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Abstract
Hjelvik, Elizabeth (Ph.D., Materials Science and Engineering)

Improving Surface and Materials Properties of Distillation Membranes for Water
Desalination

Thesis directed by Professors Anthony Straub and Michael Toney

There is an increased interest in implementing distillation membranes in desalination
technologies due to their potential for high chemical resistance and ability to reject
nonvolatile contaminants. Distillation membranes are typically hydrophobic in nature
therefore, when they are submerged into a wastewater stream, an air liquid interface is
formed and driving forces such as heat, pressure or concentration cause the water to
evaporate at the interface and transport through the membranes as vapor water. This
mechanism allows for full rejection of nonvolatile contaminants from the feed stream.
While distillation membranes have benefits over commercial membranes, they also suffer
drawbacks. Like most membranes distillation membranes are susceptible to the buildup
of material on their surface, otherwise called fouling. This causes the eventual decline of
the membrane’s performance through either clogging of the membranes pores or water
penetrating through the air-gap leading to pore wetting and eventual loss of the highly
selective nature of these membranes. The purpose of this dissertation research is to
understand the surface and materials properties of distillation membranes for their
eventual application as air-gap membranes in desalination technologies. As a first
objective, we aim to understand the full extent of commercial distillation membranes
chemical resistance to oxidative disinfection chemicals. From this information, we probe

methods to modify commercially available distillation membranes to prevent fouling and



wetting. We investigate how low power plasma technologies can create omniphobic
surfaces to prevent pore wetting. Then we explore utilizing an atomic layer deposition
process to create self-cleaning catalytically active distillation membranes to prevent
fouling. Lastly, we explored ways to improve the flux of distillation membranes in pressure
driven processes through the informed design of their pore structures. Overall, this
dissertation research provides insight into the design and subsequent fabrication of highly

oxidative resistant distillation membranes that can resist fouling and wetting.
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1. Motivation and outline

There is an increased interest in implementing distillation membranes in desalination
technologies due to their potential for high chemical resistance and ability to reject
nonvolatile contaminants. To realize the benefits of distillation membranes in desalination,
they must be sufficiently designed to address their propensity for fouling and wetting while
retaining their high selectivity and their high chemical resistance. The purpose of this
dissertation research is to understand the surface and materials properties as well as the
design parameters of distillation membranes for their eventual application as air-gap
membranes in desalination technologies.

As a first objective, we aim to understand the full extent of commercial distillation
membranes chemical resistance to oxidative disinfection chemicals. Water treatment
trains integrate chemicals and membranes into a multistep process. However, current
commercial membranes such as polyamide have been found to suffer severe degradation
from chemicals primarily due to the amide bond present in polyamide. Distillation
membranes are often believed to have high chemical resistance due to their chemical
structure being comprised of fluorocarbons or hydrocarbons. However, their chemical
resistance to pretreatment chemicals has yet to be tested. Therefore, we probed how high
exposure of chemical oxidants would impact performance, materials, and chemical
properties of commercial distillation membranes. From this study, we found that
fluoropolymer membranes yielded higher oxidation resistance than membranes
comprised of only hydrocarbons.

Once we understood the chemical resistance of commercially available distillation

membranes, we wanted to probe methods to modify distillation membranes to prevent



fouling and wetting. Fouling is a universal issue in membranes systems, fouling on
distillation membranes can lead to the eventual intrusion of water into the membrane
pores leading to catastrophic failure. Therefore, we were interested in probing surface
modification methods that could improve distillation membranes anti-fouling and anti-
wetting ability.

As a step to address wetting, we demonstrated a quick and efficient method to create
nanostructures on a PTFE membrane utilizing a low power oxygen plasma process. The
plasma modified membranes showed higher wetting resistance to low surface tension
liquids. Then to further inform surface design processes for antiwetting membranes we
probed into the nanotexture formation mechanism and found that plasma is locally
heating the top surface thus leading to the texture formation. Then as a step to prevent
fouling, we explored creating catalytic coatings on the membrane top surface with atomic
layer deposition. We found that we were able to successfully coat a PTFE membrane with
TiO2 without impacting the membrane’s overall wettability. Additionally, the TiO2 coated
membranes demonstrated catalytic degradation of a model dye molecule after exposure
to UV light.

Finally, we explored how to increase water fluxes in distillation membranes. Overall,
design parameters such as pore size, shape, and length can help address the critical
need for higher permeability distillation membranes. Overall, this dissertation aimed to
improve distillation membrane performance through understanding the oxidation
properties of current distillation membranes, improving the surfaces for antiwetting and
antifouling properties and probing how the membranes physical parameters such as pore

size, shape and length can improve overall permeability of the membrane.



2. Water scarcity, desalination, and membrane technologies.

2.1. Water scarcity and current desalination technologies

In recent years, the ability to provide clean water to global populations has become a
substantial challenge. With freshwater sources declining due to declining water sources
and increasing water demand, populations across the world have begun to experience
critical water stress.” Due to this global water scarcity, there has become a significant
need in developing technologies that are able to create clean water outside of the natural
hydrological cycle.?

Presently, membrane-based technologies have been widely implemented in water
purification and desalination to treat unconventional water sources.® Membrane
desalination is defined as the process in which salt and minerals are removed from water
through a semi-permeable membrane. Current membrane technologies include
microfiltration, nanofiltration, and reverse osmosis (RO) processes, with RO being widely
used in brackish and seawater desalination.* In RO, the thin film composite membranes,
commonly polyamide, Figure 1A, and historically cellulose acetate, are able to achieve
rejections of monovalent ions, such sodium and chloride, that are greater than 99%.45 In
addition to their high rejection, polyamide membranes have been shown to have relatively
high performance in recovering clean water.

Desalination membranes technologies can be broadly separated into liquid-filled or air-
gap membranes, with RO membranes being considered liquid-filled membranes.®
Transport through the membrane’s has been suggested to follow the solution- diffusion

model, Figure 1B. According to this model, for water to move across the membrane it first



must absorb into the polymer network, then diffuse through the membrane and eventually

experiencing desorption on the permeate side. 4©

A) B)

O NH 1. Sorption into the polymer from
n the feed

Diffusion through the polymer
Desorption into the permeate

W N

Figure 1: A) Polyamide structure B) Schematic of transport of water through liquid filled

(PA) membrane.

Equation 1 explains the parameters that impact flux through an liquid filled membrane,
where Jw, is defined as liquid flux through the membrane, L is the permeability coefficient,
p is the transmembrane pressure difference, and 11 is the osmotic pressure difference
between the feed and product water (permeate). The permeability coefficient is defined
in equation 1.1, where D is the water diffusivity, S is water solubility, V is water partial

molar volume, and | is the membrane thickness.

]w,l = L(AP - AT’-') Eq 1.0
_bsv Eq 1.1
"~ RTI

7w = CRT Eq 1.2

Equation 1: Liquid filled membrane flux equations.



Osmotic pressure is reliant upon the solution concentration and temperature and for
simplicity we simplify osmotic pressure to a thermodynamically ideal solution, defined in
equation 1.2, where C is the ion concentration, R is the ideal gas constant and T is the
operating temperature. RO processes typically operate at high pressure to account for
the difference in osmotic pressure between the feed and permeate side. RO technologies
have found significant use in processing seawater and brackish water. In seawater,
osmotic pressure can range from 23-35 barr and brackish water 1-3 barr. Therefore, to
overcome the osmotic pressure and drive transport through RO membranes, feed
pressures can range from 60-80 and 6-30barr, for seawater and brackish water

respectively.

Permeability in liquid filled membranes is inversely proportional to membrane thickness
and can be theoretically higher than current observed values. However, even though in
theory, RO membranes can reach higher water permeabilities, it has been found that
through increasing the permeability there is a loss in selectivity due to a permeability-
selectivity trade-off.6

While RO has been widely implemented in desalination plants worldwide, there are
significant issues with the membranes used. Polyamide RO membranes are faced with
an inevitable decline in performance due to fouling or the buildup of materials on the
surface. Presently in desalination, pretreatment steps that add oxidative or chlorine
containing chemicals to feed streams have been pursued to help reduce fouling.
However, it has been found these chemicals interact with the amide linkage thus leading
to unfavorable degradation of the polyamide membrane and a loss in performance. 78

Additionally, while there is a high rejection of salts in RO, low molecular weight neutral



compounds have low rejections. This is believed to be due to these compounds having
smaller hydrodynamic radius’s than hydrated ions.® Therefore, new membrane materials
must be pursued to address these drawbacks and a potential alternative that has been

found is hydrophobic distillation membranes.

2.2. Distillation membranes

Distillation membranes are different from RO membranes in that they are considered air-
gap because of their hydrophobic nature. When submerged into a wastewater stream, an
air-liquid interface is formed at the entry of the pore. Driving forces such as heat
(membrane distillation) pressure (pressure driven distillation) or concentration (osmotic
distillation) cause the water to evaporate at the interface and travel through the
membranes as vapor water.® Eventually the water condenses on the permeate side as
pure water. This mechanism allows for full rejection of nonvolatile contaminants from the
feed stream. It has been shown that air-gap membranes can reject contaminants such as
urea, boron, and N-Nitrosodimethylamine (NDMA) all of which have low selectivity in RO
technologies.'® Additionally, the rejection of salt with distillation membranes remains high
like salt rejection in RO. In addition to their high selectivity of nonvolatile contaminants,
distillation membranes are believed to be highly resistant to chemical degradation, which
stems from their chemical structures. Commercial distillation membranes that have been
studied for desalination include polytetrafluoroethylene (PTFE), polyvinylidene fluoride

(PVDF) and polypropylene (PP), Figure 2B.""
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Figure 2: A) Schematic of water transport through air-gap membranes. B) Structures of

common polymeric air filled membranes.

In polyolefin polymers like polypropylene, they are comprised of carbon-carbon and
carbon-hydrogen bonds. Since carbon and hydrogen have similar electronegativities they
are less prone to breaking especially in comparison to the amide linkage in polyamide.
For carbon-hydrogen bonds, the ability to break the bond, bond dissociation energy, is
reliant upon the number of pendant groups attached to the carbon. For instance, carbons
that are bound to four hydrogens have a bond energy of 493.3 kJ/mol where carbons
bound to one hydrogen have a bond energy of 403.8 kJ/mol.’?> Then for fluoropolymers,

PTFE and PVDF, they are comprised of a carbon-carbon backbone decorated with



fluorine pendant groups. The size of the fluorine atom provides uniform coverage over
the carbon-carbon backbone and therefore protects the backbone from chemical
attack.'®'# Within the carbon-fluorine bond, the electron density is concentrated around
the fluorine since it is a high electron withdrawing atom. This in turn leaves carbon
electron poor which introduces an ionic character via the partial charges of the carbon
and fluorine.''® Since carbon and fluorine are covalently bound the addition of the partial
ionic character leads to a large overall bond dissociation energy of 544 kJ/mol. "8 Table
1 summarize the structures and bond dissociation energies (BDE) of the different polymer
membranes used in desalination. Overall, distillation membranes address the two main
drawbacks of RO membranes, however there is still a need to sufficiently understand and
design distillation membranes where they can perform similarly to RO while also retaining

long term performance.



Table 1: Desalination membranes and the bond energies

Membrane Structure Bond |BDE (kJ/mol)
3IN"4 N
Polyamide H H
2 473
O0” > NH 3 386
L | —n 4 305
1I—|| (|3I2-|3 1 452
Polypropylene c—C
|13
H H ] 2 473
3 337.5
*ll: hl 1 414.5
Polyvinylidene fluoride (|3—2(|3 )
F H
n 2 481
Polytetrafluoroethylene 1 481




2.3. Design issues in distillation membranes:

Interfacial resistances

Air-filled

Transmission resistances

Figure 3: Schematic of liquid versus air filled membranes and associated resistances in

air filled membranes

]W'v = W(pf - pp) Eq 2.0
N 1 Eq.2.1
B, =¢ fz";? [Re + Rif +Rip)
_1-a(D) Eq. 2.2
o)
(1—p°(T))vwl . Eq. 2.3
Rt == pt + -
4Dyyq n

Equation 2: Air filled membranes flux equations.

When compared to liquid filled membranes, air filled membranes have significantly

lower permeabilities. For air filled membranes to match liquid filled membranes
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permeability performance they must be sufficiently designed to address their low fluxes.
Vapor transport is well described by theory and the flux through vapor gap membranes is
defined in equation 2.0, as a product of the vapor permeability coefficient (Bw, eq 2.1)
and the partial vapor pressure difference between the feed and permeate sides of the
membrane (pr and pp respectively). Vapor permeability, eq 2.1, is based off membrane
porosity (€), the molar mass of water (Mw), the universal gas constant (R), temperature of
the system (T), and the inverted sum of the system resistances. Rt corresponds to the
transmission resistances in the system, and Rir and Rip correspond to the interfacial
resistances that occur on the feed and permeate side of the membrane respectively.®'°
Interfacial resistances, Ri (eq. 2.2), occur on the vapor-liquid interfaces. These
resistances stem from the required phase changes, evaporation on the feed and
condensation on the permeate, that the water molecules undergo on each side of the
membrane. In equation 2.2 the value of interfacial resistance is reliant upon the
condensation coefficient, or the fraction of molecules that condense when they hit a gas-
liquid interface.®'9-2! Since this coefficient is reliant upon the phase changes that occur
on the liquid-air interfaces it is difficult to lower the resistances that occur due to the
interfacial resistances. Therefore, distillation membranes may be inherently limited in their
water permeabilities.®

Transmission resistances, Rt, are the resistances that molecules encounter as they
transmit through the membrane and are defined in equation 2.3 where po(T) is the vapor
pressure of water at temperature T, pt is the pressure of gas in the membrane pores, vw
is mean molecular speed of water vapor, Dw,a is diffusion coefficient of water in air, | is

membrane thickness and n is transmission probability.?° The transmission probability
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term, n, describes the probability of a gas molecule leaving one liquid-vapor interface of
the membrane and arriving at the liquid-vapor interface on the other side of the
membrane. Previous studies related n to the pore aspect ratio, which is defined as the
length of the pore, |, divided by the pore radius, a.?> Namely it was found that as the pore
aspect ratio increases, the transmission probability decreases which in turn leads to an
increase in transmission resistance. As a result, it has been suggested that altering
membrane pore shape and structure can help reduce resistance thus increasing the

overall permeability.?’

Fouling in distillation membranes

Fouling is a universal issue amongst membranes, but it particularly impacts hydrophobic
membranes as it leads to pore wetting, the penetration of water penetrating through the
air-gap pores, leading to a catastrophic loss of selectivity. Foulants can be broadly
separated into inorganic, organic or biological compounds, Figure 4.2324 There are five
theorized mechanisms in which fouling can occur: pore blocking, cake formation, ligand

exchange reaction, charge interaction and hydrophobic interaction?3-25.

Foulants:

Organic: Adsorption in membrane pores/surface

+  Humic acid

* Proteins

Inorganic: Crystallization builds on membrane surface
+  Calcium carbonate

+ Silicate

Biological: Biofilm formation

*  Microorganisms

clogging

F’oe wetting

Figure 4: Schematic of fouling on membrane and list of common inorganic, organic and

biological foulants.
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Amongst these five, hydrophobic interactions have been generally accepted as a
primary fouling mechanism. In hydrophobic interactions, foulants with hydrophobic tail
moiety’s such as amphiphilic organic materials or biological molecules will absorb on the
surface and pores of distillation membranes due to hydrophobic-hydrophobic
interactions.?#26-28 The impact of hydrophobicity on fouling propensity has been debated,
as some studies report contradicting results stating hydrophobic surface resist fouling
more readily than hydrophilic surfaces.?®*-3!' However, even with the conflicting results
there is to be a general understanding that hydrophobic membranes are less likely to
have fouling layer reversibility than hydrophilic membranes?®, and increasing their
hydrophilicity can aid in anti-fouling behaviors. 32-36

However, hydrophobic membranes offer a unique challenge in introducing antifouling
behavior to their surface, in that they may also retain their overall hydrophobicity after
being coated with hydrophilic coatings. Several groups have explored methods to reduce
fouling in MD membrane by physically depositing a hydrophilic thin film on the top surface
through methods such as casting, dip coating, and spin coating.3~#° While these methods
provide a facile means to deposit antifouling layer, their long-term robustness is
questioned as they rely on weak chemical interactions such as van der Waals forces to
ensure attachment.*! To address the potential lack of robustness in these films, there has
been interest in utilizing chemical surface chemistry methods such as chemical vapor
deposition or atomic layer deposition, where chemistries will be covalently bound to the
membrane surface.*?> Chapter 5 explores more in depth the benefits of these surface

chemical methods. While these chemical methods are an attractive means to create
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antifouling coatings, they have also been found to unfavorably change the polymer

mechanical properties and change the overall hydrophobicity.43-4°

Wetting in distillation membranes

Wetting in porous materials can be experimentally understood through the Young-
LaPlace liquid entry pressure (LEP) equation, eq 3.0, where yLv is defined as the surface
energy between the liquid and gas phases, Beq correspond to the equilibrium water
contact angle on the membrane surface and r is the membrane pore radius. Per equation
3.0, a decrease in LEP can occur due to a loss of hydrophobicity, an increase in pore

size, and a decrease in surface tension of a feed solution. 46

2yy €050, Eq. 3.0
r

LEP =

Equation 3: Liquid entry pressure (LEP) equation.

While the Young-Laplace offers a simplified means to understand the parameters that
impact wetting, it is typically more accurate for membranes with cylindrical continuous
pores. For polymeric membranes such as PTFE, PVDF, and PP where the pore is
considered voids between fibers, models such as the Purcell model, S| equation 1.0, are
more accurate.*’” Pore wetting and fouling are often interrelated as fouling can lead to a
decrease in hydrophilicity, thus decreasing a membrane overall LEP. However, wetting
can also occur due to the inclusion of low surface tension liquids in a solution. There has
been significant research done into creating surfaces that can help resist wetting due to
low surface tension liquids, and it primarily focuses on creating omniphobic structures on
the membrane surface*®4%, which will be discussed in Chapter 4. However, similar to

creating antifouling coatings, methods to creating robust omniphobic structures need to
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be centralized to the top surface and not impact the distillation membranes overall
properties.

Overall, distillation membranes are an attractive alternative to current RO polyamide.
However, while they excel in selectivity and oxidation resistance, they also suffer in their
low fluxes and their susceptibility to catastrophic failure due to pore wetting which can
occur from fouling on the surface. To meet their full potential, there is a need to explore
methods that can aid in creating robust antifouling and antiwetting distillation membranes.
Additionally, even though commercial hydrophobic membranes are comprised of
chemical oxidation resistance, there is interest in understanding the extent of their

oxidation resistance.
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3. Oxidation resistance of hydrophobic porous membranes used in

membrane distillation

This section is adapted from a submitted and published manuscript in the American
Chemical Society Applied Engineering Materials Journal by Elizabeth A. Hjelvik, H.T.
Cairney and A.P. Straub titled Impact of Oxidative Chemicals on Hydrophobic Porous
Membranes Used in Membrane Distillation. H.T. Cairney performed the experiments
presented section 3.3.3 Desalination performance testing and the contact angle data

presented in Figure 3.

3.1. INTRODUCTION

Anthropogenic climate change has contributed to worsening drought conditions and
decreased the reliability of water supplies.>® Water reuse and desalination offer secure
and consistent water supplies outside the natural hydrological cycle that can supplement
existing water resources. %' Membrane-based technologies have been increasingly
implemented for advanced water treatment due to their high energy efficiency and ease-
of-implementation. 36 However, fouling from contaminants in feedwater is a persistent
challenge that limits the performance of membrane-based systems, increasing the cost
of water treatment by necessitating intensive pre-treatment processes and reducing
membrane lifetime.

The use of oxidative disinfectants upstream of a membrane process is an effective
technique to reduce fouling and enhance water treatment performance. %2 Chlorination or
ozonation of feedwater inactivates microbes before they reach the membrane surface,
preventing biofilm formation and the associated performance decline due to biofouling.53n

Strong oxidants can also transform organic matter into more hydrophilic materials that
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have a lower fouling propensity. % Furthermore, strong oxidation combined with
membrane processes may enhance removal of contaminants in the feed water. *°
Therefore, implementing strong oxidation upstream of, or directly in contact with,
membranes used in advanced water treatment is highly desirable.

Although strong oxidants have the potential to enhance membrane performance,
materials commonly used in salt-rejecting membranes, such as polyamide and cellulose
acetate, degrade when exposed to strong oxidizing agents such as chlorine and ozone.
556-58 Disinfection pretreatment strategies upstream of these membranes are therefore
limited to the use of chloramines, weaker disinfectants that reduce the effectiveness of
downstream ultraviolet treatment processes and are associated with the formation of
highly toxic disinfection byproducts, including N-nitrosodimethylamine.3®Alternatively,
chlorine is sometimes used upstream of membrane systems, but a costly dechlorination
step must be implemented prior to reverse osmosis (RO) to protect the membranes. The
development of membrane materials that withstand exposure to strong oxidants is
therefore a well-acknowledged need in the field of membrane separations.

Hydrophobic porous membranes used in membrane distillation (MD), osmotic
distillation, and pressure-driven distillation have material properties that hold potential to
be placed in direct contact with strong oxidants. 1%61-63 Unlike conventional membranes,
distillation membranes require hydrophobic materials that can trap air within sub-micron
scale pores. Water vapor can then travel through the membrane driven by a partial vapor
pressure gradient resulting from a temperature or concentration difference. A variety of
hydrophobic materials have been used in membrane-based distillation systems. Among

these, polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), and polypropylene
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(PP) have been the most widely studied.!" All these polymers have chemical structures
that are stable and, in theory, have stronger tolerance towards chemical oxidation than
hydrophilic polyamide and cellulose acetate polymers used in conventional salt-rejecting
membranes.

Despite the potential of combining membrane-based distillation systems with strong
oxidants, the oxidation resistance and long-term stability of hydrophobic porous
membranes has not been well-characterized for ozone and chlorine, the two strong
oxidizing agents that are most commonly used in water treatment. The perfluorinated C-
F bonds in PTFE are not known to react with even very strong oxidants such as hydroxyl
radical since no lone pairs for electron transfer or hydrogens available for abstraction exist
in the chemical structure of PTFE. '3 Experimentally, PTFE membranes have been used
in studies involving ozone without noticeable changes in performance, but the chemical
properties of PTFE membranes after exposure were not characterized. 6% PVDF
membranes have been suspected to swell when exposed to ozone, though materials
characterization has been inconclusive regarding any chemical changes to the
polymer.%6-68 PP and PVDF membranes also have been observed to react with chlorine,
but implications for membrane performance are unclear. 5970 Prior literature thus indicates
that some polymers used in distillation systems have the potential to operate with
prolonged exposure to strong oxidants such as chlorine and ozone. However, the impact
of such exposure on membrane chemical stability and physical structure has not been
well-studied. Studying the chemical resilience of hydrophobic polymer membranes used
in distillation systems is particularly relevant because small changes in surface chemistry

may result in membrane wetting and compromise membrane performance.
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In this work, we investigate the effects of oxidant exposure on hydrophobic membranes
commonly used in membrane-based distillation processes. We first examine changes in
the chemistry and hydrophobicity of PTFE, PVDF, PP membranes after exposure to
varying doses of chlorine and ozone, allowing us to gain insights into degradation
mechanisms. We then examine changes in membrane polymer structure and
characteristics after exposure to oxidants. Finally, we show changes in water flux and salt
rejection that occur after membranes have been exposed to varied doses of oxidants.
Overall, this work provides important insights on the limits of different MD membrane

materials in resisting damage from strong chemical oxidants.

3.2. MATERIALS AND METHODS

3.2.1. Membranes and chemicals

Three hydrophobic, porous polymer membranes commonly used in distillation processes,
PTFE (Sterlitech Corporation, USA), PVDF (Durapore, Millipore, Ireland), and PP
(Sterlitech Corporation, USA), were tested. All membranes had a nominal pore diameter
of 0.2 um. Each type arrived as flat sheet membranes in a dry state. Samples were cut
from flat sheets prior to oxidation and testing. Deionized (DI) water was obtained using a
Millipore Synergy UV Remote Water Purification System. Solutions for chlorine
degradation experiments were prepared using a sodium hypochlorite solution (NaOCl 5%
w/v, LabChem) and DI water with pH adjusted using hydrochloric acid (HCI 1N, Fisher
Chemical). Gaseous ozone was produced by a TG-40 ozone generator (Ozone Solutions,
USA) for ozone degradation experiments. Sodium chloride (NaCl, Fisher Chemical)

dissolved in DI water was used as the feed solution in desalination testing.
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3.2.2. Oxidation of membrane materials

Oxidant exposure occurred in the form of passive treatment in which the membrane
samples were submerged in prepared solutions for a specified amount of time. Aqueous
ozone was generated by feeding pure oxygen into an ozone generator which was then
diffused as gaseous ozone into a beaker containing DI water. Due to the rapid
degradation of ozone, a constant flow of gaseous ozone was supplied during membrane
exposure. Ozone concentration within the beaker was monitored using a
spectrophotometer (HACH DR6000, Colorado, USA). The ozone solution was maintained
at a concentration of 15 ppm and a pH of 7 for oxidation experiments. Membrane
exposure time for PVDF and PTFE in the ozone solution was 1 h, 2 h, and 3 h. PP
membranes were exposed for 10 min, 20 min, and 30 min. PP membranes required
significantly lower exposure doses in each oxidant solution due to extreme and rapid
degradation compared to the PTFE and PVDF membranes.

NaOCI solutions were prepared by diluting a 5% w/v NaOCI solution with DI water to a
concentration of 10,000 ppm. The solution was adjusted to a pH of 4 using hydrochloric
acid. The solution was covered and reprepared every 24 hours to maintain a constant
concentration and pH. Membrane exposure time for PVDF and PTFE in the chlorine
solution was 24 h, 48 h, and 72 h. PP membranes were exposed for 20 min, 40 min, and
60 min. Additional PP membranes were exposed for up to 24 h for material
characterization, though severe degradation prevented desalination testing on these
samples. Following oxidant exposure, membrane samples were thoroughly rinsed with

DI water and left in DI water for 24 h. Membranes were rinsed with methanol to remove
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any surface contamination, dried, and stored in a desiccator prior to surface

characterization.

3.2.3. Membrane characterization

Contact angle was measured with a Biolin Scientific tensiometer using the sessile drop
technique. For all measurements, a droplet of DI water (less than 10 yL) was deposited
onto the active side of the membrane surface using a pipette. Contact angle was
measured on different areas of each sample and reported values represent an average
of at least three measurements.

Membrane morphology and surface topography was viewed with scanning electron

microscopy (SEM) on a Hitachi SU8010 microscope. Prior to SEM imaging, platinum was
sputtered onto the PTFE, PVDF, and PP surfaces until a thickness of 3 nm was achieved
on the surface. SEM images were taken of pristine PTFE, PVDF, and PP and the
membranes exposed to the highest doses of chlorine and ozone.
Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were acquired
from 400—4000 cm-1 using a ThermoScientific Nicolet iS50 FTIR with a Smart iTX
attachment with ATR capacities and an ATR diamond crystal. Measurements were taken
of PTFE, PVDF, and PP prior to submersion into the oxidant solution and after
subsequent exposures.

X-ray photoelectron survey spectra were acquired from 0-1200 eV using a Kratos
Supra X-ray photoelectron spectrometer. Polymer samples were isolated on the sample
plate to ensure consistent charging through the samples. The Al K Alpha X-ray source
was operated at 1486.7 kV and 15 mA current emission. Charge neutralization

parameters were determined through the use of continuous scans of the carbon 1s peak.
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Survey spectra were used to calculate the atomic percent of elements on the surface
while the high-resolution C 1s spectra were peak fitted to determine the changes in the
carbon binding after exposure. High resolution scans of O 1s, F 1s, and C 1s were taken
to obtain the chemical state of the polymers after oxidant exposure. A Shirley background
was used and a Gaussian-Lorentzian sum function with an added asymmetric parameter
were used to fit component peaks for the polymers. All spectra were calibrated using a
C-C/C-H peak position of 284.8 eV.

A bench-scale crossflow direct contact MD system was used for performance testing
on pristine and oxidized membrane samples. Membranes were placed within a flat sheet
membrane module with an active surface area of 20.02 cm?. PP membranes required
the use of mesh spacers on either side of the membrane for support. A 0.05 M NaCl feed
solution was circulated at 60 °C in contact with the active side of the membrane. DI water
was simultaneously circulated on the permeate side at 20 °C. Feed and permeate
temperatures were continuously monitored prior to entering and upon exiting the
membrane module and regulated using a heater and chiller, respectively. Flow rate was
measured upon exiting the membrane module and regulated using pumps. Water
velocity through the channels was maintained at 0.14 m s-1 across the membrane
surface. Water flux across the membrane during operation was determined by measuring
the mass change of the permeate reservoir using an analytical balance. Salt rejection
across the membrane was measured using a conductivity probe in the permeate
reservoir. Measurements were collected in one-minute intervals after the system reached
steady state conditions. Water flux and salt rejection across the membrane were then

evaluated as a function of oxidant exposure.
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3.3. RESULTS AND DISCUSSION

3.3.1. Oxidation impacts on membrane structure and hydrophobicity

To examine the impact of oxidation on hydrophobic porous membranes, 0.2 ym nominal
pore size hydrophobic membranes made from PTFE, PVDF, and PP were acquired and
exposed to chlorine at pH 4 and ozone at pH 7. Membranes were then thoroughly
characterized for chemical, structural, and performance changes in direct contact MD
(Figure 5A). Exposure to chemical oxidants may lead to loss of surface hydrophobicity
and pore wetting (Figure 5B) or damage to the bulk polymer membrane structure (Figure
5C). In this Section, we will discuss changes in membrane structure and hydrophobicity
that were observed after oxidant exposure. Subsequent sections will further analyze

chemical changes and MD performance of the oxidant-exposed membranes.
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Figure 5: (A) Schematic diagram of membrane distillation. (B) Loss of membrane

Hot feed

hydrophobicity as a result of oxidant exposure may lead to pore wetting. (C) Damage to

the membrane morphology may also result from exposure to oxidants.
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Following oxidant exposure, physical inspection, and SEM imaging were used to
examine possible structural degradation in the membranes. After the highest exposures
for chlorine (72 h at 10000 ppm) and ozone (3 h at 15 ppm), both PTFE and PVDF showed
no changes in their overall morphology in digital and SEM images (Figure 6, Figure S1).
Polypropylene, on the other hand, showed significant changes in its macroscale
morphology after exposure to lower doses of chlorine (10000 ppm for 24 h), with cracking
and tearing occurring on the membrane surface. SEM imaging further revealed that larger
than 10 um cracks were present on the membrane surface and apparent pore sizes at
the membrane surface increased from approximately 0.2 ym to 2 ym. For ozone (1 h at
15 ppm), we observed macroscale cracking and debris on the surface of the membrane.
Overall, inspection of the membrane samples indicated significant damage to the PP

membrane structure after ozone and chlorine exposures.
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Figure 6: Scanning electron micrographs of polytetrafluorethylene (PTFE), (b)
polyvinylidene fluoride (PVDF), and polypropylene membranes before and after exposure
to chlorine and ozone oxidants. Polytetrafluoroethylene and polyvinylidene fluoride
membranes were exposed to 10000 ppm chlorine for 72 h or 15 ppm ozone for 3 h.
Polypropylene membranes were exposed to 10000 ppm chlorine for 24 h or 15 ppm

ozone for 1 h.
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Measurements of the water contact angles after oxidant exposure showed small
changes in the overall hydrophobicity in all cases (Figure 7). After the maximum exposure
to chlorine (720000 ppm-h), the contact angle of water on PTFE and PVDF changed from
132° to 117° and 120° to 108°, respectively. After the maximum exposure to ozone (45
ppm- h), the contact angle on PTFE and PVDF decreased from 132° to 111° and 120° to
112°, respectively. PP membranes were exposed to lower doses of chlorine (up to 10000
ppm-h) and ozone (up to 7.5 ppm-h) since they suffered from severe cracking. PP
membranes showed more rapid changes in water contact angle during oxidant exposure,
experiencing a decrease in contact angle of 140° to 120° and 140° to 117° for chlorine
and ozone, respectively. Generally, contact angle measurements showed modest
changes in the surface properties across all membranes, with a less than 15% change in
contact angle in all cases. Even the PP membranes that showed macroscale membrane

cracking showed relatively small changes in contact angle prior to failure.
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Figure 7: Static water contact angle of polytetrafluroethylene (PTFE), polyvinylidene
fluoride (PVDF), and polypropylene (PP) membranes following exposure to (A) 10000

ppm chlorine solution and (B) 15 ppm ozone solution.
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3.3.2. Understanding chemical changes in polymers after exposures

The changes in structure and hydrophobicity of membranes after exposure to chlorine
and ozone motivated further investigations into membrane surface chemistry. Attenuated
total reflectance Fourier transform infrared spectroscopy (ATR-FTIR) was used to gain
information on changes in the overall bond structure of membranes before and after
oxidation. The PTFE and PVDF membrane showed no changes in ATR-FTIR spectra
after exposure to chlorine and ozone. In contrast, PP membranes, which showed
significant structural changes after exposure to both chlorine and ozone, also had
observable changes in their ATR-FTIR spectra (Figure 8). Following ozonation, we noted
the development of a small peak at 1700 cm-1 which corresponds to the presence of a
carbonyl group. We saw more significant changes in the chlorinated PP in the region
between 4000 cm-1 and 3000 cm-1 where there is a broad peak characteristic of an
alcohol group. We also observed the evolution of a broad carbonyl peak between 1800
cm-1 and 1500 cm-1. The formation of similar peaks characteristic of alcohol and carbonyl
functional groups is typical in oxidized polyproypylene. ' The chemical changes in PP
are consistent with our understanding that tertiary carbon makes it susceptible to
chemical attack. The attached hydrogen is more likely to be abstracted and an alkoxy
radical is formed which stabilizes itself through a rearrangement into an alkyl radical and

forms a ketone. 1272
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Figure 8: Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectroscopy
scans of polypropylene membranes before and after exposure to ozone and chlorine.
Polypropylene membranes were exposed to 10000 ppm chlorine for 24 h or 15 ppm

ozone.

XPS was used to gain more information on the atomic compositions of the top surface
(approximately 10 nm) of the membrane polymer, where we expected to observe the most
chemical changes due to oxidation (Figure 9). For PTFE samples, XPS analysis indicated
minor changes in surface chemistry that were likely due to carbon contamination. Pristine
PTFE shows the characteristic C-F peak at 291 eV, and following exposures to chlorine
and ozone, there are no changes to this peak (Figure 9C). On all three spectra there is
an additional peak at 285 eV which corresponds to C-C/C-H bonds and is commonly

attributed to carbon contamination. Overall, PTFE membranes showed XPS peaks
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characteristic of its highly fluorinated carbon chain that were not affected by chlorine or
0zone exposure.

XPS analysis of the PVDF and PP membranes observed more obvious changes to the
membrane surface chemistry following oxidation than those seen with PTFE. In pristine
PVDF, there are two characteristic peaks: the C-F peak at 291 eV and the C-H peak at
286.4 eV (Figure 9D). Following oxidation with ozone and sodium hypochlorite we see
an 8.1% and 17.3%, respectively, decrease in the C-F peak which indicates possible
surface defluorination. Additionally, we see an evolution of a peak at 284.8 eV. Since
there is indication of defluorination on the PVDF, we believe that the peak at 284.8 eV
corresponds to the formation of C=C on the surface which has been suggested to form
following defluorination in PVDF.73.74

For PP membranes, there is only a peak for C-C/C-H at 285 eV in the pristine
membrane (Figure 9E). This structure corresponds to the repeating units of carbon and
hydrogen atoms, where the carbon atoms are connected by single bonds. Following
oxidation, we observe widening of the carbon peak due to an evolution of carbon oxygen
groups on the PP surface. Chlorination of the polypropylene led to a 5.3% and 3.0%
increase of C-O and C=0 respectively, while ozone led to a 2.5% and 1.5% increase of
C-0O and C=0 respectively on the surface. Thus, oxidation of the PP membranes led to
changes in the membranes overall surface chemistry as evidenced by the presence of C-

O and C=0 following oxidation.
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Figure 9: (A) XPS survey spectra show differences in atomic % on the membrane
surfaces after oxidant exposures. (B) Carbon core scans show changes in binding
environment of the carbon atoms on the surface. (C) We observed no changes in the
PTFE structure. (D) (D) PVDF showed changes in its surface chemistry after ozone

exposure. (E) PP showed significant changes after both exposures.

3.3.3. Desalination performance testing

Direct contact membrane distillation (MD) testing was used to investigate the impact of
chlorine and ozone exposure on the desalination performance of membranes (Figure 10).
With a hot temperature of 60 °C and a cold temperature of 20 °C, the pristine PTFE,
PVDF, and PP membranes showed water fluxes of 35.3 L m-2h-1, 24.5 L m-2h-1, and

47.1 L m-2h-1, respectively. All pristine membranes had salt rejections higher than 99.9%.
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After exposure to chlorine and ozone, PTFE and PVDF membranes showed minor
changes in water flux and maintained greater than 99.9% salt rejection. The measured
water fluxes for PTFE membranes exposed to chlorine or ozone varied from 38.4 L m-
2h-1 to 44.7 L m-2h-1. For PVDF membranes, the measure water fluxes of oxidant
exposed membranes varied from 26.8 L m-2h-1 to 31.6 L m-2h-1. Although the water
fluxes of membranes after oxidant exposure were generally higher than that of the pristine
membranes, no clear dependence of water flux on oxidant exposure was observed.
These results are consistent with previous data that indicate minor changes in membrane

structure and minor differences in hydrophobicity following oxidant exposure.
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Figure 10: Water flux as a function of oxidant exposure for polytetrafluroethylene (PTFE),
polyvinylidene fluoride (PVDF), and polypropylene (PP) membranes after exposure to a
10000 ppm chlorine solution (A) and a 15 ppm ozone solution (B) through a direct contact
membrane distillation cell. Temperatures were 60 °C and 20 °C through the feed and

permeate channels, respectively.

Unlike PTFE and PVDF, PP membranes demonstrated observable cracking which

prevented them from being tested in desalination systems at doses higher than 240000
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ppm-h chlorine or 15 ppm-h ozone. Within the allowable exposure for PP membranes
without reaching catastrophic failure, changes in water flux and salt rejection were minor.
Initial water flux was measured to be 47.1 L m-2h-1. Following exposure to chlorine, an
8.3% increase in water flux was observed. Ozone exposure resulted in a 1.7% increase
in water flux. Similar to the PVDF and PTFE membranes, changes in salt rejection
between pristine membranes and oxidized membranes were negligible during the
observed exposures. It should be emphasized that following the exposures used for PP
membranes in desalination performance testing, damage to the membrane caused by
oxidation resulted in complete failure within the system. This included visible breakage to
the membrane resulting in near zero salt rejection and significantly increased water flux

through the cell channels.

3.3.4. CONCLUSIONS

The impact of exposure to chlorine and ozone oxidants on three commercial hydrophobic
membranes (PTFE, PVDF, and PP) was evaluated by examining changes to structure,
surface chemistry, and desalination performance in a crossflow direct contact MD cell.
PTFE and PVDF membranes appeared to be minimally impacted by strong oxidants at
exposures up to the limit of this study: 720000 ppm-h chlorine and 45 ppm-h ozone. Both
membranes experienced slight increases in water flux without compromising selectivity
and saw a less than 10% decrease in contact angle. Further characterization revealed no
noticeable changes in the structure and chemistry of PTFE, though changes in the
chemistry of the PVDF were observed through XPS. PP experienced severe degradation
following maximum oxidant exposure of 240000 ppm-h chlorine or 15 ppm-h ozone which

was confirmed through surface and structural characterization methods.
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Given their high observed oxidation resistance, PTFE and PVDF may be promising
options for water treatment applications that involve contact with oxidants or for
applications that might benefit from pretreatment using ozone and chlorine. Based on the
observed oxidation resistance, pretreatment of water using a typical dose of 4 ppm
chlorine would be possible for at least 20 years. With an average continuous ozone dose
of 0.1 ppm, both PVDF and PTFE could resist oxidation damage for at least 18 days
under these experimental conditions. Past this point, the surface characterization results
imply that PVDF could be at risk of failure earlier than the PTFE membranes when in
direct contact with ozone.

Polypropylene demonstrates limited oxidation resistance for both chlorine and ozone
compared to PTFE and PVDF. Our work indicates that with a typical chlorine dose of 4
ppm, failure of PP membranes may occur within 100 days. Similarly, the use of PP in
direct contact with 0.1 ppm ozone would be limited to 9 days. Prior to membrane failure,
no noticeable changes in permeability, selectivity, or hydrophobicity were observed. The
rapid and unexpected failure of the PP membrane indicate that failure of the membrane
may occur without warning in a water treatment system.

Future work should investigate the effects of direct oxidation with additional operational
parameters not considered in this study. Desalination performance following oxidant
exposure was evaluated with a saline feed stream free of additional organics, salts, and
other contaminants that could contribute to membrane fouling or alter membrane surface
properties. This work found that membranes made from fluorinated polymers (PTFE and
PVDF) showed higher oxidation resistance than non-fluorinated membranes (PP). An

additional emerging concern in the practical application of fluorinated membranes is the
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release of per- and polyfluoroalkyl substances (PFAS). Additional analysis are necessary
to compare the advantages of membrane oxidation resistance with their potential for

PFAS release.
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4. Plasma-etched nanoporous polytetrafluoroethylene for improved

wettability in pressure driven membrane distillation systems

All work was performed by E.A. Hjelvik except for the electrical impedance spectroscopy

(EIS) studies which were performed by K.P. Lopez.
4.1. INTRODUCTION:
Omniphobicity

Inspired by surfaces found in nature, such as the lotus flower/springtail/bugs, omniphobic,
ability to repel all liquids, surfaces have been suggested to enhance wetting of
membranes. The omniphobicity of these surfaces results from the creation of microscopic
reentrant structures on membranes. These structures can trap air between them and the
liquid thus blocking liquid permeation, and the increased contact area between the

structured surface and liquid also leads to an increase in overall.

The increased wetting resistance from omniphobic structures can be understood
through Young’s equation in terms of contact angle measurements, equation 4.0. Contact
angles are typically used to quantify a flat surfaces wettability, or the ability for a liquid to
maintain contact with a solid surface. ”® In contact angle, a small droplet of water (less
than 10ul) is placed on a surface and if it beads up with a contact angle greater than 90
it is hydrophobic then if it spreads on the surface with a contact angle less than 90 it is
hydrophilic, Figure 11A. For a smooth surface, contact angle can be defined in terms of
the equilibrium contact angle, Oy, the solid—liquid interfacial energy, ys, the solid—vapor

interfacial energy, ysv, and the liquid—vapor interfacial energy, yLv.
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Figure 11: A) Wettability of a liquid on a solid surface. B) Antiwetting Cassie Baxter state
as introduced by surface structures C) Reentrant structures resisting wetting from liquid

onto solid surface

Eq. 4.0
Ys. — Vsv — Y cosf, =0 g

cos 8, =rcosb, Eq. 4.1

Equation 4: Surface wettability equations

When looking at textured surfaces like omniphobic surfaces, the Cassie-Baxter states
can be used to describe the resulting anti-wetting states. Figure 11B. The measured
contact angles on textured surfaces differ from the equilibrium contact angle due to the
water droplets having increased contact with the surface. According to the Cassie Baxter
model, anti-wetting states occur as textured surfaces lead to the presence of air pockets
at the bottom of the interface.*®757¢ However, it is difficult for a stable Cassie-Baxter state
to be achieved when low surface tension liquid is present. Studies have found that in

order to maintain this antiwetting state, that in addition to having a superhydrophobic

36



surface, omniphobic membranes must have surface features that have a concave

topography, Figure 11C. 4875

Multiple groups have been successful in fabricating this ideal surface for omniphobic
membranes. Nanoparticle grafting and functionalization is a popular method in creating
reentrant structures on a membrane surface. Membrane surfaces are altered to allow for
the electrostatic grafting of inorganic nanoparticles to the surface. The particles are
subsequently functionalized with fluorinated compounds such as fluorosilanes,
fluoroplasma or fluoropolymers to create a hydrophobic surface.”” This method has been
used as proof of concept of omniphobic membranes and has shown the usefulness of
these surfaces for mitigation of wetting, fouling, and scaling in membrane processes.
Other methods such as electrospraying and nanolithography have also been
implemented to create reentrant structures for an omniphobic surface.”®”® However, the
current processes for creating these surfaces are time consuming, complex, unscalable,
and their long-term robustness remains unknown. As a result, the viability of omniphobic
surface functionalization strategies for distillation membranes depends on robust and
scalable processes. In particular, the ability to etch surfaces with plasma has been shown

to create nanoscale structures on polymer surfaces.°

Plasma processes

Plasma processes hasverecently found use in being able to alter polymer surface
morphology. Plasma was discovered in the 1920’s but it was not until the 1980’s when
plasma was used to modify material surfaces and found application in various fields and

eventually became a key technology in the microelectronic industry. 8
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Interactions between plasma and materials surfaces can be separated into ablation or
activation. Ablation is the process in which surface contamination is removed from surface
through ion bombardment. Activation is the process where new reactive functional groups
are created on the material surface to allow for potential surface chemistry reactions.
Additional interactions such as deposition and grafting have also been identified but in
these cases, plasma interacts with reactive species allowing for thin layers of materials

to be deposited on the surface.?

The ability to achieve ablation or activation of surfaces is reliant upon a variety of
factors, with the predominant one being if the plasma system is set up for remote or direct
plasma. The difference between remote and direct plasma is based on where the plasma
source is in reference to the material being modified, Figure Sl 4. In direct plasma the
source of plasma and the material are within the same chamber, which leads to the
material experience direct ion bombardment. This can lead to ablation of material but
often, the direct ion bombardment also leads to changes in material properties. In most

cases, the changes to the overall materials properties are unfavorable 8283

To address these unfavorable material changes, remote plasma is used to maintain
the benefits of plasma without impacting the materials properties. Unlike direct plasma,
the plasma source in remote plasma is in a separate chamber than the material being
modified which allows a higher degree of control of plasma species thus minimizing direct
ion bombardment. Remote plasma is commonly used if activation or deposition is desired

for the material.8?

With its ability to clean and activate surfaces, plasma has been pursued to aid in

surface chemistry techniques like atomic layer deposition or chemical vapor deposition to
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facilitate covalent binding of chemistries to the surface. However, recently plasma has
always found utility in creating modifying the surface structures. This was initially looked
at to control surface roughening on optical or microelectronic systems but there has been

significant interest in its ability to create microstructures on polymer surfaces.8%.83-90

Plasma texturing on polymers

Xu et al demonstrated the fabrication of nano scale pillar structures on a PTFE surface
with oxygen plasma for use as a bactericidal surface.®® Palumbo et al studied how biased
oxygen plasma process can tailor polycarbonate surface properties, chemistry and
structures, for controlled wettability properties.®' loannou et al. created super hydrophobic
PTFE and cellulose acetate for use in MD through the subsequent introductions of oxygen
and fluoro plasmas in a quick two-step process. 8 The texturing of polymers with plasma
has become of interest for its simplicity and scalability, however, the mechanism by which
the membrane surface is modified remains poorly understood. There are several
proposed mechanisms for the plasma-induced structural modification report that the initial
surface roughness of the polymer will impact the formation of nanotextures on the
polymer while suggest that metal contamination on the polymer surface locally screen the

plasm resulting in a textured surfaces.

Overall, these studies have shown the potential of plasma processes to create
microstructures on polymer surfaces quickly and efficiently. Therefore, we were interested
in utilizing plasma to create structure