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Abstract

Membrane technology has acquired significant importance in a variety of applications such as
water treatment, health sector and food industry. Nevertheless there is a growing demand of more
functional and stable membranes. This thesis is focused on improving solvent stability of

polysulfone based membranes without compromising the flux properties.

Polysulfone (PSF) is a widely used membrane material for ultrafiltration process because PSF can
be easily fabricated into highly porous structure via non—solvent induced phase separation
(NIPS). Such a structure is imperative for ultrafiltration process as efficiency of filtration largely
depends upon the size of pores and overall porosity of membrane. Generally membranes made of
pristine PSF have good chemical and mechanical stability but get dissolved in many of organic
solvents. Though previous attempts somehow attained solvent stability but membrane structure

was deteriorated and so does the transport property.

In order to increase the solvent stability, an approach based on UV induced acrylic
functionalization of PSF is described in this thesis. A two-steps method of membrane fabrication,
involving NIPS and UV curing, was established. At first the acrylic functionality was introduced
on the backbone of polysulfone chain through synthesis of methacrylated polysulfone (PSF-DM)
macro-monomer. The thin films of PSF-DM containing phenylbis (2,4,6-trimethylbenzoyl)
phosphine oxide (BAPO) photoinitiator cast on the glass plates were subjected to UV curing and
NIPS processes to prepare the membranes. The reverse process i.e. NIPS followed by UV curing
was also applied. The developed membranes were thoroughly characterized and the flux
properties were evaluated in a dead—end filtration apparatus. The solvent stability was good in
DMSO and acetone. Regardless of sequence of operations the average flux values were in the
range of tight ultrafiltration. The sequence UV-NIPS resulted into more uniform and structurally

stable membranes.



The next approach was based on incorporating acrylic functionality in a way that a diacrylate
monomer was added into pristine PSF solution in DMF and the membranes were fabricated
following the previously established method i.e. UV curing followed by NIPS. For this purpose
two structurally different di-acrylates, Bisphenol A ethoxylate diacrylate (BEDA) and Poly
(ethylene glycol) diacrylate (PEGDA) were incorporated and in order to study the effect of
concentration, different amounts of acrylic resins were investigated. The acrylic double bond
conversions were studied through FTIR and ATR-FTIR. The viscoelastic properties were
analyzed via dynamic mechanical thermal analysis (DMTA) and morphological properties were
studied through field emission scanning electron microscopy (FESEM). The solvent stability was
analyzed by immersing the membranes cutouts in a number of solvents for 120 hrs at room
temperature. The flux properties were evaluated in a pressurized stirred cell apparatus and the
rejection of 27 nm polystyrene particles was also collected. Almost all the formulations came up
with excellent solvent stability in DMF, DMSO, THF, Acetone, Toluene and Ethyl Acetate.
The 10 % BEDA functionalized PSF membrane exhibited the best flux properties, i.e. very close
to that of pristine PSF, along with good rejection (>90 %) of 27 nm polystyrene particles.

The UV cured acrylic functionalized PSF membranes were further applied to specific
contaminant removal. The previously developed best UF membranes were coated with
polydopamine (PDA) in order to combine the rejection of ultrafiltration membrane with the
adsorption of contaminant by PDA layer. As BEDA cross-linked membranes were developed
through UV curing followed by NIPS so the strategy of PDA coating was coupled with NIPS
either as a separate action next to NIPS or in a more facile and advantageous one—step method
where NIPS and PDA coating occurred at the same time. In order to study the increased
adsorptive behavior of PDA coated membranes, methylene blue (MB) was taken as a model
contaminant. The removal of MB was investigated both in batch and continuous filtration. The
Zwitterionic behavior of PDA was effectively exploited and the coated membranes released MB
in acidic condition thus regenerated for next adsorption. The cyclic stability of several adsorption

and desorption cycles was studied.

Above stated all three works discussed the development of UV cured membranes through NIPS.
In recent years, electrospun nano-fibrous membranes (ENMs’) have been employed as successful
replacement of phase separation membranes because of high porosity thus much lower mass

transfer resistance. We designed a reactive electrospinning setup where electrospinning was



coupled with online UV irradiation. The same BEDA functionalized PSF formulation was taken
as feed solution. All the parameters of electospinning and UV curing were thoroughly
investigated, optimized and correlated so the optimum curing of acrylic monomer and production
of nano fibers take place simultaneously. The electrospun mats were also prepared via offline
curing method and compared with the counterparts. All the UV cured mats were fully

characterized and solvent stability was assessed in the same way as reported before.
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Chapter 1

Introduction

Water is the most valuable resource of the earth but it is becoming perilously
scarce and befouled [1, 2]. The water scarcity is one of the serious global
emerging challenges what humanity is facing today. At present more than one-
third of the world’s population is living in the water—stressed countries and by
2025 this figure is anticipated to rise to almost two—third [3]. The vast majority of
earth’s water is saltwater (97%) in the oceans; the fresh water constitutes only
2.5% and the remainder (0.5%) is found in underground aquifers and surface
estuaries [4]. Out of available freshwater, 70% goes to irrigation, 20% is used in
industry and just 10% finds domestic use [5] so human beings consume less than
1% of water on the earth. These stats are enough to describe the real threat since
1.2 billion people across the globe lack the safe drinking water and some 2.6
billion are deprived of adequate sanitation [2]. The diarrheal diseases alone result
in 1.8 million deaths every year and 88% of which are attributed to unsafe
drinking water and inadequate sanitation [6]. Over the last century the water usage
increased twice of the growth of the population and the improvement in these
circumstances remains unsatisfactory. It’s predicted that there will be an increase
of three billion in the world population by the year 2050 and 2.7 billion will be in
the developing countries where the economic impacts of unsafe water and pathetic
sanitation facilities are likely to devastate the society. The shortage of safe water
resources has impact beyond human health for example the annual loss in Africa,
because of lack of drinking water and sanitation is estimated $28 billion (5% of
GDP) and in Asian countries like Philippines, Cambodia, Indonesia and Vietnam
this figure is $9 billion (2% of GDP) [7]. These are notable negative economic
impacts resulting from water scarcity and poor sanitation.



) Introduction

Another related study is recently carried out by Mekonnen and fellows [8]; they
reported that every year worldwide four billion people suffer from water scarcity
for more than one month. Further they found that groundwater consumption is
twice of the water reintegrated in the system by the rains. Almost half a billion
people in this world suffer from severe water scarcity all year round. There is an
emerging demand to escalate water-use and water-treat efficiencies, to put cap to
water consumption by river basin and better management of limited fresh water

resources so the threat posed by water scarcity on human welfare and biodiversity
could be reduced.

Annual average of
monthly blug
water scarcity
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[Jos-1
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B 2030
050
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Figure 1.1: Global annual average monthly blue water scarcity

The World Economic Forum has also mentioned in its Global Risk Report 2016

that water crisis is the biggest problem world is likely to face in next ten years [9].



Water crisis  n——) 39.8 %
Failure of climate-change mitigation and adaptation m————) 36.7 %
Extreme weather events  m—) 26.5 %

Food crisis  mss) 25.2 %
Profound social instability 233 %

Figure 1.2: Top five global risks by World Economic Forum 2016

The climate change, the rapid growth of population and the excessive
industrialization are the factors intensifying the global water scarcity. Besides the
problem of water scarcity; the available drinking water sources, such as lakes and
rivers are being contaminated with the pollutants that instigate from agriculture,
municipal and industrial waste waters [10]. In order to address this challenge there
is an indispensable need of the energy efficient and sustainable treatment
technologies to tap the unconventional sources of water so the water supply is

augmented beyond what is obtained from the hydrological cycle [2].

The traditional methods to remove contaminants from water and wastewater are
sand filtration, sedimentation, coagulation, flocculation, extraction, ion exchange,
electro-deposition, precipitation and biological degradation [11, 12] but most of
these operations require lengthy operating period and large area thus not so
efficient in terms of cost as well as time of operation [12, 13]. Furthermore the
increased complexity of industrial waste water, such as those from oil and gas
industries and coal fired plants, has become a major challenge in the recent years
[14-16]. These wastewaters are characterized by very high level of dissolved
solids i.e. approximately six times that of seawater thus carries high fouling
potential [16]. These wastewaters are very difficult to treat with the conventional

technologies. Besides these challenges, there is a growing interest in recovering
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valuable resources from municipal and industrial waste water [17, 18]. The
municipal wastewaters could be taken as renewable resources from which we can
have not only water but also nutrients (like phosphorous and nitrogen), energy and
bio plastics [19, 20]. In years ahead the resources recovery would be integral part
of waste water treatment. These evolving features of wastewaters necessitate the
development of low cost, energy efficient and sustainable water treatment
technologies [21, 22]. In recent years it has been established that membranes-
based treatment of water and wastewater has potential and diversity to fulfill the

majority of the aforementioned requirements [23—40].

1.1. The membrane technology

A membrane is often described as a selective-permeable interface between two
adjacent phases. A membrane is generally characterized by two performance
indicators; one is permittivity that is allowing a substance to move across the
membrane this is also called flux while the other parameter is selectivity that is
rejection of a contaminant by the membrane and quantitatively it’s termed as
rejection. Thus a membrane acts as a selective barrier that controls the exchange
of substances between two compartments and this exchange is influenced by the
physical and chemical interaction between the substance and membrane. A
schematics representation of a membrane is given in Figure 1.3. The membranes
based process of purification has become indispensable in the production of safe
drinking water, dialysis, pharmaceutical purification, desalination and controlled
release of drugs. In contrast to conventional water treatment technologies; the
membranes are less sensitive to the feed quality fluctuations and have much
smaller footprints. Moreover membrane-based desalination have been proved
more energy efficient than thermal operations. For example the energy required
for seawater desalination by the modern reverse osmosis (RO) membranes is five

times less than thermal desalination [41].
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Figure 1.3: Schematic representation of a membrane

The membranes can be classified with respect to different aspects associated;

1) The material of the membranes (natural or synthetic)
11) The structure of the membranes (porous or nonporous)
1i1) Symmetry of the membranes (symmetric or asymmetric)
1v) Different phases to separate (gas—gas / gas—liquid / Liquid-liquid /
Liquid-solid)
V) Separation mechanism (diffusive, absorbance, ionic-exchange,
osmotic)
Some functional membranes such as reactive membranes (ion-exchange
membranes) have been developed in order to modify the physical or chemical

condition of the permeable species and modulate the permeated amount in control

release.
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A wide range of membrane material, both inorganic and organic, have been
already worked on and more fascinating membranes are continuously being
developed with the availability of new materials and technologies such as new
polymers, new synthetic routes for inorganic materials and recently developed
promising nano-technologies. Moreover the development of block copolymer and
self-assembly opens a new concept of preparing iso-porous membranes. New low-
temperature synthesis of inorganic materials allows growth of inorganic or
ceramic layers directly into porous structures. The integration of smart and
responsive polymers into or onto membranes leads to enhanced functionalities.
The mixed matrix membranes came up with improved performance being robust
and stronger than pure membrane materials. The molecular dynamics simulation

is providing new insights of both material and design of membranes [42]

Based on the structure, a membrane can be classified as symmetrical or
asymmetrical. The symmetrical membranes are isotropic in nature i.e. uniform
pores structure across the membrane. The majority of microfiltration and
ultrafiltration membranes have isotropic porous structure. On the other hand the
asymmetrical membranes have pores of changing size from one surface to other in
a way that bulk of membrane has macro voids and top layer is almost dense. The
asymmetrical membranes are also characterized by thin selective layer “active
layer” on a support that is made of highly porous structure. This distinguished
structure of anisotropic membranes ensures the separation on the active layer. The
majority of modern nano-filtration and reverse osmosis membranes make use of

this thin film asymmetric structure.

A membrane-based separation process carries three distinguished types of flow.
The feed flow is split by the membrane into permeate (or product) flow and

concentrate (or retenate) flow. The concentration of contaminants in feed flow is



higher than permeate flow and lower than concentrate flow. The flow across a
membrane doesn’t occur automatically. In fact membrane itself is a resistance to
flow while the dissolved solids in the aqueous feed solutions generate an osmotic
pressure “m” that has to be overcome for transportation across the membrane.
Thermodynamically the osmotic pressure is defined in terms of the activity of

solvent (water),

-—Ina, (1.1)

w

Where Vy,, is the partial molar volume of the solvent, R is the gas constant, T is
the absolute temperature and a,, is the activity of the solvent [43]. For sufficient

dilute solutions the equation 1.1 simplifies to the well known Van’t hoff equation

m = CsRT (1.2)
Where Cs 1s the molar concentration of the solute

In order to achieve the separation through semipermeable membrane, the applied
trans—membranes pressure (the pressure difference across the membrane) should
be greater than the osmotic pressure difference between the feed and permeate
solutions. The flux of water across the membrane can be positive (in the direction
of the solution of lower solution concentration) or negative (in the direction of
solution of higher concentration) depending upon the applied pressure difference

as illustrated in Figure 1.4.
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Reverse Osmosis

n
A

Water A
Flux

1
Ap=ﬂﬂr—>:
1
1

Trans — Membrane
Pressuredrop- Ap

A

Osmosis

Figure 1.4: Membrane flux versus trans—membrane pressure difference

The data, collected in table 1.1, represents the range of osmotic pressures of
different feed solutions. It is important to note that osmotic pressure is highly
dependent on the salinity and composition of the solution. Moreover that osmotic
pressure is sensitive to the total concentration of the species (ions and molecules)

in the solution. [44].



Table 1.1: Osmotic pressure of different feed solutions at 25 °C [44]

Total Molar Osmotic Osmotic
Solute or . . .
Solution dissolved solids concentrations Pressure Pressure
(mg /L) (mmol / L) (psi) (bar)
Brackrish ) 5 000 ) 15-40  1.0-27
Water
Seawater 32,000 - 340 23.4
NaCl 2,000 342 22.8 1.7
NaCl 35,000 598.9 398 27.4
NaHCO; 1,000 11.9 12.8 0.883
Na,SO4 1,000 7.1 6.0 0.41
MgSO, 1,000 8.3 3.6 0.25
MgCl, 1,000 10.5 9.7 0.67
CaCl, 1,000 9.0 8.3 0.57
Sucrose 1,000 2.9 1.05 0.0724
Dextrose 1,000 5.5 2.0 0.14

In order to have flow across the membranes the osmotic pressure of feed solution
must be overcome through application of a driving force. This driving force
normally originates from potential gradient across the membrane in terms of

concentration, pressure, electric potential or temperature.

The flux through the membrane is proportional to the driving force as described in

equation 1.3

AF;

Ji = —Lp (1.3)



10 Introduction

The proportionality coefficient Lp /[ is called permeance of the membrane and it
relates flux to the driving force where Lp is permeability of species in the
solutions that is purely an intrinsic material property while / is the thickness of the
membrane. The phenomenological equations of different driving forces,

originating from different sources, are given in table 1.2.

Table 1.2: Phenomenological equations of forces to drive the flux [45]

AP Permeability
Volume flux Jo= —L,— Darcy
' Pl coefficient

Momentum flux  J, = —v— Newton Kinematic viscosity

Besides flux, the selectivity is equally important performance indicator in
membranes based separation processes. The selectivity could be described as
ability of the membrane to separate the components of a solution. The selectivity
of a contaminant present in the solution is expressed as retention (Ret). For a

dilute solution the retention (Ret) of a specific component is given by the equation

Ret="2 12 (1.4)
Cr Cr

Where C, is concentration of solute in permeate and Cris the concentration of

solute in the feed.
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1.2. Transport mechanisms

The mechanism of permeation across the membrane can be described by two

models [30, 34, 46]
1. Pore Flow
2. Solution diffusion

Pore flow is a simplest filtration model that takes into account porous membranes.
It is mainly used in microfiltration and ultrafiltration processes. The barrier
structure is porous thus separation is predominantly accomplished by size—sieving
mechanism. The flow through the active layer of the porous membrane, shown in

figure 1.5, is modeled as laminar flow through an array of cylindrical pores.

& He G "
Q g ., ¥ @
- o Yoo % e
O. .Q e O @ °
. g W O ®

Pore — Flow

Figure 1.5: Pore-Flow transport mechanism

The water permeability is described by Hagen—Poisuille equation (1-5) that relates
permeability (A) with the solution viscosity (1) and morphological characteristics
of the active layer namely the pore radius (rp), surface porosity (€) and active

layer thickness (0,) [30]
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(1.5)

This simplified relationship describes an ideal membrane, with uniformly sized

cylindrical pores, known as iso-porous membrane. In reality, membranes

developed through phase inversion have tortuous and non—cylindrical pores that

substantially vary in size. In addition to affecting the water permeability, the pore

size distribution also influences the rejection of the salute particles present in the

solution whereas the rejection is determined by the equation 1.4.

For non—porous dense membranes, water and solute transport is described through

solution—diffusion model. Water and solute molecules partition in the active layer

of the membrane, diffuse through the polymer matrix down their chemical

potential gradients and desorb into the permeate solution. A

representation of solution diffusion model is given in Figure 1.6
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Solution Diffusion

Figure 1.6: Solution—Diffusion transport mechanism

schematic
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The solubility and diffusivity combine to determine the diffusive water
permeability and diffusive solute permeability both of which are intrinsic material
properties thus independent of thickness of membrane. The water permeability
coefficient of active layer is related to the diffusive water permeability and layer

thickness by the equation 1-6

_ Pyl

A= 5L RT (1.6)

Where

A = Water permeability coefficient

P, = Diffusive water permeability

V. = Molar volume of water

R = Gas constant

T = Absolute Temperature

Om = Active layer thickness

Similarly solute transport is modeled by Fick’s law given here in equation 1.7
Jw =5 ACy = BAC, (1.7)

Where B is the solute permeability coefficient and ACm is the solute
concentration difference across the active layer. Together the coefficients A and B
largely define the selective layer performance of non—porous membranes. The

working principle of reverse osmosis membranes is exclusively based on
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solution—diffusion model but the performance of nano-filtration membranes

display a combination of pore—flow and solution diffusion.

The aforementioned two models cover almost all the filtration processes. An

overview of the most relevant membranes and their transport mechanisms is given

in table 1.3 [49]

Tablel.3: Important membranes processes and transport mechanisms [48]

Membrane Membrane Two Driving Transport
Process Structure Phases  Force Mechanism
. . Porous
Micro filtration (d > 100 nm) L/L AP Pore Flow
) Porous
Ultra filtration (d =2 100 nm) L/L AP Pore Flow
o Porous & Pore Flow &
NERDLRLLE ] micro-porous B AP Solution Diffusion
Reverse Osmosis Nonporous L/L AP Solution Diffusion
Gas Separation Nonporous G/G AP Solution Diffusion
Pervaporation Nonporous L/G AC Solution Diffusion
Electrodialysis Nonporous L/L AE S OAR LS
Pore Flow
S Porous Solution Diffusion
Diaylsis (d =2 -100 nm) L/L AC Pore Flow
Membrane Porous o
distillation @=2_100nm) -/G AT~ VaporDiffusion

The current thesis is about ultrafiltration membranes that follows the pore flow

transport mechanism. An ideal membrane is supposed to have both high

permeability and high selectivity — a combination that is difficult to achieve.

Almost all the recent studies proposed that porous and nonporous membranes,

used in water separation, exhibit a permittivity—selectivity trade—off similar to
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Robenson plot which has been extensively used in the area of polymeric gas
separation membranes [49]. All observed trade—offs have a common implication
i.e. an increase in the permeability of a highly permeating specie (say water) also

increases the permeability of relatively less permeable species (say contaminants).

1.3. Selectivity mechanisms

The selectivity of a membrane could be explained through one of the following
three mechanisms. These selectivity mechanisms originate from the physical and

chemical interaction between membrane and the solute in the feed solution.

1. Physical sieving
2. Donnan effect

3. Adsorption

Physical sieving or size exclusion is the mechanism of separating the individual
components on the behalf of difference in their sizes. The separation by a porous
membrane predominantly makes use of physical sieving mechanism for instance
commercially available porous polymeric membranes cover the range of pores’
sizes from 0.004 to 10 pm. Thus solute particles smaller than the membrane’s
pores can permeate and the larger in size are rejected. Some conventional
separation processes involving physical sieving are virus filtration [49-53],
protein purification [54-56], sterilization and drinking water production [57—-66]
and particle filtration [58, 67]. A review on mathematical modeling of physical
sieving has been reported by Bungay [68]. In a porous membrane if ‘4o’ is the
effective cross sectional area of pore having radius ‘r’ then the available area ‘4’
for separation of a solvent and solute of molecular radius ‘a’ is given by the

equation 1.8 [69]
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A= 4o (1 - %)2 (1.8)

This mathematical approach doesn’t consider any kind of physical or chemical
interaction like diffusion or electrical interaction between the membrane and the
solute. For this reason, the estimation of rejection based on this model is not
applicable to all kinds of membranes and restricted mainly to the field of
ultrafiltration. The sieving effect can also occur in a depth filtration mechanism
which means that solute particle is captured in the interior of membrane because

of size exclusion.

The donnan exclusion theory is profusely used to explain the salt separation by
nanofiltration charged membranes. The introduction of charged species on the
surface of membrane is a well-established method to create good selectivity of
membranes. In this mechanism, the selectivity could be acheived in two opposite
ways 1.e. electrostatic attraction or repulsion. When the electric field is applied,
the purported ion exchange membranes are capable of repelling ions of the same
charge whereas the oppositely charged ions can pass through [70-72]. The charge
on the surface of these membranes could be either positive or negative. A
positively charged membrane is named “anion exchange membrane” and a
negatively charged membrane is termed as ‘“cation exchange membrane”. The
electrically charged surface ensures selectivity by adsorbing the opposite charged
species for example a polymer membrane with positively charged surface can
adsorb viruses [73]. The negatively charged protein shell of the virus (capsid)
could be electrically attracted to the positively charged membranes surface
whereas the uncharged species can travel unhindered through the membranes

under the applied pressure [74—79].
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Adsorption is a complex process that can involve different selectivity mechanisms

at one time. It could include;

1. Specific adsorption by affinity membranes
2. Inertial capture
3. Brownian diffusion

4. Electrostatic adsorption

The electrostatic adsorption could be obtained using either charged membranes or
affinity membranes. The affinity membranes are found to perform specific
selectivity. These membranes were mainly developed to overcome the problem
that arise from the use of membranes operating purely on the size exclusion
principle in which broad pore sizes distribution leads to lack of optimum
selectivity. The chemical modification and radiation grafting are commonly used
methods to introduce functional groups on the surface of affinity membranes [80—
83]. These functional groups can bind specific molecules thus creating selectivity
of the membrane. Though extensive research is done in this field but few affinity
membranes could reach the market because up-scaling of membrane modification

technologies is still a big challenge [80].

In an ideal case, ignoring the physical sieving and Donnan effect, the particles
follow the liquid flow. If the particle size is big enough to touch the collector wall

the inertial effect following the rule described in equation 1.9 occurs.

2ap?2

Inertial ef fect:nl = 5002

(1.9)

Where a,, is particle area and a. is collector area.
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An increased tortuosity can also contribute to the inertial capture especially in
case of small particles having low momentum [34]. The Brownian diffusion
(equation 1.10) tackles the movements of the particle into the membrane’s wall
quite differently from the inertial effect and influences particularly smaller
particles. Smaller particles have a high tendency to follow the fluid flow but are

more affected by the diffusive transport rate.

Brownian dif fusion: nD = 4.04 Pe 2/3 (1.10)

Where

advective transport rate
dif fusive transport rate

Pe: Peclet number =

In case of charged membranes, the electrostatic adsorption mechanism is mainly
attributed to the interaction between particle and charge present on the membrane
surface. These charged groups present on membrane surface provide adsorption
sites for the particles having opposite charge. If the electrostatic adsorption is the
primary mechanism to play, the rejection slightly falls during the time because of
the progressive saturation of the charged groups. Figure 1.7 displays how multiple
mechanisms can endanger the adsorption of particle [34]. A combination of
aforementioned methods is always desirable to achieve highest possible rejection.
For example a commercial product “3M zeta plusTM filter” uses a combination of

size exclusion and electric attraction to achieve high value of virus retention [84].
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Figure 1.7: Multiple transport mechanisms

1.4. Filtration modes

Depending upon direction of flow on the membrane surface, the filtration modes

can be divided into two categories

=  Cross—flow filtration

= Dead—end filtration

In cross flow mode, the feed solution moves parallel to the membrane surface thus
a shear stress is generated that scours the surface. A schematic representation of
cross—flow filtration is shown in Figure 1.8. This filtration mode is principally
effective when feed water is contaminated with high level of foulants like
macromolecules and suspended solids. Though a bit higher energy is required in
this mode but thickness of cake layer could be controlled. All membrane bio

reactors (MBR) and most of waste water filtrations are based on cross—flow mode.
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Cross—flow Filtration

Permeate

Figure 1.8: Cross—flow filtration mode

In dead—end filtration mode, the feed solution moves towards the membrane
surface. Since no cross—flow exists, so process is not sustainable forever and after
certain time of operation it becomes imperative to remove accumulated solids and
perform backwashing. A schematic representation of dead—end filtration mode is
shown in Figure 1.9. This filtration mode is suitable only if feed water has low
level of foulants. The dead—end filtration mode is mainly used in pretreatment of

sea water reverse osmosis process, tertiary filtration and surface water filtration.

T

Permeate

Figure 1.9: Dead—end filtration mode
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Chapter 2

Polymeric Membranes

The membrane processes are currently employed in several ways to purify water
such as microfiltration (MF), ultrafiltration (UF), nano filtration (NF), reverse
osmosis (RO) and recently developed forward osmosis (FO). These methods have
been recognized as new generation of water purification and reclamation
technologies. The inherent attributes include promising sought—after outcomes,
continuous and automatic operations, easy scale up, chemical—free or little need of
chemicals and low energy consumption [37—40]. This combined with the rapidly
growing need to purify more and more water represents a way long growth
opportunity for membrane technology. The demand for better membranes is
already fostering so a technological push is there. Though a broad range of
inorganic and polymeric materials is used to manufacture the membranes but the
polymeric membranes acquire by far major market share because of high process-
ability and low cost. The current thesis is focused on polysulfone as a membrane
material so a state of the art on polymeric membranes and their corresponding
fabrication techniques are discussed in this chapter.

2.1. Preparation of Polymeric membranes

2.1.1. Phase separation polymeric membranes

The most common and oldest technique to fabricate porous polymeric membranes
is phase separation. Besides many emerging fabrication techniques, the phase
separation (also known as phase inversion) is still the predominant membrane
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production technique [85, 86]. There are several ways to induce phase separation
in the polymeric solutions [87-96]. The four major phase separation technologies
are given as;

1. Evaporation induced phase separation — EIPS

In this process, the polymer is dissolved in a mixture of nonvolatile non—solvent
and a volatile solvent. The phase separation takes place by the evaporation of
solvent as polymer solubility decreases in non—solvent [97, 98].

ii. Vapor induced phase separation — VIPS

This method produces phase separation in polymer solution via adsorption of
non—solvent from the vapor phase [99-101]

i11. Non solvent induced phase separation — NIPS

This is oldest and most common method of fabricating porous membranes
[102-111]. The process of phase separation takes place when a polymer is
dissolved in a good solvent and thereafter homogenous polymer solution is put
into a non-solvent (typically water) with which solvent is miscible and the
polymer is not. The exchange of good solvent with the non—solvent introduces
phase separation of polymer solution i.e. polymer rich and polymer poor phases
are distinguished. These two phases ultimately form pores (from the polymer-poor
phase) and the solid membrane matrix (from the polymer-rich phase). This
process is also called emulsion precipitation. A micrograph image of cross-section
of UV-—crosslinked methacrylated polysulfone membrane developed through
NIPS, reported by Marco Sangermano et. al. [102], is shown in Figure 2.1



23

Figure 2.1: Cross sectional morphology of methacrylate PSF membrane from
NIPS [102]

The emulsion precipitation takes place as a three steps procedure. At the first step,
polymer is dissolved in an adequate solvent. This solution is then cast on a
support structure (typically polymeric nonwoven) via doctor blade coating or
continuous roll coating. On industrial scale this coating speed is usually 1-50
meter per minute. The third and last step is consisted of immersing the cast
solution into coagulation bath so the polymer precipitates. The bath usually
contains a non—solvent which is miscible with the solvent. Since most of the
immersion precipitations involve water as non—solvent so NIPS, somehow, is
restricted to water miscible solvents. The typical polymers employed for
immersion precipitation and their solvents are given in the table 2.1



24 Polymeric Membranes

Table 2.1: Polymers and relevant solvents suitable for NIPS

Polymer Solvent
Dimethylformamide (DMF)
N-methylpyrrolidone (NMP)
Dimethyacetamide (DMAc)
N-methylpyrrolidone (NMP)
Dimethyl sulfoxide (DMSO)
Dimethyacetamide (DMAc)
N-methylpyrrolidone (NMP)
Dimethyacetamide (DMAc)
Polyvinylidene fluoride =~ N-methylpyrrolidone (NMP)
(PVDF) Dimethyl sulfoxide (DMSO)
Dimethylformamide (DMF)
Dimethyacetamide (DMAc)
Polyacrylonitrile (PAN) N-methylpyrrolidone (NMP)
Dimethylformamide (DMF)

Polysulfone (PSF)

Polyethersulfone (PES)

Cellulose (C)
Cellulose Acetate (CA)

The membrane morphology out of NIPS is governed by several important
parameters such as polymer type, nature of solvent and non—solvent, polymer
concentration and fabrication technique. The exchange of solvent with non—
solvent dictates the size of pores, distribution of pores and the physical structure
of solid membrane [112]. Due to stochastic nature, NIPS results into poly disperse
pore-size distribution that adversely affects the selectivity. Nevertheless at present
an extensive knowledge exists on how to “tailor” the membrane’s pore structure
including its cross—section morphology by the selection of adequate non—solvent
and solvent for polymer, additives, residence times and other parameters involved
in NIPS [113, 114]. For instance an important structure obtained through NIPS is
thin “Skin” nano-porous top selective layer (which is often called an active layer)
with underlying micro-porous structure that ensures good selectivity and high
permeability. This kind of asymmetric membrane is prepared in a way that top
surface of the cast film comes in contact with the non—solvent at first thus creating
a finely porous selective skin layer. The precipitated skin layer slows the
penetration of non—solvent thus causing the polymer below the skin layer to
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precipitate slowly i.e. a delayed demixing and subsequently the sub structure is
resulted into macro voids.

These asymmetric membranes are generally used in ultrafiltration. An analogous
method is wet spinning to make the fibers [115—118] where the solidification step
is called “Coagulation”. Till today there is a reasonable quantity of literature
dedicated to the analysis of NIPS or coagulation processes [119—129] nevertheless
this practice, in large, is still an empirical art. The NIPS is particular suitable for
the manufacturing of ultrafiltration membranes while microfiltration membranes
are mainly produced through thermal induced phase separation (TIPS).

iv. Thermal induced phase separation — TIPS

This method is based on the phenomenon that quality of solvent decreases with
the decrease of temperature. A polymer is dissolved in a low molecular weight
compound that acts as solvent at higher temperature and non—solvent at low
temperature. After the solution is cooled down, the phase separation occurs
through crystallization or glass transition and the low molecular weight compound
is extracted [130]. The TIPS is suitable for the polymers which are difficult to
dissolve for example polypropylene.

2.1.2. Membranes preparation through stretching

Though phase inversion is predominant technique in the industrial production of
microfiltration and ultrafiltration membranes. Nevertheless the pores size and
distribution of pores sizes are difficult to control thus the number of polymers to
be applied for phase inversion ultrafiltration membranes is restricted by the
solvent—nonsolvent miscibility. In order to overcome these challenges associated
with the phase inversion process, some other membrane manufacturing techniques
were developed. Stretching is a solvent—free technique to develop pore flow
membranes. This method involves stretching of melt-cast polymer films in order
to create the micro—pores in crystalline and semi—crystalline polymers which are
not workable with the phase inversion. The process was thoroughly investigated
by Celanese to develop the product Celgard® from polypropylene (PP) and
described in many patents [131, 132]. These patents covered many polymers and
were used mostly in the battery separators and medical dressings.
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Gore also applied the stretching technique for the production of well-known Gore-
Tex® - a porous fabric made of poly teterafluoro-ethlyene [133]. The process
begins with a precursor film that exhibits row-nucleated lamellar morphology.
The precursor film is typically annealed to eliminate any inconsistencies lying in
the crystal structure. The stretching is then carried out first at low temperature to
create voids and subsequently at high temperature to widen these voids [134]. The
morphology of precursor film plays an important role in stretching. The crystals
formation takes place as a result of stress and elongation induced during extrusion
process. The formation of crystals depends on different processing parameters and
most importantly on the molecular weight of polymer [135]. A critical molecular
weight is believed to exist in a way that it depends upon shear rate and
temperature up to certain degree of shear rate and after that it is no more
dependent on process conditions [136]. In polypropylene membranes, the high
molecular weights were found to contribute an increase in size and uniformity of
pores thus high water vapor transmission [134]. Moreover it has been observed
that in case of poly (vinylidene fluoride) membranes, a specific crystalline
structure is readily formed in the precursor film when a blend of low molecular
weight and high molecular weight polymers was used [137].

2.1.3. Track—etch membranes

The track—etch is another industrial technique to fabricate micro-porous
membranes [86]. Track etching consists of two steps: 1) partial degradation — a
polymer film is bombarded with charged particles to create “track” through the
film 2) chemical etching — the film is immersed in a chemical etchant to generate
circular pores. The etching removes free bonds created by bombardment and
almost perfectly straight capillaries are developed in the polymer film [138]. In
contrast to other approaches, track-etched membranes have uniform pore size and
thickness. Mostly polycarbonate (PC) and polypropylene (PP) films have been
employed to produce track-etched membranes [139]. The main drawback of track-
etched membranes is low void volume within the body of membrane which is
normally kept lower than 5 % to avoid pores overlapping. The low porosity leads
to low water permeability thus restricting track-etched membranes for analytical
and scientific applications [140-143].
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2.1.4. Block copolymer membranes

Selective removal of one component from self—assembled block copolymers
displays a very remarkable and emerging technique to prepare porous polymeric
membranes of high uniformity [144]. The covalently bonded two di-block or
higher blocks (say tri-block) of immiscible polymers (e.g. polystyrene and poly-
isoprene) form a block copolymer. This immiscibility favors the formation of
structure that minimize the contact between the unlike polymers. The solution of
these block copolymers can be cast on substrates and annealing leads to the
formation of highly oriented structures. Depending on the volume fraction of the
components and the composition of the copolymers, the following structures can
occur [145-148].

* Lamellae (di-block copolymer)

* Cubic gyroid (di-block copolymer)

» Cylinders (di-block copolymer)

* Spheres (di-block copolymer)

» Cylinders between lamellae (tri-block copolymer)
» Rings around cylinder (tri-block copolymer)

* Tri-continuous diamond network (tri-block copolymer)

2.1.5. Template removal membranes

In order to fabricate a highly structured porous membrane, hard template removal
from polymer matrix is an approach similar to block copolymer membranes. In
this technique mostly an inorganic template in infiltrated by a monomer.
Subsequent polymerization and template removal lead to an interconnected
porous structure [149—153]. Only highly precise template replicates one structure
into another so the main focus lies on the application of ordered mesoporous silica
nanoparticles or generally speaking colloidal crystals as templates [154—157].
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2.2. Areas of application

In porous polymeric membranes, the size of pores and percentage porosity
determine the possible application of membranes. The porous polymeric
membranes cover the pore size from 10™ to 10 pm. The decision on the pore size
is crucial for an optimum selectivity and permeability in a membrane operation.
Generally a filtration process is supposed to ensure the rejection of at least 90% of
the contaminant. Nevertheless high rejection rates are achieved at the expense of
fast separation processes. Most often the membranes supplier companies mark the
specification of a membrane as a molecular weight cut-off (MWCO) limit. This
precautionary measure could be attributed to the broad pore size distribution — a
predominant aspect of phase inversion membranes. The four most common
membrane based separation processes are microfiltration (MF), ultrafiltration
(UF), nano-filtration (NF) and reverse osmosis (RO). In all these operations the
driving force is the hydraulic pressure. The applied pressure increases with the
decrease of pore size. The filtration levels, the corresponding pore sizes and the
applied pressures are given in Figure 2.2.

Pressure (Bar)
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Micro Ultra Nano Reverse
Filtration Filtration Filtration Osmosis

10t -101 101-102 102-1073 103 -10*

Pore size (um)
Figure 2.2: Different filtration levels where driving force is hydraulic pressure

Besides above stated filtration processes another recently developed and
remarkable technology is forward osmosis (FO) process. The forward osmosis
process rejects minerals, solids and other contaminants almost at the same level as
that of RO. However this technique is quite energy efficient because in order to
drive the flux it makes use of “Draw solution” on permeate side instead of
hydraulic pressure on the feed side. The driving force is based on the natural
equilibrium process i.e. “Osmosis”. Being energy efficient the FO process is also



29

termed as “Green technology” [158]. Figure 2.3 shows different filtration levels in
terms of size of contaminant removed as well as the selectivity mechanism
involved at each level.
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Figure 2.3: Filtration levels in terms of size of contaminant to be removed

2.2.1. Microfiltration

Among polymeric membranes, microfiltration membranes have the largest pore
size range. The pore size ranges from 0.1 to 5 um. The rejection process is purely
based on size—exclusion sieving mechanism. Many suspended micro particles
such as bacteria and colloids are rejected by microfiltration. This filtration level
offers high water flux at reasonably low pressure (<I bar). However there is no
effective removal of germs and viruses. Thus microfiltration membranes are
generally used for the disinfection steps of biotechnology and drinking water
production [49, 53, 159]. These membranes are mainly developed through phase
separation technique more precisely thermal induced phase separation — TIPS
[138, 160-165]. The microfiltration membranes have been also produced through
stretching of semi—crystalline polymer [139, 141, 166-167] and track—etching
[148]. The most common polymers for hydrophobic microfiltration membranes
are PVDF, Polyporpylene (PP), Polytetrafouroethylene (PTFE), Polyethylene
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(PE) and Polysulfone (PSF) while hydrophilic microfiltration membranes could
be manufactured from cellulose acetate (CA) and polycarbonate (PC) [65].

The hydrophobic microfiltration membranes developed via stretching method are
very well known in the market under different registered brand names. Gore-
Tex® is prepared from the chemically stable PTFE. Due to its hydrophobic
nature, this membrane exhibits excellent properties as functional textile
membrane. The membrane doesn’t wet even upon contact with water but the
pores are large enough to let the water vapors (perspiration) to pass through
easily. Another well-known hydrophobic microfiltration brand is Celgard®. This
stretched film from PP has been successfully employed as lithium ion separator
with excellent resistance to bases, acids and oxidation. The membranes used in
batteries separate the electrodes to prevent a short circuit while ions can travel
through unrestrictedly. Besides application in the purification of drinking water
the hydrophilic micro-porous membranes, produced via TIPS, have also become
indispensable components in the production of beverages. Micro-organisms such
as fungi, virus, bacteria, algae and protozoa pose a serious health risk and should
have been removed in the production of beverages [168, 169]. Typical
microfiltration membranes act as pre-filters to remove bacterial contamination
[66, 170]. ASTM F838 confirms a microfiltration membrane as a sterile filter only
if 99.99 % of brevomundis diminuta of 10" cell ml" is removed through filtration
[171, 172]. Coupled together, microfiltration and ultrafiltration membranes are
found to be effective in complete removal of biologically hazardous components
[65, 173—174]. This combination is also suitable to meet the demand of purifying
water for pharmaceutical sectors as well as electronics industries.

2.2.2. Ultrafiltration

The ultrafiltration (UF) membranes are generally used to separate colloids and
macromolecules from solutions. The average pore size in UF membranes ranges
from 1 to 100 nm. The UF membranes, in large, are produced by phase separation
method more precisely non—solvent induced phase separation (NIPS). The
commonly used polymers to prepare UF membranes include Polysulfone (PSF),
Poly(ethersulfone) (PES), cellulose acetate (CA), Poly (ether imides), aromatic
polyamides, Poly (vinylidence fluoride) (PVDF) and Poly (vinyl pyrrolidone) [34,
95, 175-176]. The asymmetric UF membranes are conventionally prepared
through the Loeb — Sourirajan process [177, 178]. These asymmetric membranes
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have dense top layer (lower surface porosity and smaller pore size) while the core
of membranes consists of macro voids. These membranes are fabricated on the
top of very open micro—sized substrate. Such a fine porous surface presents higher
hydrodynamic resistance and ensures optimum separation. The micro-porous
support provides sufficient mechanical strength.

An ultrafiltration membrane operates through size or shape sieving mechanism
that is working principle of typical porous membranes. The cut-off of UF
membranes is normally specified by the molecular weight of solute being rejected.
However the shape of the molecules to be rejected also influences the overall
rejection by an UF membrane [34]. Normally the rejection of linear and flexible
macromolecules is much lower than what recorded for globular and rigid proteins
of same molecular weight. The low rejection could be attributed to the easy sneak
of linear molecules through the membrane pores under an agitated state triggered
by external driving forces. The protein molecules, of same molecular weight, exist
in the solution as a tightly wound globular coils which are held together by
hydrogen bonds. These globular structured molecules are rejected primarily
because of the shape. The properties of solution such as ionic strength and pH can
also affect the permeation and rejection of ultrafiltration membranes.

Nowadays the ultrafiltration membranes are being used in a variety of separation
processes carried out in pharmaceutical, dairy, food, biotechnology, textile and
different chemical industries [49-50, 52-53, 179-180]. The first successful
commercial application of UF membranes was the recovery of electro-coat
automotive paint [34]. Thereafter several applications in the food and diary
industries were developed such as production of cheese and juices [181-184].

Furthermore this class of membranes is very suitable for concentration and
purification of proteins, biomolecules and antibodies [54-55, 185]. The
asymmetric UF membranes display very small surface pores thus the smallest
parvoviruses (of size approximately 20 nm) can be removed by ultrafiltration.
This characteristic of asymmetric UF membranes holds great significance for the
pharmaceutical industry and production of drinking water [49-50, 52-53, 179—
180]. A flow chart of structural and performance related parameters of
asymmetric porous UF membranes is given in Figure 2.4
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Figure 2.4: Parametric analysis on structure of asymmetric UF membranes

The majority of commercially available ultrafiltration membranes are made of
polysulfone. This material can be easily fabricated into high porous structure via
NIPS. Besides highly porous structure, the material also exhibits excellent
temperature and pH stability. The glass transition temperature of polysulfone is
reported around 185 °C [102]. Nevertheless the hydrophobic properties of
polysulfone account for certain disadvantages of ultrafiltration membranes made
of this material. The hydrophobic nature of polysulfone promotes the binding of
micro-organisms to the surface of membranes causing the blockage of surface
pores thus reducing the water flux [186—190]. The retained macromolecules
continue to accumulate on the membrane surface thus causing a concentration
build up that leads to concentration polarization on the feed side of UF
membranes. In a continuous operation, at one stage the concentration of the
accumulated macromolecules may become so high that a gel layer could be
formed on the surface of membranes and this is known as “fouling” i.e. deposition
of retained macromolecules and colloids on the surface of membrane. The fouling
and concentration polarization could reduce the flux drastically and shorten the
membrane life. Hence, in addition to principal parameters i.e. flux and the
selectivity, the ability to overcome fouling has also become an important
consideration in the selection of an UF membrane. Several modifications have
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been proposed to control the fouling of polysulfone based ultrafiltration
membranes such as blending with hydrophilic polymers [65, 191], use of a
wetting agent [192] and some novel surface functionalization [193]. As a general
understanding when UF membrane is employed to treat an aqueous solution the
fouling could be minimized only if the top layer of membrane is hydrophilic.
Once the hydrophilicity is rendered, the membranes could be useful for prolonged
operations in water treatment, sterile filtration, buffer filtration and tissue culture
media filtration [194-196].

Besides fouling, another important shortcoming of polysulfone based membranes
is related to stability in organic solvents. The membranes made of pristine
polysulfone are not resistant to majority of organic solvents [102, 103]. There
have been several attempts to increase the solvent stability of polysulfone based
membranes. Though specific solvent stability is somehow achieved but almost all
those approaches resulted into severe flux decline. In order to improve solvent
stability, this thesis is focused on UV-induced acrylic functionalization of
polysulfone aiming solvent stable polysulfone membranes in a way that flux could
be retained at much higher level in contrast to previous works.

PVDF is another polymeric material used to prepare UF membranes. It has glass
transition temperature equal to —40 °C and exhibits better resistance to organic
solvents. The semi crystalline PVDF poses certain elasticity and feels soft. Being
soluble in NMP it can be fabricated into porous membranes through NIPS.
Naturally PVDF is enormously hydrophobic and displays good binding of protein
and nucleic acid. Therefore an unmodified PVDF membrane with pore size 0.2 to
0.4 pum is ideally suitable to function as a transfer membrane in blotting
applications [197-199]. In order to make hydrophilic PVDF membranes, almost
similar approaches could be used what has been reported for polysulfone
membranes. A hydrophilic PVDF membrane could be a valid alternate to PSF
membranes for applications like protein purification and sterile filtration [200—
202]. Despite conferring hydrophilicity to the hydrophobic polymers, an alternate
approach to overcome the fouling of membranes is use of cellulose based
naturally hydrophilic membranes [86]. Most common products of this class are
cellulose acetate, cellulose ester and cellulose nitrate. The self-wetting properties
of these membranes make them useful in dialysis applications [55]. The
membrane cartridges or tubes made of cellulose ester are filled with the solutions
of proteins, biomolecules or antibodies and thereafter immersed in deionized
water thus contaminants and molecules diffuse through membrane following the
concentration gradient. Small particles tend to diffuse much faster than small



34 Polymeric Membranes

molecules while the size of membrane surface pores ensures size exclusion. All
these steps involved in dialysis process efficiently remove residuals from
biomolecule synthesis and can be applied for buffer exchange as well.

Unfortunately the dialysis processes are very slow and could take days to
complete but dialysate has to be replaced at least once a day to maintain a high
concentration gradient. A Californian-based company, Spectrum Labs, has
developed so-called dynamic membranes to reduce the change-over of
membranes. A constant counter-flow, of dialysate and solution, guarantees a
steady and highest concentration gradient thus increases diffusion rate and
efficiency [194-196].

Among all reported techniques to prepare UF membranes, the phase separation is
dominating method due to ease of fabrication and simplicity of the process. On
the other hand the process of phase separation is very quick and a good control on
this process is not possible thus resultant morphology has broad distribution of
pores sizes. The poly-dispersion of pores sizes leads to insufficient membrane
selectivity consequently broader molecular weight cut-off limits the applicability
of UF membranes to many applications [91].

The advance polymer synthesis and polymer processing techniques are being
explored to optimize the performance of UF membrane for example fabrication of
track—etched polycarbonate (PC) based UF membranes shown in Figure 2.5 [203].
This kind of membrane has uniform and narrow pore size distributions thus
exhibit a sharper molecular weight cut-off. Nevertheless the low pore density of
track—etched UF membranes displays a very low flux.
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Figure 2.5: A track—etched polycarbonate based UF membrane [203]

2.2.3. Nano-filtration and Reverse Osmosis membranes

Both nano-filtration and reverse osmosis (RO) membranes were initially
produced by the Loeb-Souirajan process from cellulose acetate through phase
inversion process but currently these membranes are largely developed as thin
film composite (TFC) structure where a thin non-porous skin layer is deposited on
the top of a conventional porous UF membrane. Unlike Loeb—Sourirajan
integrally skinned membranes, the two components of TFC membrane almost
always have different chemical compositions and therefore need to be optimized
for optimum separation. Soon after Loeb—Sourirajan published their phase
inversion method; Francis developed composite membranes [148] and Peterson
provided an extensive review of composite nano-filtration and reverse osmosis
membranes [31]. Initially cellulose acetate phase separation membranes were used
as support material but nowadays polysulfone (PSF) and polyethersulfone (PES)
pull off major share.

The composite structure of TFC membranes could be formed in different ways
including laminating together separately formed support and top layers but as of
today the vast majority of nano-filtration membranes are produced by interfacial
polymerization of a set of monomers on the support. Linear aromatic polyamides
are one of the polymers taken as selective layer [31] in TFC membranes.

The TFC membranes are non—porous in nature. The application of NF and RO
membranes, in water desalination and treatment of organic solvents, has been
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tremendously augmented in last twenty years. As the name reveals, RO means the
inverse of Osmotic pressure. If the applied pressure is raised to a level > 30 bar,
the dissolved components tend to travel against the osmotic pressure [204]. Today
RO membranes find application mainly in the field of desalination of seawater as
proposed by Reid and Breton back in 1959 [205].

The dense skin layer of these membranes, when comes in contact with water,
swells and thereafter tinny channels are formed which allow only water molecule
to pass through whereas monovalent and divalent ions are rejected. Nano-
filtration is relatively new terminology and from literature we come to know
different definitions of this class of membranes [86, 206]. RO membranes are
mostly being used in the treatment of aqueous solutions while nano-filtration
membranes are focused on the treatment of organic solvents [207-209].

The selectively of RO membranes exclusively follows solution—diffusion
mechanism and for NF membranes it is reported as combination of pore—flow and
solution—diffusion [42]. Regarding application of NF membranes in the treatment
of organic solvents, first major advancement was the work by the group of Prof.
Livingston from Imperial College London. The chemically cross—linked
polyimide (PI) nano-filtration membranes were found to withstand antagonistic
organic solvents such as NMP, THF and DMF [210]. An asymmetric PI
membrane, prepared by the phase inversion method, was immersed in a bath of
cross-linker and methanol for 24 hrs. This kind of NF membrane was developed
as an integral asymmetric membrane rather than predominant TFC nano-filtration
membrane. These NF membranes exhibited superior solvent stability in
comparison to membranes made of ordinary PI whereas MWCO was collected
between 250 to 400 Da. This innovative work led to the foundation of membrane
extraction technology [MET) Ltd. which was acquired by Evonik in 2010.

2.2.4. Forward osmosis

Forward Osmosis (FO) i1s a new and energy efficient technique to remove
pollutants from water. Like reverse osmosis (RO) the FO also involves solution—
diffusion mechanism to reject the contaminants but avoids typical fouling problem
associated with RO. The fouling is produced by the application of high hydraulic
pressure on the feed side while in FO operation the flux driving force is not
hydraulic pressure but a “draw” solution on the permeate side. The high osmotic
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potential of “draw” solution provides the “power” to FO operation thus flux is
driven by the fundamental principal of natural equilibrium process i.e. Osmosis.

FO has certain advantages [158] over hydraulic driven RO technique such as;

= FO overcomes fouling — an inherent shortcoming in pressure driven
membrane

* FO can process feed streams which have normally high level of
contaminants

= As osmosis is naturally driven process so FO requires either little or no
energy
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Chapter No. 3

Photo-irradiation of polymeric
membranes

3.1. State of the art

Over last three decades the use of polymeric membranes in separation
technologies has attained an exponential growth so does the modification to
improve the performance. One of the most fascinating technologies, to couple
with fabrication of membranes, is the use of photo-irradiation to tailor the
membrane structure thus broadening the spectrum of membrane functionality for
different applications. The current thesis is focused on the use of UV irradiation in
the development of novel Polysulfone based membranes so recent works on the
use of photo-irradiation in membrane technologies are discussed in this chapter.

The photo-initiated reactions, applied in membrane technologies, have a tendency
to influence the structure of membranes and subsequently the performance in
many different ways. The observed effects on the ultimate properties of polymeric
membranes mainly depend on the membrane material, membrane structure
(porous or non-porous) and affinity of the membrane (charge or uncharged) [48].
The photo-irradiation technique could be applied to membrane technologies in
two main pathways one right from the beginning of membrane manufacturing and
other as a post modification.
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The role in the preparation of polymeric membranes is mainly consisted of either
photo-initiated polymerization [211-214] or photo—crosslinking [215]. While the
post modification, also known as membrane functionalization, is employed to
escalate the functionality of already prepared membrane. The new
functionalization on the membranes could be obtained through photo—crosslinking
[216, 217] or photo—grafting [218, 219]. Another application of photo—irradiation
is partial degradation of membrane material for the sake of development of pores
but such a photo—degradation is rarely applied [220].

The photo—irradiation based membrane functionalization has conferred an
evidently increased sustainability of the membranes in prolonged operations. For
instance, in order to maintain the selectivity of the non—porous membranes used in
NF, RO and PV, the unwanted swelling of barrier layer should be prevented
[221]. The swelling of the barrier layer is dominant when applied to the liquids
while the magnitude of the effect is larger in PV and NF and smaller in RO. The
photo-crosslinking of barrier layer has been proved an effective modification to
avoid the swelling. A schematic representation of UV cross-linked barrier layer is
shown in Figure 3.1a

The membranes dealing with aqueous based complex solutions often face the
problem of fouling thus cleaning intervals increase the cost of operation and
reduce the overall efficiency of system. In most of the cases the fouling occurs
because of undesired interactions between the contaminant and active surface of
membrane. The surface bound UV technologies, developing grafted layers or thin
coatings, can potentially serve the purpose of anti-fouling [218, 219].

Another important implication of photo—irradiation is realized in the enhanced
functionality of porous MF membranes where the separation of substances is
obtained through reversible binding of the functionalized pores. A schematic
representation of UV functionalized pores is shown in Figure 3.1b. The UV-
induced functionalization of suitable porous membranes, mostly macro-porous
filters or MF membranes via “grafting-to” [222] or ‘grafting-from™ [223] could be
efficient approaches.
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Figure 3.1a: Schematic representation of UV cross-linked barrier layer

Figure 3.1b: Schematic representation of UV functionalized pores

The polymeric electrolyte membranes used in fuel cells are required to maintain
the high concentration of charged groups so high conductivity is obtained but such
a high concentration also leads to undesired swelling hence the barrier properties
are compromised [224]. In order to overcome the swelling, photo-crosslinking of
polyelectrolyte was carried out in a way that pores of the porous support
membrane were filled with the photoactive polymer (Figure 3.1c) and thereafter
photo cross-linked [48].



41

Figure 3.1c¢: Schematic representation of pores filled with photoactive polymer

UV irradiation has been also applied to fabricate novel membranes with reversibly
“switchable” properties [225]. There is a growing interest in this kind of
membranes as functional macromolecular systems could be designed in a number
of ways to meet diversified application. Moreover it’s reported that UV irradiation
has potential application in special membranes used for integrated processes such
as sensor system [226], bio-hybrid organs [227], (bio) catalytic reactors [228] and
lab-on-chip systems [229].

3.2. Fundamentals of photo-polymerization and UV-
curing

The photo—chemical reactions, as a general understanding, are the reactions
induced by UV (200-400 nm), visible light rays (400-760 nm) and infrared rays
(780-20,000 nm) [230]. In this thesis UV radiations are employed to functionalize
Polysulfone so photo-irradiations in UV region are preferentially discussed in this
chapter. The molecules of a system absorb light energy through electronic
excitation. The efficiency of photo irradiation depends on the chemical structure
of system to be irradiated as well as the energy (that is directly proportional to
frequency and inversely proportional to the wavelength of radiations) and
intensity of radiations.
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The absorbed light leads to production of more reactive sites thus various photo—
initiated reactions progress. The efficiency of these reactions depends upon the
extent of competing irradiative (fluorescence or phosphorescence) and thermal
deactivation processes. It is noteworthy that many of such photo—induced
reactions occur (or efficiently proceed) only from the excited state of a molecule
and not from the ground state.

The molecules rise to excited state after absorbing photons of light energy,
whereas the energy contained in each photon is given in equation 3.1

E=hv 3.1)

Where # is planks constant and v is the frequency of radiations.

This forms the basis of well-known chemo—selectivity of photo reactions — a
practical term often used. The quantum yield provides the efficiency of a photo
reaction and it is calculated as the ratio between amount of reactant consumed or
product formed and the amount of photons absorbed. In photo-reactions two
different reactive entities can be distinguished depending upon the mechanisms of
reactions i.e. photo—sensitizers and photo-reactive molecules. Photo-sensitizers
absorb the light selectively and subsequently trigger the chemical reaction of
another substance thus energy is transferred through various mechanisms; most
important of them are radiative and electron transfer.

On the other hand photo-reactive molecules (or functional groups in polymers)
are likely to follow below possible conversions after absorption of light. These
conversion processes are normally consisted of cleavage of at least one chemical
bond. The types of conversions are;

1. TIrreversible reaction (addition, substitution or elimination)
2. Reversible reaction (typically isomerization)

An important implication is the photo—initiated polymerization where one
absorbed photon can lead to consumption of thousands of reactant molecules
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(monomers). The light absorption by different substances is typically described by
Lambert—Beer law given in equation 3.2

A= eC.l (3.2)

Where
A = Absorbance (unit-less)
& = Molar absorptivity [L mol™ cm™]
C = Concentration [mol L]

[ = Path length of the sample [cm]

The efficiency in terms of light absorption depends on matric effects, local
concentration and many other factors. In case of more complicated samples with
high turbidity there would be both absorption and scattering of light.

The emerging applications of UV and visible radiations are equipped with
following advantages;

= Mostly no need of special solvents and added catalysts

* Under mild conditions (ambient temperature or also much below) a
high selectivity of chemical reactions could be obtained

= Spatially addressable effects (2D and 3D structuring possible)

= Applicable to both large and very small scales
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The different technical applications of photo—irradiation are;

= UV curing of coatings (2D reactions on thin films)

Chemical synthesis
= Photo—catalysis
= Photo—Lithography

= Photo — polymerization of 3D objects like rapid prototyping and dental
implants

= Data recording, transfer and storage
=  Waste water treatment and disinfection of water (advanced oxidation)
= UV-sensitive “smart” materials

For photo—irradiation a large number of light sources are available and they could
be applied for both fundamental investigation at lab scale and large technical
applications. The light sources are mostly distinguished based on the emitted
intensities [230-236] and the area to be emitted. While the amount of energy
obtained depends upon intrinsic principle for example the traditional light bulbs
produce light via electric heating of a filament usually made of tungsten. These
bulbs exhibit moderate intensities up to few 100s of mW/cm? and used mainly for
illumination in the visible range. The amplification of emission is possible by
incorporating different additives to the filling gas. The lamps producing glow
discharge are based on the plasma state of an inert gas whereas their emission
energy is modulated by the addition of metals such as Mercury.

The configuration of such lamps depends on end-use like illumination or
radiation-based curing. For UV—curing technologies (up to several 10s of W/cm?)
the high-intensity lamps for the entire wavelength range with tube length up to
two meter are commercially available. The UV radiations are an exciting source
of energy and over last two decades the use of UV has seen enormous growth in
different new applications such as;

= Abrasives

=  Metal coatings
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» Fiberglass impregnation
= Electronics

» (Car refinishing

The UV cured coatings and inks take into account solvents or waterborne systems.
The polymerization is triggered by UV and binders polymerize forming an
insoluble 3D network. In order to cure the UV radiations ensure quick
transformation from liquid to solid. The UV belongs to 200400 nm region of

electromagnetic spectrum as shown in Figure 3.2.
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Figure 3.2: Different components of UV in electromagnetic spectrum

Thus UV curing comes up with several advantages over conventional chemical

curing, for example;

* Immediate drying
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* Low energy requirements

= In-line finishing

= Less space requirements

= High productivity / Rapid throughput

= Low VOCs content

= High and low gloss

= Unique performance

= Ability to coat heat—sensitive substrates

= UV technology can easily couple with existing production line

A schematic representation of photo—chemistry involved in UV curing is
described in Figure 3.3.
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Figure 3.3: Photo—chemistry involved in UV curing
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Besides certain advantageous aspects of UV as an efficient energy source, the
regulatory environment (REACH, 2010 VOC regulations) is creating both
opportunities and challenges for UV industry players.

3.3. The use of photo—irradiation for polymeric
membranes

Photo—irradiation has been employed not only for preparation of membranes but
also to improve the performance of existing membranes. The use of photo
irradiation in the development of membranes largely depends upon choice of
precursors that could be one or more and photo—chemical step is crucial in
determining the final properties of developed membranes. The other application
of photo—irradiation is post-modification (known as “functionalization”) of an
already fabricated polymeric membrane.

The performance parameters of polymeric membranes have seen substantial
improvement through application of photo—irradiation depending upon the
material of membrane.

The notable performance parameters are;
* Flux
*  Selectivity
* Chemical and mechanical stabilities
* Anti-fouling

For post modification through photo—irradiation, the membrane must contain
photo—responsive groups to undergo certain chemical and physical changes. The
important roles of photo—irradiation in polymeric membranes are;

3.3.1. Photo—initiated polymerization
3.3.2. Photo crosslinking of polymeric membranes
3.3.3. Photo—functionalization of polymeric membranes

3.3.4. Photo degradation
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3.3.1. Photo—initiated polymerization

The photo—irradiation based in—situ polymerization has been acknowledged as a
good alternate of already established methods to prepare membranes. One
particular advantage is that membranes could be prepared in one step from cross—
linkable polymers. These photo—initiated polymerization reactions commence via
photo initiators or/and photosensitizes and proceed efficiently thereafter. Some
good reviews on various aspects of these processes have been already published
[211, 212]. In-situ cross-linking polymerization carries versatility to fix
interesting and sensitive morphologies such as sample preparation for
transmission electron microscopy [48] and this concept could be extended to
immobilize the self-assembled barrier structures. In order to have enzyme
immobilization the photo—initiated preparation of membranes was reported by
Arica et. al. [237, 238].

The hydrogel membranes, for biosensor and biomedical applications, represent an
important application of photo—initiated polymerization technique in membrane
preparation [215]. Poly HEMA membranes were prepared to immobilize the
enzyme catalase [238]. For ion—selective sensor a membrane matrix free of
plasticizer was prepared via free radical photo—initiated polymerization of a
mixture of monomethacryloxypropyl, oligodimethylsiloxaes and
dimethacryloxypropyl [239]. Another example is fabrication of self-supporting
mixed matrix membrane consisting of ion conductive polymer electrolyte [240].

The micro-dialysis membranes were prepared via in-situ UV-initiated
polymerization of the zwitterionic monomer and the cross linker using a focused
355 nm laser beam [241]. The molecular cut-off of these membranes could be
engineered by controlling phase separation in the course of cross—linking
polymerization i.e. manipulating the ratio between solvent and non—solvent. These
membranes could be used for electrophoretic concentration of proteins in a
microchip [242]. Photo—initiated polymerization have been also employed to
prepare stimuli responsive membranes for controlling drug permeation, drug
release [243], release of proteins [244, 245], recognition of cholesterol [246] or d-
glucose [247]. UV irradiation was also used for sol-gel synthesis of silica
particles as UV was employed during in-situ preparation of mixed matrix
silica/poly(ethylene oxide) (PEO) — immobilized electrolyte membranes [248].
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3.3.2. Photo-crosslinking of polymeric membranes

Photo-crosslinking is of great interest not only for membrane preparation (as
mentioned in section 3.3.1) but also for the modification of already prepared
polymer membranes in order to increase permittivity and selectivity or to
introduce other desired properties. In order to achieve this target, crosslinking is
generally aimed to change the physical property and chemical structure of
polymeric membranes. The photo-crosslinking modifications of membranes from
photo-reactive polymer and of polymeric membranes with added photoactive
agent is covered in this section. There are two distinctive roles of photo
crosslinking  1).Cross—linking via polymer radicals 2).Formation of
interpenetrating polymer networks where additives, having monomer character,
undergo polymerization.

Several works suggest the preparation of membranes from photo—reactive
polymers where degree of crosslinking was much influenced by UV-irradiation
time. Such membranes have been applied to separate the gases [249-262]. The PV
membranes made from polyimide are also fabricated via exposure to UV light
[263]. Another application is membrane for fuel cells prepared from UV irradiated
crosslinking of multi-block copolymers of sulfonated poly (aryl ether ketone)
(PAEK) containing Benzopheonone (BP) units [264].

The UV irradiation is also employed for development of membranes out of
polymers with added photo-reactive agents for example Wycisk et. al. used UV
light to crosslink poly (4-ethylphenoxyl)(phenoxy) phosphazenel (PEPP) mixed
with benzophenone BP [265].

The sustainable membranes have been prepared by developing an interpenetrating
polymer networks via UV-—curing [266]. Photo—initiated crosslinking of
Polyimide copolymers containing both alkenyated diamides and aromatic
diamines have been prepared and applied for gas separation [216, 217]. The
effects of photo—irradiation on the performance of PV and GS membranes have
been reported in several studies using various polymers. Nevertheless the
mechanism remains a subject of further debate in the literature because two
proposed mechanisms are 1) Polymer crosslinking via covalent bonds ii) polymer
densification via non—covalent interactions. Moreover it is noteworthy that too
high degree of crosslinking can make the membrane not only brittle but also less
permeable. On the other hand too low degree of crosslinking may lead to
plasticization over time resulting in the performance deterioration and loss of
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selectivity. Thus it is imperative to optimize the degree of crosslinking. This thesis
is also based on similar methodology and optimum crosslinking degree of UV—
induced acrylate network in Polysulfone matrix is thoroughly studied.

3.3.3. Photo—functionalization of polymeric membranes

Photo—functionalization of a polymeric membrane is based on the photo-reaction
between membrane material and functionalizing agent and such a reaction
requires typical photo—reactive groups. Two routes can be classified depending
upon location of these photo-reactive moieties; 1) via photo—reactive
functionalization agents and ii) via photo-reactive membrane polymer [48]
(Figure 3.4).
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Figure 3.4: Two routes of UV functionalization 1) via photo—reactive
functionalization agents (from left) and ii) via photo—reactive membrane polymer
(from right)

The photo—functionalization is relatively independent of the chemical composition
of membrane material thus various functionalization agents could be attached on a
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membrane surface via either photo—reactive moieties or a variety of membranes
(porous and non—porous) can be modified by photo—reactive functional molecules.

There have been two distinctive approaches of functionalizing polymeric
membranes i.e. ‘“grafting-to” and “grafting-from”. In the category of
functionalization via “grafting—to”, some notable methodologies followed are;

I.  Development of photo—reactive thin film composite membranes and then
post modification with functionalization agents [267, 268]

II.  Preparation of non—porous membrane containing a photo—reactive moiety
and then modified with functionalization agents [269]

III.  The immobilization of photo-reactive groups on the surface of already
prepared (and optimized) membranes [270, 271] and then subjected to UV
or sunlight immobilization of proteins similar to a well-known technique
for photo—affinity labeling of biomolecules [236]

IV. A number of works reported coating of membrane with a photo-reactive
agent and then functionalization either through a cross-linker under UV
irradiation [272] or photo—active surface agents [218, 219]

There are two crucial evaluation parameters for functionalization of polymeric
membranes i.e. stability and controllability of grafted polymer layers. In “photo—
grafting-to” technique, an extensive UV irradiation for covalent bonding of
grafted layers often results into degradation of base polymeric membranes thus a
tradeoff is sought and grafting density is compromised. The technique “photo—
grafting-from” covers the aforementioned shortcoming for example a higher
grafting density is obtained in contrast to “photo—grafting to”. The anti—fouling
modification for UF membranes is a typical example of “grafting-from”.

Some noteworthy works on “Photo—grafting-from” are;

I.  Development of low—fouling membranes where grafted polymers function
as anti—fouling layer. The composition, surface coverage and thickness
were optimized in a way that low fouling performance is ensured without
compromising selectivity and flux [273, 274]
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II.  Preparation of surface functionalized MF membranes absorbers for fast
protein purification via photo-grafting of 2D or 3D layers having suited
functional groups exhibiting reversible binding [223, 275]

III.  Development of membranes with grafting polymers as selective barrier to
control undesired swelling and degradation in organic solvent while being
applied in PV processes. An example is preparation of PAN UF
membranes (with 5—15 nm pore diameter of active layer) for separation of
organic mixtures in PV [276]

IV.  The iso—porous track—etched PP MF membranes with a large pore
diameter (100 nm — 3 pm) have been functionalized via “grafting—from”
process in order to make enzyme—membranes work as convective flow
micro-reactors [277, 278].

3.3.4. Photo-degradation

Photo—degradation of polymeric membranes is generally an undesired process
often leading to membrane material loss and subsequently a deterioration of its
properties [232]. Most important reactions are cleavage or conversion of main
chain, oxidation and loss or conversion of side groups. The photo—degradation
mechanisms of typical membrane polymers such as Polyethersulfone, Cellulose
and Polypropylene (PP) have been studied in detail [233-235]. It is imperative to
consider mechanism of photo—degradation while coupling UV technology with
the fabrication of polymeric membranes.

3.4. UV irradiation of Polysulfone based membranes

Polysulfone (PSF) and polyethersulfone (PES) are widely used materials for high
performance UF and MF membranes because of good thermal, chemical and
mechanical stability and excellent film forming properties. Nevertheless
hydrophobicity of these materials causes fouling problems for example when
applied to filtration of proteins the deposition and adsorption of contaminant yield
membrane fouling. In order to reduce fouling, UV irradiation based approaches
have been proved promising strategy thus have extended the application of these
membranes. A valid strategy is to attach hydrophilic chains to the membrane’s
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surface which significantly increases the wettability of membrane surfaces and
counteracts the fouling.

A number of works based on aforementioned methodology have employed UV
irradiation to introduce hydrophilicity on the PSF and PES based membranes. For
instance Crivello, Belfort and coworkers [279-280] developed a method of
surface modification of Poly (arylsulfone) membranes where different hydrophilic
polymers have been successfully photo—grafted from vinyl monomers in water or
methanol onto Poly (arylsulfone) membranes endowing a high surface—selectivity.
Ulbricht et. al. also investigated the mechanism of photo—grafting of PSF and PES
including a comparison with and without photo—initiator [281].

A thorough investigation is done by group of Belfort for the sake of improvement
in performance of Poly (arylsulfone) based composite membranes and to have a
better understanding of mechanism. The characterizations of photo—grafted
membranes revealed that grafting is not only surface bound instead it was
extended to considerable depth in membrane [282]. This claim was also supported
by the flux values of UF membranes before and after UV irradiation in the
absence of a monomer. The results indicate that average pore size has undergone a
marked increase because of localized degradation of membrane material [283] and
this led to considerable reduction in selectivity.

Pieracci et. al. reported that grafting efficiency of N-vinylpyrrolidone (NVP) on
the PES membranes was significantly higher if a high energy 254 nm UV lamp
was used instead of 300 nm UV. But this approach also resulted into pore
enlargement that led to increased flow rate and loss of rejection for bovine serum
albumin (BSA) [283]. These side effects could be controlled using longer
wavelength UV lamp or a UV filter for shorter wavelength UV lamp [48].
Taniguchi et. al. found a linear correlation between degree of grafting (DG) and
the product of monomer concentration and irradiation energy [284].

DG xc X E

Kaeseley et. al. reported another aspect i.e. much higher energy was required to
achieved a desired DG on to PSF membranes as compare to PES membranes and
it is because of high sensitivity of PES to UV irradiation [285].
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Chapter No. 4

Research objective

The polysulfone (PSF) has major application in ultrafiltration membranes because
of its ability to form a highly porous structure through NIPS. The PSF based
membranes have reasonably good mechanical and chemical strength. However the
membranes made of pristine polysulfone are not resistant to majority of organic
solvents. The acrylic functionalization of polysulfone (PSF) has been an attractive
strategy to improve the solvent stability of polysulfone based membranes but this
modification has also led to significant drop in the flux when compared with
pristine polysulfone. The previous attempt to bring solvent stability through UV-
induced acrylic functionalization has resulted into material deterioration because
of localized damage of membrane material i.e. polysulfone. Actually the amount
and kind of acrylic functionality along with the parameters related to UV curing
and NIPS were not fully investigated and correlated.

In order to overcome the aforementioned discrepancy; the current research was
aimed to modulate the morphology and the performance of membranes in a way
that a cross-linked network is developed for solvent stability and the pores
morphology is retained for sufficient flux. The said objective could be achieved
through optimization of UV—induced acrylic functionalization of polysulfone
membranes. The acrylic functionalization could be introduced either as synthesis
of functional macro-monmer or as separate addition of acrylic resin into polymer
solution. The UV curing and membrane fabrication through NIPS were aimed to
optimize and couple together in an efficient way. Following to these ideas, firstly
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we introduced the acrylic functionality as synthesis of methacrylate polysulfone
macro-monomer and two routes of membrane fabrication were investigated i.e.
either UV curing followed by NIPS or vice versa. The first route was found better
in terms of homogeneity but flux values in both cases were in the range of tight
ultrafiltration. As a second approach, we incorporated two structurally different
di-acrylates into pristine PSF solution in DMF and membranes were developed
through UV curing followed by NIPS. Th membranes developed, via above two
methods, were fully characterized, flux properties were determined through dead-
end filtration process and solvent stability was assessed in a number of solvents.

After optimization of acrylic functionalization the best cross-linked membranes
were subjected to coating of polydopamine (PDA) so the enhanced contaminant
removal could be achieved. Furthermore, the best formulation out of phase
separation membranes was also employed to produce electrospun nanofibrous
mats through UV—induced reactive electrospinning setup.
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Chapter No. 5

UV-cured methacrylated PSF
membranes

5.1. Introduction

Porous polymeric membranes have attained an important place in the field of
chemical technology in particular these are being frequently used in micro and
ultrafiltration [34]. Though polymeric membranes are playing a vital role in the
filtration of drinking water and wastewater treatment but existing membranes
chemistries and structures also suffer from certain shortcomings that hinder
further and widespread development of the separation technologies [2]. The
progress in polymer science and technology could be useful in order to overcome
limitations related to separation processes, fouling, chemical and mechanical
stabilities of polymeric membranes.

There are several ways (c.f. 2.1) to prepare porous polymeric membranes but till
today the majority of commercial porous membranes are being prepared via
controlled phase separation of a polymer solution into two phases: one with low
and other with a high polymer concentration. The concentrated (polymer—rich)
phase solidifies shortly after phase separation and results into solid structure of
membrane while polymer—poor phase leads to formation of voids. The separation
performance of these membranes largely depends on the morphology out of phase
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separation and subsequent solidification. The most common phase separation
method is non-solvent induced phase separation (NIPS) [102—111]. The NIPS is
carried out in a way that a thin wet film of polymer solution is cast on a support
and immersed in a non-solvent (typically water). Precipitation takes place quickly
because the good solvent for the polymer is exchanged with the non-solvent.

Polysulfone (PSF) is a widely used membrane material especially for
microfiltration and ultrafiltration. The performance of PSF based membranes is
quite stable because of workability over broad range of chemicals and pH
conditions [286]. However, PSF is not resistant to many aprotic solvents [287,
288]. In order to improve the solvent stability as well as the mechanical
performance of PSF-based membranes, the post-crosslinking process is often
necessitated. For the said purpose electron-beam irradiation was proposed [289]
but it requires expensive equipment and additionally the membrane structure is
damaged during intensive irradiation. Alternatively, UV-irradiation was employed
and mixtures of PSF and acrylic cross-linker were thus investigated [290, 291]. In
those works solvent stability was somehow achieved but membrane material
suffered from localized damaging and subsequently deterioration of separation
properties. A different and more elegant approach could involve the incorporation
of cross-linkable functionalities on the PSF-backbone during synthesis. Generally
the incorporation of functional groups into PSF can be achieved through two
approaches, (1) by using functional co-monomers during polycondensation, [292—
296] and (i1) by post-synthesis modification [297-306].

In this chapter, we report a facile post-synthesis approach to incorporate
methacrylic functionalities at the chain ends of PSF molecules. The attachment of
cross-linking sites effectively provides fast curing while preserving the PSF
properties. We describe here scalable fabrication of novel porous PSF membranes
having cross—linked network developed via photo-induced cross-linking of the
macro-monomer. We investigated two routes to fabricate membranes 1) first phase
separation and then UV-curing ii1) First UV-curing and then phase separation. The
cross-linked membranes were fully characterized and their morphology,
viscoelastic properties, solvent stability, and flux performance were evaluated.
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5.2. Experimental

5.2.1. Materials

The solvents acetone (99.9 %) and N,N-dimethyl formamide (DMF, anhydrous,
98.8%) were purchased from Sigma Aldrich. The photo—initiator (PhlI),
phenylbis(2,4,6-trimethylbenzoyl)phosphine oxide (BAPO) Irgacure 819, was
kindly provided by BASF. The other materials methanol (Merck),
dimethylacetamide (DMAc, 99%, Merck), Bisphenol A and bis(p-chlorophenyl)
sulfone (Hallochem Pharma Co. Ltd, China), and triethylamine (TEA, Aldrich,
HPLC grade) were used as it is without any purification. Methacryloyl chloride
(+97%, Merck) and Dichloromethane (99%, Aldrich) were also used as received.

5.2.2. Synthesis of dimethacrylated polysulfone

The methacrylate functionalized polysulfone was synthesized via condensation
followed by esterification. At first step hydroxyl functionalized polysulfone of
different molecular weights (PSF-2000, PSF-4000, and PSF-14000) were
prepared through condensation polymerization according to the modified
procedure described in the literature [307]. The hydroxyl terminated polysulfone
oligomers were obtained by adjusting concentrations of monomer. Thereafter,
methacrylate functionalized polysulfone was synthesized by esterification of the
oligomers with methacryloyl chloride in the presence of base (triethylamine). The
overall schematic procedure is presented in Figure 5.1.

In order to synthesize PSF-2000, bis(p-chlorophenyl) sulfone (12.58 g, 43.81
mmol), bisphenol A (20.00 g, 87.61 mmol) and dried potassium carbonate (25.43
g, 183.98 mmol) were added to 50 mL toluene and 400 mL DMAc in a 2000 mL
double necked round bottom flask, fitted with a nitrogen inlet, condenser, a dean
and stark trap and an overhead mechanical stirrer. The reaction mixture was
heated at 150 °C for 4 hr under reflux with removal of water. After almost two
hours the reaction was stopped and cooled to room temperature. The solution was
filtered to remove most of the salts and poured into a mixture of water and
methanol (1:4). The precipitated polymer was filtered, and several times washed
with water so the remaining salts and other impurities are removed. Finally, the
polymer was washed with methanol and dried at 60 °C in a vacuum oven for
about 12 hr to give PSF-2000 oligomer (15.62 g). The similar procedure
employing appropriate ratios of the monomers was followed for the synthesis of
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PSF-4000 and PSF-14000. The observed FTIR peaks in polysulfone are given in
Table 5.1

Table 5.1: FTIR peaks of polysulfone

Wave number The structure

(cm™)
1014 Aromatic
1151 & 1175 0=S=0 Symmetric
1240 C-0-C
1293 & 1322 0O=S=0 Asymmetric
2945 — CH3 symmetric
2975 — CH3 Asymmetric
3000 — 3200 Aromatic
3435 —OH

In order to synthesize PSF-DM-2000, 1.52 g (1.25 mmol) PSF-2000 was added to
20 mL CH,Cl, contained in a 50-mL two necked round bottomed flask stirring in
an ice bath, fitted with a nitrogen inlet and condenser thereafter mixed for roughly
5 minutes. Then, 0.87 mL (excess amount) triethylamine was added. 0.62 mL
(6.24 mmol) (excess amount) methacryloyl chloride dissolved in 5 mL CH,Cl,
was added slowly to the reaction flask in a time period of 10 minutes. The
reaction mixture was stirred for 24 hr. Subsequently the reaction mixture was
filtered to remove salts and it was poured into methanol in order to precipitate the
methacrylate oligomer. The precipitated oligomer was filtered and washed several
times with water in order to remove salts and impurities. Thereafter the polymer
was washed with methanol and dried in a vacuum oven at room temperature for
about 12 hr. 1.29 g PSF-DM-2000 was thus obtained. An analogous procedure
using appropriate ratios of the monomers was also used for the synthesis of PSF-
DM-4000 and PSF-DM-14000. The FTIR peaks of dimethacrylated PSF are given
in Table 5.2
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Table 5.2: FTIR peaks of dimethacrylated polysulfone

Wave number The structure

(cm™)
1014 Aromatic
1151 & 1170 0=S=0 Symmetric
1244 cC-0-C
1295 & 1324 0O=S=0 Asymmetric
1730 -C=0
2872 — CH3 symmetric
2968 — CH3 Asymmetric
3000 — 3200 Aromatic

5.2.3. Preparation of UV-cured membranes

The functionalized PSF was synthesized in three different categories of molecular
weights. At first, each category of PSF was used in different concentrations to
prepare membranes so the workable molecular weight and optimum concentration
could be established. Regarding structural integrity of membranes there were
some notable observations during fabrication of membranes

= The different concentrations of functionalized PSF having molecular
weight 2000 or 4000 were employed to prepare the membranes but the
developed membranes were highly fragile and the membranes were
shattered during phase separation

= The functionalized PSF having molecular weight 14000 was also used in
different concentrations and 25 wt % concentration was found suitable to
develop structurally stable membranes otherwise lower concentrations had
similar behavior as that of polysulfone having lower molecular weights

All PSF solutions were prepared in a way that polymer was dissolved in DMF
with continuous stirring at temp 60 °C. After evaluation of different PSF
molecular weights only PSF-DM-14000 was employed for membranes
development. A 25 wt. % solution of PSF-DM-14000 in DFM was prepared and
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once the homogenous solution was obtained the photo—initiator was added as 3
wt. % with respect to PSF and sonicated for 15 min so the solution is homogenous
again. From this solution 100 um thick films were cast on the glass plate and
thereafter these films were subjected to either of two sequences i.e. NIPS followed
by UV curing (NIPS — UV) and UV curing followed by NIPS. NIPS was carried
out in a coagulation bath of non—solvent i.e. water. During wet casting of
membranes and thereafter phase separation the relative humidity of atmosphere
was 40+10 % and the temperature was 25+3 °C. The cross-linking of
functionalized PSF was performed via UV curing. The UV curable membranes
were irradiated under nitrogen atmosphere in a static UV lamp for one minute.
The irradiation light was in the range of UVA i.e. 320-390 nm. The energy of
irradiation was recorded as 10.05 J / cm®. The composition of cast solutions and
fabrication methods are summarized in Table 5.3. The schematic representation of
steps involved in membrane fabrication is given in Figure 5.1

Table 5.3: The composition of casting solutions and sequences followed

Membrane PSF DMF w tP(l,}I of Sequence I Sequence II
Code wt. % wt. % l‘,S; NIPS-UV ~ UV-NIPS
M1 25.0 75.0 3.0 v -
M2 25.0 75.0 3.0 v

5.2.4. Fourier transform infrared (FTIR) analysis

A spectrophotometer furnished with attenuated total reflectance (ATR) accessory
made by Thermo Electron Corporation was used for FTIR and ATR-FTIR
analysis. The ATR assembly had diamond crystal based internal reflection
element. In UV-NIPS sequence the wet polymeric films (not yet precipitated)
were applied onto a silicon crystal, UV irradiated and analyzed via FTIR.
Alternatively the membranes developed through NIPS-UV procedure were
directly analyzed through ATR-FTIR. The cross-linking degree was measured by
scanning each sample 32 times with a resolution of 4 cm™ and the spectra were
collected in the wave number range 650 to 4000 cm™. A background was run
before every individual sample was analyzed. The acrylic double bond conversion
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was calculated though decrease of the peak area for C=C group at 810 cm™ and
normalized with the peak area for C=0 group at 1730 cm™.

5.2.5. Dynamic mechanical thermal analysis (DMTA)

The triton DMTA apparatus was employed to carry out dynamic mechanical
thermal analysis (DMTA). The instrument has tension—film clamp assembly and it
operates in multi-frequency strain mode. The size of samples to be tested was
measured using an electronic caliper and almost all the samples have dimensions
approximately 10 x 10° m by 6 x 10~ m. Each sample was held in tension mode
and a sinusoidal stress was applied whereas applied preload force was set at 0.001
N. Both the loss modulus and storage modulus were collected over the required
temperature range 25 — 200 °C. The rate of increase of temperature was set as 3 °C
per minute. Each sample was tested three times and the selected results are
presented.

5.2.6. Field emission scanning electron microscopy (FESEM)

The morphology of membranes cross—sections was investigated through FESEM.
The instrument for FESEM is a MERLIN model by ZEISS furnished with the
state of the art GEMINILIS column that ensures good control of both current and
spot. The samples were immersed in liquid nitrogen and snapped within seconds
after immersion thus sharp edged samples were obtained for cross—sectional
morphological analysis. These samples were mounted on the studs in a way that
cross section faces upward. In order to counteract charging effect during FESEM
analysis the samples were coated with chromium up to thickness of 8.0 nm.

5.2.7. Permeability tests

The hydraulic permeability of developed membranes was experimented in a
stirred cell apparatus — Model 8010 by Amicon® Millipore Co. In order to drive
the flow the cell was pressurized with Nitrogen gas. The pressure drop of 250 kPa
(35 psi) was established and monitored using a pressure gauge. The filtration
experiments were carried out using deionized water obtained from a Milli-Q
ultrapure water purification system. The flow rate was determined by measuring
the permeate mass in a given time after reaching steady-state.
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5.3. Results and discussion

The PSF membranes are widely used because of their strength and resistance
towards a relatively broad range of chemical and pH conditions but PSF is
inherently soluble in aprotic solvents and therefore a crosslinking process is
required to enhance its solvent stability. Our strategy is focused to develop UV-
induced cross-linked membrane from methacrylated PSF macro-monomer.

5.3.1. Synthesis of dimethacrylated polysulfone

PSF dimethacrylate (PSF-DM) macro-monomer was synthesized by condensation
polymerization and subsequent esterification. The schematic representation of
synthesis is given in Figure 5.1. The parameters collected in Table 5.4 were
adjusted so as to obtain PSF with sufficient molecular weight and desired
functionality in order to have efficient cross-linking and extended properties of
PSF in the final membrane.

n:m = 2:1 for PSU-2000 DMAc | K;CO;
n:m = 6:5 for PSU-4000  Toluene | reflux
n:m = 21:20 for PSU-14000 N, Gh
o
{
HO o ] o OH
n
PSU
o Et,N

CHCI
\ﬁCI 2~z
.

24h

 OHO~-OHO-O+HCr

PSU-DM

Figure 5.1: Schematic representation of synthesis of PSF and PSF-DM oligomers
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Table 5.4: Molecular weight characteristics and synthesis® of phenol and
methacrylate functional polysulfones

BisphenolA/ ¢ c
Polymer Chlorosulfone Yield" (gll\:llilol) (g?;[l:vol) PDI
(mol/mol)

PSF-2000 2/1 47.9 2080 2615 1.26
PSF-4000 6/5 80.4 4173 6475 1.55
PSF-14000 21/20 60.7 14125 21503 1.52
PSF-DM-2000 - 84.1 2451 2986 1.22
PSF-DM-4000 - 90.0 4494 6641 1.48
PSF-DM-14000 - 84.7 15039 23045 1.53

"Reaction temperature: 170 °C, time: 6 h.
"Determined gravimetrically.
¢ Determined from GPC measurements based on polystyrene standards

A scheme of UV—-induced crosslinking reaction is presented in Figure 5.2.

:
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Figure 5.2: Scheme of UV-induced cross—linking of PSF-DM
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5.3.2. Evaluation of sequences of fabrication

The synthesized macro-monomer was dissolved in DMF and the membranes were
prepared via two sequences i.e. either phase separation was followed by UV-
curing process or vice versa. A schematic representation of the both sequences is
reported in Figure 5.3.

r phase inversion > UV curing

solution casting

L UV curing I phase inversion

L/

& ==

Figure 5.3: Schematic representation of the two sequences procedure

In a typical UV—induced cross—linking reaction, a radical initiator is photo-
generated and the polymerization reaction proceeds via a classical chain-growth
addition reaction of the radicals on methacrylic double bond. The radical photo-
initiator was selected with absorption in a different spectral window from PSF
absorption and with a very limited solubility in water in order to avoid leaching
out in the coagulation bath during the NIPS process. For membrane preparation
the oligomer PSF-DMA-14000 was chosen because of its high molecular weight.
All the results related to membrane structure and properties refer to that particular
macro-monomer.
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The acrylic double bond conversion was calculated via FT-IR. The C=C (810 cm”
") peak was analyzed to measure the conversion degree while C=0 (1730 cm™)
peak was taken as reference. When NIPS-UV sequence was followed, the casting
solution was immersed in water in accordance with the usual preparation
conditions reported in the literature for PSF membranes [308, 309].

The obtained membrane was irradiated and the methacrylic double bond
conversion was measured through ATR-FTIR analysis done before and after UV
irradiation. A conversion of about 41% of acrylic double bonds was achieved after
one minute of irradiation under nitrogen (Table 5.5). The limited methacrylic
double bond conversion could be attributed to a limited mobility in the PSF
membrane with Tg around 185 °C. In order to increase the methacrylic double
bond conversion, the reverse sequence was also applied, involving curing reaction
at first and subsequently the phase separation of the cross—linked matrix. For this
purpose a film of the polymer solution in DMF was cast on a silicon wafer and the
curing reaction was analyzed via FT-IR analysis collecting spectra before and
after one minute of UV-irradiation. A conversion of about 62% was recorded
during this sequence (Table 5.5).

5.3.3. Viscoelastic behavior of the membranes

The viscoelastic properties of the PSF membranes were investigated through
DMTA which allows the evaluation of both the elastic and viscous components of

the modulus of the material on a reasonable large temperature interval. The tand
(Equation 5.1) curves of membranes developed through NIPS-UV (M1) and UV-
NIPS (M2) sequence are given in Figure 5.4

Loss Modulus __ En

tanod = (5.1)

Storage Modulus B
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Figure 5.4: tand curves of membranes developed via NIPS-UV (M1) and UV-
NIPS (M2)

The region, tand curve shows a maximum, is assumed to be T, of the cured films.
When phase separation was performed before UV—curing, a Tg value of about
185 °C was measured (See Figure 5.4 and Table 5.5). The Tg slightly shifted to
higher temperature (around 195 °C) when the UV-curing process was performed
before the phase separation process.

This difference is in accordance with the higher cross—linking density achieved
when the membranes were prepared through the UV-NIPS sequence.
Furthermore, a narrower tand peak was obtained for the membranes developed
through UV-NIPS confirming the uniformity of the membranes developed
through this sequence.
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5.3.4. Membranes morphological analysis

Morphological investigations on cross-sections of the developed membranes were
performed through FESEM analysis. The micrographs are reported in Figure 5.5
and 5.6, respectively for the membranes obtained via NIPS-UV and UV-NIPS
sequence. It is evident that the UV-NIPS sequence (Figure 5.6) produced a more
uniform porous distribution with pore dimension ranging from 800 nm to 1.2 um.
On the other hand when NIPS-UV sequence was adopted (Figure 5.5), the
membranes came up with some larger pores, even larger than 2 um, as well as a
less uniform distribution.

200 nm

Figure 5.5: Cross—sectional morphology of methacrylated membranes developed
via NIPS-UV
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200 nm

Figure 5.6: Cross—sectional morphology of methacrylated membranes developed
via UV-NIPS

Table 5.5: Parametric analysis of membranes characteristics

Membrane Conversion' ng Pore dimension®
Code % °C pm
M1 41 185 2.0£0.5
M2 62 195 1.240.2

1: Calculated through FTIR and ATR-FTIR analysis
2: Determined as the maximum of tand curve in DMTA analysis
3: Determined by FESEM morphological analysis
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5.3.5. Dead—end filtration tests

The developed membranes were tested in dead—end filtration mode using stirred
cell apparatus. A schematic representation of lab scale dead—end stirred cell
apparatus is shown in Figure 5.7. The preliminary tests showed that the pure water
permeability of modified membranes was 2.5+0.1 and 9.5+0.1 L m h 'bar ',
respectively, for NIPS-UV and UV-NIPS sequences. These permeability values
lie in the range of tight ultrafiltration membranes.
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Figure 5.7: Schematic representation of lab scale dead—end filtration apparatus

The flux values confirm that our fabrication procedure is a viable route, yielding
performance comparable to traditional polysulfone membranes. A higher
permeability is viable through further optimization of polymer synthesis, UV
curing time and membrane fabrication. The resulting UV-crosslinked membranes
were insoluble in DMF, DMSO and boiling water, showing always a gel content
value of 100%. These results highlight the high solvent resistance of cross-linked
membranes.
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5.4. Conclusion

Cross-linked polysulfone membranes were prepared through scalable non-solvent
induced phase separation (NIPS) and UV curing processes. Methacrylate
functionalized polysulfone precursors were synthesized by condensation
polymerization and subsequent esterification and the macro-monomer was fully
characterized. Porous membranes were obtained by subjecting the wet films, from
solutions of macro-monomer in DMF, to the successive phase separation and UV-
curing processes NIPS-UV and vice versa (UV-NIPS). The resulting UV-cross-
linked membranes, obtained through either of sequences, were insoluble in DMF,
DMSO and boiling water, showing always a gel content value of 100%. The
viscoelastic properties of the membranes were characterized by DMTA. When
phase separation was performed before the UV-curing, a T, value of about 185 °C
was recorded and the T, got shifted to a higher temperature (around 195 °C) in the
reverse fabrication mode. These T, values are in accordance with the degree of
crosslinking calculated through FTIR analysis. Morphological investigations
showed that the UV-NIPS sequence produced a more uniform pores distribution
with pore dimension ranging from 800 nm to 1.2 um. On the other hand, when
NIPS-UV sequence was adopted, the membranes showed some larger pores, even
larger than 2 pm, as well as a less uniform distribution. The pure water
permeability of membranes obtained with both procedures was in the range of
tight ultrafiltration membranes. Furthermore the water permeability recorded for
both membranes is not exactly in accordance with the average cross—sectional
pore size calculated via FESEM analysis. This could be attributed to two aspects
one is related to phase separation, this technique is an empirical art and the pores
distribution out of phase separation is quite uncontrollable and other belongs to
the fact that flux across an ultrafltration membrane depends not only on macro
voids in the bulk but also nano pores on the surface. Hence, the current approach
is not a best technique to produce solvent stable ultrafiltration membranes.
Nevertheless a notable enhancement of mechanical behavior and solvent stability
of PSF-based membranes were already achieved in this work. Further study
(chapter no. 6) was done in order to selectively control the pores dimensions and
performance of cross-linked membranes.
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Chapter No. 6

UV—cured di-acrylate polysulfone
membranes

The previous chapter described the UV-induced fabrication of membranes from
functionalized polysulfone. The idea was based on incorporation of methacrylate
functionality at the backbone of polysulfone so the enhanced performance could
be achieved regarding solvent stability of membranes. The membranes were
prepared via NIPS process and cross—linking of functional macro-monomer was
obtained through UV irradiation. Both these techniques, NIPS and UV irradiation,
were combined in two different sequences i.e. either first NIPS then UV
irradiation or vice versa. Though solvent stability was increased but flux across
the membrane was reduced drastically in contrast to pristine polysulfone without
any added functionality. In this chapter we report another way to add acrylic
functionality i.e. incorporation of acrylate cross-linkers into pristine polysulfone
solutions and then fabrication of membranes through combined effect of NIPS
and UV irradiation so the cross-linked network of acrylate system is developed for
solvent stability and pores morphology could be retained for sufficient flux.

6.1. Introduction

As a membrane material, polysulfone could be easily fabricated into a highly
porous structure through NIPS and it is stable over broad range of solution pH
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[310] but instability of polysulfone in many of organic solvents restricts wide
spread application of polysulfone based membranes.

In order to improve the solvent stability of PSF membranes prepared via NIPS,
post-synthesis treatments are required to crosslink the polymer. In previous
chapter, we apportioned a two-step method involving UV curing and NIPS for
preparation of membranes from functional methacrylated PSF macro-monomer
[102]. The flux properties of cross-linked membranes for pure water were found
in the range of tight ultrafiltration membranes but an adequate solvent stability
was achieved. In another important contribution Vankelecom [290, 291] reported
a thorough investigation of the influence of UV curing on the morphology and
reported the performance of PSF membranes containing different acrylates with
varying functional groups. Those works did not present any study on the effect of
the cross-linker content into PSF formulations. Besides content and type of
acrylate system the sequence of applying NIPS and UV was also found to affect
not only morphology but also structural integrity of the membranes. Moreover it
was reported that UV—induced crosslinking resulted into localized deterioration of
membrane surface. In previous chapter, we came up with a conclusion that UV
irradiation, for the sake of cross-linking, should precede the NIPS in order to
obtain more uniform and structurally stable cross—linked membranes.

In this chapter, we demonstrate an extended analysis based upon the previous
studies. In contrast to previous approach based on in-situ methacrylated
functionality here we report a systematic investigation on the effect of two
different di—acrylate resins, both in terms of structure and concentration, on the
PSF-based membranes. We incorporated two structurally different di-acrylates
into pristine polysulfone solution in DMF and established the protocol of
membrane fabrication in which the membranes were prepared via UV curing
followed by NIPS process. The crosslinking of pure acrylic resin was evaluated
through FTIR analysis and it was compared with the conversion obtained for the
modified polymer solutions used to fabricate membranes. The UV cross—linked
di-acrylate PSF membranes were characterized to analyze their viscoelastic
properties, morphology, solvent stability, water flux and selectivity. The study
provides an understanding of the influence of acrylic monomer type and content
on the membrane structure and performance.
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6.2. Experimental
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H,C CH,
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= Bisphenol-A-ethoxylate (2EO/phenol) diacrylate (BEDA, Average
Mn=512¢g mol™ inhibited with 1000 ppm MEHQ).

) o

= Photo initiator (Phl) phenylbis (2,4,6-trimethylbenzoyl)phoshineoxide
(BAPO)

A glass plate was used as casting substrate to prepare the membranes. All the
chemicals were purchased from Sigma Aldrich while the photo—initiator was
provided by BASF.

6.2.2. Preparation of UV cured acrylic modified PSF membranes

The membranes based on modified polysulfone (PSF) solutions, containing
acrylic cross-linker, were prepared via UV curing and NIPS processes. A 15 wt.
% solution of pristine PSF in DMF was prepared by gradual addition of PSF
beeds and continuous stirring at 60 'C for 7 hrs. Then the solution was cooled
overnight. The PSF solutions were modified by incorporating a di-acrylate
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monomer cross-linker along with a photo-initiator. Two structurally different
cross-linkers, BEDA and PEGDA, were investigated. These were added
individually to modify the polymeric solutions and the effect of three
concentrations, namely 10, 20 and 30 wt. % was studied. The photoinitiator was
always added at 3 wt. % with respect to the weight of acrylic content. The sole
objective of the photoinitiator was to induce crosslinking so there was no need to
add photoinitiator into pristine PSF solution. The solutions were sonicated for 15
minutes and then left in normal condition for 10 min so the trapped air bubbles
could be released. The homogeneous solutions were then cast on the glass plate
with a nominal film thickness of 100 um. The wire-wound applicator was applied
to control film thickness. The compositions of the different casting solutions are
given in Table 6.1.

The crosslinking was performed before phase separation by employing a mercury
medium pressure UV lamp. The UV curable films, obtained from modified
solutions, were irradiated in a static UV lamp for one min under nitrogen
atmosphere. The UVA (320-390 nm) was the irradiation source. The energy dose
being absorbed to cure the membranes was recorded at 10.05 J / cm”. The degree
of crosslinking was measured via FTIR analysis. Shortly after UV curing, NIPS
was carried out in a coagulation bath containing distilled water. The membranes
were stirred in a bath containing plenty of distilled water for 24 hrs so no DMF
was left in the membrane. During the wet casting of membranes and process of
phase separation, the temperature of air was 25+3 °C and the relative humidity
was 40+10 %. A schematic representation of methodology is given in Figure 6.1.

Table 6.1: The composition of different membrane casting solutions

Membrane PSF BEDA PEGDA PhI
Code wt. % wt. % wt. % wt. %
Mo0 15.0 - - -
M11 15.0 10.0 - 3.0
M12 15.0 20.0 - 3.0
M13 15.0 30.0 - 3.0
M21 15.0 - 10.0 3.0
M22 15.0 - 20.0 3.0

M23 15.0 - 30.0 3.0
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Figure 6.1: Schematic representation of preparation of di-acrylate PSF
membranes via UV curing followed by NIPS

6.2.3. Characterizations of modified PSF membranes

FTIR analyses were performed using spectrophotometer by Thermo Electron
Corporation. The solutions were analyzed in a way that a 50 um film was coated
on the silicon wafer and UV cured thereafter FTIR analysis was carried out
following the parameters same as described in section 5.2.4. A background run
was applied before each individual sample was subjected to scanning. The
conversion of acrylate double bonds was calculated by following the decrease of
the peak area of C=C group at 810 cm™'and normalized with the peak area of C=O
group at 1730 cm ™",

The viscoelastic properties of membranes were evaluated through dynamic
mechanical thermal analysis (DMTA) using Triton DMTA apparatus. The
operational parameters were kept same as described in section 5.2.5. The ending
temperature was set at 200 °C while the starting temperature was set with respect
to type of di-acrylate system in the casting solution. For example, with PEGDA
the starting temperature was set at — 60 °C while for BEDA it was 20 °C. The
temperature range, applied for analysis, is important to confirm the bis-phasic
nature of PSF membranes modified with acrylate monomer. The rate of increase
of temperature was fixed as 3 °C per min.



78 UV—cured di—acrylate polysulfone membranes

The morphology of membranes surfaces and cross-sections was analyzed through
field emission scanning electron microscopy (FESEM). The samples were
prepared and coated in the same way as mentioned in 5.2.6.

6.2.4. Solvent resistance test

The solvent resistance of cross-linked membranes was accessed by immersing
membranes cutouts in a variety of solvents. The samples were kept immersed in
solvents at room temperature for at least 120 hrs. A qualitative evaluation was
made via visual inspection of the membranes. For a specific solvent the
membranes were categorized into three grades;

1) Stable
2) Swollen

3) Dissolved

6.2.5. Permeability and rejection tests

The water permeability of the membranes was tested in a stirred cell apparatus i.e.
Amicon 8010 Millipore Co. having sample size of 1 inch diameter. In order to
drive the flow, the cell was pressurized with N, (g) to reach a pressure drop of 15
psi, monitored using a pressure gauge. Once the pressure is reached, the
membranes were subjected to pre-compaction for 10 min at this pressure.
Thereafter, the rejection and flux tests were performed at constant applied
pressure of 8 psi. The flux across the membranes was determined by measuring
the change of permeate mass in time and permeability was calculated in a way
that value of flux was divided by the sample area and the applied pressure. The
experiments were performed using deionized water; obtained from a Milli-Q
ultrapure water purification system. The experiment was repeated four times for
each membrane type and the values were averaged.

The rejection by membranes was tested with a solution of polystyrene latex beads
having nominal diameter of 2744 nm from transmission electron microcopy
(TEM) measurements and average hydrodynamic diameter of 39 nm, the later
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evaluated by light scattering. The nanoparticles were chosen because of inert
nature, i.e. they did not interact with the membrane material. That’s why their
rejection was solely based on size exclusion, thus providing information on the
average size of the pores at the membrane/water interface. The beads were chosen
based on a size typically separated by ultrafiltration. A spectrophotometer was
used to measure the absorbance of both the feed solution (c¢f) and the permeate
solution (cp) at a wavelength of 260 nm. A previously obtained linear correlation
allowed calculation of the particle concentration from the value of absorbance.
The rejection of latex particles, R, was then calculated following the equation 1.5.

6.3. Results and discussion

The membranes from PSF solutions containing an acrylate system were prepared
in a way that UV—induced cross-linked network was developed for solvent
stability and the pores morphology was retained for sufficient flux. The all three
steps of membranes development, shown in Figure 6.1, were thoroughly
investigated, optimized and correlated. The wet thickness was fixed at a value
neither too high to lose in—depth UV curing nor too low to compromise the
structural integrity. The UV—curing was carried out in an efficient manner and the
amount of energy absorbed is controlled by changing vertical distance from lamp
to the substrate. The irradiation was done to achieve optimum crosslinking of
acrylic resin and shortly after UV—curing the wet membranes were subjected to
NIPS. A quick transfer from UV-curing to NIPS is an important step in the
development of nano pores on the surface of membranes which are imperative for
good water permeability.

6.3.1. Cross linking degree of modified PSF membranes

The pure acrylate system has characteristic C=C peaks at wave number 810 and
1640 cm™'. After the acrylate system was incorporated into PSF solution, the later
peak was not so evident so only the peak at 810 cm™' was analyzed to measure the
conversion percentage. Firstly the optimum degree of conversion was obtained for
pure acrylates. The time of irradiation and intensity of rays were controlled to
achieve maximum conversion of C=C.
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The FTIR spectra for pristine BEDA and PEGDA formulations containing photo-
initiator, before and after 1 min of UV-irradiation, are given in Figure 6.2a and
6.2b respectively. After 1 min of irradiation, the average acrylic double bond
conversions for BEDA and PEGDA were measured as 85% and 100%,
respectively. The lower acrylic double bond conversion with BEDA is because of
well-known vitrification effect as BEDA cross-linked network is characterized by
a Tg (85 °C) considerably higher than room temperature reported later in the
section 6.3.2. The cross-linked PEGDA possesses a very low Tg (—40 °C) thus it
ensures the mobility of the macro-radical growing chains and therefore almost a
complete addition reaction is observed with PEGDA. The high percentage of
conversion, achieved with pure acrylates, suggests that 1 min of irradiation is
sufficient time to obtain desired cross-linking during membrane fabrication.

The acrylic double bond conversion was also calculated for all the PSF
formulations containing different weight percentage of both acrylic monomers. As
an example, Figures 6.3a and 6.3b represent the FTIR spectra before and after 1
min of UV-irradiation for the PSF solution containing 20 wt. % of BEDA and 20
wt. % of PEGDA respectively. The conversion for the acrylic monomers in PSF
solutions were convincingly high and in accordance with the conversion of
pristine monomers. All the data are presented in Table 6.2.
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Figure 6.2: FTIR spectra of (a) pristine BEDA and (b) pristine PEGDA films of
nominal thickness 100 pm before and after 1 min of UV irradiation
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Figure 6.3: FTIR spectra of PSF solutions containing (a) 20 wt. % of BEDA
(M12) and (b) 20 wt. % of PEGDA (M22) of nominal film thickness 100 um
before and after 1 min of UV irradiation
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6.3.2. Viscoelastic behavior of membranes

The viscoelastic behavior of membranes was characterized through dynamic
mechanical thermal analysis (DMTA) which provides both elastic and viscous
modulus of the material over a large temp interval and the tan § curves of all the
cross-linked membranes. The tand curves from DMTA analysis of the cross-
linked membranes are presented in Figure 6.4a and 6.4b.

From DMTA curves of both acrylates, it is evident that all the cross-linked
membranes exhibited a biphasic nature due to the interpenetration of the UV—
induced cross-linked acrylic network and the PSF polymeric chains. The peak
region of tand corresponds to Tg and it is clear from the curves that each PSF
membrane containing an acrylate network has two Tgs where one belongs to
acrylate system and other to PSF. All the data are collected in Table 6.2. With
BEDA cross-linker, the first tand curve was centered at around 85 °C, on the other
hand when PEGDA was used, the first tand curve was centered at around —44 °C.
These Tg values are in accordance with the Tgs of the corresponding pristine
cross-linked acrylates [311] and therefore these values could be attributed to the
UV-cured acrylic network in the modified membranes.

The second tand curve belongs to the PSF domain. With BEDA cross-linker, the
maximum of tand curve related to the PSF domain was shifted to higher
temperature with the increase of weight percentage of the acrylate monomer. This
could be related to the higher cross-linking density achieved in the presence of
BEDA which shows a lower molecular weight between crosslinks. Additionally
the BEDA has rigid aromatic backbone in contrast to linear PEGDA that
introduced stiffness to PSF domain. When PEGDA was used as cross-linker the
tand curve related to PSF domain was always centered around 160 °C, which is is
typical Tg of pure PSF [292].
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Figure 6.4(b): DMTA curves of membranes from PSF containing PEGDA
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Table 6.2: Parametric breakdown of characterizations and performance
evaluation of reference and UV cured membranes

Code BEDA  PEGDA  Comersion Lyt P water i (B
’ ’ [°C] [°C] o Particles [%]
MO0 - - - 185.0 - 337.90 96.53
Mi11 10.0 - 95 85.3 179.3 238.79 92.47
M12 20.0 - 90 84.8 193.2 169.30 98.35
M13 30.0 - 90 84.8 199.4 0 -
M21 - 10.0 100 —44.0 160.0 230.81 96.75
M22 - 20.0 100 —42.0 161.0 110.90 95.84
M23 - 30.0 100 —42.0 168.0 0 -

6.3.3. Membranes morphology and performance

The morphological investigations on membranes were performed by FESEM
analysis. Both the surface and the cross-section were examined for pristine PSF
membranes and cross-linked membranes prepared from UV—curing and NIPS of
modifed PSF solutions. The representative micrographs of membranes made of
pristine PSF and PSF containing 10 wt. % of BEDA and 10 wt. % of PEGDA
acrylic resins are shown respectively in Figures 6.5 (a-c), 6.6 (a-c) and 6.7 (a-c),

The cross-sectional images of all membranes revealed a sponge-like structure with
pores sized in the micrometer range. This structure was comparable for
membranes made of pristine PSF and PSF modified with crosslinkers. No
significant difference was observed for the two acrylic resins. On average the
micro pores were smaller upon addition of the crosslinkers but the size difference
was not significant for the lowest investigated concentration i.e. 10 wt. %. The
cross-sectional micrographs also suggest that thickness did not change
considerably between pristine and modified membranes. These qualitative
observations were corroborated by measurement of water flux which was used in
this study as a proxy to evaluate the overall membrane porosity and to assess the
potential membrane performance in ultrafiltration systems. The flux values of



86 UV—cured di—acrylate polysulfone membranes

membranes containing 10 wt. % of acrylic crosslinkers were lower than that of
pristine PSF membrane but they remained in the ultrafiltration range. On the other
hand, when the acrylic resin content was increased to 20 wt. %, a strong reduction
in flux was observed while no flux was measured when 30 wt. % of the acrylic
resins were added to the PSF formulations. When the acrylic content is high the
pores got closed by the acrylic network formation as shown in Figure 6.8.
Moreover, figure 6.9 shows the water permeability decreased in a linear fashion
with increased acrylic content in the polysulfone solution. These results suggest
that a tradeoff exists between the amount of acrylic agent added to the polymer
dope and the final chemical robustness of the membrane and its characteristics in
terms of porosity and productivity. They also suggest that an optimum exists
around a value of 10 wt. % of crosslinker which still guarantees the fabrication of
porous ultrafiltration membranes.

Figure 6.5(a) FESEM micrograph of surface of MOO—Pristine PSF
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Figure 6.5(b) FESEM micrograph of cross—section of M00—Pristine PSF
(10K magnification)

Figure 6.5(c) FESEM micrograph of cross—section of M0OO—Pristine PSF
(20K magnification)
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Figure 6.6(a) FESEM micrograph of surface of M11-PSF+10 % BEDA

Figure 6.6(b) FESEM micrograph of cross—section of M11-PSF+10 % BEDA
(10K Magnification)
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Figure 6.6(c) FESEM micrographs of cross—section of M11-PSF+10 % BEDA
(20K Magnification)

Figure 6.7(a) FESEM micrograph of surface of M21-PSF+10 % PEGDA
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Figure 6.7(b) FESEM micrograph of cross—section of M21-PSF+10 % PEGDA
(10K Magnification)

Figure 6.7(c) FESEM micrograph of cross—section of M21-PSF+10 % PEGDA
(20K Magnification)



Figure 6.8: FESEM micrograph of cross—section of M13—PSF+30 % BEDA (left)
and M23-PSF+30 % PEGDA (right) (30K Magnification)
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Figure 6.9: Influence of acrylic content on water permeability of the membranes

and their ability to reject inert particles with a diameter of 27 nm. The solid line is

the best fit of the combined data of permeability, having a slope of approximately
—11 L m*h 'bar' for each percentage point of acrylic compound added.

The rejection of 27 nm particles recorded at a high level (> 90%) with all samples
having measurable flux suggests that the functionalization with resins did not
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affect the selectivity of the membranes. No obvious correlation was observed
between acrylic content and rejection of 27 nm particles, whose values are within
experimental error; see Figure 6.9. These data suggest that though porosity was
reduced as the content of acrylic compound was increased but the change in the
average pore size at the membrane surface was instead negligible. Therefore, the
addition of the crosslinker did not affect significantly the selectivity of the
membranes. All the crosslinked membranes were found completely insoluble in
DMF, THF, acetone, DMSO and toluene, demonstrating that the crosslinking
reaction allowed to achieve solvent stable PSF based membranes.

6.4. Conclusion

We performed a systematic investigation of the effect of content and structure of
acrylate resin on PSF-based membranes with the aim to obtain increased
chemically stable crosslinked membranes without compromising their flux
properties. The membranes were developed through UV curing followed by NIPS
process. The acrylic double bond conversion was evaluated via FTIR analysis and
the crosslinked membranes were fully characterized. The double bond
conversions achieved with acrylic monomers incoporarted into PSF solutions
were high and in accordance with the conversion of pristine monomers. The
viscoelastic behavior of membranes was studied through dynamic mechanical
thermal analysis (DMTA). All the crosslinked membrans exhibited an evident
biphasic nature on the behalf of interpenetration of the crosslinked acrylic
network and the PSF polymeric chains. Morphological investigations were
performed by FESEM on the surface and the cross-sections, both for the pristine
PSF membranes and the crosslinked membranes containing different weight
percentages of BEDA and PEGDA acrylic resins. The porosity suitable for
ultrafiltration application was very much retained after crosslinking of 10 wt. % of
acrylic monomers and it was found consistent with the water flux values that were
comparable to that of pristine PSF membrane. By increasing the acrylic content
above 10 wt. %, the pores were closed by the polymer—acrylate network
formation. High rejection of 27 nm particles (> 90%) was measured on all the
modified samples having measurable flux suggesting that the functionalization
with resins did not affect the selectivity of the membranes. All the cross-linked
membranes displayed excellent stability in various solvents. In conclusion we
have observed the most suitable acrylic monomer content to enhance the solvent
stability without affecting the flux and rejection behavior of membranes.
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Chapter No 7

PSF membranes functionalized
with polydopamine for dye removal

The previous chapter discussed the preparation of ultrafiltration membranes based
on UV-induced acrylic functionalization of PSF where di-acrylate cross-linker
was added into pristine PSF solution and cross-linked membranes were developed
through combined effect of UV—curing and NIPS. The modified membranes
exhibited increased chemical stability without compromising the flux properties.
Among casting solutions, the PSF solution containing 10 % BEDA cross-linker
was found to be the best formulation in terms of solvent stability and optimum
permeability of the modified membranes. After controlled fabrication, the
membranes of aforementioned composition retained the typical morphology and
porosity required for ultrafiltration application. In this chapter we extended the
functionality of the membranes from PSF + 10 % BEDA by depositing a layer of
polydopamine on the surface of membrane thus allowing the removal of
contaminants not only based on size exclusion but also on specific chemical
interactions between contaminant and the membrane surface.

7.1. Introduction

Polydopamine (PDA) layers of controlled thickness have been successfully
deposited on almost all types of inorganic and organic substrates by initiating
oxidation of dopamine under mild alkaline conditions (pH typically in the range
7.5-8.5) using oxygen as the oxidant [312]. Following the said conditions, the



94 PSF membranes functionalized with polydopamine for dye removal

dopamine monomers undergo self-polymerization so PDA is formed
spontaneously. The chemical structure of PDA contains amine, catechol and imine
functional groups (see Figure 7.1) [313]. In the near past the PDA coatings have
been also adjoined to several polymeric materials including
polytetrafluoroethylene (PTFE), polydimethylsiloxane, polyethylene terephthalate
(PET), polyetheretherketone, polyurethanes and polyimides [314, 315].

Due to their zwitterionic behavior, PDA coatings bring about interesting
functionalities to membrane applications for instance, at higher pH, PDA is
negatively charged and retains positively charged molecules while at lower pH the
PDA layers are positively charged thus allow small positively charged molecules
to pass through [316]. This behavior could be exploited further in a way that
contaminants are removed and PDA functionalized membranes are regenerated.
McCloskey et al. studied the effect of PDA deposition conditions on pure water
flux and resistance to foulant adhesion during reverse osmosis, ultrafiltration, and
microfiltration operations [317]. The research group investigated a number of
polymeric membranes such as PVDF, PTFE and PP microfiltration membranes,
PSF ultrafiltration membranes and polyamide based TFC desalination
membranes. The correlation between PDA deposition conditions and fouling of
membranes was thoroughly investigated for prevention of bio-fouling in particular
in terms of drop of trans—membrane pressure during the filtration of micro-
organisms and proteins [318]. Similar works on coating of membranes with PDA
were reported by Choi et al. [319] and Wei et al. [320]. Though all those works
have been showing the excellent characteristics of PDA-coated micro and
ultrafiltration membranes but so far no one reported performance of PDA-coated
membrane being applied in a continuous filtration mode. In fact, previously
reported all the experiments were focused on the changes in membrane
performance under static conditions.

HO NH,

HO

Figure 7.1(a) Structure of dopamine
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Figure 7.1(b) Structure of polydopamine

This chapter illustrates the filtration performance of a PDA functionalized
membrane that combines the typical size—exclusion selectivity mechanism of
ultrafiltration with chemical interaction based additional removal of contaminants
while performing depth filtration in the membrane cross-section. We used high
performance UV—crosslinked PSF—based membranes (discussed in chapter no. 6)
as a substrate and investigated two procedures to functionalize these membranes
with PDA. In a two-steps method, the PDA functionalized membranes were
prepared via phase separation of UV—crosslinked PSF membrane followed by
PDA coating. An advantageous and more facile one—step method was also
investigated; in which UV—crosslinked PSF membranes were subjected to phase
separation in an aqueous solution containing dopamine, so that phase inversion
and PDA functionalization proceed at the same time. The functionalized
membranes were fully characterized with evaluation of their morphology, surface
properties, water flux and selectivity. In order to study the increased membrane
adsorption behavior, methylene blue (a positively charged dye) was employed as a
representative target contaminant. Using PDA coated membranes the removal of
methylene blue was extensively studied both in batch and under filtration.

7.2. Experimental
7.2.1. Materials
= Polysulfone (PSF, Mn =22,000 g mol™)
* N,N-dimethyl formamide (DMF, Anhydrous, 98.8%)

= Acetone (99.9 %)
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» Bisphenol-A-ethoxylate diacrylate (BEDA, Average Mn=512 g mole™)

=  Photo-initiator — phenylbis(2,4,6-trimethylbenzoyl)phoshineoxide (BAPO)
* Dopamine hydrochloride

» Tris(hydroxymethyl)aminomethane base

= Methylene blue (MB)

All the chemicals were purchased from Sigma Aldrich while the photo—initiator
was provided by BASF.

7.2.2. Preparation of UV cured PSF based membranes

The polysulfone—based UV—crosslinked membranes were prepared via procedure
same as described in section 6.2.2 i.e. UV curing of PSF solution containing
BEDA crosslinker followed by NIPS process. A 15 wt. % solution of PSF in
DMF was prepared by gradual addition of PSF beeds and continuous stirring at 60
°C for 7 hrs. The solution was then cooled down overnight and 10 wt. % of BEDA
was added as acrylic cross-linker together with the photoinitiator (Irgacure 819) at
3 wt. % with respect to the amount of the acrylic resin. The modified solution was
sonicated for 15 min and left to release trapped air. After obtaining a homogenous
solution, a film of 100 pum thickness was cast on the glass plate using a wire
wound applicator. The wet film was UV cured for one minute under nitrogen
(using a mercury medium pressure lamp) and thereafter subjected to NIPS to
produce crosslinked membrane. The amount of energy consumed to cure the
membranes was 10.05 J/cm®”. During wet casting and NIPS, the relative humidity
in air was 40+10 % and temperature was 25+3 °C.
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7.2.3. Polydopamine functionalization of cross-linked membranes

The polydopamine coating was aimed to provide a large density of sorption sites
for contaminant removal during cross—sectional depth filtration. As such the
functionalization ensured the effectual formation of PDA layer thus coating the
inner pores of the membrane all across the membrane thickness. This
functionalization was performed following two different strategies, namely a two-
steps and a one-step method. In the two-steps method, NIPS and PDA coating
were performed as two independent processes one after the other. After UV
curing the membrane was immersed in a non-solvent bath, containing distilled
water, to obtain NIPS. Subsequently the cross-linked porous membrane was
coated after being immersed in a dopamine solution under alkaline conditions
(dopamine = 2.0 g/L in 50 mM TRIS-HCI buffer with pH = 8.5) and gently stirred
at 50 °C. A number of immersion times (3, 6, 12, or 24 hrs) were investigated to
understand the effect of the extent of PDA coating on the filtration performance of
the membranes. After the functionalization, the membrane was washed with
gentle stirring in a deionized water bath for 24 hrs in order to remove the residual
PDA that has been adhered to the membrane.

The one-step method is exclusively a single stage process in which NIPS of the
UV cross-linked films was performed directly inside dopamine solution in water.
After UV irradiation, the membrane was immersed, for different time intervals (3,
6, 12 and 24 hrs), in a water bath containing dopamine monomer under alkaline
conditions. The concentration of dopamine was 2.0 g/L in 50 mM Tris-HCl buffer
and a pH 8.5 was maintained. The system was gently stirred at 50 °C. After this
stage, the membrane was washed in a deionized water bath for 24 hr. The
formulations of all the membranes functionalized with PDA are summarized in
Table 7.1. The pristine PSF membrane was also fabricated and referred to as MO,
while control UV cross-linked membranes containing 10 wt. % BEDA acrylate is
referred to as MO1.
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Table 7.1: Composition of casting solutions and the corresponding PDA coating
methodologies (all the membranes contain 15 wt. % PSF and 10 wt. % BEDA)

PDA two-steps one-ste
Membrane Coating Wwo-step -step
. method method
time (hr)
M1-3 3 — v
M2-3 3 v _
M1-6 6 — v
M2-6 6 v _
M1-12 12 — v
M2-12 12 v _
M1-24 24 — v
M2-24 24 v _

7.2.4. Characterization of PDA coated membranes

A Thermo Electron spectrophotometer was used for Fourier transform infrared
(FTIR) spectroscopy and attenuated total reflectance (ATR) FTIR analysis to
evaluate the degree of crosslinking. The instrument is equipped with an ATR
accessory containing an internal reflection element based on diamond crystal. The
analysis was carried out with a resolution fixed at 4 cm” and samples were
scanned 32 times in the wavenumber range between 650 and 4000 cm™. The
conversion of acrylic double bonds was calculated following the decrease of the
area of the peak relative to C=C stretching group at 810 cm ™', normalized with the
area of the C=0 peak at 1730 cm™ .

The morphology, of both surface and cross-section, of each membrane was
analyzed through field emission scanning electron microscopy (FESEM). The
instrument used is MERLIN model by ZEISS, equipped with state of the art
GEMINILIS column ensuring accurate control of spot and current. The
operational voltage was adjusted for each sample based on its properties and the
desired magnitude. The samples were snapped after immersion in liquid nitrogen
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and mounted onto SEM stubs. For cross-sectional analysis, the samples were
clamped with edges in upward position. The samples were sputter coated with a
layer of chromium upto thickness of 8.0 nm.

The hydrophobicity of the membranes was determined at room temperature via
static contact angle measurements through a KRUSS DSA-100 apparatus. This
system makes use of different methods to obtain drop shape analysis across three
phases: dry membrane/air/water drop. The sessile drop fitting method was chosen
to measure the contact angle and the results were also verified by other methods:
tangent method—I and tangent method—II. All the contact angles were measured in
equilibrium mode and the average values are presented.

7.2.5. Batch adsorption

Batch adsorption experiments were performed using PDA functionalized
membranes targeting methylene blue (MB), a cationic dye chosen as a model
contaminant. A cut-out of coated membrane (20-30 mg) was immersed into a
solution with known concentration of MB while the concentration of MB in the
solution was monitored by UV spectrophotometer at the wavelength of 664 nm. In
order to calculate the amount of dye adsorbed on the membranes, a simple mass
balance was carried out taking into consideration the values of the dissolved dye
in the beginning and at the end of the test. Initial experiments were conducted by
immersing the samples functionalized for different coating times (namely, 3, 6, 12
and 24 hr) in the MB solution at pH 10 and left for 24 hrs to study the influence of
coating time on the maximum amount of dye adsorbed. The rate of adsorption at
pH 10 was estimated by monitoring the amount of MB adsorbed as a function of
time. Then, the effect of pH of MB solution was studied by immersing the
membranes functionalized with a coating time of 24 hr in MB solutions of pH 4, 6
and 10. Finally, the reusability of the membranes was evaluated by regenerating
the membrane under acid conditions after being saturated with MB solution at pH
10. HCI solution, at pH 3, was used to promote desorption of MB and
subsequently to regenerate the membrane. The process of desorption was run for
12 hrs followed by a rinsing step in distilled water for 12 hr. The same membrane
piece was used to perform seven adsorption—desorption cycles.
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7.2.6. Filtration tests

The filtration tests to measure the permeability adsorption characteristics of the
membranes were carried out in a stirred cell apparatus, Amicon Model 8010
(Millipore Co.), with samples having a diameter of 1 inch. The cell was initially
pressurized with N(g) to reach a pressure drop of 15 psi, monitored using a
pressure gauge. At this pressure, the membranes were subjected to pre-
compaction for 10 minutes. Thereafter, the pressure was reduced to 8 psi and the
flux through the membranes was determined by collecting the permeate and
measuring the change in mass over time after the steady-state is reached. The
experiments were performed using deionized water obtained from a Milli-Q water
purification system. The permeability was calculated as the flow rate divided by
the membrane area and by the applied pressure, and it is reported in L m™>h 'bar™.
The ultrafiltration selectivity of the membrane was tested with polystyrene latex
beads with a nominal diameter of 2744 nm from TEM measurements, suspended
in deionized water. Rejection was purely based on size—exclusion, thus providing
information on the average size of the pores at the membrane active surface,
which should not change upon functionalization with PDA. A spectrophotometer
was used to measure the absorbance of both the feed solution (cf) and the
permeate solution (c,) at a wavelength of 260 nm. A previously obtained linear
correlation allowed calculation of the particle concentration from the value of
absorbance. The rejection of latex particles, R, was then calculated through the
equation 1.5

In the same filtration system, MB depth adsorption tests were conducted. Firstly, a
solution of deionized water at pH 10 was filtered through the membrane for 1 hr
at an applied pressure of 10 psi so the excess PDA is removed and thus sample is
thoroughly cleaned. Thereafter, the feed was substituted with a 0.5 g/L solution of
MB at pH 10. The solution was directed to flow through the membrane for 3 hr.
The permeate samples were collected continuously at fixed intervals of three
minutes and their absorbance was measured using a spectrophotometer following
wavelength of 664 nm to evaluate the concentration of MB. A previously obtained
linear correlation guided to the calculation of the dye concentration from the value
of absorbance. A tracer test was conducted as follows: after the membrane is
saturated with the dye during the adsorption experiment, both the ultrafiltration
system and the membrane were flushed using a dye-free solution at pH 10. During
this flushing no significant release of the previously adsorbed dye was observed.
Subsequently, the initial feed solution containing 0.5 g/ MB was again filtered
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through the already saturated membrane. As all PDA sites were saturated with the
dye, so the hypothesis is made that the dye did not interact with the membrane,
thus this second filtration step can be used as tracer filtration. Also in this case the
permeate samples were collected and analyzed with the same procedure used for
the previous adsorption tests. At the end of this tracer filtration, the membrane
was removed from the cell and rinsed in deionized water at pH 10. A dye
desorption test was then conducted by leaving the membrane sample in a bath
containing deionized water at pH 3 for 24 hr with gentle stirring. The absorbance
of this solution was measured to estimate the amount of dye that desorbed from
the membrane.

7.3. Results and discussion

In this work, we combined the ultrafiltration performance of a solvent stable UV-
cured PSF-based membrane with the adsorption behavior of PDA used to
functionalize the membrane. We practiced two different strategies for the
preparation of these multifunctional membranes. A schematic representation of
both methods is given in Figure 7.2. In two-steps process, at first membrane was
fabricated by subjecting UV cross-linked film to NIPS and in the next step PDA
functionalization was carried out by immersing the already formed membrane into
an aqueous dopamine solution so a pH-induced self-polymerization takes place.
An alternative and advantageous approach employed is one-step process where
NIPS and PDA functionalization were merged in a single step process. In both
approaches, the PDA coating was done for different intervals of time namely 3, 6,
12 and 24 hrs.
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phase inversion PDA coating

solution casting UV curing

phase inversion
and PDA coating

Figure 7.2: Schematic representation of the preparation of PDA functionalized
membranes a): NIPS followed by PDA coating in dopamine solution b): NIPS in
dopamine solution — a unique approach of PDA functionalization

7.3.1. Membranes preparation and characterization

The degree of conversion of the BEDA functionalized PSF-based membrane has
been previously evaluated and reported in section 6.3.1, a final conversion of
about 85% was achieved after one minute of irradiation [c.f. 6.3.1]. In case of
PDA functionalized membranes the evidence of PDA coating was confirmed via
ATR-FTIR analysis: the spectra of the PDA coated membranes M1-6, M2-6, M1-
24 and M2-24 were recorded and compared with that of the pristine PSF
membrane (MO0). The spectra are given in Figure 7.3. After PDA functionalization
peaks at 1600 cm™ and 1450 cm™ are evident due to the C=C from phenyl groups
and N-H from amino groups, respectively, present on PDA. The signal at 1730
cm” was related to the C=0 from the acrylate crosslinker.
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Figure 7.3: ATR-FTIR spectra of pristine PSF (M0) and PDA-coated crosslinked
PSF based membranes

The morphology of both the surface and cross—section of the membranes was
investigated through FESEM. The representative micrographs are shown in Figure
7.4 that include pristine PSF membrane, the cross—linked PSF membrane and the
PDA coated membranes obtained with both methods after 24 hrs of
functionalization. As reported in the previous chapter, the pristine PSF exhibited
typical ultrafiltration morphology i.e. macro voids in the bulk and nano pores on
the surface (Figure 7.4a) and the cross-linked membrane also presented dense
sponge-like structure (Figure 7.4b) in the bulk similar to that of pristine PSF and
the density and the size of the pores at the active surface did not change
significantly, thus cross-linked membrane retained high water flux; see Table 7.2.
Both of these morphologies have been discussed in detail in section 6.3.3. The
morphology of PDA coated membranes is given in Figure 7.4c (coating for 24 hrs
following two steps method) and Figure 7.4d (one step coating for 24 hrs).
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Figure 7.4a: SEM micrographas of surface (S) and cross-section (CS)
of prisitne PSF membrane (MO)

Figure 7.4b: SEM micrographas of surface (S) and cross—section (CS)
of UV cross-linked PSF membrane (MO1)
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Figure 7.4c: SEM micrographas of surface (S) and cross—section (CS) of one step
PDA coated (24 hr) PSF membrane (M1-24)
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Figure 7.4d: SEM micrographas of surface (S) and cross—section (CS) of two
steps PDA coated (24 hr) PSF membrane (M2-24)
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With respect to morphology, though no important differences were observed for
the membranes functionalized following the one-step process and the two-step
process; nevertheless, slightly lower water flux was measured with the one-step
coated membrane. The flux results suggest that the presence of PDA during NIPS
did not change the precipitation pathway of the polymer significantly; instead, the
coating of PDA achieved in the one-step method may be sufficiently thicker to
reduce the size of the small pores on the surface of the asymmetric membrane.
The rejection of particles having diameter 27 nm was maintained at a high level
(Table 7.2). The values of contact angle indicate that the functionalization also
caused a marginal increase in hydrophilicity induced by the PDA, but possibly not
sufficient to cause changes in water flux.

Table 7.2: Performance evaluation of pristine, crosslinked and PDA coated

membranes
water water rejection of 27
membrane  contact permeability nm particles
angle (L mh'bar™) (%)
MO0 53 338 96
Mo1 54 239 92
M1-6 53 16 95
M2-6 43 24 96
M1-24 45 15 89
M2-24 50 28 91

7.3.2. Specific mass adsorption of methylene blue (MB)

The PDA coating was carried out with the aim to adsorb charged molecules
during depth filtration so the ultrafiltration properties of PSF membranes could be
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combined with the adsorption properties of PDA. At pH 10, PDA becomes
negatively charged thus should attract positively charged molecules such as the
cationic dye MB. Primarily we evaluated the adsorption of MB in batch
experiments. These experiments revealed that the adsorption of MB is not an
equilibrium-driven process but in fact it is quantitative until saturation. Actually at
liquid concentrations lower than those necessary to achieve saturation of the
membrane, all MB molecules were adsorbed on the membranes and it was
confirmed by the fact that the solution exhibited negligible light absorbance after
being in contact with the PDA-functionalized materials. It means MB adsorbs on
the surface of coated membrane until saturation is achieved.

Figure 7.5 represents the specific mass adsorbed (ratio of the mass of adsorbed
dye normalized to the total mass of the membrane), at saturation, as a function of
PDA coating time during membrane fabrication. The adsorption capacity was
found to increase with the increase of PDA coating time and this increase was no
more linear in the range of longer functionalization times. Nevertheless the
membranes functionalized following the one-step method were capable of
adsorbing a larger amount of dye compared to those fabricated via the two-steps
approach. For the two different fabrication approaches investigated in this study, a
trade-off was observed between water flux and adsorption capacity.

All the adsorption experiments were performed with an initial mass of dye in the
solution and for an amount of time to allow complete saturation of each of the
various membranes. The pH was fixed at 10 and temperature at 23 °C.
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Figure 7.5: Specific mass of MB adsorbed as a function of PDA coating time, for
membranes fabricated in one step (red circles) and two steps (green squares)

7.3.3. Kinetics of adsorption as function of PDA coating

The kinetics of adsorption of MB was evaluated for all the functionalized
membranes and results are given in Figure 7.6. The cut—outs of membranes were
immersed in 10 mL MB solution of concentration 12.5 mg/L; the light absorbance
of the MB solution was monitored over time and used to calculate the mass of dye
transferred from the liquid to the solid phase. The collected data reveals that both
capacity and the kinetics of adsorption were higher for the membranes prepared
through the one-step coating process. However the observed adsorption capacity
was of high magnitude in all cases and this could be attributed to the fact that both
membranes had a large number of sites available for interaction with the dye.



109

) )
(@)] mass in solution = 10.2 mg/ o) 5
2 10 - g/g] E5 @® 1step .l—
— 8.6 mal — B 2 steps

comglg_ ____ ® - @---- - 4 |
g °7 ® esmoer | 8
o .. O MI Gy A -
5 6 | . | | 5 39 21pgg’s’ ~
w W
o o
@ 9 15 gt
3 5 i % 14 RejiVie ge _
e e
2 04 @p &0 ®)
8 T T T T | 8 T | T T T
% 0 1000 2000 3000 4000 = 0 10 20 30 40

time (min) time (min)

Figure 7.6: Mass of methylene blue adsorbed per unit mass of membrane as a
function of time of adsorption, for membranes fabricated in one step (red circles)
and two steps (green squares). (a) Complete sets of data, also showing (horizontal
continuous line) the total amount of dye in solution normalized by the membrane

mass and (horizontal dashed lines) the values of specific adsorbed mass at
saturation for both types of membranes. (b) Enlargement of the initial part of the
curves with linear fittings used to calculate the adsorption kinetics coefficients.

Experiments were performed in 12.5 mg/L methylene blue, at pH 10, and at a

temperature of 23°C.

In order to understand the role of PDA ionization on the adsorption of MB at
saturation, the experiments were also conducted at two more pH values i.e. pH=4
and pH=7. The results are presented in Figure 7.7 and all adsorption experiments
were performed in 20 mg/L methylene blue for 24 hrs at temperature 23°C. From
the data collected the importance of electrostatic interactions to drive adsorption
of the oppositely charged dye is quite obvious. PDA carries a lower density of
charges under acidic conditions thus a lower number of sites are available for
interaction with the dye molecules in solution (Figure 7.9). That is why at lower
pH low adsorption of MB was observed for both the one-step and the two-steps
coated membranes. Moreover, at low pH values the MB adsorption on the surface
of both one and two step membranes was marginally different, possibly because
of the reason that electrostatic interactions are minimal in this pH range. On the
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other hand at pH 10 the one-step membrane showed higher MB adsorption as
previously shown in Figures 7.6.

specific mass adsorbed (mg/g)
ELN
|

pH 4 pH 7 pH 10

Figure 7.7: Mass of MB adsorbed per unit mass of membrane as a function of pH
of solution. Data refers to membranes fabricated in one step (red bars) and two
steps (green bars).

7.3.4. Cyclic stability of MB adsorption and desorption

The zwitterionic behavior of the PDA coatings was effectively exploited by
subjecting the coated membranes to adsorption—desorption cycles. As mentioned
previously that maximum adsorption is pH bound and a pH equal to 10 came up
with the best adsorption results. Following to this finding, adsorption on
functionalized membranes was performed at pH 10 for 24 hrs until the saturation
was reached. While desorption steps were conducted at pH 3 for 12 hrs. PDA
becomes positively charged at pH 3, due to electrostatic repulsion, most of the
previously adsorbed MB dye was released. The regeneration of functionalized
membranes was confirmed through repeated adsorption and desorption, the data is
presented in Figure 7.8.
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It is noticeable that the membranes were able to re-adsorb the same amount of dye
during each of the seven adsorption cycles following desorption i.e. release of dye
under the acidic conditions. Hence the functionalized membranes could be
completely regenerated without loss of performance and reused by simply change
of pH.
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Figure 7.8: Mass of MB adsorbed per unit mass of membrane for different cycles
of adsorption following the release at low pH where dye release between each
adsorption cycle was performed in a dye-free solution

All experiments were performed in 20 mg/L methylene blue at a temperature of
23°. The adsorption was performed for 24 hr and the pH was set at 10 while
desorption was carried out for 12 hr at pH 3. It is important to mention that
adsorption at a given pH was always irreversible under unchanged conditions and
no dye desorption was detected after contacting the saturated membrane with a
dye-free solution of the same ionic and pH composition.
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Figure 7.9: Schematic representation of the molecules of methylene blue and
polydopamine under different ionization conditions as a function of pH.

7.3.5. Filtration of methylene blue

The depth filtration experiments were also performed by employing ultrafiltration
conditions. For these experiments, a 0.5 g/L MB solution was filtered through the
membranes functionalized with PDA and the concentration of dye in the permeate
solution was monitored over time. Figure 7.10 shows the results obtained in a
representative test using two-step membranes. The concentration of dye in the
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permeate, presented as circles, increased with increased volume of permeate
collected, following the typical breakthrough curves of depth filtration processes
such as filtration of colloids or solutes through porous media. The normalized
concentration in the permeate reached an asymptotic value of approximately 0.85;
this results is rationalized with the expected ability of the membrane to marginally
reject the dye with a rejection of roughly 15% under the test conditions. This
observation was confirmed by the data collected during filtration of a tracer,
which also reached the same plateau value as shown by the triangles in Figure
7.10.

Both tracer and adsorption data sets were thus fitted using an advection-dispersion
model. In the case of the tracer, no adsorption was implemented in the model,
which allowed calculating the dispersivity and the porosity of our system. These
values were then used to model the breakthrough curve obtained during
adsorption. In the later case, blocking was added, to take into account that there is
a maximum value of sites available for adsorption, related to membrane
saturation. The value of the kinetics adsorption coefficient and that of the specific
mass adsorbed at saturation were used as fitting parameters. In these calculations,
the thickness of the membranes was fixed at 100 um. The fitting procedure
yielded accurate results and the model described the experimental data well. The
calculated values were 12 mg/g for the specific mass adsorbed at saturation and
0.01 1/s for the adsorption coefficient. These values are not far from the values
calculated from batch experiments, suggesting that the data modeling was
adequate. More importantly, both the adsorption capacity and the rate of
adsorption were large: despite the use of a highly concentrated feed solution (0.5
g/L), the amount of dye in the permeate was negligible or low during the initial
minutes of filtration.

Desorption of MB from the membranes carried out at pH 3 was completed after
24 hr, based on the concentration of the dye measured in the release solution.
Same results were obtained for the membranes functionalized either with the one-
step or the two-steps approaches. In a potential application, membranes would be
operated by alternating cycles of adsorption and regeneration, ensuring that only a
negligible amount of targeted contaminant reached the permeate stream. The large
adsorption capacity observed for these materials would allow operating the
filtration for long time before stopping the process for cleaning. Based on our
results, a typical 40 m? spiral-wound module, operated under 2 bar of applied
pressure, would allow constant operation for roughly 15 min, obtaining
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approximately 300 L of permeate with a contaminant concentration always lower
than 10% of the feed concentration.
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Figure 7.10 Breakthrough curves of methylene blue obtained in ultrafiltration
tests for a clean membrane (blue circles) and an already saturated membrane
(black triangles), the concentration in permeate was normalized by the
concentration of dye in the feed and plotted against the collected volume of
permeate. The data refers to a membrane functionalized following a two-steps
protocol. The experimental data were fitted using advection-dispersion models,
and the results are shown as continuous lines in the graph. Experiments were
conducted using a feed solution of 0.5 g/l methylene blue at pH 10, filtered using
an applied pressure of 10 psi at a temperature of 23 °C.

7.4. Conclusion

In this chapter, we reported the preparation and the filtration performance of
polymeric membranes that combine the size—exclusion of ultrafiltration with the
ability of polydopamine (PDA) to adsorb the contaminant in depth filtration
process. The polysulfone based ultrafiltration membranes were prepared in the
presence of an acrylic cross-linker in order to achieve chemically stable cross-
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linked membranes maintaining good flux performance. Functionalization with
PDA was carried out through either a two-steps method, where the UV cross-
linked PSF membrane were subjected to NIPS followed by PDA coating; or in a
one-step method, where UV cross-linked PSF membranes were subjected to phase
separation in a water solution containing dopamine, so that phase separation and
PDA functionalization occurred at the same time.

No visible differences, in terms of morphology, were observed for the membranes
functionalized following the one-step process and the two-steps process; however,
lower water flux was measured with the one-step coated membranes. Data
suggested that the presence of PDA during NIPS did not change the precipitation
pathway of the polymer significantly, but that the coating of PDA achieved in the
one-step method could be sufficiently thicker to reduce the size of the smaller
pores of the asymmetric membrane near its surface. Positively charged Methylene
blue (MB) dye was employed as a model contaminant and dye removal was
investigated both in batch and under filtration conditions. The adsorption capacity,
studied at pH 10, showed an increase of MB removal with the increase of PDA
coating time. The MB dye adsorbed onto the membrane until saturation was
reached. Both the capacity and the kinetics of adsorption were higher for the
membranes obtained via the one-step coating process thus implying a trade-off
between water permeability and contaminant adsorption for the two different
fabrication methods.

The results suggest that fabrication of such selective and reactive membranes may
be designed depending on the application and the desired performance. In case of
positively charged MB, the ionization of polydopmaine at pH=10 was found quite
influential in order to drive the electrostatic adsorption. A counter argument is that
a pH 10 is likely to neutralize a positively charged contaminant. Hence, a useful
extended study could be application of PDA coated membranes to adsorb
different positively charged contaminants.

From the current study, we are convinced that MB adsorption by a PDA coated
membrane is driven electrostatically. As MB adsorbed at a given pH didn’t leach
out when subjected to fresh water at same pH. Moreover the membranes were
completely regenerated at low pH and reused without loss of performance, as they
were able to re-adsorb the same amount of dye in several adsorption cycles
following dye release under acidic conditions. The membrane adsorption capacity
and the rate of adsorption were evidently large during continous filtration
experiments as well.
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Chapter No 8

UV-induced reactive
electrospinning of acrylic
polysulfone fibers

In last three chapters, we reported the fabrication of UV cross-linked membranes
through NIPS. The casting solution was consisted of acrylic functionalized PSF
where acrylic functionality was introduced either during synthesis of
methacrylated macro-monomer (c.f. 5.2.2) or through addition of acrylate cross-
linker into PSF solution in DMF (c.f. 6.2.2). The developed membranes came up
with excellent solvent stability and in case of di-acrylate modified membranes;
reasonably high flux was obtained. In this chapter we report the development of
BEDA functionalized PSF electrospun mats through sustainable UV-induced
reactive electrospinning in a way that production of nano fibers and crosslinking
of acrylate occur simultaneously.

8.1. Introduction

The conventional PSF membranes, developed through NIPS, are applied in
ultrafiltration process as well as support layer in thin-film composite membranes
(TFC) used in nano-filtration (NF), reverse osmosis (RO) and forward osmosis
(FO) processes [321-323]. Nevertheless in recent years the electrospun
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nanofibrous membranes (ENMs’) have been successfully utilized as replacements
of traditional phase separation membranes because of low resistance to mass
transport and high intrinsic porosity compared to conventional asymmetric
membranes obtained through phase separation [324, 325]. In order to fabricate
high performance ENMs’ several methodologies have been proposed such as
colloidal electrospinning of composite solutions [326-331], electrospinning of
polymeric blends [332, 333] and post-electrospinning modifications of the nano-
fibrous mats [334-338]. Normally a post-electrospinning modification takes into
account chemical reaction between a multifunctional crosslinking reagent and the
polymer of membrane (nano-fibers). This post-treatment profoundly affects the
different characteristics of the membrane such as mechanical properties,
morphology and separation efficiency. More recently some methodologies
alternate to post-electrospinning modification have been suggested in which in-
situ functionalization of ENMs’ proceeds during electrospinning, for example, in-
situ crosslinking of a curable feed solution during the electrospinning process.

Such techniques are referred to as “reactive electrospinning”. Reactive
electrospinning ensures cross-linking by employing chemicals [339], UV
radiations [340-344] and a combination of UV irradiation and pre [345] or post—
heating [346].

It 1s worth mentioning that previous works on UV-induced reactive
electrospinning have mainly focused on biomedical application of nanofibers,
such as scaffolds and tissue engineering where a scalable production is usually not
desired. Therefore, these works did not evaluate the sustainability of UV—induced
electrospinning over a long span of time. Furthermore, the previously reported
works have not thoroughly investigated the effect of UV irradiation on the intra
fiber morphology.

In this chapter, we report the development of solvent stable polysulfone
electrospun membranes via UV-induced reactive electrospinning of PSF solution
containing an acrylate resin as a cross-linker. The designed system ensured two
simultaneous processes, i.e. radical polymerization of the acrylic monomer and
the concurrent production of polysulfone nanofibrous mats. The online UV
irradiation is controlled in such a way that it irradiates only the nanofibers thus
preventing the premature crosslinking of the acrylic resin and the phase separation
of the polysulfone formulation. The feed solution is composed of PSF in DMF
while Bisphenol-A-ethoxylate diacrylate (BEDA) was employed as a cross-linker.
The acrylic double bond conversion, electrospinning parameters (flow rate,
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applied voltage, needle to collector distance) and UV curing behavior were
thoroughly investigated, correlated and optimized. The mats were also prepared
via an offline UV curing method (post-electrospinning) and compared with the
counterparts developed through online UV irradiation. The electrospun mats were
fully characterized using ATR-FTIR, DSC, TGA, and FESEM, while their
porosity is estimated through the difference between the density of the feed
solution and that of the fibrous mats.

8.2. Experimental

8.2.1. Materials
= Polysulfone (PSF, Mn=22,000 g mol™)
= N,N-Dimethyl formamide (DMF, anhydrous, 98.8%)

= Bisphenol-A-ethoxylate (2EO/phenol) diacrylate (BEDA, average
Mn=512 g mol™ inhibited with 1000 ppm MEHQ)

= Photo initiator (PIn) phenylbis (2,4,6-trimethylbenzoyl) phoshineoxide
(BAPO)

8.2.2. Preparation of electrospinning solutions

The pristine PSF solutions in DMF were prepared in two different concentrations
(15 and 18 wt. %) by gradually dissolving PSF beeds with continuous stirring at
60 °C for seven hrs followed by overnight cooling. All the feed solutions
containing acrylic resin as crosslinker were prepared starting from PSF solutions
at 18 wt. %, adding BEDA 1n three different concentrations, 5, 7 and 10 wt. % of
the overall solution and the photo initiator (PIn) Irgacure 819 at 5 wt. % with
respect to the acrylic monomer. All the investigated formulations are shown in
Table 8.1. To ensure homogenous solution, the formulations were sonicated for 20
min in an MRC ultrasonic bath DC 80H and kept at room temperature for at least
10 min to cool down before electrospinning.

8.2.3. Electrospinning protocol

Electrospinning was performed using a Genie plus Kent scientific horizontal
electrospinning setup. All the electrospinning experiments were carried out using
10 mL syringe (Becton Dickinson Company, USA) and Sterican single-use
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hypodermic needles of gauge 0.60 mm by Braun, USA. To determine the optimal
concentration of pristine polysulfone, the flow rate was kept at 0.01 mL/min while
distance to collector and applied voltage were changed in equal proportion to the
constant field strength could be maintained. Thereafter all the solutions, both
pristine PSF and PSF containing acrylate, were electrospun with 0.01 mL/min
flow rate, 22 cm distance between needle and collector, and 30 KV applied
voltage. All the electrospinning experiments were performed at temperature of
21£3 °C and relative humidity 40+5 %. The electrospun mats were collected on
the static rectangular aluminum collectors of size 8 cm % 12 cm. Electrospinning
was run to produce fibrous mat of thickness 12010 um. To evaporate any
residual DMF, the electrospun mats were kept in a fume hood for 24 hrs prior to
characterization and storage.

8.2.4. UV irradiation of electrospun fibers

The electrospun fibers, obtained from PSF formulations containing BEDA as a
crosslinker, were UV irradiated either online or offline. Both these curing
operations were carried out using portable UV lamp Intelli-Ray 600 by Uvitron
International USA, where the power of the lamp was adjustable from 35 to 100 %.
The intensity was also controlled by adjusting the distance between the lamp head
and the substrate.

The online UV irradiation was conducted on the polymeric solution when it was
being electrospun and before being collected. The UV irradiation was controlled
to affect the convective flow only so the ohmic flow could have little or no impact
of UV irradiation hence the solidification of electrospun solution at the tip of
needle could be avoided. A schematic representation of UV-induced reactive
electrospinning is shown in Figure 8.1. The syringe was covered with a black tape
so the solution inside the syringe was never exposed to UV thus preventing
premature crosslinking of the acrylic monomer. The UV lamp intensity and its
vertical distance from the needle were optimized to ensure continuous
electrospinning and optimum crosslinking. For the online UV irradiation, the
power of lamp was always kept at 60 %, since above this threshold the solution
was found to solidify at the tip of the needle causing blockage.

The offline UV irradiation (post-electrospinning) was carried out by irradiating
the already electrospun mats for 1 min with 100 % power of the lamp. This
procedure was chosen for economical reasons, i.e. the maximum extent of
crosslinking was achieved in the minimum amount of time.
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Figure 8.1: Schematic representation of the online UV-induced reactive

electrospinning setup

Table 8.1: Composition of electrospinning solutions

Membrane PSF  BEDA Phl UV irradiation
Code wt. % wt. % w];E]/;: ! Online Offline
MO0 18.0 ] ] ] _
MIF 18.0 5.0 5.0 ] v
MIN 18.0 5.0 5.0 v )
M2F 18.0 7.0 5.0 ; v
M2N 18.0 7.0 5.0 v )
M3F 18.0 10.0 5.0 ] v
M3N 18.0 10.0 5.0 v )
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8.2.5. Fourier transform infrared (FTIR) analysis

The spectrophotometer Thermo Scientific Nicolet iS10, equipped with attenuated
total reflectance (ATR) accessory containing a diamond crystal internal reflection
element, was used for Fourier transform infrared (FTIR) spectroscopy and
attenuated total reflectance Fourier transform infrared (ATR—FTIR) spectroscopy
analysis. To evaluate the double bond conversion for pure acrylic monomer, the
monomer was cast onto a silicon wafer and analyzed with FTIR spectroscopy
before and after UV irradiation. The analysis was carried out with a resolution of
4 cm™ and 32 scans in the wavenumber range between 650 cm™ and 4000 cm™.
The conversion of acrylic double bonds was calculated by following the decrease
of the peak area of C=C at 810 cm ' normalized with the peak area of C=0 at
1730 cm ™. The crosslinking of electrospun mats was evaluated with ATR—FTIR
analysis. The parameters during analysis and the target peaks were the same as
used for the pure acrylic monomer.

8.2.6. Differential scanning calorimetry (DSC)

The glass transition temperatures of electrospun mats made of pure PSF and PSF
modified with the acrylic resin were obtained through differential scanning
calorimetry in a nitrogen atmosphere using TA Instrument DSC Q 200. Almost 8
mg of each fibrous mat was encased in an aluminum sample pan and heated from
0 to 260 °C at ramp temperature of 10 °C / min, followed by a cooling to 0 °C at
the rate of 5 °C / min and by second heating to 260 °C at 10 °C / min.

8.2.7. Thermal gravimetric analysis (TGA)

The thermal degradation characteristics of the fibers from pure PSF and modified
PSF were obtained using thermogravimetric analysis in a nitrogen atmosphere
using TA instruments TGA Q500. Approximately 8 mg of each fibrous mat was
heated from 20 to 600 °C and the temperature was increased by 10 °C per min.

8.2.8. Morphological analysis

For the optimization of electrospinning parameters, a qualitative morphological
evaluation of the fibers was carried out using an optical microscope, OLYMPUS
CX31 by Wirsam Scientific. Detailed morphology and diameter of all the fibers
were analyzed through field emission scanning electron microscopy (FESEM) at
an accelerating voltage 5 KV. The InLens images were obtained using a Zeiss
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MERLIN FEG® scanning electron microscope equipped with state of the art
GEMINI II® column ensuring the good control of current. The absence of beads
was confirmed at magnification of 10K and pores on the surface of individual
fiber were evidently shown at magnification of 20K. The samples were prepared
by affixing a small rectangular piece of electrospun membrane on the sample
stand using carbon tape. Prior to imaging all the samples were gold coated up to a
thickness of 10 nm using Edward S150A sputter coater. The fibers diameters were
measured directly from the images using Carl Zeiss Axio vision LE software and
average value was calculated from 60 fibers in different SEM micrographs.

8.2.9. Porosity

An approximate estimation of the mats porosity was made through the difference
of density between the feed solution and the fibers. The density of the solution
(ps) was obtained by weighing 1 mL of feed solution with careful measurement of
solution volume using a calibrated Rainin micropipette. The bulk density of
fibrous mats (pr) was calculated by weighing a mat of size 1 cm x 1 cm. The
thickness of all fibrous mats was obtained with a calibrated micrometer having
resolution of 1 um. The resultant porosity (@) was calculated through equation 8.1

® (%) =|1- %] 100 8.1)

8.2.10. Solvent resistance assessment

The solvent resistance of the crosslinked polysulfone membranes was assessed by
immersing the membrane cutouts in a variety of solvents. The immersion was
carried out at room temperature for at least 120 hrs. A qualitative evaluation was
made based on the visual inspection of the membranes following this protocol.

The resultant membranes were categorized into three grades:

1) Stable 2) swollen 3) dissolved in a specific solvent.
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8.3. Results and discussion

This study presents the fabrication and characteristics of PSF nanofibers produced
by electrospinning of pristine PSF and PSF containing an acrylic crosslinker with
the aim to obtain the solvent stable mats that may be used as stand-alone or
support layers for liquid and gas separation. The fibers morphology and diameters
resulting from electrospinning are influenced by the type of polymer, its
concentration, the viscosity of solution, the type of solvent, the needle gauge, the
applied voltage, the feed rate and the distance to collector [347]. Ambient
parameters such as temperature and relative humidity also affect significantly the
characteristics of the resultant fibers [348]. In addition to study on the effect of
aforementioned parameters, we have also investigated how UV irradiation
influences the fiber morphology when UV curing is performed either online
(during electrospinning) or offline (post-electrospinning).

8.3.1. Effect of solution and electrospinning parameters

The pristine PSF solutions were electrospun over a wide range of electrospinning
parameters in order to optimize the protocol and to minimize the formation of
beads. The investigated pristine PSF solutions and different electrospinning
parameters are given in Table 8.2. The feed solutions composed of 15 wt. % PSF
produced beads under all the combinations of electrospinning parameters while
the solution containing 18 wt. % PSF resulted into bead free fibers.

Table 8.2: Influence of concentration and electrospinning parameters on the
pristine PSF fibers morphology and diameter

PSF Flow rate  Distance Applied Fiber Dia. Resultant
No. o . Voltage

wt. % [ml/min] [em] [nm] morphology

[KV]

A 15.0 0.01 15.0 20.0 570 Beads
B 15.0 0.01 22.0 30.0 352 Beads
C 18.0 0.01 15.0 20.0 2100 No beads
D 18.0 0.01 22.0 30.0 994 No beads
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Figures 8.2a and 8.2b display representative SEM micrographs of the electrospun
fibers from the solutions containing 15 wt. % (solution B) and 18 wt. % (solution
D) polysulfone respectively. The resultant fiber diameter increased with the
increase of PSF concentration in accordance with the previous works [327, 332].
Furthermore the fiber diameter decreased with the increase of needle-to-collector
distance. This observation could be explained by the well-known drawing effect.

>

( Qlut__ion D))

/

Figure 8.2b: SEM image of 18 wt. % pristine polysulfone fibers (D)
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Table 8.3: Parametric analysis of solution and electrospinning parameters

Parameter Effect on fiber morphology
- Beads formation at low viscosity and smooth fibers
Viscosity ; ) ) )
_ at an optimum value whereas very high viscosity led
(Polymer solution)

to broader distribution of fibers diameters

Solution conductivity

Fiber diameter decreased with the increase of

solution conductivity

Evaporation of solvents

Surface of fiber exhibited microstructre

Fiber diameter increased with the increase of flow

Flow rate rate & very high flow rate resulted into beaded
morphology
' Initially fiber diameter decreased with the increase
Applied voltage

of applied voltage but thereafter increased

Needle to collector

distance

Fiber diameter decreased with the increase of needle

to collector distance

Humidity

With the increase of humidity fiber diameter

increased

8.3.2. Influence of UV irradiation on PSF fibers containing BEDA

The UV irradiation conditions were optimized for the pristine BEDA monomer
before investigating the effect of UV curing on the electrospun mats. The acrylic
double bond conversion for the monomer was evaluated through FTIR analysis by

following the decrease of the C=C peak at 810 cm™ normalized with the C=0O
peak centered at 1730 cm™ (Figure 8.3). An average conversion of 85 % was
achieved after one minute of irradiation. These results were used to adjust the UV
curing parameters of the PSF solutions containing the acrylate as crosslinker.
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The solutions containing the acrylate BEDA were UV cured either online, during
the electrospinning process, or offline, soon after electrospinning. In order to
determine the degree of curing, both the online and the offline cured fibers were
analyzed via ATR-FTIR spectroscopy. As an example, the spectra for the
formulations containing 10 wt. % of BEDA, cured online and offline, are shown
in Figure 8.4. The calculated degrees of acrylic double bond conversion in PSF
fibrous mats, containing 5, 7, and 10 wt. % BEDA and irradiated online, were 85,
82, and 80% respectively. While fibrous mats, obtained from the same solutions
but cured offline, exhibited acrylic double conversion degrees of 85, 85, and 82%,
respectively. The comparable degrees of acrylic double bond conversion were
achieved through the online and the offline processes. Nevertheless, the online
irradiation process allowed the production of smooth crosslinked electrospun
nanofibrous membranes in a more facile and sustainable single step operation.
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Figure 8.3: FTIR spectra of pristine BEDA before and after UV curing
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Figure 8.4: ATR-FTIR spectra of PSF electrospun fibers, containing 10 wt. % of
BEDA, cured online and offline

8.3.3. Morphological analysis

Representative SEM micrographs are presented in Figure 8.5 together with the
respective fiber diameter distributions. Fibers of electrospun membranes obtained
from pristine PSF (solution concentration of 18 wt. %) were free of beads (Figure
8.5a) and had an average dimension of 994 nm with standard deviation of 275 nm.
Moreover the fibers came up with the surface pores which could be the result of
NIPS following exchange of DMF with the moisture present in the air. A similar
intra-fiber structure, resulting from NIPS, was reported in a work on fabrication of
porous polystyrene fibers [349].

The morphology of the PSF fibers obtained in the presence of BEDA crosslinker
are shown in Figures 8.5b—e. All these fibers are free of beads with thanks to
careful control of the UV-induced reactive electrospinning. With online
irradiation, the fiber diameter from solution of PSF + 5 wt. % BEDA was
3924229 nm, while from PSF + 10 wt. % BEDA it was 409+253 nm. An increase
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of diameter with the increase of acrylic content may be associated with the higher
viscosity of the solution containing larger amount of monomer. A similar trend
was observed with offline irradiated mats where the fiber diameter was 509+179
nm for mats obtained from solutions of PSF + 5 wt. % BEDA and 579+183 nm
for those electrospun from PSF + 10 wt. % BEDA. In general, the size of the
fibers achieved in the presence of BEDA crosslinker was lower than that obtained
using pure PSF. Interestingly offline irradiated fibers’ diameter were higher but
had narrower diameter distribution than those resulting from irradiating the
polymer solutions online. Conducting curing during fiber formation may slightly
change the electrospinning conditions possibly due to the added energy flux from
the UV light irradiating the samples and also could affect the rate of solvent
evaporation. Overall the cross-linked mats, obtained from online and offline
curing, were not so different in terms of morphological properties.

The presence of pores on the surface of fibers was found to be influenced by the
weight percentage of acrylate and mode of UV curing. For instance, PSF
electrospun fibers containing 10 wt. % BEDA, UV cured either online (Figure
8.5¢) or offline (Figure 8.5¢), were generally found to be deprived of surface
pores. On contrary the fibers obtained from solution containing 5 wt. % of BEDA
and cured offline retained surface pores (Figure 8.5d) while the online irradiated
fibers, having similar formulation, couldn’t retain those peculiar pores (Figure
8.5b). This result may be rationalized with the higher extent of DMF removal
during the continuous online UV irradiation process thus no solvent was left to
exchange with the ambient moisture.
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Figure 8.5a: SEM image and diameter distribution of pristine PSF fibers
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Figure 8.5d: SEM image and diameter distribution of PSF fibers containing
5 wt. % BEDA cured offline
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Figure 8.5e: SEM image and diameter distribution of PSF fibers containing
10 wt. % BEDA cured offline

Figure 8.6 shows the estimated macro porosity of the fibrous mats. The offline
irradiated mats had somewhat higher porosity in comparison to the mats obtained
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by irradiating fibers online. Moreover the mats obtained from PSF containing 10
wt. % BEDA exhibited highest porosity.
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Figure 8.6: Porosity of different electrospun nanofibrous membranes

8.3.4. Thermal characterization of electrospun fibrous membranes

The DSC curves (from first heating) of online and offline UV-cured mats are
shown in Figure 8.7 and compared to the pristine PSF electrospun mats. The
pristine PSF fibers exhibited Tg centered around 190 °C, in accordance with the
reported Tg value of pristine PSF [103]. Two distinct Tg values are evident from
the DSC analysis of fibers obtained from PSF solutions containing 10 wt. % of
BEDA crosslinker. The first Tg, at around 90 °C, is ascribed to BEDA, while the
second Tg at 170 °C may be attributed to the PSF. The incorporation of a low
molecular weight resin (BEDA) resulted into drop of Tg of PSF from 190 to 170
°C. Similar behavior was observed in our previous work where BEDA
functionalized PSF membranes were developed through NIPS [103]. The thermal
properties of fibers showed no significant difference between online and offline
irradiation. This result is in accordance with similar acrylic double bond
conversion achieved for the two methodologies.
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Figure 8.7: DSC curves of pristine PSF mats and of mats obtained in the presence
of 10 wt. % BEDA, UV-cured online and offline

TGA analysis was performed in order to assess the thermal stability of electrospun
mats. The results are shown in Figures 8.8a and 8.8b. The pristine PSF was found
to undergo single step degradation at 530 °C while two-steps degradation was
observed for the fibers obtained in the presence of BEDA. The first degradation
step at lower temperature may be attributed to the BEDA network degradation at
around 420 °C, followed by second step degradation of PSF around 510 °C. Also
in this case, the thermal degradation behavior of the online and offline cured
samples were similar so only the results of online cured fibers are presented here.
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8.3.5. Solvent stability of electrospun membranes

In order to confirm the solvent stability of the UV cured acrylic functionalized
PSF electrospun nanofibrous membranes, both reference (pristine PSF) and
modified membranes were immersed in different solvents at room temperature. A
qualitative analysis was carried out after 120 hrs of immersion and the results are
summarized in Table 8.4. Membranes made from pristine PSF solution were
dissolved or swollen in all the tested solvents. By increasing the concentration of
BEDA, thus the extent of crosslinking in the matrix, electrospun fibers became
more chemically robust. The most resistant formulations were based on PSF
containing 10 wt. % of BEDA crosslinker, which were found to be stable in THF,
Acetone, Ethyl Acetate, DMSO, and Toluene. This finding is quite in accordance
with our previous work on solvent stable acrylic functionalized PSF membranes
developed through NIPS [103].

Table 8.4: Solvent stability of pristine and modified PSF ENMs’

Solvent MO0 MIN MI1F M2N M2F M3N M3F
THF 1 1 1 X X 0 0
Acetone X 0 0 0 0 0 0
Ethyl acetate X 0 0 0 0 0 0
DMSO 1 X X X X 0 0
Toluene 1 0 0 0 0 0 0

O-stable 1—dissolved X-Swelling
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8.4. Conclusion

In this work, electrospun nanofibrous membranes (ENMs’) were fabricated via a
sustainable reactive electrospinning method where on-line UV curing of a PSF
based solution containing an acrylate crosslinker was performed. For comparison,
the ENMs’ were also prepared through offline UV irradiation method, in which
UV curing was carried out after the formation of fibrous mats. The sustainability
of online irradiation was achieved through optimization of UV curing and
electrospinning parameters. The near-complete crosslinking reaction of acrylic
resin in the fibers was confirmed through ATR-FTIR analysis. A thorough
morphological characterization and thermal analysis of the electrospun
membranes were also performed. The SEM micrographs revealed that fiber
diameter decreased in the presence of the crosslinking agent BEDA compared to
the pure polymer, that higher content of crosslinker produced slightly larger
distribution of fiber diameters and finally that offline irradiated fibers had slightly
larger diameter but overall similar to that of fibers produced via online irradiation.
All the cross-linked membranes were comparable in terms of thermal properties
and chemical resistance, regardless of the protocol followed for UV irradiation.
Solvent stability induced by the crosslinker present in the electrospun solution
was excellent in all cases. These results suggest that the a controlled online UV
curing method is an effective and more convenient approach to customize fiber
properties during electrospinning compared to post-fabrication strategies.
Modified ENMs’ may serve the purpose of solvent-stable separation membranes
or support layers in gas or liquid separation processes such as ultrafiltration,
reverse osmosis, perevaporation, and forward osmosis.
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Chapter No. 9

General conclusion

The work reported in this thesis was focused on improving solvent stability of
polysulfone (PSF) based membranes. In order to overcome the stated shortcoming
of PSF based membranes we thoroughly exploited UV-induced acrylic
functionalization of polysulfone in a way that cross-linked acrylic network, inter—
penetrating polysulfone matrix, was developed without damaging typical pores
morphology of PSF based ultrafiltration membrane. The cross-linked polysulfone
membranes were prepared by employing scalable UV curing and phase separation
(more precisely a non-solvent induced phase separation — NIPS) processes.

In very first approach we introduced acrylic functionality on the backbone of
polysulfone structure by synthesizing a methacrylate polysulfone monomer. The
precursor was synthesized by condensation polymerization and subsequent
esterification. The macro-monomers of different molecular weights were fully
characterized. The porous membranes were developed by dissolving the macro-
monomer in DMF and thereafter fabrication of membranes through successive
UV-curing and phase separation (UV-NIPS) and vice versa (NIPS-UV). The UV
cross-linked membranes obtained through either of these sequences were
insoluble in DMSO, Acetone and boiling water and showed a gel content value of
100%. The viscoelastic properties of the membranes evaluated through DMTA
revealed that coss-linked membranes, following NIPS-UV, had Tg around 185 °C
while those following UV-NIPS had about 195 °C. These values were quite in
accordance with degree of crosslinking obtained via FTIR analysis. Moreover the
UV-NIPS membranes exhibited comparatively better homogeneity i.e. uniform
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distribution of pores. Regardless of sequence of processes, all the developed
membranes had flux in the range of tight ultrafiltration. This could be attributed to
low surface porosity as both surface and bulk pores determine the efficiency of
filtration in case of ultrafiltration process.

In next approach we incorporated acrylic functionality as a separate addition of di-
acrylate resin into PSF solution in DMF. For this purpose two structurally
different di-acrylates i) Bisphenol A ethoxylate di-acrylate (BEDA) and ii) Poly
(ethylene glycol) di-acrylate (PEGDA) were employed and three different
concentrations of both acrylate systems were worked on. We performed a
systematic investigation on the effect of the presence of acrylate resin on PSF-
based membranes with the objective to obtain solvent stable cross—linked
membranes without affecting their flux properties. The membranes were prepared
following the method established in the first approach i.e. UV curing followed by
NIPS process. All the related parameters such as wet thickness of membranes,
time and intensity of UV irradiation and a controlled NIPS process were
comprehensively studied, optimized and correlated. The acrylic double bond
conversion of pure acrylic monomer was calculated via FTIR analysis while for
cross-linked membranes containing acrylic resin we carried out ATR-FTIR
analysis. The double bond conversion in modified membranes was quite in
accordance with that of pristine acrylic monomers. The viscoelastic behavior of
membranes was studied through dynamic mechanical thermal analysis (DMTA)
and cross-linked membranes showed an evident biphasic nature that is ascribed to
good interpenetration of the crosslinked acrylic network and the PSF polymeric
chains. The morphological analysis was performed, through FESEM, on the
surface and cross-section of pristine PSF membranes and the cross-linked PSF
membranes containing either BEDA or PEGDA. The membranes modified with
10 wt. % of either of acrylic resins retained both surface and bulk porosity. While
going higher in concentration the pores got closed by acrylic network. The flux
value obtained for each membrane confirmed the morphological findings. For
instance 30 wt. % of each acrylic resin almost closed all the pores and flux
obtained was also zero. While 10 wt. % of both acrylic resins had maximum flux.
The 10 % BEDA functionalized PSF was found to be best formulation in terms of
both solvent stability and optimum flux (239 L m™ h™ bar™). As per best of our
knowledge this is the highest value of flux obtained with a solvent stable
membrane. Besides flux properties the rejection of 27 nm polystyrene particles
was also evaluated. And almost all the developed membranes exhibited more than
90 % rejection of these particles.
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The solvent stability of membranes was evaluated by immersing the membranes
cut-outs in a number of solvents at room temperature for 120 hrs. Almost all the
modified membranes exhibited excellent stability in DMF, Acetone, DMSO,
Toluene and Ethyl Acetate. The BEDA functionalized membranes were a little
better than PEGDA based membranes.

After the successful UV-induced acrylic functionalization of PSF based
membranes we extended the functionalization with the aim to combine the size
exclusion rejection mechanism of ultrafiltration membrane with the adsorption
based contaminant removal ability of polydopamine (PDA). The 10 % BEDA
functionalized PSF based membranes were coated with PDA via either a two-
steps method, where the UV cross-linked PSF membrane were subjected to PDA
coating just after phase separation; or a novel one-step method, where UV cross-
linked PSF membranes were subjected to phase separation in a water solution
containing dopamine so that phase separation and PDA functionalization occurred
at the same time.

The morphology of PDA functionalized membranes did not come up with any
visible difference based on methodology adopted i.e. one-step or two-steps
coating. Nevertheless pure water flux was lower in case of one-step coated
membranes. Data suggested that the presence of PDA during NIPS did not
introduce a significant change in the precipitation pathway of the polymer but that
the coating of PDA achieved in one-step method may be sufficiently thicker to
reduce the size of the small pores on the surface of cross-linked membrane.
Positively charged Methylene blue (MB) dye was employed as a target
contaminant and dye removal was investigated both in batch and under filtration.
The adsorption capacity, studied at pH 10, revealed an increase in MB removal
with the increase of PDA coating time. Both the capacity and the kinetics of
adsorption were higher for the membranes obtained via one-step coating process
thus implying a trade-off between water permeability and contaminant adsorption
for the two different fabrication methods. The results suggested that fabrication of
these selective and reactive membranes may be designed depending on the
application and on the desired performance. When contaminant removal is the
concern, and not the productivity, fabrication does not need to comprise a
cumbersome sequence of two synthesis steps but may be conducted via traditional
NIPS, simply by adding dopamine and adjusting the chemistry of the non-solvent
solution.
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The PDA coated membranes were completely regenerated as MB got released
under acidic conditions (pH=3) thereafter membranes were reused without loss of
performance as they were able to re-adsorb the same amount of dye in several
adsorption cycles following dye release under acidic conditions. The membranes
adsorption capacity was also investigated under continuous filtration experiments.
This study suggested that PDA functionalized membranes could behave as
suitable ultrafiltration membranes as well as successfully filter the solutions
containing positively charged contaminants.

Lastly the best formulation for solvent stable phase separation membranes i.e.
BEDA functionalized PSF, was also used to produce solvent stable electropsun
nanofibrous membranes (ENMs’). The ENMs’ were prepared via a sustainable
reactive electrospinning method where on-line UV curing of a PSF solution
containing an acrylate crosslinker was performed. For the sake of comparison, the
ENMs’ were also prepared through offline UV irradiation method in which curing
was carried out just after formation of fibrous mats. The sustainability of online
irradiation was achieved through optimization of UV curing and electrospinning
parameters. The near-complete crosslinking reaction of acrylic resin in the fibers
was confirmed through ATR-FTIR analysis. A thorough morphological
characterization and thermal analysis of electrospun membranes were performed.
The SEM micrographs revealed that fiber diameter decreased in the presence of
the crosslinking agent compared to the pure polymer, that higher content of
crosslinker produced slightly larger distribution of fiber diameters and finally that
offline irradiated fibers had slightly larger diameter but overall similar to fibers
produced through online irradiation. All the cross-linked membranes were
comparable in terms of thermal properties regardless of the protocol followed for
UV irradiation. Solvent stability induced by the presence of the crosslinker in the
electrospun solution was excellent in all the cases. These results suggest that the
online UV curing method is an effective and more convenient approach to
customize fiber properties during electrospinning compared to post-fabrication
strategies. Modified ENMs’ may serve the purpose of solvent-stable separation
membranes or support layers in gas or liquid separation processes such as
ultrafiltration, reverse osmosis, perevaporation and forward osmosis.
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