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Abstract

The operating cost of a membrane filtration system is generally determined by two major
factors: the permeability of the membrane to water, and the lifetime of the membrane.
Both of these are strongly affected by the chemical structure and surface properties of the
membrane. Hence, the development of novel membrane materials that improve these two
properties would make membrane treatment of water streams cheaper. One of the most
important reasons for low permeability and short membrane life is fouling, which makes
it one of the most important challenges faced in membrane operations, especially in
processes where the feed has high concentrations of biomolecules, such as wastewater
treatment, and in food and biochemical industries.

In this thesis, the self-organization of amphiphilic comb copolymers is employed to
develop improved membranes for aqueous filtration. The use of self-assembling
copolymers leads to the desired properties (surface chemistry, selectivity) without
additional processing steps.

One aspect of this thesis focuses on the development of size-selective nanofiltration (NF)
membranes that can fractionate small molecules by size through the microphase
separation of the amphiphilic comb copolymers. This size scale corresponds to a
“missing link” in the separations currently offered by commercial membranes. Such
membranes formed by coating a porous support membrane with the comb copolymer
poly(vinylidene fluoride)-grafi-poly(ethylene oxide methacrylate) (PVDF-g-POEM)
were first introduced by Akthakul ef al. (Macromolecules 37 (2004) 7663-7668). The
microphase separation of the comb copolymer results in the formation of interconnected
effective “nanochannels” of the hydrophilic poly(ethylene oxide) (PEO) side-chains,
which allow water permeability and size selectivity. This thesis includes work that
characterizes the fouling resistance of these membranes in more detail, including their
performance in the presence of various foulants as well as in the context of membrane
bioreactor (MBR) operation for wastewater treatment. In each of these cases, PVDF-g-
POEM thin film composite (TFC) NF membranes were shown to resist irreversible
fouling completely, recovering their initial flux upon cleaning with water. The
mechanism of this exceptional resistance to adsorptive fouling was attributed to net steric
repulsion forces between the PEO brush formed on the membrane surface and the foulant
molecule, based on interaction force measurements. The ability to fine-tune the pore size



of these membranes by feed properties such as temperature, pressure, and ionic strength
was also studied in this thesis. The degree of swelling of the PEO chains in the feed
determines the effective diameter of the nanochannels, and the variations in selectivity
and water flux can be related with the phase diagram of PEOQ/water mixtures as predicted.
The combination of these properties make PVDF-g-POEM TFC NF membranes very
promising for the food and pharmaceutical industries, where different and fine-tuned
separations are needed at different stages of the production process, and feeds have large
concentrations of biomolecules that lead to severe fouling.

Another objective of this study was to extend the size-selective NF membranes to
different copolymer chemistries. Such membranes were prepared and characterized from
the comb copolymer polyacrylonitrile-grafi-poly(ethylene oxide) (PAN-g-PEO). This
copolymer is synthesized using free radical copolymerization, a method with simpler
scale-up and good control over copolymer composition, both of which posed difficulties
in the use of PVDF-g-POEM. PAN-g-PEO TFC NF membranes also showed high fluxes,
size-based selectivity, and complete resistance to irreversible fouling.

Amphiphilic comb copolymers with PEO side-chains have also been used to impart
fouling resistance to ultrafiltration (UF) membranes. The comb copolymer is added to the
casting solution during the manufacture of the membrane by phase inversion, and
segregates to the polymer surface during coagulation to form a fouling-resistant PEO
brush on the polymer/water interface (Hester et al., Macromolecules 32 (1999) 1643-
1650). This thesis introduces PAN-based UF membranes prepared by this method, using
PAN-g-PEO as an additive. Such membranes were shown to exhibit significantly
enhanced flux. Furthermore, PAN/PAN-g-PEO blend UF membranes resist irreversible
fouling completely, recovering their initial flux completely upon a water rinse or
backwash. This property is exceptional, and has not been reported for any other
polymeric porous membrane system, to the author’s knowledge. The fouling resistance of
these membranes arises from a steric repulsion of foulant molecules by the PEO brush.
The performance of these membranes in the context of the filtration of oily wastewaters,
a process severely impacted by fouling, has also been demonstrated in this thesis.
PAN/PAN-g-PEO blend UF membranes promise to cut costs and energy use significantly
in several UF applications limited by fouling, including municipal and industrial
wastewater treatment, MBRs, and separations in the food and pharmaceutical industries.

Overall, this thesis was instrumental in extending, developing and understanding the use
of the self-organization of amphiphilic comb copolymers in the manufacture of better
filtration membranes, and bringing this method closer to industrial application. This
approach can be extended to design different comb copolymer chemistries for
applications such as heavy metal removal, affinity filtration, and desalination.
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Chapter 1:

Scope and overview

1.1. Scope

This thesis explores the development of new water filtration membranes with improved
properties based on the self-assembly of amphiphilic comb copolymers. Membrane-based
separations have been studied since the 1960s. During this time, membranes improved to
a great extent, and penetrated into many industries including food and biotechnology, in
addition to becoming much more widely used in water treatment applications. Today, as
issues such as pollution, sustainability and water shortage have become part of the

mainstream debate, membrane technologies are gaining even more importance [1, 2].

The feasibility of a membrane operation is often determined by the cost in comparison to
conventional systems. This cost is generally determined by two major factors: the
permeability of the membrane to water, and the lifetime of the membrane. Both of these
are strongly affected by the chemical structure and surface properties of the membranes.
Hence, the development of novel membrane materials that improve these two properties

would make membrane treatment of water streams cheaper.

One of the most important reasons for low permeability and short membrane life is
fouling, which is a decline in membrane permeability due to the narrowing and blocking
of its pores by components in the feed, such as solutes and particulates. The feed streams
in most membrane operations contain large amounts of organic molecules and
macromolecules that adsorb on the membrane surface and clog its pores, resulting in the
organic fouling of the membrane. This type of fouling is generally not reversible by
physical methods such as rinsing and backwashing. Chemical cleanings, often involving
strong agents such as caustic and acidic solutions, are needed to recover the flux, but

these chemicals often also degrade the membrane material. Hence, a membrane that will
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resist organic fouling would have the potential to both maintain high permeabilities and
to last a longer time, as fewer cleanings are needed [1, 2]. One premise of this thesis was
to develop such membranes, in order to improve existing membrane operations and open

new fields of application.

The self-organization abilities of copolymers of various blocky architectures offer many
possibilities in developing functional membrane materials that incorporate desired
qualities of high permeability and fouling resistance. Mayes and coworkers have
generally focused on the amphiphilic comb (or graft) copolymer architecture for
membrane applications in past efforts [3-12], and molecules with this basic structure, are

also central to this thesis.

One component of this work will build off the approach pioneered by Hester ef al. using
surface-segregating comb copolymers to create surface modified ultrafiltration (UF)
membranes based on poly(vinylidene fluoride) (PVDF) [3-7], and extended to
polysulfone-based UF membranes by Park et al. [8, 9]. This thesis employs the same
approach for polyacrylonitrile (PAN) based membranes using a new amphiphilic comb
chemistry, and describes their exceptional performance in different applications [13-16].
These novel PAN membranes appear unique in the published literature on UF membranes

in their ability to completely resist irreversible fouling by organic molecules.

Another issue encountered in the membrane market is the absence of size-selective
membranes with pore sizes below 2 nm, or a molecular weight cut-off (MWCO) below
10,000 g/mol. This size scale is too small to achieve effective separations by UF
membranes. Nanofiltration.(NF) membranes, defined by their effective pore size between
0.5-2 nm, are generally charged and do not perform size-selective separations. Hence,
there is essentially a “missing link” in the separations that can be obtained with the
membranes available today. Development and improvement of such membranes is

another objective of the work in this thesis.

This latter portion of the effort makes use of the natural tendency for comb/graft
copolymers to form bicontinuous structures upon microphase separation of the
hydrophobic backbone and hydrophilic side-chains [5, 10-12] The side-chains of such a
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copolymer form effective “nanochannels” that allow the permeation of water as well as
molecules that can fit through them. This property was first exploited by Akthakul et al.
to make membranes that can fractionate small molecules and nanoparticles by size while
resisting fouling [10-12]. These membranes, prepared by solution coating a porous UF
support membrane with the copolymer poly(vinylidene fluoride)-graft-poly(oxyethylene
methacrylate) (PVDF-g-POEM), were further analyzed as a part of this thesis. Their
fouling resistance properties in a variety of applications were studied, as well as the
mechanism of their fouling resistance [17]. The responsive properties of such membranes,
arising from the tunable swelling of the side-chains lining the nanochannels, were also
demonstrated [18]. This capability would be very useful in fine tuning the selectivity of
these membranes to the separation desired. Finally, NF membranes founded on the same
mechanism of microphase separation were developed in a PAN-based chemistry. These
membranes were prepared by coating a porous base membrane with the new comb
copolymer, polyacrylonitrile-grafi-poly(ethylene oxide) (PAN-g-PEO). This copolymer
is synthesized by free radical copolymerization, a method that offers significantly better
composition control and easier scale-up, bringing these NF systems a step closer to

industrial implementation.
1.2. Overview

Chapter 2 is a general overview of membrane technology, with a special focus on
concepts that are of importance in the later chapters. It starts with the historical
development of membrane technology, and gives background information on aqueous
membrane filtration processes. It also includes definitions of key performance parameters
such as flux and retention. Finally, it introduces mechanisms involved in membrane

fouling and details state-of-the-art approaches to preventing it.

Chapter 3 focuses on further development of poly(vinylidene fluoride)-based size-
selective nanofiltration (NF) membranes developed previously in our group. The ability
of these membranes to resist fouling is explored in the context of application to
membrane bioreactors. Atomic force microscopy (AFM) experiments that measure the

interaction between model foulants and the membrane surface give some insight into the
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mechanism of fouling resistance. In addition, the ability to adjust the effective pore size
of these membranes with process parameters such as temperature, pressure and ionic

strength is demonstrated.

Chapter 4 introduces novel composite NF membranes based on polyacrylonitrile-grafi-
poly(ethylene oxide) (PAN-g-PEO). The synthesis and characterization of the copolymer
and the manufacture of the membranes are described. The ability of these membranes to
perform size-based separations is demonstrated. Moreover, it is shown that these

membranes resist irreversible protein fouling completely.

Chapter 5 focuses on ultrafiltration (UF) membranes that are prepared using PAN-g-PEO
as a surface-segregating additive to prevent fouling. These novel membranes exhibit
complete resistance to irreversible fouling by various foulants, and can recover their
initial flux by a water rinse. The additive also improves the flux and wettability. These
properties show great promise for better economics for membrane processes that involve
feeds with high fouling potential, by decreasing energy, cleaning and membrane

replacement costs significantly.

Chapter 6 demonstrates a specific application of the membranes based on PAN-g-PEO,
described in Chapters 4 and 5. The oil industry produces large amounts of wastewater
that is difficult to treat due to large degrees of oil contamination. This chapter compares
the performance of a commercial UF membrane with PAN-g-PEQ containing UF and NF
membranes in the treatment of three samples of oil industry wastewater. Both UF
membranes show similar retention properties, while the NF membranes show only
slightly higher organics removal. However, PAN-g-PEO containing UF and NF
membranes show significantly better resistance to fouling, maintaining a higher portion
of their initial fluxes during filtration and recovering their initial fluxes by a backwash
even with these demanding feeds. This shows promise in improving the economics of

membrane processes for this application.

Finally, Chapter 7 includes a summary of conclusions, and an outlook of the implications

of this research, including future research opportunities.
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Chapter 2:

Background: Polymeric membranes for water

filtration

2.1. Introduction & Historic Development

A membrane can broadly be defined as a discrete interface that regulates the permeation
of species in contact with it [1]. This very general definition applies to a wide variety of
interfaces, including biological membranes such as the cell membrane, as well as

synthetic membranes used in industry for a variety of separations.

Membrane phenomena have been studied since the 18™ century. The first discovery in
this area was the description of osmosis by Nollet. Early investigators used diaphragms
such as animal bladders as laboratory tools through the 19™ and early 20™ centuries, and
the use of such membranes contributed to important physical and chemical theories,

including the van’t Hoff equation and the kinetic theory of gases [1].

Membrane science and technology entered a new phase in 1907, when Bechhold
developed nitrocellulose membranes that could be prepared with different permeabilities
reproducibly. Zsigmondy and Bachman, as well as other researchers, used these
membranes to separate macromolecules and fine particles from aqueous solution [19]. In
1937, nitrocellulose membranes became commercially available. The first significant

application of the membranes was in testing drinking water safety during World War II

[1].

A milestone in membrane technology was the development of high-flux, asymmetric
cellulose acetate membranes by Loeb and Sourirajan in 1962 [20]. These membranes
have a thin, dense skin layer supported by a thicker, microporous substructure, a

morphology that results naturally from the immersion precipitation process used in their
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fabrication. This discovery transformed membrane separation from a laboratory tool to an
industrial process, and made reverse osmosis practical. Soon, synthetic polymers such as
polyacrylonitrile and polysulfone were being made into porous membranes using the
same process [19]. Another breakthrough was the invention of interfacially polymerized
composite membranes for reverse osmosis by Cadotte in 1972 [21]. Improvements in
membrane stability and the development of better membrane modules followed. By 1980,
microfiltration, ultrafiltration, reverse osmosis and electrodialysis were all established

processes [1].

The market for cross-flow filtration membrane modules and equipment was estimated to
be $6.8 billion in 2005, and $7.6 billion in 2006 [22, 23]. Tightening environmental
regulations were a contributor to this growth, as well as falling membrane costs making
them competitive with conventional processes such as sand filtration for wastewater
remediation. Increasing energy costs also resulted in reverse osmosis membrane systems
being preferred over distillation for desalination. Membrane markets are expected to
continue their strong growth trajectory, with cross-flow systems alone becoming a $10
billion business by 2010 worldwide [22, 23].

2.2. Classification of Aqueous Membrane Separations by Pore Size

Membranes, as well as the filtration processes in which they are used, are often classified
according to their effective pore size. This is both because membrane applications are
mostly determined by the separation desired (i.e., what needs to be retained, and what
needs to be allowed through), and because membranes whose selectivities are similar
often have morphological similarities. The most typical classes of membranes used in
liquid filtration are, in order of decreasing effective pore size, microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF) and reverse osmosis (RO). The range of pore
sizes for each of these membrane classes, along with the characteristic sizes of species of
interest in water-based applications, are shown in Figure 2.1. Of these membrane types,

UF and NF are described in more detail here due to their relevance in this thesis.
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Figure 2.1. Membrane separation spectrum for water-based filtrations.
2.2.1. Microfiltration

Microfiltration (MF) membranes retain suspended particles with diameters between 0.1
to 10 pm. Their most common application arises from their ability to retain
microorganisms. The first application of MF membranes was in the culture of
microorganisms in drinking water to monitor water supply contamination during World
War II in Germany [1]. MF membranes are still used for cell culture. MF membranes that
retain all viable bacteria are used in the pharmaceutical industry for sterile filtration to
produce injectable drug solutions [24]. Cold sterilization of beer and wine is also done
with MF membranes [25]. Finally, MF cartridges are frequently used in the polishing of
ultrapure water, and in drinking water treatment [1, 26].
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2.2.2. Ultrafiltration

Ultrafiltration (UF) membranes retain macromolecules and colloids, while allowing water
and small molecules through. Their pore size is between 2 -100 nm [2]. The first UF plant
was installed in 1969 to recover electrocoat paint from automobile paint shop rinse water.
The food industry began using UF processes shortly thereafter for protein separation from
milk whey and for apple juice clarification [2]. UF is also used in wastewater treatment,
especially for oily streams [27] and in cases where the component to be recovered is
valuable. In the biotechnology industry, UF is employed for a range of separations in
enzyme production, cell harvesting, and virus production [2, 24]. It’s also used to pretreat
water for desalination by reverse osmosis [28], and in membrane bioreactors (MBRs),
which combine suspended microbial treatment of wastewater with membrane-based
separation [29, 30]. In essentially all of these applications, membrane fouling is the most

severe obstacle to wider use [31, 32].

Most ultrafiltration membranes have an asymmetric morphology, with a thin, finely
porous skin layer supported by a thick, more open support layer. Figure 2.2 shows
scanning electron micrographs of the surface (a) and cross-section (b) of a commercial
asymmetric membrane, manufactured of polyacrylonitrile for ultrafiltration applications.
The selectivity of the membrane is determined by the thin top layer, typically 0.1-2 pm in
thickness (seen in Figure 2.2a, and facing downward in Figure 2.2b), while the
microporous bottom layer provides the needed mechanical support. Such membranes are
naturally formed by so-called “phase inversion” techniques [20]. There are also some
commercial examples of asymmetric UF membranes with a more gradual pore size

gradient from top to bottom, as well as symmetric UF membranes.
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Figure 2.2. Scanning electron microscopy (SEM) images of a PAN-400 ultrafiltration
membrane, manufactured by Sepro Membranes, Inc.: (a) selective layer surface; (b)

cross-section with the selective layer facing downward.

Common materials for UF membranes include polyethersulfone (PES), polysulfone (PSf),
poly(vinylidene fluoride) (PVDF), polyacrylonitrile (PAN), poly(etherimide) (PEI), and
cellulose acetate (CA) [2]. Selection of membrane materials is based on the temperature
and pressure of filtration as well as feed characteristics such as pH, oil content, and
fouling potential. PES and PSf membranes are resistant to extreme pH levels, and have
good thermal stability. However, their hydrophobic nature limits their wettability and
makes them susceptible to fouling. PVDF has exceptional chemical resistance and good
thermal stability up to 140°C. It is more resistant to a range of solvents than PSF and PES,
but still suffers from high fouling tendency due to hydrophobicity. PEI membranes can be
used at higher temperatures than PVDF, but suffer from poorer chemical stability [2].
PAN is a relatively hydrophilic membrane material in comparison with the others above,
but it is still subject to fouling, and is less resistant to high temperatures or drying [33].
Cellulosic membranes resist fouling better, but are subject to degradation by

microorganisms [34].
2.2.3. Nanofiltration

Nanofiltration (NF) membranes were developed after reverse osmosis membranes (RO),

for applications in the range between RO and UF. Commercial NF membranes are
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typically of similar chemistry and structure to RO membranes, but with nominal pore size
of around 1 nm [1], which provides for generally higher fluxes compared with RO. NF
membranes have NaCl rejections between 20-80%, high retention of doubly charged ions
including hard components, and molecular weight cut-offs for dissolved organic
components of 200-1000 Daltons [35]. NF membranes are often used in the softening of
groundwater [34, 35], and the purification of surface water for drinking water production
[35, 36]. In these applications where feed quality can fluctuate drastically over time,
membranes have great advantage in the maintenance of effluent quality. The application
of NF membranes in wastewater treatment has also been studied, particularly for
wastewater from the textile industry to enable water reuse, and for MBR treatment of
wastewater [17, 37], due to their ability to remove trace contaminants such as endocrine

disrupting agents and pharmaceuticals [1, 34].

NF membranes generally have a thin film composite (TFC) structure, consisting of a
porous support layer of one polymer covered with an ultra-thin layer of a second polymer
that determines the selectivity properties of the membrane. It is very similar to phase
inversion membranes with a completely non-porous selective layer. However, the
composite structure has one major advantage: it allows the use of polymers for the
selective layer that cannot be processed to form a porous membrane structure, such as
cross-linked polymers or charged polymers with poor solubility in common solvents.
Such polymers can be formed as selective layers in situ using interfacial polymerization,

a common method for the manufacture of NF membranes [34].

The rejection of solutes by NF membranes is complex, having contributions from pore
transport and solution-diffusion mechanisms, as well as Donnan exclusion of charged
species in feed solutions due to charged groups (usually negative) on the membrane
surface [34]. Overall, the size cut-off of the membrane is in the range of small molecules.
Most NF membranes will retain oligosaccharides, partially retain di- and tri-saccharides,
and allow the passage of glucose [34]. NF membranes capable of size-based separation
with sub-nanometer resolution could attract significant markets in the chemical,
pharmaceutical and food industries. Such membranes will be described and investigated
further in this thesis in Chapters 3 and 4.
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As with other membrane classes, today’s commercial NF membranes exhibit substantial
fouling. In their widest current application of surface and ground water treatment, a chief
foulant is natural organic matter (NOM): matter that is created by the degradation of
biological organisms in the ground and leached into water. NOM contains mostly humic
substances such as humic and fulvic acids, and can cause severe and irreversible fouling,
especially in the presence of calcium ions. Each divalent calcium ion can complex with
two carboxyl groups on humic acid molecules, resulting in the formation of a gel layer on
the membrane surface. Negative charges often present on the membrane itself cause the
gel to adhere to the surface as well, making it difficult to remove [38, 39]. Extensive
research is ongoing in the area of fouling-resistant membranes [35], which is a major

focus of the work presented in Chapters 3, 5 and 6 of this thesis.
2.2.4. Reverse osmosis

Reverse osmosis (RO) was the first polymer membrane filtration process to be employed
on a commercial scale, after the development of phase inversion membranes [2, 20]. RO
membranes retain essentially all solutes in water, including small ions such as sodium
and chlorine. The most prominent application of RO is in the desalination of brackish and
sea water to produce drinking water. It is also widely used in the production of ultrapure
water for the electronic and pharmaceutical industries [1]. RO is considered to be
promising for wastewater treatment applications, but currently, it is only economical in
cases where the components to be recovered are valuable, such as the recovery of nickel

from nickel-plating rinse tanks [1].

The effective pore size of a RO membrane is in the range of 3 to 5 A. This is in the range
of the thermal motion of the polymer chains, so the selective layer of a RO polymer
membrane is generally non-porous. Separation in reverse osmosis membranes occurs due
to the preferential dissolution of molecules in this layer combined with differences in the
diffusion rates, known as the solution-diffusion model [2]. To enable reasonable fluxes
while maintaining a non-porous selective layer, RO membranes have an asymmetric
structure. Cellulose acetate (CA) membranes with nonporous selective layers made by the

phase inversion process once dominated the RO market, but the majority of RO
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membranes in use today are thin film composite (TFC) membranes with an ultra-thin
selective layer [34] formed by interfacial polymerization in situ on top of a porous
support membrane. The selective layer is generally a cross-linked, charged aromatic

polyamide while the substrate is often an asymmetric PSF or PES UF membrane [1, 34].
2.3. Membrane Fabrication

Polymeric membranes are manufactured by several main methods depending on the
structure desired, which varies with application. In this section, two membrane
preparation methods that have been employed in this project are described: Phase
inversion, used to prepare UF membranes described in Chapter 5, and membrane coating,

used in the preparation of the NF membranes described in Chapters 3 and 4.

The phase inversion process, also termed immersion precipitation, is the most common
method of preparing porous membranes from polymers. The technique was first
described by Loeb and Sourirajan in 1962 [20]. To precipitate the polymer membrane
from a film of solution, the Loeb-Sourirajan method uses immersion into a non-solvent
for the polymer, such as water, that also removes the solvent from the system [40-42].
RO membranes cast by this method have a completely dense top skin layer, with an
underlying microporous support structure. UF and MF polymer membranes are also
largely produced by this method, and have a similarly anisotropic structure, as shown in
Figure 2.2b. However, the skin layer in these membranes is very finely microporous
(Figure 2.2a), while the porous support structure is often more open. Allowing a drying
time for the deposited polymer solution film before coagulation can aid in the formation
of a skin layer [41].

Figure 2.3 shows a schematic diagram of an industrial system for membrane manufacture
using this method. The casting solution is poured onto a substrate, often including a non-
woven backing fabric, and formed into a film of 50-200 um thickness by a doctor blade.
The film is then immersed into the coagulation bath, often consisting mostly of water. It
might also contain additives to regulate membrane morphology and pore size. To avoid
the creation of defects and unevenness in the membrane, the immersion must be done

under carefully controlled conditions, at a constant speed, and at an angle to prevent
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waves from forming on the bath surface. The membrane develops as the polymer
precipitates in the coagulation bath. After the coagulation step, there is sometimes a heat
treatment step where the membrane is annealed in a heated water bath to refine the

morphology.

Casting  Doctor

Solution Blade Heat

Coagulaﬁon Treatment

Figure 2.3. Schematic diagram of an industrial phase inversion casting operation.

In the phase inversion process, tailoring of the membrane morphology, pore size, and
degree of porosity is achieved by altering the phase separation kinetics and/or
thermodynamics involved in the process [1]. One of the most significant parameters is the
composition of the casting solution, including the choice of solvent, the concentration of
polymer, and use of pore forming additives such as poly(ethylene glycol) (PEG) and
poly(vinyl pyrrolidone) (PVP), water-soluble small molecules like glycerol, or salts like
zinc chloride [1, 41, 43]. Some portion of these components, especially the polymeric
additives, may remain trapped in the membrane even after precipitation and rinsing,
making it more hydrophilic. Casting bath parameters also have a strong effect on final
membrane structure. The pore size and morphology of the membrane is strongly affected
by the temperature of the coagulation bath, as well as the addition of organic solvents and
other additives [40, 41].

The phase separation that takes place upon immersion of the polymer solution film into
the casting bath is a complicated process involving the diffusion of solvent and non-

solvent, liquid-liquid demixing, gelation, and vitrification or crystallization of the
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polymer [40, 41]. While there exists a general understanding of how parameters such as
chemistry and temperature affect final membrane morphology, attempts to model the
process emphasize qualitative rather than quantitative prediction [1]. Even today, the
design of a new membrane is very much a trial-and-error process. Membrane
manufacturers guard closely their proprietary formulas and methods, and most experts

still describe the process of membrane design as a black art [1, 41].

Membranes prepared by the phase inversion method have the advantage of high porosity,
reaching up to 90% through their cross-section (their selective layer porosities are
substantially lower). The pore structures in the support layer are generally highly
interconnected [1, 44]. The combination of these two factors results in high intrinsic
permeabilities. One drawback of this manufacturing method, however, is that the
resulting pore size distribution is often broad [45, 46]. This polydispersity prevents sharp
permeate size cut-offs. Membranes that combine the high flux of phase inversion
membranes with the narrow pore size distribution of track-etched membranes are an

active area of research [12, 47, 48].

Porous membranes formed by phase inversion often serve as a support layer for TFC
membranes, where the selective layer is a thin, dense coating covering the membrane
surface. While most thin film composite membranes are formed by interfacial
polymerization in situ, they can alternately be prepared by dip coating a microporous
support membrane into a polymer solution, prepared with a volatile solvent, to create a
liquid layer 50-100 um thick. The membrane is then dried, leaving a selective film layer
0.5-2 pm thick [34, 49]. For this process to create defect-free membranes, the
microporous support must be clean, low in defects and very finely microporous at the
surface. As the selective layer is very thin, the permeability of the support can
significantly affect that of the final membrane [1, 34, 50]. Because the selective layer of
most TFC membranes is very thin and delicate, often a protective layer of a water-soluble
polymer such as poly(vinyl alcohol) (PVA) is coated onto the membrane to prevent
damage by mechanical abrasion until use [34, 49].
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2.4. Parameters Quantifying Membrane Performance

The most important property of membranes is their ability to control the rate of transport
of different species. Therefore, certain permeation-related parameters of membranes are
routinely checked, as they are considered representative of their performance. Some of
these are flux, permeability, rejection of specific solutes and molecular weight cut-off.

These terms, used routinely in the following chapters, are defined below.
2.4.1. Flux and permeability

The flux J; of component i through a membrane is defined as the flow rate Q; of that

component through the area 4 of membrane used:

J = 2.1)

gL}

For a membrane to be effective, the flux for the component that is desired to pass through
the membrane (such as water) should be high, and the flux for the component to be
retained (such as suspended oil) should be low. Fluxes in liquid filtrations are typically
reported in units of L/m*h (LMH) or gal/f* day (gfd). Typical fluxes vary between 10-
1000 L/m*h for MF and UF membranes, 30-150 L/m”h for NF membranes, and 25-50
L/m?h for RO membranes [1, 2,32, 34, 35, 49, 51, 52].

For pressure-driven filtration processes, flux is an indicator of the hydraulic resistance the
membrane exhibits to flow of that component through it. However, flux measurements
depend on the pressure at which the measurement is made as well as the feed solution
used. For liquid filtrations, flux is directly proportional to the effective pressure
difference 4P ybetween the feed and the effluent:

J,= P, AP, 2.2)

In this equation, the proportionality constant P, is termed the permeability of the
membrane. The pure water permeability (PWP), measured with pure water as the feed

solution, is an important parameter that can be used to compare different membranes for
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an application. A higher PWP indicates that a smaller applied pressure will yield the flow
rates needed, and that the membrane is more energy efficient. Permeability values are
reported in units of L/m>h MPa (LMH/MPa) in this thesis. Other common units of PWP
include L/m”h bar (LMH/bar) and gal/ft* day psi (gfd/psi).

The effective pressure difference APy is the driving force for flow. In most MF and UF
processes, 4Py is essentially equal to the applied pressure difference, 4P. However, if
there is a significant osmotic pressure difference (471) between the feed and the permeate,

then the concentration difference causes a decrease in the driving force:

AP, = AP- ATl 2.3)

where o is the Staverman reflection coefficient, which is a measure of the permselectivity
of the membrane [19]. For UF and MF membranes, which allow the permeation of salts,
o is generally zero and osmotic pressure effects negligible. For RO membranes, which
retain salts essentially completely, o is close to 1, and overcoming the osmotic pressure
becomes a significant issue. In seawater RO, the osmotic pressure difference is often over
2.5 MPa (25 bars or 360 psi), and the pressure needed to drive permeation can be very
high. Seawater RO operations generally employ pressure differences of 5.5-10 MPa,
compared with 1-3 MPa for brackish water RO [2, 34, 53-56].

2.4.2. Rejection and molecular weight cut-off

The function of a membrane lies in its ability to separate different components of the feed.
This ability to separate, however, can be defined in a number of ways, depending on the
application. When the main objective of the process is to remove a component, such as
salt, from a stream, rejection (also termed retention) of a specific component is the main
separation parameter. This is generally the case for RO and NF, and is also relevant in UF
and MF. The percent rejection of component i describes how much of that component is

prevented by the membrane from passing into the permeate stream, and is defined as:

C,- rmeate
R = [1 - —’Lﬂ] 100 (2.4)
ci,feed
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where ¢;permeae i the concentration of component i in the permeate, and c;f.q is the

concentration of that component in the feed.

For cases where the separation is based on the size of the solute, it is desirable to have a
parameter that can be used to estimate if a solute will pass through the membrane, or if it
will be retained. This is especially relevant for UF membranes, where the size of the
surface pores determines selectivity. It can also be relevant for NF membranes, especially
those aimed at molecular fractionation. However, the pores in the selective layer of a UF
membrane are not monodisperse. As a result, such membranes do not exhibit a sharp size
cut-off. Instead, a diffuse cut-off is observed for most membranes, where the rejection
changes from 0 to 100% in a gradual way over a range of molecule or particle sizes. Of

course, this range is desired to be as narrow as possible to achieve efficient separations.

The molecular weight cut-off (MWCO) of a membrane is defined as the molecular
weight of a solute for which the rejection is 90% by that membrane. As a metric of
comparison, MWCO should be viewed cautiously, especially since there can be great
differences in the sizes of two macromolecules of the same molecular weight. Hence,
when a MWCO value is stated, it is essential to include the information regarding what
kind of reference molecules were used, as well as the pressure, concentration and other
process parameters. Some common reference molecules used for the determination of the
MWCO of UF membranes are dextrans of varying molecular weights, globular proteins,
and water-soluble polymers such as poly(ethylene oxide) [49]. MWCO also does not give
information regarding the width of the cut-off. Therefore, these nominal values are a
good guideline, but each membrane should be evaluated specifically for the application

under consideration.
2.5. Membrane Fouling

Membrane fouling is the blocking of flow through the membrane due to the adsorption
and accumulation of feed components on the membrane. Fouling is a key obstacle to the
wider use of membrane processes, particularly in water filtration systems, due to its
economic implications [31, 32, 57-59]: the accumulation of foulants results in either a

decrease in flow through the membrane (Figure 2.4), or in cases where the flow rate is
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kept constant, an increase in the pressure needed to maintain the flux. This results in a
much higher energy demand per volume of filtrate, driving up energy costs significantly.
To recover the permeability at least partially, cleaning steps are often performed,
resulting in down time. Cleaning can involve a simple backwash, where the direction of
applied pressure is reversed briefly to dislodge foulants held by physical interactions.
When that is not sufficient, chemical cleanings are performed, which often involve the
use of aggressive chemicals. Severe fouling thus shortens the lifetime of membranes,
resulting in high membrane replacement costs. In some cases, the feed may require
pretreatment steps to remove major foulants at least partially. This drives up both capital
and operating costs of the system, and increases the complexity of operation. Therefore,
fouling mitigation is a major focal point in membrane research and development,
encompassing subjects ranging from the underlying mechanisms of fouling to the design

of membranes and modules that resist fouling [32, 57, 60].

Initial flux

Solvent flux

R 0 @]ﬁme

Backwash Backwash
Chemical Membrane
cleaning replacement

Figure 2.4. A representative plot of flux versus time in a membrane filtration system,

demonstrating fouling.

31



2.5.1. Concentration polarization

Although concentration polarization is a mechanism distinct from membrane fouling, it
has the same result: flux decline during the filtration of a solute. Furthermore, it
exacerbates fouling. Concentration polarization is a local increase in the concentration of
solutes in the feed, especially the ones that are retained, near the surface of the membrane
[1, 31, 32, 57, 61]. This concentration gradient occurs due to the preferential passage of
solvent (e.g., water molecules) through the membrane. As a result, the layer of fluid
immediately adjacent to the membrane surface is depleted of the solvent, and a boundary
layer is formed. The local decrease in solvent concentration in turn reduces the driving
force for diffusion. This causes a decrease in flux, and poorer selectivity. Furthermore, as
the concentration of the solute near the membrane is higher than the bulk concentration,
there is an increased driving force for the solute to adsorb onto the membrane surface and
cause fouling. Concentration polarization is noted to be most problematic for UF systems,

though the effect is still significant in all other membrane processes [1, 31, 32, 57].

The only way to prevent concentration polarization is to design membrane systems and
modules to prevent the formation of a boundary layer. Addition of spacers that create
turbulence [62, 63], systems with high cross-flow velocity [64, 65], and continuous
mixing of the feed solution are some general approaches taken [1, 31, 32, 49, 57]. Using
shorter membrane modules divided by spacers that disturb the flow regime, rather than
one long module, is also helpful, preventing the full development of the boundary layer.
Some other methods that are aimed at fouling prevention, such as back-pulsing,
ultrasound and use of air bubbles in UF and MF systems, are also useful in minimizing

concentration polarization [60].
2.5.2. Fouling mechanisms in aqueous filtration

Membrane fouling is a complex physicochemical phenomenon. Usually, several
mechanisms are involved simultaneously. In fact, improving our understanding of
membrane fouling, including better ways to predict, characterize and image it, is an

active research area [31].
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Main mechanisms of membrane fouling include the adsorption of feed components,
clogging and blocking of pores, cake (or gel) layer formation, scaling, and bacterial
growth [31]. Concentration polarization also contributes to flux decline. These
mechanisms are important to different extents, depending on the membrane operation as

well as the feed characteristics.

Adsorption of biomolecules on the membrane surface, termed organic or adsorptive
fouling, is one of the most important mechanisms involved in membrane fouling, mainly
because it is often a first step in other fouling phenomena such as biological fouling and
pore blockage. Feed water often contains organic molecules, including oils, greases,
proteins, polysaccharides, humic substances, and other macromolecules [27, 66, 67].
During filtration these components are driven to the membrane-water interface, where
they adsorb. This can occur within the internal pores of the membrane as well as on the
membrane surface. The driving force is stronger for membranes with hydrophobic
surfaces, causing more severe fouling. This is explained by the fact that macromolecules
of biological origin, such as proteins and humic substances, often contain both
hydrophilic and hydrophobic domains. By organizing at hydrophobic membrane surfaces
like a surfactant, the interfacial energy of the membrane-water interface is reduced [66,
68]. Once a monolayer of foulant molecules is adsorbed, foulant-foulant interactions
result in build-up that narrows and blocks pores. This process causes a significant
decrease in flux. If the membrane is microporous, as in the case of UF membranes, a
notable decrease in the effective pore size also occurs, lowering the MWCO [68]. This is
the most important obstacle in the application of membranes to the size-based

fractionation of proteins and other biomolecules.

Feed solution chemistry often has a strong effect on biomolecule adsorption. Factors such
as pH, ionic strength, and the presence of divalent ions alter the fouling potential of a
feed [26, 39]. For example, each calcium ion can complex with two carboxylic acid
groups, forming linkages between macromolecules that contain acid groups such as
humic substances and some polysaccharides [68]. This has been shown to significantly
increase the fouling rate. Process parameters, such as applied pressure and surface shear,

also influence the extent of fouling, since they change the concentration of foulants at the
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membrane surface [68]. Finally, membrane properties such as hydrophobicity, roughness
and surface charge density all influence the degree of fouling [31, 68]. Adsorptive fouling
is generally not reversible by physical methods such as back-washing [31]. Chemical

cleaning methods that will break down the foulant are necessary.

If the feed contains fine particulates, colloids and precipitated materials, then cake
fouling (or the formation of a gel layer) becomes significant, especially in the later stages
of filtration. As in the case of concentration polarization (which also aggravates the
fouling process), particles and colloids are driven to the membrane surface and
accumulate there to form the cake layer, which compacts gradually. Cake fouling is
especially significant in UF and MF, where the feeds contain more particulates and the
cake resistance is comparable in magnitude with the hydraulic resistance of the
membrane [27]. A similar problem is observed in the filtration of oily streams, where oil
droplets coalesce on the membrane surface to form a resistance layer very quickly [31].
Most cake fouling is held together by physical forces, and can be removed with relative
ease by methods like back-washing, ultrasound treatment, or rinsing of the membrane at

high shears [31].

Bacterial fouling of a membrane, also termed biofouling, is commonly observed in RO
systems as well as membrane bioreactors (MBRs), and wastewater treatment systems [31,
58, 59, 69]. It is highly interrelated with adsorptive and cake fouling described above [59].
Biofouling is characterized by the formation of a biofilm on the membrane surface, which
occurs in three main steps: the transport of microorganisms to the membrane surface,
attachment to the membrane, and growth of the biofilm. In addition to flux decline due to
fouling, biofilms can result in the degradation of the membrane due to attack by
microorganisms. This is an especially important problem in the case of cellulose acetate

membranes [1, 70].

The mechanism of flux decline in biofouling involves cake formation and pore blockage
by microorganisms, but in most UF and NF systems, the chief contribution to fouling is
macromolecules produced by the microorganisms, termed extracellular polymeric

substances (EPS). EPS contains a wide range of organic macromolecules, including
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proteins, polysaccharides and humic substances. Adsorptive fouling by EPS is considered
the major contributor to biofouling, rather than the blocking of pores by attached cells [67,
71].

2.5.3. Prevention methods

Fouling prevention starts with designing a membrane that resists adsorption, a major
objective of this thesis. Extensive research has shown that hydrophilic membranes are
less susceptible to fouling [32], since the driving force for the adsorption of dissolved
biomolecules at a water-polymer interface is stronger when the surface is hydrophobic.
However, hydrophilic membrane materials (such as cellulose acetate) typically exhibit
inferior mechanical and chemical stability. Therefore, much research aims to create
membranes that have hydrophilic surfaces on more resilient hydrophobic bulk materials.
This can be achieved through various strategies [32], such as plasma treatment [72, 73],
surface graft polymerization [74, 75], surface immobilization [76, 77], application of
hydrophilic coatings such as hydrogels [78, 79], or use of surface-segregating additives
[4-6, 13].

Plasmas are ionized gases that consist of electrons, positively charged ions, and neutral
atoms or molecules or both. A plasma is a highly reactive state of matter that can form a
variety of chemical groups on exposed surfaces, depending on the chemical make-up of
both the surface and the plasma [73]. Plasmas can be used to generate hydrophilic groups
on the membrane surface, thereby increasing its wettability and fouling resistance [73,
80]. In addition, plasmas are sometimes used to initiate the polymerization of hydrophilic

monomers [72, 80] in surface graft polymerization practices.

Surface graft polymerization is a common method of surface modification used
commercially. In this process, the surface of the membrane is activated to create reactive
sites. This may be accomplished by chemical treatment, plasma treatment, or irradiation
with UV light, high-energy electrons or gamma-rays [74]. Free radicals or ions generated
at the polymer surface act as initiator sites, causing polymer chains to grow from the
surface when exposed to monomer solution or vapor. This method allows for a wide

choice of hydrophilic monomers available for grafting [74, 75, 81]; examples are
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hydroxyethyl methacrylate, N-vinyl pyrrolidone, acrylic acid and 4-vinyl pyridine. This
approach also holds the advantage of generating dense surface coverages of grafted
chains [74]. However, the activation step is often costly, and the polymerization can be
poorly controlled, especially if chain transfer reactions are prominent. High levels of
ungrafted homopolymer are sometimes encountered that may leach from the membrane

surface during use, increasing susceptibility to fouling.

Surface immobilization is an alternate method for grafting hydrophilic polymers to a
membrane surface. This process generally involves chemical activation of the surface to
form reactive groups. The surface is then exposed to a solution of a hydrophilic polymer
having complement groups (usually end groups) that can react with the surface sites. At
the completion of the reaction, the hydrophilic chains are attached to the membrane,
forming a fouling-resistant coating [32, 77, 80]. While this approach is more controlled
than surface-initiated polymerization, the density of grafted chains tends to be lower, due
to the steric obstruction of the surface as grafted coils begin to overlap. This is
undesirable, as high grafting densities are correlated with enhanced resistance to

biomolecule adsorption [82, 83].

Coating a membrane with a layer of crosslinked, hydrophilic polymer can prevent the
adsorption of foulants on the membrane surface as well as their introduction into
membrane pores, thus preventing fouling [32, 78, 79, 84, 85]. Gels of poly(ethylene
oxide) or poly(vinyl alcohol) are good candidates for such coatings [78, 79, 85]. The
coatings are usually applied on the base membrane as a thin layer of prepolymer solution
that is later crosslinked [78, 85]. Delamination of the coating layer during use can be
avoided by allowing the prepolymer to partially penetrate the pores of the membrane
prior to crosslinking, thereby physically hooking the coating to the membrane [85].
Although the permeability of such membranes is often decreased in pure water filtration
tests, most of the time there are significant gains in flux during the filtration of foulant
solutions [79]. This method also has the cost disadvantage of an additional fabrication

step, however.
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A promising more recent approach to UF membrane surface modification involves the
addition of an amphiphilic block or graft copolymer to the membrane casting solution
along with the base material [4-6, 8, 13, 16, 86-89]. During precipitation in a water-
based coagulation bath, the additive acts as a macromolecular surfactant, segregating to
all polymer-water interfaces, and self-assembling to form a hydrophilic “brush” layer [4-
6, 8, 13, 86] covering all membrane surfaces. The coverage extends throughout the
internal pores of the membrane, thus preventing internal pore fouling by biomolecules
that permeate the membrane. The method has several unique advantages in requiring no
additional processing steps, yielding substantially higher pure water fluxes than in the
absence of additive [4-6, 13], and, in some cases, providing a “self-healing” surface via
the segregation of residual additive from the membrane matrix [4]. This method will be
studied further in Chapters 5 and 6 of this thesis.
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Chapter 3:

Nanofiltration membranes with PVDF-g-POEM
as selective layer: Fouling resistance and

responsive pore size

3.1. Introduction

Nanofiltration (NF) membranes are defined by an effective pore size between 0.5-2 nm
[1]. Currently, commercial NF membranes can be described more as “loose reverse
osmosis (RO) membranes”, because of their chemical and structural similarity combined
with lower salt retentions and higher fluxes [34]. NF membranes that have more well-
defined selectivity, good fouling resistance, and high flux are highly desirable in the
industry. A pore size that can be fine tuned to a specific application would also enhance
the appeal of such membranes. This chapter of this thesis explores membranes that

combine these properties, making use of the self-assembly of an amphiphilic comb

copolymer.
3.1.1. NF membranes with subnanometer size selectivity

Membranes that have size cut-offs in the nanometer range and can fractionate molecules
whose sizes differ by less than a nanometer have great potential for high-end molecular
separations. Especially the pharmaceutical [90], chemical [91, 92] and biochemical [56,
93] industries would benefit from such technologies. Such molecular sieve type
membrane processes would be easier to scale up than competing technologies such as
electrophoresis and chromatography [94]. Commercial NF membranes are generally
unsuited for this purpose, due to their ionic charge [2, 34] which largely controls

retention.
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A number of researchers have aimed to manufacture membranes whose selectivity is in
the small molecule range and is based on size. Martin and coworkers have employed a
polycarbonate track-etched membrane with 30 nm pores as a template and used an
electroless plating technique to deposit gold in the pores, producing nanotubules [95, 96]
(Figure 3.1a). With long enough deposition times, the internal diameter of the
nanotubules can be reduced to less than 1 nm, in the range of molecular dimensions.
These membranes are able to perform size-based separation of molecules [95] and
proteins [96]. However, they are expected to have very low fluxes, as the initial track-

etched membrane porosity is only 2-3% of the surface [1].
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Figure 3.1. Schematic illustration of published approaches to preparing molecular filters.
(a) Gold nanotubule membranes through electroless plating of track-etched membranes
[95] (b) Two chemical structures of molecular squares used as membrane selective lal
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Another approach involves thin film composite (TFC) membranes with molecular
squares as the selective layer [97, 99]. The cavities in such structures range between 3 A
and 18 A in size. Two such structures that lie at the extremes of this cavity size
distribution are shown in Figure 3.1b. Simple diffusion studies and molecular simulations
indicated the existence of intermolecular channels ~6 A in diameter for the smaller

squares and 18-20 A for the larger ones that allow size-based selectivity [97].

Gin and coworkers also developed TFC structures, using polymerized lyotropic liquid
crystal (LLC) assemblies as the selective layer [98, 100, 101]. LLCs in the inverted
hexagonal phase form lipid microtubules filled with water. Cross-linking enabled the
structure to resist the high pressures experienced in NF [100] (Figure 3.1c). These
membranes were observed to show molecular size cut-offs around the size of phase
separation (1.2 nm), as tested by the filtration of dyes and PEO molecular weight
standards. However, as the LLCs were of random alignment, the permeabilities obtained
were very low, around 0.87 L/m* h MPa [101].

Another approach to form size-selective membranes involves the self-assembly of
copolymers of various architectures. Block copolymers that phase-separate to form
hexagonally packed cylinders have been exploited for membrane applications [47, 48,
102, 103]. In these studies, the microphase separated block copolymer serves as the
selective layer of the membrane. This results in highly monodisperse pore size combined
with high surface porosity. It is crucial that the cylinders are continuous and aligned

perpendicular to the membrane surface to allow flux through the membrane.

Yang et al. prepared such membranes by forming a thin film of polystyrene-block-
poly(methyl methacrylate) (PS-5-PMMA)/PMMA blend on a silicon oxide layer that
aligns the nanodomains. The film was then removed by etching the silicon oxide with
hydrofluoric acid and moved the film onto a support membrane. PMMA homopolymer
was removed by a solvent wash, leaving behind pores 15 nm in size [47, 103]. Phillip et
al studied the separation properties of extruded monoliths of the terpolymer polylactide-
block-poly(dimethylacrylamide)-block-polystyrene (PLA-5-PDMA-b-PS). This
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terpolymer formed hexagonally packed cylinders of the PLA phase, which was etched to

leave behind pores approximately 15 nm in diameter [48].

In both of these cases, the membrane formation involves complex processes that would
be difficult to scale-up. Peinemann et al. formed membranes that exhibited hexagonally
ordered cylindrical pores on its surface by phase inversion casting of polystyrene-block-
poly(4-vinylpyridine) (PS-5-P4VP). In this process, the use of a volatile solvent in the
casting solution that evaporates during the drying time was crucial. The diameter of the

surface pores was approximately 40 nm [102].

Each of these approaches employed the concept of microphase separation to form
membranes with sharp size selectivity. However, the size scale of microphase separation
in block copolymers is typically in the UF range of pore sizes (10-40 nm in the studies
listed above). Hence, these cylindrical block copolymer membrane structures could not

be used as molecular filters.

Another issue is the alignment of the cylindrical domains in the membrane structure. This
is often difficult to realize in industrial systems that are not as controlled as the laboratory
environment. Even in the study of Peinemann et al., where aligned domains were
achieved by a commercially relevant process [102], local fluctuations in process
conditions can cause uneven structures upon scale-up. A bicontinuous structure would be

more robust, and allow for more flexibility.

Graft copolymer structures form bicontinuous phases in a much broader composition
range than block copolymers [104, 105]. The nanodomains formed are also finer, and the
size scale of microphase separation can be in the range necessary for molecular sieving
[5, 104, 105]. In the Mayes group, new thin film composite NF membranes comprised of
a commercial polyvinylidene fluoride (PVDF) UF membrane coated with the amphiphilic
graft copolymer poly(vinylidene fluoride)-grafi-poly(oxyethylene) methacrylate, PVDF-
g-POEM were developed by Akthakul [11, 12]. The chemical structure of this copolymer
is given in Figure 3.2a. Microphase separation of the PVDF backbone and short (9 unit)
polyethylene oxide (PEO) side chains results in an interconnected network of hydrophilic,

charge-neutral “nanochannels” ~2 nm in diameter (Figure 3.2b). This phase allows the

41



passage of water as well as other molecules smaller in size than its domain size. It retains
all molecules larger than its domain size, leading to a sub-nanometer precision size cut-
off. This has been studied by Akthakul et al. using rigid positively and negatively charged
dyes as probes. The membranes were able to fractionate two like-charged dye mixtures,
brilliant blue R / congo red (anionic) and alcian blue (pyridine variant) / rhodamine B
(cationic) mixtures [12]. Gold nanoparticles protected with self-assembled monolayers in
toluene were also used as probes. The PVDF-g-POEM coated membranes having 23

ethylene oxide unit side-chains retainebd nanoparticles around 3.2 nm in core diameter

[11].

Figure 3.2. (a) Chemical structure of PVDF-g-POEM (b) TEM micrograph of PVDF-g-
POEM stained with ruthenium tetroxide. The stained POEM microdomains appear as

darker regions in the image [5].
3.1.2. NF membranes with tunable pore size

One objective of this project was to develop ways of fine-tuning the size cut-off of
PVDF-g-POEM TFC NF membranes. This could be very useful for applications in the
pharmaceutical, biochemical and food industries [106, 107] which currently lack methods

for low-cost, high-throughput fractionation of molecules.

Filtration membranes whose flux and selectivity can be modulated with different process

parameters have been studied extensively [108, 109]. Researchers have developed

42



membranes that respond to various stimuli, including pH [7, 110-112], temperature [113-
118], ionic strength [112, 113], light [119], and the presence of solvents such as ethanol
[120]. Most of this research focuses on membranes whose size cut-off is in the

ultrafiltration (UF) or microfiltration (MF) ranges [7, 110-113, 118-120].

Studies on responsive NF membranes are much more limited. For example, temperature-
responsive, TFC membranes with size cut-off in the NF range were developed by Lopez
and coworkers, using a hybrid gel of poly(N-isopropylacrylamide) (PNIPAAM) and
silica [116] as a mesoporous selective layer, and employing surfactants as structure
forming agents during casting [121]. PNIPAAM has a lower critical solution temperature
(LCST) in water (nominally ~32°C): polymer chains are soluble in water below this
temperature. When the temperature is raised above the LCST, the polymer becomes
insoluble in water and chains collapse, resulting in a decrease in the size of polymer coils
and consequently, pore enlargement. In centrifugal filtration experiments, membranes
prepared with the above method were found to be essentially impermeable to water at
low temperatures, whereas at 40°C, they were permeable to water, with a molecular
weight cut-off (MWCO) of 7850 g/mol based on poly(ethylene oxide) (PEO) standards.
Similarly, Nykanen e al. used triblock copolymers of poly(styrene) (PS)-6-PNIPAAM-b-
PS that form spherical and gyroid structures to make membranes whose water
permeability changed drastically with temperature [114]. However, the retention of

solutes was not observed to change significantly in that study.

Inoue and coworkers used graft copolymers with a vinyl backbone and polypeptide side-
chains to prepare membranes whose permeability to various small molecules changes
according to pH [122-124]: The side-chains are negatively charged at high pH, which
results in a high degree of swelling and increased permeability to small molecules. At
lower pH levels, the carboxyl groups on the polypeptide chains are protonated, and the
membrane substantially loses its hydrophilicity, resulting in lower permeabilities. The
addition of doubly charged salts such as calcium and copper also cause a decrease in
permeability due to ionic cross-linking of carboxyl groups [125]. Because of the charges
present, separations employing these membranes are likely to involve both size-based and

charge-based (Donnan) exclusion mechanisms.
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PVDF-g-POEM TFC NF membranes have the potential for exhibiting tunable and
responsive pore size. The selectivity of these membranes is determined by the chain
density within the PEO-lined nanochannels. This is in turn affected by two major factors:
the length scale of the microphase separation that creates the nanochannels, and the
conformation of the PEO chains. The former can be influenced by controlling
manufacturing conditions such as the composition of the copolymer or the coagulation
bath. The latter can be changed during use by modifying the solvent quality of the feed
for PEO. Akthakul e al. first demonstrated this ability for PVDF-g-POEM TFC NF
membranes in the context of filtration of gold nanoparticles in different solvents. In that
study, the size cut-off for a polydisperse nanoparticle solution was seen to shift
significantly when the filtration was performed in toluene, ethanol, and water [11]. The
current study focuses on process parameters that can be varied more readily in an
industrial process, such as temperature, pressure, ionic strength, and ethanol content, all
of which alter the swelling of PEO chains in solution [126-141]. Such capability is highly
desirable, as it would allow a single membrane to be used for a range of molecular

sieving operations by fine-tuning the effective pore size to the separation desired.
3.1.3. Fouling resistant NF membranes for membrane bioreactor (MBR) applications

A second objective of this study was to investigate the fouling behavior of PVDF-g-
POEM/PVDF TFC NF membranes, and the possibility of their implementation in
membrane bioreactors (MBRs), systems that combine conventional biological wastewater
treatment using suspended biomass with membrane separation. They are an attractive
alternative to conventional activated sludge treatment using secondary sedimentation.
MBRs offer the advantages of higher product water quality and reduced footprint [69].
However, the widespread application of MBRs is constrained by membrane fouling [30,
69].

Membranes employed in MBRs are typically porous ultrafiltration (UF) membranes. To
improve effluent quality while substantially eliminating internal pore fouling, NF
membranes offer a potential alternative to UF membranes for MBRs [37, 142, 143]. NF

MBR systems, unlike UF-based ones, have the potential for rejecting low molecular
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weight contaminants such as endocrine disrupting chemicals, pharmaceuticals, and
pesticides that can be hazardous to human health [143]. In their study of NF MBRs, Choi
et al. [37, 142] noted that high flux NF membranes with high organic matter rejection and
low salts rejection are needed to improve the practicability of such systems. Because of
the high rejection of organics in NF MBR systems, they can further reduce fouling of RO

membranes when used in advanced wastewater reclamation in place of UF MBRs.

A variety of constituents in waters can lead to membrane fouling, including dissolved
inorganic or organic compounds, colloids, bacteria, and suspended solids (see Chapter 2)
[35]. Biofouling is largely attributable to accumulated extracellular materials, rather than
individual bacterial cells or microbial flocs [144-146]. These extracellular materials,
including soluble microbial products (SMP) and extracellular polymeric substances
(EPS), consist mainly of polysaccharides, proteins, and natural organic matter (NOM) [71,
147-150].

Proteins are a significant source of fouling, because of their strong tendency to adsorb on
surfaces from aqueous solution [151, 152]. In addition to MBR systems [69, 71, 148],
they are present in many processes that membranes are used extensively for, including
wastewater treatment [71, 153], and separations in the food [154-157], paper and pulp
[158], and biotechnology [24, 155] industries.

Polysaccharides are another class of important foulants in NF [158]. Sodium alginate, a
polysaccharide, is also known to be a component of EPS observed in the presence of

microorganisms in the feed [71, 148], and a significant contributor to biofouling [159].

In addition to contributing to biofouling, NOM has been described as one of the major
membrane fouling agents in NF of surface waters [38, 39, 160-163]. Its major component,
humic acid (HA) [160], is a degradation product of lignin, carbohydrate and protein. It is
present in soil and is leached out into surface waters [164]. The fouling characteristics of
humic acid are highly dependent on solution chemistry [26, 39, 165, 166]. Membrane
fouling by humic acid has been found to increase with the presence of divalent cations,

particularly Ca?*. Complexation of Ca®* ions with the carboxyl groups of humic acid
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leads to intermolecular linkages that result in the formation of a compact cake layer that

significantly reduces flux.

The fouling resistance of PVDF-g-POEM TFC NF membranes was investigated
employing bovine serum albumin, sodium alginate, and humic acid as representatives of
the three important classes of biomolecule foulants in MBRs: proteins, polysaccharides
and NOM, respectively [148-150]. Fouling behavior was characterized in 10-day
filtration studies using 1000 mg/L feed solutions. Filtration studies using activated sludge
from an aerobic MBR as the feed solution were also performed by our collaborators at
University of Illinois at Urbana-Champaign. The PVDF-g-POEM coated membranes
were shown to completely resist irreversible fouling, defined as fouling that cannot be
recovered by a pure water rinse, while providing substantially improved effluent quality

over the PVDF UF base membrane control.

The mechanism of this exceptional behavior was investigated by atomic force
microscope (AFM) colloid probe measurements, performed by our collaborators at Yale
University. These experiments showed long-range steric repulsive forces between the

membrane surface and the foulant, responsible for preventing biomolecule adsorption.
3.2. Experimental Methods

3.2.1. Materials

Poly(vinylidene fluoride) (PVDF, M, ~ 107 kg/mol), poly(ethylene glycol) methyl ether
methacrylate (POEM, M, = 475 g/mol), N-methy! pyrrolidone (NMP), 4-methoxyphenol
(MEHQ), N,N,N'\N"N"-pentamethyldiethylenetriamine (PMDETA), bovine serum
albumin (BSA, 66.5 kDa), and all dyes were purchased from Sigma-Aldrich (St. Louis,
MO). Copper (I) chloride (CuCl), basic-activated alumina, poly(ethylene glycol) (PEG,
M, = 600 g/mol), N,N-dimethyl formamide (DMF), hexane, ethanol, tetrahydrofuran
(THF), deuterated dimethyl sulfoxide (DMSO-dg), humic acid, calcium chloride (CaCl,),
phosphate buffered saline (PBS) concentrate (10x), sodium chloride and sodium alginate
were purchased from VWR (West Chester, PA). All chemicals and solvents were reagent

grade, and were used as received. PVDF400 ultrafiltration membranes, purchased from
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Sepro Membranes Inc. (Oceanside, CA), were used as the base membrane. Deionized

water was produced from a Millipore Milli-Q unit.

The molecular weights of sodium alginate and humic acid were measured by static light
scattering (Wyatt MiniDawn). The experiments were performed using solutions in water
at three different concentrations, and measurements at three different angles. The weight-
average molecular weight of sodium alginate was found to be 29,000 g/mol, and that of
humic acid was calculated to be 17,000,000 g/mol. The unusually high molecular weight

measured for humic acid indicates the formation of aggregates in water [167].

The activated sludge used in this study was cultured within an aerobic membrane
bioreactor having a porous liner manufactured into its walls through which fluid is passed
by gravity [168]. The liner consists of filter grade porous polyethylene (Atlas Minerals &
Chemicals, Mertztown, PA) with a thickness of 0.48 cm and a nominal pore size of
approximately 25 pm. The reactor had a diameter of 9 inches (22.86 cm), a volume of
9.4 liters and was configured into a standard reactor geometry according to Holland and
Chapman [169]. Mixing was accomplished with a three-inch (7.62 cm) diameter Rushton

impellor at a speed of 150 revolutions per minute (rpm).

The reactor was operated with a hydraulic retention time of 18 hours and a solids
retention time of 28 days. The influent consisted of 150 mg/L of ammonia nitrogen and
acetate at a concentration of 350 mg/L chemical oxygen demand (COD) resulting in a
mixed liquor volatile suspended solids (MLVSS) concentration of approximately 1800
mg/L VSS. COD and MLVSS were measured according to [170]. Ammonia nitrogen

was measured using a microtiter-based method [171].
3.2.2. Synthesis of PVDF-g-POEM

POEM was grafted to PVDF following a slightly modified version of the atom transfer
radical polymerization (ATRP) approaches previously published [5, 172]. PVDF (5 g)
was dissolved in NMP (50 mL) in a conical flask at 50°C. The solution was cooled to
room temperature and transferred to a 250 mL Schlenk flask. POEM (50 mL), CuCl (0.04
g), and PMDETA (0.26 mL) were added to the reaction vessel, which was subsequently
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sealed. Nitrogen gas was bubbled through the reaction mixture for 20 minutes. After a
total reaction time of one hour, MEHQ (2.5 g), dissolved in approximately 10 mL of THF,
was added to the reaction mixture, which was then diluted with approximately 100 mL of
THF. This mixture was passed through a column of basic-activated alumina and
precipitated in a 10:3 mixture of hexane and ethanol. The product was redissolved and
reprecipitated twice, then dried in a vacuum oven overnight. POEM content of the
copolymer was determined by 'H Nuclear Magnetic Resonance (NMR) spectroscopy in
deuterated DMSO using a Bruker DPX 400 spectrometer as described previously [5] to
be 48 wt% (Appendix A).

3.2.3. Fabrication of TFC membranes

For the preparation of TFC membranes used in fouling studies, the coating solution was
prepared by dissolving 1 g of PVDF-g-POEM copolymer and 1 g of PEG in 4 mL. DMF
at approximately 50°C. No PEG was added into the coating solution in the preparation of
the membranes used in studying the responsive pore size properties of PVDF-g-POEM
TFC NF membranes. The coating process was identical from this point on. The coating
solution was passed through a 1-pm syringe filter (Whatman) and degassed under
vacuum for approximately one hour. Membranes were coated using a control coater
(Testing Machines Inc., Ronkonkoma, NY). The PVDF400 base membrane was fixed
onto the coater, and the coating bar (number 4, nominal film thickness 40 pm) inserted.
The coating solution was poured onto the base membrane to form a thin line about 0.5 cm
from the coating bar, and the coater was used to move the bar at a constant reproducible
speed (speed level 4 on the instrument). After 5 minutes, the membranes for fouling
studies were immersed in a bath of ethylene glycol for 30 minutes, then rinsed in an
isopropanol bath for 10 minutes and air dried. The membranes for responsive pore size

studies were immersed in isopropanol for 10 minutes and air dried.

Membrane morphology was characterized using a JEOL 5910 Scanning Electron
Microscope (SEM) operating at 5 kV. The membranes were fractured in liquid nitrogen

for cross-sectional observation, and sputter coated with gold-palladium for SEM imaging.
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3.2.4. Fouling experiments

Circular pieces were cut from the membrane, and hydrated for at least 30 minutes before
testing. Fouling experiments were performed on 25 mm diameter membranes using an
Amicon 8010 stirred, dead-end filtration cell (Millipore) with a cell volume of 10 mL and
an effective filtration area of 4.1 cm?, attached to a 3.5-L dispensing vessel. Permeate was
collected at fixed time intervals using a FRAC-100 fraction collector (Pharmacia) and
weighed to determine trans-membrane flux. Solute rejection was determined by UV

spectroscopy.

Filtration cells were stirred at 500 rpm using a stir plate to minimize concentration
polarization. Deionized (DI) water was first passed through the membrane until the flux
remained stable over at least a half hour (2 h minimum DI water filtration). The end of
the stabilization period was taken to be the zero time point in the filtration plots. The cell
was then emptied and refilled with the model foulant solution. Protein solutions
comprised 1000 mg/L BSA in PBS. NOM fouling studies used 1000 mg/L humic acid
and 10 mM CaCl, in DI water. Polysaccharide fouling experiments were performed with
1000 mg/L sodium alginate in DI water. A sample of the permeate was collected after 1
hour of filtration. Foulant retention values were obtained by measuring the foulant
concentration in this sample by UV-visible spectroscopy using a Cary 500i UV-Vis-NIR
dual-beam spectrophotometer. The concentrations were quantified using UV absorbance
at 280 nm for BSA and 200 nm for sodium alginate and humic acid. During the fouling
experiments, a build-up of foulant concentration was observed within the filtration cell,
due to the retention of the foulant coupled with the small size of the filtration cell
compared with the total volume of solution that was filtered. This can be regarded, in a
way, as concentration polarization. This also allowed is to test the fouling resistance of
the membranes at foulant concentrations, which could be calculated by a material balance.
After each fouling test, the filtration cell was rinsed 5-7 times with DI water and then

refilled with DI water as a feed to determine the reversibility of fouling.

Flux decline experiments using activated sludge were performed by Adrienne Menniti at

the University of Illinois at Urbana-Champaign following the same approach as described
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above, but with a different experimental setup. Filtration was performed using an
Amicon stirred cell model 8200 (Millipore, Billerica, MA). The Amicon cell was mixed
at 175 rpm for all sludge experiments. Flux measurements were performed by weighing
permeate at fixed time intervals on a top loading balance (Model PB3002-S, Mettler
Toledo, Columbus, OH) assuming a permeate density of 1 g/mL. Automatic collection of
permeate data was performed using the software WinWedge (TAL Technologies,
Philadelphia, PA). Clean water flux and hydraulic recovery measurements were
performed using NANOpure ultrapure water (Barnstead, Dubuque, IA). Activated sludge
concentrations for dead-end filtration experiments using TFC or base membranes were
approximately equal at 1745 and 1855 mg/L MLVSS, respectively. Membrane retention

was characterized based on total COD measured in the filtrate and the retentate.

The PVDF UF base membrane served as the control in filtration experiments, as UF
membranes are commonly employed in MBRs. The fouling properties of commercial

TFC NF membranes have been documented in other studies [39, 66, 166].
3.2.5. Responsive pore size experiments

Circular pieces 49 mm in diameter were cut from coated membranes and wetted in water
for at least 15 minutes before performing filtration experiments. The experiments were
performed using a Sepa stirred, dead-end filtration cell (Osmonics) with an effective
filtration area of 16.9 cm? and a liquid capacity of 300 mL. The filtration cell was placed
in a water bath with a temperature controller that kept the system at the desired
temperature with an accuracy of +2°C. The cell was stirred at 400 rpm using a stir plate to

minimize concentration polarization.

Membrane permeability was determined by collecting the filtrate for a known period of
time, weighing it and normalizing by the membrane area and pressure difference, the

latter measured by an electronic pressure gauge.

The effective pore size of the membrane was also probed by the permeation of rigid dye
molecules. Two dyes were used in this study: Brilliant Blue R (calculated molecular

diameter: 11.1 A) was used in observing the effect of ethanol addition to the feed, and
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Reactive Red 120 (calculated molecular diameter: 9.8 A) was used to observe the effects
of temperature, pressure and ionic strength. The chemical structures and three
dimensional molecular models of these dyes are given in Figure 3.3. The diameters were
calculated using Molecular Modeling Pro software (ChemSW, Fairfield, CA) by
calculating the molecular volume of the dye from its chemical structure and fitting this

value to a sphere of equal volume.

Brilliant Blue R Reactive Red 120

Figure 3.3. Chemical structures and molecular models of the dyes used in pore size

tuning experiments

The effect of ethanol content in the feed was investigated by filtering a series of solutions
of Brilliant Blue R (100 mg/L) in mixtures of ethanol and water, at a pressure of 150 psi
(1.03 MPa). First, the ethanol/water mixture without the dye was passed through the
membrane for at least 40 minutes. Then the feed was replaced with the dye solution.
After the color of the filtrate stabilized (at least 1 hour), a sample was collected. The

concentration was determined by UV-visible spectroscopy at 555 nm.

The dependence of membrane permeability on temperature and pressure was investigated.

Deionized (DI) water or salt solution was passed through the membrane at room
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temperature and 200 psi (1.38 MPa) until the flux stabilized (at least one hour). Permeate
was collected for 15 minutes and weighed to determine the permeability. The pressure
was then decreased to 150 psi (1.03 MPa), and the flux was allowed to stabilize for 30
minutes. Another sample was collected and weighed. This was repeated at 100 psi (0.69
MPa) and 50 psi (0.34 MPa). Then the temperature was increased, first to 50°C and then
to 70°C, and after a stabilization period of one hour, the above procedure was repeated at
each temperature. This procedure was subsequently repeated with a feed of 0.1 M NaCl

solution.

The permeation of Reactive Red 120 at different temperatures and pressures was also
tested. For these experiments, the membrane was first allowed to stabilize by passing
either DI water or 0.2 M NaCl solution through at 25°C for one hour. The initial feed
solution was then replaced with the dye solution and filtration was performed similar to
the method described above, increasing first the pressure and then the temperature step by
step, and allowing the system to stabilize before collecting each sample. At the end of
this period, the cell was rinsed with DI water, and DI water at 75°C was subsequently
filtered through the membrane at 200 psi for 1 hour to clean the membrane. The dye

concentrations of the feed and permeate were determined by UV-visible spectroscopy at
525 nm.

3.2.6. Atomic force microscopy (AFM) measurements

Atomic force microscopy (AFM) was used to characterize the interfacial forces between
the membrane and organic foulants. The force measurements were performed by Dr.
Seoktae Kang at Yale University using a MultiMode AFM connected to a Nanoscope Illa
controller (Veeco Metrology Group, Santa Barbara, CA). A carboxylate modified latex
(CML) particle (Interfacial Dynamics Corp., Portland, OR) was used for making the
AFM colloid probe because the model organic foulants used in this study (BSA, alginate,
and humic acid) contain predominantly carboxylic functional groups. The CML particle
(3.0 um in diameter) was attached by Norland optical adhesive (Norland Products, Inc.,
Cranbury, NJ) to a tipless SiN cantilever having a spring constant of 0.06 N/m (Veeco
Metrology Group, Santa Barbara, CA) and cured under UV light for 20 min. A fluid cell
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was used to allow force measurements in desired solution chemistries, with the

membrane being located on the bottom of the fluid cell.

The fluid cell was first rinsed with DI water before injecting test solution to fully displace
the DI water in the fluid cell. The force measurements were conducted at four different
locations on the membrane, and 10 force measurements were taken at each location.
Details on the procedures of using an AFM colloid probe to determine the intermolecular

adhesion forces in membrane fouling are given in recent work [166, 173, 174].

According to Derjaguin’s approximation, the interaction force between a sphere and a flat

surface is related to the interaction energy per unit area [175]:
F(h) = 2nRW(h) (3.1)

where F(h) is the interaction force between a sphere and a flat surface separated by a
distance A, R is the radius of the spherical particle, and W(h) is the interaction energy per
unit area between two flat surfaces separated by a distance 4. According to equation 3.1,
the interaction energy W is equal to F/R multiplied by a factor of 2z. This shows that the
parameter F(h)/R is an indicator of the energy that draws the foulant molecule to the

membrane surface.

The net interaction energy between two surfaces is a sum of the contributions of van der

Waals attraction and the electrostatic double layer repulsion.

W(h) = Wa(h) + Wr(h) (3.2)

where W4(h) is the attractive van der Waals interaction energy per unit area, and Wr(h) is
the electrostatic repulsion energy per unit area. The van der Waals attraction scales with

- -l - . . -
Hx~  where x ' is a characteristic

h?, whereas repulsive forces are proportional to e
distance indicating the range of these repulsive forces, termed the decay length. For
charged surfaces, x  is strongly dependent on the composition and jonic strength of the

electrolyte separating the two surfaces [175].
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Similarly, the adhesion force measured during the retraction of the colloid probe,
normalized by the radius of the particle, F,#/R, is proportional to the energy per unit area

required to separate the particle and the flat surface by an infinite distance, W():

F ad
—=27aW(w) (3.3)
R
F.#/R can, therefore, be viewed as a measure of the strength of foulant adhesion to the

membrane surface.
3.3. Results and Discussion

3.3.1. Membrane characterization

In manufacturing the composite membranes, a control coater was used to achieve a
uniform and reproducible PVDF-g-POEM coating thickness on the PVDF UF membrane
substrates from concentrated DMF solution. Contact angle studies on PVDF-g-POEM
coated membranes reported previously demonstrate that these coatings exhibit

spontaneous wetting by water [12].

Typical SEM micrographs of the base and coated membranes used in this study are
shown in Figure 3.4. As seen in Figure 3.4a, the Sepro PVDF400 base membrane exhibits
a surface morphology of sparse, ~0.05 pm circular pores characteristic of PVDF
membranes fabricated by immersion precipitation [46]. The relatively high permeability
of this membrane (pure water permeability of 2700 L/m’hMPa) can be attributed to large
macrovoids seen in cross section (Figure 3.4b). This membrane, with a high permeability,
was selected to ensure that the base membrane has a smaller contribution to the hydraulic
resistance of the TFC membrane. After coating, surface pores of the UF membrane are no
longer observable, and nodular features appear (Figure 3.4c). From SEM cross-sections,

the coating layer is approximately 2 pm thick (Figure 3.4d).
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Figure 3.4. SEM micrographs of the PVDF400 UF base (a, surface, and b, cross-section)
and PVDF-g-POEM-coated (c, surface, and d, cross-section) membranes.

Pure water permeability (PWP) values for the PVDF-g-POEM TFC NF membranes
ranged between 10-56 L/m’hMPa, mostly dependent on the thickness of the PVDF-g-
POEM coating layer. These values were consistent with those reported by Akthakul et al.
[12], and are in a range on the higher end of common commercial NF membranes [34].
The PWP of these TFC membranes could be significantly improved by developing better
coating methods. To achieve good separation, the coating layer of a TFC membrane
needs to be only a couple hundred nanometers, provided it is defect-free. This is an order
of magnitude thinner than the coatings prepared here, produced using bench-scale
processes. However, fabrication of sub-micron scale coatings are a common process in
the membrane industry, widely performed in large scale using methods such as dip

coating or spray coating [1].
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3.3.2. Fouling resistance: Model organic foulants

Previous studies on PVDF-g-POEM-coated membranes demonstrated complete
resistance to fouling by a 1000 mg/L oleic acid/triethanolamine/water microemulsion
over a 1.5 h filtration period, along with complete (>99.9%) retention of oleic acid [12].
Long-term fouling behavior, however, has much greater relevance in industrial
applications. Membrane replacement is performed in much less frequent intervals in
practice, and as infrequently as possible. Furthermore, more fouling mechanisms can be
taken into account in longer term studies [39, 66, 176]. Therefore, 10-day dead-end
filtration studies were performed with the PVDF-g-POEM coated NF membranes, using
foulants representative of proteins, polysaccharides, and NOM, along with filtration
studies of shorter duration (16-24 hours) with the PVDF400 UF base membrane control.
The foulants were chosen to represent the most common culprits of fouling in NF
operation [35, 66, 153, 155, 164]. They are also known to be major contributors to
biofouling in a range of processes [59, 147], including membrane bioreactors (MBRs) [37,
67, 69, 153, 177]. In each case, Milli-Q water was passed through the membrane until the
flux stabilized. The flux decline during this initial period is due to membrane compaction.
With the application of pressure the base membrane is compressed, resulting in partial
blocking of pores. In the data to follow, this effect is less notable for the NF membranes
because the flux is largely determined by the non-porous coating layer, which does not

deform substantially under pressure.

The experimental setup included a small filtration cell (15 mL liquid capacity) connected
to a large tank (3.5 L capacity) by a narrow tube. Therefore, during the filtration studies,
diffusion from the cell to the tank was negligible. Since the coated NF membranes were
observed to retain essentially all of the foulant, a constant build-up of foulant
concentration occurred in the filtration cell, which could be estimated by a simple
material balance around the cell. This aspect allowed characterization of the fouling
resistance of the described membranes to very high foulant concentrations as well as the
10-day fouling potential in a single experiment. The continuous build up of foulant in
these experiments further provides a close parallel to MBR operation, where high

molecular weight substances can accumulate in the reactor over time [29, 30, 69, 178].
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Figure 3.5a shows the 10-day dead-end filtration results from a TFC NF membrane for a
1000 mg/L solution of BSA in PBS, performed at 0.21 MPa (30 psi), and plotted as a
function of normalized flux (flux/initial flux) vs. time [17]. The error bars in this figure
(as well as in Figures 3.6 and 3.7) arise from the limitations of the experimental setup,
and not from collapsed data of repeated experiments: The permeate flow comes one
droplet at a time, and the measured volume at each data point can vary by the amount of a
single droplet, approximately 0.05-0.1 mL, indicated by the error bars. For many data
points, the error bars lie within the symbol area. The flux shows a slow decline over the
course of the filtration (~13% after 10 days), which is fully recovered when the cell is
rinsed and the foulant solution is replaced with deionized water. No irreversible flux loss
was observed. Also shown in this figure is the calculated BSA concentration in the
filtration cell, based on the measured BSA retention of >99.9% for this membrane (Table
3.1). The complete retention of BSA by the NF membrane is consistent with the reported
globular dimensions of this protein (a heart-shaped molecule with 8 nm sides and 3 nm
width [179]), relative to the width of the hydrophilic nanochannels of PVDF-g-POEM
observed by TEM (~2 nm) [6, 12]. At the end of 10 days, the cell concentration had
reached 65,000 mg/L. The modest flux loss observed at such high concentrations
suggests these membranes could be suitable in filtration operations involving highly

concentrated feed streams.

Table 3.1. Foulant retention values of PVDF-g-POEM coated NF membrane and PVDF

base membrane. Retentions measured after 1 hour of foulant filtration.

BSA retention Humic acid | Sodium alginate | Total COD
Membrane
(%) retention (%) retention (%) | retention (%)
PVDF-g-POEM
>99.9 99 92 99.5
coated NF
Sepro
69 37 60 98
PVDF400 base
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Figure 3.5. Dead-end filtration of model protein solution with a) PVDF-g-POEM-coated
NF membrane (average pure water permeability 39+10 L/m’hMPa); b) PVDF base
membrane (average pure water permeability 2700+660 L/m’hMPa). o: Milli-Q water, ®:
1000 mg/L. BSA in PBS, = Calculated concentration in the filtration cell (top graph
only). Tests performed at 30 psi (a) and 10 psi (b).

58



Figure 3.5b shows the normalized flux data for the Sepro PVDF400 UF base membrane
for filtration of a 1000 mg/L BSA solution at 0.07 MPa (10 psi) over a period of 16 h.
Despite the shorter run time, the irreversible flux loss for the UF membrane was around
60%. BSA retention for the UF base membrane after 1 h filtration was 69%, compared to
complete retention (within instrument resolution) for the coated membrane (Table 3.1).
The retention of the protein by the UF membrane is expected to increase in time due to
internal pore fouling, as indicated by the large decline in flux. The results further

illustrate the potential of these NF membranes to significantly enhance effluent quality.

Similar results were obtained upon filtering 1000 mg/L sodium alginate through the
coated and uncoated membranes (Figure 3.6) [17]. In this case, the observed flux decline
for both membranes was more dramatic. The TFC NF membrane showed approximately
71% loss relative to the pure water flux after 10 days of filtration at 0.21 MPa (30 psi).
The coated membrane had an alginate retention of 92% after 1 hour of filtration,
suggesting that low molecular weight portions of the foulant could pass through the
membrane. The 92% figure can be considered a minimum retention for sodium alginate,
since the substantial flux decline over the 10-day filtration was likely accompanied by
increased retention. Assuming the retention remained constant throughout the 10-day
experiment, Figure 3.6a plots the calculated foulant concentration in the filtration cell as
a function of time. By this conservative estimate, the sodium alginate concentration
reached 12,000 mg/L by the end of the 10 day period. The flux decline observed in
Figure 3.6a can thus be attributed to the substantial rise in osmotic pressure due to
alginate accumulation. However, the initial pure water flux could again be fully
recovered for the NF membrane upon rinsing the cell and switching the feed to DI water.
By contrast, a flux loss of 96% was observed for the UF base membrane after only 24 h
filtration at 0.07 MPa (10 psi), with 41% irreversible flux loss (Figure 3.6b). Alginate

retention was also substantially lower (60%) for the uncoated membrane (Table 3.1).
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Figure 3.6. Dead-end filtration of model polysaccharide solution with a) PVDF-g-
POEM-coated NF membrane; b) PVDF base membrane. o: Milli-Q water, ®: 1000 mg/L
sodium alginate in Milli-Q water, = Calculated concentration in the filtration cell (top

graph only). Tests performed at 30 psi (a) and 10 psi (b).

Membrane susceptibility to fouling by natural organic matter (NOM), represented by its
major component humic acid (HA) [160], was also investigated. After 10 days of
filtration of 1000 mg/L HA solution at 0.21 MPa (30 psi), the TFC NF membrane showed

no decrease in flux (Figure 3.7a) [17]. At the end of this period, the concentration was
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calculated to be 24,000 mg/L, based on a measured HA retention of 99%. However
during the filtration, humic acid was observed to precipitate from solution, aided by the
high concentration of Ca®" in the feed [167]. Thus the calculated concentration values in
Figure 3.7 indicate the extent of HA retention, rather than the dissolved concentration of
humic acid in the cell. Upon opening the cell at the end of the fouling period, no cake
layer was observed on the membrane. The remarkable constant flux demonstrated for the
NF membrane stands in marked contrast to the results for filtration of the same HA
solution through the UF base membrane. After 24 h filtration through the base membrane
at 0.07 MPa (10 psi), an irreversible flux loss of 43% was found (Figure 3.7b), with an
HA retention of 37% (Table 3.1).
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Figure 3.7. Dead-end filtration of model NOM solution with a) PVDF-g-POEM-coated
NF membrane; b) PVDF base membrane. o: Milli-Q water, ®: 1000 mg/L humic acid in

10 mM CaCl,, == Calculated concentration in the filtration cell (top graph only). Tests
performed at 30 psi (a) and 10 psi (b).

3.3.3. Membrane fouling: Membrane bioreactor experiments

The results from the combined studies above suggest that the PVDF-g-POEM TFC NF

membranes should exhibit lower fouling and produce higher quality effluents in MBR
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operations compared with UF membranes conventionally employed. To further explore
this application, dead-end filtration experiments were performed on uncoated and coated
membranes using activated sludge taken from an aerobic bioreactor. These tests were
performed by Adrienne Menniti in the Morgenroth lab at University of Illinois at Urbana-
Champaign. Figure 3.8 compares the normalized flux data for the TFC NF membrane and
the PVDF400 base membrane. For the NF membrane (run at 0.28 MPa) no flux decline
was observed through the experiment, i.e., no reversible or irreversible fouling occurred
over the 16 h run period (Figure 3.8a). The slight increase in flux throughout the
experiment was most likely caused by a temperature increase and a corresponding
decrease of the water viscosity. (Because of the low inherent flux, heat generated by the
stir plate can raise the temperature in the filtration cell by 2 or 3 °C over 16 hours.) The
lack of fouling by the activated sludge was confirmed with a second NF membrane
sample. By contrast, the PVDF400 base membrane (run at 0.07 MPa) showed extensive
fouling (Figure 3.8b). A flux loss of 84% was reached after 4 h of activated sludge
filtration, with 57% irreversible flux loss. The NF membrane also exhibited better total
COD retention: 99.5% compared with 98% for the base membrane (Table 3.1).
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Figure 3.8. Dead-end filtration of MBR activated sludge with a) PVDF-g-POEM coated
NF membrane (1745 mg/L VSS); b) PVDF base membrane (1855 mg/L VSS). o:
NANOpure water, ®: Activated sludge. Tests performed at 40 psi (a) and 10 psi (b). Data
and error bars represent averages and standard deviations of five consecutive flux

measurements. Tests performed by Adrienne Menniti in the Morgenroth lab at U1 U.C.
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3.3.4. Interaction forces and fouling resistance mechanism

A versatile method of quantifying the fouling potential of a membrane involves the
measurement of the interaction forces between the membrane surface and an AFM probe
modified to simulate a foulant molecule. This experimental protocol, reported by Li and
Elimelech [166], involves attaching a colloid functionalized with carboxylic acid groups
(a surrogate for organic foulants) to the tip of an AFM cantilever, and measuring the
forces involved as the colloid probe approaches and retracts from the membrane surface.
Both approach (extending) and adhesion (retracting) force profiles are analyzed. The
approach curves provide information on the type and the range of interaction forces
between the foulant and the membrane, while the retracting (pull-off) curves provide
information on the strength of foulant adhesion to the membrane surface. Previous
research indicates that the magnitude of the adhesion force correlates well with the

fouling propensity of membranes in the presence of organic foulants [166, 174].

In this study, interaction forces between the carboxylate-modified latex particle probe and
the membrane were determined at a range of ionic strengths (1 to 100 mM NaCl) as well
as in the presence of 0.5 mM Ca* at a fixed ionic strength of 10 mM.

The interaction force profiles for the approach of the colloid probe to the PVDF-g-POEM
NF membrane surface showed little variation with ionic strength and composition, with a
decay length much greater than that predicted for electrostatic interaction (Figure 3.9).
For instance, in 100 mM solution, the Debye screening length, a characteristic length of
electrostatic interactions, is about 1 nm whereas the measured decay length for the
PVDF-g-POEM membrane was 13 nm. These observations suggest the presence of
repulsive steric forces which prevent the adsorption of organic foulants to the membrane
surface, consistent with the absence of irreversible fouling seen in dead-end filtration of

the model organic foulants and activated sludge from the MBR.
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Figure 3.9. Decay lengths of the interaction forces between the AFM particle probe and
the PVDF-g-POEM membrane as a function of ionic strength and composition. The error
bars indicate standard deviations. Measurements were carried out at room temperature
(23°C). NaCl (o) NaCl + CaCl; (m) Experiments were conducted by Dr. Seoktae Kang in
the Elimelech Group at Yale University.

The adhesion forces, determined from the retraction (pull-off) curves, also support our
fouling behavior data. Figure 3.10a shows the pull-off curves of a commercial PVDF
membrane in NaCl solutions of different ionic strengths. A deep energy minimum is
observed during the retraction of the colloid probe, indicating adhesion forces between
the foulant and the membrane surface. This adhesive force becomes stronger at lower
ionic strengths. The pull-off curves for the PVDF-g-POEM TFC NF membranes, shown
in Figure 3.10b, exhibit no energy minima, indicating no adhesive forces between the

foulant molecule and the membrane. On the contrary, repulsive forces were observed
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near the surface of the membrane, as indicated by the F/R measurements reaching

positive values.
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Figure 3.10. Interaction forces during retraction (pull-off) between the colloid probe and
the surface of (a) PVDF UF base membrane and (b) PVDF-g-POEM TFC NF membrane.
Experiments were conducted by Dr. Seoktae Kang in the Elimelech Group at Yale

University.

The magnitude of the adhesion forces for the PVDF UF base membrane and the novel
PVDF-g-POEM NF membrane are presented in Figure 3.11 for various solution ionic

compositions. For the PVDF base membrane control, strong adhesion forces are detected
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as indicated by the large negative values of the measured adhesion force (F) normalized
by the CML particle radius (R). Such strong adhesion forces correlate quite well with the
severe organic fouling observed with this membrane. In contrast, no adhesion was
detected with the PVDF-g-POEM-coated membrane (no negative values of F/R), even in
the presence of divalent calcium ions. This remarkable observation agrees well with the
lack of irreversible fouling observed for these membranes, even at high feed

concentrations of organic foulants.
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Figure 3.11. Variation of the adhesion force normalized with the AFM particle probe
radius as a function of solution ionic composition for the PVDF base UF membrane and
the PVDF-g-POEM NF membrane. The experiments with divalent calcium ions were
carried out with 0.5 mM CaCl2 plus 8.5 mM NaCl so that the total ionic strength was
fixed at 10 mM. The error bars indicate standard deviations. Measurements were
carried out at room temperature (23°C). PVDF-g-POEM: NaCl (0); CaCl, + NaCl (m).
PVDF base: NaCl (o); CaCl, + NaCl (e). Experiments were conducted by Dr. Seoktae
Kang in the Elimelech Group at Yale University.
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3.3.5. Responsive pore size properties

PVDF-g-POEM TFC NF membranes were also investigated for their ability to change
their permeability and selectivity according to process parameters, enabling the fine-
tuning of their effective pore size depending on the separation desired. The responsive
qualities of the membrane arise from the dependence of the effective pore size on the
conformation of PEQ chains within the hydrophilic nanochannels. PEO chains highly
swollen in a good solvent create steric hindrance to molecular transport through the
channels, reducing the effective channel width. In a poor solvent, the chains collapse
toward the walls of the adjacent PVDF domains, allowing relatively larger molecules
through. The transition is gradual, as the radius of gyration of polymer chains varies
gradually with solvent quality, giving a means to tune the selectivity within a certain

range.

3.3.5.1. Effect of ethanol content of the feed

To demonstrate this approach, water at room temperature was employed as a good
solvent for PEO [134, 136, 137], to which varying amounts of ethanol were added. PEO
solvency is decreased by adding ethanol into water, as shown in previous calorimetric
and rheological studies [128]. Therefore, the permeation of a retained solute of size
comparable to the channel width through a PVDF-g-POEM membrane is expected to

increase when ethanol is added to the feed.

Figure 3.12 shows the percentage of Brilliant Blue R (BB) passing through the membrane
versus ethanol content in the feed solution. It can be seen that when the feed is water
alone, all of the BB was retained (within instrument sensitivity). Thus the effective pore
diameter in water is less than the molecular diameter of BB, calculated to be 11.1 A. As
ethanol content in the feed rose, the amount of BB passing through the membrane
increased, indicating a widening of the nanochannels due to partial collapse of the PEO
chains. For feed compositions beyond 40 volume percent ethanol, additional ethanol did
not increase the permeation any further. The maximum percentage of dye passing

through the membrane was approximately 45%. This reduction in the dye concentration
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in the permeate vs. the feed suggests that the diffusion of dye molecules through the

membrane selective layer is hindered compared with accompanying water molecules.
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Figure 3.12. Percentage of Brilliant Blue R dye passing through PVDF-g-POEM TFC
NF membrane versus ethanol content of the feed. Experiment performed at room
temperature and 50 psi. Initial dye concentration: 100 mg/L. Percent dye through is
defined as the ratio of the concentration of dye in the permeate to that in the feed.

3.3.5.2. Effect of temperature, pressure and ionic strength

PEO-water systems have been studied extensively in the literature, both due to their
applications in biotechnology and water treatment, and because of the interesting and
unusual properties of PEO in water when compared with other polyethers [126-135, 137,
139, 140]. PEO-water mixtures exhibit a lower critical solution temperature (LCST),
indicating that as a solution of PEO in water is heated, a temperature exists where the
polymer’s precipitation is thermodynamically favored. The LCST for PEO-water
mixtures has been measured to be 99°C for high molecular weight PEO (1020 kg/mol).
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As molecular weight decreases, the LCST shifts to higher temperatures, and was
measured to be 175.6°C for PEO of 2.27 kg/mol molecular weight [139]. Below the
LCST, the solvent quality of water for PEO increases as temperature decreases, causing
an expansion of the coils [128, 129, 133-135].

This property implies that the permeability of PVDF-g-POEM TFC NF membranes
should increase with increasing feed temperature, as PEO side chains contract within the
nanochannels. This can be observed in Figure 3.13a, where the permeability of DI water
through the membrane is shown at room temperature (triangles) and at 70°C (squares) for
different pressures. At each pressure, the permeability of the membrane increased
substantially when the temperature was raised to 70°C. At 50 psi pressure, the increase
was almost 4.5-fold.

At higher pressures, the increase in permeability with temperature was even more
dramatic—up to 5.5-fold at 200 psi. This finding is related to the fact that the LCST of
PEO in water is depressed by high pressures [126-128, 130]. The effect of pressure on
PEO solvency is relatively small at room temperature, which is quite far from the LCST.
This is consistent with the data in Figure 3.13a, which show that the permeability is
essentially unaffected by pressure at room temperature. However at temperatures closer
to the LCST, the pressure effect becomes more significant. In Figure 3.13a, the
permeability of the membrane at 70°C increases by 60% when the pressure is increased

from 50 psi to 200 psi.
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Figure 3.13. Permeability of PVDF-g-POEM TFC NF membrane with a feed of (a) DI
water and (b) 0.2 M NaCl, at room temperature (m) and at 70°C (A) at varying

pressures.

Similar effects were observed when the permeation of Reactive Red 120 (RR) was
investigated (Figure 3.14a). At room temperature, 5% of RR permeated through the
membrane at 50 psi. This increased to 7.5% when the pressure was increased to 200 psi.
At 70°C, 9.6% of RR passed through the membrane at 50 psi, significantly higher than
the values at room temperature. Increasing the pressure to 200 psi caused the dye

permeation to double, reaching 19%.
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Figure 3.14. Percentage of Reactive Red 120 dye passing through PVDF-g-POEM TFC
NF membrane with the dye dissolved in (a) DI water and (b) 0.2 M NaCl, at room
temperature (m) and at 70°C (A) at varying pressures. Initial dye concentration: 100
mg/L. Percent dye through is defined as the ratio of the concentration of dye in the
permeate to that in the feed.

Another important parameter in PEO-water solution behavior is the ionic strength of the
solution. PEO exhibits salting-out behavior—increasing the ionic strength of a PEO-
water solution causes a significant depression in its LCST and a marked decrease in
solvent quality [127-129, 140]. The effect is especially strong when the PEO component
is of low molecular weight [140]. The addition of salt to a PEQ-water system also results
in a decrease in its lower critical solution pressure (LCSP), the pressure at which PEO
falls out of solution [127-129]. Therefore, high ionic strengths should increase the
permeability of the PVDF-g-POEM TFC NF membranes and amplify the effects of high

temperature and pressure on coil size.

Figure 3.13b shows the permeability of the PVDF-g-POEM TFC NF membrane at
different temperatures and pressures with a feed of 0.2 M NaCl. At room temperature and
50 psi, the permeability of the membrane increased 2.8 times upon the introduction of salt

to the feed. At room temperature, the change in permeability with pressure was much
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more pronounced compared to the DI water feed. Increasing the pressure from 50 psi to
200 psi caused a permeability increase of 50%. When the temperature was increased to
70°C at 50 psi, the permeability increased from 13 L/m®h MPa to 48 L/m? h MPa. At this
elevated temperature, the pressure effect was even more notable. The permeability of the

membrane increased by 66%, up to 79 L/m* h MPa, at 200 psi.

Similar trends could be observed in the filtration of Reactive Red 120 when the feed
contained 0.2 M NaCl (Figure 3.14b). At room temperature and 50 psi, the addition of
salt caused the permeation of RR to increase to 15% from 5.0%. The effect of pressure
was very evident even at room temperature, and 40% of the dye passed through the
membrane when the pressure was increased to 200 psi. Increasing the pressure at 70°C
caused the dye permeation to rise even further, up to 80% at 200 psi. This demonstrates
the potential to alter the selectivity of the PVDF-g-POEM TFC membrane quite

significantly by changing the operational temperature and pressure.

3.3.5.3. Effect of temperature and ionic strength on the swelling of PVDF-g-POEM

As mentioned in the chapter introduction, there are two main approaches employed in the
design of responsive membranes [108]. The first one exploits changes in the coil size of
polymer chains lining the pores to alter performance: as the coils expand, permeation is
reduced due to steric effects. This is the most common strategy described for responsive
UF and MF membranes [7, 111, 112, 115, 118, 120]. Conversely, in the second approach,
polymer swelling leads to an increase in membrane permeability. In these systems, the
polymer is held together by physical or chemical cross-links to regulate permeation. This

is the strategy adopted for most responsive NF membranes [114, 122-125].

To verify that the PVDF-g-POEM membranes operate under the first mechanism and not
the second, the swelling of a sample of PVDF-g-POEM was measured at a series of
temperatures, in DI water and in 0.2 M NaCl (Figure 3.15). In this figure, swelling ratio
is defined as the weight of the swollen polymer to its dry weight.
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Figure 3.15. Change in swelling ratio of PVDF-g-POEM with temperature in DI water
(A) and 0.2 M NaCl (m)

The swelling of the polymer in DI water decreased gradually as temperature increased.
This is consistent with the change in the solvent quality of water for PEO with
temperature. Considering the strong hydrophobicity and crystallinity of PVDF, PEO
should be the only component that swells in water. A similar effect was observed when
the polymer was swollen in 0.2 M NaCl solution. The degree of swelling of PVDF-g-
POEM in salt solution was always lower than that in DI water, as expected based on the
reduced solubility of PEO in salt solutions. Swelling once again decreased as the

temperature was increased.

If the permeability change were caused by increased swelling of the copolymer, then the
permeability of the membrane would be expected to decrease with increasing temperature
and ionic strength. The fact that the permeability and effective pore size both increase
with decreasing swelling is consistent with the first mechanism: the selectivity and
permeability of the membrane is altered due to the change in conformation of the PEO

chains lining the nanochannels.
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3.4. Conclusions and Future Directions

This chapter aimed to provide a better characterization of PVDF-g-POEM TFC NF
membranes first developed by Akthakul in the Mayes group. The membrane coating
method was improved, using a control coater and a base membrane with higher
permeability, to obtain higher fluxes and better reproducibility. Better coating techniques,
such as dip coating as practiced in the industry, should improve the PWP of these

membranes even further.

The exceptional fouling resistance of these membranes was demonstrated with a range of
foulants relevant to NF processes, as well as a real-life application, MBR treatment of
wastewater. In each of these cases, the membranes showed complete resistance to
irreversible fouling due to adsorption. AFM experiments using colloid probes showed
that there is a long range steric repulsive force between the membrane surface and the
foulant that prevents adsorption. This is believed to be the cause of the exceptional

fouling resistance of such membranes.

One of the most important advantages of PVDF-g-POEM TFC NF membranes is their
ability to perform size-based separations in the small molecule range. This is not possible
using commercial NF membranes. Furthermore, this study showed that the effective pore
size of these membranes can be tuned to the desired separation by adjusting process

parameters such as temperature, pressure, and ionic strength of the feed.

In short, PVDF-g-POEM TFC NF membranes have four highly desirable properties: high
pure water permeability, exceptional fouling resistance, size-based separation ability on
the molecular scale, and a pore size that can be fine-tuned to the application at hand. This
combination would be especially promising for the pharmaceutical and food industries,
which often perform highly specific separations and involve feeds with high fouling
potential. PVDF-g-POEM TFC NF membranes would also be useful in other high-
fouling applications where it is desirable to retain small molecules but not salts, such as

domestic and industrial wastewater treatment, and MBRs.
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PVDF-g-POEM TFC NF membranes have been studied in detail at the laboratory scale.
Further improvements, however, are necessary for commercialization. Better coating
methods, such as dip coating or spray coating, can form more uniform and thinner defect-
free membranes. This could lead to even higher pure water permeabilities. In addition,
the synthesis of PVDF-g-POEM needs further study. The ATRP-based synthesis can be
unpredictable, since the resultant POEM content is dependent on reaction time and the
age of some reactants such as CuCl. Alternative materials with more facile synthesis
routes that can form similar membranes would be promising. This is investigated in the
next chapter, which focuses on NF membranes based on amphiphilic comb copolymers

with polyacrylonitrile backbones.
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Chapter 4:

PAN-g-PEO as selective layer for TFC NF

membranes

4.1. Introduction

As described in the last chapter, the use of poly(vinylidene fluoride)-graft-
poly(oxyethylene methacrylate), PVDF-g-POEM, comb copolymers for the manufacture
of thin film composite (TFC) nanofiltration (NF) membranes is very promising [11, 12,
17]. However, certain issues make the production of such membranes in large scale
challenging. The main problem lies in the synthesis of this copolymer: The mechanism of
the PVDF-g-POEM grafting reaction is based on atom transfer radical polymerization
(ATRP) [5]. ATRP involves the use of copper complexes as the catalyst [180], which are
often very difficult to remove, requiring the use of ion-exchange resins and/or adsorbent
columns [181, 182]. These processes are difficult to scale up and hinder the use of ATRP
in large-scale commercial production. The purification of PVDF-g-POEM suffers from
similar difficulties, further amplified by the high viscosity of PVDF-g-POEM solutions

and the limited choice of solvents for this polymer.

Another obstacle in the synthesis of PVDF-g-POEM is limited control: The reaction
employs PVDF as a macroinitiator, and the degree of grafting is determined by the extent
of reaction. However, the reaction rate is highly dependent on the purity and age of the
copper (I) chloride catalyst, making it very difficult to control and estimate the resultant

copolymer composition.

Therefore, an alternative amphiphilic comb copolymer would be useful in making the
large-scale application of these TFC NF membranes more feasible. Such a polymer

would still share the basic properties of PVDF-g-POEM: It must have a backbone of a
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hydrophobic polymer, either glassy or crystalline, and side-chains of poly(ethylene oxide)
(PEO). The two components must microphase separate in a bicontinuous morphology to
form an interconnected network of nanochannels for water passage. Finally, the
membranes cast using this material must show selectivity and fouling properties
comparable to PVDF-g-POEM TFC NF membranes. However, the synthesis of the new
copolymer should be simpler and more controlled, and the purification of the polymer

must be simpler and more scalable.

A copolymer based on polyacrylonitrile (PAN) would be very promising in these respects.
PAN is a glassy hydrophobic polymer that is widely used in the manufacture of
ultrafiltration (UF) and microfiltration (MF) membranes [33]. Its monomer, acrylonitrile,
can be polymerized easily by free-radical polymerization. It is also possible to form
copolymers of acrylonitrile with acrylates and methcarylates. Hence, a graft copolymer
with a PAN backbone and PEO side-chains, PAN-g-PEO, made by free radical
copolymerization of AN with PEO-acrylate macromonomers, would have the potential to
form fouling resistant, size-selective NF membranes similar to those based on PVDF-g-
POEM, while eliminating difficulties associated with ATRP.

This chapter focuses on size-selective TFC NF membranes based on PAN-g-PEO. The
synthesis of PAN-g-PEO is described, as well as the characterization of its microphase
separation properties. The formation of NF membranes prepared by coating a UF
membrane with PAN-g-PEO is illustrated. The most significant advantages of these
membranes, namely their high pure water permeability, size-based selectivity, and

fouling resistance, are demonstrated.
4.2. Experimental Methods

4.2.1. Materials

Acrylonitrile, poly(ethylene glycol) methyl ether acrylate (PEGA, M, ~ 454 g/mol),
azobisisobutyronitrile (AIBN) and the dyes used in size cut-off determination were
purchased from Sigma-Aldrich (St. Louis, MO). Dimethyl formamide (DMF), toluene,

deuterated dimethyl sulfoxide (DMSO), ethanol, isopropanol, bovine serum albumin

79



(BSA, 66.5 kDa), and hexane were purchased from VWR (West Chester, PA). All
chemicals and solvents were reagent grade, and were used as received. PAN400
ultrafiltration membranes, purchased from Sepro Membranes, Inc. (Oceanside, CA), were
used as the base membrane for the coating process, as well as a control. Deionized water

was produced from a Millipore Milli-Q unit.
4.2.2. Synthesis of PAN-g-PEO

Polyacrylonitrile-graft-poly(ethylene oxide) (PAN-g-PEO) was synthesized by free
radical polymerization. The reaction scheme is shown in Figure 4.1. Five grams each of
acrylonitrile and PEGA were charged to a round-bottomed flask. The solvent (25 mL)
and AIBN (0.01 g) were added. The flask was sealed with a rubber septum, purged with
nitrogen gas for 20 minutes, and placed in an oil bath at 90°C with stirring. Either DMF
or toluene could be used as the solvent. The reaction mixture remained homogeneous
throughout the reaction when DMF was used as the solvent. During reaction in toluene,
after approximately 20 minutes, precipitated polymer was observed in the flask. After 20
hours the flask was removed from the oil bath. The reaction mixture was diluted with
approximately 50 mL of DMF to dissolve the precipitated polymer, and precipitated in a
3:1 mixture of ethanol and hexane. The recovered product was filtered and remaining
solvent and monomer were extracted by stirring the polymer in an ethanol bath overnight.

The polymer was then dried in a vacuum oven overnight.

The data reported in this chapter were obtained from membranes prepared using PAN-g-
PEO synthesized in toluene. Comparable membranes were also prepared using PAN-g-
PEO synthesized in DMF.
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Figure 4.1. Synthesis scheme of PAN-g-PEO

4.2.3. Polymer characterization

4.2.3.1. Nuclear Magnetic Resonance (NMR) Spectroscopy

PEO content of the copolymer was determined by "H NMR spectroscopy in DMSO-d
using a Bruker DPX 400 spectrometer (Appendix B). Four peaks were assigned to the
polymer protons (see Figure 4.2). The peak corresponding to the protons on the polymer
backbone created two peaks: a broad peak at 1.7-2.2 ppm (A), and a narrower, smaller
peak at 3.1 (B) that corresponds to the proton bound to the carbon attached to the nitrile
group [86]. The protons of the first CH, group attached to the ester bond in PEGA (C)
resulted in a peak at 4.3 ppm. The CH, and CH3 protons on the PEO side-chain (D)
created a broad peak at 3.5-3.7 ppm. The composition of the copolymer was calculated
by comparing the integrations under the peaks corresponding to protons labeled A and C.
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Figure 4.2. The chemical structure of PAN-g-PEQ and types of protons studied in 'H-
NMR analysis.

4.2.3.2. Gel Permeation Chromatography (GPC)

The molecular weight distributions of polymers were determined by gel permeation
chromatography in DMF at a flow rate of 1 mL/min, using a Waters 510 HPLC pump,
Waters Styragel columns, and a Waters 410 differential refractometer (Millipore Corp.,
Bedford, MA).

4.2.3.3. Modulated Differential Scanning Calorimetry (MDSC)

MDSC was performed with a Q100 TA Instruments differential scanning calorimeter
(DSC). The sample was prepared by placing approximately 11.5 mg of PAN-g-PEO in a
hermetic aluminum pan. A regular heat-cool-heat cycle was run before the MDSC to
equilibrate the polymer. The scan rate for MDSC was 2°C per minute, with modulations
-of 1.25°C every 60 seconds. Reversible heat flow rate was calculated from this data using
TA Universal Analysis software to eliminate kinetic effects on the curve and isolate glass

transition temperatures.
4.2.3.4. Transmission Electron Microsco E.

Microstructural characterization was carried out using a JEOL 2010 CX transmission
electron microscope (TEM) in bright field mode at 200 keV by Elsa Olivetti in the Mayes
group. Films of PAN-g-PEO cast from a 20% (w/v) DMF solution were mounted onto

posts with epoxy and ultra-thin ~15 nm sections were cryomicrotomed using a diamond
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knife (Diatome) and placed on copper grids (400 mesh, Ted Pella). PEO domains were
preferentially stained with RuO, to enhance contrast. The samples were stained by
placing grids onto a glass slide and loading them, for one hour, into a chamber containing
RuOg4-vapor freshly added from ampoules (EMS Acquisition Corp.). The grids were then
coated with 10 nm of carbon through thermal evaporation. Fast Fourier Transform (FFT)
analysis was performed on the obtained TEM images using commercial image analysis

software (ImagelJ).
4.2.4. Fabrication of TFC membranes

The polymer solution was prepared by dissolving 1 g of PAN-g-PEO copolymer in 4 mL
DMF at approximately 50°C. This solution was passed through a 1-um syringe filter
(Whatman) and degassed in an oven at approximately 90°C for approximately one hour,
until no air bubbles could be seen. Membranes were coated using a control coater
(Testing Machines Inc., Ronkonkoma, NY). The PAN400 base membrane was fixed onto
the coater, and the coating blade adjusted to a nominal film thickness of 40 um was
inserted. The coating solution was poured onto the base membrane to form a thin line
about 0.5 cm from the blade, and the coater was used to move the blade at a constant
reproducible speed (speed level 4 on the instrument). After 5 minutes, the membrane was
immersed in a bath of isopropanol for 30 minutes, then moved into a water bath. The

membranes were kept wet at all times due to the poor drying resistance of PAN [33].
4.2.5. Characterization of TFC membranes: Scanning Electron Microscopy (SEM)

Membrane morphology was characterized using a JEOL 5910 Scanning Electron
Microscope (SEM) operating at 5 kV. The membranes were fractured in liquid nitrogen

for cross-sectional observation, and sputter coated with gold-palladium for SEM imaging.
4.2.6. Filtration Experiments

Circular pieces were cut from coated membranes, keeping them moist at all times. The
experiments to determine the size cut-off of the membrane were performed using an
Amicon 8050 stirred, dead-end filtration cell (Millipore) with a cell volume of 50 mL and

an effective filtration area of 13.4 cm” The cell was stirred at 500 rpm using a stir plate
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to minimize concentration polarization, and a pressure of 30 psi. The membrane was first
allowed to compact by passing DI water through for at least one hour until the flux was
stabilized. The pure water permeability (PWP) of the membrane was measured by
collecting and weighing the permeate over a five minute interval. Then the cell was filled
with a 100 mg/L solution of a dye of known size. The pressure was set to 30 psi, and a
sample was collected after at least an hour, after the color of the filtrate was observed to
be stable. The solution level in the cell was not allowed to reach less than 60% of the
initial level; dye solution was added if necessary. At the end of this period, the cell was
rinsed with DI water, and DI water was filtered through the membrane for at least an hour

until the filtrate was clear. The above procedure was repeated for each dye.

Dye permeation values were obtained by measuring the dye concentration in this sample
by UV-visible spectroscopy using a Cary 500i UV-Vis-NIR dual-beam
spectrophotometer. The molecular size of each dye was calculated using Molecular
Modeling software by ChemSW (Fairfield, CA). The molecular model of the dye was
uploaded and the molecular volume was calculated using the software. Then the molecule
was assumed to be a sphere of equivalent volume, and its diameter was reported as the
size. The dye molecules used, along with their chemical structures, molecular weights,

and molecular sizes, are given in Table 4.1.

Fouling experiments were performed following the procedure described in Section 3.2.4.
However, the time period during which the foulant solution was filtered through the

membrane was 24 hours for the experiments described in this chapter.
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Table 4.1. Chemical structures, molecular weights, and sizes of dyes used in size cut-off

determination
Molecular
Molecular
Name Chemical structure weight
size (A)
(g/mol)
Brilliant
712.9 11.1
blue R
Congo
q 532.2 10.1
re 0=8=0 o=§=o
NaO Nao
Acid
311.1 8.4
blue 45
Ethyl (
N'@'Nﬁ Q 292.0 8.23
orange Q N S-OH
#
O

"85




4.3. Results and Discussion
4.3.1. Synthesis of PAN-g-PEO

The synthesis of PAN-g-PEO was performed using a free-radical copolymerization
method, employing a macromonomer approach. PEO content of the resultant copolymers
was within £10% of the intended composition, as is usually observed in random
copolymerizations [183]. Two different solvents were used in the synthesis of PAN-g-
PEO. DMF solubilizes the resultant polymer, and when this solvent was used, the
reaction mixture was homogeneous throughout the reaction. Toluene, on the other hand,
is miscible with the monomers but it is not a good solvent for polyacrylonitrile. During
the reaction, precipitation of the polymer from toluene was observed within 20 minutes of
the start of the reaction, and most of the reaction continued in a heterogeneous medium.
The molecular weight distributions of these polymers were determined by GPC in DMF.
Figure 4.3 (a) and (b) show typical GPC traces of PAN-g-PEO samples synthesized in
DMF and toluene, respectively. The molecular weights and polydispersities of these

samples are tabulated in Table 4.2.

400
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2000 20
0 ; 0 -
0 10 20 30 0 10 20 30
Elution volume (mL) Elution volume (mL)

Figure 4.3. GPC traces of PAN-g-PEO samples synthesized in (a) DMF and (b) in

toluene
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Table 4.2. Molecular weights and polydispersities of PAN-g-PEO samples synthesized in

different solvents, based on polystyrene standards

Number average Weight average Z-average . .
Polydispersity
Solvent | molecular weight, | molecular weight, | molecular weight, |
index, PDI
M; (kg/mol) My, (kg/mol) M. (kg/mol)
DMF 135 286 503 2.12
Toluene 92.5 1221 2465 13.2

The molecular weight distribution of the PAN-g-PEO sample prepared in DMF was
observed to be monomodal with a polydispersity index (PDI) of 2.12, typical of a free
radical polymerization performed in solution. The sample synthesized in toluene, by
contrast, had a very broad and multimodal molecular weight distribution, probably due to

the gradual precipitation during the polymerization reaction.
4.3.2. Polymer phase separation

For a graft copolymer to be used in the manufacture of NF membranes described in this
study, it needs to satisfy one important condition: The two components of the copolymer
must undergo microphase separation and form a bicontinuous network structure of each
phase, creating the effective “nanochannels” for water passage. To verify that microphase
separation occurs in PAN-g-PEO, MDSC was performed. Figure 4.4 shows the reversible
heat flow versus temperature plot for a sample of PAN-g-PEO obtained by MDSC
analysis. The reversible heat flow was chosen to minimize the observation of kinetic
effects, which are especially significant in systems with very small scale phase separation.
Three transitions were observed. A large glass transition was observed at approximately -
49°C. This value is consistent with the glass transition temperature of low molecular
weight, non-crystalline PEO [184], and indicates the presence of a separate PEO phase. A
second transition is observed at approximately 70°C. This value corresponds to the

second amorphous relaxation observed for PAN cast from DMF [185], indicating the
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presence of a separate PAN phase. Finally, a third transition is observed at 153°C, which
corresponds to backbone rotation in PAN [185]. The presence of separate transition
temperatures for PEO and PAN verify that microphase separation occurs in PAN-g-PEO,

and suggests the promise of this copolymer for the preparation of TFC NF membranes.
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Figure 4.4. MDSC trace of PAN-g-PEO plotted as reversible heat flow vs. temperature.

To determine the microphase-separated morphology, TEM was performed by Elsa
Olivetti in the Mayes group. Figure 4.5 presents a typical micrograph negative in which
the PEO domains appear as light regions. Both PAN (dark) and PEO domains were
observed to form continuous networks, as needed for this application. The PEO-rich
nanochannels appear to be around 1-2 nm in width—comparable to those observed for
PVDF-g-POEM [5, 12], which showed selectivity in the NF range. This domain
periodicity is confirmed by the inset FFT image, which shows a scattering peak (light
circle) corresponding to a characteristic length scale of the PAN-g-PEO morphology of

~1.4 nm.
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Figure 4.5. TEM micrograph of PAN-g-PEO phase separation. TEM was conducted by
Elsa Olivetti in the Mayes group at MIT.

4.3.3. TFC membrane characterization

The membranes were prepared following a method similar to that used for PVDF-g-
POEM TFC NF membranes (see Chapter 3). A commercial PAN UF base membrane was
coated by a thin layer of polymer solution using a control coater, followed by immersion
into a non-solvent to precipitate out the polymer. The non-solvent, isopropanol, was
selected due to its low diffusivity with DMF, to prevent the formation of a porous coating
[1]. Cross-sectional SEM micrographs of the base UF membrane and the coated thin film
composite (TFC) NF membrane are given in Figure 4.6. The coating layer was observed

to be approximately 2 pm in thickness, and non-porous.
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Figure 4.6. Cross-sectional SEM micrograph of (a) PAN UF base membrane before
coating, and (b) PAN-g-PEQO TFC NF membrane.

PAN-g-PEO TFC NF membranes also showed high pure water permeabilities (PWPs).
The average PWP of PAN-g-PEO TFC NF membranes was 85 + 25 L/m® h MPa,
averaged over five samples. This value was compared with the measured PWPs of two
commercial NF membranes by GE Osmonics, selected for exhibiting the highest nominal
flux among the NF membranes offered by the manufacturer. PAN-g-PEO TFC NF
membranes exhibited an average PWP over four times that measured for GE Osmonics
DS-5-DL (19 + 3 L/m*h MPa, averaged over five samples), and approximately 16 times
that measured for Osmonics DS-5-HL (5.1 L/m’> h MPa, only one test performed). The
average PWP of PAN-g-PEO TFC NF membranes was also twice that of the TFC NF
membranes based on PVDF-g-POEM graft copolymers investigated in Chapter 3 (39 +
19 L/m* h MPa) [17]. Optimization of the coating process should allow for membranes

with thinner selective layer coatings and even higher pure-water permeabilities.
4.3.4. Subnanometer Size Selectivity

Common commercial NF membranes generally have some negative surface charge,
resulting in separation characteristics that are based on a combination of sieving and
electrostatics. TFC NF membranes with a neutral-charge microphase-separated graft
copolymer as the selective layer offer a different kind of separation. The selectivity is
based on size, and the sieving that occurs through the hydrophilic phase, as first

demonstrated in our group’s studies on PVDF-g-POEM based NF membranes [11, 12].
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To determine the permeate size cut-off of the PAN-g-PEO TFC NF membranes prepared
in this study, rigid dyes were used as probes. Characteristics of the dyes that were used
are listed in Table 4.1. The percentage of each dye that passed through the PAN-g-PEO
TFC NF membrane is shown in Figure 4.7. It was observed that the two larger dye
molecules, Brilliant Blue R (11.1 A) and Congo Red (10.1 A), were retained completely
by the membrane, indicating the size cut-off is smaller than one nanometer. 81% of Ethyl
Orange, a molecule 8.2 A in size, permeated through the membrane. This effective pore
size, around 1 nm, is consistent with observations from the TEM micrograph in Figure

4.5.
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Figure 4.7. Percentage of dyes of different sizes that pass through the PAN-g-PEO TFC

NF membrane.

The relatively sharp size cut-off derived from the microphase-separated morphology can
be used to fractionate two molecules of like charge and similar dimension. As a
demonstration of the diafiltration ability of the PAN-g-PEO TFC NF membrane, a
solution containing 100 mg/L each of Congo Red and Ethyl Orange, both negatively
charged, was filtered. In Figure 4.8, the UV- visible spectrum of the filtrate (solid line) is
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compared with the spectra of the two components of the feed, Ethyl Orange (dashed line)
and Congo Red (dotted line). All solutions were diluted to one-fifth of their initial
concentration to avoid non-linear behavior at high concentrations. It can be seen that the
filtrate spectrum follows that of Ethyl Orange, at a slightly lower concentration,
calculated to be 82% of the initial concentration. The characteristic peaks of Congo Red,
at approximately 344 and 500 nm, are not observed in the filtrate, indicating that the dye
was retained completely. The dye retention properties of these membranes, combined
with their high permeability, could find use in the treatment of textile wastewater [186]
enabling fractionation and recovery of dye constituents. More generally, the capability of
the PAN-g-PEO NF membranes to separate small molecules by size could open

numerous applications in the biotechnology [24] and food industries [107].
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Figure 4.8. UV-visible spectra of permeate in the diafiltration experiment (solid line;
feed: 100 mg/L each of Congo Red and Ethyl Orange) compared with the spectra of Ethyl
Orange (dashed) and Congo Red (dash-dot). All samples were diluted to 1/5 their initial

concentration to avoid high-concentration non-linearities in absorption.
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4.3.5. Fouling resistance

Previous research on PVDF-g-POEM TFC NF membranes demonstrated the exceptional
fouling resistance of NF systems based on amphiphilic comb copolymers with PEO side
chains (chapter 3) [12, 17]. These membranes were shown to completely resist fouling by
oily water mixtures [12], protein, humic acid and polysaccharide solutions, and activated
sludge from a membrane bioreactor [17]. The similar structure and nanochannel
chemistry of PAN-g-PEO TFC NF membranes might be expected to yield equivalently
high fouling resistance.

Figure 4.9 shows the 24-hour dead-end filtration results from a PAN-g-PEO NF
membrane (filled symbols) for a 1000 mg/L solution of BSA in PBS, performed at 30 psi
(0.21 MPa), and plotted as a function of normalized flux (flux/initial flux) vs. time. There
is only a small decline in flux over the course of the filtration (~15% after 24 hours). This
loss is fully recovered when the cell is rinsed and the foulant solution is replaced with
deionized water. This small flux loss, as well as its complete reversibility, makes these
membranes promising for feeds with large fouling potential. BSA was completely
retained by the PAN-g-PEO membrane. This is consistent with the reported globular
dimensions of this protein (a heart-shaped molecule with 8 nm sides and 3 nm width
[179]), relative to the pore size data obtained using the dye filtrations and the size scale of

microphase separation observed by TEM.
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Figure 4.9. Dead-end filtration of model protein solution with PAN-g-PEO TFC NF
membrane (filled symbols) and Sepro PAN400 (empty symbols). o,e: Milli-Q water, ¢,0:

1000 mg/L BSA in PBS. Tests performed at 30 psi (0.21 MPa) andl10 psi (0.07 MPa) for
the NF and UF membranes, respectively.

As a control, a similar filtration experiment was conducted using the Sepro PAN-400
base UF membrane, at an operating pressure of 10 psi (0.07 MPa); the results are also
shown in Figure 4.9 (open symbols). The base UF membrane lost 81% of its flux
irreversibly during the same 24 hour time period. BSA retention for the UF base

membrane after 1 h filtration was 73%.
4.4. Conclusions and Future Directions

This chapter focused on novel NF TFC membranes based on the microphase separation
of the backbone and side chains of a PAN-g-PEO comb copolymer. These membranes
were shown to exhibit high pure water permeability, an ability to fractionate small
molecules by size, and complete resistance to fouling by a BSA solution. This membrane

system appears very promising for separations in the pharmaceutical, biochemical and
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food industries, where the use of membranes for molecular fractionations is currently
limited by severe fouling due to the high organic content of the feed, and the limited size
selectivity of commercial NF membranes. They also show potential for wastewater
treatment applications, for example in membrane bioreactors, due to their fouling
resistance and high permeability coupled with their ability to retain smaller contaminants
[17, 37, 142]. Furthermore, the scalable synthesis of PAN-g-PEO, as well as the
simplicity of the TFC manufacturing process, offer easy scale-up of the production of

these highly versatile membranes.
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Chapter 5

UF Membranes with Complete Resistance to

Irreversible Fouling

5.1. Introduction

This chapter focuses on the development of novel ultrafiltration (UF) membranes through
the use of amphiphilic comb copolymers. Fouling is an especially important problem in
UF membranes, which are used in some of the most demanding processes. Wastewater
treatment, membrane bioreactors, food, dairy and biotechnology industries all involve
problematic feeds with high concentrations of colloids and biomolecules (see Section 2.5).
Of the operating costs of a typical UF plant, 30-50% is spent on membrane replacement,
10-30% on membrane cleaning, and 20-30% on energy [187]. Membranes that resist
fouling, therefore, are one of the most important solutions leading to more feasible UF

membrane processes, and more affordable clean water.

The greatest potential impact of designing new membranes is in preventing adsorptive
fouling, which is irreversible by physical methods and highly dependent on membrane
surface chemistry [32]. Altering the surface chemistry of hydrophobic membranes is a
common strategy to achieve a hydrophilic, fouling resistant surface without sacrificing
the mechanical resistance of the hydrophobic base material. (see Section 2.5.3). To
achieve such surfaces, several researchers have focused on amphiphilic copolymer
additives in the manufacture of membranes by phase inversion. Hancock and coworkers
first prepared membranes from a blend of polysulfone (PSf) and PSf-5-PEO, and reported
lower contact angles and platelet adhesion. However, no filtration data were reported
[188, 189]. Hester et al. employed a water-insoluble, comb-type graft copolymer of
poly(methyl methacrylate) and PEO, PMMA-g-PEQ, as a surface segregating additive in
the phase inversion casting of PVDF UF membranes. They reported order-of-magnitude
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flux enhancements in filtration studies with bovine serum albumin (BSA) solution,
derived from reduced fouling and increased porosity in the selective layer [4]. Later
research in the Mayes group led to the development of PVDF-g-POEM and PSf-g-PEO
comb copolymers and demonstrated their ability to reduce biomolecule adsorption on
PVDF [4-6] and PSf [8] membranes, respectively. Similarly, Jiang and coworkers
employed commercial macromolecular surfactants (Pluronics) as membrane casting
additives [87-89, 190, 191]. These ABA triblock copolymers.of PEO and poly(propylene
oxide) (PPO) gave improved pure water permeability and decreased irreversible fouling
when added to the casting solution of polyethersulfone (PES) membranes. Wang et al.
synthesized an ABA triblock copolymer, POEM-b-PSf-5-POEM for membrane
modification, and demonstrated decreased adsorption of BSA on PSf membranes [192].
Rana ef al. cast membranes from a blend of poly(ether sulfone) (PES) and PEO-b-
polyurethane-b-PEO, but reported no fouling resistance data [193]. Random copolymers
that contain hydrophilic groups such as sulfonate [86] or poly(N-vinyl-2-pyrrolidone)

[194] were also shown to increase flux and fouling resistance when used as additives.

A recent study comparing different amphiphilic additives suggests that the comb
architecture gives superior surface segregation and higher resistance to protein adsorption
[87]. Surface segregation of amphiphilic comb copolymers during the phase inversion
casting, illustrated in Figure 5.1, is favored due to both hydrogen bonding interactions
between the hydrophilic side-chains and water molecules in the bath, and entropic driving
forces for side chain ends to localize at the surface [195-197]. The hydrophobic backbone
anchors the side-chains. If there is sufficient copolymer, this process results in a brush of
hydrophilic polymer lining the membrane surface, as well as the internal pores [3-6, 8].
Combs with PEO side chains have primarily been investigated [3-6, 8, 87, 198-202] due
to its well known resistance to protein adsorption [203], but other side-chain chemistries
that resist cell adsorption, such as zwitterionic groups [204], phospholipid derivatives
[205, 206], and glucose-carrying polymers [207] have also been studied. These studies
indicate that comb copolymer additives lead to UF membranes with higher permeability,
lower contact angles, and improved resistance to irreversible fouling. However, none of

these studies demonstrated complete resistance to irreversible flux loss.
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Figure 5.1. Schematic description of immersion precipitation membrane casting in the

presence of an amphiphilic comb copolymer additive.

This thesis extends the investigation of comb copolymer-modified UF membranes to
polyacrylonitrile (PAN)-based systems [13, 15, 16]. UF membranes incorporating PAN-
g-PEO as an additive during casting were prepared and tested. The amount of comb
copolymer additive and the copolymer composition needed to achieve fouling resistance
was investigated using dead-end protein fouling experiments. The performance of the
membrane was tested with different representative foulants in dead-end mode. Cross-
flow protein fouling experiments were also performed to obtain a better understanding of
the mechanism of permeability decline. Finally, atomic force microscopy (AFM) was
used to better understand the mechanism of the exceptional fouling resistance exhibited

by these novel membranes.

5.2. Experimental Methods
5.2.1. Materials

Materials used were identical to those described in Section 4.2.1. PAN400 ultrafiltration

membranes, purchased from Sepro Membranes, Inc. (Oceanside, CA), were used as a
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control in dead-end filtration experiments. Another commercial PAN UF membrane,
denoted MW (formerly MX50) by the manufacturer (Osmonics, Minnetonka, MN), was

used as the control in cross-flow experiments.
5.2.2. Synthesis of PAN-g-PEO

Polyacrylonitrile-graft-poly(ethylene oxide) (PAN-g-PEO) was synthesized and
characterized following the procedure described in Section 4.2.2. DMF was used as the
reaction solvent. Three different graft copolymers were synthesized, varying monomer
ratios. The synthesis conditions, PEO content and number-averaged molecular weight of

each material based on polystyrene standards are given in Table 5.1 [13].

Table 5.1: Properties of PAN-g-PEO comb copolymers synthesized

Polymer | Wt% PEGA | Wt% PEGA | Wt% PEO Number Polydispersity
used in in resultant in average index
reaction polymer resultant molecular
polymer | weight (kg/mol)
P50 50 46 39 169 2.85
P25 25 35 29 157 3.14
P15 15 14 12 224 2.23

5.2.3. Fabrication of UF membranes

Solutions of PAN and PAN-g-PEO in DMF were prepared in separate vials by adding 1.2
g polymer to 8.8 mL DMF and heating to approximately 50°C while stirring. After both
polymers had dissolved completely, the solutions containing PAN and PAN-g-PEO were
mixed to obtain the desired blend composition. The resulting solution was passed through
a 1-um syringe filter (Whatman) and degassed by heating to ~90°C in capped heat-
resistant vials for at least one hour until no gas bubbles were visible. Solvent loss by
evaporation was negligible due to the high boiling point of DMF (153°C). The solution
was cast on a first surface optical mirror using a doctor blade (Universal blade applicator,
Paul N. Gardner Company, Pompano Beach, FL) set at a gate size of 200 um. The mirror

was immersed in a bath of deionized water at room temperature. The membrane was left
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in the coagulation bath for ~ 20 minutes, and then moved to a fresh bath of DI water at
least overnight. Subsequently, membranes were annealed in a water bath adjusted to
90°C for 6 hours to enhance the surface coverage of the graft copolymer additive [4-6, 8].
The different membranes prepared for this study are listed in Table 5.2, along with the
graft copolymer component and blend composition. In addition to the membranes listed,

another membrane was cast from 100% PAN-g-PEO (P50) for contact angle studies.

Table 5.2: Membrane compositions and performance characteristics

Membrane Comb additive (Table PAN-g-PEO: PAN mass

5.1) ratio

PAN - 0:100
P50-5 P50 5:95
P50-10 P50 10:90
P50-20 P50 20:80
P25-20 P25 20:80
P15-20 P15 20:80

5.2.4. Scanning electron microscopy (SEM)

Membrane morphology was characterized using a JEOL 5910 Scanning Electron
Microscope (SEM) operating at 5 kV. The membranes were fractured in liquid nitrogen

for cross-sectional observation, and sputter coated with gold-palladium for SEM imaging.
5.2.5. Contact angle and wettability tests

Contact angle measurements were performed on the cast membranes using an Advanced
Surface Technologies Inc. VCA2000 video contact angle system. The membranes were
fixed flat on a glass slide using double-sided tape and dried for 2 hours in air and 2 hours
in a vacuum oven before the measurements. Five measurements were taken for the static
contact angle, immediately after the droplet was placed on the membrane. The dynamic

contact angle of the films was measured as four continuous advancing angles with
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deionized water. Membrane wettability was studied by placing 1 pL of deionized water
on the membrane surface and observing on the video contact angle system the time
required for the water to absorb completely into the membrane. The values reported are

averages of 5 measurements.
5.2.6. X-ray photoelectron spectroscopy (XPS)

XPS analysis was used to determine the fraction of PAN-g-PEO in the near surface
region of the membrane. Rectangular pieces, about 2 cm by 4 cm, were cut from each
membrane and dried, first in air and then in a vacuum oven. Experiments were performed
on a Kratos Axis Ultra (Kratos Analytical, Manchester, U.K.) X-ray photoelectron
spectrometer employing a monochromatic Al K, source (1486.7 eV) and an electron
takeoff angle of 90° relative to the sample plane. A survey scan (0-1100 eV binding
energy range, 160 eV pass energy) and a high-resolution scan of the C 1s peak (10 eV
pass energy) were run for each sample. To calculate the relative amounts of elements, the
default relative surface factor (RSF) values of 0.278, 0.780 and 0.477 were used for C s,
O 1Is and N 1s peaks, respectively. The C 1s peak obtained was fitted with 4 peaks, as
shown in Figure 5.2. The first peak, labeled (a) in the figure, was centered at 288.8 + 0.2
eV, corresponding to carbons in the carboxyl groups of PEGA. The second (b), centered
at 286.5 + 0.2 eV, contained the CH and CN carbons of PAN as well as the O-CH, and
O-CHj carbons of PEO. The third peak, labeled (¢), at 285.5 + 0.2 €V, contained the CH,
carbons of PAN and backbone carbons of PEGA [208]. Finally, a peak was observed at
285 eV (d), corresponding to hydrocarbon contamination [209]. The percentage of PEO
at the surface was calculated using the peaks at 288.8 and 285.5 eV to obtain the
concentration of carboxyl groups at the surface. Each of these groups was assumed to be
connected to PEO chains of 8 repeat units, deduced from the molecular weight of PEGA.
C 1s peaks acquired for each sample is given in Appendix C. To qualitatively confirm the
results, the N/C and O/C ratios from survey scans, tabulated in Appendix C, were also

compared.
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Figure 5.2. XPS high-resolution C Is spectrum of the membrane P50-20 selective layer

surface, and a representative fit.
5.2.7. Dead-end filtration experiments

Circular pieces were cut from the cast membranes while still wet. Membranes allowed to
dry became unacceptably brittle, a common problem with PAN membranes [33]. Fouling
experiments were performed following the procedure described in Section 3.2.4, except
the choice of fouling time, which was 24 hours in UF experiments, and filtration pressure,
which was selected to be 10 psi (0.07 MPa).

5.2.8. Cross-flow filtration experiments

Cross-flow experiments were performed by Dr. Seoktae Kang in the Elimelech labs at
Yale University. Experiments were conducted on PAN/PAN-g-PEO blend membranes of
P50-20 composition (see Table 5.2), and MW commercial PAN membrane as a control.
A cross-flow membrane filtration (CMF) unit was constructed from acrylic [210]. The
cross-flow channel within the flow cell was 1 mm in height, 32 mm in width, and 83 mm

in length. The test membrane was placed between the top and bottom plate and was held
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tightly by double o-rings. The feed solution was contained in a stainless steel vessel,
pressurized to 200 kPa. The entire system was operated in a closed loop, so that the
pressure on the feed side was extremely stable during the experiment, as indicated in our
previous work [210]. A gear pump (Cole-Parmer, Vernon Hills, IL) was used to circulate
the feed solution through the CMF unit. The permeate flux was kept constant during the
fouling runs by an 8-roller digital peristaltic pump (Masterflex, Cole-Parmer, Vernon
Hills, IL) mounted on the permeate line. Both pumps were calibrated across their entire
range of flow. A differential pressure transmitter (Omega, Stamford, CT) recorded the
corresponding trans-membrane pressure (TMP) between feed and permeate at all times
during the experiments. The transducers were connected to a digital data logger (Vernier
Instruments, Springfield, IL), and the TMP was downloaded to a laboratory PC in real

time.

The experimental protocol for fouling runs and fouling reversibility tests was adopted
from previous research [173]. The membrane was first compacted at a permeation
velocity of 40 pm/s (TMP of about 90 kPa) with DI water for 30 minutes until the TMP
became stable at a fixed cross-flow velocity of 10 cm/s. Next, the initial baseline
performance was obtained at a permeation velocity of 30 um/s for 15 minutes. The
membrane was then equilibrated for an additional 15 minutes with a foulant-free
electrolyte solution that had a solution chemistry identical to that used for the subsequent
fouling run. An appropriate amount of BSA stock solution (2 g/L) was then added to the
feed tank to achieve a 100 mg/L feed BSA concentration. The fouling experiments were
carried out for 6 hrs with a sampling of 15 ml permeate being collected every hour in
order to analyze BSA retention. Fouling runs were carried out at a total ionic strength of
10 mM by varying the NaCl concentration (i.e., the test solution without Ca** contained
10 mM NaCl and the test solution with 0.5 mM Ca®* contained 8.5 mM NaCl) at an
ambient (unadjusted) pH of 5.9+0.3 and a temperature of 22°C.

At the conclusion of the fouling runs, the foulant solution in the feed tank was disposed
of, and the fouled membrane was cleaned in order to investigate the reversibility of
fouling. Physical cleaning with foulant-free electrolyte (10 mM NaCl) solution was

performed by operating the membrane test unit at a cross-flow velocity of 50 cm/s for 30
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minutes. At the end of the physical cleaning stage, the electrolyte solution was emptied,
followed by a rinsing of the entire system with foulant-free electrolyte solution. The
cleaned membrane was then subjected to the baseline performance conditions (i.e. a
permeation velocity of 30 um/s and a cross-flow velocity of 10 cm/s) with foulant-free
electrolyte solution for 15 minutes to determine the TMP after physical cleaning.
Chemical cleaning was done by adding sodium hydroxide to a final concentration of 1
mM (pH 11) at a cross-flow velocity of 50 cm/s for 30 minutes. After chemical cleaning,
the TMP was determined under baseline performance conditions as described above.
Cleaning efficiency was calculated as the percent recovery of the initial TMP from the
TMP at the end of the fouling runs. All fouling and post-cleaning runs were performed
employing the same feed solution chemistry (i.e., an ambient pH of 5.9+0.3, 0.5 mM
calcium, and 10 mM total ionic strength adjusted by varying NaCl concentration) and
operating conditions (i.e., permeation velocity of 30 um/s, cross-flow velocity of 10 cm/s,
and temperature of 22°C). To confirm the reproducibility of fouling and post-cleaning

runs, all experiments were performed at least twice.
5.2.9. Interaction force measurements

These measurements were performed by Dr. Seoktae Kang in the Elimelech labs at Yale
University, following the procedure described in Section 3.2.6. A Nanoscope III
Multimode atomic force microscope (AFM) (Digital Instruments, Santa Barbara, CA)

was used to quantify the interaction forces between foulant and membrane surfaces.

The AFM was operated in force mode, with an approach/retraction speed of 1 pm/s and 1
um of piezo-movement. Force measurements were performed at four different locations
on the membrane surface, with 15 measurements at each location to minimize inherent
variability in the force data. The force data can also be affected by local membrane
surface heterogeneity. The solution chemistries of the test solutions in the liquid cell

were the same as those used in the fouling experiments.

104



5.3. Results and Discussion

5.3.1. Synthesis of PAN-g-PEO

The synthesis of PAN-g-PEO was described and discussed in detail previously in section
4.3.1. In this study, copolymers with a range of PEO contents were used to determine the
amount of PEO needed in the copolymer to obtain the desired fouling resistance in the
membranes prepared (see Table 5.1). This is an important parameter for the practical
large scale application of such membranes. Many properties of the copolymer, especially
mechanical properties and solubility, are affected by its composition, as well as its

production cost.

A good correlation was observed between the amount of monomers charged into the
reaction flask and the final composition of the copolymer (see Table 5.1), consistent with
the practical range expected from free radical random copolymerization. PAN-g-PEO
copolymer composition can be controlled using this reaction, simply by adjusting the

ratio of monomers used.
5.3.2. Surface segregation of PAN-g-PEO

Two main parameters were studied as part of this investigation, in determining the best
conditions to prepare fouling resistant membranes [13]. The first one of these, as
explained in Section 5.3.1, was the PEO content of the copolymer. The second one was
the amount of PAN-g-PEO that needed to be added to the blend with PAN during casting.
It is important to know the minimum amount of copolymer needed in the blend to obtain
fouling resistance for two reasons. First is the economics of the process: No matter how
straightforward the synthesis, PAN-g-PEO will be more expensive than the commodity
polymer PAN, produced widely in large amounts, and therefore less additive would mean
a lower membrane cost. The second reason is that the mechanical strength of PAN-g-
PEOQ is inferior to PAN, and therefore too much PAN-g-PEO could decrease the strength

and durability of the membranes. Table 5.2 lists the membrane compositions investigated.
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To verify the surface segregation of PAN-g-PEO during the casting of blend membranes,
XPS analysis was used to analyze the surface chemistry of the membranes. Figure 5.3a
shows XPS results for near-surface weight percentage of PEO, calculated from the high-
resolution C 1s scans, as a function of P50 comb content in PSO0/PAN blend membranes.
With increasing bulk comb copolymer content, the PEO surface fraction first increases
rapidly then asymptotes. This behavior is characteristic of an interfacial adsorption

process, expected in this system.
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Figure 5.3. PEO content at the surface of the membranes (m) and in bulk (—), as a
Sfunction of (a) PAN-g-PEQ content of P50/PAN blends and (b) PEO content of the PAN-
g-PEO copolymer for 20 wt% blends. The values were determined from high-resolution
C Is scans by XPS.

The composition of the comb additive also affects the PEO near-surface composition.
Figure 5.3b shows PEO near-surface content versus PEO content in the PAN-g-PEO
additive, for blend membranes containing 20 wt% additive. In all cases, a large surface
excess of PEO is observed. The membrane incorporating P50 (39 wt% PEO, Table 5.1)
gave the highest PEO surface fraction. PAN-g-PEO synthesized with higher comb
copolymer contents (60 wt% PEO) exhibited water solubility, and were thus excluded

from further investigation.

The PEO content of a PAN/PAN-g-PEO blend can also be calculated assuming
homogeneous distribution of these side-chains in bulk (gray line in Figure 5.3). In all
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cases, the surface concentration of PEO was found to be much greater than the bulk

concentration, again confirming the surface segregation of the copolymer.

Similar trends were found when comparing the surface elemental compositions from XPS
survey scans (Figure 5.4). Due to the lack of sample-specific RSF values to convert the
peak areas to elemental compositions, default values were used. This prevented the
calculation of exact elemental ratios but made it possible to observe trends, as the
samples were similar chemically. The atomic ratio of N/C decreased, indicating fewer
acrylonitrile segments at the surface, with either higher concentrations of PAN-g-PEO in
the blend (Figure 5.4a) or the use of an additive with higher PEO content (Figure 5.4b).
The atomic ratio of O/C, indicative of PEGA segments at the surface, increased under
both conditions. Taken together, the XPS survey and high resolution data provide

definitive evidence for surface segregation of the comb additive.
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Figure 5.4. O/C (m) and N/C (o) atomic ratios at the near surface of the membranes as a
Junction of (a) PAN-g-PEO content of P50/PAN blends and (b) PEO content of PAN-g-
PEO copolymers for 20 wt% blends. The values were obtained from XPS survey scans.

Contact angle measurements are widely used for characterizing the surface hydrophilicity
of polymeric surfaces [211], including polymeric membranes [212]. In several studies, a
decrease in contact angle was observed in UF membranes treated with hydrophilic

polymers to improve fouling resistance [72, 77, 213-215]. The results obtained with this
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method were consistent with wetting data on the two membrane series. Figure 5.5a shows
the change in sessile drop and advancing water contact angles with the concentration of
PAN-g-PEO (P50) in P50/PAN blends. Contact angle was observed to decrease with
increasing PAN-g-PEO content. The membrane cast from pure PAN had a static contact
angle of 78° and an advancing contact angle of 87°, whereas the membrane P50-20 had a
static contact angle of 40° and an advancing contact angle of 48°. For further comparison,
a membrane was prepared from 100% P50 copolymer for contact angle studies. The static
and advancing contact angles for this membrane were found to be 38° and 39°,
respectively. These values are similar to values reported for PEO brushes in the literature
[216-218]. The contact angle results suggest a PEO brush covers the polymer surfaces of

the membrane selective layer for membranes incorporating >20 wt% P50.
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Figure 5.5. Static (m) and advancing (o) contact angles of the membranes as a function of
(a) PAN-g-PEO content of P50/PAN blends and (b) PEO content of PAN-g-PEO
copolymers for 20 wt% blends. The shaded region indicates contact angle range reported

Jfor PEO monolayers [216-218].

The effect of the PEO content of the additive on contact angle is plotted in Figure 5.5b,
for blends containing 20 wt% comb copolymer. As the PEO content of the copolymer
increased, contact angle decreased. Only for the P50-20 blend did the contact angle reach
values reported for PEO brushes [216-218]. The results suggest the formation of a

continuous PEO brush on the membrane surface at this copolymer content. For all
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membranes containing comb copolymer, the receding contact angle was zero, indicating

the membranes are water absorbent.

The addition of PAN-g-PEQO copolymer was also found to enhance the wettability of the
cast membranes. Control membranes cast from 100% PAN solutions absorbed a 1 pL
droplet of water in 35.6 + 4.0 seconds, whereas this time was only 8.4 + 1.5 seconds for
the P50-20 membrane. Both higher PAN-g-PEO content in the blend and higher PEO

content in the comb led to faster water absorption, as might be expected (Table 5.3).

Table 5.3: Membrane performance characteristics

Normalized
Pure water BSA retention )
Wetting time | mean adhesion
Membrane permeability after 1 hour
, (s) force*, F/R
(L/m“h MPa) (%)
(mN/m)

PAN 193 97 35.6+4.0 -5.04+£222
P50-5 695 93 244 +£2.7 -1.80 +2.57
P50-10 1000 95 16.8 £ 1.3 0.59+£0.49
P50-20 1590 89 84+15 1.42 +0.68
P25-20 706 95 13.8+2.2 -0.66 + 0.48
P15-20 382 94 250+ 4.6 -2.97+1.25

PAN400 4580 73 69.6+£2.8 -5.48

* Values represent the mean of measurements made at 4 different locations on the
membrane surface (15 measurements per location) using AFM colloidal probe. Error

margins represent standard deviations.
5.3.3. Membrane morphology and pure water permeability

In contrast to traditional surface graft polymerization methods used for membrane
modification [72, 213, 219, 220], incorporation of a surface-segregating amphiphilic
comb copolymer additives during membrane casting has been shown in previous studies

[4-6, 8, 87, 200, 201, 204, 207] to increase selective layer porosity and pure water
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permeability. For the PAN membranes investigated here, addition of PAN-g-PEOQ was

also found to affect selective layer morphology.

Figure 5.6 shows representative SEM micrographs of the selective layer and cross-section
of a P50-20 membrane and those of a PAN-only membrane. Both membranes exhibit a
selective layer roughly 1 pm thick, supported by a cylindrical pore structure giving way
to large tubular macrovoids (Figures 5.6a and 5.6c). Lower magnification micrographs
not included here indicated that the overall membrane thickness was approximately 120
um. The surface of the PAN-only membrane (Figure 5.6d) displays pores in the 0.05-0.1
um range that appear to be non-spherical, consistent with early stage coarsening of a
spinodal morphology [46]. In comparison, the PAN-g-PEO-containing membrane
exhibited more circular pores of larger maximum diameter (~0.2 um, Figure 5.6b).
Despite the large size of some observed pores, the BSA retention of the membranes
ranged between 97 and 89%, appropriate for UF applications and slightly higher than that
of the Sepro PAN400 UF membrane used as a control (Table 5.3).
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Figure 5.6. SEM micrographs of P50-20 (a, b) and PAN-only (c, d) membranes. (a, c)

cross-section, (b, d) surface.

Changes in the selective layer morphology and chemistry with the addition of PAN-g-
PEO might be expected to influence the pure water flux. The pure water permeability
values provided in Table 5.3 show the effect of P50 content on pure water permeability
for P50/PAN blend membranes. For the same processing conditions (i.e., total polymer
concentration in the casting solution, annealing time, film solution thickness), pure water
permeability (PWP) increased linearly with comb content. Addition of only 5 wt% comb
to the casting solution caused the permeability to increase to 2.5 times its initial value.
For 20 wt% P50, the permeability was observed to increase to over 8 times that of the
PAN-only membrane. These results are consistent with those reported previously on
comb-modified PVDF membranes, where 10% comb content led to a flux increase of up
to 5.2 times [6]. Increasing PEO content in the PAN-g-PEO copolymer, also resulted in

increased PWP (Table 5.3). It should be noted that an increase in pore size may also
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contribute to PWP increase with the addition of PAN-g-PEO (Table 5.3), as indicated by

lower BSA retention values.

The increased water flux is a significant potential advantage of these membranes for
commercial filtration processes. Common methods of surface modification, especially
grafting [72, 213, 219, 220] or adsorption of hydrophilic polymers [221], often lead to
decreased flux due to the narrowing and blocking of surface pores. The pure water
permeability loss can be up to nearly an order of magnitude, limiting the versatility of the

membranes produced as well as the benefits of surface modification [213, 219-221].
5.3.4. Effect of PAN-g-PEO content in blend on fouling resistance

The XPS, wetting, and contact angle results all revealed localization of PAN-g-PEO to
the blend membrane surfaces. To determine the effect of the amount of copolymer added
to the casting solution on fouling resistance, 24-hour dead-end filtration was performed
on the membranes P50-5, P50-10, and P50-20 with a feed solution containing 1000 mg/L
BSA in PBS. The results of these filtration runs are shown in Figure 5.7, where
membranes with higher P50 content are denoted by darker-shaded symbols. (PAN control
is open symbols.) Here, normalized flux is defined as the ratio of the instant flux to the
pure water flux at the end of the compaction period. As seen in the data, the behavior of
the membranes during protein filtration was quite similar for all PAN-g-PEO contents.
After 24 hours of filtration, the flux was reduced to 20-35% of the initial flux for all
blend membranes investigated. Higher flux declines were observed for membranes with
higher initial flux. This was due to the dead-end set-up used in the experiment, where the
rejected BSA built up in the small filtration cell in time, leading to significant
concentration polarization effects that got more severe as mole foulant solution was

filtered through the membrane.

The most notable differences between different membrane compositions were observed
in the recovery step after a pure water rinse. The recoverable flux increased with
increasing PAN-g-PEO addition. The membrane with 5 wt% P50 recovered 50% of its
initial flux, that with 10 wt% recovered 66%, and that with 20 wt% showed no
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irreversible fouling at all, recovering its initial pure water flux completely after a pure

water rinse.

Normalized flux
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Figure 5.7. Dead-end filtration of model protein (BSA) solution through membranes with
varying PAN-g-PEO content in blend: P50-20 (black, average pure water permeability
1590280 L/m’ h MPa), P50-10 (dark gray, pure water permeability 1000 L/m’ h MPa),
P50-5 (light gray, pure water permeability 695 L/m’ h MPa), and PAN only (white, pure
water permeability 193 L/m> h MPa). o,e: Milli-Q water, #,0: 1000 mg/L BSA in PBS.
Tests performed at 10 psi (0.07 MPa)

Fouling reversibility observed in dead-end BSA filtration was in general agreement with
measured adhesion forces in this study. This method was first introduced in Chapter 3,
and involves AFM experiments that measure the adhesion forces between the membrane
surface and a colloid probe functionalized with carboxyl groups to simulate a foulant
molecule. Table 5.3 lists the mean normalized adhesion force, F/R, of membranes with
varying P50 content in the P50/PAN blends. The PAN-only and 5 wt% blend (P50-5)

membranes exhibited relatively strong adhesion (i.e., large negative values of //R) to the
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probe, thereby explaining the significant irreversible fouling of these membranes. The
mean adhesion force for the 10 and 20 wt% blend membranes (P50-10 and P50-20,
respectively) was positive (repulsive), indicating no adhesion of the foulant probe to
these membranes. Our previous studies correlated a positive mean adhesion force in
AFM studies with resistance to irreversible fouling on PVDF-g-POEM coated NF
membranes [16, 17] (see Chapter 3). The fact that P50-10 showed some irreversible
fouling despite the positive mean adhesion force suggests that further analysis of the
adhesion forces is needed to predict the fouling potential of membranes from AFM force

studies.

To this end, adhesion force distributions from 60 measurements were analyzed for each
of the three membranes containing varying amounts of P50, as presented in Figure 5.8.
For the 20 wt% blend membrane (Figure 5.8d), all 60 adhesion force values were positive
(i.e., repulsive), consistent with the noted absence of any irreversible fouling. The 10
wt% blend membrane (Figure 5.8c) was found to have a 2.5% incidence of negative
(attractive) adhesion force values, probably due to incomplete coverage of the membrane
surface with PEO. This suggests that even a small fraction of area left uncovered by the
PEO brush is sufficient to cause appreciable irreversible fouling. For the 5 wt% blend
membrane (Figure 5.8b), the vast majority of adhesion force values were negative, which
correlates well with the low recovery of its initial flux. The PAN only membrane (Figure
5.8a) shows adhesive forces throughout its surface, in corroboration with the low flux
recovery observed. The data shown in Figure 5.8 demonstrate that the distribution of

adhesion forces can provide additional insights into membrane fouling performance.
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Figure 5.8. Distributions of normalized adhesion forces from 60 measurements between
the AFM particle (foulant) probe and membranes P50-5 (a), P50-10 (b), and P50-20 (c)
Experiments were conducted by Dr. Seoktae Kang in the Elimelech Group at Yale

University.

The complete pure water flux recovery and lack of molecular adhesion forces seen for the
P50-20 membrane indicates that the observed flux decline during filtration was not due to
BSA adsorption on the membrane surface and pore walls, but instead to concentration
polarization. It should be noted that the BSA retention for this series of membranes was
comparable, varying between 89 and 97%. Importantly, the findings suggest that PAN
membranes incorporating 20 wt% PAN-g-PEO comb additive can be readily cleaned

with water alone, obviating the need for aggressive chemical cleaning procedures. Such
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membranes might be expected to exhibit substantially longer operational lifetimes,

reducing membrane process costs.
5.3.5. Effect of copolymer PEO content on fouling resistance

The effect of comb copolymer PEO content on fouling resistance was also investigated.
Filtration data over 24 hours for the membranes P50-20, P25-20, and P15-20 challenged
with 1000 mg/L BSA in PBS are given in Figure 5.9. Membranes prepared using PAN-g-
PEO with higher PEO content are denoted by darker-shaded symbols, while the PAN
control is represented by open symbols. As with the previous series, membranes behave
comparably, with higher PWP correlating with larger flux decline. The most significant
difference was once again observed in the recoverable flux. The membrane containing
PAN-g-PEO with 12 wt% PEO (P15) recovered only 50% of its flux with a water rinse.
The recovery increased to 73% in the membrane prepared with PAN-g-PEO containing
29 wt% PEO (P25). Complete recovery of initial flux with water rinse was achieved only
in the membrane containing 39 wt% PEO (P50) in the PAN-g-PEO additive.
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Figure 5.9. Dead-end filtration of model protein solution through membranes with
varying PEO content in copolymer: P50-20 (black, average pure water permeability
1590+280 L/m’ h MPa), P25-20 (dark grey, pure water permeability 706 L/m’ h MPa),
P15-20 (light gray, pure water permeability 382 L/im’ h MPa), and PAN only (white, pure
water permeability 193 L/m’ h MPa). o,e: Milli-Q water, #,0: 1000 mg/L BSA in PBS.
Tests performed at 10 psi (0.07 MPay).

These findings were mirrored in the AFM adhesion force measurements provided in the
last column of Table 5.3, and in Figure 5.10. P15-20 showed strong adhesion during
retraction, with the mean adhesion force having a large negative value. Inspection of the
distribution of the normalized adhesion forces for that membrane (Figure 5.10a) also
reveals that all the measured adhesion forces are attractive. P25-20 showed relatively
weak mean adhesion during retraction, but the majority of the adhesion forces were still
negative (Figure 5.10b). As discussed earlier, P50-20 had no adhesion to the particle
(foulant) probe, with all 60 adhesion force curves being repulsive (Figure 5.8d). The
results further illustrate the utility of this AFM technique in assessing the fouling
propensity of membranes [16, 166, 173, 174].
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Figure 5.10. Distributions of normalized adhesion forces from 60 measurements between
the AFM particle (foulant) probe and membranes P15-20 (a) and P25-20 (b).
Experiments were conducted by Dr. Seoktae Kang in the Elimelech Group at Yale

University.
5.3.6. Fouling resistance to representative foulants in dead-end filtration

Based on the filtration and adhesion force data above, more extensive fouling studies
were performed on the membrane P50-20, which showed the best performance among
the membranes studied, and complete resistance to irreversible fouling by BSA. Three
foulants were selected as representative foulants in this study: BSA as a representative
protein, humic acid in the presence of Ca’" to represent natural organic matter, and
sodium alginate as a representative polysaccharide. A commercial PAN UF membrane,
the Sepro PAN400, served as a control. These two membranes had comparable retentions

for each of the foulants used, as reported in Table 5.4.
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Table 5.4: Rejections of model foulants by P50-20 and Sepro PAN400 membranes

Foulant Retention by P50-20 (%) Retention by PAN400 (%)
BSA 89 73
Sodium alginate 12 12
Humic acid 84 82

5.3.6.1. Bovine Serum Albumin (BSA)

Figure 5.11 shows the 24-hour dead-end filtration results from P50-20 and Sepro
PAN400 membranes for a 1000 mg/L solution of BSA in PBS, performed at 0.07 MPa
(10 psi), and plotted as a function of normalized flux (flux/initial flux) vs. time. BSA
rejection was found to be 73% and 89% for PAN400 and P50-20, respectively. The flux
shows a marked decline in both cases during the filtration of the protein solution,
although the decline is less with the PAN-g-PEO-containing membrane, which has a
lower initial flux. At the end of the 24-hour time period, the flux loss through the P50-20
membrane is 80%, compared with 95% for the commercial membrane. The most
significant difference in performance, however, is the reversibility of flux loss. It was
observed that upon a water rinse, the PAN-g-PEO-containing membrane recovered its
initial flux completely, indicating no irreversible fouling. After similar treatment, the

commercial PAN UF membrane lost 80% of its flux due to irreversible fouling.
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Figure 5.11. Dead-end filtration of model protein solution with P50-20 (filled symbols,
average pure water permeability 1590+280 L/m* h MPa) and Sepro PAN400 (empty
symbols, average pure water permeability 45801210 L/m* h MPa). o,e: Milli-Q water,
¢,0: 1000 mg/L BSA in PBS. Tests performed at 10 psi (0.07 MPa).

3.3.6.2. Sodium alginate

Sodium alginate was selected as a representative polysaccharide. It was also chosen as it
is known to be a component of extracellular polymeric substances (EPS) observed in the
presence of microorganisms in the feed [71, 148], and a significant contributor to
biofouling [159]. Results obtained upon filtering 1000 mg/L sodium alginate through the
P50/PAN blend and commercial membranes were similar to those obtained for BSA
(Figure 5.12). The sodium alginate retention was found to be 12% for both the P50-20
and Sepro PAN400 membranes. In this case, the flux decline was more dramatic during
the filtration of the foulant: the PAN-g-PEO-containing membrane lost 93% of its flux
over 24 hours, while the commercial PAN UF membrane lost 97%. However, upon a
pure water rinse, the blend membrane again recovered its flux completely, whereas the

commercial membrane showed a 42% irreversible flux loss.
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Figure 5.12. Dead-end filtration of model polysaccharide solution with P50-20 (filled
symbols) and Sepro PAN400 (empty symbols). o,e: Milli-Q water, ¢,0: 1000 mg/L
sodium alginate in Milli-Q water, A, A: Milli-Q water after simulated backwash. Tests
performed at 10 psi (0.07 MPa).

3.3.6.3. Humic acid

Membrane susceptibility to fouling by humic acid (HA) was also investigated. Humic
acid is a major component of natural organic matter (NOM) found in surface and
groundwater [222]. It is also a contributor to fouling in wastewater treatment [153], and
to biofouling [150]. The fouling characteristics of humic acid are highly dependent on
solution chemistry [26, 160, 164, 222, 223]. Membrane fouling by humic acid has been
found to increase with the presence of divalent cations, particularly Ca®*. Complexation
of Ca”" jons with the carboxyl groups of humic acid leads to intermolecular linkages that
result in the formation of a compact cake layer that significantly reduces flux. Hence in

these studies, 10 mM CaCl, was added to the humic acid feed solution.
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The two membranes tested had comparable humic acid rejections. After 1 hour of
filtration, the Sepro PAN400 rejected 88% of the humic acid, whereas P50-20 rejected
87%. During the filtration of 1000 mg/L humic acid in 10 mM CaCl,, the commercial
PAN UF membrane again showed larger flux decline than the PAN-g-PEO-containing
membrane (Figure 5.13). At the end of the 24 hour period, the commercial membrane had
lost 78% of its flux, compared with 56% for the PAN-g-PEO containing membrane.
Upon rinsing the cell with water, the commercial membrane showed essentially no
recovery in flux, whereas the PAN-g-PEO containing membrane recovered 58% of its

initial flux.

Normalized flux

"4 8 12 16 20 24 28
Time (hours)

A
O

Figure 5.13. Dead-end filtration of model NOM solution with P50-20 (filled symbols) and
Sepro PAN400 (empty symbols). o,e: Milli-Q water, ¢,0: 1000 mg/L humic acid in 10
mM CaCl,. Tests performed at 10 psi (0.07 MPa).

For both membranes, at the end of the filtration period, a cake layer of precipitated humic
acid was observed on the membrane surface. This layer could not be removed by water
rinsing of the cell. Therefore, a simulated backwash was performed on the membranes to

attempt to dislodge the precipitate. For this purpose, the membrane was inverted and pure
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water was filtered for 30 minutes, and the membrane re-inverted. After this treatment, the
commercial PAN UF membrane had recovered only 56% of its flux. Remarkably, the
PAN-g-PEO containing membrane recovered its flux completely after the same treatment,
indicating that the fouling observed was still fully reversible by treatment with water

alone.
5.3.7. Protein fouling resistance in cross-flow filtration

Dead-end filtration, used in all of the fouling resistance experiments above, is a good tool
for initial characterization of membranes. It is, in a way, a worst-case scenario for fouling,
as concentration polarization effects are at their maximum. However, dead-end filtration
is rarely used in large scale processes, and cross-flow filtration is the industry standard.
Therefore, experiments conducted in cross-flow mode have much more relevance in real
life applications. Furthermore, in dead-end filtration, it is very difficult to deconvolute the
contributors to flux decline during the filtration of a foulant solution. The only method, as
described above, is to consider irreversible flux loss. However, cross-flow experiments
give a much better understanding of the process. Finally, dead-end filtration is not a
steady-state process. If the membrane retains any of the foulant, the feed concentration
increases constantly, complicating the study of retention properties. Cross-flow

experiments are especially valuable for such analyses.

For further assessment of the fouling-resistance potential of the novel PAN/PAN-g-PEO
blend UF membranes, cross-flow fouling experiments were performed by Dr. Seoktae
Kang in the Elimelech group at Yale University [16]. In these experiments, a different
commercial PAN UF membrane, Osmonics MW, was used as a reference. The

experiments were performed using BSA as a model foulant.
The pure water resistance (Ry,) of a membrane is defined as

A
R,=— .
"= (5.1)

where 4P is the applied pressure difference, also termed trans-membrane pressure (TMP),

n is the viscosity of water, and J is the pure water flux through the membrane. R, of the
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Osmonics MW membrane was determined to be (1.87£0.05)x10"* m™ at a permeation
velocity of 20 um/s (72 L/m® h) and (1.98+0.06)x10'> m™ at a permeation velocity of 50
um/s (180 L/m? h). The pure water resistance of the PAN-g-PEO/PAN blend membrane
increased from (2.04+0.02)x10"> m™ at a permeation velocity of 20 pm/s to
(2.45+0.04)x10"? m™ at a permeation velocity of 50 pm/s. The variation in membrane
resistance with permeation velocity arises from the compaction of the membrane. The
membrane resistance was recovered when the permeation velocity was decreased from 50

pum/s to 20 um/s, indicating that the compaction was reversible.

5.3.7.1. Variation of differential pressure with time

In this experiment, the flux through the membrane was kept constant while the pressure
was adjusted to maintain this flux, a procedure commonly used in industrial operations.
Figure 5.14 shows typical data of the normalized trans-membrane pressure as a function
of time during the filtration of 100 mg/L BSA in 10 mM NaCl (denoted as “Na”) or 8.5
mM NaCl plus 0.5 mM CaCl, (denoted as “Ca+Na”) solution using the MW control and
PAN-g-PEO/PAN blend membranes. The increase in trans-membrane pressure (TMP) for
the PAN/PAN-g-PEO blend membrane was fairly slow during the entire fouling run. By
contrast, the TMP for the MW membrane rose dramatically, with most of the increase
occurring within the first hour. These results demonstrate the superior antifouling
properties of the PAN/PAN-g-PEO membrane in comparison to the commercial MW

membrane.

Two regimes can be seen in the fouling of the MW membrane: an early regime in which
the increase in TMP is very steep, followed by a regime with a much slower rise in TMP.
The fouling in the initial regime may be attributed predominantly to BSA adsorption on
the membrane surface or pore walls (internal pore plugging), thus causing the rapid
increase in TMP [224, 225]. The dominant fouling mechanism in the second regime is
considered to be cake layer formation, which would explain the slower and linear TMP

increase.

124



254 :
g} 204+ vjd v MwW(Ca+Na) ]
a B O PAN-g-PEO/PAN(Na) -
= I O PAN-g-PEO/PAN(Ca+Na)
a [ X
0 100 200 300 400
Time (min)
141 A MW(Na) ;
‘ v MW(Ca+Na) 1
~ 131 <
s 13
g |
= 124 ]
o i
114 ]
104520 L
0 15 30 45 60

Time (sec.)

Figure 5.14. BSA fouling behaviors of the PAN/PAN-g-PEQO and MW membranes at
various ionic compositions: (a) comparison over the entire fouling run of 6 hours, and
(b) the MW membrane at the very initial stage (I min). Experimental conditions: 100
mg/L BSA, pH 5.940.3, and ionic composition of 10 mM NaCl, denoted as (Na), or 8.5
mM NaCl plus 0.5 mM CaCl,, denoted as (Ca+Na). Solid lines denote fits with the
complete blocking model [224, 225]. Experiments were conducted by Dr. Seoktae Kang
in the Elimelech Group at Yale University.
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The fouling was higher for the cases where the feed contained Ca>" ions, although the
increase is not as dramatic as it is with other macromolecules [166, 173, 174]. This can
be due to the screening of the electrostatic repulsion between protein molecules and the
membrane surface {226, 227]. In this study, however, the ionic strength was fixed at 10
mM for all experiments, resulting in comparable charge screening (or double layer
compaction). Therefore, the higher fouling rate in the presence of divalent calcium ions
may be attributed to charge neutralization that occurs due to the complexation of calcium
ions with carboxyl groups of BSA, thus leading to a more compact fouling layer [166,
174].

5.3.7.2. BSA retention

The BSA retentions by the blend and control membranes were studied under the same
physical (i.e. cross-flow velocity, permeation velocity, and temperature) and chemical (i.e.
ionic strength, ionic composition, and pH) conditions. Figure 5.15 shows the retention of
BSA during filtration by the PAN/PAN-g-PEO blend and MW membranes at various
ionic compositions. For the MW membrane, BSA retention is low initially and increases
up to 90% after 300 minutes of filtration. This phenomenon is typical for membrane
systems: As foulant molecules adsorb on the membrane, the pores are narrowed, resulting
in increased retention [1, 31, 32]. This is not a desirable outcome in many applications,
especially in the biotechnology industry, where the objective is to fractionate

macromolecules by size.
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Figure 5.15. BSA retention of PAN/PAN-g-PEO and MW membranes at various ionic
compositions.  Experimental conditions: 100 mg/L BSA, pH 5.940.3, and ionic
composition of 10 mM NaCl, denoted as (Na), or 8.5 mM NaCl plus 0.5 mM CaCl,,
denoted as (Ca+Na). All measurements repeated at least three times. Experiments were

conducted by Dr. Seoktae Kang in the Elimelech Group at Yale University.

In contrast to the commercial membrane, BSA retention for the PAN/PAN-g-PEO blend
membrane remains low for the entire filtration run. The constant BSA retention observed
for the PAN/PAN-g-PEO blend membrane implies that there was negligible pore
(standard) blocking and cake formation. The results indicate that the blend membranes
may be suitable for the separation of macromolecules based on molecular weight
difference without significant fouling and, as importantly, without the shifting of

molecular weight cut-off which results when fouling takes place.
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Protein retention is affected by the physicochemical characteristics of the protein
molecules and the UF membrane, and the resulting interactions that take place during
filtration [224]. For the PAN/PAN-g-PEO blend membrane, the constant BSA retention
implies a negligible attraction between BSA molecules and the PEO brush layer formed
by PAN-g-PEO molecules localized at the blend membrane surface and internal pores [4-
6, 8, 13]. Numerous studies have reported the effectiveness of hydrated PEO layers at
inhibiting protein adsorption [76, 228, 229].

For the MW membrane, the addition of calcium had little influence on BSA retention, as
seen in Figure 5.15. By contrast, the PAN/PAN-g-PEO blend membrane exhibited
slightly lower retention in the presence of calcium ions. The data might be explained by a
difference in swelling of the PEO brush layer [230], which in turn would influence the

effective pore dimensions.

5.3.7.3. Fouling reversibility

In dead-end studies, the PAN/PAN-g-PEO blend membrane showed no irreversible flux
loss. This behavior was also tested in a cross-flow system, in comparison with MW
membranes. Figure 5.16 shows the cleaning efficiencies of BSA-fouled membranes
when subjected to either NaCl or NaOH solution at elevated cross-flow velocity for 30
minutes. For the MW membrane, physical cleaning with saline solution at higher cross-
flow velocity (50 cm/s) did not result in TMP recovery, and over 90% of the fouling was
irreversible. The initial permeability could only be restored by a chemical cleaning, using
a chemical agent such as NaOH. In agreement with the AFM data, the irreversible fouling
of the MW membrane is due to the favorable adhesion and deposition of BSA to the

membrane surface and inside the pores.
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Figure 5.16. Cleaning efficiencies of BSA-fouled membranes with respect to cleaning
agents. All cleaning runs were conducted at the cross-flow velocity of 50 cm/s for 30
minutes. Experiments were conducted by Dr. Seoktae Kang in the Elimelech Group at

Yale University.

In contrast, the cleaning efficiency (or TMP recovery) of the PAN/PAN-g-PEO blend
membrane after physical cleaning was close to 100%, irrespective of the presence of
calcium ions during BSA filtration. Because any fouling could be reversed by simply
increasing the cross-flow rate, there was no need for chemical cleaning. These results
clearly demonstrate the superior antifouling performance achieved by the addition of
PAN-g-PEO comb copolymer to PAN. Irreversible protein adsorption or deposition is

inhibited and the initial flux can be readily recovered by simple rinsing.
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5.4. Conclusions

UF membranes prepared with amphiphilic comb copolymers as additives in the casting
solution show improved fouling resistance, higher pure water flux, and improved
wettability, without any added processing steps in production. PAN-g-PEO was shown to
be very successful as such an additive. Membranes prepared with 20 wt% comb
copolymer additive with 40% PEO content resist irreversible fouling completely, and
recover their initial flux by a water rinse or backwash. This eliminates the need for
chemical cleanings, which are costly, create hazardous waste of spent cleaning solution,
and can degrade the membrane material and shorten membrane life. To the author’s
knowledge, this is the first report of a demonstration of complete resistance to irreversible
fouling to biomolecules by a UF membrane. The exceptional fouling resistance of
PAN/PAN-g-PEO blend membranes makes them very promising for applications with
high fouling potential, such as wastewater treatment, membrane bioreactors, food and

biotechnology industries.
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Chapter 6

Application of PAN-g-PEO Containing UF

Membranes in the Treatment of Oily Wastewater

6.1. Introduction

This chapter aims to demonstrate the use of PAN/PAN-g-PEO blend UF membranes
described in Chapter 5 to a specific application: the treatment of wastewater streams from
the oil industry. The hydrocarbon processing industry, including petroleum refining,
petrochemical processing and oil and natural gas production, generates large quantities of
wastewaters that have high contents of oil [27]. The largest single wastewater stream of
this industry is the saline water brought to the surface during oil and gas production,
known as produced water [79, 231]. It often contains salts, heavy metals, oil, and other
organics, including polycyclic aromatic hydrocarbons (PAH), phenols, and traces of
chemical additives used in drilling [231-234]. Its composition can vary drastically by
location and throughout the life of the well [232]. Treatment and disposal of produced
water is expensive, and in constant need of improvement as discharge specifications
tighten [235]. For on-shore disposal or for reuse as process water, produced water needs
to be treated to remove oil, toxic substances, and high salt concentrations [232, 236, 237].
In off-shore oil wells, discharge into the sea is possible without the removal of saline
[234, 237], but essentially all oil and grease (O&G) contaminants still need to be
removed [235, 237, 238]. Refinery wastewater is another problematic stream of the oil
industry, as it contains hydrocarbons that remain even after conventional wastewater
treatment due to difficulty in biological degradation [239]. This makes further treatment

necessary to meet discharge requirements [240, 241], or for its reuse [239].

The oil in wastewater streams is generally found in three forms: Free oil is in large

droplets that coalesce if allowed to settle. Emulsified oil is in the form of small droplets
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less than 20 pm in size that are stabilized. Finally, dissolved oil comprises the water-
soluble components of oil, including phenol derivatives and organic acids [27, 234]. The
removal of a large portion of free oil is possible with conventional methods using
hydrocyclones or dissolved air flotation, but the resultant water quality is not sufficient
for discharge or reuse [238]. Membrane purification is a strong candidate for this

application [27, 233].

Ultrafiltration (UF) membranes can remove essentially all of free and dispersed oil from
wastewater, and the permeate is consistently able to meet O&G standards for discharge
[231, 233, 235, 239, 241, 242]. The degree of removal for hydrocarbon contaminants is
very high [235, 241], but dissolved oils are only partially retained [233, 235, 239, 240].
Moreover, UF membranes do not retain salt. Depending on feed composition and
discharge requirements, UF treatment might be sufficient [235], especially in off-shore
platforms [234]. Further treatment is generally necessary for on-shore disposal or for
reuse of the effluent as process or cooling water, due to more stringent regulations. In
these cases, reverse osmosis (RO) membranes are required to remove salts and small
molecule contaminants [236, 238, 243]. However, they are limited by severe fouling due
to the oil in the feed, especially in the form of free and dispersed oil [27]. The removal of
oils by UF largely prevents the fouling of the RO membrane, making the process more
feasible [239, 243].

In all of these cases, UF treatment of oily feeds is economically limited by one factor:
loss of membrane flux due to severe fouling [231, 233, 235, 240, 242]. Flux is often
reduced by one to two orders of magnitude, severely impacting the economic viability of
membrane treatment of oil industry wastewaters [231, 235]. Fouling resistant membranes
that can remove oil are needed to improve the process economics [231]. In general,
membranes with more hydrophilic surfaces have been found to resist fouling [32].
Nevertheless, there is limited literature on developing fouling resistant membranes for
this demanding application. Ju et al. proposed coatings of cross-linked poly(ethylene
glycol) diacrylate (PEGDA) to decrease fouling of polysulfone UF membranes [79]. In
cross-flow fouling experiments with oil/water mixtures, cross-linked PEGDA coated

membranes showed 4 times higher flux after 24 hours of filtration. Yet, the properties of
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real oil industry wastewater are very different from oil/water mixtures prepared in the
laboratory due to the presence of a myriad of other chemicals, including salts and
additives. Therefore, testing with industrial samples is crucial in evaluating the value of a

novel membrane system for oily wastewater applications.
6.2. Experimental Methods

6.2.1. PAN/PAN-g-PEO blend UF membranes

The comb copolymer PAN-g-PEO was synthesized following the procedure described in
Section 5.2.2, following the synthesis protocol for P50. The UF membranes were
prepared following the procedure described in Section 5.2.3, according to the formulation
for P50-20.

6.2.2. Analysis of water samples

The wastewater samples and the filtrates were characterized by three methods: UV-
visible spectroscopy was performed at five wavelengths: 250, 350, 450, 550 and 650 nm,
on a Thermo Scientific UV/Visible Scanning Spectrometer. Conductivity was measured
by a VWR Expanded Range Conductivity Meter, and also converted to units of total
dissolved solids (TDS). Chemical oxygen demand (COD) was measured using
commercial test kits (WTW). Samples whose TDS was above 2000 ppm were diluted to
1/10 of their initial concentration for COD analysis to avoid errors due to the presence of
chlorine ions. To determine the total suspended solids (TSS) values for wastewater
samples, a glass fiber filter (Whatman, 1 um pore size) was dried at 105°C in vacuum,
and weighed. Twenty milliliters of the wastewater sample were filtered through, and the
filter was again dried until its weight stabilized. The TSS value was determined using the
change in the weight of the filter. The COD of the filtrate was determined and listed as
“<lpm COD".

6.2.3. Oil industry wastewater samples

In this study, three wastewater samples were studied. The first was a sample of oil well

produced water, labeled PW-A, supplied by BJ Services Co.. It was diluted to Y its initial
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concentration using Milli-Q water to obtain sufficient quantities for 24 hour filtration
experiments. The second sample was also a produced water sample, supplied by
ConocoPhillips and labeled PW-B. The third sample, labeled RW, was a sample from a
refinery wastewater stream, supplied by ConocoPhillips. Some basic properties of these
samples, including COD, conductivity, equivalent TDS derived from the conductivity

measurement, and TSS values, are listed in Table 6.1.

Table 6.1: Properties of oil industry wastewater samples

Sample Sample COD | Conductivity TDS TSS zlgg
name classification | (mg/L) (uSi/cm) (ppm) (ppm) (mg/L)
PW-A Produced |, 155 2.1x10* 1.4x10* | 6400 5150
water
PW-B Produced 2310 6.6x10° 440 170 1770
water
RW Refinery 970 2.5x10° 1600 52 646
wastewater

6.2.6. Filtration experiments

Fouling experiments were run following the procedure described in Section 5.2.7. The
fouling experiments on PAN/PAN-g-PEO blend membranes and the control were
performed simultaneously in duplicate set-ups to minimize aging effects. The wastewater
sample was agitated for 60 seconds before dividing it into the foulant reservoirs to
minimize heterogeneity effects. In some cases, two backwash steps were necessary to

remove the deposit layer.
6.3. Results and Discussion

6.3.1. Membrane permeabilities

The PAN/PAN-g-PEO blend membranes used in this study were investigated in detail in

Chapter 5, and were demonstrated to have exceptional resistance to biofoulants [13, 16],
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with membranes incorporating 20 wt% PAN-g-PEO exhibiting complete resistance to
irreversible fouling by serum albumin, sodium alginate and humic acid at concentrations
of 1 g/L. In the present investigation, the optimized blend composition of 80/20
PAN/PAN-g-PEO determined from these previous studies was used for all blend
membrane samples. The pure water permeability (PWP) of the blend membrane was
1160 + 70 L/m* h MPa. A commercial PAN UF membrane, the PAN-400 by Sepro
Membranes, Inc. was used as the control due to its similar serum albumin retention [13].

The PWP of the control membrane was 3280 + 580 L/m”h MPa.
6.3.2. Ultrafiltration of produced water sample PW-A

PW-A was a produced water sample that was especially high in suspended solids (Table
6.1). It was very high in oil content, as indicated by the high COD. Upon resting for
extended periods of time, the oily fraction would collect at the top of the solution,
indicating a high free oil content. This is in agreement with the relatively larger fraction,
around 65%, of oil that can be removed by the 1 pum membrane (Table 6.1). However, the
<lum COD value was still high, indicating microfiltration is not a sufficient method for
removing the oil from this sample. Another property of PW-A was its very high salinity,
equivalent to 14,000 ppm TDS (compare to seawater values of 35,000-50,000 ppm TDS
[1]). All these properties make this sample one of the most challenging for reuse, as well

as one with great fouling potential.

Dead-end filtration was performed on PW-A using a PAN/PAN-g-PEO blend membrane
and the Sepro PAN-400 control. Effluent quality was analyzed to determine the ability of
the membrane to remove the contaminants. COD retention was measured to be 96.5%
and 96.1% for PAN/PAN-g-PEO blend and control membranes, respectively. This large
reduction in COD arises mainly from the removal of free and dispersed oil from the

system, as well as the smaller molecules that partition into the oil phase [232].

The retention was also evaluated using the absorbance at different wavelengths (Table
6.2). The performance of the two membranes was comparable, in agreement with the
COD removal. Solutes that absorbed visible light were found to be removed completely,

within instrument sensitivity. This was corroborated by the fact that the filtrate appeared
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completely clear (see inset in Figure 6.1). The retention in the lower wavelengths was
slightly lower, but still above 84%. The conductivities of the feed and permeates were
approximately equal, indicating that all salt ions pass through the UF membranes, as
expected. The permeate obtained in this process still has a quite high COD value as well
as high salinity. Nevertheless, it is expected to have a much lower oil content, as COD
measurements include soluble components such as small molecule acids that do not
contribute to the O&G measure, regulated for off-shore disposal [244]. As long as these
0&G limitations are met, UF may be a sufficient method for the treatment of this stream.
For onshore wells, UF treatment would be a good choice for pre-treatment of this stream

before using RO or NF to remove salts and small molecule contaminants.

Table 6.2: Retention of wastewater samples by the PAN/PAN-g-PEO blend and control

membranes calculated at different wavelengths

Feed Retention (%)
Membrane
sample | 550 0m | 350nm | 450nm | 550nm | 650 nm
PAN/PAN-g-PEO 84 96.9 99.5 99.9 >99.9
PW-A
Sepro PAN400 84 96.8 99.5 99.9 >99.9
PAN/PAN-g-PEO 98.6 99.8 >99.95 >99.95 >99.95
PW-B
Sepro PAN400 98.7 99.8 >99.95 99.9 99.9
PAN/PAN-g-PEO 23 54 84 90.1 94.0
RW
Sepro PAN400 49 65 85 89 92.2

As described earlier, fouling is the limiting issue in the use of UF membranes for
produced water treatment. Hence, 24-hour dead-end fouling tests were conducted using
PW-A as the feed. Figure 1 shows the normalized flux versus time data from such

experiments for each membrane. During the filtration of the produced water, the
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normalized flux of the PAN/PAN-g-PEO blend membrane remained much above that of
the commercial PAN membrane. After 24 hours of dead-end filtration, the blend
membrane lost 68% of its flux, whereas the commercial PAN membrane lost 92%.
Furthermore, after a backwash to remove the cake layer, the PAN/PAN-g-PEO
membrane recovered its initial flux completely, indicating that even with this complex
feed, the membrane resisted irreversible fouling. Under similar conditions, the Sepro
PAN-400 lost 37% of its flux irreversibly. The ability of PAN/PAN-g-PEO blend UF
membranes to maintain a larger portion of their initial flux shows the distinct advantage

of such membranes over a commercial PAN UF membrane of similar selectivity.
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Figure 6.1. Dead-end filtration of PW-A through PAN/PAN-g-PEO blend membrane
(filled) and Sepro PAN-400 (open) o,e: Milli-Q water; ¢, O: PW-A. Switches between
water and foulant, and backwash steps are marked by dashed lines. Tests performed at

10 psi (0.7 MPa). Inset shows a picture of the feed (lefi) with typical UF permeate (right).
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6.3.3. Ultrafiltration of produced water sample PW-B

PW-B was a highly heterogeneous produced water sample, and had a high particulate
content. These particles were probably precipitated high molecular weight hydrocarbons,
as they were observed to dissolve easily in hexane. The COD of this feed was measured
to be 2310 ppm. The conductivity of this sample was much lower than PW-A, equivalent
to 440 ppm total dissolved solids (TDS). This is a value acceptable even for drinking

water [1], so salt removal would probably not be necessary.

In the filtration of PW-B by the two UF membranes studied, COD retention was
measured to be 98.3% and 99.4% for PAN/PAN-g-PEO blend and control membranes,
respectively. The retentions based on absorbance at different wavelengths were also
comparable for the two membranes (Table 6.2). Solutes that absorbed visible light were
found to be removed completely, within instrument sensitivity, as indicated by the fact
that the filtrate appeared completely clear (see inset in Figure 2). The retention in the
lower wavelengths was slightly lower, but still above 98.6%. The conductivities of the
feed and permeates were approximately equal, indicating that the UF membranes do not

retain salts, as expected from their pore size.

The UF permeate quality in this case was quite high. The effluent COD value
corresponds to a total organic carbon (TOC) between 11-15 ppm for the PAN/PAN-g-
PEO blend membrane, and 4-5 ppm for the Sepro PAN-400 membrane [245]. Even if all
of this organic carbon were hydrocarbons, the O&G content of the effluent would still
fall below the limit of 48 mg/L set by the Environmental Protection Agency (EPA) [237].
The conductivity was high but still in the acceptable range even for drinking water use
[1]. Depending on the concentrations of toxic components such as phenols, and the
presence of heavy metals in this permeate, it might be possible to discharge this effluent
safely. If there are toxic organic molecules such as phenols and BTEX in the permeate,
these components can be removed by adsorption methods while preventing the loss of
adsorbent activity due to the presence of oil [246]. In short, UF is a very promising
treatment method for this sample of produced water, as long as membrane flux can be

maintained at a level that justifies it economically.
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Figure 6.2 shows the change in normalized flux with time for a 24-hour dead-end
filtration using PW-B as the foulant. A large decrease in the flux was observed for both
membranes in the presence of the foulant. The PAN/PAN-g-PEO membrane shows
slightly lower flux loss for the first 6 hours. Thereafter, the stir assembly in the cell
containing the blend membrane became jammed, so concentration polarization and cake
fouling in this cell was much more severe. The feed contained a large amount of
particulates that formed a cake on both membranes. To investigate the irreversible flux
loss, therefore, two simulated backwashes were performed. At the end of these steps, the
pure water flux of the blend membrane was recovered completely, indicating that no
irreversible fouling had occurred, despite the dramatic loss of flux during operation. By
comparison, the control membrane lost 26% of its initial flux irreversibly. The results
suggest the PAN/PAN-g-PEO blend UF membranes could be suitable for use in the
treatment of similar produced water samples by decreasing membrane cleaning and

replacement costs.
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Figure 6.2. Dead-end filtration of PW-B through PAN/PAN-g-PEO blend membrane
(filled) and Sepro PAN-400 (open) o,e: Milli-Q water,; ¢, ¢: PW-B. Switches between
water and foulant, and backwash steps are marked by dashed lines. Tests performed at
10 psi (0.07 MPa). Inset shows a picture of the feed (left) with typical UF permeate
(right).

When the UF treatment of the two produced water samples, PW-A and PW-B, are
considered, a few conclusions can be made. UF was found to be a good option in the
treatment of these samples. It was successful in removing free and dispersed oils, and can
potentially be used to meet O&G discharge regulations, or as a pretreatment step for RO.
Both the commercial control and the PAN/PAN-g-PEO blend UF membranes were
comparable in this sense, and showed similar performance in effluent quality. However,
the most important economic limitation to the use of UF membranes in produced water
treatment is fouling [235]. In terms of fouling resistance, the blend membranes showed a
significant advantage. They generally retained more of their flux, especially visible in the

treatment of PW-A. Furthermore, they recovered their initial flux by a backwash,
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whereas the commercial control lost a quarter to a third of its flux irreversibly after 24
hours of operation. The results show the potential of these novel membranes for the

economical UF treatment of produced water.
6.3.4. Ultrafiltration of refinery wastewater sample RW

The refinery wastewater sample, denoted RW, was much more homogeneous than the oil
well produced water samples. This implies a higher content of dissolved oil, and a lower
content of free and emulsified oil. The COD of this sample was the lowest at 970 ppm.
The conductivity was 2500 pmho, equivalent to 1600 ppm TDS (see Table 1), considered

to be in the brackish water range [1].

COD retention was much lower for this sample, measured to be 44% and 41% for
PAN/PAN-g-PEO blend and control membranes, respectively. These values are
comparable with values reported in other studies on UF treatment of refinery wastewater
samples that found very high O&G removal but much lower decreases in COD [233, 235,
239, 241]. The limited retention was also visible by the yellowish color of the filtrate (see
inset in Figure 6.3), and by the retentions calculated using absorbance at different
wavelengths, given in Table 6.2. The retentions were higher at higher wavelengths, but
still lower than those observed for the produced water samples. Once again, the

conductivity of the filtrate was the same as the feed, indicating no salt retention.

The most important reason for the low organics removal is a higher content of soluble
small molecule contaminants in the feed. The absence of much free and emulsified oil
may also decrease the removal of these components: Many toxic components in oil
industry wastewater tend to partition into the oil phase when present [232]. Therefore,
together with the free and dispersed oil, UF is able to remove components that partition
into the droplets. In the absence of an oil phase, these toxic molecules are dissolved in

water and can only be removed by RO or NF membranes, depending on their size.

The retention for the refinery wastewater sample was not sufficient for reuse or discharge,
as the final COD value was above the limits set by the EPA [247], which are much more

stringent than those set for produced water disposal in off-shore oil wells. However, since
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emulsified and free oils are the most significant contributors to fouling in the RO
treatment of oily feeds [1, 27], UF may be an effective pretreatment method before using
RO to remove salts and low molecular weight contaminants [236, 240, 248].

To be economically feasible, the UF membrane should resist fouling considerably and
maintain high fluxes in the presence of oil. Figure 6.3 shows the change in normalized
flux with time in the 24-hour dead-end filtration of RW using a PAN/PAN-g-PEO blend
UF membrane and a PAN-400 control. The flux decline in the presence of foulant was
very severe for the commercial PAN membrane, which lost 90% of its flux within one
hour. By contrast, the blend membrane retained 55% of its flux after one hour. After 24
hours, the commercial membrane flux was only 3% of its initial value, whereas the blend
membrane retained 23% of its initial flux. Furthermore, the blend membrane regained its
initial pure water flux completely after a simulated backwash, demonstrating its
resistance to irreversible fouling as seen with the produced water samples, and with
various biofoulants in previous studies [13]. In comparison, the commercial PAN

membrane lost 45% of its flux irreversibly.
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Figure 6.3. Dead-end filtration of RW sample through PAN/PAN-g-PEO blend
membrane (black) and Sepro PAN400 (white) o,e: Milli-Q water,+, 0: RW. Backwash
step is marked by dashed lines. Tests performed at 10 psi. Inset shows a picture of the
Jeed (left) with typical UF permeate (right).

6.4. Conclusions

This chapter focused on the use of PAN UF membranes incorporating PAN-g-PEO in the
treatment of oil industry wastewaters, which pose several challenges due to their high
fouling potential. The membranes prepared using the composition optimized in Chapter 5
were shown to exhibit highly improved fouling resistance while showing effluent quality
comparable with commercial UF membranes. Due to their ability to resist adsorptive
fouling, these membranes can sustain higher fluxes, require less frequent backwashes,
eliminate the need for chemical cleanings, and achieve longer membrane lifetimes,

translating to reduced energy consumption during operation and better process economics.
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Chapter 7:

Summary and Future Outlook

7.1. Thesis Summary

This thesis focused on the design of improved filtration membranes through the use of
self-organizing properties of amphiphilic comb copolymers. One focus of this work was
to further characterize the properties of thin film composite (TFC) NF membranes made
with a selective layer of the comb-shaped graft copolymer poly(vinylidene fluoride)-
grafi-poly(oligooxyethylene methacrylate), PVDF-g-POEM. These membranes were first
shown by Akthakul et al. to filter small molecules by size due to the formation of
effective “nanochannels” upon the microphase separation of the comb copolymer
backbone and side-chains [11, 12]. That work also showed that the membranes resisted
irreversible fouling by emulsified oil/water mixtures [12]. The first objective of this
thesis was to better quantify and understand the fouling resistance of these membranes.
Fouling experiments with representative foulants as well as activated sludge from a
membrane bioreactor (MBR) indicated that these membranes resisted irreversible fouling
completely. Atomic force microscopy (AFM) experiments measuring the interaction
forces between a model foulant and the membrane surface showed a steric repulsive force
between the PVDF-g-POEM coating and the probe, which accounts for the exceptional
fouling resistance observed [17]. This study indicates that these novel NF membranes are
very promising for NF MBR systems [37, 142]. Their high flux and fouling resistance are
crucial to achieving good process economy [29, 30]. Their ability to remove small
molecules without salt retention could be useful in removing small molecule
contaminants such as pharmaceuticals and endocrine disrupting agents (EDAs), without
the need for the high pressure differences required in RO systems due to osmotic pressure

[29, 37, 142, 143].
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Another important property of PVDF-g-POEM TFC NF systems, a pore size that can be
tuned by feed properties, was also investigated in this thesis. Akthakul ez a/. had observed
shifts in effective pore size of these membranes when the feed solvent was changed from
water to ethanol or toluene [11]. This thesis showed that other feed properties can also be
used to tune the selectivity of these membranes in a controlled and continuous manner.
The effective diameter of the nanochannels available for the passage of solutes is
determined by the size scale of microphase separation, and the size of the poly(ethylene
oxide) (PEO) side-chain coils lining the walls. The swelling of the PEO chains depends
on the solvent quality of the feed solution, which is affected by parameters such as
temperature, pressure, and ionic strength. The variation in these dimensions is negligible
in porous membranes, as the overall chain size is much smaller than the pore size.
However, in the PVDF-g-POEM TFC NF system, where the selectivity is in the
subnanometer range, slight variations were shown to lead to significant changes in
effective pore size. This was demonstrated by shifts in water flux and dye passage in
agreement with the phase diagrams of PEOQ/water systems [18]. Membranes with size-
based selectivity in the small molecule range, combined with the ability to tune this pore
size in operation, are very promising for pharmaceutical applications, where many
separations are used at different stages in the production of an active therapeutic chemical.

They would also have applications in the food industry for the same reason.

This thesis also presented the development of a new material platform for similar anti-
fouling, subnanometer size selective membranes. Polyacrylonitrile-grafi-poly(ethylene
oxide (PAN-g-PEO), a copolymer with a PAN backbone and PEO side-chains, was
synthesized by free radical copolymerization. This method is more controlled and
scalable, bringing the NF technology based on comb copolymers a step closer to
industrial realization. The microphase separation of PAN-g-PEO, and the size selectivity

and fouling resistance of TFC membranes prepared from it, was demonstrated.

The size cut-off displayed in both of these NF systems is essentially a ‘missing link’ in
the currently available spectrum of commercial membranes: The tightest UF membranes
have molecular weight cut-off around 10,000 Da, whereas NF membranes retain salts.

The novel PAN-g-PEO TFC NF membranes, as well as PVDF-g-POEM TFC NF
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membranes, make it possible to separate and desalt smaller molecules. These types of
separations are widely used in pharmaceutical and biotechnology industries, often by
chromatographic methods. Introduction of a membrane with this type of ability would be

very valuable in cutting process costs in such separations.

Another focus of this thesis was the use of PAN-g-PEO comb copolymers as surface
segregating additives in the formation of fouling resistant UF membranes, following the
strategy first described by Hester et al. [3-7, 249]. The fouling resistance of PAN/PAN-g-
PEO blend UF membranes was tested with three representative foulants, and it was
demonstrated that membranes of optimal composition recovered their initial water fluxes
completely with either a water rinse or a backwash. These results, combined with AFM
interaction force measurements, indicate that PAN/PAN-g-PEO blend membranes could
resist adsorptive fouling completely. The ability to clean these membranes without the
need for aggressive chemicals can lead to much longer membrane life times, higher
sustained fluxes, lower energy use, and decreased use of chemicals. Furthermore, the
pure water permeability and wettability of the membranes cast with PAN-g-PEO was
significantly improved. All of this could decrease the operating cost of the system by 20-
50%, making the UF process more economically viable. This is especially significant in
industries where fouling is the limiting issue, such as in wastewater treatment, MBRs, the

food industry, pharmaceuticals, and the oil industry.

The last portion of the thesis was a demonstration of the advantages of the new
PAN/PAN-g-PEO blend UF membranes in a real life application, the treatment of oil
industry wastewaters. Oily wastewater, including oil well produced water and refinery
wastewater, is very difficult to treat due to its very high fouling potential and poor
biodegradability. In this study, three oil industry wastewater samples were filtered
through PAN/PAN-g-PEO blend membranes as well as a commercial PAN membrane as
a control. The separation properties of the two membranes were comparable, while the
PAN/PAN-g-PEO blend membrane retained a higher portion of its flux in these
operations. Complete resistance to irreversible fouling was demonstrated by the comb-

modified membranes with these challenging feeds as well, confirming the potential of
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PAN/PAN-g-PEO blend membranes for the more economical treatment of oily

wastewaters.
7.2. Future Outlook

The research described in this thesis examines only a small number of the various
systems that can be developed using the two approaches studied: surface segregation of
comb copolymers for UF surface modification, and their microphase separation to form
nanometer-scale channels for NF. As a starting point, these systems need to be developed
further, to form commercial membranes optimized for each application. New copolymer
chemistries can also be promising for the development of other fouling-resistant
membrane systems, porous and non-porous. This would broaden the range of applications
and operating conditions that can be accessed. The surface segregation approach can be
used to incorporate functional groups on the polymer/water interface of porous
membranes in a single step, leading the way for improved membranes for heavy metal
removal and affinity filtration. A functionalized copolymer can also be used as a non-
porous selective layer, similar to the NF systems, to perform reverse osmosis (RO). Each

of these systems are described in further detail in the sections below.
7.2.1. Optimization of the systems developed

The objective of the research described in this thesis was to demonstrate the novel
membranes that can be prepared taking advantage of amphiphilic comb copolymers.
However, industry uses membranes for a wide range of applications, each demanding
different properties. For example, for biotechnology applications, the homogeneity of the
membranes over large areas and dependability will be of great importance [24], while for
municipal and wastewater applications, cost will be the critical parameter [2]. The pore
sizes required for different applications will also vary widely. Commercialization of these
membranes will thus require both scale-up and optimization of membrane casting
conditions to achieve the desired pore size and pore size distribution, flux, and

physical/mechanical properties based on end-use specifications [1, 41].
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7.2.2. Comb copolymer chemistry considerations

One potential drawback of the macromonomer chemistry employed in this thesis is the
ester bond linkage of the PEO side chain to the comb polymer backbone through the
acrylate co-monomer. This functional group is susceptible to hydrolysis in the presence
of acidic or basic media, which can severely limit the applications suitable for these
membranes to ones that occur near neutral pH. This was investigated briefly during the

course of this thesis, in two different time scales.

One experiment aimed to observe the stability of the fouling resistance of these
membranes in a short-term treatment, such as a chemical cleaning or sterilization cycle.
In this experiment, a 24-hour fouling cycle with bovine serum albumin (BSA) was
performed, as described in section 5.2.7. Then, 0.1 M NaOH solution was filtered
through the membrane for 10 minutes. After this period, the cell was rinsed several times
and another fouling cycle was performed. The results of this test, in normalized flux
versus time, are shown in Figure 7.1. The first fouling cycle for both the PAN/PAN-g-
PEO blend membrane and the control was in agreement with previous experiments
(Figure 5.7). The PAN-g-PEO-containing membrane recovered its initial flux completely,
while the commercial PAN membrane lost a significant portion of its flux irreversibly.
After NaOH treatment, the permeability of the control membrane was increased only
very slightly, indicating this aggresive cleaning solution was not very effective in
countering the fouling. Furthermore, the flux through this membrane was lost irreversibly
to an even greater extent after the second fouling cycle, to about one-tenth of its initial
value. These results are in agreement with literature reports that indicate chemical
cleanings often change the membrane’s surface chemistry, making it more susceptible to

further fouling [1].

In contrast, the flux through the PAN/PAN-g-PEO blend membrane was unchanged by
the NaOH treatment. Furthermore, the membrane retained its complete resistance to
irreversible fouling after this treatment, indicating the PEO brush is still intact. Therefore,

the PAN/PAN-g-PEOQ system is stable to short-term pH rises.
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Figure 7.1. Dead-end fouling and simulated “NaOH cleaning” of PAN/PAN-g-PEO

blend membrane (filled) and Sepro PAN400 (empty) o,0: Milli-Q water,+, 0: 1 g/L BSA

in PBS. The gray line indicates the filtration of 0.1 M NaOH for 30 minutes. Tests

performed at 10 psi.

However, the stability of a membrane to a sustained, non-neutral pH is also important. To
test this, round pieces of PAN/PAN-g-PEO blend UF membranes 2.5 cm in diameter
were cut and stored in Hydrion buffer solutions and PBS for 1 week. Then, a 24-hour
BSA fouling cycle was performed, as described in Section 5.2.7. The percentage of initial
flux recovered after a backwash for each membrane is shown in Figure 7.2. It can be seen
that the membranes are stable when operated between pH 5-8. However, any more acidic
or basic systems caused a degradation in fouling resistance in time. This limits the pH

range in which these membranes can be used effectively.
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Figure 7.2. Flux recovery of PAN/PAN-g-PEQ blend UF membranes stored in buffers of
different pH levels, after 24 hour BSA fouling.

The most important way of countering this problem is by designing a PAN-g-PEO comb
copolymer with stronger linkages between the side-chains and the backbone. Amide
linkages can be stronger than ester groups, yet easy to accomplish by known chemistries.
For example, acrylamide and an amine-terminated PEO chain can undergo reaction in the
presence of 1-Ethyl-3-[3-dimethylaminopropyl]carbodiimide hydrochloride (EDC or
EDAC) to form PEO-terminated with an acrylamide group, which in turn can be
copolymerized with acrylonitrile [250]. Similar approaches can be used for other co-

monomer chemistries as well.

Finally, side-chain chemistries other than PEO can be considered. Though known as the
“gold standard” for protein resistance, PEO brushes have been reported to degrade and
lose their resistance to cell attachment when exposed to cells over a time scale measured
by days [251, 252]. Having several options of fouling resistant side-chain chemistries
may also facilitate the development of membrane systems for a wider range of
applications, through the availability of backbone-side-chain linkage chemistries, or sites
for further functionalization. Surfaces that strongly resist protein adsorption and cell
adhesion, termed “inert” surfaces, have been the focus of much research [229, 251-257].
These studies mainly consider biomaterials applications, but the findings are relevant to

the design of membrane materials as well. Research indicates that surfaces that resist
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protein adsorption share four molecular-level characteristics: They are hydrophilic, they
include hydrogen bond acceptors, they do not include hydrogen bond donors, and they

are neutral in charge [229, 255]. Some of these chemistries are shown in Figure 7.3.
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Figure 7.3. Some structures found to create protein resistant surfaces

Whitesides and coworkers reported large surveys of self-assembled monolayers (SAMs)
that expose different chemical groups on the surface that obey the above rules [229, 253].
They observed that surfaces that presented derivatives of oligo(sarcosine), N-
acetylpiperazine, and permethylated sorbitol groups showed protein resistance close to

PEO-modified surfaces. Luk ef al. have observed that self-assembled monolayers
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(SAMs) that expose mannitol groups resist the adsorption of proteins and the attachment
of cells to a degree comparable to SAMs exposing PEO oligomers [252]. Statz et al.
obtained similar results with monolayers of some chimeric peptoids — oligomers of
peptide structures made of non-natural aminoacids {256, 257]. Each of these chemistries
can be considered for membrane applications. Graft copolymers with mannitol groups
can be formed by grafting-to reactions using mono-functionalized versions of the
chemical. The peptoids are currently prepared by solid-state synthesis, a method too
expensive for large-scale application in the membrane industry. However, due to the fact
that precise molecular weight and polydispersity control is not necessary for membrane
applications, a simpler polymerization method could potentially be designed. Teare et al.
have reported protein resistant surfaces based on poly(N-acroylsarcosine methyl ester)
prepared by pulse plasma deposition [258]. This method might be adapted to form graft
copolymers, perhaps by ATRP initiated from the hydrophobic backbone. Having several
options for anti-fouling side-chain chemistries would make it possible to design

membranes that can be used with a wider variety of feeds.
7.2.3. Functionalized membranes by surface segregation

The surface segregation of the hydrophilic side-chains during the phase inversion casting
of porous membranes can also be used to incorporate functionality into the membrane.
Functional groups can be attached to the ends of the PEO side-chains [82, 259-261], or
incorporated as randomly copolymerized components on the backbone. A potential
application involves the selective removal of heavy metal ions from streams that contain
many other cations. Metal ions are valuable intermediates in metal extraction, and their
recovery from a waste stream could be profitable. Most heavy metal ions are also toxic,
and the disposal of waste streams with even low concentrations can be expensive. It
would be very desirable to have a membrane system that can remove the heavy metal
ions selectively, without interference from cations like Ca®" and Mg”" that are present in
much greater concentrations [262, 263]. This could be done by incorporating functional
groups that will chelate the metal ions in question on a MF or UF membrane [262-269].
Such membranes could be used to adsorb the metal ions during filtration, and release

them during a regeneration step that involves an acidic wash.
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Membranes for heavy metal removal are generally created by surface-grafting of
chelating polymers from the membrane surface [262-269]. This grafting reaction is
initiated by the irradiation of the membrane surface, followed by the immersion of the
membrane into a functional monomer like glycidyl methacrylate (GMA) [262, 264-266,
269] or maleic anhydride [267], which is then converted to the chelating group desired.
Radiation grafting, however, is an expensive method. The grafting may also be poorly
controlled, and heterogeneous across the cross-section of the membrane. The surface
segregation of comb copolymers may be an ideal method for the formation of such
membranes in a single step, with the chelating groups distributed evenly through the
membrane pores. This is facilitated by the fact that most of the chelating groups are
hydrophilic. Some possible functional groups that can be considered include
iminodiethanol for the recovery of germanium [264], antimony [265, 266, 269] and
cadmium [263], amidoxime for uranium [262], and polyaminoacids such as polyaspartic
acid and polycysteine for heavy metals such as cadmium, mercury and chromium [263,
268].

Another possible application is membrane chromatography for protein separations.
Microporous membranes for chromatography separations have several advantages
compared with their packed-bed counterparts: They allow high velocities and very short
residence times with low trans-membrane pressures. Diffusional resistance is eliminated,
which allows for faster binding kinetics. They also have potential for high binding
capacities, and are more easily scalable [270]. One of the most important limitations
posed by the membrane systems is the scarcity of functionalizable groups and ligand
attachment sites within membrane pores. Another problem is non-specific binding due to
the hydrophobicity of the surface [270, 271]. For hydrophobic base materials, radiation-
induced grafting is the most common way of introducing ligands to the membrane [270],
but such line-of-sight techniques tend to leave the internal surfaces of the membrane
unmodified. By contrast, surface segregation leads to coverage of all external and

internal membrane surfaces with a PEO brush layer, enabling functionality throughout.

For example, a comb copolymer that includes PEO side-chains that are terminated with

OH groups (rather than -OCHj as in the systems described in this study) can be used to
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incorporate resistance to non-specific adsorption while providing —OH groups as
functionalization sites. The attachment of ligands to —OH groups can be done by various
chemistries, including methods that employ reagents such as carbonyl diimidazole (CDI)
[272] or 2-fluoro-1-methyl pyridinium toluene-4-sulphonate (FMP) [270, 273]. The
attachment of the ligand to the PEO chain end can also be beneficial, compared to direct
surface attachment, as it allows more mobility to the ligand. This can be especially

advantageous with small molecule ligands [270, 274].
7.2.4. New comb copolymers for NF membranes

The novel TFC NF membranes investigated in this thesis are based on the microphase
separation of amphiphilic comb copolymers having PVDF or PAN backbones. For some
applications, backbones of polyethylene (PE) and polypropylene (PP) might also be of
considerable interest due to their exceptional heat and chemical resistance. PE
copolymerized with monomers containing functional groups like epoxides are available
commercially, and can be used in grafting-to reactions to form graft copolymers (Figure
7.4) [275]. Alternatively, chlorinated PE or PP can be used as a macroinitiator to graft
side-chains using atom transfer radical polymerization (ATRP) [180, 275]. . Membranes
which are stable in a broad range of organic solvents including polar aprotic solvents and
display tunable molecular weight cut-off (MWCO) profiles in the molecular weight range
200-1000 g/mol are highly sought in the membrane industry [276-278]. PE and PP
backbones are insoluble in most solvents [279], and their comb copolymers may form
membranes that can fill in this significant gap, providing a solution for separations in the

pharmaceutical, chemical and petrochemical industries [276, 277].
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Figure 7.4. Reaction scheme for the synthesis of PE-g-PEO
7.2.5. Charged comb copolymers for desalination

The uncharged graft copolymers employed for size-based NF separations offer very low
ion retentions. While this is a desirable quality for the applications described here, there
are several applications where the retention of ionic species is necessary. The most
significant of these is the desalination of water in reverse osmosis (RO) applications.
Water softening, one of the most important applications of NF, also involves the retention
of ions such as Ca®* and Mg?". Therefore, the development of a TFC membrane based on
amphiphilic copolymers, where ions are retained together with small molecules while

exhibiting high permeability and fouling resistance, is highly desirable.

The separation mechanism of PVDF-g-POEM and PAN-g-PEO TFC NF membranes is
based on sieving abilities of the nanochannels. If charge is incorporated into the
nanochannels, however, Donnan exclusion effects can enable the retention of salts. For
typical TFC membranes, the amount of charge that needs to be incorporated to exclude
ions by the Donnan mechanism is quite high. However, the microphase-separated
morphology of amphiphilic copolymers can enhance this effect greatly by concentrating
the charges in the hydrophilic phase. The nanochannel geometry will also make the
overlap of electrical double-layers easier, enhancing the repulsion of charged species.
Hence, amphiphilic comb copolymers incorporating charge would be promising materials

in the creation of desalination membranes.
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The most straight-forward method of achieving this type of structure would be to form a
terpolymer that consists of a hydrophobic backbone with two types of side-chains: PEO
side-chains for fouling resistance and the formation of nanochannels of desired size, and
charged side-chains to achieve Donnan exclusion of ions. As described in Section 7.2.2,
inert surfaces need to be of net neutral charge, however. Therefore, having charged
groups on the surface of such a membrane may compromise the complete adsorptive
fouling resistance. One way of preventing this would be to perform more than one
coating step, for example, a first layer of charged polymer coated by a comb copolymer
of PEO side-chains. Alternatively, PEO side-chains that are much longer than the charged
groups may be able to shield the charges sufficiently. Finally, annealing the membranes
in a solution that preferentially exposes PEO in comparison to charged groups may be

able to prevent the exposure of charge to foulants on the membrane surface.

Such a structure can be formed by the copolymerization of macromonomers of PEO and
the charged polymer, together with the monomer corresponding to the hydrophobic
backbone (such as polyacrylonitrile, polystyrene, etc.). A difficulty with this method
arises from the fact that terpolymer synthesis is inherently more complicated. Random
terpolymerization can be difficult to achieve due to the possibility of unequal monomer

reactivities, and it may be more difficult to control the composition of the product.

An alternative is to form a blend of two comb copolymers, one having PEO side-chains
and the other with charged side-chains, to create the selective layer of the membrane. As
both types of side-chains are hydrophilic, both would segregate into the nanochannels.
This method would have the advantage of avoiding issues with monomer reactivity ratios.
It would also allow more flexibility in tuning and optimizing the selective layer

composition.

One difficulty associated with these methods may be in solubilizing the charged
copolymer for the coating step. The hydrophobic backbone polymer and the charged
side-chains generally dissolve in different solvents, and finding a solvent that will
dissolve both components can be a challenge. It may be necessary to use protected groups

that can be converted to charged moieties after casting. For example, side-chains of
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poly(t-butyl methacrylate) can be converted to poly(methcarylic acid) groups by the
hydrolysis of the ester [7]. Alternatively, side-chains containing amine groups can be
converted to querternary amine groups using alkyl halides [280, 281]. Another option is
the selection of side-chains that contain aromatic groups, which can in turn be sulfonated
[282, 283].

Regardless, these methods hold promise for designing nanostructured, yet easily cast,
systems for desalination. The comb copolymer approach allows for many options and
opportunities. Proper choice of backbone chemistry can be helpful in designing solvent-
resistant membranes, perhaps by incorporating UV cross-linking groups [284]. Side-
chain chemistry can enable fouling resistance as well as responsive behavior if desired.
Membrane properties can be tuned by changing parameters such as copolymer
composition, side-chain length, casting conditions, and feed specifications. In short, this

method provides great versatility in designing functional membranes.
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Appendix A:

Representative '"H-NMR Spectrum of PVDF-g-
POEM

The 'H-NMR characterization of poly(vinylidene fluoride)-graft-poly(ethylene oxide)
methyl ether methacrylate (PVDF-g-POEM) was performed based on the protocol
described in Hester ef al., Macromolecules 35 (2002) 7652-7661. A representative NMR
spectrum and peak assignments are given in Figure A.1.
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Figure A.1. Representative 'H-NMR spectrum and peak assignments for PVDF-g-POEM
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Appendix B:

Representative '"H-NMR Spectrum of PAN-g-PEO

'H-NMR characterization of PAN-g-PEO is described in Section 4.3.1 of this thesis.
Figure B.1 shows a representative 'H-NMR spectrum as well as the relevant peak

assignments.
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Figure B.1. Representative 'H-NMR spectrum and peak assignments for PAN-g-PEO
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Appendix C:

X-Ray Photoelectron Spectroscopy (XPS) data for
PAN/PAN-g-PEO blend membranes

XPS was used to quantify the surface composition of PAN/PAN-g-PEO blend UF
membranes (Chapter 5). For this purpose, a survey scan (0-1100 eV binding energy range,
160 eV pass energy) and a high-resolution scan of the C 1s peak (10 eV pass energy)
were run for each sample. Table C.1 gives the N/C and O/C ratios calculated from the
survey scan for each sample using the default relative surface factor (RSF) values of

0.278, 0.780 and 0.477 for C 1s, O 1s and N 1s peaks, respectively.

Table C.1. Elemental ratios of PAN/PAN-g-PEO blend membrane surfaces calculated

from XPS survey scans

Membrane Bulk PEO content (wt%) O/C ratio N/C ratio
PAN 0 0.072 0.227
P50-5 1.95 0.087 0.222

P50-10 3.9 0.091 0.206
P50-20 7.8 0.112 0.187
P25-20 5.8 0.078 0.212
P15-20 2.4 0.093 0.210
P50-100 39 0.186 0.146

High resolution scans of the C 1s peak for these membranes are given in Figure C.1.
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Figure C.1. High resolution C 1s scans of PAN/PAN-g-PEQ blend membranes (a)PAN,
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