainable development of human society.

Water on Earth

Ocean Water 971

Fresh
Water 3%

Rivers & Lakes
<1

Fig. 1.1. Distribution of water on earth.

The famous Malthusian doctrine states that “population increases in a geometric ratio, whilst

the means of subsistence increase in an arithmetic ratio” [1]. This is backed by the fact that the
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global fresh water demand increased more than double compared to the concurrent increase in
population between 1900 and 1995 [2]. Right now, many developing countries are undergoing
rapid industrialization without appropriate wastewater management systems, and are continually
facing increasing water scarcity issues (Fig. 1.2). The most serious unresolved water problem is
the continued failure to meet basic human needs for water. 4.0 billion people, two-thirds of the
world population, are suffering from severe water scarcity [3]; more than 1 billion people
worldwide lack access to safe drinking water [4]; 2.4 billion people lack access to adequate
sanitation services [5]. Lack of access to safe drinking water causes inadequate sanitation,
exposing people to massive health issues, such as cholera and typhoid fever, and other water-
borne illnesses. Particularly, it estimated that the diarrhoeal diseases annually cost the lives of
2.18 million people, three-quarters of whom are children younger than 5 years old [6].
Considering the improvement of water availability, the most pressing challenges today
include the recovery of clean water from seawater which is the most abundant global water

resource, and the treatment and recycle of wastewater.

0 500 1000 1700 2500 7500 15000 50000 b
- hi*|ﬁ| | | | s s % &
Absolyte Stess |

55
scarity Sty Vulnerability Source: The UN World Water Development Report

Fig. 1.2. Freshwater availability (m® per person, per year, 2013) from The UN World

Development Report. (https://www.tes.com/lessons/Cr34uhFf5x0L3Q/water)
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1.2. Wastewater treatments

To solve the water scarcity issues, a multitude of techniques classified in conventional
methods, established recovery processes and emerging removal methods have been developed to
remove solids including colloids, organic matter, nutrients, and soluble contaminants (metals,
organics, etc.) from effluents (Fig. 1.3). One of the promising methods for high quality wastewater
treatment and resolving water scarcity is membrane technology, which is used to treat wastewater
before discharge to environment, to recover materials used in industry before they enter waste
streams, and to treat water for potable use. Most importantly, membranes enable us to utilize
water resources such as the seawater that was previously inaccessible due to technical or
economic considerations [7]. These capabilities of membranes have been significant in driving

their use in seawater and wastewater treatments, especially in areas with the shortage of water

supplies.
Technologies available for pollutant removal
v A
Conventional Established Emerging removal
methods recovery process methods
- coagulation/flocculation - solvent extraction - advanced oxidation
- precipitation - evaporation - adsorption onto non-
- biodegradation - oxidation conventional solids
- filtration (sand) - electrochemical treatment - biosorption
- adsorption using AC - membrane separation - biomass
- membrane bioreactors - nanofiltration
- ion-exchange
- incineration

Fig. 1.3. Classification of technologies available for pollutant removal and examples of

techniques [8].
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1.3. Membrane technology
1.3.1. Water purification principle with membrane

A membrane is a semi-permeable barrier through which one type of substance can pass more
readily than others, thus presenting the basis of a separation process. As shown in Fig. 1.4, in
wastewater treatment, the membrane rejects pollutants, which may be suspended or dissolved,
and produces the purified water [9]. The main advantages of membrane technology for
wastewater treatment are: produce of high quality effluent (low turbidity, low total dissolved
solids, 90-100% pathogen removal), ease of operation, 50-70% less foot-print than conventional

technologies, and less chemicals usage for the process [10, 11].

o ® ... .Membmne.. "
.00...0...0, % 0% :: o
02 %% 9 o ... A

: 4 30.0 .00 ®
o® o a° ;‘.o “ ..0 e @
Ut B

Particle or @ Solvent
Solute Molecule

Feed @ ‘i @
T4 D F X3 o2 Permeate
® 9000 éoo }

Fig.1.4. Principle of membrane separation process [12].

1.3.2. Membrane classifications

Water treatment membranes are usually pressure driven membranes through which a solvent
(usually water) permeates using a pressure difference between the feed and permeate sides as a
driving force [13]. Based on the pore size, the membranes are classified into microfiltration (MF),

ultrafiltration (UF), nanofiltration (NF), and reverse osmosis (RO) (Fig. 1.5).
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MICROFILTRATION ULTRAFILTRATION

(suspended} particles macromolecules
N 00
membrane |

membrane

water + water :
salts macromolecules salts
NANOFILTRATION REVERSE OSMOSIS

monovalent multivalent monovalent multivalent
ions ions
O L0 (&

o

mebrane I

water %

Fig. 1.5. Schematic illustration of microfiltration, ultrafiltration, nanofiltration, and reverse

osmosis [13].

Characteristics of all membrane processes are summarized in Table 1.1. MF membranes
have the largest pores, ranging from 100 to 10,000 nm, and the highest water permeability, so that
a sufficient water flux is obtained at a low pressure. In contrast, UF membranes have smaller
pores (2 to 100 nm), and the permeability is considerably lower than that in MF. Then, higher
pressure is needed than MF. In both MF and UF processes, components larger than the pore size
are removed by a sieving mechanism. In practical applications, MF is an efficient pretreatment to
remove particles that may cause problems in further treatment steps, while UF is typically applied
to remove large dissolved molecules such as natural organic materials (NOM).

In the case of NF, the pore sizes (0.5 to 2 nm) are smaller than that of UF, which makes NF
suitable for the removal of relatively small organics such as organic micropollutants and color
from groundwater and surface water. Furthermore, polymeric NF membranes with ionic groups

would present a surface charge in the presence of a feed solution. This surface charge makes
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possible the removal of coions smaller than the pore size of membrane by the electrostatic
repulsion between the membrane charge and the ions in feed (so-called Donnan exclusion).

RO membranes are dense membranes without predefined pores and capable of rejecting
nearly all colloidal or dissolved matter from an aqueous solution, producing a concentrate brine
and a permeate which is almost pure water [14]. Therefore, RO membrane technology is widely
used in seawater desalination, drinking water production, brackish water treatment and
wastewater treatment. RO is currently the most energy-efficient technology for desalination, with
energy cost about 1.8 kWh/m?, which is much lower than that of other technologies, such as
thermal-based desalination methods [15]. Also, RO membrane has the advantages of high water
permeability and salt rejection, as well as fulfillment of the most rigorous rules for public health,
environmental protection and separation process [16].

The aim of this thesis is related to the improvement of RO membrane performance. Thus,

the development of RO membrane will be discussed as below.

Table 1.1. Classification of pressure-driven membrane processes (MF, UF, NF, and RO) and their

characteristics [13].

Microfiltration Ultrafiltration Nanofiltration | Reverse Osmosis
o (MF) (UP) (NF) ®RO)
Permeability (Vh.mZbar) | >1,000 10-1,000 1.5-30 005-15
Pressure (bar) T 0i-2 01-5 5-120 5-120
Pore size (nm) 100 — 10,000 I 2-100 05-2 <0.5
Rejection ]
* Monovalent ions - - - +
o Multivalent ions - | -/+ + +
¢ Small organic - - s *
compounds
* Macromolecules - + + +
_._® Particles LA + LA LA _
Separation mechanism Sieving Sieving Sieving Solution -
t Charge effecis Diffusion
Applications Clarification; Removal of Removal of Ultrapure
pretreatment; macromolecules, | (multivalent) ions | water;
removal of bacteria, viruses | and relatively i desalination
bacteria © small organics
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1.4. Reverse osmosis membrane
1.4.1. Principle of reverse osmosis process

Osmosis is a natural phenomenon, occurring without any external energy. Osmosis is defined
as a process of molecules passing through a semi-permeable membrane from a less-concentrated
solution into a more-concentrated solution (Fig. 1.6 (a)).

On the other hand, reverse osmosis, commonly referred to as RO, is a process where water
molecules, but not majority of the dissolved salts, organics, bacteria and pathogens, permeate
through RO membrane from a more-concentrated solution into a less-concentrated solution (Fig.
1.6 (b)). In RO, an external pressure greater than the osmotic pressure is applied as a driving force.
This process allows desalination of feed water permeating pure water while holding back a

majority of contaminants.

Semipermeable membrane Semipermeable membrane

b ¥

: Pressure
Osmotic

pressure

f e e e e s e =

Fresh water

Natural Osmosis Process Reverse Osmosis Process
(a) (b)

Fig. 1.6. Principles of (a) natural osmosis process and (b) reverse osmosis process.
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1.4.2. Development of reverse osmosis membrane

The progress in RO technology is mainly depended on the development of RO membranes
because the membrane plays a key role in the technological and economic efficiency of RO
process. In the early 1960s, Loeb and Sourirajan developed a method for making asymmetric
cellulose acetate membranes with relatively high water flux and separation factor [17]. Especially
since the invention of robust thin-film composite (TFC) aromatic polyamide membranes in 1980s
[18], RO process became both possible and practical. Further, the energy recovery systems
developed in recent years, such as the Pelton wheel, turbocharger, pressure exchanger and
Grundfos Pelton wheel [19], have greatly reduced energy consumption and operation costs,
making RO technology more competitive.

Commercial interest in RO technology is increasing globally due to continuous
improvements in the RO process, which in turn lead to significant cost reductions. These advances
include developments in membrane materials, process design, feed pretreatment, and reduction
in energy consumption. The beneficial outcomes are shown quantitatively in Figs. 1.7 (a), (b),
and (c¢). During 1978 to 2008, the salt passage seven-fold decreased, which greatly expanded the
range of saline feeds that can be treated to meet the stringent potable water standards (Fig. 1.7(a)).
Since 1978, the increased water permeability of RO membranes, as well as the enhanced
biological, chemical, and mechanical strength, have reduced the membrane cost per unit volume
of produced water by more than 10 times (Fig. 1.7(b)). In 2006, the combined efforts to maximize
permeate flux and energy recovery , as well as minimizing fouling and concentration polarization,
have decreased the energy consumption from 12 kWh m™ in the 1970s to less than 2 kWh m™ in

2006 (Fig. 1.7(c)) [20].
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120

1.6 (

1.4 R
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Q
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—

Note: Year 1978 is taken as
reference for comparison of the
membrane cost per unit of
volume of product water.
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Fig. 1.7. Development of RO membrane in recent decades [20]: (a) Improvement in salt rejection,

(b) Reduction in membrane cost, and (c) Reduction in energy consumption.

So far, most commercially available RO membranes are still asymmetric cellulose type
(cellulose acetate, triacetate, cellulose diacetate or their blend) and TFC type. The asymmetric
cellulose RO membrane is prepared by phase inversion method, while the TFC RO membrane is
fabricated by forming a dense aromatic polyamide skin layer on a microporous support such as
polysulfone via interfacial polymerization (Fig. 1.8) [14]. Compared with cellulose membrane,
the TFC aromatic polyamide membrane exhibits superior water flux and salt rejection, resistance
to pressure compaction, wider operating temperature range and pH range, and higher stability to
biological attack [21]. Therefore, it dominates RO membrane field nowadays. In this thesis, the

TFC polyamide RO membrane was selected as the membrane substrate.

9
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Polyamide skin layer

Polymer skin layer ”f“\@/H H“\@/H
» Ultrathin, < 200 nm. a o

=.Crosslinked aromatic polyamide

Polyester web
~ 120 um.

Fig. 1.8. Composition of TFC polyamide RO membrane [22].

1.4.3. Membrane fouling
Despite its many advantages, one of obstacles to the widespread use of TFC polyamide RO
membrane is the proneness to fouling [23]. Fouling is a process where solute or particles in
feeding water deposit onto RO membrane surface in a way that causes water flux decline and
affects the quality of the produced water. Although the performance of fouled RO membranes
can be partially restored by appropriate cleaning methods [24, 25], it will inevitably increase
operation difficulty and decrease membrane’s life time, which will be translated into higher costs.
Membrane fouling occurs as a consequence of interactions between the membrane surface
and the various solutes/foulants in the wastewater. There are mainly four types of foulants causing
RO membrane fouling (Fig.1.9):
i) colloidal (suspended particles such as silica);
ii) organic (natural organic matters such as humic acid);

iii) scaling (salt precipitations such as metal hydroxides and carbonates);

10
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iv) biological (biofouling, adhesion and accumulation of micro-organisms, forming biofilms).
The first three types of fouling can generally be controlled by reducing the foulant concentration
in the water phase. However, biofouling is hard to control by simply reducing the foulant

concentration in the water phase [26].

.“‘-“tﬂ .' G! >

_ e\

Colloidal Orgamc Scali , .
fouling fouling caimg Biofouling

Fig. 1.9. Four types of RO membrane fouling [27].

As descripted in Fig.1.10, biofouling is ascribed to the formation of biofilm, which occurs
through a cascade of events including the initial bacterial adhesion followed by extracellular
polymeric substances (EPS) production, bacterial growth and proliferation. Even if 99.99% of
bacteria are eliminated by pretreatment (e.g. microfiltration or biocide application), a few
surviving bacteria will enter the system, adhere to surfaces, and multiply at the expense of
biodegradable substances dissolved in the bulk aqueous phase. Therefore, even after significant

pretreatment of the feed, membrane biofouling still occurs extensively on RO membranes.

11
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Fig. 1.10. Development of biofilm formation [28].

Effective prevention of microbial growth in membrane filtration is achieved only by
treatment with oxidizing agents such as sufficiently high concentration chlorine. However, this
method cannot be viewed as an ultimate solution, because of the growth of environmental
concerns and the strictive legislative regulations regarding the discharge of chlorinated brines. In
addition, the high organic matter concentration in feed water will consume the oxidizing agent
and result in by-products [29, 30]. Thus, although RO membrane is considered as an important
part in water treatment, the biofouling is still an unsolved problem nowadays. It is clear that there

is a great incentive to eliminate biofouling in the RO process.

1.5. Fouling control strategies

Conventionally, fouling can be reduced by pretreatments of the feed solution, chemical
cleaning, and back-wash. It can also be minimized by optimizing the module (hydrodynamic
conditions) and the process conditions or cleaning the membranes frequently [31]. The main

fouling control strategies are discussed as follow.

1.5.1. Pretreatments
Pretreatments have been widely used in RO processes, showing the advantages of improving

the feed water quality greatly to ensure reliable RO operation as well as to prolong membrane life.

12
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A statistical analysis in Fig. 1.11 revealed the common RO pretreatment technologies studied in
the past 10 years. As shown in Fig. 1.11, coagulation/flocculation, UF, and MF are the three
technologies that have been most studied by researchers as RO pretreatments. In fact, UF/MF
filtration as a pretreatment of RO is becoming more and more popular in recent years.
Coagulation/flocculation has long been used as a pretreatment for not only RO but NF and other
technologies as well. Fig. 1.12 shows the flow diagram of RO pretreatment processes with their

effects in removing contaminants from feed water and roles in fouling control.

10% Ultrafiltration
Coagulation/flocculation
Microfiltration
6% Activated carbon
6% Chlorination
5% Ozonation
29 Sand filtration
Scale inhibitor
DAF

1 7%

18%

29%

Fig. 1.11. Common studied RO pretreatments in the past 10 years [31].

DAF: dissolved air flotation.
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Fig. 1.12. Schematic diagram of RO pretreatment processes and their roles in fouling control.

Figure from [31].

1.5.2. Membrane monitoring

In-situ and real-time monitoring of RO performances is necessary to evaluate the severity of

fouling on membrane and correspondingly to conduct cleaning timely. Observation of pressure,

flow and conductivity is reported to be the most effective way for in-situ and real-time monitoring

the RO performances [32]. Early detection of scale formation in RO systems remains challenging.

Currently, many monitoring techniques are not sensitive enough to detect the subtle changes

occurring on the membrane in an early fouling stage. In other words, the signals delivered by

these monitoring parameters only show obvious fouling formation [33].
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1.5.3. Membrane cleaning

Periodic membrane cleaning is of great importance during water treatment processes [34,
35]. There are a variety of cleaning methods (e.g., chemical and physical) and their cleaning
efficiency could be evaluated by resistance removal and flux recovery [36-38]. For chemical
cleaning, selecting proper chemical agents is important, which is usually done by considering the
fouling types and foulants components, as well as the chemical properties and economic factors.
Also, no chemical damages should be produced by the chemical agents. Chemical agents could
react with the foulants and as a result, the cohesion forces between foulants as well as the adhesion
of foulants to membrane surface could be reduced, making foulants easy to be removed. The
commonly used chemical agents include acids, bases, surfactants and chelating agents [39]. Acids,
such as hydrochloric acid, nitric acid and sulfuric acid are effective in removing membrane scaling
[40] while alkaline solutions such as sodium hydroxide are more effective in removing organic
fouling and biofouling [41, 42]. The commonly used chelating agent is ethylene diamine tetra
acetic acid (EDTA) [38]. EDTA cleaning efficiency is very sensitive to solution pH [24]. For
physical cleaning, rinsing with water is the most frequent method used in practice. Furthermore,
a combination of chemical and physical cleaning can be more efficient, where the former
contributing to loosening of the foulant layer while the latter promoting its removal via fluid shear

force [43].

1.5.4. Surface modification
Fouling is a surface phenomenon i.e., only the membrane surface properties determine the
interaction between the foulant and the membrane surface. Therefore, one attractive way for

fouling mitigation is the membrane surface modification. The goal of the modification is to

15



Chapter 1

eliminate the interaction between the membrane surface and the foulant while preserving the other
advantageous characteristics of membrane. Specifically, the modification layer can reduce the
membrane’s fouling propensity by changing the surface roughness, hydrophilicity, and surface
charge which are known to be strongly related to fouling and influence the interaction between
the membrane surface and the foulants [44, 45] as described as follows:

(1) Roughness: Increase in the surface roughness increases the specific surface area, thus resulting
in more available surface for foulants to attach. In addition, since rough surfaces have contours
and valleys morphology, they provide locations where foulants can attach without being removed
by shear forces. As a result, a membrane with a rougher surface is more favorable for foulants
attachment and accelerates fouling rates [46, 47] while a membrane with a smooth surface is not
as easily fouled.

(i1) Hydrophilicity: Hydrophilicity of membrane surface is evaluated by water contact angle
which is the angle between a water droplet and the membrane surface in the air. A surface is
evaluated as hydrophilic when the water contact angle is < 90° and that as hydrophobic when the
water contact angle is >90°. It has been well demonstrated that membranes with hydrophilic
surfaces are less susceptible to fouling [48, 49]. For example, Nabe et al. found that the water flux
decreased with an increase of water contact angle of the membrane surface during filtration of
bovine serum albumin (BSA) solution, i.e. an increase in membrane hydrophobicity resulted in
an enhancement in membrane fouling [50]. This finding may be explained by the fact that a thin
layer of bounded water, also known as hydration layer, exists on the surface of hydrophilic
membrane due to the formation of hydrogen bonds. This layer can prevent, or reduce, undesirable
adsorption of hydrophobic foulants to the membrane surface (Fig. 1.13a). Therefore, an increase
in the hydrophilicity of the membrane surface is often a key goal for reducing membrane fouling

including biofouling;
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(iii) Surface charge: Charged foulants tend to cause fouling due to electrostatic attraction between
the foulants and the membrane surface, if foulants have a counter-charge of membrane. For
example, if foulants have a negative charge, the fouling of membranes with positively charged is
enhanced due to electrostatic attraction, whereas for negatively charged membrane, fouling is
usually hindered because of electrostatic repulsion (Fig. 1.13b) [41, 51]. Therefore, the reducing
fouling based only on electrostatic repulsion is not feasible

To summarize, the main goals of membrane surface modification are to increase the
membrane hydrophilicity, decrease its surface roughness and introduce of suitable charge groups

in order to minimize undesired interactions with potential foulants [52].
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Fig. 1.13. The low fouling mechanism of (a) the hydrophilic surface and (b) the charged

surface. Figure from [52].

1.6. Surface modification methods

Membrane surface modification can be achieved using physical or chemical method or a
combination of the both. The choice of the specific type of methods depends on the chemical
structure of membrane surface and the desired characteristics of the modified surface [53]. The

main methods for membrane surface modification are discussed below.
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1.6.1. Blending

Blending is a method that addition of additives to the membrane during its fabrication.
Blending of polymers with different hydrophilicity is an approach that takes into account both
permeability and mechanical stability of the membranes [54-56]. In particular, the polymers with
similar structures are more suitable to blend with, in which the compatibility between the
polymers may not be an obstacle. Recently, abundant studies have been done about incorporating
hydrophilic sulfonated polymers into the membrane matrix, including sulfonated polysulfone
(SPSY) [57], sulfonated polyphenylenesulfone (SPPSU) [58], and sulfonated poly(ether ketone)
(SPEK) [59]. In addition, the incorporation of inorganic materials into the organic polymer matrix
by the blending strategy has attracted great interests due to their completely hydrophilic

characteristic [60].

1.6.2. Surface coating

A simple method of surface modification is a coating of membrane surface with polymers
which have antifouling properties such as resistance to nonspecific protein adsorption or bacterial
adhesion. These polymers can physically adhere to the surface by Van-der Waals interactions.
For example, polyelectrolytes can be attached via electrostatic and hydrophobic interactions using

the layer-by-layer deposition technique.

1.6.3. Grafting

An attractive and vast studied method is polymer grafting. The grafting of a functional
antifouling polymer onto the membrane surface is a beneficial technique because the grafted
polymer is covalently attached and can also change the surface properties of a membrane with

limited influence on its bulk properties. Grafting can be accomplished by either attaching a grown
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polymer from the solution to the membrane (“grafting to”, Fig. 1.14(a)) or growing a polymer

from the membrane surface (“grafting from”, Fig. 1.14(b)) which is more common.

a
( ) "Grafting to"
_o_a7° N
< o Polymer chain
f =

Polymer matrix Graft copolymer
"Grafting from"
Qo
o a 0 Monomer
( | e— (
Polymer matrix activated Graft copolymer

Fig. 1.14. Grafting strategies: (a) "grafting to" and (b) "grafting from" [61].

The most common method for grafting modification of membranes is radical graft
polymerization due to its simplicity and versatility. Wide range of vinyl monomers can be
polymerized by this method. The basic mechanism of radical grafting is illustrated in Fig. 1.15.
The reaction starts with an initiation step - generating of an initial radical (R"). The initial radical
is then transferred either to the membrane surface creating a free radical on the trunk polymer, or
to the double bond of a vinyl monomer (M") producing in both cases a primary radical. Such an
event is then followed by propagation - the addition of monomers to the growing chain-side
reactions of electron transfer, and termination by either disproportion (Fig. 1.15 Termination (i))
or coupling (Fig. 1.15 Termination (ii)) [62]. The primary radical can be formed either directly

on the membrane surface using techniques such as ion beam, plasma, y-irradiation, and ozone
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treatment, or by electron transfer from a free radical initiator. The main methods for initiation are

discussed below.

Initiation Propagation Termination
I—52R" M+ M—Ls M DM+ M —E s 0
R +M——>M; M+ M—25 M, WM+ M —f s M+ M,

Fig. 1.15. Basic mechanism of radical graft polymerization.

1.6.3.1. Plasma

One simple approach is to oxidize the membrane surface by plasma treatment, which
involves electron-induced excitation, ionization and dissociation. The active species generated in
the plasma can oxidize the upper molecular layers on the membrane surface, thus improving

wettability, antifouling and biocompatibility without affecting the bulk of the polymer [63-66].

1.6.3.2. UV irradiation

UV light is extensively used to carry out surface graft polymerization in most cases in the
presence of a photo-initiator or a photo-sensitizer. When polymeric surfaces are exposed to UV
irradiation, radicals can be formed. Then, in the presence of monomers and a photo-initiator, the
graft photo-polymerization can be initiated (Fig. 1.16). Surface graft polymerization induced by
UV irradiation exhibit following advantages:
@) UV wavelength can be selectively adjusted to the specific reaction or to the photo-initiator

wavelength, and, hence, undesired side reactions can be avoided or at least significantly
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reduced; for example, in the case of polyethersulfone (PES) membrane, the wavelength
should be higher than 300 nm to avid membrane degradation.

(ii) Ability to modify the polymer surface to have distinct properties through the choice of
many different monomers which can be grafted using this method.

(iii)  Controllable introduction of grafted polymer with a high density and relatively exact
surface-selective process, without affecting the bulk properties

(iv) long-term chemical stability, which is assured by covalent attachment of grafted polymers

[67].

&

Surface graft
polymerization

Fig. 1.16. Scheme of surface graft polymerization by UV irradiation. Figure from [68].

Based on these advantages, membrane modification using UV irradiation was studied by
many researchers in an attempt to reduce the membrane fouling propensity [69-72]. However, by
using UV irradiation, suitable UV irradiation intensity and time should be optimized to membrane
modification process because a deterioration of membrane separation performance occurred when
excess UV energy is used and over-irradiation could break the monomers that had already been

grafted on the membrane surface [73].
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1.6.3.3. Redox reaction

Redox reaction, an electron transfers from a reductant to an oxidant (for example the redox
reaction of ammonium persulfate (APS) and tetramethylethylenediamine (TEMED) in Fig. 1.17),
is an effective indirect way for producing the initial free radical due to the simplicity, low cost,
short induction time, and low activation energy. The membrane modification using the redox
couple is carried out by simply soaking the membrane in an aqueous solution of monomer and
initiators at room temperature for desired period depending on the desired modification degree.
However, the free radical graft modification using the redox couple has some major disadvantages
such as low surface specificity, slow kinetics, and the polymerization of polymers that grows in

the solution, but not attached to the membrane surface.
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Fig. 1.17. Mechanism of the primary radical formation in redox initiation by ammonium

persulfate (APS) and tetramethylethylenediamine (TEMED) [74, 75].

1.6.3.4. Surface-initiated atom transfer radical polymerization

Surface-initiated atom transfer radical polymerization (SI-ATRP) provides a simple route to
many well-defined (co)polymers with precisely controlled functionalities, topologies, and
compositions [76, 77]. It has been very successfully applied to the preparation of many
nanocomposites, hybrids, and bioconjugates [78-82]. The advantages of SI-ATRP include the

large range of available monomers and (macro)initiators, the simplicity of reaction setup, and the
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ability to conduct the process over a large range of temperatures, solvents, and dispersed media
[83-85].

SI-ATRP (Fig. 1.18) is a repetitive atom-transfer process between a macromolecular alkyl
halide P,-X and a redox-active transition-metal complex Cu'-X/ligand in which P, radicals

propagate (rate constant of propagation k,) and are reversibly formed (rate constants &, and k).
The growing radicals also are terminated by coupling or disproportionation (rate constant k).
However, a limitation of this conventional SI-ATRP is the presence of a catalyst (a transition-
metal complex with various ligands, i.e. Cu'-X/ligand in Fig. 1.18). Cu'-X/ligand is oxidized
easily in the presence of air. Thus, it highly requires oxygen free environment and high amount

of Cu' for SI-ATRP reaction, which is not applicable in the industries.

+ monomer

(%)
kﬂ

P-X + Cu-X/lLigand —— P* + Cu"-X,/Ligand
kﬂa b

k..
o . .
termination

Fig. 1.18. Mechanism of SI-ATRP using Cu'-X/ligand.

These limitations can be overcome by the addition of an appropriate reducing agent, such as
L-ascorbic acid. Such process employs a very small amount of Cu"" species that is continuously
regenerated to the Cu' activator state by an excess of an appropriate reducing agent, in a word,
the activators are continuously regenerated by electron transfer (Fig. 1.19.). This developed SI-
ATRP technique requires a smaller amount of copper catalyst, tolerates a limited amount of

oxygen [86-88], and enables to modify large membrane surface areas under ordinary laboratory
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and industrial conditions. In this thesis, the improved SI-ATRP (Fig. 1.19.) is used as the

membrane surface modification method.

+ monomer
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Fig. 1.19. Mechanism of the improved SI-ATRP reaction.

1.7. Anti-biofouling materials

Biofouling is particularly difficult to be addressed in RO processes. Biofouling can be
affected by various factors, including feed water characteristics, hydrodynamic conditions, and
membrane surface properties. Conventionally, pretreatments of feed water by disinfection,
coagulation, filtration and/or adsorption are adopted to remove or inactivate microorganisms and
to reduce organic/nutrient loading [89, 90]. In addition, operating at moderate flux level seems to
be effective in preventing severe biofouling at the initial fouling stage [91]. However, the biofilm
growth and colonization of microorganisms on membranes after initial attachment remains an
unsolved issue [89]. It can be seen that the membrane surface properties play a key role in
affecting biofilm formation. Therefore, solving membrane biofouling problem of RO processes
through surface modification of RO membrane is the main target of this thesis. Besides

modification methods mentioned in section 1.6, the investigation of anti-biofouling materials for
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surface modification is also important. Several types of common and effective anti-biofouling

materials are discussed as below.

1.7.1. Hydrophilic polymers

The first generation of anti-biofouling polymers were hydrophilic polymers such as
hydroxyethyl methacrylate (HEMA) and poly(ethylene glycol) (PEG) [92-95]. When hydrophilic
polymers are in contact with bulk water, water molecules penetrate into the polymer film to form
a hydrogen-bond network in the polymers (called as ‘“hydration layer”). The high surface
hydration leads to the increase of resistance to nonspecific protein adsorption. Poly(HEMA)
(pHEMA) has been shown to have good stability and biocompatibility [96]. Kochkodan et al.
found that the polyethersulfone and poly(vinylidene fluoride) (PVDF) membranes effectively
resisted the adhesion of Escherichia coli after the pHEMA coatings [97]. Song et al. showed that
the polysulfone membranes coated with pHEMA were able to reduce oil emulsion fouling [98].
Yan et al. claimed that the PVDF membranes with pHEMA brushes simultaneously achieved the
higher water permeability and ultralow protein absorption [99].

Poly(PEG) (pPEG) is a promising anti-biofouling polymer that has good hydrophilicity and
nontoxicity [100]. The surface modification with surface bounded PEG is effective to prevent the
membrane surfaces from the adsorption of hydrophobic or large molecules [101], which already
has been applied in MF [102, 103], UF [104, 105], NF [106], and RO [107-109] membranes for
anti-biofouling. For example, Belfer and Freger et al. grafted PEG onto polyamide RO membrane
surfaces using a redox-initiated method to improve biofouling resistance [107, 108]. However, it
was found that PEG decomposes in the presence of transition metal ions and oxygen, which would

occur in biochemically relevant solutions and water [95, 110, 111, 112].
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1.7.2. Zwiterion

Zwitterion materials, that contain both positively charged and negatively charged units
within a single pendant group, and net charge is zero, have recently been shown to have excellent
anti-biofouling properties in many diverse environments. Examples of zwiterionic polymers
include  poly(2-methacryloyloxyethyphosphorylcholines)  (pMPC),  poly(carboxybetaine
methacrylate) (pCBMA), and poly [(2-methacryloyloxy)ethyl]dimethyl-(3-
sulfopropyl)ammonium hydroxide (pMEDSAH) (their chemical structures are shown in Fig,
1.18). MPC is based on the composition of the natural phospholipid components of the cell
membrane [113, 114]. It has been shown that surfaces coated with pMPC form an excellent
antifouling coating on multiple platforms [115-117]. The antifouling properties of pPCBMA and

pMEDSAH have also been demonstrated by many researchers [94, 118-120].

0 o> 0>
20 ;N\ }N\
0=P-0 _ _
o CO, S0;
N€+
s/ | AN
pMPC pCBMA pMEDSAH

Fig. 1.18. Chemical structures of some commonly used zwitterionic polymers. Figure from

[121].

The fundamental principle of the anti-biofouling behavior of zwitterion materials lies in their

excellent ability to form a strong hydration layer via electrostatic interaction [122, 123] which is
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determined by the balanced charge and the minimized dipole of zwitterions [124]. Two additional
important criteria are their low protein interaction rates and low self-association [122].
Specifically, the self-association among zwitterionic moieties originates from the electrostatic
attraction between the cationic and anionic groups, which cause the removal of water molecules
around the charge groups because of the excluded-volume effect. Thus, the low self-association
leads to the strong hydration [125]. These three criteria, and consequently the anti-biofouling
properties of zwitterions, are governed by the chemical structure of the charged moieties [126-

128].

1.7.3. Polyampholyte

Polyampholytes (Fig.1.19b) are the amphoteric polymers with a homogeneous molecular
level mixture of positively and negatively charged regions with a similar structure to zwitterionic
polymers (Fig.1.19a). The net charge of polyampholytes depends on pH of solution, unlike
zwitterionic polymers. Polyampholytes also have antifouling properties. Recently, the research
on polyampholytes as antifouling polymers gained interest [ 120, 129-131], since polyampholytes
offer a broad spectrum of combinations of the acid-co-base simply through changing one of the
many available acidic/basic monomers. On the other hand, unlike zwitterionic polymers,
polyampholytes might have a net charge (either positive or negative) depending on pH [132]
which can result in an increase in the fouling propensity of the coated surface. In addition, the
polyampholyte composition might not be identical to the monomer molar ratio in the

polymerization solution [133, 134], and thus requires pre-experiments.
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Fig. 1.19. Illustration of the structure of (a) zwitterionic polymer that contain both positive
charged and negative charged units within a single monomer, and (b) polyampholyte synthesized

by two opposite charged monomers [123].

1.7.4. Multi-mechanism for biofouling mitigation

Besides grafting of hydrophilic materials such PEG and zwitterionic polymers, synthesis of
effective materials with multi-mechanism for anti-biofouling is a promising path as well. Two
examples were discussed as follow.

i) Constructing amphiphilic surfaces was proposed to fabricate next generation antifouling
membranes that would contain both hydrophilic (e.g., pPEG) and low surface energy (e.g.,
perfluoropolyether segments) segments [135-139]. In addition to providing a simple “fouling
resistant” strategy by using hydrophilic segments, amphiphilic surfaces could also take advantage
of low surface energy segments to weaken the interfacial bonds, so that the deposited foulants
would easily slip from the amphiphilic surfaces with low hydraulic washing [140-142], which is
referred to as a “‘fouling release’” strategy. Polyacrylonitrile (PAN), PES, and polyvinylidene
fluoride (PVDF)-based UF membranes have already been successfully prepared with surfaces
consisting of polydimethylsiloxane (PDMS) or perfluoropolyether-based polymer segments to

promote fouling release and hydrophilic polyethylene glycol (PEO)-based segments to promote
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fouling resistance [ 137, 143, 144]. These optimal membrane surfaces displayed excellent “fouling
resistant” and “fouling release” properties against various foulants.

ii) Other anti-biofouling strategies using surface modification can be classified into two
mechanisms: resistance to adhesion of biocontaminants (“fouling resistance”) and degradation of
the biocontaminants (“fouling attacking”). It is generally accepted that a hydrophilic surface
offers biofouling resistance because of the hydrophobic nature of biofoulants such as proteins. A
classic “resistance” protocol, therefore, involves modification of membrane surface chemistry to
increase hydrophilicity by introducing PEG or zwitterionic polymer. The “attacking” strategy, on
the other hand, involves membrane functionalization with releasable bacteria-killing substances,
such as silver nanoparticles (AgNPs) [145] and antibiotics [146], or decoration with bactericidal
functionalities like quaternary ammonium salts (QAS) [147-149], graphene oxide [150], and
photoactive agents [151] for contact killing. Inactivation of bacterial cells on the surface was
found to reduce the rate of biofilm formation on biocide-functionalized membranes [152, 153],
demonstrating the potential of anti-microbial membrane design for biofouling prevention. In
recent years, numerous researchers have attempted to combine these two complementary
biofouling mitigation strategies to impart both nonadhesive and bactericidal capabilities on the

membrane surfaces.

1.8. Aim and overview of this thesis

Previous sections have generally introduced the development of TFC RO membrane and
pointed out the drawback of TFC RO membrane is biofouling. Further, various strategies to solve
the biofouling problem have reviewed. In this thesis, the aim is to provide deep understanding on

anti-biofouling mechanism and to develop novel materials and methods for membrane surface
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modification to improve the anti-biofouling properties of TFC RO membranes. The overview of
each chapter is described as follows.

This thesis included 6 chapters.

In Chapter 1, the background as well as the objectives of this thesis were generally
introduced.

In Chapter 2, the objectives of this study are firstly to develop an effective method to
immobilize initiators of surface-initiated atom transfer radical polymerization (SI-ATRP) on the
less reactive surface of polyamide RO membranes, and secondly to evaluate the effect of the main
chain length of a zwitterionic polymer on biofouling prevention systematically. 3-
Aminopropyltrimethoxysilane (APTS) was used to aminate the surface of a polyamide RO
membrane to improve the BIBB immobilization. After BIBB immobilization, poly[(2-
methacryloyloxy)ethyl]dimethyl[3-sulfopropyl]ammonium hydroxide (pMEDSAH) was grafted
on the membrane surface via SI-ATRP. The main chain length of the grafted zwitterionic polymer
was controlled by changing polymerization time and quantified by gel permeation
chromatography (GPC). The surface chemical properties of the modified membranes with various
polymer main chain lengths were characterized by attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), and contact angle
measurements. The surface morphology was observed using scanning electron microscopy (FE-
SEM) and atomic force microscopy (AFM). The biofouling resistance of the modified membranes
was evaluated by static bacterial adhesion and dynamic biofouling filtration experiments.

In Chapter 3, the features of various hydrophilic polymers were systematically
characterized and the effect of polymer structure on biofouling behavior of polyamide RO
membranes was assessed. First, polyamide RO membranes were modified with well structurally

controlled hydrophilic polymers including poly (2-Hydroxyethyl methacrylate) (pHEMA),
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poly[poly(ethylene glycol)methacrylate] (pPEG), and pMEDSAH via SI-ATRP reaction. To
assess the grafted polymer structure, the surface chemical properties of the modified membranes
were analyzed by using ATR-FTIR spectroscopy and XPS. Thickness of the active layer and
surface roughness were evaluated by FE-SEM and the AFM, respectively. Furthermore,
molecular dynamics (MD) simulation was used for determining side chain length and hydrogen
number of given polymers with water molecules. To evaluate biofouling behavior of grafted
membranes, a static bacterial adhesion test and a dynamic biofouling filtration test were
conducted. The membranes modified with a longer main chain of pMEDSAH and a long side
chain of pPEG had good resistance against both the bacterial adhesion and dynamic biofouling.
Experimental results between the static and dynamic biofouling behavior did not correlate with
each other. MD simulation clarified that pPEG had a longer side chain than pHEMA and
pMEDSAH, and that pMEDSAH possessed stronger hydration than pPEG and pHEMA.
Experimental results and MD simulation indicated that the main chain length, side chain length,
and hydration of the modifying polymer should be taken into account for developing anti-
biofouling membranes.

In Chapter 4, a polyamide RO membrane was modified with a polyampholyte composed of
anionic 2-carboxyethyl acrylate (CAA) and cationic [2-(acryloyloxy)ethyl] trimethyl ammonium
chloride (TMA) by SI-ATRP, in order to improve its anti-biofouling properties. The anti-
biofouling properties of membranes with different CAA/TMA surface ratios were evaluated by
protein adsorption, static bacterial attachment, and long-term dynamic biofouling filtration
experiments. It was found that an electrostatic attraction resulted in a severe biofouling, even if
the water contact angle was 5-20°, and the membrane hydrophilicity was sufficiently high.
However, the RO membrane with CAA/TMA surface ratio of 1:1, fabricated from a mixed

monomer solution with 3:1 CAA/TMA ratio showed an excellent anti-biofouling performance
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even in long-term dynamic biofouling filtration experiments. These good anti-biofouling
properties derive from the high hydrophilicity of the membrane surface, resulting from its large
content of ionic groups, and the almost complete lack of electrostatic attractions with charged
bacteria, because the net surface charge is close to zero.

In Chapter 5, a novel amphiphilic polymer architecture for TFC membranes were developed
to integrate “resistant” and “release” strategies against membrane fouling. A zwitterionic polymer
with strong hydration and a fluorine-based polymer with low surface energy were sequentially
grafted on a membrane surface by dual SI-ATRP. Compared with conventional hydrophilic
modifications (e.g., a hydrophilic TFC membrane), amphiphilic diblock copolymer modified
membranes (e.g., an amphiphilic TFC membrane) possess not only strong hydration energy but
also lower surface energy, which yield both fouling resistant and fouling release properties. The
superiority of possessing multi-defense properties was further confirmed by the long-term, multi-
cycle membrane fouling and cleaning filtration. The experimental data demonstrated that,
compared with pristine and hydrophilic TFC membranes, the amphiphilic TFC membranes
showed less water flux decline and higher water flux recovery. These results strongly suggest that
fabricating an amphiphilic TFC membrane is an effective and novel approach to establishing
realistic antifouling properties.

In Chapter 6, the conclusion of this thesis was summarized.
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Chapter 2

Zwitterionic polymer modification of polyamide reverse
osmosis membranes via surface amination and atom transfer

radical polymerization for anti-biofouling

2.1. Introduction

Polyamide reverse osmosis (RO) membranes are on the cutting edge of membrane
technology, being widely applied for seawater and brackish water desalination, as well as water
reuse, owing to their compactness, modularity, reliability, and energy- and space-saving [1].
These membranes exhibit excellent performance to purify water containing organic foulants such
as bacteria, proteins, and polysaccharides [2-5]. One of the major drawbacks of most polyamide
RO membranes is biofouling, which causes the water flux decline, shortens the membrane lifetime,
and increases the energy consumption [6, 7]. Therefore, many strategies have been devised to
achieve ultra-low biofouling [8].

Increasing the hydrophilicity of membrane surfaces is regarded to be an effective method to
reduce biofouling because the hydration layer forms an energetic barrier to prevent foulant
adsorption [9-11]. Thus, extensive efforts have been devoted to investigating surface

modifications of polyamide RO membranes with hydrophilic materials. Poly(ethylene glycol)
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(PEG) has been proposed as an anti-biofouling material because neutrally charged PEG grafting
results in high surface hydrophilicity and excluded volume effects, improving the resistance
toward nonspecific adsorption of organic foulants [12]. However, PEG tends to auto-oxidize in
the presence of oxygen, losing its antifouling capacity [13].

Over recent years, zwitterionic polymers such as polyphosphobetaine, polysulfobetaine,
and polycarboxybetaine have been considered as excellent anti-biofouling materials [14-17].
Zwitterionic species containing both positively and negatively charged groups are able to bind
water molecules even more strongly and stably than other hydrophilic materials via
electrostatically induced hydration [18]. On zwitterionic polymer-grafted surfaces, the high water
content prevents the irreversible adsorption of organic foulants without significant conformational
changes [19]. Therefore, many researches about the surface modification of RO membranes using
zwitterionic polymers were conducted for anti-biofouling. Wang et al. modified the RO
membrane surface with polycarboxybetaine via redox-initiated reaction, and reported that the
permselectivity, anti-biofouling and cleaning properties of RO membranes were significantly
improved [20]. Gleason et al. reported the RO membranes modified with polycarboxybetaine [21]
or polysulfobetaine [22] via initiated chemical vapor deposition technique effectively prevented
the bacterial adhesion. Azari et al. incorporated a redox functional amino acid 3-(3,4-
dihydroxyphenyl)-L-alanine onto commercial RO membranes to create a zwitterionic surface that
resisted membrane fouling [23]. As above, the surface modification using zwitterionic polymer
is a promising way to prevent the bacterial adhesion. However, the effect of the polymer grafting
and polymer main chain length on the dynamic biofouling behavior for water filtration
applications has still not been clarified. The difficulty to evaluate the anti-biofouling properties is
time-dependent, slow and complicated behavior of biofouling [24]. Biofouling is sequential

phenomenon corresponding to bacterial adhesion, growth, biofilm formation, and pore blocking.
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In the previous studies, the protein-containing water [20, 23], bacterial suspended water [25-28]
or actual waste water like as membrane bioreactor-treated water [29, 30] were used as the feed
water. These systems wouldn’t reflect the biofouling behavior including bacterial adhesion,
bacterial growth, and biofilm formation on the membrane surface.

There are several preparation approaches for commercial polyamide RO membrane with
zwitterionic polymers, including redox reactions [20, 31], electrostatic coating [32], UV-initiated
radical grafting [33, 34], and initiated chemical vapor deposition [21, 22, 35]. However, these
modification methods have some major disadvantages, such as low surface density, low stability,
and degradation of the separation performance. Notably, all these approaches are limited to
increase the grafted-polymer density and control the polymer main chain length precisely. In
contrast, surface-initiated atom transfer radical polymerization (SI-ATRP) is a promising method
to accurately and efficiently control the main chain length of grafted polymers on material
surfaces [36]. Recently, SI-ATRP has been applied for the surface modification of water
purification membranes for specific applications, such as antifouling, stimulus-responsiveness,
adsorption functionalities, and pervaporation [37]. Initiator immobilization on the membrane
surface is a crucial step of SI-ATRP reactions. The acyl halide-type initiator a-bromoisobutyryl
bromide (BIBB) is generally used because acyl halide groups react readily with the hydroxyl and
amino groups of membrane surfaces. However, commercial polyamide RO membranes have a
small number of these terminal groups on their surface and are less reactive, limiting the reaction
with such initiators. To apply SI-ATRP to polyamide RO membranes, the modification of the
membrane fabrication process is feasible [25, 38, 39] but it is less acceptable to the
commercialization. Thus, additional efforts are needed to improve the immobilization of SI-

ATRP initiators for easy application on the polyamide RO membrane.
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Objectives in this work are firstly to develop an effective method to immobilize SI-ATRP
initiators on the less reactive surface of polyamide RO membranes, and secondly to evaluate the
effect of the main chain length of a zwitterionic polymer on biofouling prevention systematically.
3-Aminopropyltrimethoxysilane (APTS) was used to aminate the surface of a polyamide RO
membrane to improve the BIBB immobilization. Then, after BIBB immobilization, poly[2-
(methacryloyloxy)ethyl]dimethyl(3-sulfopropyl)ammonium hydroxide (pMEDSAH) was grafted
on the membrane surface via SI-ATRP. The main chain length of the grafted zwitterionic polymer
was controlled by changing polymerization time and quantified by gel permeation
chromatography (GPC). The surface chemical properties of the modified membranes with various
polymer main chain lengths were characterized by attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectroscopy, X-ray photoelectron spectroscopy (XPS), and contact angle
measurements. The surface morphology was observed using scanning electron microscopy (FE-
SEM) and atomic force microscopy (AFM). The biofouling resistance of the modified membranes

was evaluated by static bacterial adhesion and dynamic biofouling filtration experiments.

2.2. Experimental
2.2.1. Materials

Commercial polyamide RO membranes (ES20) were purchased from Nitto Denko (Osaka,
Japan). 3-Aminopropyltrimethoxysilane (APTS) was used to modify the surface of the RO
membranes. a-Bromoisobutyryl bromide (BIBB; Sigma-Aldrich, St. Louis, MO, USA) was used
as the initiator for SI-ATRP. L-Ascorbic acid (Tokyo Chemical Industry, Tokyo, Japan), copper
(IT) bromide (CuBr), and tris(2-pyridylmethyl)amine (TPMA) were used for the SI-ATRP
reaction. MEDSAH (Sigma-Aldrich) was used as the zwitterionic monomer. Ethyl-2-

bromoisobutyrate (EBIB; Tokyo Chemical Industry) was used as the SI-ATRP initiator for
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polymerization in solution. Sphingomonas paucimobilis NBRC 13935 was obtained from the
NITE Biological Resource Center (Chiba, Japan) and used as the model bacteria strain. Tryptic
soy broth (TSB; Becton, Dickinson and Company, Franklin Lakes, NJ, USA) was used to culture
the bacteria and SYTO9 (Life Technologies, Carlsbad, CA, USA) to stain them. All other
chemicals were purchased from Wako Pure Chemical Industry, Osaka, Japan. Milli-Q water was
obtained from a Milli-Q water purification system (Merck Millipore, Darmstadt, Germany) and

used in all the experiments.

2.2.2. Membrane modification
A scheme of the membrane modification process is presented in Fig. 2.1. First, a
pretreatment was performed to facilitate the BIBB immobilization. A circular polyamide RO
membrane with 36-mm diameter was immersed in an aqueous solution of APTS and then
subjected to vacuum at room temperature for 10 min. Then, the membrane was immersed in a
hexane solution of BIBB at room temperature for 1 min and rinsed thoroughly with hexane and
Milli-Q water.
For the SI-ATRP reaction, the BIBB-immobilized membrane was placed in a glass bottle.
A mixture of 14.0 mL Milli-Q water and methanol (1:1, v/v) containing 10 mmol of MEDSAH
and 0.8 mmol of ascorbic acid were added to the bottle. After 10 min of nitrogen bubbling, 4 mL
of Milli-Q water/methanol (1:1, v/v) containing 0.02 mmol of CuBr; and 0.04 mmol of TPMA
was added to initiate the SI-ATRP reaction. The mixed solution was then stirred for a given
polymerization time, after which RO membrane grafted with pMEDSAH was obtained. The
membrane was washed with Milli-Q water in a shaker overnight at 40 °C and kept in Milli-Q

water for further use.
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The BIBB-immobilized membranes are denoted by xSyB, in which x and y indicate the

concentration of APTS (vol%) and BIBB (wt%) during membrane fabrication, respectively.
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Fig. 2.1. Scheme of the SI-ATRP reaction of MEDSAH on a polyamide RO membrane after

APTS pretreatment.

2.2.3. Surface characterization
2.2.3.1. Surface morphology

The surface morphology of the fabricated membranes was observed by both field emission
scanning electron microscopy (FE-SEM; JSF-7500, JEOL, Tokyo, Japan) and atomic force
microscopy (AFM; SPA-400, Hitachi High-Technologies, Tokyo, Japan). The surface roughness
R, was determined by AFM using the dynamic force mode and a SI-DF40 cantilever. For FE-
SEM and AFM observation, the membrane samples were freeze-dried under vacuum using a

freeze-dryer (FDU-1200, Tokyo Rikakikai, Tokyo, Japan).

2.2.3.2. Chemical and physical properties
The surface chemistry of the pristine and modified membranes was evaluated by ATR-FTIR
spectroscopy (Nicolet iS5, Thermo Fisher Scientific, MA, USA). The surface elemental content

of the membranes was evaluated by XPS (JPS-9010MC, JEOL). Before the measurements, the
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membranes were completely dried. The surface hydrophilicity of the membranes was determined
by the water droplet method in a contact angle meter (DM-300, Kyowa Interface Science, Saitama,
Japan). The reported contact angle values are the average of at least two different membrane

samples after ten measurements of each sample.

2.2.4. Quantification of grafted pMEDSAH

The main chain length of the pMEDSAH grafted on the membrane surface was evaluated
from SI-ATRP in solution using EBIB as the SI-ATRP initiator. The average molecular weight of
the synthesized pMEDSAH was determined by a GPC apparatus (Viscotek TDAmax, Malvern
Instruments, Worcestershire, UK) and a Shodex GF-510HQ column (Showa Denko, Tokyo,

Japan).

2.2.5. Membrane performance
2.2.5.1. Water permeability and salt rejection

The water permeability and salt rejection properties of the fabricated membranes were
evaluated using a laboratory scale cross-flow membrane test unit (Fig. 2.2), as described in a
previous study [40]. The effective surface area of the membrane was 8.0 cm?. Milli-Q water and
aqueous 0.05 wt% NaCl were used as the feed water to measure the water permeability and salt
rejection, respectively. The feed water was introduced at 2.0 mL/min using a plunger pump (NPL-
120, Nihon Seimitsu Kagaku, Tokyo, Japan). The applied pressure on the membrane was
controlled using a back-pressure valve at 0.75 MPa. The feed water side of the membrane surface
was magnetically stirred at 500 rpm. The water permeability (Z; L/(m* h MPa); LMH/MPa) was
calculated by:

. Q
T AXEXP (D

50



Chapter 2

where Q is the volume of accumulated permeate, 4 is the effective surface area of the membrane,
t is the time, and P is the applied pressure on the membrane surface. In the case of salt rejection
measurements, the electric conductivity of the feed (Cr) and permeate (Cp) water was monitored
with a conductivity meter (B-771, Horiba, Kyoto, Japan) and the salt rejection (R) was calculated

as follows:

% % 100 )

R () =

Permeate <— { —

S| [~

[
. == | s
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Feed water Pump Magnetic gauge Valve Condensate
stirrer

Fig. 2.2. Scheme of the laboratory-scale cross-flow membrane test unit to evaluate the membrane

performance.

2.2.5.2. Protein adsorption test

Bovine serum albumin labelled with fluorescein isothiocyanate (FITC-BSA, Sigma-Aldrich)
was selected as a model of proteins. First, 100 ppm of FTIC-BSA was dissolved in buffer solution
(pH=7.4) containing 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and
150 mM NaCl. The pristine and pMEDSAH-grafted membranes were immersed into the prepared
FTIC-BSA solution at 120 rpm and 30 °C for 1 hour, and washed with the HEPES buffer solution
three times at 120 rpm and 30 °C for 10 min. The membranes were observed using a confocal

laser scanning microscopy (CLSM; FV1000D, Olympus, Tokyo, Japan), and the fluorescence
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intensity on the membrane surfaces was quantified using ImageJ software (National Institutes of
Health, Bethesda, MD, USA). The relative fluorescence intensity was calculated by the following

equation.

Relative fluorescence intensity (%) =Ilﬂ x 100 (3)
RO

where 7, and Iro are the fluorescence intensity of the modified membrane and pristine RO

membrane, respectively.

2.2.5.3. Static bacteria adhesion tests

The bacterial adhesion propensity of the fabricated membranes was evaluated by static
bacteria adhesion tests, as described in a previous study [32]. Bacteria were precultured in TSB
medium for 12 h at 30 °C. Then, the precultured bacterial suspension was diluted 50 times with
fresh TSB medium and cultured again for 4 h at 30 °C. The bacterial suspension was diluted with
fresh TSB medium to a final optical density of 0.05 at 450 nm for each of the experiments. The
optical density was measured using a spectrophotometer (V-650, Jasco, Tokyo, Japan). The
membranes were immersed in a bacteria suspension at 120 rpm at 30 °C for 24 h. The membranes
were gently rinsed twice with aqueous 0.85 wt% NaCl and immersed in aqueous 0.85 wt% NaCl
containing SYTO9 for 20 min to stain the bacteria adhered to the membrane surface. To fix the
stained bacteria on the membrane surface, the membranes were immersed in aqueous 2.5%
glutaraldehyde for 3 min, and rinsed and kept in aqueous 0.85 wt% NaCl. The stained membranes
were observed using CLSM and the coverage of adhered bacteria was calculated with the ImagelJ

software.
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2.2.5.4. Dynamic biofouling filtration tests

The biofouling propensity of pristine and modified membranes was assessed by dynamic
biofouling tests, as described in a previous study [41]. This evaluation system can simulate the
biofouling behavior of bacterial growth, biofilm formation, and water flux decline. A bacterial
suspension was prepared similarly to that for the static bacterial adhesion tests. First, 2 mL
bacterial solution was poured on the surface of the fabricated membrane and incubated at 30 °C
for 1 h for adhesion of bacteria on the membrane surface. The membrane was briefly washed with
aqueous 0.85 wt% NaCl and set in a cross-flow membrane test unit (Fig. 2.2). TSB medium,
diluted five times with aqueous 0.85 wt% NaCl, was fed to the membrane cell at 2.0 mL/min and
1.5 MPa for 20 h. The organic concentration of this feed water is higher than that of actual waste
water to accelerate the biofouling [42, 43]. The feed water side of the membrane surface was
magnetically stirred at 200 rpm and the whole membrane cell was incubated at 30 °C. The
accumulated permeate weight was recorded to calculate the changes in the permeability. After the
filtration experiment, the tested membrane was washed with aqueous 0.85 wt% NaCl and the
adhered bacteria were stained with SYTO9, as described for the static bacterial adhesion tests.
The stained membrane surfaces were observed using CLSM and FE-SEM. The bacterial coverage

was calculated with the ImageJ software.

2.3. Results and discussion
2.3.1. Effect of APTS treatment on BIBB immobilization

In order to improve the initiator immobilization on the polyamide RO membrane, different
pretreatments were studied. Table 2.1 shows the effect of the pretreatments on the membrane
performance and Br ratio (Brig, measured by XPS) on the membrane surface after BIBB

immobilization. The BIBB-modified membrane without any pretreatment exhibited a similar
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membrane performance and Br ratio than the pristine membrane. BIBB is easily decomposed by
water and loses reactivity; therefore, BIBB was barely immobilized on the surface of the
membrane covered with water molecules. Drying the membrane before BIBB immobilization was
also attempted as a pretreatment. Although the BIBB content increased compared to that of the
membrane without any pretreatments, both the water permeability and salt rejection decreased,
indicating that the membrane structure collapsed upon drying. When the APTS-treated membrane
was reacted with BIBB, the Br ratio increased while the membrane performance was maintained.
The APTS treatment affords a polysiloxane layer on the membrane surface via a sol—gel reaction
that improves the salt rejection [44], while simultaneously introducing amino groups able to react
easily with BIBB. Therefore, the APTS treatment was applied as a SI-ATRP pretreatment

throughout the work described here.

Table 2.1. Effect of pretreatments before BIBB immobilization on the water permeability, salt

rejection, and Br ratio of the fabricated membranes

Water permeability NaCl Brig
Pretreatment

(LMH/MPa) rejection (%)  (atomic %)**
Pristine membrane* 67.48 97.3 0
No pretreatment 49.37 98.3 0.04
Drying 36.82 83.0 2.04
1 % (v/v) APTS treatment 50.48 96.9 1.98

All the results are the average of three measurements with less than 5% variation. The
BIBB concentration was 3 wt%.
* Without BIBB immobilization.

** Elemental ratio measured by XPS.
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2.3.2. Effect of APTS and BIBB concentration on BIBB immobilization

In order to optimize the conditions for BIBB immobilization, the effect of the concentration
of APTS and BIBB on the water permeability, salt rejection, and surface elemental ratio was
investigated. The water permeability and salt rejection properties of BIBB-immobilized
membranes at different APTS concentrations are presented in Fig. 2.3. With the increasing APTS
concentration, the water permeability decreased, while there were no significant changes in the
salt rejection. High APTS concentrations reduce the surface hydrophilicity due to the larger
number of carbon groups, affording a reduction of the water permeability and an increase of the
salt rejection [44]. Table 2.2 shows the elemental ratios of BIBB-immobilized membranes at
different APTS concentrations. The Si and Br ratios increased with the APTS concentration,

corresponding to the introduction of APTS and BIBB on the membrane surface, respectively.
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Fig. 2.3. Effect of the APTS concentration on the water permeability and salt rejection of pristine

and BIBB-immobilized membranes. The BIBB concentration was fixed at 3.0 wt%.
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Table 2.2. Effect of the APTS concentration on the surface elemental ratios of pristine and BIBB-

immobilized membranes

Elemental ratio (atomic %)

Membrane Cis O Nis Siap Briq
Pristine RO 70.74 16.42 12.84 0.00 0.00
0.5S3B 69.79 15.97 10.95 2.17 0.98
1S3B 67.67 17.01 10.57 2.77 1.98
2S3B 64.72 17.75 11.16 3.68 2.70
3S3B 65.64 16.95 10.17 4.09 3.15

Next, the effect of the BIBB concentration on the BIBB immobilization was investigated.

Fig. 2.4 shows the performance of membranes fabricated at different BIBB concentrations. The

salt rejection barely changed with the increasing BIBB concentration, although the water

permeability of the BIBB-immobilized membranes slightly decreased compared to that of the

pristine membrane. The BIBB layer hinders the permeation of water molecules [25]. The

elemental ratios of the membrane surfaces are presented in Table 2.3, which shows the Br ratio

increased with the increasing BIBB concentration, indicating that the APTS treatment promotes

the introduction of amino groups, thus facilitating the immobilization of BIBB on the surface of

the polyamide RO membranes.

In the following, BIBB immobilization was carried out with 1 vol% of APTS and 3 wt% of

BIBB, as these conditions resulted in the optimal immobilization of BIBB on the surface of the

commercial polyamide RO membrane while maintaining its performance at satisfactory levels.
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Fig. 2.4. Effect of the BIBB concentration on the water permeability and salt rejection of pristine

and BIBB-immobilized membranes. The APTS concentration was fixed at 1.0 vol%.

Table 2.3. Effect of the BIBB concentration on the elemental ratios of pristine and BIBB-

immobilized membranes

Membrane Elemental ratio (atomic %)
Cis O1s Nis Sizp Briq
Pristine RO 70.74 16.42 12.84 0.00 0.00
1S1B 63.97 19.05 11.24 2.12 1.01
1S2B 69.87 15.57 11.02 2.54 1.49
1S3B 67.67 17.01 10.57 2.77 1.98
1S5B 68.22 16.81 10.23 2.22 2.52

2.3.3. Effect of the polymerization time on the SI-ATRP of the RO membrane surface

Effect of the polymerization time of SI-ATRP on the structure of the RO membranes was
investigated. Figures 2.5 and 2.6 show the surface morphology and average roughness of the
membrane surfaces, respectively. The pristine and BIBB-immobilized membranes presented
ridge-and-valley structures. The surface roughness increased significantly upon BIBB

immobilization probably due to the aggregation of APTS during the immobilization process. With
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the increasing polymerization time, the surface structure became smoother and the surface
roughness decreased. It seems that pMEDSAH with longer main chain lengths is able to fill the

ridges and valleys of the polyamide layer [45].

pMEDSAH-grafted membranes

Fig. 2.5. FE-SEM and AFM images of the pristine (RO), BIBB-immobilized (1S3B), and
pMEDSAH-grafted membranes fabricated at different polymerization times. The scale bar in the

SEM images indicates 500 nm.
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Fig. 2.6. Surface roughness of the fabricated membranes determined by AFM.

Figure 2.7(a) shows the ATR-FTIR spectra of the membranes subjected to different

polymerization times. The chemical composition of the membrane surface was not significantly
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changed upon BIBB immobilization, as reported in a previous study [25]. The characteristic bands
of the main functional groups of MEDSAH (Fig. 2.7(b)) are observed in the spectrum of the
membrane after 10 min of SI-ATRP at 1720, 1039, and 953 cm, attributed to carbonyl, sulfonate,
and quaternary amine groups, respectively [46, 47]. The absorbance changes in these peaks are
presented in Fig. 2.7(c). The intensity of all these bands increased with the polymerization time.
In particular, the absorbance of the sulfonate group at 1039 cm™ increased more dramatically than
that of the other functional groups. Furthermore, the element sulfur was only detected by XPS in
the pMEDS AH-grafted membranes (Fig. 2.8), whose ratio increased with the polymerization time.
These results indicate that the main chain length of pMEDSAH on the membrane surface
increases with the polymerization time. The weight-average molecular weight of pMEDSAH on
the membrane surface was estimated by GPC. The SI-ATRP reaction was carried out in solution
using EIBB as the SI-ATRP initiator. The weight-average molecular weight of pMEDSAH
gradually increased from 22054 to 60811 kDa upon elongating the polymerization time from 30
to 120 min, indicating that the main chain length of pMEDSAH also increased with the

polymerization time.
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Fig. 2.7. (a) ATR-FTIR spectra of pristine (RO), BIBB-immobilized (1S3B), and pMEDSAH-
grafted membranes fabricated at different polymerization times; (b) chemical structure of
pMEDSAH and the absorbance wavelengths of its functional groups; and (c) variation in the

absorbance of the different functional groups with the polymerization time.
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Fig. 2.8. Sulfur content in pMEDSAH-grafted membranes at different polymerization times.

Water contact angle measurements were carried out to investigate the surface hydrophilicity
of the fabricated membranes. Fig. 2.9 shows the water contact angle of the fabricated membranes.
The water contact angle significantly decreased after BIBB immobilization (1S3B) and SI-ATRP
treatment. The short hydrocarbon chain of APTS reduced the surface hydrophobicity [44]. Upon
pMEDSAH grafting, the water contact angle was further reduced and the membrane surface
became hydrophilic due to the strong hydration capacity of the zwitterionic polymer [48]. The
hydrophilicity of the membrane surface slightly increased with the increasing polymerization time.
These results further confirm the introduction of the zwitterionic pMEDSAH on the surface of

polyamine RO membranes is very useful to make the membrane surface more hydrophilic.
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Contact angle (°)
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Fig. 2.9. Contact angle of pristine RO and pMEDSAH-grafted membranes at increasing

polymerization times.

The water permeability and salt rejection properties of the fabricated membranes are
presented in Fig. 2.10. With the increasing polymerization time, the water permeability decreased
gradually owing to a thick layer of pMEDSAH formed on the membrane surface, resulting in

hindered water permeation. On the other hand, the salt rejection barely changed upon pMEDSAH

grafting.
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2.3.4. Static bacterial adhesion on pMEDSAH-modified membranes

Resistance to bacterial adhesion is critical for biofouling mitigation since the adhesion of
bacteria typically leads to subsequent colonization and formation of biofilms [49]. The bacterial
adhesion data for the pristine and pMEDSAH-grafted membranes at different polymerization
times from static adhesion tests are shown in Fig. 2.11. The degree of bacterial adhesion was
clearly prevented by pMEDSAH-grafting, which decreased with the increasing polymerization
time, similarly to the case of the surface hydrophilicity. The pMEDSAH-grafted membranes also
effectively prevented the protein adsorption (Fig. 2.12) as same as previously reported [38, 50].
The tendency of the prevention of the protein adsorption showed a same manner as that of the
bacterial adhesion, suggesting that the bacterial adhesion is partially caused by the proteins on
their surface [51]. As the membrane surface becomes more hydrophilic, a hydration layer is easily
formed on the membrane surface, which prevents the adsorption and deposition of hydrophobic

bacteria on the membrane surface, thus reducing fouling [52].
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Fig. 2.11. Bacterial adhesion on pristine and pMEDSAH-grafted membranes at different

polymerization times.
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Fig. 2.12. The relative fluorescence intensity of the pMEDSAH-grafted membranes with various

polymerization time.

2.3.5. Dynamic biofouling

Finally, the effect of the main chain length of the grafted pMEDSAH on the biofouling
behavior of RO membranes was investigated. Fig. 2.13 shows the changes in the water
permeability from cross-flow bacterial filtration tests. The permeability of the pristine membrane
remarkably decreased after 10 h, suggesting the biofilm formation and pore blocking. On the other
hand, that of the pMEDSAH-grafted membranes, especially with over 60-min polymerization,
didn’t show the permeability decline at 10 h. After 20-h filtration experiments, the water
permeability of the pMEDSAH-grafted membranes was higher than that of the pristine membrane,
which decreased to values below 40% of the initial value. Such a permeability reduction was
inhibited upon pMEDSAH grafting, and the suppression degree increased with the increasing
polymerization time. At polymerization times of 10, 30, and 40 min, the water permeability
decreased slightly after 20 h of filtration. On the other hand, when the polymerization time was

over 60 min, the pMEDSAH-grafted membranes maintained the initial water permeability
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throughout the filtration test. Although the membranes modified by polymerization for 60 min
presented a lower initial permeability than the pristine membrane due to the surface modification,
it exhibited the highest water permeability after 20 h of filtration because of the complete

biofouling prevention.
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Fig. 2.13. Time course for the water permeability of pristine and pMEDSAH-grafted membranes

from biofouling filtration tests using a cross-flow membrane test unit.

Figure 2.14 shows the biofilm structure on the tested membrane surfaces obtained by
CLSM and SEM. The surface of the pristine membrane appears significantly covered with
bacteria, indicating that bacteria easily adhere to the pristine membrane surface and form a biofilm.
With the increasing polymerization time, the biofilm became smaller and thinner, as well as less
dense. Fig. 2.15 compiles the bacterial adhesion data obtained from static adhesion tests and
dynamic biofouling tests. The bacterial coverage from both static bacterial adhesion and dynamic
biofouling tests decreased with the increasing polymerization time. However, the relationship

between two correlated data was not a linear correlation. Regarding the pMEDSAH-grafted
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membrane after 1 h of polymerization, the bacterial adhesion in the dynamic biofouling test was
prevented more significantly than that in the static adhesion test. The main chain length of the
grafted polymer is one of the important factors influencing the biofouling behavior. pMEDSAH
with short main chain length reduces the adhesion force of bacteria on the polyamide RO
membrane surface and prevents the bacterial adhesion, although it barely reduced the biofilm
growth in the dynamic tests, while pMEDSAH with longer main chain length is able to prevent
both bacterial adhesion and biofilm growth.

The poly-zwitterionic materials used in this study have both positively and negatively
charged moieties on the same monomer unit, resulting in uniform charge distribution and
neutrality on the membrane surface. Through electrostatically induced hydration, zwitterionic
materials are able to bind water molecules even more strongly and stably than other hydrophilic
materials such as PEG and polyvinyl alcohol. In this way, poly-zwitterionic materials with
suitable main chain length are able to maximize the surface hydration and reduce the electrostatic
interactions with the foulant [18]. Moreover, the dense and smooth surface obtained with the
zwitterionic polymer with longer main chain length also leads to excellent biofouling resistance
owing to the lower surface roughness, which reduces the surface area for membrane—foulant
interactions [53, 54]. In addition, the movement of pMEDSAH chain will be easier and larger in
the case of longer chain [55], which is another reason for the prevention of biofouling. Thus,

control of the architecture of the grafted polymer is crucial to develop anti-biofouling membranes.
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Fig. 2.14. Bacteria adhesion on the surface of pMEDSAH-grafted membranes at different
polymerization times after dynamic biofouling filtration tests. 3D images obtained by (a) CLSM

and (b) FE-SEM. The scale bar in the FE-SEM images indicates 50 pm.
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Fig. 2.15. Relationship between the bacterial adhesion from static bacterial adhesion tests and
dynamic biofouling filtration tests. The bacterial coverage on the pMEDSAH-grafted membranes

was normalized to that on the pristine membrane. The bacterial coverage in the dynamic

biofouling tests was obtained by analyzing the CLSM images with the ImageJ software.
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2.4. Conclusions

In this work, a surface modification method for polyamide RO membranes with a
zwitterionic polymer via aminosilane treatment and SI-ATRP was proposed for surface amination
and anti-biofouling purposes. The APTS treatment effectively introduced amino groups on the
polyamide layer of the RO membrane and facilitated the immobilization of an SI-ATRP initiator
(BIBB), while maintaining the water permeability and salt rejection properties of the original
membrane. A zwitterionic polymer, pPMEDSAH, was grafted on the surface of BIBB-immobilized
membranes and its main chain length was found to increase with the polymerization time. The
hydrophilicity and static bacterial adhesion of the membranes was improved by increasing the
polymerization time. The dynamic biofouling tests showed that biofilm formation and biofouling
were effectively prevented by the pMEDSAH grafting and the increase of polymerization time.

The strategy using APTS treatment is applicable for facilitating the SI-ATRP initiator
immobilization on less reactive surfaces of commercial RO membranes, maintaining the
permeation properties. Furthermore, this study not only demonstrated the great potential of the
zwitterionic polymer modification of RO membranes for the biofouling prevention, but also
clarified that the control of the pMEDSAH main chain length is necessary to obtain the best

performance for the improvement of the anti-biofouling property.
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Chapter 3

Effect of polymer structure modified on RO membrane
surfaces via surface-initiated ATRP on dynamic biofouling

behavior

3.1. Introduction

For nearly 30 years, polyamide membranes are the predominance of the commercial
reverse osmosis (RO) membrane market [1]. The major concern of RO membranes in desalination
systems is membrane fouling [2-6]. The fouling of RO membranes has four classifications:
colloidal fouling, crystalline fouling, organic fouling, and biofouling. In general, simply
decreasing the foulant contents in feed water enables to control the first three types of fouling
effectively but not works for biofouling [7-10], which makes the biofouling become the most
severe problem for RO membrane processes.

Biofouling on water purification membranes is a complicated phenomenon that bacteria
adhere on the membrane surface initially, and then secret extracellular polymeric substances
where they inset and form biofilms by weak chemical interactions including van der Waal’s,
hydrogen-bonding, electrostatic, hydrophobic interactions [11]. Biofilm development is based on
the induction, logarithmical growth and plateau phase [8]. The overall hydraulic resistance and

the fluid friction resistance of the membrane will be augmented once the plateau phase occurs
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[12], which causes a severe permeability decline, demanding increased energy usage to reach the
higher pressures required to maintain flux. Therefore, extensive researches focus on exploring the
anti-biofouling materials applicable to polyamide RO membranes.

2-Hydroxyethyl methacrylate (HEMA), poly(ethylene glycol)methacrylate (PEG) and
zwitterionic polymers that have been widely used for antifouling materials. PolyHEMA
(pHEMA) has been shown to have good stability and biocompatibility [13]. Kochkodan et al. [3]
found that the polyethersulfone and poly(vinylidene fluoride) (PVDF) membranes effectively
resisted the adhesion of Escherichia coli after the pHEMA coatings [14]. Song et al. showed that
the polysulfone membranes coated with pHEMA were able to reduce oil emulsion fouling [15].
Yan et al. claimed that the PVDF membranes with pHEMA brushes simultaneously achieved the
higher water permeability and ultralow protein absorption [16].

PEG is a promising antifouling polymer that has good hydrophilicity and nontoxicity [17].
It is effective using surface-bounded PEG molecules for surface modification to prevent the
membrane surfaces from the hydrophobic or large molecules [18], which already has been applied
in microfiltration [19, 20], ultrafiltration [21, 22], nanofiltration [23], and RO [24-26] membranes
for antifouling. For example, Belfer and Freger et al. grafted PEG onto polyamide RO membrane
surfaces using a redox-initiated method to improve fouling resistance [24, 25].

A zwitterionic monomer exhibits overall electrical neutrality resulting from an identical
amount of cationic and anionic groups [27]. A previous study already reviewed and proposed the
great  anti-biofouling potential of the  poly[2-(methacryloyloxy)ethyl]dimethyl(3-
sulfopropyl)ammonium hydroxide (pMEDSAH) which is one of the most presentative
zwitterionic polymers [28].

Based on the review above, the pHEMA, polyPEG (pPEG), and pMEDSAH enable to

improve the anti-biofouling properties of membranes. This good anti-biofouling property is
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related to hydrophilic groups of each polymer. However, the systematically comparative study of
each polymer on anti-biofouling has not been reported. Therefore, more understanding is needed
on how the polymer structure, including the hydration and polymer chain length, influences the
membrane biofouling behavior, which will provide more guidance for choosing the anti-
biofouling polymers and offer more insight on how to furthest enhance the anti-biofouling
property of membranes by using these anti-biofouling polymers.

In this research, HEMA, PEG (average M, = 360), and MEDSAH monomers were selected
to investigate the influence of the polymer structure grafted on the membrane surface, because
they have a different, typical structure correlated with the non-biofouling ability. First, the
formation of a hydration layer, which adsorbs water molecules tightly, is critical for anti-
biofouling, as the hydration layer is an effective barrier to resist the adsorption of foulants [29,
30]. One unit of HEMA and PEG is able to integrate with one and six water molecules,
respectively, because each unit of -CH>CH,O- includes an oxygen atom integrated with one water
molecule via the hydrogen bonding. In contrast, one MEDSAH monomer consists of a cationic
quaternary ammonium group and an anionic sulfonate, which is integrated with eight water
molecules via the electrostatic interaction [29]. The order of hydration is: MEDSAH > PEG >
HEMA. Secondly, chain flexibility also plays an important role in anti-biofouling, because it can
result in a steric repulsion to resist the adsorption of foulants. The high chain flexibility results
from the long chain length including side chain length and main chain length. The side chain
length was defined as the length of offshoot extending from backbone of the monomer [31]. Based
on the chemical structure, HEMA, PEG, and MEDSAH monomers have the different side chain
length, and the theoretical order of the side chain length is: PEG > MEDSAH > HEMA. The main

chain length was defined as the number of monomer unit in a polymer [32]. And the main chain

length can be controlled by the polymerization time. A comprehensive study that meticulously
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explores the characterizations of these polymer structures, thoroughly analyzes their effect on
dynamic biofouling behavior, and carefully assesses the anti-biofouling mechanism could
significantly facilitate the fabrication of desirable anti-biofouling membranes.

In order to precisely control the main chain length of the polymers on the membrane surface,
surface-initiated atom transfer radical polymerization (SI-ATRP) was applied in this research.
Although at present there are several surface modification approaches such as UV-initiated radical
grafting, redox reactions, electrostatic coating, and initiated chemical vapor deposition, these
modification methods have some major disadvantages, such as low surface density, low stability,
and degradation of the separation performance. More importantly, all these approaches are limited
to control the main chain length of the polymer accurately. In contrast, SI-ATRP has an excellent
ability of controlling the polymer main chain length because of the narrow polydispersity and
relatively slow polymerization [33, 34]. Therefore, SI-ATRP is a desirable modification method
for systematically exploring the characterization of polymer structure on the membrane surface.

Additionally, previous studies have mainly focused on developing surface modification
methods with HEMA, PEG, and zwitterionic polymers for preventing protein fouling or bacterial
adhesion. However, biofouling is a sequential phenomenon associated with initial bacterial
adhesion, growth, and biofilm formation. Particularly, biofilm formation is a time-dependent,
tardy, and complicated behavior that cannot accurately be reflected by simple membrane
evaluation systems using bacterial suspended water, protein-containing water, or actual
wastewater as feed water [9, 10, 35, 36]. A dynamic biofouling filtration test established in a
previous study can simulate these sequential phenomenon [28].

In this research, the features of various hydrophilic polymers were systematically
characterized and the effect of polymer structure on biofouling behavior of polyamide RO

membranes was assessed. First, pHEMA, polyPEG (pPEG), and pMEDSAH were grafted on
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polyamide RO membranes surface via surface-initiated atom transfer radical polymerization (SI-
ATRP). In order to isolate the effect of the main chain length, the grafting density was fixed by
using the same concentration of initiators, and different SI-ATRP polymerization time was applied
for merely controlling the main chain length of the grafted polymer on the membrane surfaces.
To assess the grafted polymer structure, the surface chemical properties of the modified
membranes were analyzed by using attenuated total reflection-Fourier transform infrared (ATR-
FTIR) spectroscopy and X-ray photoelectron spectroscopy (XPS). The thickness of the active
layer and surface roughness were evaluated by field emission scanning electron microscopy (FE-
SEM) and the atomic force microscopy (AFM), respectively. Furthermore, the molecular
dynamics (MD) simulation was used for determining side chain length and hydrogen number of
given polymers with water molecules. To evaluate biofouling behavior of grafted membranes,

static bacterial adhesion tests and dynamic biofouling filtration tests were conducted.

3.2. Material and methods
3.2.1. Materials

Polyamide RO membranes (ES20, Osaka, Japan) were used as a model of commercial RO
membranes. HEMA (Tokyo Chemical Industry) and PEG (average M, = 360; Sigma-Aldrich, St.
Louis, MO, USA) and MEDSAH (Sigma-Aldrich) were used as hydrophilic monomers. 3-
Aminopropyltrimethoxysilane (APTS; Wako Pure Chemical Industry, Osaka, Japan), Ethyl a-
bromoisobutyrate (EBIB, Tokyo Chemical Industry), a-Bromoisobutyryl bromide (BIBB; Sigma-
Aldrich), copper (II) bromine (Wako Pure Chemical Industry), tris(2-pyridylmethyl)amine (Wako
Pure Chemical Industry) and L-ascorbic acid (Tokyo Chemical Industry, Tokyo, Japan) were used
for SI-ATRP reaction. Sphingomonas paucimobilis NBRC 13935 (NITE Biological Resource

Center, Chiba, Japan), SYTO9 (Life Technologies, Carlsbad, CA, USA), tryptic soy broth (TSB;
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Becton, Dickinson and Company, Franklin Lakes, NJ, USA) were used for bacterial experiments.

Milli-Q water was used for all the experiments.

3.2.2. Synthesis and characterizations of bulk polymers

To synthesize the bulk polymer of pHEMA, pPEG, and pMEDSAH, 1:1(v/v)
methanol/Milli-Q water was selected as a solvent for polymerization solution. First, 6.2 mL of
monomer aqueous solution containing 5 mmol monomer was put into a 50-mL glass bottle. Then,
0.8 mL of 0.5 M ascorbic acid as a reducer, and 1 mL of 88 mM EBIB as an initiator were added
to the bottle. After 10 min of nitrogen bubbling, 2 mL aqueous solution containing 0.02 mmol of
CuBr; (catalyst) and 0.04 mmol of TPMA (ligand) were added by a syringe to initiate the SI-
ATRP reaction. The reaction was conducted at 25 °C for giving polymerization time. Then, the
polymerization solution was diluted five times by Milli-Q water for reaction termination and then
dialyzed in the Fisherbrand dialysis tubing (MWCO 3500) against Milli-Q water for 1 week,
followed by freeze drying. The synthesize bulk polymers, pHEMA, pPEG, and pMEDSAH are
represented as Hx, Px, and Mx, respectively, where x indicates the polymerization time (min).

Chemical composition of synthesized bulk polymers was analyzed by '"H-NMR spectrometer
(JEOL RESONANCE, Tokyo, Japan). 0.02 g collected powder of synthesized bulk polymers was
dissolved in 0.5 mL D,O for '"H-NMR measurement.

The weights and polymerized monomer amount of the synthesized bulk polymers was
characterized to estimate the main chain length of pHEMA, pPEG, and pMEDSAH. The weights
were obtained from the dried polymers after SI-ATRP, and the polymerized monomer amount

(mmol) was calculated as follows.

n (mmol) = #‘:ﬂﬂ) x 1000 (1)

where n is the polymerized monomer amount of the synthesized bulk polymers, m is the weight

77



Chapter 3

of the synthesized bulk polymers, M is the molecular weight of each monomer. Specifically, M
value of HEMA, PEG, and MEDSAH are 130.1 g/mol, 360 g/mol, and 279.4 g/mol, respectively.
Since an initial monomer amount is the same and grafting density is fixed by using the fixed
concentration of initiator EBIB, the polymerized monomer amount reflects the main chain length

of the synthesized polymers.

3.2.3. Membrane surface modification

The pHEMA-, pPEG-, and pMEDSAH-grafted membranes are fabricated by SI-ATRP, as
described in a previous study [28]. Briefly, a polyamide RO membrane was immersed in 1 vol%
APTS aqueous solution for 10 min to aminate the surface and 3 wt% BIBB hexane solution for 1
min to immobilize SI-ATRP initiator, and applied to the SI-ATRP reaction as descripted in a
previous study [28]. pHEMA -, pPEG-, and pMEDSAH-grafted membranes are represented as Hx,

Px, and M, respectively, where x indicates the polymerization time (min).

3.2.4. Surface characterizations
3.2.4.1. Chemical composition

The analysis of surface chemical composition was handled by both ATR-FTIR spectroscopy
(Nicolet iS5, Thermo Fisher Scientific, MA, USA) and XPS (JPS-9010MC, JEOL). The degree
of grafting (DG), which is an index of a chemical composition of a specific functional group [37],
was used to estimate the main chain length of the grafted polymer, because it is difficult to
accurately measure the main chain length on the membrane surface. pHEMA, pPEG, and
pMEDSAH have C=0 groups which is represented at 1720 cm™ in the ATR-FTIR spectra, thus
the DG values attributed to C=0 groups enable to estimate the monomer units of the grafted

polymer on the membrane surface. The same DG value leads to the same main chain length of
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grafted polymers under the same grafting density. The DG value was calculated via ATR-FTIR

spectra of the modified membranes using the following formula:

DG = Imodify (2)

Imem

where Loay and Lyen are the intensity value of the C=0 peak at 1720 cm™ from the surface of
pHEMA, pPEG, and pMEDSAH-grafted membranes [20] and the intensity value of the N-C peak

at 1540 cm™! band from polyamide RO membrane surface [38], respectively.

3.2.4.2. Membrane morphologies

The morphology of the surface and cross section of the modified membranes was observed
via the FE-SEM (JSF-7500, JEOL, Tokyo, Japan). The cross-section images were also applied to
quantify the modification layer thickness of the grafted polymers. Additionally, the surface
roughness was evaluated by AFM (SPA-400, Hitachi High-Technologies, Tokyo, Japan) using a
dynamic force mode and a SI-DF40 cantilever. All the membrane samples were freeze-dried

before FE-SEM and AFM observations.

3.2.4.3. Surface hydrophilicity

Surface hydrophilicity was estimated through the captive air bubble technique by using a
contact angle meter (DM-300, Kyowa Interface Science, Saitama, Japan). An air bubble was
injected to contact with the membrane surface inverted in Milli-Q water, and determined the air
contact angle from the average value of 10 measurements. A larger air contact angle correlates

with a more hydrophilic surface.

3.2.4.4. MD simulation

A hydrogen-bond network was formed within the polymer when water molecules penetrate
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into the polymer. The polymer that is highly hydrated exhibits a non-biofouling property, and,
thus, hydration plays an important role in anti-biofouling propensity [39]. Based on molecular
dynamics (MD) simulation procedures, three molecular models, pHEMA, pPEG, and pMEDSAH
were established via BIOVIA Materials Studio® commercial software for analyzing the hydration
feature. The model construction and simulation parameters are shown in the supplementary data.

Relative hydrogen bond number (Rk) was used to characterize hydration and calculated as

follows:
Rh=1 x 100% 3)

where h is the number of hydrogen bond in the simulation module formed between water
molecules and polymer molecules; H is the number of hydrogen bond in the simulation module
of pHEMA, pPEG, or pMEDSAH, which are 700, 500, and 500, respectively.

In addition, the side chain length of HEMA, PEG, and MEDSAH monomers was determined

by MD as well.

3.2.5. Membrane performances
3.2.5.1. Membrane transfer parameters

The membrane transfer parameters including water permeability and salt rejection properties
were estimated as described in previous studies [28, 40]. The water permeability (LMH/MPa) and
salt rejection (%) against a 0.05 % NaCl solution (implies 0.05 g NacCl fill to 100 mL Milli-Q
water) were calculated using the accumulated permeate weight and electric conductivity,

respectively.

3.2.5.2. Static bacteria adhesion and dynamic biofouling filtration

Membrane biofouling refers to the undesirable accumulation of microorganisms, which
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attach and grow on a membrane surface [41]. Specifically, bacterial attachment is an early stage
of RO membrane biofouling, which was determined by a static bacterial adhesion test; biofilm
growth follows as the bacterial adheres to the membrane surface, whose procedure was evaluate
by a dynamic biofouling filtration test. Sphingomonas paucimobilis NBRC 13935 was selected
as the module bacteria. And the experimental protocols were described in previous studies [28,
42].

Briefly, for the static bacterial adhesion test, the pristine RO membrane and modified
membranes were immersed in bacterial suspension and then shaken at 120 rpm at 30 °C for 24
hours. For the dynamic biofouling filtration test, in order to determine the role of biofilm growth
on biofouling behavior, first, 2 mL bacterial suspension was added on the membrane surface and
incubated at 30 °C for 1 h for initial bacterial adhesion of bacteria. Afterwards, the membrane was
briefly washed with aqueous 0.85 wt% NaCl and set in a cross-flow membrane test unit (effective
membrane area: 8.07 cm?). An aqueous medium containing 3 g/L TSB medium and 7.65 g/L NaCl
was fed to the membrane cell at 2.0 mL/min and 1.5 MPa for 20 hours. The weight of accumulate
permeate was recorded.

After the static bacterial adhesion and dynamic biofouling tests, all the tested membranes
were stained with SYTO9 and observed the status of bacterial attachment and biofilm formation
using confocal laser scanning microscopy (CLSM; FV1000D, Olympus, Tokyo, Japan). The

normalized bacterial coverage was calculated as follows:

Normalized bacterial coverage = Cm'édﬂ X 100% 4)
RO

where Cro and Cpegirieq are bacterial coverage of pristine and modified membranes,
respectively, analyzed by Imagel software (National Institutes of Health, Bethesda, MD, USA)

from CLSM images.
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3.3. Results and discussion
3.3.1. Characterizations of synthesized bulk polymers

"H-NMR spectra of synthesized bulk polymers were shown in Fig. 3.1. The peak area of
pHEMA and pMEDSAH became larger with the increase of polymerization time (Fig. 3.1 (a) and
(b)), suggesting that the main chain length grew. However, 'H-NMR spectra of the bulk pPEG
can not be obtained because the molecular weight of bulk pPEG is very high, which made it

difficult to be dissolve in any solvent.

(b) poly[2-(Methacryloyloxy)ethyl]dimethyl-(3-sulfopropyl)
ammonium hydroxide (p)MEDSAH)

(a) poly(2-Hydroxyethyl methacrylate) (pHEMA)
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Fig. 3.1. "H-NMR spectra of the synthesized bulk polymers with various polymerization time: (a)

pHEMA; (b) pMEDSAH. '"H-NMR spectra of pPEG is unable to obtain because the molecular

weight is too high to dissolved in any solvent.

Table 1 shows the weights and polymerized monomer amounts of the synthesized bulk

polymers. The weights and polymerized monomer amounts of pHEMA, pPEG, and pMEDSAH

increased with increasing the polymerization time, meaning the growth of the main chain length.

Besides, the polymerized monomer amounts of pHEMA, pPEG, and pMEDSAH at the same

82



Chapter 3

polymerization time presented the similar values, indicating the main chain length of each
polymer was almost same. These results demonstrated that the main chain length of pHEMA,

pPEG and pMEDSAH is controllable by using the SI-ATRP method.

Table 3.1. Weights and polymerized monomer amounts of the synthesized bulk polymers

Polymer Synthesized bulk polymer

code Weight (g) Amount (mmol)
H10 0.07 0.54
H30 0.18 1.38
H60 0.29 2.23
P10 0.21 0.58
P30 0.57 1.58
P60 0.93 2.58
M10 0.11 0.39
M30 0.32 1.15
M60 0.60 2.15

3.3.2. Membrane characterizations

The ATR-FTIR spectra of pHEMA- and pPEG-grafted membranes with various SI-ATRP
polymerization time are presented in Fig. 3.2 (a) and (b), respectively. In comparison to the spectra
of the pristine RO membrane, a C=0 peak at 1720 cm™' appears in those of the grafted RO
membranes, proving the existence of pHEMA and pPEG chains on the grafted RO membranes.
Additionally, the intensity of the C=0 peak in the spectra of the pHEMA- and pPEG- grafted
membranes clearly increased with polymerization time, indicating main chain length growth of
pHEMA and pPEG on the surface. The DG values calculated by equation (2) are shown in Fig.
3.2(c). The DG value increased with polymerization time, further indicating the main chain length

successfully increased during the SI-ATRP reaction. Moreover, with the same polymerization
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time, the DG values of pHEMA-, pPEG-, and pMEDSAH- grafted membranes were similar,
reflecting main chain length growth behavior of pHEMA, pPEG, and pMEDSAH is almost the
same when using the same SI-ATRP polymerization time. These results show highly agreement
on the result of synthesized polymer characterizations in section 3.3.1.

Table 3.3 displays the modification layer thickness measured by SEM (the SEM images
and detail calculation are presented in Fig. 3.3 and Table 3.3, respectively.) and elemental ratio
measured by XPS on the membrane surface after the modification with each hydrophilic polymer.
On all the pHEMA -, pPEG-, and pMEDSAH- grafted membrane, the modification layer thickness
increased with polymerization time. With the same polymerization time, the modification layer
thickness of pHEMA- and pMEDSAH-grafted membranes are similar but much lower than that
of pPEG-grafted membranes, this is probably because of the higher molecular weight of PEG
monomer.

About the elemental ratio presented in Table 3.2, on the surface of pHEMA- and pPEG-
grafted membranes, the nitrogen ratio, N1, decreased with polymerization time. As nitrogen exists
in the molecular structure of polyamide but not in that of HEMA and PEG, the decreased Ni;
signal results from the thicker modification layer. As for the pMEDSAH-grafted membrane, the
higher S,, composition confirms the thickness of pMEDSAH increased with polymerization time,
but Nis of pMEDSAH is not comparable with pHEMA and pPEG because nitrogen exists in the
molecular structure of pMEDSAH.

These results suggest that the main chain length of pHEMA-, pPEG-, and pMEDSAH-
grafted on the membrane surface at the same polymerization time is similar because of the similar
DG values. However, the modification layer thickness of pPEG-grafted membranes was larger

than that of pHEMA- and pMEDSAH- grafted membranes.
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Fig. 3.2. ATR-FTIR spectra of (a) pHEMA- and (b) pPEG- grafted membranes as a function of

polymerization time. (c) degree of grafting (DG) for the modified membranes. The data of

pMEDSAH was replotted from [28].

Table 3.2. Modification layer thickness and elemental ratio on the surface of the pHEMA-, pPEG-

and pMEDSAH-grafted membranes with various polymerization times.

Membrane = Modification layer Element composition (atomic %)
thickness (nm) Cis O Nis S 2
RO 0 73.22 17.05 9.73 0
H10 71 68.03 30.81 1.17 0
H30 324 67.25 32.66 0.09 0
H60 491 68.61 31.31 0.00 0
P10 263 69.05 30.38 0.57 0
P30 550 65.84 34.11 0.04 0
P60 849 66.12 33.88 0.00 0
M10* 46 69.28 19.31 10.09 1.31
M30* 317 68.86 20.64 8.54 1.97
M60* 532 68.55 22.11 6.89 245

* The element composition data of MEDSAH (M 10, M30 and M60) was replotted from [28].
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Fig. 3.3. Cross-sectional SEM images of the pristine RO membrane and pHEMA -, pPEG-, and
pMEDSAH-grafted membranes. The area between two dotted lines is a denser layer containing
the polyamide layer and modification layer and its total thickness (T;,¢4;) 1S presented below the

SEM images. The scale bar represents 500 nm.

The surface morphology was observed by SEM (Fig. 3.4), and the surface roughness (R.)
analyzed through AFM was shown in Fig. 3.5. From Fig. 3.4, the membrane surfaces after the
pHEMA and pPEG grafting were denser and smoother than that of the pristine membrane. With
the increase of polymerization time in the range of 10 to 60 min, the aggregation of the grafted
polymer was observed in the surface morphology because the polymers with a higher molecular

weight formed on the membrane surface.
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Table 3.3. Modification layer thickness of the grafted polymers on the pHEMA-, pPEG-, and

pMEDSAH-grafted membranes.

Samples Tiotar (nm) Ty (nm)
RO 156 -
H10 227 71
H30 480 324
H60 647 491
P10 419 263
P30 706 550
P60 1005 849
MI10 202 46
M30 473 317
M60 688 532

* — —_
Tg - Ttotal TPA

where the T, is the modification layer thickness of grafted polymer; Tiytq; is the total thickness
containing the polyamide layer and modification layer as shown in Fig. 3.3; Tp, is the thickness

of polyamide layer (156 nm) as shown in Fig. 3.3.

According to the result of surface roughness in Fig. 3.5, the surface of the pristine RO
membrane became smoother after the surface modification. On the pHEMA - and pPEG- grafted
membranes, with 10 to 60 min polymerization time, the difference of the surface roughness is less
than 10 nm, which can be regarded as an experimental error range. It suggested that with the
increase of main chain length and modification layer thickness, there is no significant effect on
the surface roughness of the pHEMA- and pPEG- grafted membranes. But overall, the pPEG-
grafted membrane surface was less rough than that of the pHEMA-grafted membrane. In contrast,
with the increase of the main chain length and modification layer thickness, the surface roughness

of the pMEDSAH-grafted membrane decreased significantly when the polymerization time over
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10 min, probably because the modification layer thickness of M10 membrane is too thin to affect

the surface roughness.
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Fig. 3.4. SEM images of pristine RO, pHEMA- and pPEG-grafted membranes with various

polymerization times. The scale bar represents 500 nm.
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Fig. 3.5. Average roughness of the pristine RO, pHEMA-, pPEG-, and pMEDSAH- grafted

membranes with various polymerization times. The data of pMEDSAH was replotted from [28].

The air contact angle of the pristine and modified membranes was shown in Fig. 3.6. The air

contact angle of all modified membranes was larger than that of the pristine RO membrane,
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indicating the pHEMA, pPEG, and pMEDSAH grafting made the polyamide RO membrane
surface more hydrophilic. The surface hydrophilicity of pHEMA- and pMEDSAH- grafted
membranes increased with increasing the polymerization time, while that of the pPEG-grafted
membrane had no obvious change after 30 min because its hydrophilicity reached to an
equilibrium state. Notably, with a polymerization time of 60 min, the pMEDSAH-grafted
membrane displayed similar surface hydrophilicity to the pPEG-grafted membrane, but the
surface of the pHEMA-grafted membrane was less hydrophilic than the other modified

membranes.
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Fig. 3.6. Air contact angle of the modified membranes.

Figure 3.7 presents the membrane transfer parameters including the water permeability and
salt rejection. Water permeability obviously decreased with increasing the polymerization time,
which displayed a trend similar to pMEDSAH grafting in a previous study [28], due to a thick
layer of pHEMA and pPEG. Specially, compared to the pristine RO membrane, P10 membrane
showed ~50 % decline of water permeability. Besides, even if the P10 membrane has similar main
chain length to H10 and M10 membranes, it still showed lower water permeability than that of

HI10 and M10 membrane. Because the modification layer thickness of P10 is 3.7 ~ 5.7 times
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higher than that of H10 and M10. Further, there was no permeate in the case of using PEG as a
monomer when over 10 min of the polymerization time was used, indicating P30 and P60
membranes are too thick (over 500 nm) to permeate water.

In Fig. 3.7, it can be seen that the surface modification has no significant effect on salt
rejection compared with the pristine RO membrane, remaining ~ 97 % salt rejection. This result
suggests that the SI-ATRP method doesn’t affect the structure and separation performance of the

active separation layer of the pristine RO membrane.
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Fig. 3.7. Water permeability and salt rejection of the pHEMA-, pPEG-, and pMEDSAH- grafted

membranes with various polymerization times. The data of pMEDSAH was replotted from [28].

3.3.3. Anti-biofouling performance

The bacterial coverage data for the static bacterial adhesion test are presented in Fig. 3.8,
and the CLSM images of the static bacterial adhesion test are shown in Fig. 3.9. Compared to the
pristine RO membrane, there was less bacterial amount adhered on the membranes modified with
pHEMA, pPEG, and pMEDSAH. The bacterial adhesion of pHEMA-grafted membranes

gradually decreased with the polymerization time from 4.3% (10 min) to 2.8% (60 min).
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pMEDSAH-grafted membranes also displayed a tendency similar to pHEMA, although the
bacterial adhesion decreased to a lesser 0.5 % (60 min). These results suggest that pHEMA or
pMEDSAH require the longer main chain length to express the anti-biofouling property. In
contrary, the pPEG-grafted membranes showed few (only 0.1 %) bacterial adhesion even with the

short main chain grafted within a short time.

Bacterial adhesion (%)
i

]
‘A‘—%Eﬂ

RO H10 H30 H60 P10 P30 P60 M10 M30 M60

AR

Fig. 3.8. Static bacterial adhesion of the modified membranes.

Fig. 3.9. CLSM images of the pristine RO and modified membranes after the static bacterial

adhesion test.
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Figure 3.10 demonstrates the variation of water permeability during the dynamic biofouling
filtration test and the detailed data on water permeability is displayed in Table 3.4. All the
modified membranes showed a smaller decline in water permeability and a larger final
permeability after 20 hours of filtration compared with the pristine RO membrane, indicating the
grafting of pHEMA, pPEG, and pMEDSAH is able to prevent the biofouling effectively and
remain of high efficiency. When the polymerization time increased, especially over 60 min, the
pHEMA- and pMEDSAH- grafted membranes effectively prevented biofilm formation and the
decline of water permeability, which kept at ~80 % and 96 % of initial values, respectively. The
pPEG-grafted membrane, with only 10 min of polymerization, not only had a high biofilm
resistance but also maintained 90 % of the initial water permeability. The pHEMA- and pPEG-
grafted membrane showed the different behavior, although their chemical structure is similar. The
longer side chain of pPEG probably resulted in the high anti-biofouling property. The water
permeability of P30 and P60 membrane was too low to test the dynamic biofouling filtration. As
the surface of P30 and P60 membranes is more hydrophilic than P10 membrane and showed the
similar surface roughness and bacterial adhesion to P10 membrane, it can be hypothesized that
the P30 and P60 might have similar anti-biofouling performance to the P10 membrane. These
results were corresponding to the CLSM images in Fig.3.11 which demonstrated that P10 and

M60 membrane showed the tiny bacterial coverage after 20 hours dynamic biofouling filtration.
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Fig. 3.10. Time course of water permeability during the dynamic biofouling filtration test. The

data of MEDSAH (M10, M30 and M60) was replotted from [28].

Table 3.4. Initial permeability, final permeability, and permeability decline of pristine RO and

modified membranes in dynamic biofouling filtration tests.

Membranes Initial permeability Final permeability Permeability
(LMH/Mpa) (LMH/Mpa) reduction (%)

RO 19.0 5.9 68.9

H10 14.8 8.7 41.2

H30 14.2 8.8 38.0

H60 10.4 8.1 219

P10 13.5 12.0 10.8

M10* 15.2 10.6 30.3

M30* 16.2 10.2 37.0

M60* 13.5 12.9 44

* The data of MEDSAH (M10, M30 and M60) was from [28].
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Higher amount of biofilm formed on the membrane surface causes the decrease of the water
permeability. In order to evaluate the biofilm formation and quantify the bacterial coverage on
the membrane surface after the dynamic biofouling filtration test, all the tested membranes were
observed using the CLSM. The CLSM images are displayed in Fig. 3.11 and the formed biofilm
is presented as the green area. In Fig. 3.11, there was a thicker and denser biofilm on the surface
of the pristine RO membrane compared to that of the pHEMA -, pPEG, and pMEDSAH- grafted
membranes, resulting in the higher decline of the water permeability. Moreover, pHEMA- and
pMEDSAH- grafted membranes with the longer polymerization time showed the less biofilm
formation, while there was few biofilm forming on the surface of pPEG-grafted membrane. These
results have an agreement on the result of the water permeability in the dynamic biofouling

filtration test.

1 00pm 1 00pm

Fig. 3.11. CLSM images of fouled membranes after 20-hour dynamic biofouling filtration. The

image of MEDSAH (M10, M30 and M60) was replotted from [28].
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Figure 3.12 summarizes the relationship among polymerization time, normalized bacterial
coverage in the static and dynamic tests. The detailed data are listed in Table 3.5. Compared with
the pristine RO membrane surface, all pHEMA-, pPEG-, and pMEDSAH- grafted membrane
surfaces had lower bacterial coverage. Specifically, in the range from 10 to 60 min of the
polymerization time, the normalized bacterial coverage of pHEMA- and pMEDSAH- grafted
membranes in the static bacterial adhesion test reduced from 58 % to 38 % and 48 % to 6 %,
respectively. In the dynamic biofouling filtration test, pHEMA- and pMEDSAH- grafted
membranes decreased from 84 % to 72 % and 95 % to 3 %, respectively. While the normalized
bacterial coverage of pPEG-grafted membranes, with 10 min polymerization time, was only ~1 %
in both the static and dynamic biofouling tests. These results indicate that the main chain length
of pHEMA and pMEDSAH plays a crucial role in fabricating anti-biofouling membranes because
their anti-biofouling performance changed significantly with changes in polymerization time.
Notably, the bacterial coverage between the dynamic biofouling filtration and the static bacterial
adhesion is not equivalent to each other. The former evaluation exhibits the whole biofouling
behavior composed of the initial adhesion, bacterial growth, and biofilm formation, while the
latter only represents the phase of the initial bacterial adhesion. Additionally, the hydrodynamic
shear force resulting from the cross-flow in the dynamic biofouling filtration test might prevent
the membrane surface from bacteria attachment and biofouling formation [42]. However, further

efforts are required to explain the different biofouling behavior between each polymer.
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Fig. 3.12. Relationship between normalized bacterial coverage in static bacterial adhesion and
normalized bacterial coverage in dynamic biofouling filtration. The dynamic biofouling filtration
data of MEDSAH was replotted from [28]. The direction of arrows means the increase of

polymerization time.
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Table 3.5. Normalized bacterial coverage data of the pristine and modified membranes after the

static bacterial adhesion and dynamic biofouling filtration tests.

Membrane  Polymerization Static bacterial adhesion test ~ Dynamic biofouling test

time (min) Bacterial Normalized  Bacterial Normalized

coverage (%) coverage (%) coverage (%) coverage (%)

RO 0 7.37 100 96.99 100
H10 10 4.28 58.03 81.90 84.44
H30 30 3.54 47.97 78.59 81.03
H60 60 2.80 38.04 69.58 71.73
P10 10 0.10 1.42 1.09 1.12
P30 30 0.09 1.22 / /

P60 60 0.09 1.22 / /
M10 10 3.56 48.25 91.69 94.54
M30 30 1.52 20.62 70.84 73.04
M60 60 0.47 6.32 291 3.01

In order to have a comprehensive understanding of how polymer structures of pHEMA,
pPEG, and pMEDSAH affect biofouling behavior, the MD simulation method was applied to
characterize the side chain length of each polymer and the relative hydrogen bond number (Rh)
with water molecules, which are presented in Fig. 3.13(a) and (b), respectively.

From the result of the polymer side chain length obtained from MD simulation in Fig. 3.13(a),

the side chain length of pPEG is 2~3 times longer than that of pHEMA and pMEDSAH. It
demonstrates that the higher molecule weight (Mw = M, = 360) and longer side chain length

(19.685 A) of PEG monomer might lead to the thicker modification layer of pPEG-grafted
membranes compared to that of pHEMA- and pMEDSAH- grafted membranes with the same
polymerization time as shown in Table 3.2. Besides, there is no significant difference on the side
chain length between MEDSAH (9.515 A) and HEMA (6.59 A), that is, there might be no
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significant difference on dimensional size. Therefore, as discussed in section 3.3.2, pMEDSAH-
grafted membranes have similar modification layer thickness to pHEMA-grafted membranes
even if the molecule weight of MEDSAH monomer (My = 279.35) is two times higher than that
of HEMA monomer (My = 130.14 g/mol).

Combining the experimental and MD simulation results, it can be seen that different polymer
structures may lead to different level of anti-biofouling properties, even the polymer is
hydrophilic and has been proposed as a good anti-biofouling material. For pPEG, as described in
Fig. 3.13(a), the longer side chain probably improves the mobility and flexibility of grafted
polymer. When the foulant closes to the surface, the compressed polymer chain produces steric
repulsion and resists the foulant due to an unfavorable entropy decrease [43, 44]. Besides, in Fig.
3.13(b), 17 % of relative hydrogen bond number means that the pPEG-grafting on the membrane
surface has abundant surface-bound water molecules via hydrogen bonds. This prevents bacterial
adhesion via a thermodynamically unfavorable dehydration entropic effect [45]. Thus, long side
chains with a hydration layer might be the reasons that the RO membrane grafted with even short
main chain of pPEG showed remarkable anti-biofouling property (Fig. 3.12). However, pPEG-
grafted membrane with over 500 nm modification layer thickness showed high resistance of water
permeate (Fig. 3.7).

The zwitterionic polymer, pMEDSAH, had a higher relative hydrogen bond number (25 %)
than pPEG (17 %) in Fig. 3.13(b), indicating that the pMEDSAH can strongly bind water
molecules and induce hydration near the surface [17, 46-48]. This tight water bounding layer on
the surface constructs a robust and physical barrier to prevent bacterial adhesion. However, in this
case, pMEDSAH with short main chain was unable to show the superior anti-biofouling
performance because the short main chain of pMEDSAH made the surface less hydrophilic

compared with that of long main chain of pMEDSAH (Fig. 3.6). A previous study demonstrated
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that increasing the main chain length of pMEDSAH was a feasible method to improve the
bacterial resistance, although water flux decreased due to the increasing polymer thickness.
Therefore, controlling the main chain length, in combination with strong hydration are important
factors of zwitterionic polymers for achieving the best anti-biofouling capability.

Regarding pHEMA, the shorter side chain length and weaker hydration limits its anti-
biofouling capacity. A longer main chain can improve the anti-biofouling property of pHEMA-

grafted membranes (Fig. 3.12), but they are still not comparable to pPEG and pMEDSAH.

Relative hydrogen bond

2000

.100
Time ?ps)
Fig. 3.13. Estimated polymer structures on the membrane surface by MD simulation: (a) side

chain length and (b) relative hydrogen bond number of each polymer.

3.4. Conclusion

The polyamide RO membrane was modified by grafting pHEMA, pPEG, or pMEDSAH via

99



Chapter 3

SI-ATRP for the investigation of the influence of the polymer structure modified the membrane
surface on biofouling behavior. The pHEMA-grafted membrane was relatively ineffective at
preventing biofouling, due to the relatively weaker hydration and lower flexibility, while the
combined feature of pPEG with long side chains and a hydration layer effectively prevented
biofouling even with short main chain length. The combination of strong hydration and proper
main chain length is the main contribution to the anti-biofouling propensity of a zwitterionic
polymer, pMEDSAH. This research provides useful information on biofouling behavior on the
surface of various polymers, that is, not only the main chain length but also the side chain and
hydration state should be taken into account for developing anti-biofouling membranes. However,
it also demonstrated that static bacterial adhesion is not equivalent to dynamic biofouling property.
Further research is needed to clarify the correlation between the static bacterial adhesion and the

dynamic biofouling property.

Appendix 1
Al.1. Simulation molecular model

Simulation models were constructed in order to understand the hydration property of given
polymers, pHEMA, pPEG and pMEDSAH. A polymer consisting of 20 repeat monomers was set
within a simulation model which filled with water molecules. Each simulation box was
constructed and kept under similar atom numbers through the Amorphous Cell module, in which
the density values were set as 1 g/cm’®. The interaction between the polymer and water molecules
was analyzed via hydrogen bond number.

In this study, the Condensed-phase Optimized Molecular Potential for Atomistic Simulation
Studies (COMPASS) force field [49-51] was adopted to perform the simulation models. Force

field is used to calculate the potential for given formation atoms. The COMPASS force field
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provides a higher accuracy in predicting the polymer properties [50]. To simulate the polymer
structure, the Geometry Optimization step was introduced to optimize the energy of the model
structure, which utilizes energy calculation and changes in the structures of 5,000 iterations to
establish each sensible (lowest energy) initial molecular structure. Afterwards, an MD duration
with an NVT ensemble (fixed atom number, system volume and temperature) at 298 K for 100-
ps was applied to reach molecular structures under an equilibrium state. Finally, the equilibrium
structure was adopted into the hydration property study through a period of 2000 ps calculation

using NVT ensemble. The various functional forms £ in COMPASS are illustrated as follows:

E=Y[K.(6-0,F +K,(b-5) + K. (b-5,)]

(2)
Y[ (0-0,F + Hy(0-6,) +H,(0-6,)]
(b)
+ > Wil -coslp— g |+ 1,1 - cosl2g - 87 )]+ v [1 - cos(3p— 4 )]
¢
(c)
+ZKx +22be (b—b, b'-b',) ZZFHQ 0-6,)0-6',)
(d) (e) %)
+22Fb€b b, X0~ 6,) +zz(b_b0)[V1COS¢+V20052¢+V3COS3¢]
b ¢
(2 (h)
+ 2 > (b'=b'y [V cosp+V, cos24+V, cos3g]
bo¢
(@)
+ZZZ 400" cos¢0 0)(0' 9' quqj+2{ /. z/:l (A2)
b0 0 >] ‘C’Tij i>j l.l
@ (k) ()

Where, b, 6, ¢, and x are bond length, bond angle, torsion angle, and out-of-plane angle,
respectively. Super- and sub-script of ‘0’ indicate the equilibrated value. ¢ is Coulombic charge,

and r is distance of an atom pair. Besides, the energy terms are composed of three categories:
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bonded energy terms, cross-interaction terms, and non-bonded energy terms. The bonded energy
terms include (a) the covalent bond-stretching energy terms, (b) the bond-angle bending energy
terms, and (c) the torsion-angle rotation energy terms. The designation (d) is either the out-of-
plane energy or an improper term. The terms for cross-interaction consist of the dynamic
variations among bond stretching, bending, and torsion angle rotation interactions ((¢)—(j)). The
non-bonded energy terms, (k) and (1), represent the Coulombic electrostatic interaction force and

the van der Waals (vdW) potential force, respectively.
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Chapter 4

Improved anti-biofouling performance of polyamide reverse
osmosis membranes modified with a polyampholyte with
effective carboxyl anion and quaternary ammonium cation

ratio

4.1. Introduction
Clean water shortage has become a serious problem in the worldwide, due to population
growth and the water source contamination [1, 2]. Reverse osmosis (RO) membrane processes
are highly useful ways for both seawater desalination and wastewater treatment, due to their high
energy efficiency [3, 4]. However, a membrane fouling (especially biofouling) is a challenging
problem to address, because it is difficult to completely remove bacteria from a fouled RO
membrane surface [5, 6]. Biofouling is associated with plugging of the membrane, as a result of
bacterial attachment followed by the formation of a biofilm made from extracellular polymeric
substance [7]. This phenomenon results in a significant decrease in water permeability and salt
rejection, higher energy consumption for filtration, and shorter membrane lifetime [8].
Common strategies to reduce the biofouling of RO membranes involve avoiding the

attachment of bacteria on the membrane surface [9], by modifying it with various hydrophilic
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polymers such as polyethylene glycol [10], polydopamine [11, 12], polyelectrolytes [13-15], and
zwitterionic polymers [16-19]. Among these polymers, zwitterionic materials have received much
attention as one of the most promising materials to improve anti-biofouling performance, such as
poly(2-methacryloyloxyethyl phosphorylcholine) (pMPC) [20, 211, poly[(2-
methacryloyloxy)ethyl]|dimethyl-(3-sulfopropyl)ammonium hydroxide (pMEDSAH) [22], and
poly(carboxybetaine methacrylate) (pCBMA) [23-25]. A key factor in the anti-biofouling
properties of zwitterionic polymers is that the polymer molecule has both positive and negative
charge groups and the net charge of the whole molecule is zero, which could maximize the surface
hydration and minimize the interaction between membrane surface and bacteria [26, 27].
However, polymers synthesized using zwitterionic monomers are very expensive because of the
complicated synthesis of monomers, which results in the limited types of zwitterionic materials
available on the market and the low production output to date [28].

As an alternative to zwitterionic polymers, polyampholyte materials, made of amphoteric
polymers composed of positively and negatively charged moieties on different monomer units,
have also demonstrate anti-biofouling characteristics because of their similarity to zwitterionic
polymers [29-31]. For example, a series of polyampholytes composed of the cationic monomer
with a quaternary ammonium cation and the anionic monomer with a sulfonic group exhibited
low fouling properties [29, 30, 32-36]. Another type of synthetic polyampholytes prepared by the
anionic monomer with a carboxyl group and the cationic monomer with an amide group showed
high resistance to nonspecific protein adsorption [37, 38].

To fabricate a membrane with excellent anti-biofouling properties using a polyampholyte, it
is essential to optimize the ratio between the anion and the cation monomers on the membrane
surface. In other words, to achieve anti-biofouling properties, the charge densities of the anion

and cation monomers on the membrane surface should be the same. However, the monomer ratio
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in polyampholytes grafted on the membrane surface may differ from that in mixed monomer
solution, because each monomer has different polymerization reaction kinetics [32]. Thus,
analyzing the surface composition is a necessary task when polyampholytes are employed for
surface modification. Nevertheless, this aspect has often been neglected in previous studies, in
which the monomer ratio on the surface was considered the same as that in the mixed monomer
solution, without any experimental evidence [39, 40]. One of the key tasks associated with the
surface composition analysis is the selection of a suitable approach for analyzing the composition
of the grafted polymers without any effects of the membrane components.

Modifying the RO membrane with a polyampholyte allows controlling the surface ratio of
the polyampholyte and determining the relation between the monomer ratio in the polyampholyte
grafted on the membrane and that in the mixed monomer solution. This relation can then be used
to elucidate the correlation between the anti-biofouling properties and the surface composition.
Controlling the monomer ratio in the polyampholyte grafted on the membrane will also enable
varying the membrane charge from negative to positive, keeping the surface hydrophilicity almost
constant by using cationic and anionic monomers with a similar structure. This would enable the
separate evaluation of the effects of membrane charge and hydrophilicity of the membrane surface
on the biofouling properties. Hydrophilicity, surface charge, and surface roughness are the main
factors influencing the anti-biofouling properties of a membrane [41]. In general, the membranes
with high hydrophilicity (i.e. low water contact angle(degree)) and neutral charge (i.e. near zero
C-potential (mV)) are prone to show lower biofouling [42]. Because it is known that the
hydrophilic layer prevents the adsorption of bacteria, while the neutral charged surface could
reduce the electrostatic attraction between foulants and membrane surface [43]. However, only
few studies have attempted to isolate the effect of the individual factors on the anti-biofouling

mechanism.
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In this work, a polyamide RO membrane was modified with a polyampholyte composed of
anionic 2-carboxyethyl acrylate (CAA) and cationic [2-(acryloyloxy)ethyl] trimethyl ammonium
chloride (TMA). In addition to showing a similar structure to pCBMA, this system allows
controlling the composition of the p(CAA-co-TMA) polyampholyte on the membrane surface.
Previous studies have demonstrated various unique characteristics of the p(CAA-co-TMA)
polyampholyte such as pH responsive, fouling resistance, and protein conjugation [39, 40, 44],
but there is few investigation about the effect of CAA/TMA monomer ratio on the membrane
characterizations and anti-biofouling performance. Therefore, p(CAA-co-TMA) polyampholytes
with different CAA/TMA monomer ratios were grafted on the surface of polyamide RO
membranes by surface-initiated atom transfer radical polymerization (SI-ATRP); this method
offers a unique route to construct a polymer with controlled architecture and well-defined
composition [45-47]. First, the relationship between the CAA/TMA ratio of a mixed monomer
solution and that of on the membrane surface was accurately determined. Secondly, the RO
membranes with different net surface charges were fabricated by changing the CAA/TMA ratio
in the mixed monomer solution. The net surface charge and hydrophilicity were evaluated by C-
potential and water contact angle measurements, respectively. The anti-biofouling properties of
the p(CAA-co-TMA)-grafted membranes were systematically investigated by protein adsorption
and static bacterial attachment. Then, the effects of surface net charge and hydrophilicity of the
membrane surface on the anti-biofouling properties were evaluated. Finally, the stability of the
p(CAA-co-TMA)-grafted membranes that showed the best anti-biofouling properties among the
membranes fabricated in this work was evaluated by a long-term dynamic biofouling filtration
experiment. The anti-biofouling behavior in this experiment is a very important property of
membranes used in water treatment applications, because biofilm growth is a slow and time-

dependent process [48]; in addition, chemical treatments to remove biofilm are not preferable to
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processes based on polyamide RO membranes, due to the polyamide decomposition [49].
However, most studies have focused on the bacterial resistance of polyampholytes in static and
short-term conditions [29, 31], whereas the long-term stability of the anti-biofouling properties

has hardly been investigated.

4.2. Theoretical and experimental
4.2.1. Theoretical

To possess the anti-biofouling properties, the membrane surface charge should be neutral in
marine environments at pH 8.0 [50] and in physiological environments at pH 7.4 [51], because
the polyamide RO membrane is mainly applied in seawater desalination and physiological
wastewater treatment. First, the CAA/TMA molar ratio on the membrane surface that would
generate a neutral membrane surface at a pH around 7-8 was estimated. The aromatic polyamide
skin layer of pristine RO membranes has a negative charge at pH higher than 4 [52]. However,
the extent to which the charge of the skin layer affects the net charge of a p(CAA-co-TMA)-
grafted membrane surface is not clear. Thus, the net charge of the p(CAA-co-TMA)-grafted
membrane surface was estimated using Eq. (A1) in the Appendix 2, neglecting the effect of the
skin layer on the net charge. Figure 4.1 shows the charge of the membrane surface calculated by
assuming that the acid dissociation constant (pKa) of the CAA carboxyl anion is 4.76
(corresponding to CH3COOH) [53], and that TMA has a permanent positive charge originating
from the quaternary ammonium cation, with no pH dependence. Figure 4.1 clearly shows that
when the molar ratio between carboxyl anion and quaternary ammonium cation is 1:1, the net
charge of p(CAA-co-TMA) is zero under at pH > 6. Therefore, a polyamide RO membrane with
excellent anti-biofouling properties can be fabricated by grafting p(CAA-co-TMA) with a 1:1

CAA/TMA ratio. If the negative charge of the polyamide skin layer cannot be neglected, the
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CAA/TMA ratio should be less than unity, for example of 0.5:1, to compensate the effect of the

negative charge of the polyamide skin layer.
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Fig. 4.1. Dimensionless net charge of p(CAA-co-TMA) as a function of pH. The CAA and TMA

molar ratios in p(CAA-co-TMA) are CAA/TMA is (a) 0:1, (b) 0.5:1, (¢) 1:1, (d) 2:1, and (e) 1:0.

4.2.2. Experimental
4.2.2.1. Materials

A commercial polyamide RO membrane, ES20 (Nitto, Osaka, Japan), was used as the
membrane substrate. 3-Aminopropyltrimethoxysilane (APTS; Tokyo Chemical Industry, Tokyo,
Japan) was used for membrane surface amination, and a-bromoisobutyryl bromide (BIBB;
Sigma-Aldrich, St. Louis, MO, USA) was employed as the initiators of the SI-ATRP reaction.
Ethyl-2-bromoisobutyrate (EBIB; Tokyo Chemical Industry) was used as SI-ATRP initiator to
synthesize bulk polymers. Tris(2-pyridylmethyl)amine (TPMA; Wako Pure Chemical Industries,

Osaka, Japan), L-ascorbic acid (Tokyo Chemical Industry), and copper (II) bromide (CuBr2;
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Sigma-Aldrich) were used as a ligand, reductant, and catalyst of the SI-ATRP reaction,
respectively. CAA (Sigma-Aldrich) and TMA (Sigma-Aldrich) were used as anionic and cationic
monomers, respectively. 2,2,2-Trifluoroethanol (TFE; Sigma-Aldrich), pyridine (Sigma-Aldrich)
and di-tert-butylcarbodiimide (Di-tBUC; Sigma-Aldrich) were used for the carboxyl
derivatization reaction. Bovine serum albumin-fluorescein isothiocyanate conjugate (BSA;
Sigma-Aldrich), lysozyme (LYZ; Wako Pure Chemical Industries), and fluorescein 5-
isothiocyanate (Tokyo Chemical Industry) were used for the protein adsorption tests.
Sphingomonas paucimobilis NBRC 13935 (NITE Biological Resource Center, Chiba, Japan)
were used as the model bacteria. Tryptic soy broth (TSB; Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) was used as a medium culture. SYTQO9 (Life Technologies, Carlsbad,
CA, USA) was used to stain the bacteria. 25% Glutaraldehyde solution (Wako Pure Chemical
Industry) was used to bacteria fixation on membrane surface. Deuterium oxide (D,O; SCETI) was
employed as solvent in the proton nuclear magnetic resonance (\H-NMR) measurements. Milli-

Q water (Merck Millipore, Darmstadt, Germany) was used in all the experiments.

4.2.2.2. Synthesis of bulk polyampholyte

First, 5 mL of mixed monomer aqueous solution containing CAA and TMA in a given molar
ratio (total concentration 2.8 M) was placed into a 50-mL glass bottle, and the pH was adjusted
at 6.0 using 3 M NaOH. Then, 7.4 mL of methanol, 1.6 mL of 0.5 M ascorbic acid, and 2 mL of
88 mM EBIB were added to the bottle. After 10 min of nitrogen bubbling, 4 mL of methanol
containing 0.02 mmol of CuBr; and 0.04 mmol of TPMA were added with a syringe to initiate
the SI-ATRP reaction. The mixed solution was then shaken (100 rpm) at 25 °C for 1 h. After that,

the polymerization solution was diluted three times with Milli-Q water to terminate the reaction
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and then dialyzed in a Fisherbrand dialysis tubing (MWCO 6000-8000) against Milli-Q water for
1 week, followed by freeze-drying.

The CAA/TMA molar ratio of the synthesized CAA/TMA bulk polyampholyte, p(CAA-co-
TMA), was measured by a 'H-NMR spectrometer (JEOL RESONANCE, Tokyo, Japan)
according to the following procedure. First, 0.02 g of collected p(CAA-co-TMA) powder was
dissolved in 0.5 mL D,O for the '"H-NMR measurements. The acquired "H-NMR spectra were
analyzed by the Delta 5.1.3 software, which was used to calculate the peak area of the functional
groups. Then, the CAA/TMA molar ratio was obtained as the peak area ratio of the functional
groups originating from CAA and TMA.

The CAA/TMA molar ratios in the mixed monomer aqueous solution (hereafter referred to
as the feed ratios) used in this work and the labels used to denote the resulting polyampholytes

are shown in Table 4.1.

Table 4.1. Labels of mixed monomer aqueous solutions with various CAA/TMA feed ratios.

CAA/TMA feed
1:0 13:1 6:1 3:1 1:1 1:3 0:1
ratio*
Polyampholyte CAA C13T1 C6T1 C3T1 CIT1 CIT3 TMA

*Total monomer concentration: 2.8 M.

4.2.2.3. Membrane surface modification

A schematic illustration of the SI-ATRP process employed for surface modification is shown
in Fig. 4.2; the procedure is similar to that used in a previous study [22], and the p(CAA-co-
TMA)-grafted membrane was fabricated using the same SI-ATRP conditions as for the synthesis

of the bulk polyampholyte. First, 5 mL of mixed monomer aqueous solution at pH 6, containing
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CAA and TMA in a given molar ratio (total concentration 2.8 M), was prepared. After a 10 min
amination with 1 v/v% APTS and 1 min of immobilization with 3 wt% BIBB immobilization on
a polyamide RO membrane, the membrane was placed in a 50-mL glass bottle. Then, the 5 mL
of the prepared monomer solution, 9.4 mL of methanol, and 1.6 mL of 0.5 M ascorbic acid were
added. After 10 min of nitrogen bubbling, 4 mL of methanol containing 0.02 mmol of CuBr; and
0.04 mmol of TPMA were added with a syringe to initiate the SI-ATRP reaction. The bottle was
placed in a shaker (100 rpm) at 25 °C for 1 h. Finally, the modified membrane was removed from
the bottle, washed overnight with Milli-Q water in a shaker (60 rpm) at 40 °C, and stored in Milli-
Q water.

In the following, the p(CAA-co-TMA)-grafted membranes with different CAA/TMA feed
ratios are represented by the corresponding polyampholyte labels shown in Table 1, such as CAA

membrane, C13T1 membrane, etc.

(APTS)

QCHs NH
HaCO‘$i_/\\/ 2 + H,0

OCHs

Polyamide R(S.-r:hembrane

10 min

Fig. 4.2. Schematic illustration of the fabrication of the p(CAA-co-TMA)-grafted membranes

by the SI-ATRP method.
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4.2.2.4. Surface composition

The crucial tasks for membrane characterization involved confirming the grafting of p(CAA-
co-TMA) and to quantifying the molar ratio between CAA and TMA grafted on the membrane
surface (hereafter referred to as the surface ratio). In the case of TMA, the content of quaternary
ammonium cations, which are present only on TMA but not exists on polyamide, was evaluated
by X-ray photoelectron spectroscopy (XPS; JPS-9010MC, JEOL). The high-resolution Nis
spectra, obtained from the tested membranes, were separated into three peaks using the SpecSurf
software in analysis mode; the peaks can be attributed to amine groups (399 eV), amide groups
(400 eV), and quaternary ammonium cations (403 eV) [54].

In the case of CAA, the carboxyl anion is an analogue of the methyl acetate group of
polyamide, CAA, and TMA. Therefore, it is difficult to directly confirm the CAA grafting on the
surface by XPS directly. To solve this problem, a carboxyl derivatization reaction was carried out
that enabled the conversion of the carboxyl anion to the trifluoromethyl (TFE) group. The reaction
of the carboxyl anion with TFE is shown in Fig. 4.3 [55]. A membrane with 1 cm diameter was
placed in a 5-mL glass bottle. TFE (0.9 mL), pyridine (0.4 mL), and Di-tBuC (0.3 mL) were
sequentially added to the glass bottle at 15-min intervals. The glass bottle was then sealed with a
screw cap, and the reaction was allowed to proceed at room temperature for ~12 h. Then, the
membrane was removed from the glass bottle and washed with Milli-Q water to remove the
unreacted reagents, followed by freeze-drying. The fluorine composition Fis on the resulting
membrane surfaces was evaluated by XPS. The high-resolution Fis spectra were analyzed by the
SpecSurf software in analysis mode.

The CAA/TMA surface ratio was calculated by Eq. (1) (the detailed derivation of this

equation is shown in the section A2.2 of Appendix 2):

, 27F
Ratio = <= (1
y  3-24F
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where x and y are the molar contents of CAA and TMA monomers grafted on the surface,
respectively, and F is the atomic ratio of fluorine (Fis), corresponding to the peak area ratio of

fluorine element obtained from the SpecSurf software in analysis mode.

y ot CF;CH,OH (TFE) w

0 + CsH;N (Pyridine) P
g + (CH;3);C=NC=NC(CH,); j g
(Di-tBuC) ON—
Na o} . /N

\

@)
0 ®
o pd
S ¢
C

Fig. 4.3. Carboxyl derivatization reaction.

4.2.2.5. Surface characterizations

The surface charge of the polyamide RO and modified membranes was evaluated by the -
potential measurements (SurPASS™, Anton Paar, Graz, Austria). The surface hydrophilicity was
evaluated by averaging 10 independent measurements of water contact angle on each membrane,

performed using a contact angle meter (DM-300, Kyowa Interface Science, Saitama, Japan).

4.2.2.6. Protein adsorption

As the neutral polyampholyte shows high resistance to the adsorption of charged proteins,
the protein adsorption of pristine and modified membranes was evaluated using two model
proteins: negatively charged fluorescent BSA, and positively charged fluorescent LYZ (the
synthesis protocol of fluorescent LYZ is described in the section A2.3 of Appendix 2). A 0.2 M
phosphate buffer solution (PBS, pH=7) was used as solvent to dissolve the proteins. The

membranes were soaked in a protein solution (20 mg/L in PBS) for 12 h. Then, the membranes

117



Chapter 4

were removed from the protein solution and rinsed with PBS to remove the unbound protein
molecules. All soaked membranes were observed by confocal laser scanning microscopy (CLSM;
FV1000D, Olympus, Tokyo, Japan) and the relative fluorescence intensity was analyzed by the

Image] software (National Institutes of Health, Bethesda, MD, USA).

4.2.2.7. Biofouling

The biofouling performance was investigated by 24-h static bacterial adhesion and 3-day
dynamic biofouling filtration tests. The experimental protocols of these tests are the same as those
used in a previous study [22]. Sphingomonas paucimobilis NBRC 13935 was selected as the
model bacteria because these bacteria were known to cause a biofouling in RO membrane
processes [56]. To prepare the bacterial suspension, first, a bacterial colony taken from an agar
plate was precultured in 20 mL of 30 g/L TSB medium at 30 °C for 12 h. Then, the precultured
bacterial suspension was diluted 50 times with 30 g/LL TSB medium and cultured again for 4 h at
30 °C. By using 30 g/L TSB medium, the bacterial suspension was adjusted to a final optical
density of 0.05 at 450 nm for the biofouling experiments. The optical density was measured using
a spectrophotometer (V-650, Jasco, Tokyo, Japan).

For the static bacterial adhesion test, the membranes (0.5 cm X 1.0 cm) were soaked in 2
mL of prepared bacterial suspension (pH = 7; the preparation protocol is described in the
Supplementary Information.) and shaken at 120 rpm and 30 °C for 24 h. Then, the membranes
were gently rinsed twice with aqueous 0.85 wt% NaCl solution and immersed in aqueous 0.85
wt% NaCl containing SYTO9 for 20 min to stain the bacteria adhered to the membrane surface.
To fix the stained bacteria, the membranes were immersed in aqueous 2.5% glutaraldehyde for 3
min, rinsed, and kept in aqueous 0.85 wt% NaCl. The stained membranes were observed by

CLSM, and the coverage of the adhered bacteria was calculated with the ImagelJ software.
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For the dynamic biofouling filtration test, the prepared bacterial suspension was poured on
the surface of the fabricated membrane and incubated at 30 °C for 1 h to allow bacterial adhesion
on the membrane surface. The membrane was briefly washed with aqueous 0.85 wt% NaCl and
set in a cross-flow membrane test unit (effective membrane area: 8.07 cm?). An aqueous medium
containing 3 g/L. TSB medium and 7.65 g/L. NaCl was fed to the membrane cell at 2.0 mL/min
and 1.5 MPa for 3 days. The feed water side of the membrane surface was magnetically stirred at
200 rpm, and the entire membrane cell was incubated at 30 °C. The weight of accumulated
permeate weight was then recorded to calculate the changes in the water permeability. The

membrane surfaces were observed by CLSM after the filtration test.

4.2.2.8. Water permeability and salt rejection

Water permeability and salt rejection are the important performance of RO membrane
process. It is considered that the surface modification will affect the water permeability and/or
salt rejection. Thus, we measured these properties of modified membranes to confirm the effect
of surface modification. First, a membrane was set in a crossflow filtration cell (effective
membrane area was 8.07 cm?). The operation pressure and flow rate in the system were 0.75 MPa
and 10 mL/min, respectively. Secondly, the test membrane was pre-compacted by Milli-Q water
for 30 min. Then the accumulated weight of permeate water was recorded by using RsWeight
software (A&D company, Tokyo, Japan) for 1h. The water permeability, L (L/(m? h-MPa)

(LMH/MPa)) was calculated as follow:

g )

T AXEXP

where Q is the volume of permeate water (L), A is the effective membrane surface area (m?), t is

the time (h), and P is the applied pressure (MPa).
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To measure the salt rejection, 500 ppm NaCl solution was filtered to the membrane under
the same operation conditions of water permeability measurement. The salt rejection, R (%) was

calculated as follows:
R= C"C‘—CP X 100% 3)
0

where c¢o and ¢, are the NaCl concentration in feed and permeate, respectively, which were
obtained from a conductivity of each solution measured with conductivity meter (B-771, Horiba,

Kyoto, Japan)

4.3. Results and discussion
4.3.1. Polyampholyte synthesis

"H-NMR spectroscopy measurements were carried out to confirm the successful synthesis
and to identify the CAA/TMA ratio of the p(CAA-co-TMA) bulk polyampholytes. In the 'H-
NMR analysis shown in Fig. 4.4, the peak labeled “a” at 2.7 ppm is attributed to the methylene
unit of CAA bonded to the carboxyl anion. The two peaks at 3.1 ppm and 3.7 ppm (labeled “c”
and “b” in Fig. 4.4, respectively) are assigned to the methylene and methyl groups, respectively,
of the quaternary ammonium cation of TMA. These three peaks appeared in the 'H-NMR spectra
of all p(CAA-co-TMA) polyampholytes with different monomer feed ratios, which indicates that
the polyampholyte can be formed from the CAA and TMA components.

The obtained monomer ratios of the synthesized bulk p(CAA-co-TMA) polyampholytes are
shown in Table 4.2. The value of the b/c ratio between peak area of the corresponding peaks was
close to 1 in all synthesized p(CAA-co-TMA) compounds, indicating the accuracy of the 'H-
NMR spectra. Figure 4.5 shows the CAA/TMA ratios (averages of the values of a/c and a/b values)
of the p(CAA-co-TMA) bulk polyampholytes as a function of the CAA/TMA feed ratio. The

figure clearly shows that the CAA/TMA ratio of the bulk polyampholyte is directly proportional
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to the feed ratio, although the two values are not the same. A bulk polyampholyte with 1:1
CAA/TMA ratio can be synthesized from the mixed monomer solution with a CAA/TMA feed
ratio of approximately 2. In the fabrication of p(CAA-co-TMA)-grafted membranes, the
polymerization and grafting processes take place simultaneously. Thus, the optimum feed ratio to
fabricate p(CAA-co-TMA)-grafted membranes with a 1:1 surface ratio may differ from that of
the bulk polymers; however, p(CAA-co-TMA)-grafted membranes with a 1:1 surface ratio can

be fabricated using a mixed monomer solution with a feed ratio of approximately 2.

D,O C
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. l t 0 o }N\——CHB
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Fig. 4.4. '"H-NMR spectra of CAA, TMA, and p(CAA-co-TMA) compounds with various

CAA/TMA feed ratios.
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Table 4.2. CAA/TMA ratios of the synthesized polyampholytes in the bulk state and on

membrane surfaces, as determined by '"H-NMR and XPS measurements, respectively.

Bulk polyampholyte p(CAA-co-TMA) Modified membrane

'H-NMR XPS
CAA/TMA
Samples ) b/c a/c a/b CAA/TMA F (%) CAA/TMA
feed ratio _
(average of a/c surface ratio
and a/b)
CI13Tl1 13 0.79 582 737 6.60 10.36 5.45
CoT1 6 077  2.06 2.71 2.39 8.21 2.15
C3T1 3 0.75 1.04 1.38 1.21 6.14 1.08
CIT1 1 092 040 043 0.42 3.79 0.49
CI1T3 0.33 0.86 022 0.26 0.24 1.67 0.17
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Fig. 4.5. CAA/TMA ratio as a function of CAA/TMA feed ratio. /\: experimental data; solid
line: smoothed line of experimental data; dotted line: in the case where CAA/TMA ratio of bulk

polymer is equal to CAA/TMA feed ratio.
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4.3.2. Membrane surface characterization
4.3.2.1. Surface composition

In order to confirm the grafting of the p(CAA-co-TMA) polyampholyte and quantify the
CAA/TMA surface ratio, the surface compositions of the p(CAA-co-TMA)-grafted membranes
were analyzed by XPS. Quaternary ammonium cations are only present in the TMA membrane,
but not in the polyamide RO membrane, BIBB-immobilized membrane, or CAA membranes.
Thus, the peak separation was conducted on the Nis high-resolution spectra acquired from the
surface of the p(CAA-co-TMA)-grafted membranes, to probe the grafting of TMA. Figure 4.6
shows the appearance of a peak at 403 eV, attributed to the quaternary ammonium cation of TMA,
when the polymerization solution contained TMA. However, TMA can be adsorbed on the
membrane surface due to the electrostatic interaction between quaternary ammonium cation of
TMA and carboxyl group of polyamide, causing the peak at 403 eV to appear in the spectra. As
shown in Fig. 4.7, as the pristine polyamide RO membrane adsorbs TMA, and the peak at 403 eV
(due to adsorbed TMA) appears in the XPS spectra, whereas the BIBB-immobilized RO
membrane does not adsorb TMA. Because all the p(CAA-co-TMA)-grafted membranes are of the
BIBB-immobilized RO type, the 403 eV peak of p(CAA-co-TMA)-grafted membranes indicates

that the TMA was successfully grafted on the membrane surface by SI-ATRP.
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Fig. 4.6. Peak separation of the N, high-resolution spectrum of (a) pristine RO, (b) BIBB-

immobilized, and p(CAA-co-TMA)-grafted membranes ((c) CAA, (d) C13T1, (e) C6T1, (f) C3T1,

(g) C1T1, (h) C1T3, (i) TMA).
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(a) Before immersion in the pure TMA solution
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Fig. 4.7. Quaternary ammonium cation composition of pristine RO and BIBB-immobilized

membranes (a) before and (b) after immersion in the pure TMA solution.

The carboxyl anion of CAA is an analogue of the methyl acetate group of polyamide, CAA,

and TMA. Therefore, it is difficult to confirm the grafting of CAA grafting on the surface by

common methods such as the attenuated total reflection Fourier transform infrared spectroscopy

and XPS. To solve this problem, as described above, a carboxyl derivatization reaction was

carried out to convert the carboxyl anion to the trifluoromethyl group (Fig. 4.3). According to the

XPS spectra of pristine RO and modified membranes (Fig. 4.8) treated by the carboxyl

derivatization reaction, the elemental fluorine (Fis) was detected only in the p(CAA-co-TMA)-

grafted membranes, while no Fis peak was observed in the spectra of pristine polyamide RO,
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BIBB-immobilized, and TMA membranes, probably because the carboxyl group of the polyamide
is much less reactive in the carboxyl derivatization reaction. These results indicate that CAA was
also successfully grafted on the membrane surface. Therefore, it is reasonable to conclude that
the atomic percentage of fluorine measured by XPS merely expresses the composition of the

carboxyl anion of CAA, which can be used to quantify the CAA/TMA surface ratio by Eq. (1).
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Fig. 4.8. XPS spectra of pristine RO, BIBB-immobilized, and p(CAA-co-TMA)-grafted

membranes after carboxyl derivatization reaction.

As shown in Table 4.2, the atomic percentage of Fis on the membrane surface increased with
increasing CAA content. Figure 4.9 shows the CAA/TMA surface ratios as a function of the feed
ratio, together with the CAA/TMA ratios of the bulk polymers shown in Fig. 4.5. The figure

reveals that the CAA/TMA surface ratio is directly proportional to the feed ratio as well as to the
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CAA/TMA ratio of the bulk polyampholyte. However, the proportionality constant of the
membrane is somewhat lower than that of the bulk polyampholytes. This is probably because the
polymerization reaction kinetics of the individual monomers on the skin layer of the polyamide
RO membranes were different from those in the mixed monomer solution. In any case, Fig. 4.9
shows that a neutral modified membrane with 1:1 CAA/TMA surface ratio would be obtained
with a feed ratio of approximately 3:1, which is similar to the results for bulk polymers obtained
from 'H-NMR measurements as discussed in Section 4.3.1. In previous studies, the CAA/TMA
surface ratio was considered the same as the feed ratio, without any experimental evidence [39,
40]. However, the results reveal that the surface ratio is not always the same as the feed ratio. The
synthesis of copolymers may depend on the polymerization reaction kinetics of the individual
monomers [32], because each monomer has an inherent polymerization kinetics. In general, the
experimental determination of the surface ratio is an essential task when a polyampholyte is

grafted on the membrane surface.
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Fig. 4.9. Relationship between the CAA/TMA ratio and the feed ratio: (a) in bulk polyampholytes,

(b) on the surface of p(CAA-co-TMA)-grafted membranes.
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4.3.2.2. Surface charge

The surface charge of the pristine and modified membranes was evaluated by {—potential
measurements in a pH range from 3 to 9. The results for the pristine RO and p(CAA-co-TMA)-
grafted membranes are shown in Fig. 4.10(a). The pristine RO membrane was negatively charged
above pH 3. The CAA membrane exhibited a negative surface charge over the measured pH range,
because the carboxyl anion of CAA has a pKa value of 4.76. In contrast, the {—potential of the
TMA membrane showed an obvious decreased from 72 mV to 30 mV in the pH range from 3 to
5, and then became constant at ~30 mV at a pH values from 5 to 9, which is inconsistent with the
theoretical result that the quaternary ammonium cation of TMA maintains a positive charge at any
pH value (Fig. 4.1). This is because the XPS intensity of quaternary ammonium cation is much
lower than that of amide group on the surface of the TMA membrane, as shown in Fig. 4.6(i). In
other words, the TMA membrane surface was not completely covered by polyTMA. Thus, it is
impossible to neglect the influence of the polyamide RO membrane, whose {—potential decreased
from 0 mV to —41 mV in the pH range from 3 to 5, and remained near —40 mV at pH value from
5 to 9. The combination effect of quaternary ammonium cation and polyamide leads to the
resulting {—potential of the TMA membrane.

In Fig. 4.10(a), the isoelectric point (IEP) of the p(CAA-co-TMA)-grafted membranes
gradually shifts to the higher pH with the increasing amount of TMA in the polymerization
solution, indicating that the surface charge becomes more positive. The C—potential of the p(CAA-
co-TMA)-grafted membranes shifts from positive to negative with increasing pH, and becomes
almost constant above pH 7. The CAA/TMA surface ratio of the C6T1 membrane is 2.15 and
corresponds to curve d in Fig. 4.1, while the C3T1 (surface ratio 1.08) and CIT1 (surface ratio
0.49) membranes correspond to curve ¢ and b in Fig. 4.1, respectively. The comparison of Figs.

4.1 and 4.10(a) clearly shows that the pH dependency of the surface net charge obtained
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experimentally is consistent with the theoretical prediction shown in Fig. 4.1. This means that the
surface charge of the p(CAA-co-TMA)-grafted membranes is well explained by the dissociation
of ionic groups on the membrane surface.

To evaluate the anti-biofouling characteristics of p(CAA-co-TMA)-grafted membranes for
treating waste water above pH 7, Fig. 4.10(b) clearly shows the relationship between {—potential
above pH 7 and surface ratios. With larger surface ratio values, the {—potential of the surface of
the p(CAA-co-TMA)-grafted membranes become more negative, due to the increased content of
anionic CAA. In particular, the C3T1 membrane with surface ratio of 1.08, shows a nearly zero
(slightly negative) L—potential above pH 7. Therefore, the C3T1 membrane is expected to possess
excellent anti-biofouling properties for the treatment of the sea water with pH 8.0 or wastewater

with pH 7.4.

80
60 |
40 |}

20 p

z-potential (mV)
o

129



Chapter 4

(b) 30

Fé 20 -2
- 8]
i~ 10
o
a0
Lk
B o
g -0
[=-]
= 20
=
B 30
L]
40 ©
i o
-50)
0 | 2 3 4 5 6

CAA/TMA surface ratio

Fig. 4.10. (a) {—potential as a function of pH. o: RO, m: CAA, €: C13T1, 0: C6T1, ©: C3Tl,
CI1T1, 4: CI1T3, x: TMA. (b) C—potential of p(CAA-co-TMA)-grafted membranes above pH 7

as a function of CAA/TMA surface ratios.

4.3.3. Anti-biofouling performance
4.3.3.1. Protein adsorption

In order to characterize the protein adsorption properties of the p(CAA-co-TMA)-grafted
membranes, the adsorption of proteins was measured at pH 7 using BSA (IEP = 5.0) and LYZ
(IEP = 9.6) as models of negatively and positively charged proteins, respectively [57]. Protein
adsorption is known to be correlated with biofouling (bacterial attachment) [18, 58, 59].

The relative fluorescence intensities of pristine and modified membranes after the adsorption
of BSA and LYZ are shown in Fig. 4.11(a), and the corresponding CLSM images are shown in
Fig. 4.12. The pristine RO membranes adsorbed a large amount of both LYZ and BSA, although
these membranes have a negative net surface charge above pH 7, probably because of their low

hydrophilicity (high water contact angle), as shown in Fig. 4.11(b). The hydrophilicity of the
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p(CAA-co-TMA)-grafted membranes is much higher (lower water contact angle) than that of the
pristine RO ones, except for the TMA membrane, whose hydrophilicity is lower than that of the
other p(CAA-co-TMA)-grafted membranes, but still higher than that of the pristine RO
membranes.

The net surface charge of the CAA, C13T1, C6T1, and C3T1 membranes is negative above
pH 7, and the negative charge density estimated from the {—potential decreases in the order CAA >
C13T1 > C6T1 > C3T1, as shown in Fig. 4.10. On the other hand, the net surface charge of the
CI1T1, C1T3, and TMA membranes is positive above pH 7, and the positive charge density
follows the order CIT1 < C1T3 < TMA. Figure 4.11(c) shows the relationship between protein
adsorption (BSA and LYZ) and {—potential above pH 7 of p(CAA-co-TMA)-grafted membranes.
The figure reveals that when the membrane surface and the foulants have opposite charges there
is a strong electrostatic attraction between them, and proteins are easily adsorbed on the
membrane surface even if its hydrophilicity is very high. It is well established that a higher
hydrophilic surface exhibits better anti-biofouling properties [60-62]. However, these findings
indicate that, in the presence of a strong electrostatic attraction between membrane surface and
foulants, biofouling takes place even when the hydrophilicity of the membrane surface is very
high. On the other hand, when the membrane surface and the foulants have the same charge, an
electrostatic repulsion is established between them, and proteins are scarcely adsorbed on the
membrane. Interestingly, in the region where electrostatic repulsion is present, the anti-biofouling
properties are scarcely affected by the increase in the degree of surface charge repulsion.

The relative fluorescence intensity of C3T1 is only about 20 % for both BSA and LYZ,
which is the lowest value among all tested membranes. This is due to the high hydrophilicity of

the C3T1 surface (originating from its large number of ionic groups), as well as to its almost
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complete lack of electrostatic attraction with charged proteins. Thus, the C3T1 membrane is

expected to exhibit excellent anti-biofouling performances.
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Fig. 4.11. (a) Protein adsorption of pristine RO and p(CAA-co-TMA)-grafted membranes; (b)
water contact angle of pristine RO and p(CAA-co-TMA)-grafted membranes; (c) effect of (-
potential above pH 7 on protein adsorption of p(CAA-co-TMA)-grafted membranes. O: LYZ,
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Fig. 4.12. CLSM images of pristine RO and p(CAA-co-TMA)-grafted membranes after protein

adsorption.
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4.3.3.2. Biofouling

Biofouling tests, including static bacterial adhesion and dynamic biofouling filtration, were
also conducted to confirm the findings of section 4.3.3.1, suggesting that the non-biofouling
characteristics are a result of the neutral nature of polyampholytes with a high hydrophilic surface.

Sphingomonas paucimobilis NBRC 13935 strains were selected for the biofouling tests; the
pH of the bacterial suspension was approximately 7.0. Figure 4.14 shows the CLSM images of
static bacterial adhesion, while Fig. 4.13(a) displays the bacterial coverage on the tested
membrane surfaces, obtained from Fig. 4.14. A large number of bacteria was adhered on the
pristine polyamide RO membrane because of its low surface hydrophilicity. For the p(CAA-co-
TMA)-grafted membranes, as expected from the electrostatic interactions involved, significant
bacterial attachment was observed on the positively charged membranes (C1T3 and TMA);
however, no bacterial attachment was detected on the negatively charged membranes (CAA,
C13T1, C6T1, and C3T1 membranes), because the Sphingomonas paucimobilis NBRC 13935
strains have negatively charged cell walls [63]. The C1T1 membrane, with a CAA/TMA surface
ratio of 0.49, also showed no bacterial adhesion, despite having a positive net surface charge. On
the other hand, the C1T3 membrane adsorbed a large number of bacteria. This is probably because
that the anti-biofouling properties due to high surface hydrophilicity dominates the electrostatic
attraction between surface charge and bacteria in the case of the C1T1 membrane. In contrast, for
the CIT3 membrane, the electrostatic attraction prevails over the anti-biofouling properties due to
the high surface hydrophilicity. As expected, based on the analysis of section 4.3.3.1, the bacteria
adsorption onto the C3T1 membrane was negligibly low, because the CAA/TMA surface ratio of
the C3T1 membrane is near 1:1 and its net surface charge is close to zero (slightly negative).

Figure 4.13 (b) shows the relationship between bacterial coverage, water contact angle, and

surface charge. In the region where the —potential over pH 7 is positive, the bacterial attachment
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increased with the net surface charge of the membranes, even if the hydrophilicity of the
membrane surface is very high (corresponding to a very low water contact angle). On the other
hand, when the {—potential above pH 7 is negative, the surface net charge had no significant effect
on the bacterial resistance. This phenomenon is consistent with Fig. 4.11(c). The closed symbols
in Fig. 4.13(b) correspond to the pristine RO membrane. The bacterial coverage of the pristine
RO membrane is 1.9%, and higher than that of other membranes with negative {-potential above
pH 7, even though the {-potential of the pristine RO membrane is also around -46 mV. This is
because its water contact angle of pristine RO is 37.4°, denoting a low hydrophilicity compared
with that of p(CAA-co-TMA)-grafted membranes with negative C-potential. This suggests that,
even in the presence of an electrostatic repulsion between the foulant and membrane charges, a
low hydrophilicity of the membrane surface promotes an adhesion. A similar phenomenon was

reported for anion exchange membranes [64]
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Fig. 4.13. (a) Static bacterial adhesion of pristine RO and p(CAA-co-TMA)-grafted membranes.
(b) Relationship between bacterial coverage (/\), water contact angle (O), and surface charge of
p(CAA-co-TMA)-grafted membranes. Closed symbols represent the data corresponding to the

pristine RO membrane.

Fig. 4.14. CLSM images of pristine RO and p(CAA-co-TMA)-grafted membranes after static

bacterial adhesion.
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The static tests of protein and bacterial adhesion are not sufficient to predict the biofouling
behavior in practical membrane processes, because these adhesion tests fail to reproduce several
conditions relevant to biofilm growth. Thus, in order to further confirm the anti-biofouling
properties of the membrane with 1:1 CAA/TMA surface ratio (C3T1), a dynamic biofouling
filtration test was carried out over a period much longer than that of the static bacterial adhesion
tests. The corresponding data, shown in Fig. 4.15(a), reveal that the C3T1 membrane had much
better anti-biofouling performance than the pristine polyamide RO one. The permeability of the
C3T1 membrane decreased by only ~20% after filtration for more than 60 h filtration, whereas
that of the pristine polyamide RO membrane decreased by ~70%. The membrane surfaces were
observed by CLSM after the dynamic biofouling filtration test as shown in Fig. 4.15(b). These
data indicate that, during the dynamic biofouling filtration, higher amount of biofilm was formed
on the surface of pristine RO membrane compared to the C3T1 membrane, which suggested that
larger amount of bacteria adhered on the pristine RO membrane surface in the initial bacterial
adhesion stage. This further confirms the assumption that a polyamide RO membrane with
excellent anti-biofouling performance can be prepared by grafting p(CAA-co-TMA) with a

CAA/TMA surface ratio of approximately 1:1.
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Fig. 4.15. (a) Water permeability of pristine RO and C3T1 membranes as a function of filtration
time in the dynamic biofouling filtration tests. O: RO, <:C3T1. (b) CLSM images and biofilm

quantification (green area) of pristine RO and C3T1 membranes after the dynamic biofouling
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4.3.4. Water permeability and salt rejection

It is reasonable to consider that the surface modification will affect the water permeability
and/or salt rejection. Figure 4.16 shows the water permeability and salt rejection of pristine and
modified RO membranes. It is found from Fig. 4.16 that the surface modification affected on both

water permeability and salt rejection. The water permeability of modified membrane increased
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with the increase of TMA portion of modified layer, while the salt rejection decreased with the
increase of TMA portion. Compared with the pristine membrane, the decrease of water
permeability of modified membrane is probably resulted from the increase of water flux resistance
due to the increase of surface layer thickness. The reason of the decrease in salt rejection is not
clear at this moment. However, one possible reason will be the increase of pore size of skin layer
due to the modification with TMA. If the surface modification with TMA increases the pore size
of skin layer, it is possible to explain the increase of water permeability and the decrease of salt

rejection with the increase of TMA portion in the modified layer.
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Fig. 4.16. Water permeability and salt rejection of pristine and modified membranes

4.4. Conclusion

SI-ATRP was used to graft CAA/TMA polyampholytes on the surface of polyamide RO
membranes, in order to improve their anti-biofouling properties. To elucidate the effect of the
monomer ratio of the grafted polyampholyte, several types of p(CAA-co-TMA) polyampholytes

were grafted on the RO membrane surface, and the anti-biofouling properties were evaluated by
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protein adsorption, static bacterial attachment, and long-term dynamic biofouling filtration
experiments.

First, it was found that the CAA/TMA surface ratio was directly proportional but not
identical to the feed ratio. Thus, the anti-biofouling properties of the modified membranes were
evaluated as a function of the CAA/TMA ratio of the membrane surface. Based on the consistency
between the pH dependence of the experimentally obtained {-potential and the theoretical
prediction, it was concluded that the surface charge of the polyampholyte is determined by the
dissociation of the ionic groups of the polyampholyte. Moreover, it can be found that, in the
presence of a strong electrostatic attraction between membrane surface and foulants, biofouling
took place even for a membrane surface with very high hydrophilicity. On the other hand, in the
absence of electrostatic attraction between membrane surface and foulants, the anti-biofouling
properties were determined by the hydrophilicity of the membrane.

Finally, it was found that the modified RO membrane with 1:1 CAA/TMA surface ratio,
fabricated from a mixed monomer solution with 3:1 CAA/TMA ratio, had nearly zero net surface
charge above pH 6 and showed an excellent anti-biofouling performance even in long-term
dynamic biofouling filtration tests. This is due to the highly hydrophilic character of the surface
(originating from its large content of ionic groups) and also to the almost complete absence of

electrostatic attraction with charged bacteria, because the net surface charge is close to zero.

Appendix 2
A2.1. Net charge calculation

Herein, the calculation of the net charge of the p(CAA-co-TMA) polyampholytes was
discussed. As shown in Fig. 4.1, TMA is a strong base (quaternary ammonium cation) and its

charge does not depend on the pH value. On the other hand, CAA is a weak acid and its charge is
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pH-dependent. The dissociation of CAA can be described as follows:
R-COOH s R-COO-+ H*

K. = [R-COO07] [H*] _  a[H']
@™ |[R-COOH]  1-a

where K is the dissociation constant and « is the degree of dissociation. By denoting the charge

of 1 mol CAA at full dissociation (a= 1) as ¢ (eq), the charge of 1 mol TMA as ¢ (eq), and the

CAA/TMA molar ratio of p(CAA-co-TMA) as (g) , the net charge of p(CAA-co-TMA)

containing (3) mol CAA and 1 mol TMA, g (eq), is given by the following equation:

—qg(X\g— 2 gt = Ko (X). ;-4 g+
qleq) = a (y) 4" = i (y) q +q
Then, the dimensionless net charge of p(CAA-co-TMA), Q, is given by Eq. (A1), because -¢g =

g in p(CAA-co-TMA).

-4 ___ X (%
¢= at [H*]+Kq (y) +1 (A1)

In Eq. (A1), pK, was set to 4.76 (corresponding to CH;COOH, K, = 107%%).

A2.2. Derivation of Eq. (1)

The fluorine atomic ratio ¥, as determined by XPS, was calculated as:

Ng _ 3x
Niotar  24x+27y

F =

where Ny and N are the fluorine and total atomic numbers in p(CAA-co-TMA), respectively,
whereas x and y are the numbers of CAA and TMA monomers grafted on the surface of
p(CAA-co-TMA)-grafted membranes, respectively. As shown in Fig. A2.1, on the basis of the
chemical structure of the resulting polymer, Ny and Ny are equal to 3x and (24x + 27y),

respectively. Thus, the monomer ratio is given by:

x _ 27F
y  3-24F
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27y

Fig. A2.1. Polymer structure of p(CAA-co-TMA) after the carboxyl derivatization reaction.

A2.3. Fluorescein labeling

First, 0.2 M NaH,PO,4 and 0.2 M Na,HPOj, solutions were mixed to prepare a phosphate
buffer solution (PBS) with pH 8.6. Then, 0.01 g of fluorescein 5-isothiocyanate and 0.1 g of
lysozyme (LYZ) were dissolved in 100 mL of PBS. The mixed solution was then stirred for 3 h
at 25 °C. The labeling reaction occurred between fluorescein and LYZ took place during this
period. Afterwards, the reacted solution was poured into a dialysis tubing (MWCO 6000-8000)
against the PBS buffer. After 72 h, the resulting solution was treated by a filter (0.45 pum). Finally,
a 400-ppm LYZ solution labeled with fluorescein was obtained and kept in a dark place. Notably,

the entire experiment must be conducted in a dark location.
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Chapter 5

Antifouling polyamide reverse osmosis membranes with multi-
defense properties by controllably constructing amphiphilic

diblock copolymer brush layer

5.1. Introduction

Thin film composite (TFC) polyamide membranes represent state-of-the-art materials for
reverse osmosis (RO), nanofiltration (NF), and forward osmosis (FO) applications [1-3].
Specifically, the TFC RO membranes contain a polyamide-selective layer interfacial polymerized
on an underlying porous support, and they achieve higher level of both solute selectivity and water
permeability [4-6]. However, membrane fouling of TFC polyamide RO (hereafter, cited as
polyamide RO) membranes remains as a serious problem due to the relative intrinsic
hydrophobicity of the polyamide layer, which could compromise the membrane water flux,
increase the consumption of energy, and shorten the membrane life [7-9]. Consequently,
significant efforts have been made to enhance membrane antifouling performance.

Surface modification with hydrophilic polymers such as
poly[poly(ethyleneglycol)methacrylate] (pPEG), has been considered to control membrane
fouling induced by organic foulants and microorganisms [10-12]. Zwitterionic polymers are novel

antifouling materials that have been applied to increase the hydrophilicity of polyamide RO
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membrane [13-16]. Unlike non-ionic pPEG, zwitterionic polymers have a balanced charge that
forms a more stable and tighter hydration layer on the membrane surface via electrostatic
interactions [17-19]. This hydration layer could potentially avoid close contact between the
foulants and the membrane surface, and this so-called “fouling resistant” strategy may delay the
occurrence of membrane fouling [13, 17, 20, 21]. Foulants attached onto modified membrane
surfaces would do great damage to the antifouling hydration layer, while not always be completely
removed by physical flushing under long-term operation, which would gradually deteriorate the
membrane performance [22, 23]. In practice, chemical cleaning has been required to maintain the
performance of fouled membranes. However, the chemical cleaning method not only increases
the operational costs, but also reduces the membrane service lifespan [22, 23]. Therefore, the
development of antifouling membranes with broader applicability is critical to energy-efficient
and sustainable membrane processes.

Constructing amphiphilic surfaces, which contained both hydrophilic and low surface energy
segments, was proposed to fabricate next generation antifouling membranes [24-28]. In addition
to providing a simple “fouling resistant” strategy by using hydrophilic segments, amphiphilic
surfaces could also take advantage of low surface energy segments to weaken the interfacial bonds.
In other words, the deposited foulants would easily slip from the amphiphilic surfaces with weak
hydraulic washing [29-31], which is referred to as a ‘‘fouling release’’ strategy. Under the
guidance of this principle, a large number of ultrafiltration (UF) membranes with amphiphilic
surfaces have already been successfully prepared. The optimal membranes often exhibit excellent
antifouling properties, which will be attributed to the fouling release ability of
polydimethylsiloxane (PDMS) or perfluoropolyether-based polymer segments, as well as the

fouling resistant ability of hydrophilic polyethylene glycol (PEO)-based segments [26, 32, 33].
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In this work, a controllable architecture of amphiphilic diblock copolymer on polyamide RO
membranes was fabricated to integrate both “fouling resistant” and “fouling release” antifouling
strategies. This work described sequentially grafting two materials on polyamide RO membrane
surfaces via dual surface-initiated atom transfer radical polymerization (SI-ATRP): zwitterionic
polymer, poly[2-(methacryloyloxy)ethyl-dimethyl-(3-sulfopropyl) ammonium hydroxide]
(pPMEDSAH) with strong hydrophilicity and poly(2,2,2-trifluoroethyl methacrylate) (pTFEMA)
with low surface energy. To characterize the amphiphilic diblock copolymer modified membranes,
contact angle, {-potential, X-ray photoelectron spectroscopy (XPS), and energy dispersive X-ray
spectrometry (EDS) mapping were measured. The fouling resistant and fouling release properties
of these modified membranes were extensively investigated by static bacterial adhesion and long-
term dynamic filtration tests using sodium alginate for organic fouling, and bacterial suspension

for biofouling.

5.2. Materials and methods
5.2.1. Materials

Commercial ES20 purchased from Nitto Denko (Osaka, Japan) was used as the pristine
polyamide RO membrane. Membrane surface amination was accomplished using 3-
aminopropyltrimethoxysilane (APTS; Tokyo Chemical Industry, Tokyo, Japan). a-
Bromoisobutyryl bromide (BIBB; Sigma-Aldrich, St. Louis, MO, USA) was the initiator of the
SI-ATRP reaction. Tris(2-pyridylmethyl)amine (TPMA; Wako Pure Chemical Industry, Osaka,
Japan), ascorbic acid (Tokyo Chemical Industry), and copper (II) bromide (CuBr,; Sigma-Aldrich)
were used as a ligand, reducer, and catalyst of the SI-ATRP reaction, respectively. MEDSAH
(EMD Millipore Co., Ltd., Germany) and TFEMA (stabilized with MEHQ, Tokyo Chemical

Industry) were used as the monomers. Sodium alginate (Nacalai Tesque Inc., Kyoto, Japan) and
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Sphingomonas paucimobilis NBRC 13935 (S. paucimobilis NBRC 13935; NITE Biological
Resource Center, Chiba, Japan) were employed as the model foulants. Tryptic soy broth (TSB;
Becton, Dickinson and Company, Franklin Lakes, NJ, USA) was used as a medium culture.
SYTOY (Life Technologies) was used to stain the bacteria and 25% glutaraldehyde solution
(Wako Pure Chemical Industry) was used to fix the bacteria. Calcium chloride (CaCl,) was bought
from Wako Pure Chemical Industry. Milli-Q water (Merck Millipore, Darmstadt, Germany) was

used for all solutions preparations.

5.2.2. Preparation of poly(MEDSAH-block-TFEMA)-grafted membranes

The membrane preparation process is illustrated in Fig. 5.1. A pristine RO membrane with
diameter of 3.6 cm was immersed in a 20 mL 1 v/v% APTS aqueous solution for 10 min and then
transferred into a 10 mL hexane solution containing 3 wt% BIBB for 1 min. The BIBB-
immobilized membrane was stored in Milli-Q water for further modification.

MEDSAH solution (5 mmol) dissolved in a Milli-Q water: methanol mixture (1:1, 14.4 mL,
v/v) was added into a 50-mL glass bottle with a BIBB-immobilized membrane. Then a 1.6 mL
solution of 0.5 M ascorbic acid in methanol was injected into the bottle as well. After 10 min
degassing by Ny, for initiating the SI-ATRP reaction, a 4 mL methanol solution containing CuBr»
(5 mM) and TPMA (10 mM) was syringed into the bottle. This polymerization was undertaken
for 10 min. Afterwards, the pMEDSAH-grafted membrane was thoroughly rinsed with Milli-Q
water to remove the monomers that were unreacted, and then the membrane was stored in
methanol for the next SI-ATRP reaction.

The pMEDSAH-grafted membrane was placed in a 50-mL glass containing a TFEMA
solution (5 mmol) dissolved in pure methanol (14.4 mL) and a 1.6 mL solution of 0.5 M ascorbic

acid in methanol. After 10 min of degassing by N», a 4 mL methanol solution containing CuBr;
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(5 mM) and TPMA (10 mM) was injected into the bottle and polymerized for 2 h. The
p(MEDSAH)-block-p(TFEMA) (abbreviated as “p(MEDSAH-b-TFEMA)”)-grafted membrane
was rinsed with methanol and Milli-Q water and kept in Milli-Q water for further use. Herein,
pMEDSAH- and p(MEDSAH-b-TFEMA)- grafted membranes are designated as hydrophilic RO

membrane and amphiphilic RO membrane, respectively.

: PMEDSAH:
(APTS) (APTS aqueous solution) :
{7 § -
Si NH Si NH :
\O/1I\/\/ 2 + H,0 —>» HO™ T N 2 : PMEDSAH-
0 OH : b-TFEMA) -
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O.,@ @@ @ \0 @
ek TR
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> ° 5
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Fig. 5.1. Schematic illustration for the amphiphilic p(MEDSAH-b-TFEMA)-grafted membrane

fabrication (i.e., amphiphilic RO membrane) via dual SI-ATRP.
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5.2.3. Degree of grafting

Degree of grafting was investigated to evaluate the efficiency of the dual SI-ATRP reaction.
Pristine 10.2 cm?> RO membrane were modified with pMEDSAH and p(MEDSAH-b-TFEMA) as
descripted in the section for the preparation of poly(MEDSAH-block-TFEMA)-grafted
membranes in the manuscript. After that, the pristine RO, pMEDSAH-grafted, and p(MEDSAH-
b-TFEMA)-grafted membranes were freeze-dried for 24 hours. Then the pristine RO and

modified membranes were weighed and the degree of grafting was calculated using Eq. (1).

_W1

Degree of grafting = WZT (1)

where WW; and W, are the weight of pristine RO and modified membranes, respectively. The value

of W;was 0.97 mg, which is the average weight of five pristine RO membranes. S'is the membrane

area, which was 10.2 cm?.

5.2.4. Membrane surface characterizations

Membrane surface hydrophilicity was assessed by the water contact angle measurement with
a goniometer (DM-300, Kyowa Interface Science, Saitama, Japan). Surface charge of membranes
was measured by the {-potential (SurPASSTM3, Anton Paar, Graz, Austria). Membrane surface
composition was characterized by XPS (JPS-9010MC, JEOL) and each elemental content was
analyzed using SpecSurf software in the analysis mode. The elemental distributions of carbon,
oxygen, nitrogen, sulfur, and fluorine on the membrane surfaces were analyzed by EDS (JSF-
7500, JEOL, Tokyo, Japan). Field emission scanning electron microscopy (FE-SEM; JSF-7500,
JEOL) and atomic force microscopy (AFM; SPA-400, Hitachi High-Technologies, Tokyo, Japan)
were employed to observe the membrane surface morphology and to quantify the surface

roughness, respectively.
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5.2.5. Static bacterial adhesion tests

Membrane antifouling properties were assessed via static bacterial adhesion tests by using
gram-negative bacillus S. paucimobilis NBRC 13935 as the model bacteria. The experimental
procedure was described in a previous study [15]. First, the bacteria was precultured in 20 mL 30
g/L TSB medium for 12 h at 30 °C. A 0.4 mL precultured bacterial suspension was cultured again
in a fresh 20 mL 30 g/L TSB medium for 4 h at 30 °C, and was then adjusted to an optical density
at 450 nm of 0.05. Second, a membrane sample (1 cm x 0.5 cm) was soaked in the 2 mL bacterial
suspension. After shaking for 24 h at 30 °C, the resultant membrane was rinsed twice with 0.85
wt% NaCl aqueous solution to remove nonadherent bacteria. The adhered bacteria on the
membrane surface was stained with SYTO9 for 20 min and fixed with 2.5% glutaraldehyde for 3
min. Finally, the membrane was washed again by 0.85 wt% NaCl, and kept in a 0.85 wt% NaCl
aqueous solution for confocal laser scanning microscopy (CLSM; FV1000D, Olympus, Tokyo,
Japan) observation. All the CLSM images of membrane samples were taken at a magnification of
40 times under the Alexa Fluor® 488 mode. Bacterial coverage was quantified using ImageJ

software (National Institutes of Health, Bethesda, MD, USA) from CLSM images.

5.2.6. Dynamic filtration tests

In dynamic filtration tests, a cross-flow filtration unit with 8.07 cm? of effective membrane
area was employed to evaluate the antifouling properties of the amphiphilic membrane. Sodium
alginate and bacteria (S. paucimobilis NBRC 13935) were selected as the model foulants.

The dynamic sodium alginate filtration was begun by feeding 50 mM of NaCl aqueous

solution to adjust the initial flux (Jy) of each membrane to ~30 LMH (L/(m?<h) under an applied
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pressure of approximately 1.0 ~ 1.5 MPa. Next, a feed solution containing 100 ppm sodium
alginate, 0.5 mM CaCl,, and 50 mM NaCl was fed at 10 mL/min for 6 h to initiate fouling. Then,
the fouled membrane was flushed with Milli-Q water at 10 mL/min for 1 h. The water flux of this
cleaned membrane was measured again using 50 mM NaCl aqueous solution without foulants as
the feed solution. The long-time stability of the membranes was assessed by performing three
cycles of the above-mentioned fouling experiments. The flux recovery ratio (FRR) of each cycle

was calculated as shown in Eq. (2).

FRR = % x 100% ()

0

where Jy is the initial flux and J, is the flux recovery after each fouling stage (n=1, 2, 3).

The experimental condition of the dynamic biofouling filtration tests using the bacterial
suspension was analogous to that of the dynamic sodium alginate filtration tests except for the
composition of the feed solution. To obtain the bacterial feed solution, a cultured bacterial
suspension was prepared as described in the static bacterial adhesion test, and then it was added
into the 50 mM NaCl aqueous solution until the bacterial feed solution was adjusted to an optical
density at 450 nm of 0.05. Also, each cycle of biofouling experiment ran 20 h and the entire
biofouling experiment was processed at 30 °C. After the dynamic biofouling tests, the
morphologies of biofilm on the resultant membrane surfaces were observed by SEM and the

biofilm formation was quantified by CLSM.

5.2.7. Surface energy and Interaction energy
According to the three-liquid Lifshitz-van der Waals acid-base model (abbreviated as “three-
liquid model”), surface energy (y,:°**") at a surface is the sum of the apolar electrodynamic

Lifshitz-van der Waals (LW) interaction (ys“") and the polar (Lewis) acid-base (AB) interaction
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(ys48). The former interaction involves the dispersion, orientation, and the induction interaction,
while the latter interaction is designated as an electron-acceptor (ys*) / electron-donor (ys~)
interaction, depending on the hydrogen-bonding number of a surface [34, 35]. Here,
diiodomethane (apolar), water (polar), and glycerol (polar) were selected as the test liquids. The
contact angles () of the membrane samples in the test liquids were determined in order to

calculate the surface energy (¥°t*) as shown in Egs. (3) and (4) [35].

12 i S e G N 2 3)
(1 +cos 0)y, "' = 2(Jy:"" vt + sty + s ) )
where y,t°t% and y,t°'* are the surface energy of the membrane surface and the test liquid,

respectively; LW and 4B are the components of apolar and polar interactions, respectively; * and
~are the electron-acceptor and electron-donor components of polar interactions, respectively; and,

0 1is the contact angle of the membrane samples in the test liquids. The surface energy

total Lw

components (y; Yi*", v;7 and y;7) of the test liquids have been reported and are listed in

Table 5.1 [36].

Table 5.1. Surface energy components (mJ/m?) of various liquids.

Liquid " '’ 148 n? ytor!
diiodomethane 50.80 0.00 0.00 0.00 50.80
glycerol 34.00 3.92 57.40 30.00 64.00
water 21.80 25.50 25.50 51.00 72.80

Interaction energy between the foulant and the membrane surface was quantified to further
understand the antifouling mechanism of the amphiphilic RO membrane [37]. Bacteria (S.

paucimobilis NBRC 13935) was chosen as the studied foulant. Interaction energy (AG!3¥4),
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comprising LW (AGEY) and AB (AG#E) adhesion energies, was determined using Egs. (5) -

(7) [35].
AGIT™ = AGHY + AGHP (5)
AGEY = 2(Jyw™ = V2" W™ — v ™) (6)

AGflzB = 2[\/}’w—+(\/}’1—_+ \/Yz—__\/yw__) +\/Vw__(\/F+\/V2+ _\/Vw+) _\/Vl_]/2+ -
VYitv2Tl (7
where AGF@ is the interaction energy between the membrane surface 1 (i.e. pristine RO,
hydrophilic RO, and amphiphilic RO membranes) and the foulant 2 (i.e. bacteria-coated RO
membranes), in the water w. To obtain the surface energy components of the bacteria (i.e.

Y2, ys*, and ys7) for AGIGHH

calculation, first, a bacterial aqueous solution with an optical
density at 450 nm of 0.05 (the detailed preparation method can be found in the section titled “static
bacterial adhesion tests”) was fed to pristine RO membranes by dead-end cell filtration for 24 h.
The contact angle (8) of the fabricated bacteria-coated RO membrane was evaluated using water,

glycerol, and diiodomethane, which could be used for calculating the surface energy components

of the bacteria (y;!W, y,*, and y,7) via Egs. (3) and (4).

5.2.8. Hydration energy calculated using molecular dynamic simulation

Hydration energy of three given materials (i.e. polyamide, pMEDSAH, and p(MEDSAH-b-
TFEMA)) was evaluated by molecular dynamic (MD) simulation. Through the Amorphous Cell
module, three types of simulation models were built, and each model contained a given material
and made up of 800 water molecules. All simulation models had similar atomic numbers and the
density values were set at 1 g/cm? at the outset [38-40]. In the simulation models, polyamide and
pMEDSAH were built with fine corresponding repeat units, respectively; while p(MEDSAH-b-

TFEMA) model included fine MEDSAH repeat units and one TFEMA repeat units. First, the
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energy of the simulation models was optimized via a geometry optimization step. Then, molecular
structures under an equilibrium state were adopted to simulate the water-materials interactions in
an MD process with an NVT ensemble (fixed temperature, system volume, and atom number) at
298 K for 500-ps. In this work, the BIOVIA Materials Studio® software was employed to carry
out the energy minimization and MD calculation processes, in which a COMPASS force field was

applied.

5.3. Results and discussion
5.3.1. Membrane characterizations

The aim of this study was to construct a polyamide RO membrane with both fouling
resistance and fouling release properties by sequentially grafting a zwitterionic polymer
(PMEDSAH, first-stage SI-ATRP) and a low surface energy polymer (pTFEMA, second-stage
SI-ATRP) on a polyamide layer. The degrees of grafting for the pristine RO, hydrophilic RO, and
amphiphilic RO membranes are presented in Fig. 5.2, and were 0, 0.10, 0.17 mg/cm?, respectively.
Therefore, the degree of grafting for the pMEDSAH and pTFEMA brushes in the p(MEDSAH-
b-TFEMA) could be quantified at 0.10 and 0.07 mg/cm?, respectively. The resultant modified
membranes were comprehensively characterized to confirm the grafting of the amphiphilic
diblock copolymer on the polyamide layer and to verify the corresponding surface characteristics

for antifouling.
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Fig.5.2. Degree of grafting for pristine RO, hydrophilic RO, and amphiphilic RO membranes.

Water contact angles is an evaluation of the membrane surface hydrophilicity. A lower water
contact angle equates to a higher level of surface hydrophilicity. As shown in Fig. 5.3A, after
grafting zwitterionic pMEDSAH brushes, the water contact angle of the hydrophilic RO
membrane decreased from 37° to 14°, which could be attributed to the strong hydrating capability
of pMEDSAH. Compared with the pMEDSAH-grafted membrane, the p(MEDSAH-b-TFEMA)-
grafted membrane (i.e. amphiphilic RO membrane) has a slightly increased water contact angle
of 23° due to the grafting of hydrophobic pTFEMA brushes. These changes on water contact angle

exhibited the amphiphilic characteristic of p(MEDSAH-b-TFEMA)-grafted membrane.
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Fig. 5.3. Key membrane characteristics: Water contact angle (A), {-potential (B), and XPS spectra

(C) of pristine RO (1), hydrophilic RO (2), and amphiphilic RO (3) membranes.

Membrane surface charge was further studied by the (-potential measurement. The (-
potential data and isoelectrical point (IEP) of pristine RO, hydrophilic RO, and amphiphilic RO
membranes are displayed in Fig. 5.3B and in Table 5.2, respectively. In Fig. 5.3B, the pristine RO
membrane shows a negative charge at pH values ranging from 3 to 9 with an IEP at pH 2.8. After
pPMEDSAH grafting, the IEP was shifted to the right at pH 3.2, and the surface charge became
less negative within the entire pH range, probably because the grafted neutral pMEDSAH brushes
would have shielded the anionic carboxyl group on the polyamide layer surface. The {-potential
of the amphiphilic RO membrane presented a trend similar to that of the hydrophilic RO

membrane.

Table 5.2. Elemental composition and isoelectrical point (IEP) of pristine RO, hydrophilic RO,

and amphiphilic RO membranes.
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Elemental composition (%)

Membranes IEP (pH)
Cis N i O s Sap F 15

Pristine RO 77.3 10.0 12.6 / / 2.8

Hydrophilic RO 64.7 5.3 242 5.8 / 32

Amphiphilic RO 60.3 5.0 239 6.8 4.1 3.7

Chemical composition of the membrane surfaces was analyzed by XPS technology. The XPS
spectra of pristine RO hydrophilic RO, and amphiphilic RO membranes are displayed in Fig. 5.3C
and the elemental percentages obtained from XPS spectra are shown in Table 5.2. The pristine
RO membrane mainly consisted of carbon (Cis, 77.3%), nitrogen (Nis, 10%), and oxygen (Ois,
12.6%), which were responsible for the binding energy at 280 eV, 400 eV, and 530 eV, respectively.
After the grafting of pMEDSAH, a new peak at 169 eV attributed to the sulfur element (S»p)
appeared, which was assigned to the pMEDSAH brushes on hydrophilic RO membrane. In the
spectra of the amphiphilic RO membrane, two peaks associated with sulfur (S2,) and fluorine (Fis)
elements were observed, and their atomic percentages were 6.8% and 4.1%, respectively, which
verified the successful surface modification with the amphiphilic diblock copolymer,
p(MEDSAH-b-TFEMA). The distributions of sulfur (S) and fluorine (F) elements on the
membrane surfaces were visualized by EDS mapping, and the images are displayed in Fig. 5.4.
Compared with the pristine RO membrane, the S element (blue color in Fig. 5.4B) appeared on
the surface of the hydrophilic RO membrane because of the grafting of pMEDSAH brushes. On
the other hand, the entire amphiphilic RO membranes surface was uniformly covered with not
only the S element (blue color in Fig. 5.4C) but also the F element (red color in Fig. 5.4F), which
demonstrates a homogenous distribution of pMEDSAH segments and pTFEMA segments of
p(MEDSAH-b-TFEMA) brushes on the surface of the modified membrane. Besides, the

homogeneous distribution of S and F elements on the amphiphilic RO membrane surface further
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indicates that the construction of p(MEDSAH-b-TFEMA) brush layers on the membrane surface

was controllable via dual SI-ATRP reaction.

> = | _ $ F). _

Fig. 5.4. Sulfur (S) and fluorine (F) elemental distributions on the surfaces of pristine RO (A and

D), hydrophilic RO (B and E), and amphiphilic RO (C and F) membranes, respectively. Note: the

blue and red colored areas represent the relevant S and F elements, respectively.

Effects of modification with p(MEDSAH-b-TFEMA) brushes on the membrane surface
morphologies were also investigated, and the results are presented in Fig. 5.5. The polyamide
layer of the pristine RO membrane possesses a typical ridge-and-valley structure (Fig. 5.5 A).
After surface functionalization with pMEDSAH and p(MEDSAH-b-TFEMA) brushes, similar
surface morphology to the pristine membrane surface can be observed in the SEM images
(Figures 5.5B and 5.5C), AFM results also demonstrated almost no change in the surface
roughness (Figure 5.5(D)-(F) and Table 5.3) after surface modifications (e.g. R,=82.5, 80.4 and

79.0 nm for pristine RO, hydrophilic RO, and amphiphilic RO membranes, respectively).
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Fig. 5.5. Surface morphologies of pristine RO (A and D), hydrophilic RO (B and E), and

amphiphilic RO (C and F) membranes, as observed by SEM (A-C) and AFM (D-F), respectively.

Table 5.3. Surface roughness of pristine RO, hydrophilic RO, and amphiphilic RO membranes.

Surface roughness

Membranes

Ra (nm) RMS (nm) Rz (nm)
Pristine RO 82.5 101.6 290.2
Hydrophilic RO 80.4 100.4 249.2
Amphiphilic RO 79.0 99.2 296.7

5.3.2. Bacterial adhesion tests

Membrane antifouling capabilities were studied by static tests using bacteria as the model
foulant (Fig. 5.6). After exposure to the bacterial solution for 24 h, the pristine RO membrane had
the largest green area (Fig. 5.6A), indicating largest amount of adhered bacteria. The adhesion of
bacteria onto the pristine RO membrane was employed as a control to normalize those of modified
membranes. By contrast, the hydrophilic RO membrane exhibited a smaller green area (Fig. 5.6B),

which demonstrated significantly suppressed bacterial adsorption due to the strong hydration of
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the pMEDSAH brushes. The relative bacterial coverage for the amphiphilic RO membrane (4%)
was lower than that of the hydrophilic RO membrane (9%) (Fig. 5.6D). This difference will be
ascribed to the low surface energy segments (i.e. pTFEMA) of the p(MEDSAH-b-TFEMA)

brushes, which could weaken the interaction between the membrane surface and the foulant.
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Fig. 5.6. Static bacterial adhesion results of pristine RO (A), hydrophilic RO (B), and amphiphilic
RO (C) membranes. Relative coverage of bacteria (D) adhered onto the surfaces of pristine and
modified membranes. The adhesion of bacteria on each membrane sample was normalized by that

of the pristine RO membrane.

5.3.3. Antifouling performances in the RO process
Biofouling is triggered by an initial bacterial adhesion and the subsequent biofilm formation,

which causes water flux decline, higher energy consumption, and limited life span of the RO
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membrane [41-44]. Therefore, biofouling mitigation on the membrane surface is critical for
effective antifouling functionality. Herein, dynamic biofouling filtration tests were performed by
using the bacterial solution to assess the anti-biofouling properties of membranes. The obtained
data are presented in Figures 5.7(A and C). In these figures, the flux is normalized by using the
initial water flux. During the dynamic biofouling filtration, the water flux recovery performance
of fouled membranes was evaluated with /RR by physical cleaning (rinsing) with Milli-Q water
at the end of each fouling cycle.

As shown in Fig. 5.7A, the pristine RO membrane recorded the sharpest flux declines to
51%, 37%, and 28% of its initial permeate for the three cycles, respectively, due to the relative
hydrophobic surface. By contrast, the hydrophilic RO membrane exhibited milder flux declines
to 58% and 45% for the first two cycles, respectively, which verified the effective antifouling
properties of hydrophilic modification. Unfortunately, the water flux of the hydrophilic RO
membrane continued to decline and displayed 31% of its initial water flux at the end of the 3™
cycle, which was comparable with that of the pristine RO membrane. As the results show, the
antifouling properties of hydrophilic membranes could gradually lose due to the defective
hydration layer induced by the attached foulants on the membrane surfaces. These phenomena
also occurred in previous studies [45]. By contrast, the amphiphilic RO membrane demonstrated
the excellent antifouling properties against bacteria, and had the lowest water flux declines (72%,
57%, and 49% of initial water flux for the three cycles, respectively) than those of the other two
membranes. These enhanced antifouling properties were attributed not only to the fouling
resistant properties of the pMEDSAH segments, but also to the fouling release properties of the
pTFEMA segments. The hydrophilic pMEDSAH segments could prevent contact between the
foulants and the membrane surface by forming a strong hydrating layer via electrostatic

interaction [46]. At the same time, the pTFEMA segments with low surface energy could loosen
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the interaction between foulants and membrane surfaces, leading to a higher release rate of
foulants from the membrane surface [47]. Therefore, during the dynamic filtration on cross flow
mode, the fouling resistant properties significantly prevent water flux decline. In addition, the
fouling release properties make the foulant attachment unstable, further eliminating the water flux

decline and enhancing water flux recovery.
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Fig. 5.7. Representative normalized flux of pristine RO hydrophilic RO, and amphiphilic RO
membranes as a function of filtration time during (A) biofouling and (B) sodium alginate
filtrations; Normalized flux of pristine RO, hydrophilic RO, and amphiphilic RO membranes after

each of the (C) biofouling and (D) sodium alginate stages.

The antifouling properties of the modified membranes against an organic foulant (i.e. sodium

alginate) in a dynamic mode were further evaluated. The corresponding dynamic fouling curves
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are shown in Fig. 5.7B. Compared to the biofouling, alginate fouling led to severer water flux
decline. That is because the presence of Ca’>" in the sodium alginate solution acts as a bridge
between sodium alginate molecules and results in a cross-linked alginate-gel on the membrane
surface [48, 49]. At the end of the 3™ cycle of filtration, the pristine RO and hydrophilic RO
membranes had a comparable water flux decline to 30%, which was the highest decline among
all the tested membranes, because of the hydraulic resistance of the alginate-gel formation on the
membrane surface. Nevertheless, the amphiphilic RO membrane maintained a mild water flux
decline to 47%. These results were further verified by the photo images of the fouled membranes
after the 3" cycle of filtration. As shown in Fig. 5.8, both the pristine RO and hydrophilic RO
membranes were fully covered by a thicker sodium alginate gel, but only a limited sodium
alginate gel layer was formed on the amphiphilic RO membrane. These results also indicate that
the surface of the amphiphilic RO membrane is likely to have some non-cohesive dominants with
sodium alginate releasing ability, which may be a result of the relatively weak interaction between

sodium alginate molecules and low surface free energy dominants (i.e. pTFEMA segments).

Pristine RO Hydrophilic RO Amphiphilic RO

Fig. 5.8. Membrane surface morphology of pristine RO, hydrophilic RO, and amphiphilic RO

membranes after a 3™ cycle of sodium alginate fouling filtration.

The aforementioned synergetic antifouling properties can be further verified by the obvious

distinctions in the physical cleaning efficiencies between pristine and modified RO membranes.
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As shown in Figures 5.7C and 5.7D, the cleaning efficiencies for these three membranes trended
as follows: pristine RO membrane < hydrophilic RO membrane < amphiphilic RO membrane.
Although the hydrophilic RO membrane was relatively more efficient at cleaning compared with
the pristine RO membrane, irreversible fouling remained obvious and the recovered water flux
after cleaning was about 30% of the initial water flux after three cycles of filtration (Figures 5.7C
and 5.7D). That result suggests that a zwitterionic polymer cannot maintain its antifouling
properties for prolonged periods of operation time. By contrast, because of the synergetic effects
of fouling resistant and fouling release properties, the water flux of amphiphilic RO membranes
could be satisfactorily recovered after simple physical cleaning as shown in Figures 5.7C and
5.7D. These antifouling properties were further confirmed by SEM and CLSM images of the
cleaned membranes after the 3™ cycle of biofouling filtration. Figure 5.8 shows that the cleaned
pristine RO membrane was fully covered by biofilm with a biomass of 48 um?/um? and a thickness
of 74 um. On the cleaned hydrophilic RO membrane surface, a significant amount of biofilm
could still be observed with a biomass of 34 pm?/um? and a thickness of 55 pum. However, almost
no biofilm nor bacteria aggregation appeared on the cleaned amphiphilic RO membrane with the
lowest biomass of 24 um?/um? and thickness of 36 um. In short, integrating fouling resistant and
fouling release strategies against fouling provides a versatile solution for designing novel

antifouling membranes.
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Fig. 5.8. Surface morphologies of the cleaned pristine RO, hydrophilic RO, and amphiphilic RO
membranes were observed by SEM and CLSM. The biomass and biomass thicknesses were

analyzed using ImagelJ software from CLSM images.

5.3.4. Proposed multi-defense mechanism for antifouling

Hydration energy and surface energy of membrane surfaces could be manipulated by
sequentially constructing the pMEDSAH and pTFEMA segments via dual SI-ATRP, and thus
provided the multi-defense properties. Lower level of both hydration energy and surface energy
are favorable, which implies a tighter hydration layer and a weaker intermolecular force between

ol mJ/m?) as

surfaces and foulants, respectively. Table 5.5 presents the surface energy (ys
determined by the three-liquid model using the measured intrinsic liquid (diiodomethane, glycerol,
and water) contact angles (Table 5.4). Table 5.6 summarizes the hydrogen (H)-bond number and
hydration energy (AGn, kcal/mol) between the given materials and water molecules calculated
from the MD simulation. Lower hydration energy corresponds to higher H-bond number, meaning

stronger hydration of the material. As illustrated in Table 5.6, the strong hydrophilicity of

pMEDSAH segments imparted a lower hydration energy of -3707 kJ/mol compared with that of
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the polyamide (-1197 kJ/mol) to the modified membrane surfaces. It indicated that a tighter
hydration layer was formed on the surface of hydrophilic RO membrane, avoiding nonspecific
foulant adsorption and effectively enhancing the fouling resistant properties. However,
modification with pMEDSAH segments increased the surface energy from 59.6 mJ/m? of the
pristine RO membrane to 65.8 mJ/m? of the hydrophilic RO membrane (Table 5.5). This meant
once the foulant broken the hydration layer and touched the membrane surface, the adhered
foulants were difficult to be removed from the hydrophilic membrane surfaces. On the other hand,
the surface energy of the amphiphilic RO membrane was substantially decreased with pTFEMA
segments to 55.4 mJ/m?, which were lower than that of the hydrophilic RO membrane (65.8
mJ/m?); while this amphiphilic RO membrane still maintained a much lower hydration energy (-
2674 kJ/mol) than that of the pristine RO membrane (-1197 kJ/mol). Besides the strong hydration
capacity of pMEDSAH segments, tightly binding electron pairs surrounding -CF3 groups could
supply a low surface energy layer barrier, which would prevent the dispersion interactions
between the foulants and the membrane surfaces and avoid the damage of antifouling hydration
layer due to foulants. The rational construction of pMEDSAH and pTFEMA segments could

confer both fouling resistant and the fouling release properties to the membrane surfaces.

Table 5.4. Contact angle, 0, of pristine RO, hydrophilic RO, amphiphilic RO, and bacteria-coated

RO membranes in three liquids including water, glycerol, and diiodomethane.

Contact angle 0 (°)

Surfaces

Water Glycerol Diiodomethane
Pristine RO 37.0 33.6 9.3
Hydrophilic RO 14.0 10.9 14.9
Amphiphilic RO 23.0 33.8 33.0
Bacteria-coated RO 68.0 44.1 63.0
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Table 5.5. Surface energy (mJ/m?) components of pristine RO, hydrophilic RO, amphiphilic RO,

and bacteria-coated RO membranes calculated from the three-liquid model.

Bacteria-
Pristine RO Hydrophilic RO Amphiphilic RO

coated RO
A 50.1 49.1 42.9 26.8
A 0.7 1.7 0.8 6.8
Vs 31.0 41.3 48.9 6.3
ys"B 9.5 16.7 12.4 13.1
AL 59.6 65.8 55.4 39.9

Table 5.6. Hydrogen (H)-bond number and hydration energy (kJ/mol) of polyamide, pMEDSAH,

and p(MEDSAH-b-TFEMA) calculated from molecular dynamics simulation.

Polyamide @~ pMEDSAH p(MEDSAH-b-TFEMA)

H-bound Number 23 43 30
Hydration Energy, AGu -1197 -3707 -2674

The initial fouling mechanism was governed by the membrane-foulant interactions [45, 50].
Therefore, a better understanding of the antifouling abilities via quantitative analysis of the
membrane-foulant interactions becomes very critical. Table 5.7 lists the interaction energies
(AG®® mJ/m?) between the bacteria and the membrane surfaces, which were calculated using
the surface energy components of the membrane surface (Table 5.5) and the bacteria (bacteria-
coated RO in Table 5.5). If AG™“ becomes more negative, the foulant is prone to approaching
the membrane surface [51]. Among three membranes, the pristine RO membrane showed the
highest negative interaction energy of -21.3 mJ/m?, leading to the most serious membrane fouling.

After the modification with pMEDSAH brushes, the interaction energy became less negative (-
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14.8 mJ/m?) owing to the strong hydration layer, which indicated better antifouling properties
against bacteria. Moreover, subsequently grafted pTFEMA segments further reduced the
interaction energy to -13.6 mJ/m? on the basis of the pMEDSAH-modified membrane. This
difference between hydrophilic RO and amphiphilic RO membranes was attributed to the low
surface energy layer created by the pTFEMA segments. Indeed, this tendency for interaction
energy between the bacteria and the membranes matched well with the dynamic fouling
performance (Fig. 5.7), which suggests that the multi-defense mechanisms, i.e., the fouling
resistant properties as well as the fouling release properties, were responsible for the improved

antifouling abilities.

Table 5.7. Interaction energy (mJ/m?) between membrane surfaces and bacteria calculated from

Eqgs. (4)-(6).
Pristine RO Hydrophilic RO Amphiphilic RO
AGHY -2.5 2.4 -1.9
AG"P -18.9 -12.4 -11.7
AG©H! -21.3 -14.8 -13.6

5.4. Conclusion

A controllable architecture of amphiphilic diblock copolymer was well constructed for the
polyamide RO membranes to integrate both “fouling resistance” and “fouling release” properties.
To prepare this amphiphilic RO membrane, a hydrophilic segment of pMEDSAH and a low
surface energy segment of pTFEMA were sequentially grafted on a membrane surface by dual
SI-ATRP reaction. On the one hand, the resultant amphiphilic RO membrane effectively resisted
the foulants of the sodium alginate and bacteria, because the strong hydrophilicity of pMEDSAH

segments imparted the modified membrane surfaces with a lower hydration energy, which thereby
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facilitated the formation of a tighter hydration layer to avoid nonspecific foulant adsorption on
membrane surfaces. On the other hand, because the pTFEMA segment could decrease the surface
energy and weaken the interaction between the foulant and the membrane surface, the amphiphilic
RO membranes not only further eliminate the water flux decline during dynamic fouling filtration
compared with the hydrophilic TFC membrane, but also could be satisfactorily recovered the
water flux after simple physical cleaning. Therefore, the rational construction of pMEDSAH and
pTFEMA segments could confer both fouling resistant and the fouling release properties to the

membrane surfaces, providing a versatile solution for designing novel antifouling membranes.
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Conclusion

Fresh water is absolutely imperative for living beings. Nevertheless, the fresh water which
we can use is less than 1% of water on the earth. The demand for freshwater has been increasing
owing to rapid increase of population, and increase of human activities. On the other hand, the
fresh water resources have been decreasing due to the contamination of resources, the global
warming and so on. Thus, it is emergent issue to produce fresh water from waste water and/or
seawater in order to solve the water scarcity issues. Among various water treatment processes,
membrane process is one of the potential methods for high quality wastewater treatment and
reducing water scarcity. Especially, the reverse osmosis (RO) membrane technology is a
promising technology for desalination and wastewater treatment, because of its simplicity, high
efficiency, and relatively low energy consumption.

However, fouling, especially biofouling, is a major drawback of RO membrane, which
causes the water flux decline, increased energy consumption, and shorter membrane life.
Therefore, the objective of this thesis is to improve the anti-biofouling properties of polyamide
RO membrane via surface modification using various novel materials. In this thesis, the
commercial polyamide RO membrane, ES20 (Nitto Denko Co., Japan) was used as the pristine
membrane. The modified membranes were characterized by ATR-FTIR, XPS, water contact
angle, C-potential, SEM, and AFM. Further, the anti-biofouling properties were evaluated by
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static bacterial adhesion and dynamic biofouling filtration tests. The results described in Chapters

2-5 are summarized as below.

6.1. Zwitterionic polymer modification of polyamide reverse osmosis membranes via surface
amination and atom transfer radical polymerization for anti-biofouling

This chapter describes an effective pretreatment method to immobilize SI-ATRP initiators
on the surface of polyamide RO membranes and the effect of the polymer main chain length on
the biofouling behavior. Firstlyy, RO membrane surfaces were aminated with 3-
aminopropyltrimethoxysilane (APTS). Then, a-bromoisobutyryl bromide (BIBB), an acyl halide-
type SI-ATRP initiator, was reacted with the APTS layer. A zwitterionic polymer, poly[(2-
methacryloyloxy)ethyl|dimethyl[3-sulfopropylJammonium hydroxide (pMEDSAH), was then
grafted on the membrane surface via SI-ATRP.

The APTS treatment effectively introduced amino groups on the polyamide layer of the RO
membrane and facilitated the immobilization of an SI-ATRP initiator (BIBB), while maintaining
the water flux and salt rejection properties of the pristine membrane. A zwitterionic polymer,
pMEDSAH, was grafted on the surface of BIBB-immobilized membranes and its main chain
length was found to increase with the polymerization time. pMEDSAH grafting enhanced the
surface hydrophilicity and changed the surface to a smoother and denser morphology. The
hydrophilicity and static bacterial adhesion of the membranes was improved by increasing the
polymerization time. The dynamic biofouling tests showed that biofilm formation and biofouling
were effectively prevented by the pMEDSAH grafting and the increase of polymerization time.

The strategy using APTS treatment is applicable for facilitating the SI-ATRP initiator
immobilization on less reactive surfaces of commercial RO membranes maintaining the

permeation properties. Furthermore, this study not only demonstrated the great potential of the
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zwitterionic polymer modification of RO membranes for the biofouling prevention, but also
clarified that the control of the pMEDSAH main chain length was necessary to obtain the best

performance for the improvement of the anti-biofouling property.

6.2. Effect of polymer structure modified on RO membrane surfaces via surface-initiated ATRP
on dynamic biofouling behavior

In this chapter, the features of various hydrophilic polymers were systematically
characterized and the effect of polymer structure on biofouling behavior of polyamide RO
membranes was assessed. First, pHEMA, polyPEG (pPEG), and pMEDSAH were grafted on
polyamide RO membranes surface via the SI-ATRP method. In order to isolate the effect of the
main chain length, grafting density was fixed by using the same concentration of the initiator, and
different SI-ATRP polymerization time was applied for merely controlling the main chain length
of the grafted polymer on the membrane surfaces.

To assess the grafted polymer structure, the surface chemical properties of the modified
membranes were analyzed by using ATR-FTIR and XPS. Thickness of the active layer and
surface roughness were evaluated by SEM and AFM, respectively. Furthermore, molecular
dynamics (MD) simulation was used for determining side chain length and hydrogen number of
given polymers with water molecules. To evaluate biofouling behavior of grafted membranes, a
static bacterial adhesion test and a dynamic biofouling filtration test were conducted.

As a result, the pHEMA-grafted membrane was relatively ineffective at preventing
biofouling, due to the relatively weaker hydration and lower flexibility, while the combined
features of pPEG with long side chains and a hydration layer effectively prevented biofouling
even with short main chain length. The combination of strong hydration and proper main chain

length is the main contribution to the anti-biofouling propensity of a zwitterionic polymer,
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pMEDSAH. This research provides useful information on biofouling behavior on the surface of
various polymers, that is, not only the main chain length but also the side chain and hydration

state should be taken into account for developing anti-biofouling membranes.

6.3. Improved anti-biofouling performance of polyamide reverse osmosis membranes modified
with a polyampholyte with effective carboxyl anion and quaternary ammonium cation ratio

A polyampholyte composed of anionic 2-carboxyethyl acrylate (CAA) and cationic [2-
(acryloyloxy)ethyl] trimethyl ammonium chloride (TMA) was applied for improving the anti-
biofouling properties of polyamide RO membranes. To elucidate the effect of the monomer ratio
of the grafted polyampholyte, several types of p(CAA-co-TMA) polyampholytes were grafted on
the RO membrane surface, and the anti-biofouling properties were evaluated by protein
adsorption, static bacterial attachment, and long-term dynamic biofouling filtration experiments.

It was found that the CAA/TMA surface ratio was directly proportional but not identical to
the feed ratio. The modified RO membrane with 1:1 CAA/ TMA surface ratio, fabricated from a
mixed monomer solution with 3:1 CAA/TMA ratio, had nearly zero net surface charge above pH
6 and showed an excellent anti-biofouling performance even in long-term dynamic biofouling
filtration tests. This is due to the highly hydrophilic character of the surface (originating from its
large content of ionic groups) and also to the almost complete absence of electrostatic attraction
with charged bacteria, because the net surface charge is close to zero.

Moreover, in the presence of a strong electrostatic attraction between membrane surface and
foulants, biofouling took place even for a membrane surface with very high hydrophilicity. On
the other hand, in the absence of electrostatic attraction between membrane surface and foulants,

the anti-biofouling properties were determined by the hydrophilicity of the membrane.
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6.4. Antifouling polyamide reverse osmosis membranes with multi-defense properties by
controllably constructing amphiphilic diblock copolymer brush layer

A controllable architecture of amphiphilic diblock copolymer was well constructed for the
polyamide RO membranes to integrate both “fouling resistance” and “fouling release” properties.
To prepare this amphiphilic RO membrane, two materials were sequentially grafted on polyamide
RO membrane surfaces via dual SI-ATRP: zwitterionic polymer, poly(2-(methacryloyloxy)ethyl-
dimethyl-(3-sulfopropyl) ammonium hydroxide) (pMEDSAH) with strong hydrophilicity and
poly(2,2,2-trifluoroethyl methacrylate) () TFEMA) with low surface energy.

To characterize the amphiphilic diblock copolymer modified membranes, the measurements
of contact angle, {-potential, XPS, and energy dispersive X-ray spectrometry (EDS) mapping
were carried out. The fouling resistant and fouling release properties of these modified
membranes were extensively investigated by static bacterial adhesion and long-term dynamic
filtration tests using sodium alginate for organic fouling, and bacterial suspension for biofouling.

The resultant amphiphilic RO membrane effectively resisted the foulants of the sodium
alginate and bacteria, because the strong hydrophilicity of pMEDSAH segments imparted the
modified membrane surfaces with a lower hydration energy, which thereby facilitated the
formation of a tighter hydration layer to avoid nonspecific foulant adsorption on membrane
surfaces. Furthermore, the water flux through amphiphilic RO membrane could be satisfactorily
recovered after simple physical cleaning because the pTFEMA segment could lower the surface
energy, which weakened the interaction between the foulant and the membrane surface. Therefore,
the rational construction of pMEDSAH and pTFEMA segments could confer both fouling
resistant and the fouling release properties to the membrane surfaces, providing a versatile

solution for designing novel antifouling membranes
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