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ABSTRACT OF THE DISSERTATION

Insane in the Membrane:
Modification of Polymeric Membranes for High Performance Water Separations

by

Brian McVerry

Doctor of Philosophy in Chemistry
University of California, Los Angeles, 2016

Professor Richard B. Kaner, Chair

It is not unknown that the worldwide freshwater supply is dwindling and current
freshwater sources are being contaminated. The total amount of freshwater, which makes up 2.5-
3% of the total water on earth, is actually sufficient to sustain the growing population for many
years. However, the disproportionate geographical distribution of freshwater raises issues, as
many people occupy arid regions. The transport or piping of large volumes of water over long
distances is typically prohibitively expensive and/or prevented by geopolitical interests. The
drive to produce freshwater locally from non-traditional sources has advanced in recent years
and current energy and production costs have fallen due to technological advances.

Filtration through polymeric materials has emerged as the leading technology for
freshwater production from seawater, brackish water, and wastewater. Polymer membranes have

surpassed ceramic membranes as the leading filtration medium because of their low-cost and
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versatility. Large sheets of membranes can be cast using an in-line manufacturing process and
pore sizes can be readily tuned for specific applications. However, membrane fouling severely
limits the advantages and economics of polymeric membrane-based separations. This
dissertation will examine methods to produce fouling-resistant membranes that maintain the low-
cost and scalability of polymer membranes for ultrafiltration and reverse osmosis.

The first chapter presents a brief history and introduction to membrane technology and its
current status. This chapter outlines membrane casting methods, the polymers used in casting
films and their advantages, different configurations for membrane modules, the effects of
fouling, and the cost of fouling.

The second chapter introduces a new hydrophilic, polyaniline-based additive that was
synthesized to blend into polysulfone unltrafiltration membranes. Sulfonated polyaniline
(SPANi) is a self-doped polyaniline derivative that is readily synthesized using fuming sulfuric
acid. SPANi, when de-doped, is soluble in polar organic solvents and insoluble in water, making
it an excellent candidate for blending into ultrafiltration membranes. When redoped at pH 7, the
presence of pendant sulfonic acid groups creates a zwitterionic species. Zwitterionic moeities are
known to possess super-hydrophilic and ultra-low fouling properties. When blended into
polysulfone (PSf) ultrafiltration membranes at low concentrations, the SPANi-PSf membranes
demonstrate greater hydrophilicity and anti-fouling properties when compared to pure PSf
membranes with nominal changes in performance.

For reverse osmosis (RO) membranes, the active or “skin” layer that performs the
separation is a dense, non-porous polymer. Thus, blending hydrophilic molecules into the active
layer or modifying the chemistry of the active layer affects the separation properties of the

resulting polymer blend. To address this issue, researchers have grafted hydrophilic polymers to
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the surface of membranes to impart anti-fouling properties without significant changes in their
performance. In Chapter 3, a new method is presented using photoactive hydrophilic polymer
precursors to modify membrane surfaces. With this new method, commercial RO membranes
can be modified rapidly under ambient conditions, maintaining the roll-to-roll scalability of RO
membrane processing. The grafted commercial RO membranes exhibit enhanced hydrophilicity
and anti-fouling properties when compared with unmodified RO membranes.

Chapter 4 investigates applying the same method of imparting anti-fouling properties to
polymeric membranes as discussed in Chapter 3, except here this method is applied to
ultrafiltration (UF) membranes used for membrane bioreactors. Membrane bioreactor technology
has gained attention recently for its highly efficient ability to clean wastewater. However, the
concentrated loading of organics and microorganisms into the reactor medium leads to high
fouling rates. First, modeling data are presented that identifies specific acid-base interactions
between different foulants and the membrane surface that accelerate membrane fouling. New
photoactive small molecule precursors were then synthesized and covalently bound to the
membrane surface to repel these interactions. The small molecule with the greatest repulsive
interaction, a zwitterionic derivative, imparted the greatest anti-fouling properties to the
commercial UF membranes. The modified membranes exhibited low fouling rates in both a
short-term and a long-term study.

Chapter 5 summarizes the dissertation and outlines the key takeaways.
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Chapter 1

Introduction



1.1 Polymeric Membrane Technology: Background and Current Status
The ability for a material to separate two or more things was necessary for life to begin, as
the earliest organisms required lipid barriers to protect their genetic material from the primordial
world. As evolution produced more complex beings, the lipid barriers evolved as well into a
phospholipid bilayer. This bilayer separates the cell(s) of almost all living things (and many
viruses) from the environment. Just as important, the dynamic membrane actively plays a role in
signaling, diffusion, and endocytosis/exocytosis and possesses many pumps and channels
embedded into the bilayer for further functionality." On the macroscale, human skin acts as a
membrane barrier that protects internal organs and responds to changes in body temperature and
injury. For a materials scientist, producing a membrane material that even closely resembles the
membranes that nature has provided, for their functionality and complexity, would be a dream.”
Although mimicking Mother Nature’s work is likely impossible today, humans have been
using materials to achieve separations for thousands of years. Depth filters made from sediment
have been made dating back to 2000 BC in early India to purify water.’> Polymer cellulosic fiber
filters are still used today in laboratories to collect organic precipitate. Synthetic membrane films
were not developed until 1865, when Adolf Fick produced nitrocellulose films to examine
diffusion of gases.” In 1907, the first recorded filtration through a polymer film membrane
occurred when Bechold impregnated filter paper with acetic acid collodion (named Bechold
ultrafilters) and applied pressure, introducing the concept of ultrafiltration.” In the mid to late
20™ century, researchers and engineers began producing polymer thin-film membranes out of
new, synthetic polymers with enhanced mechanical, thermal, and chemical stability. New casting
techniques were developed to fabricate asymmetric films with thin active layers or “skin” layers

that produce membranes with much higher performance capabilities than the first generation,



dense polymer films. Additional form factors and fabrication methods have been engineered,
such as spiral wound and hollow fiber modules, to maximize surface area and reduce
manufacturing costs. Membranes are now used for dialysis, desalination, wastewater recycling,
oil/gas separations and are implemented in the food, beverage, and pharmaceutical industries. By

2018, the global demand for membranes is estimated to reach $25 billion.°

| [ I [ |
Revers.e Ultrafiltration Particle Filtration
i Osmaosis
Separation | | |
Process
Nanofiltration Microfiltration
| | |
Size of
Material
Material 0.001  0.01 0.1 1 10 100
Size (um)

Figure 1.1. Filtration process classifications based on rejection of material and particle size.

Current, state-of-the-art membranes are specifically tailored for a wide variety of
applications. Thus, pressure-driven separations are typically categorized by membrane pore size
and rejection capabilities. Microfiltration (MF) is used to clarify solutions from suspended
particles, with membrane pore sizes in the range of 0.1 — 5 micrometers. Ultrafiltration (UF)
membranes have smaller pores than microfiltration, with pore sizes typically between 5 — 100

nanometers and are utilized to remove bacteria, viruses, and macromolecules from aqueous



solutions. Reverse osmosis (RO) membranes are capable of removing salts from solutions at high
pressure. RO membranes are considered to be non-porous, although water (at high pressure)
passes through the interstitial spaces in a dense polymer film. This dissertation will focus solely

on UF and RO membranes.

1.2. How Membranes Are Made: Membrane Casting

Of the several methods that have been developed, non-solvent induced phase inversion is
the most common casting technique used to fabricate UF membranes. Guillen ef al.’ provides an
up-to-date comprehensive review on the phase inversion process and the different types of UF
membranes formed with phase inversion. Briefly, a viscous polymer solution is created by
dissolving a polymer in a water-miscible solvent. The solution is then cast onto a solid substrate
or fabric using a casting blade and placed into a non-solvent bath, typically water. As the solvent
and water exchange, the polymer precipitates into a porous architecture that is capable of
filtration. By varying the polymer, solvent, non-solvent, temperature, humidity, and additives,
the pore size and mechanical properties can be modified. Large areas of membranes are cast on
an in-line manufacturing process and solutions can be wet-spun into narrow fibers utilizing the
same technique to maximize surface area.

RO membranes are fabricated from a UF membrane “support” that can withstand the
high pressures of operation. A flat sheet UF membrane is dipped into two sequential solutions of
a multifunctional acyl chloride and a diamine to form a dense polyamide layer on the surface of
the UF support. If two immiscible solvents are used, an interfacial polymerization proceeds that
creates a very thin layer (~150 nm), enabling high permeability. The thin-film composite (TFC)

membranes, capable of desalting seawater to produce drinkable water in a single pass, were first



invented in 1981.* Since then, nearly all membrane-based desalination is performed using TEC

membranes.

1.3. Polymers Used for Membranes

Non-solvent induced phase inversion enables a number of polymers to be cast into UF
membranes with narrow pore size distributions. The polymers are generally highly soluble in
water-miscible solvents such as dimethylformamide, dimethylacetamide, N-methylpyrollidone,
acetone, and/or tetrahydrofuran and insoluble in water. These polymers are listed in an
exhaustive review by Ulbricht,” and typically possess strong chemical and thermal stability and
are mechanically robust. However, the scale at which membranes are manufactured causes
polymers to be selected for their cost over their physical properties. Thus, the most popular
polymers used for UF tend to be commodity polymers that have sufficient physical properties for
UF, such as polysulfone (PSf), polyethersulfone (PES), polyvinylidenefluoride (PVDF), and

polyacrylonitrile (PAN).



A

oO=wn=0

g Sugeuys

Polysulfone

AU nWas:

Polyethersulfone

OoO=n=0

N
F [l
N
Polyvinylidene Fluoride Polyacrylonitrile

Figure 1.2. Repeating units of the chemical structure of the most common polymers used in
ultrafiltration.

Phasé Inyerted Track-Etched Self-Assembled

Figure 1.3. Scanning electron microscopy surface images of ultrafiltration and reverse osmosis
membranes. The left three images are surface images of ultrafiltration membranes produced by
different processes with visible pores.'” The right two images show the dense, rough
polyamide polymer formed on the surface produced as a result of interfacial polymerization.''

For materials used as the RO membrane active or selective layer, the choice of polymer is
quite limited in comparison to UF membranes. For UF membranes, microscopic pores (observed

under scanning electron microscopy, Figure 1.3) are formed during the phase inversion process



that separates material in the feed based on size-exclusion. This is referred to as the pore-flow
model. For polymers that are used for reverse osmosis membranes, a thin-dense polymer film is

12,13

used as the selective layer. The polymer must swell in saline solutions and enable water and

salts to dissolve into the polymer matrix, a phenomena known as solution-diffusion.'*"
Polymers that possess high water diffusivity and low salt diffusivity'® are excellent candidates
for RO membrane selective layers, and although many have been screened,'® only a few classes
of polymers provide water permeability and salt rejection properties sufficient for real-world

: . 20,21
applications.””

In addition, the polymers must be readily polymerized under conditions that do
not destroy the underlying UF support membrane. Thus, the aforementioned interfacial

polymerization of polyamide active layers has been dominant in producing state-of-the-art RO

22
membranes.

1.4 Membrane Form Factors

Because membranes are solution processed, they can be cast and formed into several
configurations, also known as form factors. The different configurations offer distinct benefits
and, like the polymeric material used, are selected for specific applications. For example, wet-
spun, unsupported hollow fiber UF membranes are often used in membrane bioreactors for their
high surface area and low-pressure operation. Standard modules and cartridges can fit into
existing low-pressure cross-flow systems or self-standing modules that can then be submerged
directly into feed solutions.

Seawater RO membranes are typically operated above 600 psi, pressures too high for
hollow fibers, therefore, flat sheets that are fabric-supported are used for desalination purposes.

The flat sheets are fit into a spiral wound configuration that compiles multiple flat sheets, feed



spacers, and permeate collection sheets into a cylindrical package that can be fit into standard

pressurized systems (Figure 1.4).
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Figure 1.4. The different configurations of UF and RO membranes.”

1.5 Membrane Fouling and Cleaning

Often referred to as the “Achilles heel” of polymeric membrane separations, membrane
fouling leads to losses in performance. Broadly, membrane fouling occurs when rejected
particles and/or dissolved solids adhere to the surface of the microporous material. Several
foulants exist, such as inorganic minerals and colloids, organic cellulosics, biopolymers,

microorganisms, and 0ils.>*?® These foulants often aid in the attachment of other foulants, as



cellulosic materials facilitate binding of microorganisms that lead to biofilm growth. The dense
fouling layer increases the resistance of water as it passes through the membrane and often hurts
the quality of the effluent. To address the detrimental effects of fouling, operators must perform
rigorous cleaning steps frequently to regain performance losses.” Rarely do the cleaning steps
fully recover the initial performance, a phenomena known as irreversible or irrecoverable

fouling.
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Figure 1.5. Representation of different fouling rates for a membrane bioreactor.”” The
transmembrane pressure is an indicator of the fouling rate, as fouling causes an increase in
the pressure difference between the two sides of the membrane. Over long-term operation,
the initial permeability cannot be regained.
1.6 The Costs of Fouling
Fouling, and the measures to reduce it, form the basis for increased operational, and
maintenance expenses in water treatment. Due to flux decline, greater energy is needed to meet

demands. Constant cleaning steps that require aggressive cleaning agents, and the additional

labor involved, drive up maintenance costs. These chemicals often degrade the membranes and



cause the membranes to be replaced creating additional expenses. Furthermore, extra equipment
for cleaning the modules in-place or out-of-place introduces higher capital expenditures. In a
2012 international survey of academics, contractors, operators, and membrane suppliers, 34% of
the respondents identified fouling related issues to be the key challenge for MBR operation

(fouling, cleaning, and clogging).”’

pu— “Fouling/Fouling Resistance

“Membrane Cleaning/

1% ‘ Cleanability
' 13% Membrane/Aerotator

Clogging

, : “ Screening/Pretreatment
Fouling Related -

9% Overloading/Underdesign

15% Energy Demand

10%
Operator Knowledge

17%
Automation Control

Figure 1.6. Survey results: Respondents were asked to identify the key factors challenging
MBR operation. Figure adapted from Ref. 30.

The goal of this research is to investigate novel methods to fabricate new membranes or
modifying existing membranes to produce fouling-resistant UF and RO membranes, using
scalable processes. In the ensuing chapters, you will read about many previous physical and
chemical methods to impart anti-fouling properties to membrane surfaces. By changing the
surface properties of a material, the ability for a foulant to adhere to the material is also altered.
In my opinion, many of the previous techniques work very well in the laboratory. However, I

believe that for a new technology to be applied in the real world, it must be scalable, safe, and

10



cost-effective. The following dissertation will present two different techniques to modify

polymeric membranes for water treatment that meet these requirements.
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CHAPTER 2

Fabrication of Low-Fouling Ultrafiltration Membranes Using a

Hydrophilic, Self-Doping Polyaniline Additive
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2.1 Background

With a rising demand for clean water and declining availability from traditional
freshwater sources, water must be treated effectively to meet future demands.' Pressure-driven
ultrafiltration (UF) membranes made from polysulfone (PSf) provide an efficient, cost-effective
method for removing pathogens, macromolecular natural organic matter, and inorganic colloidal
particles from water” and serve as a pretreatment filter before the desalination of water through
reverse osmosis membranes.’ Unfortunately, PSf membranes suffer from irreversible fouling that
significantly reduces membrane permeability during their operation. To regain part of the lost
performance, PSf films are exposed to hydraulic backwashes and aggressive cleaning agents that
degrade the membranes, increase operating costs, and shorten membrane life.** In this study, we
are motivated to produce a less fouling prone and easier to clean UF membrane that can resist
irreversible fouling, thus preventing the need for destructive or harsh cleaning agents.

Previous studies have shown that PSf membrane irreversible fouling is a result of
hydrophobic interactions between the foulant and the membrane polymer.® Many attempts have

been made to reduce the hydrophobicity of PSf to improve fouling resistance via grafting

7-13 14-18

reactions with hydrophilic polymers, the addition of water-soluble or nanomaterial

19-21 . . 13,22,2 :
21 or plasma oxidative post-treatments.'**** Despite

additives to the casting solution,
increasing the hydrophilicity in the membranes, these treatments are often detrimental to the flux
and rejection properties of the membrane, produce only short-term effects, or require complex
steps that do not scale to the manufacturing level.

Recently, the conjugated polymer polyaniline (PANi) has been incorporated into PSf

membranes as a hydrophilic modifier.”**® PANi is known for its facile synthesis, electrical

conductivity, environmental stability, and ability to be processed in polar aprotic solvents such as

16



those used to cast UF membranes. PANi’s hydrophilic nature and water insolubility make it an
exceptional candidate to be a hydrophilic modifier in UF membranes. However, blended
PANi/PSf membranes lose their ability for high-molecular weight protein rejection when
increasing amounts of PANi are incorporated into a PSf polymer matrix.** Additionally, even at
low concentrations, PANi solutions eventually gel because of intermolecular hydrogen bonding
with adjacent polymer chains®’ as illustrated in Figure 2.1. Organic cosolvents have been added

to inhibit gelation,”®*’ but their addition results in a loss of hydrophilicity in the final product.*

O
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Figure 2.1. Intermolecular hydrogen bonding can cause the PANi solution to gel (left). Gel
inhibitors such as 4-methylpiperidine can be used to prevent gelation by competing for
hydrogen bonding sites (right).

Sulfonated polyaniline (SPANi) is a unique conducting polymer known for its self-
doping characteristics.”’ Typically, PANi is doped with organic and/or inorganic acids to form
the emeraldine salt form (PANi-ES), thus becoming more hydrophilic because of the formation
of charged groups along the polymer backbone (Figure 2.2).** However, in neutral solutions
(e.g., water), PANi-ES dedopes and reverts back to its base form. In the case of SPANi, the

sulfonic acid groups covalently bound to the polymer backbone form a stable six-membered ring

with the imine nitrogen that allows the conducting polymer to remain doped at neutral pH.>
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With a sulfonation degree near 0.5 (sulfur:nitrogen ratio), SPANI is a dark green powder that is
insoluble in both organic and aqueous solutions.** In this state, SPANi is zwitterionic, possessing
both positive and negative charges along the polymer chain. Zwitterionic species are known to
be superhydrophilic*® and possess ultralow fouling characteristics.”® To process SPANi in
solution, the six-membered ring must be broken with a strong base.>” When broken, the SPANi is

dedoped and dissolves to form a deep violet solution, in aqueous or polar organic environments.
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Figure 2.2. (a) PANi can be doped and dedoped with acids and bases. (b) The covalent
addition of a sulfonic acid group to the polymer produces a self-doping effect. (¢) SPANi is
dedoped with a base to process the polymer in solution. (d) The solubility and color of the
SPANI polymer change in its doped and dedoped state.

Here, we introduce SPANi as a hydrophilic modifier for PSf membranes. SPANi is a

superhydrophilic, ionic polymer that does not gel in situ. Thus, the polymer can be dissolved
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directly into UF membrane precast solutions and precipitated during the phase inversion process,
a highly scalable method for hydrophilic UF membranes. The enhanced hydrophilicity prevents
bovine serum albumin, a representative protein, from irreversibly binding to the membrane
surface and pores, resulting in a decreased flux and increased flux recovery with only a water
wash. Furthermore, the incorporation of SPANi does not hinder its separation performance
compared to that of a pure PSf membrane and maintains rejection characteristics of typical UF

membranes.

2.2 Materials

PANi-EB (20 kDa), PSf (22 kDa), bovine serum albumin (BSA), N-methylpyrollidone
(NMP), and methanol were purchased from Sigma-Aldrich (Milwaukee, WI). Ammonium
hydroxide (NH4OH, 14.8 M) and acetone were purchased from Fisher Scientific (Pittsburgh,
PA). Fuming sulfuric acid (20% SOs) was purchased from Spectrum Chemical Manufacturing

Corp. (Gardena, CA). All materials were used as received.

2.3 SPANI Synthesis

SPANi was synthesized as described by Yue et al.** using fuming sulfuric acid. This
method yields a degree of sulfonation of ~0.5 (sulfur:nitrogen ratio). In a 500 mL round-bottom
flask in an ice bath was dissolved 0.75 g of 20 kDa MW PANi-EB in 90 mL of fuming sulfuric
acid (20%), and the mixture was stirred. After 10 min, the ice bath was removed and the reaction
was allowed to continue for 1.5 hours. Upon completion, the reaction products were poured
slowly over a fresh ice bath to precipitate the polymer. After the ice had melted, the green

suspension was centrifuged at 3000 rpm for 10 minutes three times in deionized water, each time
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decanting the supernatant and resuspending in solution to break up the agglomerates and to
remove the acid. After centrifugation, the powder was further dialyzed in a fresh deionized (DI)
water bath until the pH of the water bath reached 7. The resulting green SPANi suspension was
dried in vacuo at 50 °C overnight and stored in a desiccator (66% yield). The sulfonation of
PANi was confirmed via Fourier transform infrared (FT-IR) spectroscopy, and the degree of
sulfonation, i.e., the sulfur:nitrogen ratio, was 0.48 as confirmed by XPS (see the Supporting

Information, Appendix A).

2.4 Membrane Fabrication

Composite PSf membrane films containing 0, 1, 5, and 10% SPANI (relative to the mass
of PSf in the solution) were fabricated via an immersion precipitation method. Using the 1%
SPANi/PSf film as an example, 22 mg of SPANi was added to 10 g of a 0.25 M NH4,OH/NMP
solution and the mixture stirred overnight at room temperature. The blue solution was filtered
through a 0.45 pm PTFE filter into a new vial and weighed. The amount of SPANi was
calculated by the weight ratio of the initial solution; PSf beads were added accordingly to create
an 18 wt % SPANi/PSf solution, and the mixture was stirred overnight. The pure PSf membrane
was made from an 18 wt % PSf solution in a 0.25 M NH4OH/NMP solution. The deep violet
solutions containing dedoped SPANi1 were cast at 152 pm using an adjustable doctor blade on a
nonwoven polyester support (from NanoH,O Inc., Los Angeles, CA) taped to a glass plate.
Samples used for scanning electron microscopy (SEM) were cast unsupported on a glass plate.
After being cast, the glass plate was immediately immersed in a coagulation bath containing 3 L
of a 0.1 M H,SOy, solution to precipitate the films, which immediately turned green (redoping).

The temperature of the coagulation bath was 25 °C with 57 + 3% humidity as measured by a
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digital thermometer and humidimeter. After 30 min, the membrane films were transferred to a
clean DI water bath to remove any residual solvent and acid. Each film was stored in 18 MQ
water purified by an in-house reverse osmosis membrane at room temperature for the duration of

the testing.

2.5 Membrane Characterization

The hand-cast membranes were used for pure water permeability and flux decline and
recovery testing. To determine pure water permeability values, a 19 cm? cutout of each supported
membrane film was placed in an in-house cross-flow system shown in the Supporting
Information (Appendix A). A computer connected to a scale recorded the dynamic mass change
of the filtrate and calculated the active flux. Because there were instantaneous fluctuations in the
flux recorded by the computer, the average values for each time point were plotted. The
membranes were compacted with DI water at 20 psi with a cross-flow rate of 7.2 L/h until the
decaying flux stabilized. The stable flux was recorded as the pure water permeability. The flux
was then normalized to 68 L/m” per day (LMH) by manually reducing the pressure with a
pressure control valve (68 LMH corresponds to 40 gallons/ft* per day, a typical operational flux).
Once stable at 68 LMH, a 1.5 g/LL BSA feed solution was introduced to observe the flux decline
caused by BSA fouling. After obtaining a stable flux for at least 10 min, DI water was introduced
to wash the membrane surface. During the washing step, the cross-flow rate was increased to 9.5
L/h and flux recovery was recorded when a stable flux was reached. The flux recovery

percentage (FR%) was calculated via Equation 2.1:

F, = J¢/J; x 100% 2.1)

21



where J¢ is the final flux (LMH) after the DI water wash step and J; is the initial 68 LMH flux.
BSA rejection tests were conducted using an HP4750 Sterlitech dead-end filtration cell
holding membranes 4 cm in diameter. Water (18 MQ) was pressurized via nitrogen gas in a
stainless steel vessel with an adjustable pressure valve. The filtrate passed through a flowmeter
(GJC Instruments Ltd., model 5025000) to record flux. A coupon of each supported membrane
was compacted at 20 psi until a stable flux was reached. The pressure was adjusted to record flux
values at 5, 10, and 20 psi. From a linear curve fit, corresponding pressures were selected to
perform the rejection testing at 68 LMH for each membrane. Ten milliliters of a 1.0 g/l BSA
solution was placed into the dead-end cell and pushed through the membrane with nitrogen gas.
The permeate solution was collected and analyzed using UV—vis spectroscopy (Perkin-Elmer

Lambda 20). The BSA rejection was calculated from Equation 2.2.

R =1- A/A¢ 2.2)

where A, is the absorbance of the permeate solution at 278 nm (A) and A is the absorbance of
the feed solution at 278 nm (A).

Cross-sectional morphologies were determined using a JEOL JSM-6701F scanning
electron microscope. Images were observed at 650X magnification using a 10 kV accelerating
voltage. Unsupported membrane samples were cut out, air-dried overnight, and then dried in a
desiccator for at least 24 h. The dried samples were frozen in liquid nitrogen, fractured, and then

sputter-coated with gold before being observed under an electron microscope.
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Membrane surface contact angle measurements were obtained using the captive bubble
technique on a Kriiss DSA 10 goniometer. Membrane samples of approximately 1 cm X 3 cm
were carefully mounted on a glass slide using double-sided tape and submerged surface down in
DI water. Twelve air bubbles were then placed manually on each surface for software angle
fitting. Reported contact angle data were averaged over 10 measurements after elimination of the
highest and lowest values.

Dried samples were also used for atomic force microscopy (AFM) to investigate surface
topography. The topography was investigated using a Bruker Dimension 5000 scanning probe
microscope (in tapping mode). The average surface roughness and surface area difference
percentage were determined from the surface topography for each sample.

In this study, we synthesized SPANi and incorporated increasing amounts of the polymer
into PSf UF membranes to enhance membrane hydrophilicity, thus inducing antifouling
properties. Because solution additives often affect membrane performance, pure water
permeability and rejection measurements were taken. Additionally, cross-sectional SEM images
and AFM images were observed for the investigation of morphological differences induced by
the addition of SPANi. To confirm changes in the hydrophilicity of the membrane surface
compared with the PSf membrane, a series of contact angle measurements were recorded for
each composite membrane. Fouling flux decline and flux recovery studies were then conducted
to explore the performance and antifouling characteristics of the SPANi/PSf membrane

composites.
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2.6 Performance Testing

Figure 2.3 presents the performance and rejection characteristics of the SPANi/PSf
composite membranes. Compared with the PSf control, the SPANI/PSf composites possess
similar permeability values with increasing amounts of SPANi. The differences in flux are within
experimental error of that of the cross-flow system. The rejection of BSA remains the same for

each membrane (~95%), which suggests that the pore size has not increased significantly

because of the inclusion of SPANI.
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Figure 2.3. Pure water permeability (bars, left axis) and BSA rejection (diamonds, right axis).

2.7 Film Morphology

To examine the membrane film morphology, cross sections of the membrane samples
were observed under SEM, as displayed in Figure 2.4. PSf membranes (cast from an NMP

solvent) typically produce a thick skin layer at the surface supported by fingerlike voids during
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the phase inversion process.”® The PSf membrane cast from the 0.25 M NH,OH solution in an
NMP solution is consistent with this model (Figure 2.4, top left). In the top layer of the
membrane film, vertical microvoids are seen, while horizontally angled macrovoids form in the
bottom layer. Subsequently, with the 1 and 5% SPANi membranes, the vertical microvoids
extend through a larger span of the membrane film, while the horizontally angled macrovoids are
less pronounced. In the 10% SPANi membrane cross section, the vertical void structures
completely span the height of the membrane. Vertically aligned pores allow water to permeate
with a more direct path through the membrane with less internal resistance, increasing the flux in
comparison to those of the three other membranes, thus accounting for the increase in
permeability. Additionally, the thick skin layer is preserved at the top of each of the SPAN1/PSf
membrane composites, supporting the rejection characteristics comparable to those of the pure

PSf membrane.
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Figure 2.4. Cross-sectional morphologies of the pure PSf membrane (top left), the 1%
SPANi membrane (top right), the 5% SPANi membrane (bottom left), and the 10% SPANi
membrane (bottom right).

2.8 Hydrophilicity

Figure 2.5 presents the results of captive bubble measurements for comparing the
hydrophilicity of each membrane film. The captive bubble technique is advantageous relative to
the sessile drop technique for determining the contact angle because UF membranes remain in
their wet state; thus, there is no change in morphology caused by drying.*” Relative to that of the
pure PSf membrane, there was a small change in the apparent contact angle for the 1% SPANi
and 5% SPANi membranes, with 0° and 6° reductions in the contact angle, respectively. The
10% SPANi membrane apparent contact angle is significantly smaller (25°), exhibiting a large

increase in hydrophilicity when compared with those of the other membrane films. During the
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10% SPANi measurement, it was difficult to obtain an image because the bubble did not contact
the surface (no surface dewetting) and often “rolled” off the membrane film. It is also observed
in Figure 2.5d that the spherical shape of the air bubble is compressed because of the lack of
surface contact and buoyant force of the bubble. This leads us to believe that the 10%
SPAN1/PSf composite membrane retains a thin film of water on its surface that the air bubble
cannot pervade.

Similar to hydrophilicity, surface roughness plays a role in fouling properties; i.e.,
rougher surfaces tend to trap particles within valleys leading to increased surface fouling.** AFM
was utilized to analyze the surface topography of the PSf and SPANi composite membranes,

shown in Figure 2.6.

00
0

Figure 2.5. Captive bubble contact angle images of (a) the PSf membrane film, (b) the 1%
SPANi membrane film, (c) the 5% SPANi membrane film, and (d) the 10% SPANi
membrane film.
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With increasing amounts of SPANI, there is an increase in surface roughness, with root-
mean-square roughness values of 12.6, 17.3, 25.1, and 38.1 nm for the PSf membrane and 1, 5,

and 10% SPANi membranes, respectively (Table 2.1).

Table 2.1. Summary of Membrane Performance Properties

Membrane Pure Water | Rejection Contact RMS Flux Decline Flux
Composition Permeability of BSA Angle (°) Surface (%) Recovery
at 20 psi (%) Roughness (%)
(LMH) (nm)
Polysulfone (PSF) 187.0 97.0 50 12.6 50 62
1 wt% SPANi/PSF 173.4 97.0 50 17.3 41 75
5 wt% SPANI/PSF 170.0 95.2 44 25.1 32 85
10 wt% SPANIi/PSF 207.4 95.6 25 38.1 16 95

Also shown in Table 2.1 is the surface area difference percentage (SAD%) for each membrane,
which is defined as the difference between the image’s three-dimensional surface area and the

41,42

projected two-dimensional surface area. Wenzel’s equation is used to normalize the

measured contact angle with surface roughness (Equation 2.3):

Cos(04) = Cos(Om)/ r (2.3)

where 6,4 is the apparent contact angle, 8y, is the measured contact angle, and r is the roughness
ratio and is equal to 1 + SAD%. When the apparent contact angle is normalized using Wenzel’s
equation to account for surface roughness, the apparent contact angle of the membrane is roughly

the same as the measured contact angle (Table 2.1). Thus, the large decrease in the contact angle
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is largely attributed to the change in surface chemistry and is only nominally affected by changes

in surface roughness.

Figure 2.6. AFM surface images of the pure PSf membrane (top left), the 1% SPANi
membrane (top right), the 5% SPANi membrane (bottom left), and the 10% SPANi
membrane (bottom right). Scale bars represent 10 um on the horizontal axis and 150 nm on
the vertical axis.

The Cassie equation® is used to describe the apparent contact angle on the surface of

binary composite materials (Equation 2.4):

COS(HA) = CSPANi COS(GSPANi) + CPSf COS(@psf) (2.4)
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where 04 is the apparent contact angle, (spani 1s the weight percent of SPANi within the
membrane, Ospani 1S the contact angle of pure SPANI, {psr is the weight percent of PSf within the
membrane, and Opsr 1s the contact angle of pure PSf. From this equation, we can predict (spani for
each measured contact angle when we assume that Ospaniis 0° and Opse 1s 50°. When this model
i1s employed for the 5 and 10% SPANi/PSf composite membranes, (spani is predicted to be 21.4
and 73.8%, respectively. The large discrepancy can be described by the migration of hydrophilic
additives to the surface of the polymer matrix during phase inversion.*** To lower the
interfacial energy between the polymer blend solution and the coagulation bath during phase
inversion, the hydrophilic SPANi polymer migrates to the surface of the composite polymer
matrix. This results in a higher density of SPANi at the pore surfaces and on the surface of the
membrane and a much lower density of SPANI in the bulk polymer. This phenomenon is further
manifested by a visual difference in the top and bottom of the unsupported membranes (shown in

the Supporting Information, Appendix A).

2.9 Flux Decline and Recovery

To evaluate the effects of the enhanced hydrophilicity and increased surface roughness on
fouling properties, flux decline and recovery testing was performed using BSA as a model
organic foulant in a cross-flow system (Figure 2.7). When the membranes are exposed to a BSA
solution, the flux decreases immediately due to membrane fouling. The pure PSf membrane loses
approximately 50% of its original flux when exposed to the BSA solution. The 1, 5, and 10%
SPANi/PSf composite membranes exhibit a reduced flux decline, with the 10% SPANi/PSf

membrane losing only 16% of its original flux. The decrease in flux decline is most likely due to
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the enhanced hydrophilicity from the incorporation of SPANi and is directly related to the

amount of SPANI1 contained within the membrane composites.

10% SPANI

<«— 1.59/L BSAFeed
Solution

Praasanasss d

Wash with
SPANI DI Water

SPANI /

| ! | ! // R SR—

10 20 30
Time (min)

Figure 2.7. Flux decline and recovery results for PSf membranes containing 0, 1, 5, and
10% SPANI after being exposed to BSA and then washed.

The degree of irreversible membrane fouling is evident during the flux recovery stage of the

experiment (Figure 2.7). During the DI water wash, the membranes recovered a fraction of their

initial flux. The PSf membrane has a percent flux recovery (FR%) of 62, losing approximately

38% of its initial performance to irreversible fouling. With the addition of the SPANi additive,

FR% increased to 75, 85, and 95 for the 1, 5, and 10% SPANi membranes, respectively.

31



A schematic illustration of the irreversible fouling mechanism of PSf membranes and the
low-fouling properties of the SPANi membrane composites are presented in Figure 2.8. When
the pure water feed solution is switched to a BSA feed solution (a), the hydraulic pressure forces
the BSA into the pores and across the surface of the PSf membrane (b). This phenomenon causes
the pore volume to decrease, and free particles are trapped within the pores, leading to a large
flux decline. During the wash step with pure water (c), the concentration gradient removes only
unattached particles. Thus, irreversibly bound particles remain in the pores, leading to a low flux
recovery. Throughout operation of the SPANi composite membranes, the hydraulic pressure
again forces BSA particles into the pores (d). In contrast to the PSf UF membrane, the enhanced
hydrophilicity prevents BSA particles from irreversibly binding to the walls of the pores (e). This
causes the pore volume to remain the same, and the membrane experiences a smaller flux
decline. When the membrane is washed with pure water, the concentration gradient removes a
greater amount of free BSA particles (f), and in the case of the 10% SPANi/PSf membrane, 95%
of the initial flux is recovered. A summary of performance characteristics for each membrane is

given in Table 2.1.
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Figure 2.8. Schematic diagram illustrating irreversible fouling of a PSf membrane surface (left)
and the reversible fouling of a SPANi/PSf composite membrane surface (right). The spheres
represent BSA proteins in solution, and the plates represent conformational changes due to
hydrophobic interactions with the PSf surfaces.

2.10 Conclusions

We have demonstrated the fabrication of a low-fouling UF membrane with the addition of a
superhydrophilic sulfonated polyaniline additive. The solution additive maintains the scalability
and cost-effectiveness of current UF membrane manufacture processing without complex steps
or post-treatments. The incorporation of self-doped SPANi enhances the morphology and
hydrophilicity of the UF membranes, achieving performances superior to that of the pure PSf
membrane. Because relatively small amounts of SPANI1 are added, the rejection properties of the
composite membranes remain consistent with those of current UF membranes. With only a DI

water wash, SPANi1/PSf composite membranes regain up to 95% of their initial flux, highlighting
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their antifouling characteristics. We believe that antifouling membranes could eliminate the need
for strong cleaning agents and processes, thus reducing the costs and energy for next-generation

UF membranes.
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CHAPTER 3

Scalable Antifouling Reverse Osmosis Membranes Utilizing

Perfluorophenyl Azide Photochemistry
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3.1 Introduction

The World Health Organization provided a plan this past year to ensure that the world's
population has access to a basic clean water supply by 2030." Presently, over one billion people
do not have access to clean water and dwindling freshwater supplies are leading to new health,
environmental, and geopolitical implications in the 21st century.”® Unfortunately, natural
purification of water, i.e., through sedimentation and aquifers, cannot sustain these future
demands.* New technologies must be developed to treat water effectively from traditional and
nontraditional sources to adequately supply global needs.

Reverse osmosis (RO) has emerged as a leading technology in water treatment for its
ability to efficiently convert seawater and brackish water into high purity water for potable and
high tech applications. The polymeric thin-film membranes used for RO exhibit high flux, high
selectivity, low cost, and relatively low energy expenditure compared with alternative
desalination technologies.®” Acting as a physical barrier, RO membranes allow water molecules
to permeate through a dense, microporous film and reject small dissolved solutes. Among
numerous polymeric materials used to fabricate RO membranes, aromatic polyamide membranes
are the most widely used because of their superior transport and separation properties. Thin-film
composite membranes are produced on an industrial scale using roll-to-roll processing and are
packaged into spiral wound elements to achieve optimal performance.

Although polyamide membranes have approached theoretical limits on performance, they
are highly susceptible to biological surface fouling that significantly reduces intrinsic operational
and economic advantages.”>® Microorganisms in the feed water adsorb onto the surface via
hydrophobic interactions and block the flow of water through the membrane. Harsh chemical

disinfectants used to prevent the growth of biofilms on the surface, such as chlorine and base
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treatments, prevent and remove biofilms from the surface, but also attack the chemical bonds
within the polyamide layer and degrade the high selectivity of the membranes.”® Thus,
biogrowth inhibition and cleaning agents that are commonly used in water treatment cannot be
used with RO membranes, increasing the pretreatment, operating and maintenance costs of
desalination plants.”"!

Recently, researchers have attempted to reduce or prevent RO membrane biofouling by
developing antifouling membrane surface treatments.'>"> By covalently modifying the surface
with hydrophilic brush polymers,'*" hydrophobic interactions between the foulant and the
membrane surface are obstructed. In addition, initial attachment of biological cells and dissolved
organics, a key step in biofilm formation, is impeded. A hydrophilic surface forms a layer of
hydration®® that prevents foulants from adsorbing onto the surface of the membrane film and
allows water to pass freely through the membrane.

Unfortunately, the designed chemical stability of polyamide membranes makes surface
manipulations a difficult task. Previous studies have utilized reactive epoxide terminal groups,'
carbodiimide activation,'® or radical-initiated graft polymerizations that chemically attach the
hydrophilic polymers to the polyamide surface.'>'®"* However, these modifications require long
reaction times, exotic reaction conditions, and are performed in situ, preventing them from being
easily translated into commercial roll-to-roll manufacturing processes for thin-film composite
membranes.

The need for a scalable method to produce antifouling RO membranes has led us to
investigate the use of perfluorophenyl azide (PFPA) as a chemical modifier. PFPAs are known
for their highly reactive azide group that allows PFPA derivatives®'** to make chemical bonds

23,24

. . 2 2
with rather unreactive targets, such as graphene, carbon nanotubes,” fullerenes,” and
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organic polymers.”” The azide functionality is activated by photoexcitation that expels nitrogen
gas and affords a reactive singlet nitrene that inserts into ~NH— and C=C bonds.***’ The surface
layer of RO membranes is comprised of cross-linked polyamide networks that contain these
groups, thus providing a target for modification. Our goal is to develop a dip-coating technique
using PFPA derivatives that confers antifouling properties to RO membranes and maintains the

roll-to-roll manufacturing process.

3.2 Objective

Because PFPAs can be prepared with a functional ester group in the para-position relative
to the azide moiety, PFPAs can be readily coupled to molecules containing free amino or
hydroxyl groups to form corresponding amide or ester linkages (Figure 3.1). In this chapter, we
have synthesized three hydrophilic polyethyleneglycol (PEG) brush polymers of different
molecular weights (MW = 550, 1000, 5000 Daltons) with a terminal PFPA group. PFPA-PEGssy,
PFPA-PEGo0, and PFPA-PEGsg are used to denote the respective PFPA-terminated PEG
derivatives according to their molecular weight. The water solubility of the PFPA-PEGs allows
the product to be isolated in high purity from the starting material by using an aqueous phase
extraction. More importantly, the water solubility enables RO membranes to be dipped into an
aqueous solution containing the dissolved PFPA-PEG derivatives. This is attractive
commercially, as many common organic solvents dissolve the underlying polysulfone layer

supporting the thin-film composite membrane.
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Figure 3.1. Synthesis of PFPA terminated PEG brush polymers and attachment to RO
membrane surface.

3.3 PFPA Modification and Characterization

To test if PFPA photochemical reactions can covalently modify RO membranes,
commercial PA membrane cutouts were dipped into aqueous solutions containing PFPA-PEGss,
PFPA-PEG 0, and PFPA-PEGs and allowed to air dry under ambient conditions. Once dried,
the coupons were irradiated with low-power UV light (254 nm, 585 uW cm > average intensity)
from a handheld UV lamp. The cutouts were rinsed in a water bath to remove any unreacted
azide and dimerized by-products from the surface and dried before surface analysis (see
Supporting Information, Appendix B). The membranes were then characterized with attenuated
total reflectance infrared (ATR-IR) spectroscopy. The presence of alkane groups within the PEG

polymer brushes is discernible in the ATR-IR spectrum when compared with a bare PA
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membrane (Figure 3.2). A broad C—H stretch is observed at 2860 cm ' and becomes stronger

when PFPA-PEG of higher molecular weight is used for the modification.

Commercial RO Membrane

WW PFPA-PEG, ,, Modified
- W\“m PFPA-PEG;,,, Modified

PEG

3600 3100 2600 2100 1600 1100 600
Wavenumber / cm™!

Figure 3.2. ATR-IR spectroscopy of the commercial polyamide RO membrane and modified
membranes. Apparent contact angle images are shown in the photos on the left.

3.4 Contact Angle Measurements

The modification is further manifested through contact angle measurements shown in the
photos in Figure 3.3. The introduction of hydrophilic brush polymers to the surface of the
membrane reduces the liquid/solid interfacial energy between a drop of water and the top PA
layer. The hydrophilic surface has a stronger interaction with water than the bare membrane,
resulting in a decreased contact angle. A bare commercial membrane was also dried and exposed
to UV light (no dip-coating) to confirm that the decreased contact angle was not caused by UV

irradiation.
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Figure 3.3. Effect of UV exposure on a bare membrane and PFPA-PEGsy coated
membrane (left) and contact angle vs. UV exposure time for a PFPA-PEGsg coated
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The contact angle was also measured as a function of UV exposure time to investigate
modification completion (Figure 3.3). Several 4 cm’ membrane cutouts were dip coated in
PFPA-PEGsg0, exposed to UV light for different lengths of time, and rinsed. The results shown
in Figure 3.3 indicate that the modification is complete after ~60 seconds of UV exposure time.
It 1s also important to note that with zero UV exposure time, the contact angle of the bare
commercial membrane is restored at 63°. This indicates that the wash step removes essentially
all the physically adsorbed PFPA-PEG from the surface of the membrane. Thus, UV exposure is
necessary to generate covalent interactions between the RO membrane surface and the PFPA

functionality.

3.5 XPS Characterization

X-ray photoelectron spectroscopy (XPS) was employed to further elucidate the nature of
the covalent attachment of PFPA to the surface of the RO membrane. Because the long PEG
polymer chains dominate the XPS spectra, the small molecule 4-azidotetrafluorobenzoic acid
(PFPA-COOH) was prepared and used to modify analytical samples (Supporting Information,

Appendix B) for XPS measurements, shown in Figure 3.4. When compared with the unmodified
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membrane, the N Is spectrum for the modified membrane exhibits an additional peak at 402.2
eV, attributed to the newly formed aziridine linkage between the PFPA and the aromatic rings on
the membrane surface.”* Furthermore, the absence of signal above 403 eV indicates that N, is
expelled from Ar—-N=N"=N" during irradiation, as Ar—N=N'=N" exhibits a distinct peak at 406.5
eV. Additionally, the modified membrane survey spectrum reveals the presence of fluorine at

687.6 eV (Figure 3.4).
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Figure 3.4. XPS survey spectra and N 1S spectra (inset) of the unmodified (left) and modified
(right) RO membrane surfaces.

3.6 Performance of Modified and Unmodified Membranes

To determine the effect of the surface modification on the performance of commercial
RO membranes, pure water permeability tests and NaCl rejection tests of the modified
membranes were conducted. As shown in Figure 3.5, the addition of hydrophilic polymers to the
membrane surface reduces the pure water permeability and increases NaCl rejection due to steric

hindrance.”® Moreover, systematically increasing the molecular weight of the brush polymer has
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a greater effect on the permeability and rejection, presumably caused by larger flexible polymer
chains. Although the initial permeability is reduced by the attachment of hydrophilic polymers,
the PFPA-PEG-modified membranes exhibit higher fluxes than many commercially available

RO membranes with comparable monovalent salt rejection.’’
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Figure 3.5. Pure water permeability (left axis) and rejection of NaCl (right axis).

3.7 Static Adhesion Testing
The ability of the modified membrane to resist cell adhesion was challenged using
Escherichia coli, a gram-negative bacterium that is commonly used in antifouling

19,32-34

experiments. Because initial attachment of bacteria is crucial in biofilm formation,

inhibiting bacterial adhesion prevents the growth and spreads of bacteria across a surface. In this
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study, we measured E. coli adhesion on the modified and unmodified RO membranes by
fluorescent microscopy, following a modified procedure described by Rong and Gleason."”
Using ImageJ software,” we estimated the surface coverage percentage of the adhered bacteria
and compared these values to the unmodified RO membrane.

Figure 3.6 presents the surface coverage analysis and fluorescent microscopy images
(inset). Regarding the unmodified RO membrane, ~22% of the membrane surface is covered
with irreversibly attached E. coli. When modified with PFPA-PEGn derivatives, notably less
attachment is observed for the membranes. The membranes modified with PFPA-PEGss, and
PFPA-PEGj o showed less adhered bacteria and <1% of the surface is covered with E. coli on
the membranes modified with PFPA-PEGsgg. Clearly, increased PEG molecular weight (chain

length) is directly related to the antifouling ability of the modified membrane.
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Figure 3.6. Observed adhesion of E. coli onto PFPA-PEG modified membranes with
fluorescence microscopy, converted with ImagelJ software. Scale bar = 50 pm.
3.8 Conclusions
Here, we have demonstrated the scalable surface modification of a commercial RO
membrane consistent with the roll-to-roll processing of RO membranes. Utilizing the
photochemistry of PFPAs as a platform, our system modifies RO membranes under ambient
conditions, with minute modification times, using a dip-coating technique in environmentally
benign solvents. By modifying a commercial RO membrane with our method, we prevent initial
bacterial adhesion that leads to biofilm formation. We believe that the production of antifouling
RO membranes will reduce or eliminate biofouling on RO membranes, thus reducing the high

maintenance and energy costs associated with current RO desalination. In the future, we will
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examine the modification of RO membranes with PFPAs bearing small molecule functionalities

with our process.

3.9 Synthesis of PFPA-PEG,
PFPA-PEG Synthesis: PFPA-PEG derivatives were synthesized by a modified procedure

originally described by Yan.*

Briefly, 1 equiv. of N-hydroxysuccinimidyl 2,3,5,6-
tetrafluorobenzoate and 0.9 equiv. of the HN-PEG were dissolved in CHCIs. The solution was
stirred overnight in the dark at room temperature. The reaction mixture was then poured into
diethyl ether and extracted three times with DI water. After evaporation under reduced pressure,
the product was collected and used without further purification. Detailed syntheses and

characterization (IH NMR, "“F NMR, and ATR-IR) of the three PFPA-PEG derivatives are

provided in Appendix B.

3.10 Surface Modification Procedure

The 2 x 10 M PFPA-PEG, solutions were prepared by dissolving PFPA-PEG, in 18
MQ water and shaking vigorously until the PFPA-PEG was fully dissolved. All dip-coating
solutions were used the same day as prepared. The commercial reverse osmosis membrane
coupons (2 x 2 cm?) were dipped into the solutions for ~5 seconds and allowed to air dry on a
flat surface. Larger 110 cm” samples were used for performance testing. Once dried, the coupons
were placed under a 6 W Spectroline ENF-260C handheld UV lamp using a 254 nm wavelength
for 3 min. The lamp was held 5 inches above the surface of the membrane using a ring stand.
The average UV intensity was determined using a UV-C light meter (Sper Scientific). After UV

exposure, the membrane cutouts were placed in a 10% ethanol/water bath stream to remove by-
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products and any unreacted azide. The ethanolic solution also helped to restore permeability to
the membranes that was lost during the drying step.’” The membrane coupons were then placed
in a DI water bath overnight. Membrane coupons used for ATR-IR and contact angle
measurements were stored in a dessicator. Detailed protocols for membrane performance and

cell adhesion testing can be found in Appendix B.
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CHAPTER 4

Novel, Small Molecule Perfluorophenyl Azide Coatings for Fouling-

resistant Membrane Bioreactors
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4.1 Introduction

The lack of access to clean water worldwide is one of the greatest challenges the world

must address in the 21% century.1 The rising population, and the agriculture to support it, requires

greater volumes of freshwater than ever before. The Middle East—the region most deprived of
water—already consumes more than 40% of its freshwater availability.2 In the US, legislation is

currently being passed to confront California’s historic drought.3 Because of the large cost
associated with water transport, communities must seek efficient systems to locally treat
wastewater for re-use for a sustainable future.

Membrane bioreactors (MBRs) have emerged as an efficient technology that can produce

high quality water from wastewater, with a relatively small footprint compared to traditional

treatment processes.4 Conventional treatment, such as the activated sludge process, utilizes
aerobic bacteria in a controlled system to treat industrial or municipal wastewater. Bioreactor
technology employs the same phenomena, but eliminates multiple treatment steps through the
use of membrane technology. Micro- or ultrafiltration membranes can be submerged directly into
the bioreactor to effectively separate the treated water from the mixed liquor to produce effluent
that can be safely reused. Applying MBR technology provides higher effluent quality, enables

higher volumetric loading rates, and requires less space in comparison to traditional wastewater

treatment processes.’
Despite the advantages of MBR technology, membrane fouling remains the operational

6,7,8
Because the

challenge that limits the widespread use of MBR for wastewater treatment.
membranes are immersed in mixed liquor containing high concentrations of biomass, the

membranes quickly foul, greatly reducing the production efficiency of treated water that can be

separated by the membrane. Traditionally, membranes are cleaned during operation with
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chemical agents to remove foulants and then regain their performance. Due to sensitivity of the
microorganisms to chemicals, the membranes used in MBRs can generally only be treated with
mild, ineffectual reagents during operation and must be removed completely from the system for
more aggressive cleaning. These operating and maintenance costs drive up the total cost of

MBR, diminishing its appeal over conventional treatment methods.

4.1 Prior Research

Recently, research has focused on developing new membrane materials that resist or

reduce the rate of fouling.9'22 Materials that repel foulants will inherently foul less quickly and
are easier to clean with milder cleaning treatments. Because the major part of the fouling occurs
at the surface of the polymer membranes, it is essential to understand the influence of the key
interfacial factors between the interface of liquid media and the solid surfaces and how they
affect adhesion of foulants. Early studies have indicated that hydrophobic interactions between
biological media and polymeric membrane surfaces largely impact membrane fouling. A more
hydrophilic membrane will repel hydrophobic forces from occurring. Thus, past studies have
attempted to impart membranes with hydrophilic properties by grafting hydrophilic polymers to

the surface. Water soluble, hydrophilic polymers have been covalently polymerized from or

covalently attached to the membranes’ surface via plasma grafting9’10 or radical initiated

. . 11,13
polymerizations.

The modified membranes exhibit antifouling properties, but have only
been demonstrated on a laboratory scale. Additionally, the presence of a thick gel layer on the

surface of the membrane often adds mass transfer resistance to the membranes’ interior and

. e 19-21 . . . . .
surfaces, decreasing permeability. Many of the surface modifications require exotic reaction
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conditions, long reaction times, and expensive reagents that are not compatible with the roll-to-

roll manufacturing of state-of-the-art commercial membranes.

4.3 Objective

Previously, we have developed a novel photochemical surface modification of polymeric

reverse osmosis membranes.”> Photoactive perfluorophenyl azides (PFPAs) were utilized to
generate highly reactive nitrenes (when exposed to UV light) that can covalently bind to the
membranes’ surfaces. Therefore, the membrane surfaces can be modified under ambient
conditions and be completed within minutes, maintaining the roll-to-roll scalability of membrane
manufacturing. Herein, we present a scalable process to functionalize the surface of commercial
UF membrane with small molecule PFPA derivatives to impart anti-fouling properties. Modeling
data are reported that indicate that specific components of surface energy plays an essential role
in foulant adhesion forces. The data directed us to modify the UF membrane surfaces with water-
soluble small molecules to maintain the membranes’ high permeability, while achieving anti-
fouling properties. The target species were readily synthesized from commercially available
precursors without the use of hazardous and/or expensive materials and synthetic conditions.
Commercial UF membranes were then photochemically modified and their properties compared
to the unmodified membranes. The modified polyethersulfone membrane displays increased
permeability and hydrophilicity relative to an unmodified membrane. Furthermore, the modified
membrane exhibits outstanding foul-resistance against sodium alginate, a model foulant, during

operation.
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Figure 4.1. Schematic diagram illustrating sodium alginate adhesion to polyethersulfone
ultrafiltration membranes unmodified (left) and modified with perfluorophenyl azide
derivatives (right).

4.4 Adhesion Interaction Modeling

The transport and deposition of foulants are dictated by hydrodynamic and interfacial
forces when a foulants contacts a membrane surface in solution.” Because hydrodynamic forces
are theoretically identical, interfacial forces determine the affinities of foulants to a polymer’s
surface for the same foulants in solution. Kim ef al.” defines these interfacial forces as the sum
of the Lifshitz-van der Waals force, the acid-base force, and the electrostatic force, which
excludes hydrodynamic forces. These forces are summarized by mathematical expressions in

Equations 4.1, 4.2, and 4.3 below:***’
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where a, is the radius of particle, h is the interfacial separation distance, ho is the minimum

AG{l;ZI/ and AG;/M

separation distance (0.157 nm), 32 the Lifshitz-van der Waals and Lewis acid-

base interfacial energies, ALw (= 100 nm), Aag (2 0.6 nm), and Agr (= [3.28%10°VCrac] ') are

characteristic decay lengths for LW, AB, and EL interactions in water, € the dielectric

permittivity of water (= 78.5%8.854x10 "2CV 'm™"), Y, and Y, are dimensionless surface (zeta)

potentials (tanh[z/T ,, /4 RT)) and (c and {m are the zeta potentials of the particle and the

2
membrane surface.”

. . . A le//// A GY/IE /ot
In order to calculate the interfacial free energies (= 132, 132 132), the surface

tension components of the membranes were determined with contact angles (0) measured by

26
using three different probe liquids that have known values of surface tension components. The

surface tension components (y-", y*, v) that were used have been reported elsewhere.”” The

extended Young-Dupré equati0n3] (Equation 4.4) was used to calculate the surface tension

components:
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where 6 is the ideal contact angle formed between a droplet of liquid L and the smooth
membrane surface, ys and y"Vare the apolar (Lifshitz-van der Waals) components of the
surface tension of solid, S (membrane or particle) and liquid L, ys', v, vs', Y.~ and are the

polar (electron-acceptor and electron donor) components of the surface tension of solid (s) and
liquid (/), respectively.32

A GT()/

We denote the interfacial free energy at contact, 132 as a thermodynamic value that

indicates the inherent affinity of a solid foulant (1) that interacts through a liquid media (3) with

Jor
). A

a solid membrane surface (2 132 was determined from Equation 4.5 below:

AGT = AGT +AG (4.5)

A G‘{LW

AR
where 32 and AGH, are the Lifshitz—van der Waals and Lewis acid—base interfacial free

energies, respectively. They can be calculated from Equation 4.6 and 4.7:%

AGEL =2 (r” - NI -
Aa§f=2@(&#5—%)2%@%%—%}2@:@ -24r773

An electrokinetic analyzer (SurPASS Electrokinetic Analyzer, Anton-Paar GmbH) was

(4.6)

“4.7)

used to calculate the membrane zeta potential (Cy;). The analysis provides a slope of the

streaming current versus pressure (dl/dp) from which the membrane zeta potential is derived.
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The zeta potential was measured at pH 7+0.1 and 1 mM KCI was used as the electrolyte. The
membrane zeta potential was calculated using the Helmholtz-Smoluchowski equation (Equation

4.8):

4.8)

where € is the dielectric constant of the solution, g, is the permittivity of vacuum, L is the length
of the streaming channel and A is the cross-section of the streaming channel. The zeta potential
was assumed to be constant at -54.5 mV, as measured for the unmodified PES membrane. The
zeta potential for the unmodified and modified membranes varied slightly (within error of the
experiment) and it was found that these nominal variations in the zeta potential produced

negligible contributions to the total interfacial force.

4.5 Modification Procedure and Experimental

Commercial PES membranes were modified using a revised procedure from a previous
publication.” Flat sheet membrane samples were cut into 4x10 cm® rectangular sheets. The
membrane samples were dipped into a 0.1 mM solution containing the selected small molecule
PFPA. The sheets were immediately placed under a 6 W UV lamp (254 nm) and irradiated for 60
seconds with an intensity of 1200 mW/cm’. The membrane samples were then rinsed with a
stream of deionized (DI) water and stored in a DI water bath. For contact angle measurements,
thin strips of the membrane were cut out and attached to microscope glass slides using double
sided tape. The slides were placed onto the sample platform of a KRUSS DSA 10 goniometer

used for the measurement. A series of drops of the corresponding liquid were placed manually
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onto each membrane surface with a syringe before taking the angle measurement using software
fitting. For XPS experiment samples, 1x1 c¢cm® boron-doped (P-type) silicon wafers (0.002-
0.0005 ohms/meter resistivity) were spin-coated at 2500 rpm for 30 seconds with
polyethyleneimine. The top polyethersulfone layer was deposited on top of the
polyethyleneimine layer by spin-coating from a 5 wt% N,N-dimethylformamide solution at 2500
rpm for 30 seconds. The samples were dried in a vacuum oven at 75 °C overnight before
modification. To modify the PES thin films, PES coated wafers were dipped in 0.1 mM PFPA
solutions and irradiated under the same conditions as the membrane sheets mentioned above.

In order to evaluate the fouling resistance of the modified membranes, a lab-built cross-
flow apparatus (Appendix C) was used to monitor the dynamic change of transmembrane
pressure (TMP) in the presence of sodium alginate solution. A 19 cm” cutout of each membrane
was compacted first using DI water at 16 psi for 2 hours. A balance connected to a computer was
used to record and calculate the active flux. Once stable, permeate flux was then adjusted
manually to 3.2 mL/min using a peristaltic pump. After 10 minutes of stable flux at 3.2 mL/min,
the feed was switched to 200 ppm sodium alginate solution while maintaining the same flux until
300 mL of permeate was collected (first fouling stage). The feed was then switched back to DI
water. Membranes were flushed with DI water for 5 min before changing the feed to sodium
alginate solution again until 300 mL of permeate was collected at the same flux (second fouling
stage). Pressure gauges were placed at both the feed side and the permeate side and connected to
the computer. The TMP was calculated automatically throughout the cross-flow fouling test via

Equation 4.9:

TMP = (Pin— Pret)/2 - Pperm 4.9)
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where Pj, is the inlet pressure and P, are the pressure at the feed side and the retentate side of
the membrane, respectively, and Ppem 1s the pressure on the permeate side of the film. The TMP
increase of the modified membranes can then be compared with the control membranes. It’s
worth noting that in addition to the blank PES membrane as a control, the UV control membrane
(same modification method without the PFPA solution) membrane was also analyzed to observe
the impact of UV light exposure alone on the PES membrane.

Membrane rejection properties were tested by collecting the permeate during the first
fouling stage and measuring the permeate’s sodium alginate concentration using total organic

compound (TOC) analysis. The sodium alginate rejection can be calculated from Equation 4.10:

R =[1-(C,/ Cp] x 100% (4.10)

where C, and Cr are the concentration of sodium alginate in the permeate and feed, respectively.

4.6 Modeling Results

Figure 4.2a illustrates the results from modeling the interfacial forces for several foulants
found in MBRs. Sodium alginate (SA), which has a strong attractive force to the
polyethersulfone membrane surface, is a common polysaccharide-based extracellular polymeric

substance (EPS) secreted by microorganisms that facilitates initial attachment of microbe to
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membrane surfaces and provides the framework in biofilm formation.”* Once the SA is anchored
to the membrane surface, other foulants can readily attach to the polysaccharide and rapidly foul
the membrane. In Figure 4.2b and 4.2c, the interfacial forces of E. coli and SA, respectively,
have been broken down into their three components, electrostatic force (Fgr), acid-base force
(FaB), and Lifshitz-van der Waals force (Frw). The greatest impact to the overall repulsive
interfacial force of E. coli is the strong repulsion by the Fap (Fig. 4.2b), outweighing the small
FLw, which is attractive, and the nominal FEL. For the overall attractive interfacial force of the
SA, the attraction by the FAB again plays the dominant role (Fig. 4.2¢). Since we cannot control
the chemistry of the foulant exterior, these modeling results imply that varying the acid-base
functionality of the membrane surface can make a dramatic impact in the interfacial forces of the

membrane, drastically reducing membrane fouling.
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Figure 4.2. a) Interfacial forces between selected foulants in MBRs and PES. E. coli =
Escherichia coli, P. putida = Pseudomonas putida, PEG = polyethylene glycol, HSA =
human serum albumin, BSA = bovine serum albumin, SA = sodium alginate b) The
interfacial forces of E. coli and PES broken down into their components c¢) The interfacial
forces between sodium alginate and PES broken down into their components. Frw = Lifshitz-
van der Waals force, Fag = acid-base force, Fg = electrostatic force, Fror = total force
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Figure 4.3. The effect of high y- on repulsive forces between several foulants and a
polyethersulfone membrane. PEG = polyethylene glycol, HSA = human serum albumin,
DEX = dextran, BSA = bovine serum albumin

The Fap can be quantified through contact angle measurements with different liquids, and
can be further simplified into their interfacial tension components, electron-acceptors (y+) and
electron-donors (y-). In work by Strathmann and coworkers,”’ these components for several
polymers used to fabricate UF membranes were reported. Interestingly, there were relatively
large changes to the y- component compared with the small changes in the y+ component across
a wide spectrum of polymers. Thus, we were motivated to investigate the relationship between
the y- component of a surface and the repulsive force between several foulants, as shown in
Figure 4.3. A fairly linear relationship exists between the maximum repulsive force and y- for the
foulants that possess high y- values of their own. However, the foulants that have low y- values
(BSA and SA) require a membrane surface with high y- values to achieve repulsion between the
foulant and the membrane surface (Fig. 4.3). Our goal is to increase the y- character of the
membrane surface to achieve anti-fouling properties, without losses to membrane selectivity or

permeability.
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Figure 4.4. Target PFPA-derivatives.

4.7 Novel Synthesis of PFPA Small Molecules

In order to modify the membrane surface, three small molecule PFPA-derivatives were
synthesized (Appendix C) that contain ionic groups to impart water solubility, as presented in
Figure 4.4. Typically, PFPA target compounds are produced through an activated N-
hydroxysuccinimide intermediate, which is synthesized via carbodiimide-mediated coupling.™
Despite forming a stable compound that is able to perform solid-state surface modifications,’® the
synthesis of PFPA-NHS involves several steps and requires numerous protecting group
manipulations.  Additionally, the esterification necessitates the use of NN’
dicyclohexylcarbodiimide—a potent allergen that is difficult to remove from the product—
prohibiting the large scale synthesis of PFPA derivatives. Thus, we have developed a concise,
facile synthesis of para-azido perfluorophenylsulfonamides (Scheme 4.1). Our approach utilizes
commercially available pentafluorophenyl sulfonyl chloride 1, which produces the desired
derivative in two or three steps. This approach has the advantages of a short step count, mild

reaction conditions, and scalability.
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Scheme 4.1. Synthesis of PFPA small molecules from pentafluorophenyl sulfonyl chloride.

Our strategy utilizes an initial reaction of 1 with an amine to form sulfonamide 2. The
strong electron-withdrawing effect of the sulfonamide activates the para position to subsequent

nucleophilic substitution by an azide ion producing compound 3. It is important to note that in an
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analogous series utilizing pentaflourophenyl amides, the nucleophilic substitution reaction fails
to occur, even under forcing conditions. Compound 3 can be elaborated to the desired PFPA in a
single operation, with the synthesis of 4¢ given as an example. Additionally, we predict that the
presence of a sulfonamide will add electron-donating functionality to the final products that

ultimately impart higher y- character to the modified membranes.

Table 4.1 Surface Properties of Unmodified and Modified PES Membranes

Fluorine
Membrane Content CI)AI EtEIT n CA AG™ AG™ AG™ AG™™
(atomic ( (Ethylene (Diiodomethane) (mJ/mz) (mJ/mz) (mJ/mz)
%) water) Glycol)

PES - 49.8 28.9 17.7 48.4 4E-07 29.4 -3.0
PES UV - 48.8 29.9 23.3 46.8 1E-03 31.3 1.6
PES PFPA(-) 0.5% 46.8 25.3 21.6 47.3 1E-02 32.1 2.3
PES .
PFPA(4) 0.4% 45.7 23.2 23.7 46.6 4E-02 32.8 3.9
PES .
PFPA(+-) 0.7% 40.4 20.1 19.2 48.0 9E-03 38.4 12.5

4.8 Membrane Characterization

After commercial PES membranes were modified with the three PFPA derivatives, X-ray
photoelectron spectroscopy (XPS) and sessile drop contact angle (CA) measurements with
different liquids were conducted to analyze chemical and physical changes to the surface of the
membranes (Table 4.1). The results from the XPS experiment performed directly on the surface
of the commercial membranes (PES on a non-woven polyester support) showed too much noise

in the spectra to make any conclusions. Therefore, representative samples were made by spin-
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coating thin films of PES onto a doped silicon wafer and modifying the spin-coated samples with
the PFPA precursors under the same conditions as the commercial membranes. After conducting
contact angle measurements on modified membrane samples with multiple liquids, the surface
tension components were quantified.

As shown in Table 4.1, the fluorine content of the samples confirm the grafting of the
small molecule PFPA derivatives to the surface. To determine the effect of UV light on the
membrane, a sample was included that was exposed to the same UV intensity as the modified
samples, without exposure to the PFPA-derivatives. Upon modification, there is a slight decrease
in the apparent contact angle of the modified membrane when polar liquids are used (DI water,
ethylene glycol) and an increase in the corresponding Gibbs free energy (AG™™).
Conventionally, a surface is considered hydrophilic when its contact angle is <90°. We enlist the
use of AG™"™ to describe surface hydrophilicity as a method to quantify the amount of energy
required to expel the adsorbed water layer when two identical membrane surfaces are brought

mwm

into contact. Therefore, a positive AG requires energy to expel water when the two
membrane surfaces unite, deeming those surfaces “hydrophilic.” Figure 4.5 illustrates the effect
of changes in apparent contact angle of water and ethylene glycol on AG™™ of the modified and
unmodified membrane samples. The contact angle of the membranes using diidomethane showed

mwm

little change, highlighting the insignificant role on the AG of the membrane, and thus was
held at 20°. Under our definition of hydrophilicity, the zwitterionic PFPA(+-) modified
membrane surface exhibits the greatest hydrophilicity compared to the other modified and
unmodified membrane surfaces.*® Furthermore, as shown in Table 4.1, there is an overall

increase in the y- components of the membranes, when compared to the unmodified membrane

samples.
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It is important to note that there are slight changes in the AG™ and v+ values, but these
negligible changes have minimal effect on the attractive/repulsion forces compared to the

difference y- as mentioned above.
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Figure 4.5. Hydrophilicity of unmodified and modified membranes based on the AG™™
surface energy.

From the surface energy data listed in Table 4.1, the total interfacial forces between
sodium alginate and the modified and unmodified membranes were plotted, as shown in Figure
4.6. In comparison to the commercial, unmodified PES membrane, there is an apparent decrease
in attraction at the interface of the modified membranes and SA. The UV treated, PFPA(-), and
PFPA(+) membranes possess similar y- values (31.3, 32.1, and 32.8 mJ/m?, respectively) and
demonstrate similar interfacial forces. The PFPA(+-) modified surface stands out with the least

attractive force with SA, exemplifying the significance of a high y- (38.4 mJ/m?).
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Figure 4.6. Overall interfacial force between sodium alginate and the unmodified and
modified membrane surfaces.

4.9 Membrane Performance

To experimentally compare the effect of the increased electron donor moieties on the
surface of the membrane with membrane fouling rate, membrane samples were placed in a cross-
flow system (Appendix C). Pressure transducers were used to record a live feed of the TMP
during operation, and membrane fouling was directly correlated to the change in TMP over the
duration of the experiment. The results of the experiments are shown in a short-term study
(Figure 4.7). Two fouling rates were recorded, before and after a 5-minute rinse by switching the
feed solution to DI water, then resuming the experiments with the SA feed solution.

The commercial PES membrane possessed the greater initial and second stage-fouling
rate compared to the modified membranes. The second stage fouling is presumably higher than

the initial stage due to unsuccessful rinsing of the SA layer from the surface of the membrane,
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enabling additional SA particles to attach. Among the modified membranes, the PFPA(+-) coated
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Figure 4.7. (A) A short and (B) a long term fouling study of the unmodified and modified
membranes.

membrane demonstrates the greatest y- and greatest anti-fouling ability, with a negative fouling

11,39,40

rate for the 3-hour comparative study. Zwitterionic surface monolayers®® and polymers are
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shown to have ultra-low fouling properties under static conditions. Furthermore, the PFPA(+-)
modified membrane surface approaches the ~40 mJ/m” threshold required to produce repulsive
forces between SA and a surface (Figure 4.3). When the sodium alginate solution is initially
introduced, the TMP immediately increases due to the rapid change in concentration of SA.
However, due to the contribution of repulsion of the membrane surface and the cross-flow
velocity of the retentate, the particles are removed at a faster rate than the membrane is fouled.
Over a longer duration of time, the modified membrane begins to foul, as observed in a long
term fouling study shown in Figure 4.3, right. When running the cross-flow experiment for >2
days, there i1s only a ~4 psi change in the TMP. In comparison, the same long-term cross-flow
experiment was conducted with the unmodified PES membrane. Because the TMP reaches the

inlet pressure, there is no permeation through the membrane and the experiment is stopped.

Table 4.2 Performance Properties of Unmodified and Modified Membranes

st . nd . Pure Water
Membrane 1 3:’;5? ];(;;ll:;ng 2 RS;:E(E ]:(i)/l;ll)mg Permeability Rejection of SA

P P (LMH/bar)
Unmodified PES 0.85 1.28 1.069 98.0 %
PES UV Treated 0.54 0.54 1.136 98.8 %
PES-PFPA(+) 0.32 0.41 1.202 98.3 %
PES-PFPA(-) 0.22 0.22 1.603 97.7 %
PES-PFPA(+-) -0.04 -0.06 1.804 98.7 %
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In addition to imparting anti-fouling ability to the membrane surfaces, the PFPA grafting
treatment also increases the permeability of the membrane. The modified membranes all
demonstrate greater permeability than the unmodified membrane, with the PES-PFPA(+-)
modified membrane exhibiting a water permeability 69% greater than the unmodified PES
membrane. We believe that the increased permeability is caused by a decrease in molecular
weight (chain scission) of the PES polymer at the membrane surface. Aromatic
polyethersulfones are known to undergo photolysis into lower molecular species when exposed
to UV irradiation.*' Additionally, the covalent grafting of water-soluble analogs to the backbone
of water insoluble polymers can impart water solubility to the top layer of PES polymeric chains.
When increasing the concentration of a PFPA-derivative coating solution to increase graft
density, visible degradation is observed under an optical microscope and bovine serum albumin
rejection decreases (Appendix C). When a 0.1 mMol solution is used, the membrane surface is
successfully modified with increased water permeability and negligible changes in SA rejection.
Typically, higher permeability causes higher fouling rates, due to greater permeation drag forces
and a more compressed cake layer.”” Although the PFPA-PES membranes possess higher
permeability, they maintain lower fouling rates, exemplifying the anti-fouling properties of the

modified membranes.

4.10 Conclusions

In this chapter, our modeling data highlights the importance of controlling the y- of the
membrane surface to enhance the repulsion of foulants from a membrane surface. On the basis of
this modeling result, we have synthesized novel PFPA small molecules to increase the y- of

commercial PES membranes, demonstrating a scalable synthesis to produce photoactive PFPA
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small molecules in large quantities. The target compounds were easily prepared and readily
grafted to the membrane surface utilizing a modified photochemical procedure that we have
previously developed. In comparison to an unmodified, commercial membrane, the modified

membranes exhibited enhanced y- and hydrophilicity. The antifouling ability of the modified

membranes was investigated, with the zwitterionic PFPA derivative demonstrating the greatest
antifouling ability. When challenged against a solution of sodium alginate, the zwitterionic PFPA
modified membrane possessing ultralow fouling properties was allowed to operate for 50+ hours
with only a 5 psi increase in TMP. We believe that fouling-resistant UF membranes will decrease

the cost of MBR technology, making use of MBRs more widespread for wastewater treatment.
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In Chapter 1, a brief history and current status of membrane technology is described,
specifically for UF and RO membranes. Large areas of ultrafiltration membranes are cast using
commodity polymers, utilizing the phase inversion method to create thin, porous films. Reverse
osmosis membranes are made from UF membranes by forming a thin, dense polymer layer on
the surface of the UF membrane by interfacial polymerization. UF membranes can be formed
into several different configurations; RO membranes are limited to spiral wound configurations
due to the high pressure of operation. Membrane fouling drastically affects both UF and RO,

causing reduction in performance and increased operation, energy, and maintenance costs.

Chapter 2 investigates a new polyaniline-based additive for UF membranes. Membrane
hydrophilicity is directly linked to fouling; a more hydrophilic membrane will reduce the
hydrophobic interactions between the membrane surface and foulants.

. Sulfonated polyaniline (SPANI) is a water-insoluble, superhydrophilic, and zwitterionic
polymer that can be processed at elevated pH. SPANi was blended into polysulfone
membranes at different wt% to determine its effect on membrane performance,
hydrophilicity, morphology, and fouling.

. The blending of SPANi directly into polysulfone casting solution maintains the
scalability of membrane fabrication.

. Increased SPANI content in the final membrane increased hydrophilicity and anti-fouling
properties with nominal changes in performance and rejection of the membranes. In a
fouling test with bovine serum albumin, the SPANi/PSf composite membranes all
exhibited lower fouling and greater flux recovery after rinsing the membranes with DI

water.

83



In Chapter 3, a new method to modify commercial RO membranes with hydrophilic graft
polymers is explored. Utilizing perfluorophenyl azide photochemistry, polyethylene glycol
terminated with perfluorophenyl azides can be applied to membrane surfaces under ambient
conditions, maintaining the roll-to-roll manufacturing of RO membranes. Several PFPA-
terminated PEG macromolecules were synthesized with varying molecular weight to determine
the effect of molecular weight on anti-fouling ability. Static membrane fouling tests using E. coli
were conducted to demonstrate reduction in bacterial adhesion.

. The successful modification of commercial RO membranes as demonstrated with a new
method. PFPA-PEG derivatives were dipped into a solution of water containing the
photoactive molecules, dried, and exposed to a low power UV lamp for 60 seconds. The
modified membrane surfaces exhibited lower sessile drop contact angles, confirming the
hydrophilic modification. Additionally, ATR-IR and XPS measurements confirm the
existence of PEG and PFPA covalently bound to the surface of the RO membranes,
respectively.

. The presence of PEG grafted to the membrane surfaces caused slight changes to the
membrane performance. When grafting with higher molecular weight PEG, the water
permeability decreased due to increased hydraulic resistance of the PEG chains.
However, there was a slight increase in NaCl rejection with increased molecular weight
PFPA-PEG graft polymers.

. In a static bacterial adhesion test, membrane coupons grafted with higher molecular

weight PEGs experience lower adhesion of E. coli. Using Image] software, the
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membrane surface with the highest molecular weight PEG grating (MW = 5000),

exhibited less than 1% surface coverage of E. coli after incubation overnight.

Chapter 4 discusses utilizing PFPA chemistry with UF membranes used for membrane
bioreactors. First, modeling data indicate that foulant-membrane interactions rely heavily on
Lewis acid-base interactions. A membrane with greater electron-donating functionality will
possess increased repulsive interactions with foulants leading to lower fouling. To impart greater
electron-donating functionality to commercial membranes, perfluorophenyl azide chemistry is
implemented once again.

. The synthesis of new, water-soluble PFPA small molecules is presented. Several small
molecules were synthesized containing electron-donating functionalities and different
ionic groups to impart water-solubility. The PFPA derivatives were covalently bound to
commercial polyethersulfone flat sheet membranes, as confirmed by XPS.

. Contact angle measurements with several liquids indicate that the electron-donating
functionalies of the modified membranes increased after the modification. A zwitterionic
PFPA derivative exhibited the greatest electron-donicity and was considered the most
hydrophilic.

. In short-term fouling tests with sodium alginate (the “stickiest” foulant), the modified
membranes demonstrated lower fouling rates in comparison to an unmodified
commercial membrane. The zwitterionic PFPA exhibited the lowest fouling rate and

could be operated for longer periods of times without cleaning.
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Instrumentation. Fourier Transform Infrared (FT-IR) spectroscopy was performed on a JASCO
FT/IR-6300. X-ray Photoelectron Spectroscopy (XPS) was performed on a Kratos AXIS Ultra
DLD with a monochromatic Al Ka X-ray source operating at 10 mA and 15 kV. Spectra have

been charge corrected to the main line of the carbon 1s peak set to 284.6 eV.

——SPANiI

2000 1800 1600 1400 1200 1000 800 600

Wavenumber cm™!

Figure A.1. FT-IR spectrum of SPANi produced via sulfonation with fuming sulfuric acid.
Strong S=O stretching at 1132 cm™ and 1060 cm™ and S-O stretching at 694 cm™ confirm the
existence of sulfonic acid groups along the backbone of the polymer.'

Table Al. Elemental Analysis Results Obtained from XPS after Sulfonation

C% (1s) 0% (1s) N% (1s) S% (2p) S:N Ratio

69.48 17.88 8.52 4.11 0.482
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Figure A.2. FT-IR spectra of the PS pure membrane and SPANi/PS composites. No variance in
the spectra is seen because of the dominance of PS within the membrane films. However, a
strong color change with increasing amounts of SPANi is observed (inset).

1. Feed tank

2. Feed pump

3 + 9. On/Off valve

4. Cross-flow meter

5 + 8. Pressure gauge
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7. Electronic balance
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Figure A.3. Cross-flow apparatus used to conduct permeability, flux decline, and flux
recovery experiments.
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Materials. Methoxypolyethylene glycol amine MW = 5000 g/mol was purchased from Sigma
Aldrich (Milwaukee, WI), Methoxypolyethylene glycol amines MW = 550, 1000 g/mol were
purchased from Laysan Bio (Arab, AL), N-Hydroxysuccinimidyl 2,3,5,6-tetrafluorobenzoate was
prepared according to Keana and Cai.' Diethyl ether and methanol was purchased from Fisher
Scientific (Pittsburgh, PA). Dow FILMTEC XLE brackish water flat sheet membranes were

donated by Dow Water & Processes Solutions (Edina, MN). All materials were used as received.

Membrane Characterization. 3x1 cm membrane coupons used for FT-IR, contact angle
measurements, and atomic force microscopy (AFM) were dried before use overnight in a
dessicator. The modified and unmodified membranes were characterized with FT-IR on a
JASCO FT/IR-6300 spectrometer. Sessile drop contact angle measurements were observed using
a Kriiss DSA 10 goniometer. AFM was conducted on a Bruker Dimension 5000 scanning probe
microscope (in tapping mode) using a silicon tip. The average surface roughness and surface area

difference percentage were determined from the surface topography for each sample.

Performance. Performance testing on the RO membranes was conducted in a stainless-steel
dead-end filtration stirred cell (Sterlitech Corp., Kent, WA) with an active membrane area of
approximately 0.011m”. The stirred cell was filled with Milli-Q water, and pressurized until
water flow through the membrane was first observed. The water flow rate was then recorded
using a digital flow meter (FlowCal 5000, Tovatech LLC, South Orange, NJ). The system was
continually pressurized at increments of 50 psi (689kPa) up to 400 psi (2758 kPa) while
measuring the water flow rate at each increment. The membrane was then allowed to compact at

400 psi until the flow rate stabilized, which took approximately 3 hours for each membrane. The
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salt rejection of the membrane was characterized by filling the stirred cell with 2g/L. NaCl
solution and pressurizing the cell to 200, 300 and 400 psi. Approximately 10 mL of the permeate
solution was collected at each pressure and the conductivity was measured using a calibrated
conductivity meter (Accumet XL30, Fisher Scientific). The salt rejection, R, was calculated by R
=1 — cp/cp, where ¢, is the permeate concentration and ¢, is the bulk feed solution concentration.
The pure water permeability was determined as the slope of the linear regression line on the plot
of membrane water flux (flow rate normalized by membrane area) against the pressure up to 400

psi after compaction.

PFPA-PEGs000: HoN-PEGsgoo (750 mg, 0.15 mmol) was dissolved in 10 mL of CHCIs. N-
Hydroxysuccinimidyl 2,3,5,6-tetrafluorobenzoate (60 mg, 0.18 mmol) was added to solution and
the reaction was allowed to stir in the dark overnight at room temperature. The resulting solution
was poured into 20 mL of diethyl ether and the product was extracted 3 times with 20 mL DI
water. A grey solid product (745 mg, 0.14 mmol, yield: 93%) was obtained via evaporation
under reduced pressure and stored in a dessicator in the dark before use. "H NMR: (CDCI3, 300
MHz) 8= 3.63 (m) "’F NMR: (CDCls;, 300 MHz) 8= -140.94, -150.87. IR: 2876, 2102, 1933,

1460, 1337, 1275, 1233, 1101, 950, 836 cm’’
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Figure B.1. '"H NMR spectrum of PFPA-PEG5000 (‘°F NMR Inset).

PFPA-PEGjo00: HoN-PEGjg00 (820 mg, 0.82 mmol) was dissolved in 10 mL of CHCIs. N-
Hydroxysuccinimidyl 2,3,5,6-tetrafluorobenzoate (302 mg, 0.91 mmol) was added to solution
and the reaction was allowed to stir in the dark overnight at room temperature. The resulting
solution was poured into 20 mL of diethyl ether and the product was extracted 3 times with 20
mL DI water. A white wax (981 mg, 0.8 mmol, yield: 97%) was obtained via evaporation under
reduced pressure and stored in a dessicator in the dark before use. "H NMR: (CDCI3, 300 MHz)
8= 3.64 (m), 3.38 (s), 2.72 (s) °F NMR: (CDCls, 300 MHz) 8= -140.94, -150.87. IR: 2860,

2120, 1714, 1484, 1342, 1276, 1210, 1090, 990, 940, 839 cm™.
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Figure B.2. '"H NMR spectrum of PFPA-PEG1000 (‘°F NMR Inset).

PFPA-PEGss0: H,N-PEGssg (270 mg, 0.5 mmol) was dissolved in 5 mL of CHCl;. N-
Hydroxysuccinimidyl 2,3,5,6-tetrafluorobenzoate (180 mg, 0.54 mmol) was added to solution
and the reaction was allowed to stir in the dark overnight at room temperature. The resulting
solution was poured into 20 mL of diethyl ether and the product was extracted 3 times with 20
mL DI water. A light yellow oil (373 mg, 0.47 mmol, yield: 94%) was obtained via evaporation
under reduced pressure and stored in a dessicator in the dark before use. 'H NMR: (CDCI3, 300

MHz) 8= 3.68 (m), 3.42 (s), 2.77 (s) '°F NMR: (CDCls, 300 MHz) 8= -140.92, -150.79. IR:

2861, 2122, 1771, 1482, 1316, 1254, 1205, 1085, 988, 821 cm’.
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Figure B.3. '"H NMR spectrum of PFPA-PEG550 ('’F NMR Inset).

Cell Adhesion Test. Adhesion test were performed for the membranes following a modified
procedure reported by Gleason and co-workers."” Escherichia coli was used as the model
bacteria for this test; pure bacterial cell cultures were suspended in Luria-Bertani (LB) broth and
grown at 35°C, shaken at 150 rpm and incubated until mid-exponential phase was reached, at
which time cells were harvested by centrifugation at 3800xg for 8 min. Then cells were then
resuspended with fresh LB medium to the concentration of 4x10” cells/mL. Samples coupons, of
approximately 1 cm”, were incubated in this bacterial suspension for 24 hrs at 25 rpm and 35 °C.
The coupons were then removed from the suspension and gently rinsed with fresh LB broth
using a Pasteur pipette. Once rinsed, the coupons were immersed in a dye solution (SYTO 9

live/dead Baclight Bacterial Viability Kit L13152, Molecular Probes) for 15 min. The SYTO 9
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solution was prepared by dissolving the contents of component A in 30 mL of sterile distillated
water. After the staining was complete, the coupons were gently rinsed with fresh LB broth and
imaged using a microscope (Olympus BX51 microscope) equipped with a fluorescent lamp and
green/red fluorescence filters and a 4x CCD camera attachment (FVIEW-II, Soft Imaging

System, USA). Surface coverage estimates were calculated using ImageJ software.

Unmodified PEG-550 PEG-1000 PEG-5000
Modified Modified Modified

Replicate
1

Replicate
2

Replicate
3

Figure B.4. Fluorescent microscopy images.
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General Procedures. Unless stated otherwise, reactions were performed under an argon
atmosphere in flame-dried glassware. Tetrahydrofuran (THF), methylene chloride (CH,Cl,),
diethyl ether (Et,0), toluene (C;Hsg), and acetonitrile (CH3CN) were passed through activated
alumina columns prior to use. Chemical reagents were obtained from commercial sources and
used without further purification. Reaction temperatures were controlled using an IKA magnetic
temperature modulator. Procedures were performed at room temperature (~23 °C) unless
otherwise indicated. Column chromatography was performed on E. Merck silica gel 60 (240-400
mesh). Thin layer chromatography and preparative layer chromatography utilized pre-coated

plates from E. Merck (silica gel 60 PF254, 0.25 mm or 0.5 mm).

Instrumentation. Nuclear Magnetic Resonance (NMR) spectra were recorded on either Inova-
400 or Bruker-500 spectrometers. 'H, °C, and '’F NMR chemical shifts are given in parts per
million (3) relative to the internal standard, i.e. tetramethylsilane for 'H and '>C NMR spectra, or
trifluoroethanol (-77.03 ppm) for '’F NMR spectra. Electrospray mass spectrometry data were
collected with a Waters LCT Premier XE time of flight instrument controlled by MassLynx 4.1
software. Samples were dissolved in methanol and infused using direct loop injection from a
Waters Acquity UPLC into the Multi-Mode Ionization source. The flow injection solvent was
50/50 MeOH/MeCN (LCMS Grade, VWR Scientific). The lock mass standard for accurate mass
determination was leucine enkephalin (Sigma L.9133). UV-vis experiments were performed on a

Shimadzu UV-3101PC Spectrophotometer.
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Scheme C.1. General Synthesis of Small Molecule PFPAs

Y Y Al
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Synthesis of compound 2: N, N-dimethylethylenediamine (417 pL, 3.82 mmol, 1 eq) and 520
L of triethylamine was dissolved in 5 mL of CHCI; and cooled to 0 °C in an ice bath.
Separately, pentafluorobenzenesulfonyl chloride (1.018 gram, 3.82 mmol, 1 eq) was dissolved in
5 mL CHCI; and cooled to 0 °C. The two solutions were slowly combined by adding the solution
containing the pentafluorobenzenesulfonyl chloride drop wise to the NN-
dimethylethylenediamine solution at 0 °C. The ice was replaced every 15 minutes for 1 hour.
After 1 hour, the reaction was removed from the ice bath and was allowed to stir at room
temperature. After 2 hours, the crude mixture was partitioned between CHCI3/H,O and washed
3x with DI water. The organic layer was concentrated under reduced pressure to give product 2

(875 mg, 72%) as a white solid.

Spectral data: 'H NMR (400 MHz, CDCLy): 2.17 (6H, s), 2.44 (2H, 1), 3.19 (2H, 1), 5.15 (1H, br
s); *C NMR (100 MHz, CDCLy): 40.6, 44.8, 57.5, 116.7 (m), 137.9 (dm, "Jcr = 257.5 Hz), 143.7

(dm, 'Jer = 262.0 Hz), 144.5 (dm, 'Jor = 257.8 Hz); "°F NMR (375 MHz, CDCl;): -135.2 (2F,
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m), -144.8 (1F, m), -157.1 (2F, m); MS (TOF-ESI+): calculated for C;oH;,FsN,0,S (MH"):

319.0540; measured: 319.0550.

O H O H
O\\é/N\/\N/ O\\g,N\/\N/
F Fol NaN; F Fol
Acetone:H,O B}
F F F F
F Ns
2 3

Synthesis of compound 3: To a solution of 2 (711 mg, 2.23 mmol, 1 eq) in an acetone/H,O
mixture (24 mL acetone, 8 mL H,O) was added 524 mg of sodium azide (524 mg, 8.34 mmol,
3.75 eq). The cloudy reaction mixture was allowed to stir overnight in the dark. The crude
mixture was diluted with CHCl; and partitioned between CHCI3/H,0, then washed 3x with
copious amounts of H,O. The organic layer was concentrated under reduced pressure to give

product 3 (612 mg, 80%) as an off-white solid.

Spectral data: 'H NMR (400 MHz, CDCls): 2.17 (6H, s), 2.43 (2H, t), 3.17 (2H, 1), 5.19 (2H, br
s); *C NMR (100 MHz, CDCl5): 40.5, 44.8, 57.2, 115.9 (m), 124.4 (m), 140.2 (dm, 'Jep = 252.7
Hz), 144.4 (dm, 'Jer = 257.0 Hz); '°F NMR (375 MHz, CDCls): -138 (2F, m), -149.7 (2F, m);
MS (TOF-ESI+): calculated for CoH2F4N5O,S (MH+): 342.0648; measured: 342.0654; UV—vis

(EtOH): Amax = 260 nm.

Synthesis of compound 4a:
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Synthesis of compound 4a: To a solution of the 3 (300 mg, 0.88 mmol, 1 eq) in CHCl; (4 mL,
0.2 M) at room temperature was added methyl iodide (110 puL, 1.7 mmol, 2 eq) in one portion.
The mixture was allowed to stir overnight at room temperature. In the morning the mixture was
concentrated to dryness (bath temperature below 45 °C) to give the product 4a (410 mg, 96%) as

an off-white solid.

Spectral data: '"H NMR (500 MHz, DMSO-d): 3.10 (9H, s), 3.46 (4H, m), 9.04 (1H, br s); °C
NMR (125 MHz, DMSO-dy): 36.9, 53.2, 64.2, 114 (m), 124.9 (m), 140.9 (dm, 'Jcr = 248.5 Hz),
144.0 (dm, 'Jer = 253.4 Hz); "°F NMR (375 MHz, DMSO-d6): -147.6 (2F, m), -136.7 (2F, m);
MS (TOF-ESI+): calculated for C;;H4F4NsO,S: 356.0804; measured: 356.0797; UV-vis (H,0):
Amax = 264 nm.

Synthesis of compound 4b:

Fo o o0

F F
O\\ //o SO H O\\ //O N N/
F Sl HNTOs N F S\H/\/SO:aH NaN; NaHCO;  F S\H/\/S‘ONa
= F aqg. NaOH, rt F E Acetone/H,0 Ns F
F F F

4b

Synthesis of compound 4b: Taurine (426 mg, 3.4 mmol, 1 eq) was added to a round bottom
flask and dissolved in water (4 ml, aprox. 1M). 2M NaOH was added to reach a pH of 10-11.

Then the sulfonyl chloride (0.55 mL, 3.75 mmol, 1.1 meq) was added in one portion. The
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mixture was allowed to stir at room temperature with periodic addition of 2M NaOH to maintain
a pH of 10-11. The mixture was allowed to stir overnight. In the morning upon addition of 2M
NaOH no pH change occurred over 2 h. Concentrated HCl was added to a pH of 1 and the mix
placed in a 0 °C freezer to precipitate. Solids were removed by filtration, washed quickly with
ice-water, dissolved in MeOH, concentrated and dried to give the sulfonic acid as a white solid
(653 mg, 53%). The sulfonic acid (100 mg, 0.28 mmol, 1 eq) was added to a round bottom flask
followed by addition of acetone/water (3:1, 8 mL, 0.05 M). Solid NaHCO3; (24 mg, 0.28 mmol, 1
eq) was added in one portion followed by solid NaN3 (22 mg, 0.34 mmol, 1.2 eq) in one portion.
After stirring overnight the mixture was filtered and the filtrate concentrated to afford the

compound 4b as a white solid (103 mg, 89%).

Spectral data: '"H NMR (500 MHz, DMSO-dq): 2.55 (2H, m), 3.16 (2H, m), 8.4 (1H, br s); "°C
NMR (125 MHz, DMSO-dq): 51.4, 79.6, 117.0 (m), 123.8 (m), 140.7 (dm, 'Jer = 250.7 Hz),
143.7 (dm, "Jeg = 252.6 Hz); "°F NMR (375 MHz, DMSO-ds): -150.3 (2F, m), -139.6 (2F, m);
MS (TOF-ESI-): calculated for CsHsF4N4OsS,: 376.9637; measured: 376.9635; UV—-vis (H,0):

Amax = 263 nm.

Synthesis of compound 4c:

F i O\\S//O ll\l N2 F i O\\S// l|\l+ O\\S//
\N/\/ - S\O \N/\/I T 0~
H \ / H
N3 F = Ng F
F Acetone, rt F

4c

To a solution of the amine (800 mg, 2.3 mmol, 1 eq) in anhydrous acetone (16 mL, 0.15 M) was
added 1,3-propane sultone (343 mg, 2.8 mmol, 1.2 eq) in one portion. The mix was allowed to

stir overnight in the dark. In the morning the mixture was filtered and the filtrate returned to the
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initial reaction vessel, covered and allowed to continue stirring. The filtered product was washed
3x with acetone and dried. This process was repeated 3x over the course of the next 4 days to
provide a total of 600 mg (52%) of the product as a white powder after drying under high
vacuum.

Spectral data: "H NMR (500 MHz, DMSO-dq): 1.96 (2H, m), 2.46 (2H, m), 3.06 (6H, s), 3.45
(6H, m) 9.00 (1H, br s); °C NMR (125 MHz, DMSO-d): 19.3, 36.5, 47.9, 51.0, 61.7, 63.1,
114.8 (m), 125.0 (m), 140.8 (dm. 'Jer = 250.8 Hz), 143.9 (dm, 'Jer = 254.3 Hz); ’F NMR (375
MHz, DMSO-ds): -145.4 (2F, m), -134.5 (2F, m); MS (TOF-ESI+): calculated for

C13H sF4N505S: (MH): 464.0685; measured: 464.0684 (M+H"); UV—vis (H,0): Amax = 264 nm.
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l_ Can be collected to measure flux, rejection

Pressure Transducer

Outlet
Pump
Inlet Pressure O
Feed Water 15 psi

Cross-flow cell

Pressure Transducer
Inlet

Figure C.1. Lab-built cross-flow system to monitor transmembrane pressure (TMP), flux,
and rejection of sodium alginate. The pressure transducers are connected to a computer that
simultaneously plots TMP during operation.

NP
F F
F F
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Commercial PES Membrane Exposed to UV
BSA Rejection: 98.5% BSA Rejection: 98.2%
1 mM PFPA-COO- Modified 10 mM PFPA-COO- Modified 100 mM PFPA-COO- Modified
BSA Rejection: 97.4% BSA Rejection: 96.0% BSA Rejection: 88.0%

Figure C.2. Optical microscope images demonstrating visible membrane degradation at
higher concentrations of a PFPA derivative (scale bar = 100 um). Rejection of bovine serum
albumin (BSA) is shown below each image. The 4-azidotetrafluorobenzoate (PFPA
derivative) is shown (upper left) following the synthesized of 4-azidotetrafluorobenzoic acid
by Keana et al.* To impart high water solubility, the benzoic acid was converted to the
sodium benzoate by dissolution in an equimolar aqueous solution of NaOH.
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