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ABSTRACT

In this study, poly(ethylene glycol) diacrylate (PEGDA) was surface grafted,
through UV-initiated grafting, on to a microporous polypropylene (PP) membrane in
order to develop and control a moisture-sensitive porous structure. Based on the
concentration of the PEGDA grafting solution, as well as other variables, the pores of
the membrane were filled to varying degrees with cross-linked PEGDA hydrogel,
decreasing the pore sizes. This decrease in pore size was highly dependent on the
grafting degree, or weight add-on of the grafted polymer. The grafting degree can be
controlled by altering various grafting conditions. The surface grafted PEGDA is
expected to swell significantly when exposed to moisture, through change in relative
humidity or a liquid-borne pathogen, causing the pore sizes to decrease even further.
This provides a microporous polypropylene membrane with improved hydrophilicity
and moisture-responsive pores. The membranes will have varying levels of
breathability based on the amount of moisture exposure. This will allow for a
functional membrane that limits the transport of liquid-borne pathogens while

providing transport of moisture vapor away from the body.
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CHAPTER 1

INTRODUCTION

1-1.  Personal Protection

Depending on the application for a particular textile, pore size may be very
important for personal protection. A smaller pore size generally provides a greater
degree of protection from harmful microorganisms. However, a smaller pore size also
decreases the amount of water vapor transmission as well as air permeability of the
material, decreasing the comfort of the user. In this study, a membrane which reduces
in pore size when exposed to moisture, through change in relative humidity or a
liquid-borne pathogen, will be created. This response to moisture can provide a greater
degree of protection from liquid-borne pathogens while offering a reasonable degree
of comfort to the user. The increased hydrophilicity of the hydrophobic polypropylene
membrane will also help to improve various characteristics, such as antifouling
properties [1].

Currently, much research on personal protective equipment (PPE) is focused
on balancing comfort with protection. Generally, a greater degree of protection comes
at the sacrifice of comfort. On one end of the spectrum, there are impermeable
membranes which allow nothing, including water vapor and air, to pass through. This
can be quite uncomfortable for a user, but can provide a high degree of protection. On
the other end of the spectrum are untreated woven textiles, where high comfort is
offered, but little protection. There have been many studies done in an attempt to find

a balance between comfort and protection: self-decontaminating melt-spun



polypropylene (PP) fibers for pesticide protection [2], antifungal properties on
electrospun cellulose membranes [3], melt-electrospun PP fibers for pesticide
protection [4]. This current study was conducted in an attempt to find a balance
between comfort and protection through the use of microporous membranes which
provide protection due to the relatively small pore sizes. However, since pore sizes
exist in the membrane, there is still some protection sacrificed for comfort. This study
attempts to create moisture-responsive pores within the microporous membrane which

will respond to stimuli, such as liquid-borne pathogens, in order to enhance protection.

1-2.  Polypropylene

Polypropylene is a thermoplastic polyolefin used in a large variety of
applications. PP is known to be resistant against many solvents. Polypropylene can be
created in many different forms such as plastics and membranes. In the case of PPE,
the membrane form is often used. Microporous polypropylene membranes can be
created in order to provide protection while offering some degree of comfort. The
porosity of these membranes can be highly controlled in order to create a finely tuned
membrane. PP is naturally hydrophobic, although modification to impart
hydrophilicity is common. These properties of polypropylene make it a popular

material for use in protective equipment [5].



1-3.  Poly(ethylene glycol) diacrylate

Poly(ethylene glycol) (PEG) is a common polymer with a simple carbon chain
structure with ether linkages. PEG is well known for its hydrophilicity, water
solubility, and biocompatibility. PEG can be easily chemically modified or attached to
the surfaces of other materials without greatly affecting the properties of PEG. PEG is
nontoxic, can interact with cell membranes, and prevents protein adsorption, making it
a popular polymer in the biomedical field. The prevention of protein adsorption is
particularly important for achieving anti-fouling properties on a membrane surface.
The hydroxyl end groups of PEG provide functional groups which allow covalent
bonding to other materials [6]. These hydroxyl end groups can also be chemically
replaced by acrylate groups in order to form poly(ethylene glycol) diacrylate
(PEGDA). These acrylate groups can then be used to form covalent bonds with other
PEGDA chains’ acrylate end groups in order to create a cross-linked network, yielding

a hydrogel with interesting swelling properties [7].
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Figure 1. PEGDA synthesis and cross-linking [8]

Figure 1 is a schematic for the synthesis of PEGDA from PEG as well as the
cross-linking of PEGDA to form a hydrogel. The synthesis of PEGDA involves the
exchange of the acrylate group from excess acryloyl chloride under basic conditions
provided by excess triethylamine. Insoluble triethanolamine hydrochloride is a

byproduct which is filtered out. Then the PEGDA product is usually precipitated out



of solution. PEGDA cross-linking involves exposure to UV light with a photo-initiator
such as benzophenone. The carbon-carbon double bonds of the acrylate end groups are

consumed in the reaction in order to form a hydrogel.

1-4.  Surface Modification and Grafting

Surface modification of membranes is a common method for improving
various properties of the nascent membrane. Improvements to a membrane’s
permeability [9], hydrophilicity [10], and antifouling [11] are just a few examples of
what can be accomplished through surface modification. Surface modification can
involve simple exposure of the membrane to a chemical or a physical treatment, such
as plasma, in order to achieve the desired modification of properties. However, the
durability of these simple treatments is normally found to be low. Over time, the
improved properties from such treatments degrade, and are no longer effective.
Therefore, many studies have been conducted on surface modification of membranes
with grafting of another material, normally a monomer with reactive groups, on to the
surface. The grafting of materials to the membrane surface through various procedures
such as chemical, UV-initiated grafting, plasma grafting, and ozone grafting are
normally quite stable, as the materials are covalently bonded to the membrane surface

[12].



1-4-1. UV-Initiated Grafting

UV-initiated grafting involves exposing a membrane to ultraviolet wavelengths
of light in order to initiate reactions between the membrane surface and grafting
material. Ultraviolet light is defined as wavelengths of light that fall between 10 nm -
400 nm. However, UV-initiated grafting for membrane surface modification is often
conducted with wavelengths of light between 200 nm — 400 nm [13, 14]. In order for
UV-initiated grafting to occur, a photoinitiator is needed. A photoinitiator is a light-
sensitive compound that interacts with UV light, normally through chain scission or
hydrogen abstraction, in order to generate free radicals that can initiate reactions
between membrane surfaces and chosen grafting materials [15]. The generated free
radicals can initiate reactions which covalently link the chosen grafting material to the
surface of a membrane, creating a durable surface modification. Benzophenone is a

common aromatic ketone photoinitiator used in UV-initiated grafting.
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Figure 2. Mechanism of UV-initiated surface grafting with benzophenone as the
photoinitiator and an inert substrate surface [16]

Figure 2 depicts the mechanism of radical generation by UV exposure to the
photoinitiator and the subsequent hydrogen abstraction of an inert substrate surface,
such as polypropylene. The radical generated on the photoinitiator, in this case
benzophenone, is stabilized by two phenyl groups. This radical can then abstract a
hydrogen from the substrate surface, generating a radical on to the substrate. This
radical can then react with carbon-carbon double bonds of the chosen grafting material
and create a covalent bond between the substrate surface and the grafted material. In
the case of this current study, the radical generated by the photoinitiator can also
initiate the cross-linking reactions between PEGDA chains, forming a hydrogel which

will be grafted on to the surface of a microporous polypropylene membrane.



1-4-2. Plasma Grafting

Plasma grafting for surface modification involves exposing the surface to
plasma, often generated from high energy sources such as radio waves, laser, or
microwaves under an inert gas. The plasma radiation creates free radicals on the
surface of the material, which sometimes is then allowed to react with oxygen in order
to form peroxides [17]. These peroxides are exchanged in solution with the chosen
grafting material, often molecules containing carboxyl, hydroxyl, or amine groups.
Some plasma grafting methods instead allow the grafting material to react with the
plasma generated free radicals on the substrate surface before they can react with
oxygen to form peroxides. This can be accomplished simply by exposing the surface,
submerged in the grafting material solution, to plasma under an inert gas such as
helium or argon. Due to the high energy of plasma radiation, damage to the substrate
material is a common issue. One method for dealing with this is to minimize the

power input by exposing the substrate surface to plasma in pulses.

1-4-3. Ozone Grafting

Ozone grafting also involves peroxides generated on the substrate surface. This
is often accomplished by exposing a substrate to ozone gas, which can be generated
from oxygen with the use of a high voltage source. The peroxides can then be
decomposed by redox reaction and the grafting reaction with the chosen monomer can
occur. Exposure to excessive ozone can also cause damage to the substrate material,

decreasing the mechanical properties [10].



The main benefit of the three aforementioned grafting procedures is their
ability to quickly and easily modify the surfaces of substrate materials which are
normally chemically inert, such as polypropylene, a polymer which does not contain
any functional groups. Chemically inert polymers can be functionalized using these
grafting methods, or monomers can be directly grafted on to the surface. One major
drawback to these grafting procedures is the possible damage to the substrate material
with excessive exposure to the high energy sources. Another issue is the
homopolymerization of the chosen grafting material, leading to a lower grafting yield
on the substrate surface. Overall, these surface modification techniques are viable and

useful for improving various properties of a substrate material.

1-5.  Grafting with Poly(ethylene glycol)

In this current study, PEGDA was grafted to the surface of a microporous
polypropylene membrane. The grafted PEGDA was shown to reduce the pore sizes of
the membrane. When exposed to moisture, PEGDA is expected to swell significantly,
reducing the pore sizes even further. A microporous membrane that has been grafted
with PEG has shown similar properties. Tan and Obendorf [18] developed a moisture-
responsive membrane for use as protective clothing. This membrane was created by
graft polymerizing poly(ethylene glycol) (PEG) on to the surface of a microporous
polyurethane (PU) membrane. This resulted in a PU membrane with a smaller pore
size distribution which provides greater protection from pathogens. The membrane’s
pore sizes were further reduced when exposed to moisture due to the swelling of the

hydrophilic PEG. However, the rate at which the grafted PEG swelled was quite low



and may not reduce the pore size in time to prevent penetration from liquid-borne
pathogens.

PEGDA, the acrylate functionalized version of PEG, is a hydrogel with good
swelling properties. For this current study, PEGDA is expected to provide a greater
degree of protection due to the increased swelling properties as well as the ability to
form a cross-linked network [7]. The acrylate groups on both ends of PEGDA will
allow for bonding between the PEGDA and polypropylene surface as well as between
PEGDA macromolecules, allowing the degree of pore size decrease to be controlled
based on the size of the cross-linked PEGDA network. In this current study, a UV-
initiated grafting method was used instead of a chemical grafting method such as that
chosen by Tan et al. [18]; the UV-initiated method is expected to be simpler and use
less harmful chemicals. Polypropylene was chosen over polyurethane as the
microporous membrane for this current study due to some of its advantages, such as

chemical stability and cost.

1-6.  Grafting with Acrylates
1-6-1. N,N-dimethylamino ethyl methacrylate

The two acrylate end groups on PEGDA provide alkene groups which allow
for grafting of the macromolecules to the surface of a polypropylene membrane as
well as to other PEGDA molecules through homopolymerization. This will allow for
the amount of pore size reduction to be controlled by the degree of PEGDA grafted to
the membrane surface. The degree of grafting has been shown to be dependent on the

concentration of the macromolecule absorbed on to the membrane surface before

10



grafting as well as the grafting conditions. Shaofeng et al. [19] immobilized N,N-
dimethylamino ethyl methacrylate (DMAEMA), in which only a single alkene group
is available for grafting, on to the surface of a microporous polypropylene membrane
using atmospheric-pressure plasma. This study showed the increase of hydrophilicity
obtained by the surface modification through water contact angle analysis. The
decrease in pore size of the membrane was observed simply though scanning electron
microscopy (SEM). This study mainly demonstrated the significant effect of the
plasma treatment conditions on the degree of immobilization of the monomer on to the
membrane surface. Generally, increased plasma treatment time, increased discharge
power, and increased frequency led to a greater amount of monomer immobilized,
with a maximum at certain conditions.

The chosen monomer for their study, DMAEMA, possesses a single acrylate
group which allows for bonding to the membrane surface by plasma grafting.
However, homopolymerization occurred between DMAEMA monomers, leading to a
decrease in the amount immobilized to the membrane surface. In this current study,
PEGDA was chosen due to the presence of two acrylate end groups.
Homopolymerization still occurs; however, the difunctionality of PEGDA is expected
to improve grafting while allowing for a cross-linked PEGDA network to be bonded to
the membrane surface. This current study also examines the effect of UV grafting
conditions on the grafting degree of PEGDA to the surface of polypropylene

membranes.

11
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Figure 3. Comparison of the monofunctionality of DMAEMA to the
difunctionality of PEGDA
Figure 3 shows the structures of DMAEMA and PEGDA. The DMAEMA
possesses only one acrylate group available for grafting and reactions, while the
PEGDA possesses two, providing difunctionality. While the acrylate group available
on DMAEMA allows for grafting and homopolymerization reactions to occur, it does
not have the ability to form a three dimensional cross-linked network, also known as a

hydrogel, that PEGDA has due to its difunctionality.

1-6-2. D-gluconamidoethyl methacrylate

Another study involving acrylate grafting, conducted by Yang et al. [20],
grafted a novel sugar-containing monomer, D-gluconamidoethyl methacrylate
(GAMA), on to a microporous polypropylene membrane through UV-induced
polymerization. This was accomplished by exposing microporous polypropylene

membranes to a photo-initiator solution, benzophenone in heptane, and then briefly

12



drying in air. The membranes were then washed with acetone and fixed between two
filter papers. They were then immersed in varying concentrations of the GAMA
monomer aqueous solutions. UV irradiation was then conducted on these solutions
and membranes under an argon gas environment. The resulting membranes were then
washed with water and dried.

The concentration of the monomer solution was shown to have a strong effect
on the degree of grafting, or amount of monomer grafted to the membrane surface.
However, as the monomer concentration increased past a certain level, the degree of
grafting did not increase as significantly. This is due to homopolymerization of the
monomer as well as limited active grafting sites on the membrane surface. Increased
UV irradiation time was also shown to increase grafting degree, although a maximum
level was observed as well. SEM images in this study show the decreasing pore sizes
of the polypropylene membranes as grafting degree of the monomer increases. Contact
angle measurements showed the increased hydrophilicity of the membrane after the
surface treatment. This study demonstrates the feasibility of UV grafting of acrylate
groups to the surface of polypropylene membranes. This current study has achieved
similar results, but the chosen grafting polymer, PEGDA, has two available acrylates
compared to the single acrylate group of GAMA. This difunctionality has provided

slightly different and improved results.
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1-6-3. Acrylic acid

In one study conducted by Li et al. [21], another suitable grafting method was
used for surface modification with acrylates: ozone induced grafting. This study
grafted acrylic acid onto the surface of a microporous polypropylene membrane
through ozone induced grafting in order to create a pH sensitive material. Ozone was
generated with oxygen flow through an ozone generator in order to form active
peroxides on the surface of the membrane to initiate the radical polymerization of the
acrylic acid monomer. In this study, the membranes were first treated with ozone for a
given period of time, and then soaked in ethanol. The membranes were then immersed
in acrylic acid solutions and the grafting reaction was allowed to proceed under
nitrogen.

This group found that with increased ozone exposure time and acrylic acid
monomer concentration, the grafting degree would increase somewhat linearly.
However, as the ozone exposure time increased, the mechanical properties of the
membranes were found to decrease. As 0zone exposure increased, the polypropylene
membranes would begin to degrade and tensile properties were decreased. Li et al.
also found that with increased grafting reaction temperature, the grafting degree would
increase as well due to an increased amount of free radicals generated as well as
increased diffusion of the acrylic acid monomer in to the membrane. However, a peak
temperature was reached, and grafting degree began to decrease after a certain
temperature due to the life span of free radicals decreasing from the higher
temperatures. Water permeability tests showed a decrease in water permeability of the

treated membranes as pH increased. This was due to the pH sensitivity of the

14



poly(acrylic acid) (PAA) which was grafted to the surface of the membrane. As pH
increased, the PAA uncoiled and decreased the pore sizes of the polypropylene
membrane, thus decreasing water flux through the membrane.

Similar results were found in this current study, although UV-initiated grafting
was the chosen grafting method. UV exposure conditions were also found to affect the
grafting degree, where UV exposure time would increase linearly with grafting degree.
However, the polymer concentration (PEGDA) was found to be related in an
exponentially increasing manner with grafting degree, rather than the linear
relationship of acrylic acid monomer concentration and grafting degree. This is due to
the difunctionality of PEGDA compared to the single acrylate group available from
the acrylic acid monomer. Responsiveness of this current study's membrane was
targeted at moisture exposure, rather than pH sensitivity. Moisture exposure to the
membrane causes swelling of the grafted PEGDA and subsequent decrease in pore

sizes.

1-7.  Grafting with Acrylated Poly(ethylene glycol)
1-7-1. Plasma Grafting

PEGDA is expected to possess superior swelling properties to PEG due to its
ability to form a cross-linked network. This cross-linking ability is provided through
the two acrylate end groups which have replaced the hydroxyl end groups of PEG. The
two acrylate ends provide alkene groups which can form covalent carbon-carbon
bonds, through grafting and subsequent cross-linking, between a membrane surface

and other PEGDA chains. This ability has been shown to improve the grafting of
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PEGDA versus PEG to a membrane surface. lwata et al. [22] plasma grafted PEGDA
on to a polysulfone membrane in order to impart anti-oil staining properties. They
compared the oil penetration of both PEG and PEGDA grafted membranes. PEGDA
grafted membranes sustained anti-oil properties for a greater amount of time than the
PEG grafted membranes. This was likely due to the improved grafting achieved by the
available acrylate groups of PEGDA. Their study also provided a very good
schematic, shown in Figure 4, on the plasma grafting mechanism of PEGDA to a

membrane surface.
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Figure 4. Plasma grafting of PEGDA on to membrane surface (a) radicals formed from
plasma exposure through chain scission (b) bonds form between radicals and acrylate
end groups, exposure to oxygen neutralizes radicals in to peroxides [22]
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Radicals are generated on the membrane surface as well as on PEGDA chains
by the plasma, causing bonds to form between the radicals and acrylate groups. The
radicals then form peroxides when exposed to oxygen, stopping the grafting reactions.
For this current study, varying concentrations of PEGDA was used in order to observe,
by weight measurements and microscopy, the amount immobilized on the membrane
surface, and the subsequent decrease in pore size. The swelling properties, rather than

oleophobic properties, of PEGDA are focused on in this current study.
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1-7-2. Ozone Grafting

A study conducted by Ko et al. [23] compared the ozone grafting of
monoacrylated PEG (PEGMA) and sulfonated monoacrylated PEG (PEGMA-SO3) to
various polymer films such as polymethylmethacrylate (PMMA), polyethylene (PE),
polyurethane (PU), and silicone. The ozone grafting was accomplished by exposing
the various films to ozone under oxygen in order to form peroxides on the surface.
After ozonation, the films were immersed in aqueous solutions of the PEG derivatives
and kept under nitrogen in order for the grafting reaction to occur between the
peroxides on the surface of the films and the PEG derivatives’ end groups. The treated
films were then washed to remove unreacted PEG.

This study showed that PU and silicone exhibited the highest peroxide
concentrations of the films after ozone exposure. The authors speculate that this is due
to the soft structures of PU and silicone having high ozone permeability. PE, on the
other hand, had a lower peroxide concentration due to the hard and crystalline
structure which does not allow as much ozone to penetrate the polymer. The study
conducted by Ko et al. [23] also showed a decrease in water contact angle of the films
after the ozone exposure step. This shows that the presence of peroxides on the surface
is enough to increase the hydrophilicity of the films. However, after grafting of the
PEG derivates to the surface, the contact angles decreased more significantly due to
the hydrophilicity of PEG. The PEGMA grafted films exhibited lower contact angles
than the PEGMA-SO; grafted films even though PEGMA-SO3 contains strong
hydrophilic ionic groups. The authors believe this is due to a low grafting yield of

PEGMA-SOj3 in comparison to PEGMA. This could indicate that ionic groups may
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disrupt the grafting reaction, and for this current study, PEGDA may be a more

suitable grafting material than a sulfonated derivative.

1-7-3. UV-Initiated Grafting for Responsive Macropores

PEGDA macromolecules grafted to the membrane surface have been shown to
reduce the pore sizes physically. The swelling properties of PEGDA are expected to
provide moisture-responsiveness to the pores. When exposed to moisture, the PEGDA
grafted to the membrane surface, which partially fills the pores, is expected to swell
and further reduce the pore sizes. This concept has been successfully shown on a
macro-scale. In unpublished work by Fei Song and Jin-tu Fan of The Hong Kong
Polytechnic University, a moisture sensitive pore was created in a polyurethane
membrane using a complex of PEGDA and a-cyclodextrin with UV photo-cross-
linking. A pore was cut in to a polyurethane membrane using plasma etching. This
pore was then filled with a PEGDA and a-cyclodextrin complex solution. This
solution was then cross-linked with UV irradiation. The resulting pore was slightly
decreased in size. When exposed to moisture, the PEGDA complex swelled
significantly and decreased the pore size further. When dried, the PEGDA contracted,
causing the pore to return to almost its original size. For this current study, the
microporous structure of the whole membrane was modified, rather than a single
artificially created pore. The PEGDA swelling from exposure to moisture is expected

to show similar pore size reducing properties.
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1-7-4. UV-Initiated Grafting on Poly(dimethylsiloxane)

There have been many studies done on poly(dimethylsiloxane) (PDMS) photo-
induced surface grafting with PEGDA. In one such study, done by Sugiura et al. [24],
both poly(ethylene glycol) monoacrylate (PEGMA) and PEGDA were surface photo-
grafted with UV light on to PDMS. This was accomplished by immersing a PDMS
plate in a benzophenone, their chosen photo-initiator, solution in acetone. The acetone
was then washed away with water and the PDMS surface was exposed to an aqueous
PEGMA or PEGDA solution. This was covered by a photomask and then exposed to
UV light. The result was a PDMS surface with increased hydrophilicity and decreased
water contact angle.

The purpose of this study was to show the decreased protein adsorption and
cell adhesion to the PEG grafted areas. However, this study also showed that with the
PEGMA graft, the increased hydrophilicity of PDMS was gradually lost within a
period of two weeks. This could mean that the PEGMA graft to the PDMS surface
was not very stable. On the other hand, the PEGDA graft exhibited a stable increased
hydrophilicity for over two months. The data from this study also suggest that with an
increased degree of cross-linking, through increased UV exposure time, the stability of
the PEGDA graft to the PDMS surface increases. The authors suggest that the stable
hydrophilicity of the PEGDA graft could be due to the benzophenone diffusing in to
the PEGDA, initiating cross-linking. This cross-linked PEGDA then strongly grafts to
the PDMS surface. This could indicate that the cross-linking of PEGDA could play a
larger role in the grafting to the PDMS surface than simply the chemical interactions

between the end groups of PDMS and the PEGs.
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This current study has also successfully photo-grafted PEGDA on to a surface
and shown stable increased hydrophilicity. Benzophenone was also the chosen
photoinitiator and PEGDA is expected to form a cross-linked network which grafts to
the surface of a microporous polypropylene membrane. However, more focus was on
the porous structure of the substrate and the effects of grafting on pore sizes rather

than protein adsorption and cell adhesion.

In this current study, moisture-responsive pores were achieved through the
swelling of PEGDA in response to moisture. The amount of swelling which occurs in
PEGDA depends on its molecular weight [25]. It has been shown that a PEGDA
hydrogel formed from lower molecular weight polymers will form a compact structure
with a higher modulus. Thus, the lower molecular weight hydrogel will be stiffer and
expand less when exposed to moisture. Generally, higher molecular weights of
PEGDA will form less compact cross-linked networks, allowing for a greater amount
of water to penetrate and swell the structure. Three molecular weights of PEGDA
were used in this current study: 258, 575, and 700. However, more focus was on

PEGDA 575 due to ease of handling.

1-8.  Objectives

The goal of this study is to modify a hydrophobic microporous polypropylene
membrane through UV-initiated grafting with PEGDA. This modification will
improve hydrophilicity of the membrane, modify the pore sizes, and create moisture-

responsive pores; namely, pores which further reduce in size when exposed to
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moisture. This membrane will provide protection without a complete sacrifice of
comfort, as water vapor will still be transported through the pores. When exposed to
moisture, or possible liquid-borne pathogens, the membrane pore sizes will decrease
further and provide a greater degree of protection.

The grafting procedure is expected to form covalent bonds between the
PEGDA chains and the membrane surface. PEGDA chains are also expected to
covalently bond to each other, forming a three dimensional cross-linked network, also
known as a hydrogel, which is attached to the surface of the membrane. This is
expected to provide a durable surface modification of the microporous polypropylene
membrane. This membrane should retain its improved properties over a long period of

time, and various solvents should be unable to remove the grafted PEGDA.
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CHAPTER 2

EXPERIMENTAL

2-1.  Materials

Microporous polypropylene membranes were acquired from Sterlitech
Corporation, Kent, WA. The membranes were disc shaped with a diameter of 47 mm,
average pore size of 0.2 um, and thickness of about 150 pum. Poly(ethylene glycol)
diacrylate (M, 258, 575, and 700) and benzophenone were purchased from Sigma-
Aldrich Corporation, St. Louis, MO. Acetone and isopropyl alcohol were acquired

from Mallinckrodt Chemicals, St. Louis, MO.

2-2.  Membrane Surface Modification
2-2-1. Procedure

Microporous polypropylene membranes were soaked in about 10 mL of
photo-initiator solution (10% wt. benzophenone in acetone) for 20 min. The
membranes were then rinsed in water to remove excess benzophenone and allowed to
air dry for 5 min. These membranes were then immersed in ~10 mL of PEGDA
solutions consisting of various PEGDA weight percents in 75% H,0 / 25% isopropyl
alcohol (w/w). A H,0 / isopropyl alcohol (IPA) mixture was chosen as the PEGDA
solvent in order to allow the microporous polypropylene membranes to wet out, since
the high hydrophobicity of nascent polypropylene membranes would prevent PEGDA
from penetrating the membrane when in purely aqueous solution. The membranes

immersed in solution were then exposed to UV light in a UV chamber (Rayonet
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Model RMR-600, Southern New England Ultraviolet Company, Branford, CT) for 15
min. The effect of amount of UV exposure time as well as PEGDA molecular weight
on grafting degree was examined. The treated membranes were then washed in
acetone to remove unreacted benzophenone, sonicated in water to remove
homopolymerized and unreacted PEGDA, and dried in a vacuum oven at ambient
temperature. All samples were created in triplicate.

Membranes were weighed before and after surface modification, and the
following equation was used to calculate the degree of grafting, or weight add-on of

PEGDA (Dy):

D, (%) Wy — Wo 100
=——X
g\70 VVO

where Wy is the weight of the PEGDA grafted membrane and W, is the weight of the
nascent membrane. Any conditioning of the samples before characterization was done
by storing samples overnight in a conditioning room maintained at a temperature of 21
°C with a relative humidity of 65%. In order to condition at a theoretical 100% relative
humidity, a sample was stored over deionized water in a sealed container within the

aforementioned conditioning room.
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2-2-2. Proposed Grafting Scheme

uv

A=

Swollen state Moisture responsive membrane

Figure 5. Illlustration of proposed schematic for the surface grafting of microporous
polypropylene membrane's porous structure with PEGDA (a) membrane in PEGDA
solution (b) initial graft of PEGDA chains to surface (c) further grafting to achieve
moisture-sensitive membrane in non-swollen state (d) moisture swollen state

Figure 5 depicts an illustration of the proposed schematic for the UV-initiated
surface grafting of microporous polypropylene membrane with PEGDA. (a) depicts
the porous structure of the microporous polypropylene membrane substrate, where the
surface pores are generally larger than the bulk, or through, pores. This membrane is
surrounded in solution by PEGDA chains with the carbon-carbon double bonds,
available through the acrylate end groups, depicted on each end of the chains. (b)
shows the penetration of PEGDA chains into the porous structure of the membrane

and the initial grafting of the chains to the surface with UV irradiation and

photoinitiator. Penetration of the graft polymer into the substrate has been shown to be
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highly dependent on the solvent [26]. In this current study, a 75% H,0 / 25% IPA
solvent system was used and is believed to allow adequate penetration of PEGDA in
to the porous structure of the substrate membrane in order for the surface grafting to
modify the pore sizes.

Once the initial grafting of the PEGDA chains to the surface of the membrane
has occurred, there are still acrylate groups available on the end of these chains, not
depicted in the illustration, that allow for the cross-linking of PEGDA to occur under
further UV irradiation with photoinitiator. (c) depicts further grafting of PEGDA onto
the substrate surface after further UV exposure with photoinitiator. The un-reacted
PEGDA chains still available in solution can cross-link and bond with the available
acrylate group of the PEGDA already grafted to the surface of the membrane. This
will create a thin layer of PEGDA hydrogel grafted to the surface of the microporous
polypropylene membrane. This thin layer of PEGDA, dried so that it is not swollen
with water molecules, will cause the pore sizes of the membrane to decrease
depending on the amount of PEGDA grafted. (d) shows the swollen state of the
PEGDA graft when exposed to moisture. When exposed to moisture, through change
in relative humidity or a liquid-borne pathogen, the PEGDA hydrogel grafted to the
substrate surface will absorb the water molecules and swell in response. This swelling
will cause a further decrease in the pore sizes of the grafted membrane, enhancing the
degree of protection. Once moisture is removed from the system, the grafted PEGDA

will contract back to its original non-swollen state as depicted in (c).
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2-3.  Characterization
2-3-1. Grafting Conditions

The grafting conditions effects on grafting degree (Dg) were examined by
plotting the grafting degree as the dependent variable and the various grafting
conditions as the independent variables. All grafting degrees were measured after
samples were vacuum dried overnight in an attempt to remove all water content. The
grafting conditions examined are the PEGDA grafting solution concentration (wt. %),
the molecular weight (M,) of the PEGDA, and the amount of UV exposure time
(minutes). All plots in this study were created with SigmaPlot 9 (Systat Software Inc.,

San Jose, CA).

2-3-2. Surface Morphology

The surfaces of the microporous polypropylene membranes were examined by
scanned electron microscopy (SEM, Leica Stereoscan 440, Leica Microsystems
GmbH, Wetzlar, Germany). Samples were sputter coated with Au-Pd for 30 s before
SEM analysis. SEM analysis was used simply to visually assess the PEGDA graft to
the surface of the microporous polypropylene membranes with varying grafting

degrees.

2-3-3. Fourier Transform Infrared Spectroscopy
In order to confirm successful grafting of PEGDA to the surface of
microporous polypropylene membranes Attenuated Total Reflectance Fourier

Transform Infrared Spectroscopy (ATR-FTIR, Magna-IR 560 Spectrometer, Nicolet

26



Instrument Corporation, Madison, WI) was used. FTIR scans were done at 4 cm™
resolution with 64 scans performed on each sample. Presence of PEGDA on the
substrate was indicated by the identifying peaks located on the acrylate end groups
[25]. Figure 6 below shows the FTIR spectra of PEG compared with PEGDA. The
peak at 1630 cm™ corresponds to the carbon-carbon double bonds of the acrylate end

groups while the peak at 1730 cm™ corresponds to the carbonyl groups.
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Figure 6. FT-IR spectra of PEG and PEGDA [25]
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2-3-4. Contact Angle Measurements

The contact angles of water droplets on the surface of the membranes were
measured using a Contact Angle Analyzer (Model CAA2, IMASS Inc., Accord, MA).
All samples were conditioned overnight at 21 °C and at a 65% relative humidity
before measurements were taken. Droplets of deionized water were delivered on to the
surface of samples through a syringe and needle. The droplets' height and width were
recorded and used to calculate the contact angles. Measurements were taken from at
least three random locations on each sample. Contact angles were calculated with the

following equation:

cosf = M
(x* + y?)

where X is the %2 droplet width and y is the droplet height. & is the contact angle.
Higher contact angle measurements indicate greater hydrophobicity of the sample. In
this study, nascent microporous polypropylene membranes are relatively hydrophobic,

while the grafting material, PEGDA, is highly hydrophilic. Contact angle

measurements show the change in hydrophilicity of the grafted samples.

2-3-5. Porometry

Pore size analysis on the membranes was conducted with a Capillary Flow
Porometer (Model CFP-1100-AEHXL, Porous Materials Inc., Ithaca, NY). This
method involves forcing air with incrementally increasing pressure through the
material and measuring the amount of air flow allowed to pass through. The pressures

and the corresponding air flows allowed through the samples are plotted. Generally,
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smaller pore sizes allow less air flow to pass through. The sample is then wetted with a
liquid of known surface tension (20.1 dynes/cm). This liquid blocks all the pores of
the samples, preventing any air flow through the sample until a critical pressure is
reached. Once the critical pressure is reached, the wetting liquid will be forced out of
the largest pores first. As pressure continues to increase, the smaller pores will empty
as well, allowing air flow to once again pass through.

These pressures and their corresponding air flows are also plotted. The plot of
the dry air flow sample is halved and is also included on the plot. With this
information, a great deal of analysis can be done on the porous structure of the sample.
Bubble point, mean flow pore diameter, and pore size distribution are some of the
important measurements that can be made with further calculation. This is described in
further detail by Jena and Gupta [27]. An example of the output from a capillary flow
porometer can be seen in Figure 7 below. The bubble point occurs at the pressure
where the wet curve begins to allow air flow. This corresponds to the wetting liquid
being forced out of the largest pore. The mean flow pore diameter occurs where the

wet curve intersects the half dry curve.
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Figure 7. Capillary flow porometer output plot of an untreated microporous
polypropylene membrane

2-3-6. Statistical Analysis

Analysis of covariance (ANCOVA) was conducted on the linear regressions of
the porometry dry air flow data using JMP 9 (SAS Institute Inc., Cary, NC).
ANCOVA was used to determine if there was a significant difference in slopes of the
linear regressions. This can indicate whether the difference in grafting degree or
relative humidity had a statistically significant effect on the amount of air flow

measured passing through the sample.
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CHAPTER 3

RESULTS AND DISCUSSION

3-1.  Grafting Conditions
3-1-1. Solution Concentration
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Figure 8. The effect of PEGDA grafting solution concentration on grafting
degree with PEGDA M, 575 and 15 min of UV exposure
Figure 8 shows the relationship between the PEGDA grafting solution

concentration condition with the grafting degree of the treated membrane. The grafting
degree, which is essentially the weight add-on of PEGDA to the microporous
polypropylene membrane, is highly dependent on the grafting conditions. These
measurements were taken while holding the molecular weight of PEGDA constant at

575 and the amount of UV exposure constant at 15 minutes. For this particular
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condition, the grafting solution concentration is shown to have an exponential
relationship with the grafting degree. The trend line shown on the plot can be
described with the following equation: y = 0.1287x® - 0.4954x? + 2.7101x - 1.6067
with an R? value of 0.992. The majority of measurements shown have very small error
bars. However, the final measurement at a solution concentration of 6% has a large
standard deviation. This was due to the high grafting degree achieved. Essentially the
weight add-on of the grafted PEGDA became too great for the grafting procedure
used, and the treated membrane sank to the bottom of the grafting vessel, a small Petri
dish containing the membrane immersed in the grafting solution. This caused some
grafting material to be lost to the sides of the grafting vessel, resulting in a large
standard deviation of the sample.

In the previously described literature where a monofunctional grafting material
was chosen [19, 20], the plots of a similar comparison between the grafting solution
concentration and grafting degree shows an exponential relationship, but with a
decreasing slope. In the case of this current study, the relationship is shown to have an
increasing slope. This is likely due to the difunctionality of the chosen grafting
material, PEGDA. One end of a PEGDA chain can be grafted to the surface of the
membrane, consuming a carbon-carbon double bond of one acrylate group while
leaving the other end of the PEGDA chain available for possible cross-linking
reactions. This is essentially the aim of this current study: to graft a relatively thin
layer of PEGDA hydrogel to the surface of a microporous polypropylene membrane.
The results of this measurement showing the effect of grafting solution concentration

on grafting degree shows that the amount of PEGDA grafted to the surface of the
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membrane can be controlled to a large degree by controlling the grafting solution
concentration. A small amount of PEGDA can be grafted to the membrane surface, or
a theoretically infinite amount can; to the point where there is more hydrogel than the
original substrate (over 100% grafting degree).

Although not shown in these data, this study has achieved over 100% grafting
degree. However, interestingly enough, the samples were damaged after drying, due to
the removal of water from the grafted PEGDA hydrogel and the subsequent
contracting of the cross-linked network. The damage was visible by the removal of
color; the nascent microporous polypropylene membranes are white, but after grafting
and drying of a grafting degree over 100%, there was a large amount of color missing
from the center of the membrane, replaced by the colorless hydrogel. This damage was

not observed for any of the lower grafting degrees.
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3-1-2. UV Exposure Time
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Figure 9. The effect of UV exposure time on grafting degree with PEGDA M,
575 and 5 wt.% grafting solution concentration
Figure 9 shows the relationship between the amount of UV exposure,

measured in minutes, and the grating degree of PEGDA on to the microporous
polypropylene membrane. These measurements were made while keeping the
molecular weight of PEGDA constant at 575 and the grafting solution concentration
constant at 5 wt.%. A fairly linear relationship with zero order kinetics is shown, and
the trend line can be described by the following equation: y = 0.9555x - 0.5188 with
an R? value of 0.9906. The positive linear relationship is as to be expected. As the
grafting solution is exposed to UV light for a longer period of time, more radicals will
be generated, initiating more grafting and cross-linking reactions. However, not

depicted in this plot, is the maximum grafting degree which is expected to be reached.
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Since the grafting solution concentration was held constant at 5 wt.%, there is a
limited number of PEGDA chains available for reactions. So unlike the previous
comparison between grafting solution concentration and grafting degree, a
theoretically infinite grafting degree is not possible for this condition. For this
particular comparison between the condition of UV exposure time and grafting degree,
the slope is expected to gradually decrease until a maximum grafting degree is
reached; indicating that all the available PEGDA grafting material has been consumed
in one of the following reactions: grafting to the surface of the substrate, cross-linking
to these surface grafting chains, cross-linking with other PEGDA chains in solution
(homopolymerization), or grafting to the surface of the grafting vessel. Obviously, the
latter two are not included in the grafting degree calculation, as they are washed away
from the grafted membranes before measurements are taken.

Previously published literature [28] has shown that polypropylene undergoes
photo-oxidation when exposed to high energy light such as UV irradiation. This
causes the polypropylene to have a decrease in physical properties such as the tensile
properties. Essentially, greater exposure to UV light causes damage to the
polypropylene. This current study did not study the effects of the UV-initiated grafting
procedure on the mechanical properties of the substrate. However, with the relatively
low UV exposure time, less than 20 minutes, significant damage to the microporous
polypropylene membrane is not expected to occur, as previously published literature
[28] has shown a polypropylene film maintaining its physical properties even after 21

days of UV exposure.
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3-1-3. Molecular Weight
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Figure 10. The effect of PEGDA molecular weight on grafting degree with 5
wt.% grafting solution concentration and 15 min of UV exposure
Figure 10 shows the relationship between the PEGDA molecular weight and

the grafting degree of the polymer to the substrate surface. These measurements were
made while keeping the grafting solution concentration constant at 5 wt.% and the
amount of UV exposure constant at 15 minutes. An exponential relationship can be
seen and the trend line shown can be described by the following equation: y =
0.0003x? - 0.4546x + 175.6918 with an R? value of 0.9836. The negative relationship
between molecular weight and grafting degree is likely due to the fact that with higher
molecular weights of the PEGDA polymer, the chains are longer. With longer polymer
chains, the ends are less likely to find each other for cross-linking reactions, or even

grafting reactions with the substrate surface. Generally, higher molecular weights of
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the polymer make the grafting reaction more difficult, therefore the grafting degree is
lower. Once again, as similar to the grafting solution concentration versus grafting
degree plot, a large standard deviation can be observed for the high grafting degree
point, and relatively small error bars are shown for the lower grafting degrees. This is
again due to the limitations of the chosen grafting vessel and solution. Once the
grafting degree becomes too high, grafting material is lost to the sides of the grafting
vessel. It is interesting to note that with lower molecular weights of PEGDA,
extremely high grafting degrees are easily achievable, although homopolymerization
occurs to a greater extent as well.

Although not examined in detail for this current study, the molecular weight of
PEGDA not only has a strong effect on the grafting degree to the substrate surface, but
it also greatly affects the degree of swelling of the resulting hydrogel. Generally,
higher molecular weights of PEGDA result in larger cross-linked structures which can
absorb a higher amount of water content [25]. This ability to absorb a higher amount
of water content results in a greater degree of swelling. In the case of this current
study, this would cause the pore sizes of the PEGDA grafted microporous
polypropylene membrane to decrease to an even larger extent when exposed to
moisture with higher PEGDA molecular weights. Although no detailed measurements
have been made for this particular swelling property in this current study, it is believed
that the molecular weight of PEGDA condition is an important factor for tailoring a

moisture-responsive membrane.
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3-2.  Surface Morphology
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Figure 11. SEM images of PEGDA grafted microporous polypropylene membranes
(A) 0% graft (B) 1.1% graft (C) 5.7% graft (D) 10.5% graft (E) 14.9% graft (F)
39.3% graft
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Figure 11 shows the SEM imagery of PEGDA M, 575 grafted microporous
polypropylene membranes with various grafting degrees. Image (A) depicts the
untreated microporous polypropylene membrane after rinsing with acetone and
exposure to the grafting solution excluding the PEGDA. With increasing grafting
degrees from images A-F, an increase of grafted material can be seen on the surface.
As more grafting material is shown, the visible surface pores of the membranes appear
to decrease in size, or begin to be blocked by the surface grafted layer of PEGDA.
Images A-D do not show a large blockage of these surface pores, as it is believed the
majority of PEGDA surface grafting is occurring within the bulk pore structure of the
substrate. Between images D and E, with a grafting degree around 12% (not shown), it
is believed that a fairly uniform layer of PEGDA hydrogel has been grafted to the
membrane surface, and with any higher grafting degree this hydrogel layer is simply
becoming thicker. This is confirmed in further detail by the FTIR analysis.

The aim of this current study was to create a moisture-responsive membrane
where the swelling of the grafted PEGDA when exposed to moisture would cause the
pore sizes of the membrane to decrease. Based on SEM imagery, it is believed that this
moisture-responsive property is achievable with grafting degrees below 12%. Images
A-D depict the surface pore structures which should have this moisture-responsive
property. Images E and F depict membranes which have a relatively thick layer of
PEGDA hydrogel grafted on to the surface, blocking the surface pores and through
pores. It is unlikely that the desired moisture-responsive property is achievable with
such high grafting degrees as these, although there does appear to be some semblance

of a pore structure visible on the hydrogel surface.
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3-3.  Fourier Transform Infrared Spectroscopy
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Figure 12. FTIR spectra of PEGDA grafted microporous polypropylene

membranes (a) 0% graft (b) 1.1% graft (c) 2.4% graft (d) 9.7% graft (e)

12.3% graft (f) PEGDA M, 575

Figure 12 shows the FTIR spectra of PEGDA M, 575 grafted microporous
polypropylene membranes with various grafting degrees as well as a spectra of
PEGDA M, 575 polymer (f). The spectra of PEGDA M, 575 (f) is of the nascent
polymer, not yet exposed to UV irradiation, therefore not cross-linked to form a

hydrogel. This spectra shows the identifying peaks of PEGDA as described by

previous published literature [25]. The carbonyl groups of the acrylate groups located
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on each end of the PEGDA chain is signified by the peak at 1730 cm™. The peak at
1630 cm™ signifies the carbon-carbon double bond located on each acrylate group of
PEGDA which is available for cross-linking or grafting reactions. When PEGDA is
exposed to UV light with a photoinitiator, the carbon-carbon double bonds are
consumed in the cross-linking reaction and a hydrogel is formed; however, the
carbonyl groups are still located within the structure. The spectra of a-e are of PEGDA
grafted microporous polypropylene membranes with increasing grafting degrees. The
carbonyl peak at 1730 cm™ can be seen with an increasing strength as the grafting
degree increases. The carbon-carbon double bond 1630 cm™ peak is not visible on any
of the grafted membrane samples since these bonds have been consumed in the cross-
linking and grafting reactions. These spectra indicate that an increasing layer of
PEGDA hydrogel is grafted on to the substrate surface with increasing grafting degree.
Although not shown in the figure, it was found that the carbonyl peak does not
get significantly stronger with grafting degrees higher than 12.3%, shown in spectra
(e). This indicates that at about 12% graft, a relatively uniform layer of PEGDA
hydrogel has been grafted to the substrate surface, and any additional PEGDA grafted
to the substrate only results in a thicker layer of hydrogel bonded to the surface. As
mentioned in the previous discussion on the SEM imagery, this indicates that the
moisture-responsive properties desired by this study is likely achievable with grafting
degrees less than 12%. With grafting degrees higher than 12%, the hydrogel layer on
the substrate surface only manages to get thicker, no longer modifying the pore
structure in the desired manner. The desired manner being a bulk porous structure with

PEGDA grafted on the surface, decreasing the through pore sizes when in the non-
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swollen state. When exposed to moisture, the grafted PEGDA will swell and decrease
the pore sizes further. Once moisture is removed, the PEGDA will contract back to the

original non-swollen state, returning to the original decreased pore size.

3-4.  Contact Angle Measurements
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Figure 13. The effect of grafting degree on water contact angle of PEGDA
grafted microporous polypropylene membranes
Figure 13 shows the effect of grafting degree on the water contact angle

measurements of PEGDA M, 575 grafted microporous polypropylene membranes.
Only three grafting degrees were measured, as higher grafting degrees were found to
be too hydrophilic for accurate water contact angle measurements to be made on the
available instrument. A fairly exponential relationship can be seen between the

grafting degree and water contact angle. With increasing grafting degree of PEGDA to
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the membrane surface, the water contact angle quickly decreases. A lower water
contact angle indicates a higher hydrophilicity. This is as expected and further
confirms successful grafting of PEGDA to the microporous polypropylene membrane
surface. The nascent polypropylene membrane is relatively hydrophobic, with a high
contact angle as shown in the plot at about 130°. When the PEGDA hydrogel, which is
highly hydrophilic and swells in response to moisture, is grafted to the hydrophobic
membrane surface, hydrophilicity is expected to increase. This increase in
hydrophilicity is shown by the water contact angle measurements. With an increase in
grafting degree, the water contact angles decrease significantly, indicating an increase
in hydrophilicity due to the grafting of PEGDA to the membrane surface.

Modifying hydrophobic polypropylene in order to give it hydrophilic
properties is a common modification done with a variety of methods [10, 29, 30]. This
hydrophilic modification is often done in order to reduce the fouling which can occur
with hydrophobic materials. Fouling refers to the build-up of material on the
membrane surface, often protein, which reduces the effectiveness or flux of the
membrane; this problem can be solved with a variety of methods, increasing
hydrophilicity being one of them [31]. The data from this current study show that
PEGDA is another suitable hydrophilic polymer which can be grafted to a
hydrophobic membrane surface through UV-initiated grafting in order to increase the
hydrophilic properties of the membrane, reducing the possible fouling. However, the
aim of this current study is to create a moisture-responsive membrane using this
grafting procedure, and the increased hydrophilicity and subsequent prevention of

fouling is simply an extra benefit of the surface modification.
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3-5.

Porometry

3-5-1. Air Flow Rate Comparisons of Various Grafting Degrees
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Figure 14. Dry air flow rate comparisons of PEGDA grafted microporous
polypropylene membranes with various grafting degrees

Figure 14 shows the dry air flow rate comparisons of PEGDA M, 575 grafted

microporous polypropylene membranes with various grafting degrees. These data

were taken from the porometry measurements made by forcing air with incrementally

increasing pressure through the membrane and measuring the amount of air that passes

through. The data shown are of the air flow rates through dry membranes. The air flow

rates through membranes after saturation with a wetting liquid are not shown, as

similar results were achieved. It is also unknown how the grafted PEGDA responds to

the wetting liquid, as any swelling caused by this liquid may affect the results. This air

flow rate comparison shows that with increasing grafting degree there is a decreasing
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air flow rate allowed through the membrane. This indicates that as more PEGDA is
grafted to the substrate, the smaller the pore sizes become, allowing less air to pass
through the membrane. It is also likely that the smallest pore sizes are being
completely blocked by grafted PEGDA, preventing any air flow through them. These
data confirm the predictions of this study that the initial grafting of PEGDA decreases
the pore sizes of the microporous polypropylene membrane even when in the non-
swollen state. The pore sizes are expected to decrease further when the membrane is
exposed to moisture and the grafted PEGDA swells.

These air flow rate measurements were taken after the samples were vacuum
dried in an attempt to remove all water content from the membranes. However, it
appears to be quite difficult to completely remove all the water content from the
grafted PEGDA hydrogel in an attempt to achieve a completely non-swollen state.
This can be seen in the comparison of the air flow rates. There is a relatively large
decrease in air flow rate from the untreated sample (0% graft) to the low grafting
degree sample (0.86% graft). However, with further increase in grafting degree, the air
flow rates decrease less substantially, although still significantly. This could indicate
that the grafted samples are already in a slightly swollen state, as they could have
absorbed moisture quickly from the air when attempting to measure the air flow rates.
However, it is believed that the samples are not nearly at the completely swollen state,
and will still exhibit moisture-responsive properties by a further decrease in pore sizes

when exposed to moisture.
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Figure 15. JMP statistical output for the ANCOVA of the dry
air flow rate comparisons of membranes with various grafting
degrees

Figure 15 shows the ANCOVA of the regression models for the five dry air

flow rate data sets of the PEGDA grafted microporous polypropylene membranes with
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various grafting degrees. Each regression line corresponds to the grafting degree listed
in the legend to the right of the regression plot. ANCOVA was run on these data sets
in order to determine if there was a statistically significant difference between the dry
air flow rates of the samples with various grafting degrees. ANCOVA was used to
determine if the five regression lines statistically differed in slope. In order to
accomplish this, a dummy variable was used. This dummy variable is labeled as
"Grafting Degree" in the output. The following model was fit to all of the data points
from all five sets:
Flow Rate = B, + f1(Pressure) + B,(Grafting Degree[0])

+ f3(Pressure X Grafting Degree[0])

+ B4 (Grafting Degree[0.86])

+ B (Pressure X Grafting Degree[0.86])

+ B¢(Grafting Degree[2.55])

+ S, (Pressure X Grafting Degree[2.55])

+ Bg(Grafting Degree[5.51])

+ Bo(Pressure X Grafting Degree[5.51]) + ¢
The hypothesis tested was Ho: f3 = 5 = f7 = g = 0 which hypothesizes that all five
slopes are equal. The "Parameters Estimates” section shows that the parameter
estimates for all Pressure*Grafting Degree variables are unequal to each other nor
equal to 0 (B3 # fBs # f7 # Po # 0) with very small p-values. This is enough evidence to
reject the hypothesis and conclude that the slopes of the five regression lines are not
equal. ANCOVA has shown that the differences between the five dry air flow rate data

sets are statistically significant. This confirms that the initial grafting of PEGDA to the
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microporous polypropylene membrane surface has a statistically significant effect on
the dry air flow rates, thus pore sizes, when in the non-swollen state. With increasing
grafting degree of PEGDA to the substrate surface, there is a statistically significant

decrease in dry air flow rate and pore sizes.

3-5-2. Pore Size Distribution Comparisons of Various Grafting Degrees
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Figure 16. Pore size distributions of PEGDA grafted microporous polypropylene
membranes with various grafting degrees (a) 0% graft (b) 1.31% graft (c) 14.47%
graft

Figure 16 shows the pore size distributions of PEGDA grafted microporous
polypropylene membranes with three different grafting degrees. These measurements
were once again taken after samples were vacuum dried in an attempt to remove all
moisture content from the grafted PEGDA, thus reducing the swelling. The pore size
distributions shown are the relative frequencies of the pore diameters for each sample.
Relative frequencies are used since the actual pore size counts have a high variability
between samples with the same grafting degree, thus cannot give accurate

comparisons of samples with different grafting degrees. However, the pore size counts
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can be indirectly compared through the dry air flow rates discussed previously, which
has been shown to decrease with increasing grafting degree. This particular
comparison of pore size distributions shows how the pore sizes are distributed within
each sample.

The pore size distributions show that the larger pore diameters, 0.45 um and
above, no longer appear for the two grafting degrees higher than 0% shown in (b) and
(c). These two distributions also show higher relative frequencies for the smaller pore
diameters when compared to the (a) distribution of 0% graft. The distribution (c) for
the 14.47% graft sample shows the largest relative frequency at one of the smallest
pore diameters, at about 0.16 pm. The distribution for this sample also shows very few
pore sizes distributed at the pore diameters above 0.2 um. The comparisons between
these distributions indicate that the PEGDA grafted to the substrate surface is
decreasing the larger pore sizes, creating a higher relative frequency of smaller pore
sizes. This shows that the initial grafting of PEGDA to the surface of microporous
polypropylene membranes decreases the pore sizes when in the non-swollen state.
However, since these distributions are given in relative frequencies, the smaller pore
sizes that have been filled up completely with grafted PEGDA are not accounted for. It
is believed that these blocked pores are accounted for by the dry air flow rate

measurements.
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3-5-3. Air Flow Rate Comparison of Different Relative Humidity
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Figure 17. Dry air flow rate comparison of PEGDA grafted microporous
polypropylene membranes conditioned at different relative humidity (RH)
Figure 17 shows the dry air flow rate comparison of PEGDA grafted

microporous polypropylene membranes conditioned overnight at different relative
humidity. Both samples had about a 4% grafting degree. The samples were
conditioned overnight at 21 °C with one conditioned at 65% relative humidity and the
other conditioned at a theoretical 100% relative humidity. Porometry measurements
were attempted on a sample conditioned at 0% relative humidity, but significant
results were not found as it is believed that the membrane is able to quickly absorb
moisture content from the air. The data shown are of the air flow rate measurements
taken before the samples were saturated with a wetting liquid; this is referred to as the

dry air flow rates. The results show that due to the difference in relative humidity, that
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is the available moisture content in the air, the samples exhibit a difference in air flow
rates. With a higher relative humidity, the dry air flow rate is significantly lower. This
indicates that the desired moisture-responsive properties have been achieved: with the
higher available moisture content in the air, the grafted PEGDA swells and results in a
reduced air flow rate. This reduced air flow rate indicates a reduction in pore sizes.

The pore sizes are expected to decrease even further when exposed to higher
water content, which could be through contact with a liquid-borne pathogen. The
desired moisture-responsive membrane for this study is expected to uptake moisture
content from the air, or from exposure to a liquid-borne pathogen, and the grafted
PEGDA is expected to swell in response, reducing the pore sizes and enhancing
protection. The hope is to create a membrane for protective applications which can
provide enhanced protection without completely sacrificing comfort. The comfort is
provided by the microporous structure which allows water vapor to pass through the
membrane. This dry air flow rate comparison confirms that the desired moisture-
responsive property has been achieved through UV-initiated grafting of PEGDA to the
surface of microporous polypropylene membranes. With the increase in relative
humidity, the membrane responds with a reduction in pore sizes. The grafted PEGDA
is expected to be able to swell to an even greater degree when exposed to a higher

moisture content, decreasing the pore sizes even further.
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Figure 18. JMP statistical output for the ANCOVA of the dry air
flow rate comparison of grafted membranes conditioned at
different relative humidity
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Figure 18 shows the ANCOVA of the regression models for the two dry air
flow rate data sets of the PEGDA grafted microporous polypropylene membranes
conditioned at different relative humidity. The top regression line on the regression
plot corresponds to the sample conditioned at 65% relative humidity, while the bottom
line corresponds to the 100% relative humidity sample. ANCOVA was run on these
data sets in order to determine if there was a statistically significant difference
between the dry air flow rates of the samples conditioned at different relative
humidity. This can be used to confirm that the desired moisture-responsive swelling
property has indeed been achieved. Essentially, ANCOVA was used to determine if
the two regression lines statistically differed in slope. In order to accomplish this, a
dummy variable was used. This dummy variable is labeled as "Humidity" in the
output. The following model was fit to all of the data points from both sets:

Flow Rate = B, + p1(Pressure) + B,(Humidity) + B;(Pressure X Humidity)
+ ¢
The hypothesis tested was Ho: 3 = 0 which hypothesizes that both slopes are equal.
The "Parameters Estimates"” section shows that the parameter estimate for
Pressure*Humidity is not equal to 0 (#3 # 0) with a very small p-value. This is enough
evidence to reject the hypothesis and conclude that the slopes of the two regression
lines are not equal. ANCOVA has shown that the difference between the two dry air
flow rate data sets is statistically significant. This assists in confirming that the desired
moisture-responsive property has been achieved. With an increase in relative

humidity, the air flow rate through the PEGDA grafted membrane is decreased in a
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statistically significant amount. This indicates that the pore sizes of the membrane

decrease significantly in response to moisture exposure.
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CHAPTER 4

CONCLUSIONS

This study has successfully grafted PEGDA to the surface of a microporous
polypropylene membrane through UV-initiated grafting. This surface modification has
been shown to improve hydrophilicity of the nascent hydrophobic polypropylene
membrane through water contact angle measurements. The grafting conditions
studied, grafting solution concentration, PEGDA molecular weight, and UV exposure
time, have been shown to greatly affect the grafting degree of PEGDA to the substrate
surface. These conditions can be controlled in order to create a grafted membrane with
the desired grafting degree as well as swelling property.

Porometry has shown that the initial graft of PEGDA to the substrate surface
decreases the pore sizes when in the non-swollen state. The amount of pore size
decrease is dependent on the grafting degree. The grafted PEGDA has also been
shown to respond to moisture, decreasing pore sizes further when exposed to moisture,
through a difference in relative humidity, which causes the grafted polymer to swell.
This moisture-responsive property can enhance protection of the membrane when

exposed to possible liquid-borne pathogens.
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4-1.  Recommendations for Future Studies
4-1-1. Water Vapor Transmission Rate

This current study has only shown that the PEGDA grafted microporous
polypropylene membrane has moisture-responsive properties. However, it has yet to
quantify this property. There is an instrument which can help to quantify this called
the Water VVapor Transmission Analyzer (Porous Materials Inc., Ithaca, NY) [32]. This
analyzer is able to measure the water vapor transmission rate (WVTR) of a sample
while creating any desired temperature, pressure, or humidity gradient. This is done
using a similar method to porometry. However, instead of forcing air with just
incrementally increasing pressure through the sample, the humidity of the air is
controlled. The temperature of the sample chamber is also controlled. This can provide
a very detailed characterization of the moisture-responsive properties of the membrane
fabricated in this study. The amount of moisture content passing through the
membrane can be controlled, and the changes in WVTR and pore structure properties
in response to the humidity gradient can be measured. Originally, this study had plans
to characterize the fabricated membranes with this method. Unfortunately, the
instrument is currently unavailable. However, once there is one available, it would be
very interesting to further characterize the moisture-responsive properties of PEGDA

grafted microporous polypropylene membranes.
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4-1-2. Artificial Leaf Stomata

An idea that was considered for this current study, provided by Professor Jin-tu
Fan originally from The Hong Kong Polytechnic University, now at Cornell
University, was to create a porous structure that would mimic a leaf stomata. Leaf
stomata are the natural pores located on a leaf which essentially help it to breathe.
They are known to open and close in response to light, but also in response to
moisture, or changes in humidity [33]. The artificially created pores would focus on
this change in response to moisture. However, unlike the membrane fabricated in this
current study, the pore sizes would increase in response to moisture, rather than
decrease. Instead of protective applications, this type of moisture-responsive
membrane would be more focused on comfort. When the user begins to heat up and
produce sweat, the pore sizes of the membrane would increase, allowing more water
vapor to be transported away from the body. Once the users cools down, the pore sizes
would return to their original smaller size, decreasing the air permeability. This
moisture-responsive structure would help regulate the user's body temperature. This
type of moisture-responsive membrane could be created using similar materials as this
current study. The swelling properties of PEGDA could be utilized in such a way that
would physically open up a pore. This can be done with some clever selective grafting
using photolithography. A similar concept has already been demonstrated where flat
polymer sheets swell and buckle in response to stimuli such as temperature. These flat
sheets transform in to three-dimensional shapes when swollen, and can revert back to

a flat sheet once the stimuli is removed [34].
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