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In the purification of water and air, membrane fouling is an ongoing issue that leads to the
reduction of filter efficiency over time. An increase in the frequency of current chemical and
mechanical cleaning methods increases system downtime, increases overall costs, and leads to the
reduction of the lifetime of the membrane. Commonly used filtration materials such as
polytetrafluorethylene (PTFE) and polyvinylidene fluoride (PVDF) are porous throughout and
have a textured surface that facilitates the adhesion of bacteria and other foulants. To prevent this
adhesion, bioinspired liquid-coated filters are proposed as a new approach to creating filters that
resist fouling. Liquid-coated filters were created by immobilizing a water-immiscible liquid on the
surface of commercially available synthetic filters. For water filtration tests, 0.45 um pore diameter
PTFE and PVDF filters were coated with omniphobic perfluoropolyether (PFPE) liquids. The
continuity of the surface liquid layer was measured by testing how easily a water droplet could
begin to move on the surface. The results indicate that infused PTFE membranes form a
superhydrophobic surface with a sliding angle of approximately 5°, 75% lower than the infused
PVDF. The ability of the infused membranes to resist biofilm formation was measured by
incubating in growth media with Staphylococcus epidermidis for 24 hours. Infused PVDF
membranes reduced biofilm formation by approximately 25% compared to bare controls while

infused PTFE membranes reduced biofilm formation by approximately 98%. Pure water



permeability (PWP) experiments conducted at an applied pressure of 1.5 bar indicated that liquid-
coated PVDF membranes had a statistically equivalent PWP of 2827 + 323 L/m?-h-bar, for over
10 cycles of use, showing that the immobilized liquid is present and stable within the pores. For
aerosol filtration materials, new solid-liquid pairings were investigated. HEPA filters were infused
with PFPE and evaluated for their ability to resist crystal violet staining and the changes in
filtration efficiency. Infused HEPA filters showed an increased ability to resist crystal violet
staining, but a lowered filtration efficiency. The fouling resistance of the infused HEPA filters
suggest that sample viability after recovery could be increased and that these filtration materials
could be applied to an air sampling system for public health monitoring. Based on the positive
results of both liquid-coated PVDF and HEPA filters in functional applications despite poor results
in surface characterization, we’ve begun exploring how to create more sustainable liquid-coated
filters. Paper filters were coated with a thin layer of polydimethylsiloxane (PDMS) via chemical
vapor deposition. These PDMS-coated paper filters were then infused with silicone oil. These new
liquid-coated paper filters will be characterized based on surface properties and for functionality
with aerosol and liquid filtration. The use of liquid-coated materials in water and air purification
applications opens new doors for the creation of filtration materials that resist the adhesion of

contaminants and resist fouling.
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CHAPTER 1

INTRODUCTION

According to the World Health Organization (WHQO), 1 in 9 people do not have access to
clean water'2. Approximately 1.9 billion people are still reliant on potentially contaminated or an
unimproved source of drinking water?. Many waterborne infections result in diarrhea and the loss
of bodily fluids which can lead to dehydration and death. For children under the age of 5, diarrhea
is the fifth leading cause of death®. Approximately 88% of diarrhea associated deaths are directly
linked to unsafe water, poor sanitation, and insufficient hygiene?2. Water filtration is an essential
process to human health for the production of clean water for drinking, medical, and

pharmaceutical applications.

Water filtration removes or reduces the concentration of particulate matter in solution, such
as suspended particles, microbes, viruses, and other undesirable chemical and biological
contaminants®. Filtration is performed through the use of filters or membranes to separate particles
based on specific properties such as size or charge®. Membranes have been used in solid-liquid
separation devices for many years in biological treatment and physical applications®. These
membranes are characterized based on pore size, type of material used, and application®.
Membrane water filters have a three dimensional (3D) porous structure and can be divided into
four types based on filtration media and pore size: reverse osmosis (RO), nanofiltration (NF),
ultrafiltration (UF), and microfiltration (MF). Ultrafiltration systems are cost-effective for
operation due to low energy consumption, are simple to scale up, and have excellent chemical and
thermal stability with a long service life. These systems are ideal for removing suspended matter,

bacteria, and some viruses’.



The advancement of membrane science has greatly driven the improvement of water
filtration technology, yet due to population increase and environmental concerns, the need for
novel methods for water purification remains a global issue*. There are two main challenges that
membrane technology needs to address. The first challenge is creating new materials that can be
used for more cost-effective membranes that are more durable, inexpensive, and with fewer
environmental concerns®. The second challenge is to develop novel methods to prevent loss of

filter efficiency.

Materials in Water Filtration

Creating efficient filters is essential to environmental health, human health, manufacturing,
and healthcare. An efficient filter has high permeation flux, high retention, and a low pressure
drop®. Over time, these materials can lose efficiency as they build up contaminants that have been
removed from solution. The membrane being used for separation processes is constantly in contact
with the solution that is being treated, and is therefore prone to the deposition and buildup of
chemical and biological matter®. The buildup of contaminants, known as membrane fouling, is one
of the main issues that leads to the reduction of process productivity and membrane lifetime®. Four
main mechanisms of fouling in pressure driven membrane processes (complete pore blocking,
partial pore blocking, internal pore blocking, and cake formation)®. In order to address these
mechanisms of fouling, the nature of the foulants must be considered (organic, inorganic, or
biological)®. These mechanisms can involve adsorption, accumulation, or precipitation either on

the surface or within the pores of the membrane®®.

Fouling behavior and characteristics vary based on filtration modes (relaxation, backwash,
mixed, and continuous). The distribution of proteins and carbohydrates can vary in membranes of

bioreactors between internal and external fouling and the operating conditions*°. Current methods



for cleaning fouled membranes and filters involve removing the foulant by chemical or physical
cleaning methods!*3, Physical methods can include using ultrasound frequencies, electric fields,
alternating flow patterns, and more'?. Physical methods require many factors to be considered
before being chosen, since they can affect different materials and systems differently.
Polyvinylidene fluoride (PVDF) for example, is more resistant to ultrasound waves than
polyethersulfone (PES)*2. Chemical cleaning methods can include the use of alkaline solutions,
metal chelating agents, or surfactants!. Alkaline solutions are best suited for removing organic
foulants from membranes by hydrolysis and the solubilization of the fouling layer'*'3, Metal
chelating agents are used to remove divalent cations from the complexed organic molecules and
can weaken the structure of the fouling layer matrices!!. Surfactants are used to solubilize the
foulants by forming micelles around the less soluble macromolecules and help remove them from
the membrane surface!'4, Different foulants will respond differently based on what type of
chemical method is used for removal. This may require a more detailed knowledge about the
foulant type to address the fouling issue, and the use of chemical cleaning agents will add to the

ongoing price of operation for a filtration system.

Membrane Fouling
Fouling, modeling and wastewater treatment are the dominant research areas for
ultrafiltration membranes, making up 27%, 17% and 12% of publication output respectfully®®.
Carbon-based materials (biochar, carbon nanotubes, graphene, mesoporous carbon nanoparticles,
and carbon quantum dots) show promise in developing novel and high-performance membranes

for filtration?®.

Fouling of membranes with biological material can lead deposition and growth of

unwanted biofilms, known as biofouling, and can occur in a wide variety of situations and



environments®. This phenomenon occurs on large scales such as the fouling of ship hulls and
pipelines, and on smaller scales such as the colonization of biomedical devices and in filtration
systems for drinking water!’. Biofouling reduces membrane flux and reduces the life of the
membrane’®. Bioadhesion is the first step in biofilm formation, and is driven by a variety of
nonspecific interactions, such as long-range electrostatic forces, hydrophobic forces, van der
Waals, hydrogen bond interactions'®. Due to the self-replicating nature of bacteria, any form of
sterilization that is less than 100% effective can lead to contamination and biofouling. The remains
of dead bacteria are an ample food source for any surviving bacteria. Membrane biofouling is
affected by a wide range of factors, such as shear, pressure, characteristics of the bacteria, the
membrane surface, environmental factors (pH, ionic strength, ion species). Polymeric membranes
are often hydrophobic, and allow for the adhesion of non-polar solutes, hydrophobic particles and

bacterial®.

Hydrophobic surfaces can be used for preventing the adhesion of hydrophilic foulants.
Micropatterned surfaces can be built on top of microscopic pillars and the resulting effect is a
superhydrophobic surface?®. These types of surfaces gained attention for their potential
applications in nanotechnology and in anti-fouling surfaces, but have some gaps that would need
to be addressed before being applied to filtration systems®. One such challenge is that these
systems can switch between the Cassie wetting state and the Wenzel wetting state based on
changing conditions. The Cassie wetting state is when there is a composite interface with air
pockets trapped under the droplet, making the surface display hydrophobic properties?®. The
surface can switch to the Wenzel wetting state, which is complete wetting of the surface, when the
environmental conditions change outside of their normal range, such as increased temperature or

pressure?®. This transition makes these materials less ideal for filtration and purification



applications because of the specific requirements needed for operation. Impurities and a pressure

driven process in the feed could easily disrupt these types of surfaces?®2L.

Bio-Inspired Filtration Solutions
In nature, the Nepenthes pitcher plant has evolved to use a specialized leaf design to capture insects
for prey. A fully wettable water-lubricated anisotropic surface is created which forms an ultra-
slippery surface that causes insect aquaplaning®?. This causes the insects to fall into the pitcher
portion of the plant to be digested. This design has been mimicked by scientists and engineers to
create slippery liquid-infused porous surfaces (SLIPS)?-2°, SLIPS are created by immobilizing
liquid layers onto the surface of highly wettable microstructures which creates an omniphobic
coating on solid surfaces that resists biofouling by preventing bacterial adhesion?*-?, SLIPS have
been shown to resist the adhesion of a variety of contaminants such as bacteria, blood, proteins,
and crude 0il?>=°, These types of surfaces can be created on existing materials that already display
the needed micro-nano porous structure3’. This allows these materials to be expanded into new

applications in engineering without being restricted to specific substrates.

Liquid layers have been developed on existing filtration materials to create liquid-based
gated mechanisms that allow for multiphase selectivity?>2°32, These surfaces have demonstrated
nonwetting properties that are caused by the immobilized immiscible liquid®2. Surfaces that are
hydrophobic due microstructures and stable air pockets are forced to rely on a stable air-liquid
interface that prevents the surface from switching between the Cassie and the Wenzel wetting
states. The use of immobilized liquid layers instead of trapped air pockets is able to overcome that
challenge because the liquid is stabilized via capillary action®?. Liquid-gated pores allow for a
membrane to switch between two states based on a critical transmembrane pressure?®2°32, When

the system is below the critical pressure, the immobilized liquid forms a uniform liquid layer and



seals the pores of the membrane. Above the critical pressure, the immobilized liquid is forced out
of the way, and fluid is allowed to flow through the pore. When the pressure is released, the liquid
layer reforms the uniform liquid surface?®?°, These liquid gated-membranes have been reported to

resist biofouling and allow for tunable multiphase selectivity for air-water-oil systems?329:33

In this work, immobilized liquid layers are applied to existing filtration materials. This is
done to improve resistance to biofouling, improve foulant recovery and prevent the buildup of
contaminants. Water filtration applications are investigated for resistance to biofouling from
bacteria. Aerosol filtration applications are investigated for resistance to the buildup of
contaminants and for bacterial recovery. New sustainable membranes are investigated for both

water and aerosol filtration applications.



CHAPTER 2: PTFE/PVDF MEMBRANES FOR WATER FILTRATION

Note: Portions of this chapter have been previously published in

ACS Appl. Mater. Interfaces 2022, 14, 6148—6156 by Rushabh M. Shah, Aydin Cihanoglu,
Justin Hardcastle, Caitlin Howell, and Jessica D. Schiffman

Background

Polyvinylidene fluoride (PVDF) and polytetrafluoroethylene (PTFE) are two common
materials for water filtration. These materials are fluorinated and are hydrophobic in nature. In
order to mimic the immobilized liquid layer of the Nepenthes pitcher plant, a fluorinated liquid
phase must be used to match the fluorine chemistry of the materials. Previous studies have shown
that these materials can be paired with a perfluoropolyether to create an immobilized liquid layer
and an infused membrane that is ultra-slippery and resists biofouling®?272°%_ PTFE is more
fluorinated than PVDF and has better chemical matching at the molecular level with
perfluoropolyether. PTFE is more hydrophobic than PVDF as well, but in turn is much more
expensive. PTFE can be purchased for approximately $0.70/cm?, while PVDF can be purchased
for approximately $0.05/cm?.3* PTFE has been shown to be able to support liquid layers in
previous studies as a super hydrophobic surface that resists bacterial fouling?®2>*®, Krytox 103
(K103) is a perfluoropolyether. This fluorinated oil us used as a general-purpose oil that is used as
a lubricant in the automotive industry®. It is clear, colorless, non-reactive, and stable under a wide
variety of operating conditions including temperature ranges of -60 to 154°C3®. Due to compatible
fluorine chemistries, PTFE has a high affinity for K103, which allows it to be used to support an
immobilized liquid layer??"%, PVDF has approximately half the number of fluorine atoms in each
monomer when compared to PTFE, but is investigated for the support of liquid layers to reduce

biofouling.



Filter Preparation

Poly (vinylidene fluoride) (P\VDF) membranes were prepared by cutting 25mm diameter
discs out of a 0.45 um pore size PVDF sheet (ThermoFisher Scientific). These membranes were
then soaked in 70% isopropyl alcohol for 30 minutes, washed three times with DI water and then
stored in DI water for 24 hours. The membranes were allowed to dry in air until visually dry.
PVDF membranes at this stage were used as dry controls. To create infused PVDF membranes, 30
pL of K103 (Perfluoropolyether Krytox 103, Dupont) was added dropwise to each membrane (6
pL/cm?) and spread to coat the entire surface by tilting. Infused membranes were allowed to sit for

30 minutes horizontal, and then 1 hour vertical to drain the excess?’.

Polytetrafluoroethylene (PTFE) membranes with a pore size of 0.45 um and a 25 mm
diameter were purchased from Sterlitech. These membranes were used as purchased as dry

controls. To make infused samples, 90 uL of K103 was added dropwise and spread by tilting.

Surface Characterization
Contact angle measurements are taken by placing a 10 uL droplet of DI water on the
surface of the sample. Three different locations for each sample are tested for the contact angle.
The droplets are photographed using a Canon Eos 6D Mark 11 camera with a 100 mm Macro lens
from the side view. The images are processed using the Contact angle plugin for ImageJ using
manual points selection. Two points are chosen along the base of the droplet, and then three points

are chosen along the droplet edge.

Tilt angle measurements are performed by placing the sample on an AP180-Adjustable
Angle Mounting Plate (Thorlabs, Newton, NJ) equipped with an AccuMaster digital level/angle

gauge (Carson, NV). A 25 uL droplet of DI water is placed on one side of the sample, making sure



that the droplet is clear from the edge of the membrane to prevent edge effects. The stage is slowly
tilted until the water droplet starts to move. The tilt angle measurement is recorded at the angle of
inclination where there is consistent droplet movement, shown in Figure 2A. Each sample is tested
3 times, with the membrane being rotated approximately a quarter turn between measurements to
ensure a new droplet path occurs each time. If no droplet movement occurs before 45¢, the

measurement is marked as a failure.

Biofilm Assay

A biofilm assay was performed by submerging samples in biofilm inducing media in a petri
dish. Eight types of samples were created. Dry controls of PVDF and PTFE were made, some were
submerged in only media, some were submerged with media that was inoculated with 70uL of
Staphylococcus epidermidis stock culture. Liquid-infused samples of PVDF and PTFE were also
created and submerged in media only wells and in inoculated media wells. These prepared samples
were then incubated at 37°C without shaking for 24 hours. If samples floated when placed in the
media, they were weighed down by ceramic weights so that they were completely submerged by
the media. After incubation, the samples were carefully removed from the media and placed into
a 0.01% crystal violet solution for 10 minutes. The samples were then removed from the crystal
violet, washed gently twice in DI water, and then imaged with controlled lighting. The crystal
violet in the samples was then extracted with a set amount of ethanol and the extracts were
analyzed with a spectrophotometer by measuring the absorbance at 600 nm. These values were

then normalized based on the absorbance of pure ethanol at 600 nm.

Filter Characterization
Professor Jessica Schiffman and her student, Rushabh Shah, at the University of Massachusetts at

Ambherst collaborated to investigate PVDF membranes to evaluate the performance of infused



PVDF membranes in a dead-end pure water permeability test?’. This was done to measure the
permeance of the membranes over repeated cycles. Pure water permeance tests were conducted
using a 10 mL dead-end stirred cell (Sterlitech) that was pressurized with a nitrogen tank?’. Flux
was calculated by measuring the change of mass on the permeate side using a digital scale (U.S.
Solid). Pressure values reported were gauge pressure values. Each bare membrane was compacted
at 3 bar pressure for 0.5 h. Ten filtration cycles were performed (30 minutes each) on the same

infused membrane sample at 1.5 bar transmembrane pressure with no resting time between cycles.

Results and Discussion
Contact angle measurements were taken of PVDF and PTFE samples to show that PTFE
is more hydrophobic. Dry PTFE membranes show a higher contact angle of around 128+5.9°,
while dry PVDF membranes show a contact angle of around 121+4.6°. Figure 1 shows that these
values are not statistically different, but PTFE is still slightly more hydrophobic. Contact angle
measurements cannot be taken from infused samples because the presence of the oil layer causes
a wrapping effect around the water droplet, changing the shape. This prevents an accurate

measurement for contact angles from being taken.

10



To characterize the surface of infused membranes, tilt angle measurements were taken.
This is done to show how easily a water droplet begins to slide off of the surface based on an
incline. The angle is slowly increased until either the water droplet begins to show consistent

n.s

150 H

100

Contact Angle (°)

o
o
1

Dry PVDF Dry PTFE

Figure 1: Contact angle of dry PVDF membranes and dry PTFE membranes. A Tukey test
shows that samples are not statistically different.

movement, or no movement is seen before 45°. If no movement is seen before 45°, the trial is
marked as a failure. Dry PVDF membranes show no droplet movement, and all trials were marked
as failures. This shows that the water droplet was pinned in place, despite the surface being
hydrophobic. PVDF membranes that were infused with K103 had a mixture of both failures and
some successful tilt angle measurements. Shown in Figure 2, the average tilt angle for the infused
PVDF membranes was 39.4+9.2°, but the results were highly variable and not statistically different
from the dry PVDF membranes. This is a high tilt angle, meaning that the liquid layer is not well
formed or that the liquid is easily pushed out the way by the water droplets. Dry PTFE membranes
had a lower tilt angle than any of the PVDF membranes, with an average tilt angle of 29.4+5.1°.
Infused PTFE membranes displayed an ultra-slippery surface (a surface with a tilt angle of lower

than 10°) with an average tilt angle of 5.4+1.7°, which is significantly lower than any other sample

11



type (p<0.001). This shows that the liquid layer is well formed and allows the water droplets to

easily slide off the surface of the liquid layer.

Pure water permeability tests performed by Rushabh Shah at the University of
Massachusetts Amherst of infused PVDF membranes over 10 consecutive filtration cycles shows

that no significant change in permeance takes place. Two different infusing liquids were
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Figure 2: (A) Diagram of tilt angle method. (B)Tilt angle results for dry PVDF, PVDF
infused with K103, dry PTFE, and PTFE infused with K103. A Tukey test was performed to
calculate statistical significance. (* p<=0.05, ** p<=0.01, *** p<=0.001)

investigated, Krytox 103 (K103) and Krytox 107 (K107). Both are PFPE, but the viscosities are
different, with K103 having a viscosity of 30 ¢St at 40°C*® and K107 having a viscosity of 450 cSt
at 40°C%. The permeance of K103-liquid infused membranes (K103-LIMs) and K107-liquid
infused membranes (K107-LIMs) over 10 continuous filtration cycles are compared in Figure 3.
Both types of infused membrane show permeance that is significantly different than bare
compacted membranes (p<0.001). This is as expected because the infusing liquid needs to be
pushed aside for the water to be able to flow through the pores. If the infusing liquid was being
washed away completely, the permeance would be expected to approach that of the bare membrane
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since no additional infusing liquid was added between the 10 consecutive cycles. No significant
change in the permeance was observed, which indicates that the infusing liquid is stable within the

pores of the membranes under pressure and liquid flow.

The biofilm assay of PVDF and PTFE membranes shows that the addition of an
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Figure 3: Pure water permeance of liquid infused PVDF membranes from Shah et al>’. Two
different viscosities of perfluoropolyether were investigated as infusing liquids. The initial pure
water permeance of compacted bare membranes is provided as a comparison. (*p<0.05)

immobilized liquid layer reduces biofilm formation for both types of membrane. Shown in Figure
4A, infusing PVDF membranes with K103 reduces biofilm formation by approximately 25%, and
infusing PTFE with K103 reduces biofilm formation by approximately 98%. Despite not having
the same chemical affinity for K103 that PTFE does, the addition of a liquid layer to PVDF

improves its anti-fouling properties.
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Figure 4: (A) Absorbance measurements (600nm) of the crystal violet extracted with ethanol
from biofilm assays of PVDF and PTFE Membranes normalized to the absorbance of pure
ethanol. (-) shows that there are no bacteria present in a sample. (+) shows that the media was
inoculated with S. epidermidis and formed a biofilm. (B) Crystal violet-stained biofilm on
PVDF control (+ Control PVDF). (C) Crystal violet-stained biofilm on PVDF infused with
K103 (+K103 PVDF). (D) Crystal violet-stained biofilm on PTFE control (+Dry PTFE). The
lighter colored circles show where the ceramic weights were used to weigh down the sample
in the media. (E) Crystal violet-stained sample of PTFE infused with K103 that was grown in
conditions that would cause biofilm formation (+K103 PTFE). A dashed circle was added to
show the outline of the infused membrane because the addition of K103 to PTFE causes the
membrane to become clear.
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Conclusion
Based on the biofilm formation assay, the addition of an immiscible-liquid layer to PVDF
membranes results in improved resistance to bacterial biofouling despite not performing well in
traditional surface characterization tests. The surface characterization tests were showing that the
liquid layer was not well formed and was easily displaced by water droplets. Based on these results,
the PVDF membranes were expected to not be able to resist bacterial biofilm formation and that
the liquid would be washed away easily in water filtration testing. This was not the case, as shown
by the results by Shah et al?’. The infusing liquid was shown to be stable under pressure and over
time in water filtration applications. These results, combined with the improved resistance to
biofouling shown in by the biofilm assay, show that infused PVDF membranes show promising

potential for improving fouling resistance in filtration applications.
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CHAPTER 3: PTFE/HEPA MEMBRANES FOR AEROSOL FILTRATION

Note: Portions of the chapter appear in

Regan, D. P., Fong, C., Bond, A., Desjardins, C., Hardcastle, J., Hung, S.-H., Holmes, A. P.,
Schiffman, J., Maginnis, M., Howell, C. Liquid-infused filters improve the recovery of captured
airborne bacteria and viruses (in preparation)

Background
The frequent collection of airborne pathogens for identification can aid in the monitoring
of high-risk environments such as hospitals, airports, and other public spaces and can help fill
critical knowledge gaps in the study of aerosol transmission routes*¢#2. The development of robust
biosurveillance systems will contribute to the tracking of strain mutations and shifts in genomics

and proteomics of new pathogens as they spread®43,

There are two current methodologies for monitoring airborne pathogens**°. Liquid
impingers are used when the viability of the collected sample is the priority, but these systems face
challenges such as sample loss, re-aerosolization, and low efficiency* . Filter based sampling
has a higher range for particle size capture, but the samples are often damaged due to desiccation
and impaction®#’. In order to combine the benefits of both types of systems, modifications need

to be made to filter based sampling.

Novel Solid-Liquid Pairings for Immobilized Liquid Layers
The results from the previous chapter show that PVDF filters being used in a water
filtration system allow for a PFPE infusing liquid to be stable within the pores under pressure?’.
This demonstrated that despite a lack stability as shown through established surface
characterization testing, the presence of the liquid layer on the membrane under pressure can alter
the performance the membrane. PVDF does not have the same chemical affinity for the

perfluoropolyether that PTFE does due to the reduced number of fluorine atoms. The performance
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of the liquid layer under pressure despite the lack of chemical affinity prompted the testing of other
types of filtration materials with the infusing liquid that would not normally perform well in
surface characterization testing. High efficiency particulate air (HEPA) filters are used to
drastically reduce the number of particles, including bacteria and viruses in the air by up to
99.9%*. In this study, the HEPA filters used were made from melt blown polypropylene fibers.
Polypropylene has zero fluorine atoms, but was explored based on the successes of PVDF

membranes that had less fluorine atoms than the PTFE membranes.

Filter Preparation

PTFE membranes with a pore size of 1.0 um diameter were purchased from Sterlitech. Four groups
of infused PTFE membranes were created based on high vs low viscosity of PFPE, and high vs
low volume of PFPE. K103 was used as the low viscosity PFPE (82cSt), and K107 was used as
the high viscosity PFPE (1535 cSt)*. High volume infusion was 160 pL, low volume infused was
80 pL. HEPA samples were cut from H13 HEPA filters (Nanjing Blue Sky Filter Co.) to a diameter
of 17 mm. HEPA samples were infused by adding 160 uL K103 dropwise and the excess was

allowed to drain.

Surface Characterization
Dry control PTFE and HEPA filters were used to conduct contact angle measurements. A
10 pL droplet of DI water was placed onto each of the dry control filter surfaces. Each filter was
tested in three locations. Images were taken with and EOS 5D Mark Il camera (Canon) and

measured using the low-bond axisymmetric drop shape analysis ImageJ plugin.
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Aerosol Filtration
An aerosol filtration system was constructed based on previous studies***°, and the flow
diagram can be seen in Figure 5. Air in-take filter and in-line filters were VVacushields from Fisher
Scientific. Diffuser is a Philips Healthcare Innospire Go portable mesh nebulizer. Vacuum pump
was a JB industries DV-200N Refrigerant evacuation pump with 7cfm displacement, %2 HP, 115
V, and 7.5 A. Filter samples were tested in the aerosol filtration system by being placed into the

filter housing, marked as liquid-gated membrane.

Liquid-Gated Membrane

Aerosol Vacuum Flask
Chamber Vacuum Pump

Air In-Take
Filter

Differential Pressure
Diffuser Filter Gauge

[Pathogen Source]

Figure 5: Diagram of aerosol filtration system. Flow moves from left to right
The aerosol filtration and bacterial studies in this chapter were performed by Dr. Daniel P.
Regan*3°, E. coli stock cultures were grown in 2 mL LB broth overnight at 37°C. The bacteria
stock solution was diluted in phosphate buffered saline (PBS) to an absorbance of 0.04 at 600 nm.

This bacterial dilution was used to fill the diffuser for all filtration runs.

To prime the system for bacterial aerosol testing, the system was run for 15 minutes before
testing any filter samples. The diffuser was turned on, the aerosol chamber was closed, and the
vacuum pump was turned on. After 15 minutes, the system was primed for use. Each sample was

tested by running the vacuum without the diffuser for 1 minute, then running both the diffuser and
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the vacuum for 6 minutes, and then another 1 minute with just the vacuum. The sample was then
placed in a conical tube to rest for 15 minutes. After resting, the filter was stamped onto a square
LB agar plate 9 consecutive times. Each stamp was performed by placing the side of the filter the
was upstream in the system down onto the agar surface and then pressing gently with the back of

curved forceps. The plates were then incubated at 37°C overnight before conducting CFU counts.

Crystal Violet Assay

A crystal violet assay was performed with 0.01% crystal violet. HEPA samples (dry and
liquid-infused) were submerged in the crystal violet solution for 10 minutes, rinsed twice with DI
water, allowed to air dry, and then imaged. The images were processed in ImageJ for % coverage
based on a threshold value. This was used to estimate how much of the filter was stained with
crystal violet compared to how much resisted the stain. In ImageJ, the images are converted to 8-
bit and the background is removed. The threshold value is set to 140 on a scale of 0 to 255 (0=black,
255=white), and the fraction area tool is used to measure the fraction of pixels that are below a
value of 140 out of the total number of pixels. This value gives the fraction of area that has been

stained by crystal violet compared to the total area of the filter.
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Results and Discussion
HEPA filters that were uncoated or that had been infused with K103 were unable to be
characterized with traditional surface characterization tests because the surface is too porous and
rough. The outer shell of the HEPA filter is made of larger fibers that prevent larger debris from
reaching the interior of the filter. This prevents the use of established surface characterization

testing methods such as contact angle or tilt angle.

The filtration of bacterial aerosols yielded high variability due to many factors. The
priming step was added to the protocol to saturate the system with bacteria to mitigate the change
seen over time during a run. For this system, there was no way to ensure that the same volume of
the bacteria dilution was aerosolized for each sample, or that all of the bacteria that were

aerosolized reached the filter samples.

There was no statistical difference seen between sample types for PTFE after the first
bacterial removal cycle CFU count, as seen in Figure 6B. This suggests that there is no difference
in the initial rate of bacterial recovery from the surface of PTFE. PTFE is hydrophobic without
PFPE, but becomes ultra-slippery when infused. Figure 6C shows that a significant difference in
the normalized CFU count is not seen until the third removal cycle for high and low volume

infusions of the high viscosity samples (p<0.006).
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Figure 6: Cumulative colony-forming unit (CFU) count of (A) all nine removal cycles and
(B) CFU counts for the first removal cycle only for dry PTFE controls and varying viscosities
and volumes of PFPE. There were no significant differences between the sample groups. (C)
Normalized release rate for each cycle of bacteria removal. Both the high volume and the low
volume — high viscosity samples released bacteria faster than the dry controls, which resulted
in a significant difference in normalized CFU counts by the third cycle (p<0.006). Figures

taken from Regan et al 2022 (in preparation)*.
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Figure 7A shows that infused HEPA samples yield no statistical difference for the first
bacteria recovery cycle CFU count, or in total recovery CFU count in Figure 7B. Infused HEPA
filters displayed a higher and more consistent release rate than dry HEPA controls, shown in
Figure 7C. The polypropylene fibers in HEPA filters most likely retain PFPE via capillary forces,

which form a liquid net that stabilizes the capture and release efficiency for liquid net filtration.
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Figure 7: (A) CFU counts of first removal cycle (B) and total CFU counts for dry HEPA
control filters vs HEPA filters infused with PFPE. There were no significant differences
between sample groups. (C) Normalized release rate for all nine bacteria removal cycles.
Figure taken from Regan et al 2022 (in preparation)*.
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To characterize the effectiveness of the added liquid layer, the crystal violet assay was
used. In Figure 8A, the results of the crystal violet assay have been quantified via ImageJ analysis.
The 140-threshold level was chosen based on visual estimation. The threshold level was adjusted
until it was able to distinguish between visually stained portions of the filter and unstained
portions. The HEPA control that was not infused can be seen in Figure 8B(i), and the HEPA filter
that was infused with K103 can be seen in Figure 8B(ii). The amount of staining from the crystal
violet between the two sample types is significant (p<0.001). The infused HEPA filter resisted
crystal violet staining despite not having any chemical affinity for the infusing liquid. This shows
that the fluorine pairing from the previous chapter was not the only characteristic for identifying a

successful match of infusing liquid and solid substrate.

120 H

100

Percent Area (%)

HEPA Control HEPA + K103

Figure 8: (A) % coverage analysis of HEPA filter after crystal violet assay. Statistical
significance was calculated with a Tukey Test. (***p<0.001) (B) Dry HEPA control after

crystal violet staining (i) and HEPA filter infused with 160uL K103 after crystal violet
staining (ii)
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A potential biosurveillance device is outlined in Figure 9. A bioaerosol source releases
particles containing bacteria or viruses, which are then captured by an air purifier. The
modification that could improve sample viability and aerosol capture efficiency is within the
membrane itself. A dry membrane currently requires mechanical or chemical collection
techniques that may reduce sample viability. A membrane with a liquid net could be added to an
air purifier to improve collected sample viability and allow for greater sample collection. Above
the critical pressure, the pores of the liquid net would open, allowing for air flow through the
filter. When the pressure is reduced below the critical pressure, the liquid layer reforms, pushing
the captured pathogens out of the pores and to the immobilized liquid layer surface. This
phenomenon would allow for the improved capture efficiency of a filter-based sampling system,

and the improved viability of a liquid-based capture system to be combined into one.

Dry Membrane (Side View)
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Figure 9: Schematic description of the experimental concept. Figure from Regan et al 2022
(in preparation)®.
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Conclusion
Infused HEPA filters show improvements in rate of release and yield a more consistent release
than dry controls, show no difference in total bacterial recovery. A difference in the first recovery
cycle may be seen, but additional testing is required to show significance. HEPA filters infused
with PFPE were able to successfully resist crystal violet staining. This is a promising result that
shows that chemical affinity and surface characterization testing are not the only defining factors
for identifying potential solid-liquid pairings for creating immobilized liquid layers. The success
of infused PVDF in the previous chapter and the success of infused HEPA filters open up the path
forward for testing new pairings. Filter characteristics such as surface morphology, porosity, pore
geometry, and more are likely reasons that these materials are able to support a liquid layer despite
not having optimum chemistry for doing so. The liquid layer may be supported via capillary action
and surface tension instead of through primarily chemical affinity. Further testing is required to
identify the limits of infused HEPA filters and its stability under extended use. The addition of a
PFPE liquid layer decreases efficiency and increases the pressure drop in the system, but shows
improvements to bacterial recovery and fouling resistance. This trade off will need to be

considered when applying this concept to larger systems and in other applications.
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CHAPTER 4: SUSTAINABLE HYDROPHOBIC PDMS COATED PAPER FILTERS

Background
Many filtration materials and immobilized liquid surfaces rely on the use of per- and poly-
fluoroalkyl substances (PFAS). PFAS are defined by the presence of the perfluoroalkyl moiety
CnFan+1-. Perfluoroalkyl moieties are highly chemically and thermally stable and are both
hydrophobic and lipophobic®. These properties make PFAS highly desirable for use in surfactants
and polymers. Polymer applications can include textile stain and soil repellants, food-contact

paper, filtration materials, and non-stick coatings>®->2.

There is a growing concern about the use of these forever chemicals in many different
industries. The high stability of these chemicals and their widespread use have led to considerable
soil and groundwater contamination®®. PFAS have high environmental persistence with high
bioaccumulation potential and associated toxicities®®®3**. A major concern for public health is
with the major risk pathway for the bioaccumulation of PFAS through the food chain via drinking
water, meat, fish, and milk, and also through food that has been packaged in PFAS-containing
materials and indoor dust inhalation®>3%°, PFAS are known as endocrine disruptors because they
reportedly alter androgen and estrogen-receptor functions®°¢°8  With the high risk for
bioaccumulation, PFAS have been reported in the blood serum and breast milk in humans all
around the world®>". Exposure to specific types of PFAS has been shown to affect human health
through altered kidney and thyroid function, immunosuppression, and deleterious effects on

reproduction and development®®-8, Perfluoropolyether falls under the PFAS characterization®!>2,

The chemical vapor deposition of polydimethylsiloxane (PDMS) onto various substrates
has been shown to create superhydrophobic surfaces that resist corrosion and improve oil/water

separation®°. On aluminum, contact angles of up to 158.7° have been reported®. PDMS has been
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used to support immobilized liquid layers by being infused with silicone 0il?>3°. Whatman paper
filters are made from cellulose and are a commonly used material in chemistry labs for the
separation of solids and liquids and come in a variety of pore sizes for different applications®®.
Chemical vapor deposition of PDMS onto cellulose-based paper filters is investigated for

producing a hydrophobic surface and supporting a liquid layer of silicone oil.

PDMS Coated Paper Filter Development

PDMS coated paper filters were produced by adding PDMS base (Sylgaard 184) to fully
cover the bottom of a 250 mL Pyrex beaker. Whatman Grade 1 Quantitative Filter Paper was used
to cover the top of the beaker and then held in place by tightly covering with aluminum foil. The
prepared beaker was then heated slowly with a hot plate inside of a fume hood to 300°C. Once the
vapors fully saturated the inside of the beaker and condensation could be seen on the sides, the
temperature was held constant for 10 minutes. The hot plate was then turned off and the beaker
was allowed to cool to the touch. The PDMS coated paper was then removed and tested for a
contact angle. Contact angle was measured by placing a 10uL droplet of DI water at 3 different
locations on the treated surface. The droplets were photographed from the side with a Canon EOS
6D Mark Il camera with a 100 mm macro lens (Canon, Huntington, NY). The photos of the

droplets were analyzed with the Contact angle Plugin for ImageJ®?,

To increase production of PDMS coated paper filters, a new system was created for
suspending the filters in the PDMS vapors. Paper filters were cut from Whatman Grade 1
Quantitative Filter Paper to a diameter of 19mm and placed onto racks made of steel mesh and
were suspended at two different heights within a 1L Pyrex beaker by aluminum wire, shown in

Figure 10. Enough PDMS base was added to completely cover the bottom of the beaker and the
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racks were suspended at 5¢cm and 9cm above the surface of the PDMS base. The beaker was then
covered tightly with aluminum foil and heated slowly to 300°C. The beaker was held at saturation
for 10 minutes and then allowed to cool to the touch. The filters were then removed from each
layer carefully to ensure the top and bottom were oriented correctly for testing. Contact angles
were measured for the top and bottom of each filter on each height layer. The weight change of
each filter from PDMS coating was tracked. Each filter was weighed before treatment and after,
and the position of each filter was tracked throughout the entire process so that the weight change

could be correctly calculated.

The next stage of the process development was increasing the time held at saturation to 30
minutes in effort to increase the coating efficiency. To reduce the amount of variability between

filters for contact angle and weight change from coating, and to increase the number of filters that

Figure 10: (left) Bilayer horizontal setup for chemical vapor deposition of PDMS. Layers are
5cm and 9cm above liquid surface. (right) Vertical setup for chemical vapor deposition of
PDMS. Layer is 5¢cm above liquid surface and can hold 20 samples at a time for coating.
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could be coated per batch, a rack was constructed from aluminum wire that would hold the filters
vertically on top of a steel mesh rack at the 5 cm height layer, as shown in Figure 10. This vertical
orientation allowed for 20 PDMS coated filters to be produced per batch. Filters at this stage were

tested for contact angle and weight change.

To prepare samples for Scanning Electron Microscopy (SEM) imaging, a baking step was
added to ensure that samples were dry. Samples were baked overnight at 70°C in an Isotemp Oven.
SEM imaging was performed on uncoated filters and PDMS coated paper filters that had been
baked. This baking step was included for all PDMS coated samples after this point. Samples were
sputter coated with a 6nm layer of gold-palladium. SEM imaging was performed using an AMRay
1820 with 5 kV accelerating voltage and magnifications of 1 kX and 2.5 kX. Image capture was

performed with and iXRF digital-capture system.

To produce infused samples, two infusion methods were tested. The first method was
adding 150 pL of silicone oil (10cSt polydimethylsiloxane, trimethylsiloxy terminated) per filter
(approximately 53 pL/cm?) and then draining vertically for 10 minutes. The second method was
fully submerging the samples in silicone oil for 30 minutes and then draining vertically for 10
minutes (long soak method). These infused samples were then tested for weight change after

infusion to calculate silicone oil uptake.

To test if samples were viable for use in air filtration, samples were tested in the aerosol
filtration system described in Chapter 3, Aerosol Filtration, and the transmembrane pressures were
measured during a 5-minute filtration cycle. To test if the pores were still open after coating and
infusion, a liquid filtration system was created. Samples were placed in a 2 mL Buchner funnel
that was attached to a vacuum flask with a small electric pump. Using a serological pipette, 10 mL

of DI water was added to the Buchner funnel with the electric pump running, and the time to filter
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the entire volume was measured. For both aerosol and liquid filtration, untreated control paper
filters, PDMS coated paper filters, and infused PDMS coated paper filters (both methods) were

tested.

The ability for the PDMS coated paper filters to resist the adhesion of contaminants was
evaluated with a crystal violet assay. Samples were dipped in 0.01% crystal violet for 5s, washed
in DI water twice, and then allowed to dry. These samples were imaged and then the crystal violet
was extracted with 1.5 mL ethanol for each sample. The CV extract was then analyzed with a

spectrophotometer by measuring the absorbance at 600 nm after being normalized to pure ethanol.

Results and Discussion

Early treatment methods for producing PDMS coated paper filters showed a lot of
variability and were not always successful. Shown in Figure 11, the variability within the two-
layer horizontal setup can be seen. There are differences between the tops and the bottoms of the
filters, and between heights. Each group in these often had some samples that were considered
failed treatments because the water droplet would soak into the filter during the contact angle test.
This showed that the coating treatment was inconsistent and not always effective. This could be
also seen because some filters would come out of the treatment with some spots that appeared wet.
These spots are most likely explained by two potential causes. First is that the PDMS was boiling
too aggressively and would sometimes pop or splash so that a drop of it would hit some of the
filters. This is possible for the 5 cm height layer, but not the 9 cm layer because the drop would
have to go through two steel mesh screens and a layer of samples to do so. Second, is that the steel
mesh was causing the vapors to condense back into a liquid form which would then soak into the
paper filters at certain contact points. This could also help explain some of the variability between

the top and bottom layers of the filters.
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To further optimize the production method, the vertical orientation set up was created. This
allowed for all of the samples in a batch to be produced at the same height (5 cm above liquid) and
for a total number of samples produced at a time to increase to 20 filters. The number of contact
points with any metal was also reduced to limit the effects of any condensed liquid on the metal
surfaces. The vertical orientation allowed for a more uniform flow of the vapors across the surface
of the filters on both sides. This addressed the issue of variance between sides of the filters that

the horizontal orientation produced. The 30-minute time at vapor saturation was retained after the
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Figure 11: Contact angle results for PDMS coated paper filters at different heights in the two-
layer setup, top and bottoms of filters, and different times held at saturation. A Tukey test was
used to test for significance. (* p<= 0.05)

vertical setup was implemented because the number of failures (water soaking into filters during
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contact angle testing) was reduced to zero. The vertical orientation with 30 minutes at saturation

yielded an average contact angle of 96.5+11.4°.

Baked samples of PDMS coated paper filters and dry samples were imaged using SEM
imaging. Figure 12A shows a baked PDMS coated paper filter at 1000X and it can be seen that
some of the finer details and strands of cellulose fibers are missing that can be seen in the dry
control in Figure 12C. This means there is either these smaller fibers are missing in the PDMS
coated samples or that there is an additional layer that is coating the fibers to make them appear
larger or forcing them to adhere to larger fibers. This can be seen more clearly at 2500X in Figure
12B, where absolutely no fine fibers can be seen. During the imaging steps, the intensity of the
electron beam seemed to be melting the PDMS, which is why the surfaces appears smoother and
more liquid-like. The appearance of this PDMS coated surface is drastically different than the

surface of the dry control at 2500X seen in Figure 12D.
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Figure 12: SEM images of (A) Baked PDMS coated paper at 1000X, (B) Baked PDMS
coated paper at 2500X, (C) Uncoated dry paper filter at 1000X, and (D) Uncoated dry paper
filter at 2500X
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To characterize how much silicone oil was supported in a liquid layer by these baked
PDMS coated filters, the weight before and after infusion with silicone oil by two different
immersion methods was tracked. The first method was by adding silicone oil drop wise and then
draining the excess. The second method was by immersing the samples completely in silicone oil
for 30 minutes and then draining for 10 minutes. The weight change from each of these methods
can be seen in Figure 13. The weight of the infused silicone oil was calculated by subtracting the
pre-infusion weight from the post-infusion weight. This gives the amount of silicone oil that was
absorbed by each membrane. There is a significant difference between the baked PDMS samples

that underwent a long soak infusion and either control method as seen in Figure 13. This shows
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that this layer soaked up less Si oil than the control. This can be explained by two sets of reasoning.
Either the PDMS coated the filter so that the Si oil could not soak into the cellulose fibers as
efficiently, or it had already caused the cellulose fibers to swell so there was less room for the Si
oil to cause swelling. This was a different result than expected because the PDMS was expected

to swell to support an immobilized liquid layer of the Si oil.
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Figure 13: Weight change from silicone oil infusion by two methods of infusion. Control
samples were uncoated paper filters. First method was adding Si oil dropwise and draining,
and second method was the long soak method. A Tukey test was used to test for significance.
(* p<=0.05, ** p<=0.01, *** p<=0.001)



Filtration Efficiency

The transmembrane pressures of samples with and without silicone oil were measured and
can be seen in Figure 14A. There is no statistical difference seen between any sample type. This
suggests that the addition of a PDMS coating or a silicone oil layer does not reduce filter efficiency
in terms of flux. The time to filter 10mL of DI water in a vacuum flask was timed for each sample
type and can be seen in Figure 14B. The only sample type that took significantly longer to filter
was the uncoated paper filter with Si oil. This means that the presence of silicone oil without a
PDMS coating reduces the flux of DI water in a water filtration application. After 3 cycles of
filtration, the PDMS coated samples were still able to prevent a drop of water soaking in after
being removed from the vacuum filtration system. This suggests that the PDMS coating is stable

and not able to be easily washed away by water.

The crystal violet assay of the samples demonstrated that the PDMS coated samples are
able to more easily resist staining than untreated samples. As seen in Figure 15, samples that had
not been treated with PDMS, with or without silicone oil, were stained much more fully with
crystal violet. This shows that the PDMS coating of the paper filters not only causes the paper
filters to be more hydrophobic, but also that they are able to prevent the adhesion of an aggressive

stain.
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Figure 14: (A) Transmembrane pressures of samples in the aerosol filtration system. No
statistical significance was seen between any sample type according to a Tukey test. (B) The
time to filter 10 mL of DI water in a vacuum flask. The only sample type that was
significantly different is the uncoated control with Si oil.
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Figure 15: Absorbance at 600nm of the CV extract of samples after a crystal violet assay.
Values have been normalized to the absorbance of pure ethanol at 600nm. Statistical
significance was done with a Tukey Test. (***p<0.001)

Conclusion
PDMS coated paper filters still require optimization to be applied to more robust filtration
applications. The results in this chapter demonstrate a successful treatment method that allows for
a hydrophobic material to be created from an inexpensive hydrophilic substrate. This treatment
does not block the pores in water nor air filtration. The PDMS coating adds a layer of protection
that resists crystal violet staining and indicates that fouling can be reduced. The stability of the Si
oil layer still needs to be investigated, and may require the testing of a variety of viscosities in

order to create an optimized version.
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CHAPTER 5: CONCLUSIONS AND FUTURE WORK

Membrane fouling leads to the accumulation of a variety of costs in filtration systems.
Fouling leads to a decrease in filtration efficiency, an increase in the frequency of chemical and
mechanical cleaning techniques, and a decrease in membrane lifetime. The combination of these
factors increases system cost and process downtime. Addressing these problems requires novel
solutions in terms of filtration materials. Preventing the adhesion of contaminants such as bacteria,
can reduce the initial step of biofilm formation, bioadhesion. Anti-fouling properties have been
observed with the use of SLIPS, and these ideas have been applied to filtration materials for

multiphase separation processes.

Infused PVDF membranes can be used to support an immobilized liquid layer of a
perfluoropolyether infusing liquid, despite not having an optimized chemical affinity for it. PVDF
membranes were able to show notable improvements by being infused in functional testing even
though surface characterization tests predicted poor performance. According to the surface
characterization tests, the liquid layer was not well worked and could easily be displaced. This was
disproved based on functional tests such as the biofilm formation assay and the results of the pure
water permeance tests of Shah et al?’. These successful results paved the way for future work with

different solid-liquid pairings to identify new materials for the creating of solid-liquid layers.

Infusing HEPA filters with PFPE yields a trade-off. The addition of a liquid layer on HEPA
filters allows for the resistance of crystal violet staining, which suggests that other contaminants,
such as bacteria, would also display reduced adhesion. The presence of the liquid layer also
decreases efficiency and pressure drop across the membrane. Infused HEPA shows improved
bacterial recovery with the first cycle, but no difference in total recovery. Overall, the rate of

bacterial recovery is more consistent than dry controls. This solid-liquid pairing will require further
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optimization to begin approaching use in a biosurveillance system for public health monitoring.
Further work to characterize sample viability after recovery would need to be done before being

compared to current methods for air sampling.

Future work with PVDF will be to characterize the functional performance over time with
liquids containing bacteria and foulants instead of pure water. These future studies will also need
to investigate different cleaning techniques for these infused PVDF membranes. The cleaning
techniques developed will need to allow for the liquid layer to be retained during cleaning or will
need to include a replenishing step before restarting filtration. The goals of these new methods will
to be reduce the frequency of cleaning, time and resource costs of cleaning, retaining filter

efficiency, and extending the lifetime of a filter.

Sustainable PDMS coated paper membranes are still in the early stages and there is a lot
of work that needs to be done before they can be useful. The success of this work has been to create
a hydrophobic filtration material from an inexpensive and sustainable hydrophilic material. The
stability of the silicone oil layer has not been investigated nor fully optimized. Future work will
include a collaboration with the University of Massachusetts Amherst to characterize bacterial
interactions with the immobilized liquid layer based on a live/dead microscopy study. Other types
of paper filters will also need to be tested. Currently, samples have only been created from
Whatman Grade 1 paper filters, which have an estimated pore size of approximately 11um, which
would allow for many bacteria to flow through during filtration. Smaller pore sizes will need to be
used for bacterial filtration. The only viscosity of silicone oil tested with these filters is 10 cSt, so
several other viscosities will need to be tested to identify which will be optimum for different pore
sizes. Future work will be testing how bacterial filtration in liquid and aerosol filtrations. Bacteria

will be aerosolized and tested in the aerosol filtration system shown in Figure 5.
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The successes discussed in this thesis will drive the field forward for creating immiscible
liquid-coated materials for water and aerosol filtration. The creation of PDMS coated paper filters
opens an entirely new category of SLIPS and will likely inspire the treatment of other materials

with coatings of PDMS.
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