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ABSTRACT

Sulfonated poly(arylene ether sulfone)s are a class of engineering thermoplastics well-
known for their mechanical properties and chemical/oxidative stability. The research in this
dissertation focuses on modifying the structure of sulfonated poly(arylene ether sulfone)s to
improve membrane performance. Blends of a 20% disulfonated poly(arylene ether sulfone)
(BPS20) with poly(ethylene glycol) (PEG) were investigated with the objective of promoting

water flux across a reverse osmosis membrane.

It was considered desirable to investigate poly(arylene ether sulfone)s with a
hydroquinone unit that could be controllably post-sulfonated without degradation, providing a
polymer with controlled sulfonation through controlling hydroquinone content. It also avoided
the disadvantages noted previously in polymers with post-sulfonated biphenol units. Initial
experiments focused on determining sulfonation conditions to confirm quantitative sulfonation of
the hydroquinone without side reactions or degradation. A polymer with 29 mole %
hydroquinone-containing units was used to study the rate of sulfonation. Successful post-
sulfonation was confirmed and reaction conditions were applied to a series of polymers with
varying hydroguinone comonomer contents. These polymers were sulfonated, characterized and

evaluated for transport properties. Of interest was the high sodium rejection in the presence of



calcium, which in the directly copolymerized disulfonated materials is compromised. The post-
sulfonated poly(arylene ether sulfone)s showed no compromise in sodium rejection in a mixed-

feed of sodium chloride and calcium chloride.

In the membrane electrolysis of water, Nafion’s high permeability to hydrogen,
particularly above about 80°C, results in back-diffusion of hydrogen across the membrane. This
reduces efficiency, product purity, and long-term electrode stability. Hydrophilic-hydrophobic
multiblock copolymers based on disulfonated and non-sulfonated poly(arylene ether sulfone)
oligomers feature a lower gas permeability. Various multiblock compositions and casting
conditions were investigated and transport properties were characterized. A multiblock
poly(arylene ether sulfone) showed a significant improvement in performance over Nafion at

95°C.

Multiblock hydrophilic-hydrophobic poly(arylene ether sulfone)s have been extensively
investigated as alternatives for proton exchange membrane fuel cells. One concern with these
materials is the complicated multi-step synthesis and processing of oligomers, followed by
coupling to produce a multiblock copolymer. An streamlined synthetic process was successful
for synthesizing membranes with comparable morphologies and performance to a multiblock

synthesized via the traditional method.
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1.0 Literature Review

Drinkable clean water has been widely available in the United States for most of recent
history. However, increasingly parts of the United States as well as large regions in the rest of the
world have either become stressed for sufficient supplies of drinkable water, or are dealing with
absolute shortages of even non-potable water. Over 1 billion people have no access to safe, clean
drinking water and over 2 billion people experience regular water shortages. Regions which may
be only slightly stressed for water at present are projected to suffer increasingly severe water stress
and shortages in the future as a result of increasing population, shifting patterns of water
distribution due to climate change, and decreasing supplies of drinkable fresh water.l-2 As fresh
water supplies become more stressed and contamination of remaining supplies more severe,

desalination of ocean water and brackish water is the most obvious solution.

In anticipation of the need to produce greater amounts of clean water in the future, there is
a need both for more water production facilities, and for an improvement in efficiency of the
systems currently in use.® A number of different water treatment methods exist which produce
water, either with thermal phase changes (primarily distillation) or using a membrane separation
process. While multistage flash (MSF) distillation was originally the most economical and most
reliable method of desalination, the rapid development of membrane separation technology in the
1970s and 1980s has resulted in more competitive technology that surpassed MSF in production.*
The most affordable and efficient commercial method for producing clean drinking water from

seawater and brackish water is reverse osmosis.3: °

1.1 The Need for Development of Clean Water Production



The United States Geological Survey estimates that less than one percent of the available
water on the planet is viable, available freshwater, with the remainder ranging from slightly
brackish to saltwater, with some additionally tied up in the polar ice caps.* Given the present
scarcity of clean drinking water and the increasing need for the future due to the pressures of
population growth, agriculture, industry, and a decreasing supply due to pollution, there is an
urgent need to develop economically advantageous solutions for producing larger volumes of
clean, affordable drinking water.® & As water treatment and water management have been
recognized as increasingly critical issues in recent decades, projections of future water demands
continually stress the need for development of newer, more efficient means of providing potable
water.”? Further complicating the issue is the requirement of available, affordable energy for clean
water production, regardless of whether it is desalination or water recycling. Areas experiencing
or projected to experience water stress frequently also lack the infrastructure for supplying reliable
and affordable energy which can be dedicated to drinking water production.3 1011 Combined, these
factors point to a future where water supply concerns meet or exceed those of fossil fuel

availability, and research to help supply those needs before they become critical is essential.# 12-14

In addition to a lag in planning and preparation for meeting future water demands, shifts in
water supply or reliability of water supply are also projected due to changes in precipitation
patterns as a result of potential climate change. While areas of the world outside the United States
have been experiencing water stress or water shortages for some time and have responded with an
exponential increase in desalination capacity, the rate of increase in desalination capacity in the
United States has been less dramatic.” However, there are now desalination plants or membrane-
based water treatment plants in almost every state, with over 75% of production directed towards

municipal or industrial supplies. 7 Across the country, desalination plants are most commonly



found in California, and reverse osmosis plants have increased sharply both in total number and in

relative share of the water treatment methods since 1995.13.15, 16

While there are different water filtration mechanisms to remove contaminants of varying
size, reverse 0smosis is the most viable process for the removal of small ions such as those found
in seawater. Salts and suspended materials are removed from brackish water (2,000 to 5,000 ppm
salinity) and saltwater (35,000-45,000 ppm salinity) by desalination, and there are a variety of
desalination methods which will be reviewed.® Acceptable total dissolved solids (TDS) limits for
potable water vary widely for different applications. The TDS limit for water classified as fresh
water is 1,000 ppm.* Above this point the taste, color, odor, and corrosiveness can be affected.
There are also further limits on tolerable levels of individual molecular species for the consumption

of potable water.

There are frequently additional standards for water used for irrigation, which may vary by
country or state, such as the total allowed limit of chlorine, boron, or other components in addition
to the total dissolved solids (TDS) content.* Of the desalination processes available, municipal
consumption uses a far greater percentage of treated water than industrial, military, agricultural,
power production, or other uses.® There is also a growing need for the production of ultrapure
water used in the manufacturing of electronics and pharmaceuticals, both of which require a much
higher standard of purity than the production of drinking water.16-18 Furthermore, softened water
is required for use in boilers, and while this niche was previously served by ion exchange resins,
reverse osmosis is replacing or complementing this method by improving performance and
avoiding the maintenance costs of regenerating the ion exchange resin.’6 The reverse osmosis

system is an ideal candidate to meet the needs of all of these markets, and will likely become more



effective with future improvements in performance and with greater demand for potable water.1*

16, 19, 20

While reverse osmosis (RO) is primarily used to treat seawater and brackish water, there
is an obvious economic advantage in also using RO to recover drinking water from domestic or
industrial wastewater. This water is generally more dilute than brackish water, and therefore it is
energetically cheaper than brackish water or seawater to separate, but it is too contaminated with
different components to be applicable for direct consumption. The membrane treatment of this
water therefore requires several steps for the separation of components of varying sizes, to be
discussed in further detail later in this chapter. The ionic exclusion component of the separation
process may still be able to tolerate lower levels of rejection from a cheaper, less efficient method
such as nanofiltration, as the overall requirements for TDS reduction are less severe than in the
case of seawater or brackish water. This is a newer focus of research and development as awareness
of water stress increases around the world, and is a potentially novel application for materials
which may be selective for a wider range of solutes or resistant to other pollutants.3-> The steady
increase in demand for the production of drinkable water requires additional improvements in
efficiency and selection.* 13. 21 There is also growing interest in membrane processes to remove
contaminants to produce or recycle water for agricultural use, and this requires less stringent

standards than for potable water production.??

1.2 Osmotic Pressure and Reverse Osmosis

When a selectively permeable membrane (one highly permeable to one component but
resistant to another) is used to separate solutions of different concentrations, the result of random
movement will be for the more permeable component to migrate across to the region of less

concentrated solution. This phenomenon is called osmosis, and the amount of pressure that must

4



be exerted on a given solution to prevent the influx of water from pure water is known as the
osmotic pressure. When the applied pressure to a given solution exceeds the osmotic pressure, the

direction of water flow reverses and pure water can be extracted from a pressurized solution.

The process of osmosis was first observed in 1748 by Abbe Nollet, but the relationship
between osmotic pressure and solute concentration was not mathematically described until the 19t
century by Jacobus Henrius Van’t Hoff. The relationship was improved shortly afterwards by
Harmon Northrup Morse to achieve the osmotic pressure equation used today.'® The osmotic

pressure, 7w, may be determined from the following Van’t Hoff equation:

T = IMRT

Above, i is the unitless Van’t Hoff factor equal to the number of ions created by each atom
of dissolved solute, M is the solution molarity (mole/L), R is the gas constant (8.314 J/K*mole),
and T is the absolute temperature in degrees Kelvin. The Van’t Hoff equation calculates the
pressure created by a concentrated solution against a neat solvent, but the overall © between a
concentrated and dilute solution can be calculated from the difference of the individual osmotic
pressures. The osmotic pressure of a concentrated solution is defined as the pressure required to
resist the influx of pure water (as will be discussed later in the case of forward osmosis). In reverse
osmosis a higher pressure is applied in order to drive the migration of water in the opposite

direction, from the more concentrated to the less concentrated solution.4 14.15

While reverse osmosis is one of the primary mechanisms used for desalination, there are
other methods for separating relatively pure water from brackish or salt water, or for separating

dissolved or suspended components which are larger than monovalent salts. These methods may



be separated into two primary categories based on the mechanism of action: thermal separation

(phase change) processes and membrane (single phase) processes. 4 1415

1.3 Thermal Processes of Desalination

Distillation is the oldest method of desalination, having been used for hundreds of years
before the advent of more refined processes, and it is still used today on an industrial scale.
Thermal processes (frequently using some application of distillation) are therefore better
established and are used more widely than the more recent membrane separation technologies.
However, they are losing market share due to their greater energetic and economic costs. As of
2008, thermal processes covered 43% of the global desalination market.”- 1422 Thermal processes
consist primarily of vapor compression and multi-effect flash distillation, although the majority of
the world’s thermal distillation plants now use multi-stage distillation. Thermal processes are
defined by the requirement of a phase change, although membrane distillation also incorporates a
semi-permeable membrane. Due to the phase change, thermal processes generally have the
advantage of simplicity over membrane separation processes, as high purity can be reached
without lengthy pre-treatment processes or extensive monitoring of feedwater components.
However, recovery levels range from 15-45%, which is generally lower than the ranges offered by

membrane processes such as reverse osmosis or nanofiltration.23-25

One of the primary concerns in a distillation system is conservation of the thermal energy
used to produce the phase changes. Energy conservation designs are typically centered on re-using
the heat from condensation to warm feedwater for the evaporation phase.” %6 A new focus in
developing potable water production facilities is hybridization between reverse osmosis and

thermal distillation systems to optimize process design.15 27



1.3.1 Vapor Compression

Vapor compression, also referred to as the mechanical vapor compression process is a
simple but low-output method of producing fresh drinking water from a saline feed source. It
operates by drawing vapor from the air above the feedwater/brine source and feeding it into a vapor
compressor. The compressed vapor, which is warmer than the feedwater due to compression, is
then introduced on the outside of the tubes through which the relatively cooler feedwater or brine
is transported, thus condensing the vapor while heating the feedwater. It may be the more favorable
of thermal desalination methods in an area with relatively cheap energy, but not in locations where
low-cost steam and cooling water are difficult to supply.” This method is used primarily for
maintaining small amounts of drinkable water, generally less than 100 m3/day, at resorts and for

industrial purposes.’- 13. 28

1.3.2 Multi-stage Flash Distillation and Multi-effect Distillation

Multi-stage flash distillation (MSF) is the simplest distillation procedure used industrially,
and has been in common use since the 1950s. It is more frequently found in the Middle East, where
water supplies are stressed and the cost of energy is comparatively low. Its relative simplicity and
reliability is an advantage over membrane separation processes.?® 25 Significant advantages are
that the feedwater has a much lower pretreatment requirement, and the product water features a

higher output than RO, and also a much lower level of total dissolved solids.”- 2329

The MSF process entails passing seawater through a series of chambers where it is boiled
and the water vapor is collected as the pressure becomes progressively lower. By reaching the end
of the series of chambers, the remaining seawater has been concentrated into heated brine. This is
then pumped back through the tanks in order to re-use the heat for evaporating feedwater
downstream as well as to conserve costly water-conditioning chemicals.?® The brine is corrosive
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and in addition to the expense of thermal energy, MSF requires labor to inspect and frequently
replace fittings used in the chambers. The process also requires a large amount of space for the
distillation chambers.23 22 A major disadvantage is the steep energetic cost of producing water at

18 kWh/m3 which is much higher than the 5 kWh/m? of reverse osmosis.13: 23,30

Multi-effect distillation (MED) is a variation on the MSF process in two aspects. First, the
pipes used for vaporization and condensation tend to be horizontal rather than vertical. Secondly
and more importantly, MED features a more efficient use of heat than MSF at 15 kWh/m3.
Although it has the advantage of greater energetic efficiency and was developed prior to MSF, it
features a lower output and has not been as widely utilized.?® 2 MED was commercially
implemented prior to MSF, and the first commercial MED plant was established in 1928 in the

Netherlands.13: 23

1.3.3 Membrane Distillation
Membrane distillation is a process which is thermally driven. It incorporates a

microporous hydrophobic membrane that is impermeable to liquid water but will allow water
vapor to pass through the pores.3? A typical membrane distillation unit contains a high-
temperature flow of feedwater on one side of a condensation chamber containing a microporous
membrane, producing high levels of water vapor. The water vapor diffuses across the
membrane into the condensation chamber, where it cools and condenses on a plate maintained
at a lower temperature. The coolant used in the condensation plate is then cycled back to use the
newly absorbed heat to raise the temperature of the feed water.” As with other thermal
processes, membrane distillation is energetically expensive and could be more viable in a
system where some or all of the energetic expense can be provided by alternative energy.3% 32
Compared to other distillation systems, it is not yet competitive and is primarily in the stage of
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research and development.3: 30 33-36

1.4 Overview of Membrane Processes of Desalination and Other

Separations

Membrane separation processes, referred to as single-phase processes, entail different
degrees of separation and can most easily be categorized by the size of the particles or molecules
which are being excluded and the type of force driving the separation. Typically, this force is
primarily applied pressure but may also include species concentration, temperature and voltage.?®
The discussion here is confined to processes used in the production of potable water and focuses
on the removal of ions and particles from water. Similar principles, however, may also apply to
separations of gases and vapors. The five common processes used in the treatment of water for
human consumption are reverse osmosis (RO), nanofiltration (NF), ultrafiltration (UF),
microfiltration (MF), and electrodialysis/electrodialysis reversal (ED/EDR).%* The separation
characteristics of the first four methods are illustrated in Figure 1-1. The exclusion process takes
place either via contaminants being physically too large to enter the pores of a membrane, in the
case of size exclusion, or by the components being unable to diffuse into the membrane and across

through the free volume as the permeate, in the case of solution-diffusion.

These processes are frequently used in combination, as they may be used to remove
contaminants of differing sizes and functionalities. Microfiltration and ultrafiltration in particular
are very similar with respect to operating conditions and materials, varying primarily in the size of
excluded particles. Of these five processes, only nanofiltration, reverse osmosis and
electrodialysis/electrodialysis reversal can be used in desalinating water, and reverse osmosis is

the most efficient method.* However, the other methods are described as they are frequently used



in conjunction with reverse osmosis or nanofiltration as pre-treatment processes. While these
processes are primarily used to desalinate or decontaminate water, they may also be used to
concentrate dissolved or suspended solids of interest in the feedwater. This process is termed
dewatering and is used in certain industrial and agricultural applications.1® Of those three
processes, reverse osmosis is the only practical process for desalination of seawater. The other two
methods are more suited for brackish conditions, remediation of contaminated freshwater, or
removal of particulates for agricultural or industrial applications which do not require complete
purification of feed water.* 37 Additionally, membrane processes not used for the production of
drinkable water such as forward osmosis, pressure retarded osmosis, and pervaporation will be
discussed as they feature very similar concepts and use similar or identical materials to those used

in reverse osmosis.15 16

Microfiltration (5-500kPa) % % & Y {4 / Suspended particles,
pore size =5i)- 10# nm 4 < 4 %J Large collosds
I e <1

et I
] T ™ \ \
Ultrafiltration (<1.0MPa) SRR g Macro Molecules
L Y

Pathogens,
pore size =5-100nm <1 <l Pru‘:f;ns
! £ 21 £ |
, ) ,
Nanofiltration (<4MPa) ‘% 1 Lg / Sugar,
pore size=I-10nm q % % Multivalent Salts
Reverse Osmosis (=5-10MPa) % %‘9/ Monovalent Salts
pore size<2nm <
<

Figure 1-1. Comparison of pore size and exclusion capacity of membrane separation systems.19. 26

1.4.1 Microfiltration and Ultrafiltration
Microfiltration and ultrafiltration are pressure-driven processes that use a sieving

mechanism through pores in a membrane to screen out particles above a given size. Due to the
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exclusion mechanism, the primary disadvantage to both of these systems is the need to manage
membrane fouling. Both MF and UF have applications in food, agriculture, and industry for
concentrating products and removing water or unwanted components. They also are used in the
pretreatment phase of reverse osmosis for removing particles or microbes which might cause
fouling of the RO membrane.38: 3% The first large-scale MF/UF plant in the USA began operations
in 1994, and so this is still a relatively new field with opportunities for research and development.
As costs have dropped rapidly due to economies of scale and technological innovation, the number

of MF or UF installations has increased significantly.> 40

The primary advantages of MF and UF over conventional water treatment processes which
do not require a membrane are 1) the filtration mechanism allows for selective removal of
particulates larger than the given pore size without the expense of physicochemical removal, and
2) the highly uniform pore sizes afforded by MF and UF membrane fabrication techniques allow
for nearly quantitative elimination of the target solids or microbes. Levels of a given particulate or
microorganism can be reduced by several orders of magnitude and so reductions are described in

‘logs’ of reduction, rather than the percent rejection used in other membrane treatment processes.*°

Ultrafiltration is a pressure-driven process that can remove bacteria and protozoa from the
water. It is typically intended to screen out viruses and large organic macromolecules on the order
of 5,000-100,000 g/mole. Ultrafiltration cannot reliably screen out smaller macromolecules or
dissolved species, and both internal and external fouling are significant challenges. The membrane
is typically comprised of cellulose acetate, polypropylene, or other synthetic polymers, which are
frequently formed into hollow fibers but may include membrane sheets in either spiral-wrapped,
tubular, or plate-and-frame configurations.® Hollow fibers predominate due to unparalleled

packing density, high surface area and low energy consumption. Regardless of module geometry,
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ultrafiltration membranes tend to be anisotropic structures formed by phase inversion.> 14
Ultrafiltration can also be useful for separation and/or concentration of agricultural and dairy

products.37- 40

Microfiltration (MF) is a pressure-driven process wherein microporous membrane sieves
are used to remove particulates, precipitates, and very small microorganisms (such as Giardia
lamblia and Cryptosporidium parvum, both pathogens of concern for immunocompromised
individuals) from feedwater.* It cannot remove dissolved species, or particles smaller than about
100 nm or under about 100,000 g/mole. It is frequently utilized as a pre-treatment step for
removing compounds which are likely to cause fouling from the feedwater during a reverse
osmosis process. Microfiltration is also a valuable component in separations in the food and
agricultural industry. Like ultrafiltration, operations must contend with internal and external

fouling, which require constant surveillance and treatment.3. 40

Microfiltration frequently uses hollow fibers or membranes made from cellulose acetate,
polypropylene, polysulfone, poly(vinylidene fluoride), poly(ether sulfone), or other materials.
An important feature of MF membranes, as with ultrafiltration membranes, is the uniformity of
the pore size, assuring ‘absolute’ or near-complete removal of a given particle or microbe which
is more difficult to accomplish when using coagulation-based water treatment membranes.*? The
sieving mechanism of microfiltration has a principal disadvantage in the necessity for managing

fouling, which is the focus of a significant portion of MF research.40-42

Hollow fibers have rapidly become a standard geometry for microfiltration due to efficient

production via a superior surface area to volume ratio per unit of module space, as well as bi-
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directional strength which allows for designs incorporating either inside-out or outside-in flow and

backwashing with air and/or water.> 40

1.4.2 Nanofiltration

Nanofiltration (NF) is a pressure-driven process which can be used to treat ‘hard’ water by
removing divalent ions, and may partially remove certain monovalent ions as well as dissolved
organic molecules over approximately 300 g/mole. It can filter out larger particles and single-
celled organisms as well, but this carries a higher risk of fouling. Sometimes nanofiltration is used
to refer to reverse osmosis, but the processes differ, as NF uses both solution-diffusion and
size/charge exclusions in the membrane separation process.” 1* While nanofiltration membranes
may feature a dense layer, they also frequently feature pores ranging from 1-10 nm in diameter,
which will permit passage of most monovalent salts. The required pressure in feedwater to produce
permeate in nanofiltration is approximately 70-120 psi, an order of magnitude lower than pressures
required in reverse osmosis. The primary advantage of nanofiltration over reverse osmosis is that
of cost due to the lower energy and pressure requirements, but the limitations of NF constrain it to

niche applications of water purification.14 16

Nanofiltration was developed in the 70s and refined in the 80s as a variation of reverse
osmosis membranes that required lower operating pressures and had lower rejection mandates.
As in reverse osmosis, nanofiltration membranes are typically either cellulose acetate or
crosslinked polyamides, and the majority of modules use the spiral-wound configuration
(explained in detail in Section 1.5.4).14 While nanofiltration is unable to adequately desalinate
feedwater with a high salt concentration, such as sea water or the highly saline waters found in the
Middle East, it can desalinate brackish water and performs well in applications such as water

softening. It may have an additional niche in boron removal.* 14.43-45 |t can also be used as a lower-
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cost alternative to reverse osmosis for concentrating agriculture and dairy products.3” There is a
growing interest in using nanofiltration to remediate produced or processed water which has
become contaminated in the process of fossil fuel extraction.*6: 47 Like reverse osmosis,
nanofiltration uses a multistep process of pre-treatment, membrane treatment, and post-treatment

of water prior to distribution for consumption.2 5 14

1.4.3 Reverse Osmosis

Reverse osmosis (RO) is a pressure-driven process in which ions are removed from
solution via selectively permeable membranes such as cellulose acetate, polyamides, or sulfonated
poly(arylene ether sulfone)s. These materials are different from those seen in microfiltration and
ultrafiltration membranes because they require water to be absorbed into and diffused across the
membrane, necessitating a degree of hydrophilicity. Although RO is capable of separating larger
molecules and particles, in practical applications these must be reduced or eliminated in an earlier
treatment step (using microfiltration, ultrafiltration, or a coagulating/flocculating technique and
possibly nanofiltration) in order to minimize fouling, and additional fouling prevention methods

are sometimes necessary.3% 48

Reverse osmosis requires 3-10 kWh per cubic meter of freshwater produced, which makes
it one of the most energetically affordable desalination technologies.® 3! The specific energy
requirements for any given RO system are determined by the salinity of the water to be treated,
and the properties of the selected RO membrane. An ideal RO membrane has excellent water
transport with near-complete salt rejection, a very thin, pinhole-free selective skin layer for
promoting rapid water transport, and must have sufficient mechanical properties to withstand the
driving pressure of the process.® 15 In order to improve flux, a free-standing dense membrane is
unsuitable and either a thin film composite (a submicron layer of selective material supported by
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a layer of polysulfone foam and a nonwoven fabric to provide mechanical integrity) or an
asymmetric membrane (a thin film and support foam cast simultaneously from the same material)
are used to optimize membrane performance.# These structures and their fabrication will be

discussed at a later section in much greater detail.

The first experimental membranes developed for desalination were dense cellulose acetate
membranes made by Reid and Breton in 1959, after evaluating a series of different partially
hydrophilic materials for permeability of water and for salt rejection.*® While they established
satisfactory rejection values, the water flux was too low. Loeb and Sourirajan developed
asymmetric membranes from cellulose acetate in the 1960’s to improve water flux while
maintaining satisfactory salt rejection values. This resulted in the commercial viability of RO
membranes and the birth of the RO industry.1* 4° Improvements in the fabrication and design of
membranes led to a rapid growth in the performance of commercial RO units in the late 1960’s
and early 1970’s, the most significant being the development of spiral-wound and then tubular or
hollow fiber membranes to replace flat-sheet membranes. The introduction of linear aromatic
polyamides provided a much higher water flux at a slightly lower, and therefore more affordable,
pressure.1® Another breakthrough with an interfacially-produced crosslinked polyamide was made
by John Cadotte, in the form of a thin film composite. This offered advantages in both water flux
and salt rejection, and has since been established by Dow Chemical Company as the predominant

industry standard under the name “FT307.15 16,29

Since the rapid development in the 1970s, there have only been small improvements in salt
rejection and fouling resistance in commercial processes, as well as developments for niche
applications such as boron removal and co-contaminants. The primary hurdles of a chlorine

tolerant membrane and a significantly fouling-resistant membrane remain elusive. 15 16 However,
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even without resolution of these membrane limitations, the use of RO systems and the number of
applications for which RO is ideal have rapidly increased. Although the primary application is
desalination of seawater, there are also RO plants constructed for the more economically feasible
desalination of brackish water, as well as for treatment of contaminated groundwater and

reclamation of wastewater.2°

Reverse osmosis plants have been desalinating brackish water in the Middle East since the
late 1960s, and began desalinating seawater in the late 1970s.1% 30 Due to improvements in RO
technology, it is the fastest growing process for desalination, and in the United States it is the
predominant process. Across Europe, large-scale RO desalination plants have been constructed
rapidly in the last two decades.? In the Middle East, where the relatively low cost of energy and
high demand for large outputs of drinkable water favored multi-stage flash distillation, MSF still
predominates but RO plant construction is increasing. Reverse osmosis is clearly the desalination
method that will dominate the desalination industry in future years, particularly as more regions
become water stressed and as RO technology becomes more economical and efficient. The use of
reverse osmosis to desalinate seawater for human consumption was one of the first applications of
membrane science, and the development of this application is a growing field of interest today.*

14 A comparison of RO and other membrane treatment processes is shown in Table 1-1.

A typical reverse osmosis system features feedwater, which can be brackish or seawater,
transferred across a semipermeable membrane at an elevated pressure. As pressure forces the water
permeate across the membrane, the feedwater becomes more concentrated until it is removed from
the system. While operations desalinating seawater generally require a feedwater pressure of 800
to 1200 psi, brackish water desalination requires a much lower and more affordable (energetically

speaking) feedwater pressure of 100-600 psi, and offers obvious advantages where available.>
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Table 1-1. Comparison of membrane separation processes.®

Process Type | Membrane Mechanism | Energy Application | Exclusion
type requirement size/MW

Reverse Asymmetric | Solution- Pressure (5- | Removal of | Monovalent ions

Osmosis or thin film | Diffusion 8MPa  for | all dissolved
composite seawater components

desalination)

Nanofiltration | Asymmetric | Solution- Pressure Removal of | Divalent ions,
or thin film | Diffusion, | (0.5- divalent organic carbon,
composite size 1.5MPa) components | Color, limited

exclusion and larger | monovalent ions
molecules

Ultrafiltration | Microporous | Filtration Pressure (50- | Removal of | Bacteria and
Sieves 500 KPa) small viruses

microscopic
contaminants

Microfiltration | Microporous | Filtration Pressure (50- | Removal of | Bacteria and
sieves 500 KPa) microscopic | protozoa,

contaminants | coagulated
organic
particles,
precipitated
matter >100 nm

ED/EDR Dense lon Electricity Removal of | Dissolved ions
membrane exchange dissolved

ions

1.4.4 Electrodialysis/Electrodialysis Reversal

Electrodialysis/Electrodialysis Reversal (ED/EDR), which has been in use since the early

1960’s, includes the same size range of excluded ions as reverse osmosis, but does not remove

pathogens, suspended solids or any noncharged or nonionic components. > 4 As opposed to the

typical transport mechanism in the filtration- or solution-diffusion-based processes where

contaminated water is treated by migration through the body of a membrane, ED consists of

contaminated water passing along or across the surface of parallel ion-exchange membranes. These

membranes selectively remove cations and anions using electrical energy rather than a pressure

gradient, and require both good selectivity for the respective ions as well as a low resistance to ion
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transfer. > 14 The primary disadvantages of ED include a high propensity towards fouling and a
slightly higher operations cost compared to reverse osmosis, but the process also offers the
flexibility of high pH range tolerance (ED is viable from pH 1.0-13.0), high temperature tolerance
at 43 °C, and conversion rates (the percentage of feedwater which is actually converted to product

water) ranging from 50-90%, depending on operating conditions.2°

Electrodialysis reversal utilizes the same physical setup as ED, but the polarity of the
electrodes is periodically reversed, along with the wastewater and product water outlets, in order
to reduce the accumulation of scale, biofoulants, and other contaminants. This reduces the need
for cleaning procedures and increases the water recovery potential over a system using ED, but
EDR also requires more skilled labor due to the more complex requirements for maintenance and

operation of the system. 5 14

Although technically capable of treating seawater, ED/EDR is more typically used for
brackish water, wastewater treatment, and reclamation of components in the food and
pharmaceutical industries. Electrodialysis is only applicable for feedwaters where the total
dissolved solids level is less than 5 g/L as the level of electrical current needed to remove higher
levels of contamination is impractical. Electrodialysis can be used to separate and concentrate

acids, bases, or salts from a dilute aqueous solution. > 14

1.4.5 Cost effectiveness and comparative advantages of different desalination
processes

Overall, membrane separations processes are much more energy-efficient than phase-
changing processes due to the significant heats of vaporization and fusion of water. The relative

costs vary according to geography, as some regions such as the Middle East feature both an intense
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need for drinkable water, with only seawater as a viable feed source, and a very low cost of energy.
The increasingly volatile cost of energy should be factored in when making predictions about the
viability and competitiveness of phase change versus membrane separation-based desalination
plants.t1. 12. 50 Fyrthermore, while thermal distillation methods offer a simple process, reverse
0smosis operates at ambient temperature and relies on non-corroding polymers, which simplifies
the heating and cooling steps as well as reduces the cost of systems monitoring and maintenance.
Additional advantages are the use of elements which can be easily replaced without extensive
training and small industrial footprint. These are not as immediately obvious as the energy use

advantage of reverse osmosis, but nonetheless are significant in the daily operations of a plant.®

Cost concerns include both the capital costs of starting up a plant and the daily operations
cost of producing a given amount of water at a given level of quality, according to levels of
individual contaminants and total dissolved solids.2® 51 Another cost concern which may be more
difficult to quantify precisely is the environmental impact, such as the impact of discharged
treatment chemicals or in the case of RO, brine disposal. A cost comparison of desalination

methods is listed below in Table 1-2.
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Table 1-2. Comparison of costs for varying desalination systems, in 2003-2006 US Dollars.”:13. 23. 25,51, 52

Pretreatment | Energy Cost of Environmental | Notes
Requirements | Required Water Impact
Reverse High 2.5-5kWh/ $0.50- No temperature | Values are
Osmosis m?3 0.70/m3, disturbance, for large
seawater high-TDS volume
$0.26-0.54/ | brackish water | plants, over
m3, brackish | disposal 50,000
water problematic m3/day
Multistage Low 3-5kWh/ m3 | $1.10/m3 Brine Low
Flash concentrate product
features higher | water TDS
temperatures
Multieffect Low 1.5-2.5kWh/ | $0.80/m3 Similar to MSF | Low
Distillation m?3 product
water TDS
ED/EDR Medium $0.5kWh/ m3 | m? Low Not suitable
for large
volumes of
highly
saline water,
costis TDS-
based

Reverse osmosis is by far the most versatile and economical desalination technology in

use, and a clear trend towards improved performance and decreased cost in recent years has been

demonstrated, as shown in Figure 1-2. There is a marked economy of scale, as small plants of less

than 5,000 m3/day may cost as much as $1.20-3.90/m? depending on operating conditions, while

larger plants of over 60,000 m3/day see the cost of water production drop to $0.50-0.70.51
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Figure 1-2. Power consumption of seawater reverse osmosis has rapidly decreased since its development in the 60s and 70s,

and is now approaching the theoretical minimum.!

1.4.6 Pressure Retarded Osmosis and Forward Osmosis

Both pressure retarded osmosis (PRO) and forward osmosis (FO) are processes in which
energy is produced from the osmotic pressure generated by separating fresh water (or more dilute
contaminated water, sometimes wastewater) from seawater or other concentrated solution by
means of a semipermeable membrane. They are sometimes referred to jointly as osmotically driven
membrane processes. In both processes, the concentrated solution is also referred to as the draw

solution. This is typically seawater although research is ongoing to identify a more competitive

draw solution.

The difference between PRO and FO is illustrated in Figure 1-3. Forward osmosis
harnesses energy directly from the dilution of seawater, while PRO uses a small applied pressure
on the permeate side to reduce the operating pressure to provide more efficient energy conversion.

The reason for the pressure retardation is illustrated in Figure 1-4. PRO is more often used for
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power generation, and while FO is also a possible power generation process, it is more frequently

used for osmotic dilution or concentration of solutions with minimal energy consumption.>3

Pressure retarded osmosis (PRO) is the process by which energy is generated using an
applied force on the brine side of the membrane in order to optimize the efficiency of the work
done by osmotic pressure. PRO, which may also be referred to as engineered osmosis, is unique
among power generation methodologies in that it harnesses energy produced by the entropic
energy of mixing two solutions, and offers a source of renewable energy which features a
negligible impact on the environment. Forward osmosis is a closely related process where no

pressure is applied on the brine side, as illustrated in  Figure 1-3.

FORCE (AP FORCE (AP)

PRO

Figure 1-3. Comparison of forward osmosis, pressure retarded osmosis, and reverse oSmosis.

As the energy is generated from a pressure differential, it may seem counterintuitive to
apply a pressure on the permeate side of the process, as is done in PRO. However, when
considering the equations for power density and water flux (the significance of these equations for
reverse osmosis applications will be discussed in Section 1.5), the need for applied pressure

becomes apparent. The following equation describes the water flux:

Jw = A(AP — AT)
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Above, Jw represents water flux, A represents the permeability constant for the given
membrane material, AP represents the applied pressure and Am represents the osmotic pressure
generated between the draw solution and the feed solution. The below equation for determining
power density is given as follows, where W is power density and the remaining terms are as

previously described.>*
W =J,AP = AP - A(AP — An)

Differentiating the power density equation below gives a peak in the power density when

the applied pressure equals half the osmotic power, disregarding A as a material-specific variable.

54

When %’T is substituted for AP in the equation for power density, we arrive at a maximum

power density as a function of the permeability constant and the osmotic pressure, thus providing
only two variables to modify for increased power production.> As the osmotic pressure can only
be modified by the composition and concentration of the draw solute (which is generally seawater
due to its availability and high concentration), this leaves high-flux materials and composites the
primary focus of research in the field of pressure retarded osmosis. It also provides impetus to
develop PRO in areas where highly saline bodies of water offer even higher concentrations than

seawater.>> 56
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Figure 1-4. Comparison of osmotic and applied pressures for PRO, FO and RO.%

While PRO is not used for production of clean drinking water, the principles and materials
used are very similar to RO and research done on behalf of improving one application is frequently
used in the other. Although FO is also not used directly for the production of clean drinking water,
it has been used in hybrid RO/FO systems, in which FO is used both in the pretreatment of feed

seawater to reduce boron levels and to dilute the product brine generated by the RO step.8

As the primary goal of FO/PRO is sufficient water flux, these processes feature lower
requirements for salt rejection and generated pressure tolerance (0 for FO, 10-15 bar for PRO).
Fouling is also a much smaller concern in FO as the pressure is generated on the ‘pure’ feed water
side of the membrane, with few opportunities for microbes, inorganic components, or organic

material and silt to accumulate on the film surface. The complex maintenance required in RO may
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be reduced to a simpler occasional physical cleaning or even by careful control of the feed stream

alone (in contrast to a combination of chemical and physical steps required for RO).>°

Forward osmosis and pressure retarded osmosis are technologies under development, with
details of efficiency and cost still being evaluated. The primary areas of investigation for FO/PRO
technology are the development of new selective layers,5% 61 surface treatment options,®2 8 and
hydrophilic support layers,54-66 the economics of energy generation,>”67-72 the efficacy of FO as a
pretreatment or hybrid step in conjunction with RO or nanofiltration,>”- 73 and evaluation of various

draw solutes.74-79

Pressure retarded osmosis and forward osmosis processes have an additional challenge of
suffering from concentration polarization on both sides of the membrane, as opposed to the
problem caused only on the feed side in reverse osmosis, which will be discussed in greater detail
in Section 1.6. In PRO and FO, there is the challenge of external concentration polarization, where
water transported from the freshwater feed stream dilutes the draw solution, reducing the osmotic
pressure and therefore causing a sharp decrease in flux. This can be mitigated by thorough mixing
and module design, so the diluted solution moves rapidly across the membrane and leaves the
module before the osmotic pressure is significantly affected. There is also internal concentration
polarization (ICP), where small amounts of solute diffuse across the membrane into the support
layer, reducing osmotic pressure from the freshwater side as well.>* 57.80.81 Of the two, the internal
concentration polarization is considered to be the more challenging, as laminar flow of the feed

stream cannot penetrate the porous foam.53: 82-85

While initially the materials used in PRO and FO were identical to those used in RO, some

changes were made to improve water flux, while some decrease in salt rejection was considered
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tolerable. For example, the nonwoven backing used in thin film composites in RO was removed,
as the lower operating pressures would tolerate lower levels of mechanical support. After removing
the nonwoven backing, the structural resistance to flow was reduced significantly and the flux
increased by a factor of 5-10.5% There are at least three current commercial membranes for
osmotically driven membrane processes available, two of which are thin film composites based

on cellulose triacetate and a third which is undisclosed.33

Modifying the chemical and physical structure of the support foam is also a major thrust
of research, since the direction of water flow is from the foam side towards the dense layer. A
hydrophilic support foam offers potential advantages in minimizing fouling and facilitating
improved water flux.8-8 There is not yet a consensus on what foam structure will be most
advantageous for PRO/FO, be it with or without macrovoids or with an open scaffold or more
closed structure. Macrovoids reduce mechanical strength, but they also reduce internal
concentration polarization and so they may be tolerated within limits. There are also membranes
which feature a very thin dense layer on both sides of the foam structure to minimize irreversible

internal fouling.86-88

There is some controversy in the membrane separations field over whether the benefits and
costs of PRO have been exaggerated.8% °© However, several analyses have found that at least
2.5W/m? is a reasonable estimate for power generation,’® 72 and other researchers have suggested
more optimistic projections of 5W/m? if sufficient improvements in membrane design can be
achieved or if higher concentrations of draw solution become available.>* 8 The latter option may
be viable for plants located at high-salinity bodies of water such as the Dead Sea or the Great Salt
Lake. PRO does offer the advantage of continuously available renewable power, as opposed to the
periodic or entirely unpredictable nature of solar, wind, and other renewable energy sources.”
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Meeting cost requirements for competitive power generation is more challenging, but may be

possible with improvements in material development .80 9

Forward osmosis also may be hybridized with reverse osmosis, in which the concentrated
brine produced by RO is then diluted once more using seawater, generating energy to help drive
the RO process. This hybrid system offers the additional advantage of providing a pretreatment
step for the RO feedwater, which may help avoid the necessity of a two-pass system by removing

part of the boron content during the FO step.>” A hybrid system is illustrated in Figure 1-5.83. 91

Concentrated stream to be Recycle water or

further processed
waste water
h
FO Unit 2 FO Unit 1
| I o s K|

Seawater draw
: . solution

Dilute draw solution that
canreturn to ocean with

less environmental impact Dilute seawater

Clean water

RO Unit
(Operated at lower hydraulic
pressure required)

Figure 1-5. lllustration of hybrid RO-FO system.53

The pressure gradient between two solutions of different concentrations may also be
harnessed in the process of reverse electrodialysis (RED) in order to generate electricity. Reverse
electrodialysis is considered one of the most efficient means for extracting electrical energy from

the thermodynamic energy of mixing solutions.%?

While PRO systems predominantly use seawater as a draw solution due to its negligible

cost, there are investigations into four main classes of alternative draw solutes to improve
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performance: inorganic salts; thermolytic/volatile compounds; organic molecules such as alcohol,
sugar, protein, and organic salts; and polymer-based solutes such as polyethylene glycol,
dendrimers, hydrogels, and magnetic nanoparticles.>® The primary inorganic salt in use is NaCl in
the form of seawater, but overall this class of solutes offers an inexpensive and easily accessible
means of generating a high osmotic pressure in PRO or FO, albeit with a difficult means of
separation or recovery. In the case of seawater this is not a challenge as the dilute water can be
returned to the ocean in an area of brackish water, but for other inorganic salts it remains a
challenge. Thermolytic/volatile solutes are a particularly interesting class, since they may be
evaporated and recovered by using relatively low temperatures generated from waste heat

(particularly power plants). 7679, 93,94

The most studied and promising of these alternative solutes is a solution of NH3z/COa,
which can easily generate much higher osmotic pressures than seawater and can be recovered at
58°C. However, meeting satisfactory recovery levels of NH3; remains a significant technical
challenge. This process is being pursued commercially by Oasys Water. Organic molecules are
not as competitive in terms of generating high water flux, but offer the advantage of easier recovery
than inorganic salts due to a higher molecular weight, as well as being frequently biodegradable
after use or in the event of accidental leaks. Finally, polymer-based solutes offer the advantage of
low-cost and simple solute recovery, most often with UF, as well as easily tailored structures for

the desired osmotic pressure and performance, but are not always easy to obtain or maintain. 53

Pressure retarded osmosis and forward osmosis are both developing technologies and as
such have a number of features which are currently under investigation for improvement.
However, with sufficient improvement PRO/FO may become a commercially competitive entity.
The most critical is improvement in membrane material and structure to get sufficient water flux
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and structure parameter values,®> followed by controlling internal and external concentration
polarization, and the evaluation of more effective draw solutes. However, currently the use of
seawater, brine concentrate produced from desalination, and the ammonia-carbon dioxide system

utilized by Oasys water are the most viable options.57. 80. 82, 85,95

1.4.7 Pervaporation

Pervaporation is technically a membrane separation process, but is sometimes also
classified as a thermal process as it involves a phase change. It was first identified as a possible
separations process in 1906, but did not see commercial implementation until the early 1980s with
the application of asymmetric membranes and composites. It is now seen as competitive with, if
not more efficient than, traditional distillation. Pervaporation features a liquid feed stream and a
membrane which allows permeation only to water vapor. The permeate vapor is collected on the
permeate side and then fed to a condenser where it is removed as a liquid, as shown below in

Figure 1-6.%.97

Although pervaporation is predominantly used to separate ethanol from water in industrial,
agricultural, and beverage production applications, it is also a possibility in the removal of small
amounts of volatile organic compounds (VOCs) from contaminated groundwater or industrial
processes.%: %8 Pervaporation typically relies on a solution-diffusion mechanism through a dense
or asymmetric membrane, but the pressure differential needed is small compared to reverse

0Smosis.29: 99
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Figure 1-6. Schematic of a pervaporation system, in which feed and retentate streams are liquid but permeate stream

consists of vapor.2®

1.5 Design of the Reverse Osmosis Process

The reverse osmosis process can be broken down into three primary stages. The first is that
of pretreatment, where the source water is rendered more suitable for treatment in order to
minimize fouling and have a more efficient process. This is followed by the actual membrane
treatment process in RO modules, and then post-treatment, where the produced water is degasified,
and any needed disinfectants or chemicals are added prior to distribution. The process by which
RO produces desalinated water using a solid polymer membrane is termed solution-diffusion
separation. There are a number of terms which will be discussed in greater detail in a later section
used to describe the efficiency of both potable water production, salt rejection, and other

parameters of the RO process.

1.5.1 Solution-Diffusion Mechanism

In the membrane selection processes, there are two primary mechanisms of separation
depending on the membrane structure. In the pore flow mechanism, a porous membrane excludes
components which exceed the pore size. Porous membranes as a result have very stringent

requirements of maximum pore size and pore size distribution, and the rejection of suspended
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components such as microbes can be measured on a log scale due to highly successful selection.40
They also produce a higher volume of permeate at a lower pressure than solution-diffusion
membranes, but due to the open structure of the membrane experience a much higher incidence of
fouling.1* In porous membranes, fouling may be external (reversible caking, scaling, or growth on
the membrane surface) or internal (particulates lodged in pores in the thickness of the membrane,
which is largely irreversible).® In pore flow separation as in solution-diffusion, the driving force
is pressure, but in the case of the former it is specifically the solution properties and the differential
between the entry and exit pores or cylinders and the radii of the solutes or particles of interest

used to model the structure of the membrane.10. 19,29

In the solution diffusion mechanism, a dense, perfectly pinhole-free membrane separates
one component of a mixture based on the relative solubility and diffusivity of the different
components. Since the permeate component is separated by physical diffusion through a solid,
rather than by passing through a porous sieve, the throughput for a solution diffusion membrane
is much lower than processes relying on pore flow mechanisms. Due to the reliance of reverse
osmosis on solution diffusion mechanisms, this work will focus more heavily on this mechanism

rather than pore flow. 1922

Physically speaking, the distinction between the pore-flow sieving model and the solution-
diffusion model consists of the size of the membrane pores. Although the membranes that separate
by means of solution diffusion are dense, they do possess very small pores. While the pore size in
the pore-flow model is an obvious factor, the presence of pores in dense membranes using solution-
diffusion-based selection may seem counterintuitive. However, membranes used to separate by
means of the solution-diffusion mechanism do have very small pores on the scale of 0.5-1.0 nm,

which are created and removed by the thermal motion of polymer chains within the membranes.
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According to Baker, these pores appear and disappear on a brief timescale, similar to that of the
permeants crossing the membrane. The larger these temporary pores are, the more time they are
present before moving away, providing more of an influence on membrane transport properties

and approaching the behavior of pore-flow membranes. 1° 29

While the equations for the description of a given membrane’s efficacy as an RO membrane
will be discussed in the following section, the basic equation that describes the transport of a given

component across a membrane barrier as a result of a concentration gradient is shown below. In
this equation, Ji represents flux, Di the coefficient of diffusion, and % the concentration gradient
across a distance x. The negative sign adjusts for the direction of water flow. This is termed Fickian
diffusion and can be used to describe transport of water within the hydrated membrane, excluding
considerations of applied pressure. 19 29. 100

dCi
Dy

Ji =

There is a three-step process to the transport of a solute using the solution-diffusion
process. The first is the initial contact between the solute and the solution/polymer interface, in
which the solute dissolves into the membrane. The second step is the actual transport driven by
the applied pressure across the thickness of the polymer membrane is the primary focus of RO
material research. The final step is the dissociation of the solute from the permeate side of the
membrane. The solution-diffusion model assumes that the first and last steps are much more rapid
than the diffusion-controlled transport, and therefore do not need to be described mathematically.
It is also assumed that the membrane has a uniform gradient across its thickness and that each side

of the membrane is at equilibrium with the liquid or gas at its interface. The solution-diffusion
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model further assumes that the membrane, when pressurized, evenly distributes pressure within

the system. These assumptions are illustrated in Figure 1-7. 1929

Upstream Membrane Downstream

_.\\-—
\

0 I

Figure 1-7. lllustration of solution-diffusion model, in which p represents applied pressure, pi indicates the chemical
potential of dissolved species i, and yici represents the solvent activity of i.2°

The critical portion of Figure 1-7 is that of chemical potential, which is influenced by
concentration and pressure (as well as other forces such as temperature, but for reverse osmosis
pressure is the primary factor). As with concentration, a given dissolved species i will move from
higher values to lower values of p,.2% 37
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J = A(AP — AT)

Above, the second equation describes the calculation of A (which is typically empirically
determined, but a reproducible A value can be used to back-calculate the diffusivity coefficient),
in which, D is the diffusivity of water, Ky* is the sorption coefficient, cwo is the concentration of

water on the feed or upstream side of the membrane, vy is the molar volume, | is the thickness of
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the membrane, R is the gas constant and T the temperature in Kelvins. The following equation
models the flux of water, Jw, against a gradient as a result of pressure applied (AP) in excess of

osmotic pressure (Ar), with a water permeability constant A.2%:37

The solution diffusion mechanism was not discovered until after the advent of reverse
osmosis membranes. It was heavily disputed during its initial decade of development as initially
pore flow theory was thought to be a better model, as it applied to other membrane separations
applications such as microfiltration and ultrafiltration. Donald R. Paul was instrumental in the
development of the solution-diffusion theory (SDT), which accurately models solute transport
across a dense, pore-free and pinhole-free membrane. Further research has indicated that while
highly effective for describing transport in separations of aqueous solutions, this model does not
apply well to separations of organic liquids. More detailed modeling and calculations have been

performed for those applications.100-102

1.5.2. Terms and Equations in Membrane Transport Theory

The two most important parameters in membrane separation measure the capacity of the
membrane to exclude a given solute, most frequently sodium chloride, and to allow water to diffuse
across the membrane. These parameters can be expressed in several different terms. All equations
given here assume a solution-diffusion model of transport rather than a sieving or filtration

mechanism.19. 37

The calculation of water flux Jw and water transport coefficient was described in the
previous section. Salt rejection may be expressed in terms of salt transport, Js, as determined by
the following equation, were B is the salt permeability coefficient, Cg_ is the concentration of salt

at the boundary layer (or in the bulk feedwater, if boundary layer data is unavailable or if fluid
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velocity is sufficient to disregard concentration polarization), and Cp is the concentration of salt in
the permeate. The second equation below describes the calculation of the B term, which also may
be observed empirically. In this equation, Ds is the diffusivity of salt in a given material, Ks is the
sorption constant, and | is the thickness of the membrane. It should be noted here that while the
water transport may be increased by applying additional pressure, the salt transport (and

conversely, rejection) is not influenced by pressure.2%: 37

Js = B(Cr — Cp)

_ DK

F=

In the production of clean permeate water, the recovery term Y is used to describe the level
of conversion from the feed to the permeate, as much of the water remains in the retentate. This is
described by taking the percentage of the ratio between the permeate flux Qp and the feed flux, Qs
both of which can be measured empirically rather than by calculation. Typical Y values may range
from 40-60%, since excessively concentrating retentate becomes economically unviable in the
separations process when seawater or even brackish water is the feed source. Highly concentrated
retentate also contributes to fouling and scaling as minerals precipitate onto the membrane

surface.1® 37

Yy = 24100
e

The structure parameter S is a factor only considered important in membrane systems such
as osmotic power and pressure retarded osmosis, where the critical factor is more the facilitation
of a high water flux rather than a highly selective salt rejection. Since these processes frequently

feature fluid flow from the support foam side of the membrane towards the selective layer, the
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ability of water to move quickly through the foam and skin is important for good flux data. The
structure parameter measures the structural resistance of the entirety of the membrane towards
water flow, and this parameter also dictates the required performance of the membrane in terms of
both salt rejection and water flux. It is calculated as shown below, in which t represents the
thickness of the membrane, t indicates tortuosity, D represents diffusivity and € the porosity of the

foam.3’

_ Tt
Dx¢g

Given that Cs represents the concentration of a component in the feed, and Cp the
concentration of that same component in the permeate stream, the percent rejection is calculated

below, along with the percent salt flux or passage.

S =G
Salt Rejection = [————| * 100

C
Percent Salt Flux = 100 — Percent Rejection = (C—p> * 100
f

Concentration polarization in a given system is sometimes measured quantitatively in terms
of Beta, a unitless number representing the ratio of a given ion concentration at the membrane
surface to its concentration in the bulk feedwater. A higher Beta number indicates a greater

probability of fouling or scaling on the membrane surface.16

1.5.3 Pre-treatment
Pre-treatment of feedwater is widely regarded as the most critical component of seawater
RO plant design, due to the importance of minimizing fouling in order to optimize membrane

performance and lifetime.31 38 103-105 |n particular, biofouling requires careful monitoring as the
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short generation time of microbes results in rapid contamination of membranes. In monitoring the
RO modules, care must also be taken not to add any unneeded chemicals or treatments as they may
damage the membrane or simply cause extra expense both in their application and in their removal
from the feed water. As the concentrations of individual feed water components can vary widely
from one treatment facility to the next as well as through the months of the years, continuous
monitoring of water quality and components is necessary for effective pre-treatment. The primary
concern addressed with pre-treatment procedures is preventing fouling, and the main approaches
consist of identifying and treating the most common types of scaling, particulates, organic material
and microbial organisms which might propagate in the nutrient-rich environment provided by the

first three components.16. 106-109

The proper pre-treatment procedures are usually determined through a combination of
consistent feed water testing and monitoring of the level and types of fouling on the membranes
observed before cleaning, as well as any components that may still be present in the permeate
water. Pre-treatment testing involves identifying both cations and anions which may produce
scaling, as well as variables such as dissolved oxygen which may contribute to microbial growth

in the form of biofouling.* 16

The pretreatment stage entails the addition of scale inhibitor and acid (typically sulfuric
acid), which increase the solubility of partially insoluble salts (primarily calcium carbonate and
magnesium hydroxide) that might precipitate and foul the membranes. The source water also is
passed through a 5 to 20 um cartridge to remove particulates that may also foul or damage the
membrane. The removal of particulates is more critical for reverse osmosis than for membrane
processes which remove larger contaminants. This is because RO uses a dense membrane rather
than a porous filter, and therefore backwashing to flush any accumulated particulates will not be
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effective for removing the fouling layer. Fouling is a significant concern in the development and
design for RO systems for this reason, as significant particulate accumulation can quickly damage
the system. Pre-treatment may also entail air flotation or sedimentation, or any number of filtration

processes not including those described above.14 1531, 37

In reverse osmosis as well as multistage flash and some other desalination processes,
chlorine is frequently added at a dosage level of 1-2 ppm in order to deter biofouling. Due to the
potential for rapid deterioration of the RO membrane, the chlorine is removed immediately prior
to the actual treatment process by adding 2-8 ppm of sodium bisulfite or by means of UV

treatment.3 29

1.5.4 Membrane treatment

In the membrane process, the source water is passed through a series of modules containing
the selective membranes for sodium and chlorine removal. A module design should feature safe
operation under high operating pressures, ease of flushing and maintenance cleaning, minimal
pressure drops, resistance to corrosion, and viability for long-term operation.!> In membrane
testing procedures and limited commercial applications, membranes are operated in dead-end
filtration mode, in which feed water flow is normal to the membrane surface, requiring 100%
conversion of feed water to permeate and rapidly producing a fouling cake layer. This mode is not
viable for high-volume commercial applications, but does offer the advantage of a simple design
and operation for evaluating new membranes. Commercial membrane separation almost always
features cross-flow filtration, in which the feed water flows over the membrane surface rather than
being pressurized directly against it. This design reduces opportunities for fouling as the pressure
parallel to the membrane surface inhibits deposition and adhesion of particulates and microbes.>

16, 37
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While original membranes were developed in the flat sheet or so-called plate and frame
configuration, this was an expensive and inefficient method of membrane separation. Modern
modules typically use spiral-wound flat sheet membranes or hollow fibers. See Table 1-3 for a
comparison of flat sheet, spiral-wound and hollow fiber element properties, and Figures 1-8 and

1-9 for an illustration of each type of module.

Table 1-3. Comparison of module types used in reverse osmosis.15 16

Module Advantages Disadvantages | Fouling Cost Notes
Type Potential
Flat sheet Limited Low surface Moderate | High No longer used
(plate and | fouling area to volume commercially
frame) ratio
Spiral Easy to handle | Some Moderate | Moderate Mostly
Wound and clean, concentration | to high crosslinked
fouling polarization, polyamide
resistant, low recovery composite
widely value Y
available
Hollow High surface Fouling Extremely | Moderate Mostly
Fiber area to volume | problematic, high cellulose
ratio limited variety Acetate or
in supply asymmetric
aramids

Spiral-wound elements are produced from flat sheets of membrane, folded over a permeate
stream space to produce a long envelope which is glued along both ends of its length such that it
is only open on the feedwater end, and wound around a pipe to collect the product water. Feed
water is introduced to the outside of this envelope and flows along its length, thus reducing fouling
by maintaining pressure parallel rather than normal to the surface, and the concentrated brine is
collected at the end of the envelope from the feedwater spacer.> Spiral wound elements have the

advantage of being resistant to fouling due to the open feed channels, and are easy to clean when
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fouling does impair performance. They are widely available, easy to handle and may be replaced

without significant interruption to the overall system.1®
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Figure 1-8. Illustration of a spiral-wound RO module.

Hollow fibers, also referred to as hollow fine-fiber elements (HFF) in order to distinguish
them from the hollow fibers with a larger diameter used in microfiltration and ultrafiltration, are a
module type where a bundle of hollow fibers are contained within the module element. Pressurized
feed water is typically introduced via a pipe in the center of the element, and water passes radially
from the outside of the hollow fibers toward the inside, where it flows outside of the module to be
collected. In Figure 1-6, a schematic of the hollow fiber unit illustrates that the fibers feature both
ends of the fibers fixed in the permeate-collecting side of the module, while at the opposite side,
the folded bend of each fiber is held in place. Hollow fibers offer a much higher active surface
area per module in comparison to spiral-wound elements, but are much more susceptible to fouling
and feature a lower flux than spiral wound elements. During the treatment process, the membranes
may require cleaning, either through chemical cleaning (to combat fouling) or backflushing the

system (to remove scale and biofilms with or without the additional application of chemicals).®
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Figure 1-9. Schematic of a hollow fiber RO element.

1.5.5 Post-treatment

The post-treatment phase consists of chemical remediation and disinfection of the product
water. This entails pH remediation, most commonly by elevating an overly acidic permeate with
lime or sodium bicarbonate, as well as decarbonation or degasification of the treated water to
remove carbon dioxide produced during the acidification process. This is necessary as membranes
do not generally reject carbon dioxide and when allowed to remain in the product water it can
contribute to excess acidity and/or deplete the anionic resin used in ion exchange treatment at the
end of the post-treatment process.> 2° This is followed by the addition of disinfectants and
stabilizing chemicals in order to ensure the water remains drinkable by the time it arrives at its
intended location.? The most common additive is chlorine or a chlorine-containing compound, in
order to deter microbial contamination. Another step frequently used is ion exchange, sometimes
referred to as ion exchange polishing, for the removal of any residual ionic groups, boron or

organic molecules that may still exist in the system,15 110-113

1.6 Challenges in reverse osmosis
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While the objective of reverse osmosis is relatively simple, the modeling and prediction of
RO performance in a given membrane can be greatly hindered by the problem of fouling. While
fouling is largely controlled by means of pre-treatment of the feed water, it remains an issue with
even the most thorough pre-treatment procedure. Concentration polarization is an inherent
problem in reverse osmosis and any membrane separation procedure, and can be a significant
contributor to several categories of foulants. In addition, there are concerns of being able to remove
dissolved contaminants other than monovalent and divalent salts, specifically boron, and these can
offer distinct challenges to RO systems which are largely developed with the intent to exclude
sodium, chloride, magnesium, and other major components of seawater. Another area of research
is solutions to the problem of brine disposal, which is the primary issue prohibiting RO from being

considered a more environmentally friendly option.

1.6.1 Fouling

Fouling is the decline in water flux due to the accumulation of solids on the membrane,
particularly in the pores of a porous membrane or on a rough surface produced by a crosslinking
process.?! Internal fouling of the pores is effectively not a problem in RO membranes, and so for
the purpose of this application only surface fouling will be discussed. These solids may consist of
biological cultures of algae or other microbes, requiring treatment with chemicals which will not
only kill but detach the cell walls or adhesive gels from the membrane surface without damaging
it physically, or they may be scales of inorganic salts which have precipitated on the surface. The
two primary complications caused by fouling are: an excessive operating pressure to maintain
sufficient flux in spite of accumulated fouling layers, and an increased pressure drop between feed
and permeate streams due to the barrier layer formed by fouling. These are both due to the

decreased water flux since the fouling layer physically impedes the contact of feed water with the
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membrane. Fouling can also decrease membrane performance by physically damaging the thin
selective layer via abrasion or other mechanical degradation. Fouling is the primary problem in
operating a sea water reverse osmosis (SWRO) facility, as it reduces module lifetimes and reduces

flux while increasing maintenance costs.

While most fouling is partially reversible, there is generally a small amount of performance
lost to irreversible fouling even with regular backflushing and chemical cleaning. Likewise,
membrane modules will need to be replaced either due to irreversible fouling or membrane failure
due to accumulated fouling. Fouling may also be minimized by the selection of membrane
materials which are smoother or offer lower surface adhesion to fouling components. The
development of surface treatments or novel materials which provide a greater resistance to fouling

is a significant area of research today.106. 114-121

Concentration polarization is a frequent precursor to fouling cake formation, and occurs
when both water flux and salt rejection decrease due to the higher concentration of rejected solutes
near the membrane-permeate interface. Fouling can also reduce the rejection of trace contaminants
other than the target salts.122 There are four primary categories of fouling: suspended particulates,
inorganic scale which precipitates from dissolved salts, organic material, and microbes which form
colonies that grow rapidly in the presence of inorganic and organic components collected on the
membrane surface.®” The first three are largely preventable by proper pretreatment procedures and
careful monitoring of feedwater composition, while biofouling requires both pretreatment and

cleaning procedures in order to be properly controlled.

1.6.1.1 Suspended Particulates and Colloids

43



Suspended particulates such as silt and other largely inorganic solids present some physical
hazard to RO membranes, and can effectively be removed by a pretreatment step of MF/UF, in
which case they do not require remediation or cleaning during the RO treatment process. These
particulates cover a wide range of sizes, from 10 nm to 10 um, and may sometimes require

filtration at several different scales to sufficiently reduce accumulation.??

The level of pretreatment to be included for a given system is determined by calculating
the silt density index (SDI) for the feed water. The SDI test consists of filtering feedwater through
a 0.45 mm microfiltration membrane at 30 psi, where an initial sample and a final sample are
separated by a test time. The SDI is determined by the following equation, in which T; represents
the time to collect the initial sample of 500 mL, Trrepresents the time to collect the second sample

of the same size, and T represents the total time required for the experiment.19

100(1-—734})

SDI =
Ty

A very low SDI of less than 1 indicates that no pretreatment step is necessary and that the
system may run for several years without cleaning, and SDI values of up to 3 indicate that more
frequent cleaning is necessary but still cost effective. In the range of 3-5 indicates that either
frequent cleaning or moderate pretreatment is necessary, and above 5 there must be sufficient

pretreatment steps to reduce to the SDI of the feedwater before it encounters the RO module.1®

1.6.1.2 Inorganic Scale
Poorly soluble inorganic salts are prone to precipitating and forming scale during the
reverse osmosis process. This is particularly pronounced in systems with a high level of recovery

and therefore a high degree of feedwater concentration, as well as systems with significant
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concentration polarization problems. Scale is normally well-controlled in the RO system if there

is sufficient monitoring of feedwater quality and proper pre-treatment procedures and chemicals.1>

123,124

Calcium carbonate and to a lesser degree, calcium sulfate, phosphate, and silica species are
the primary culprits in fouling from the precipitation of inorganic scale. This is less of a problem
in seawater RO than it is in brackish water RO, due to the lower recovery available in SWRO

which prevents precipitation during concentration polarization.*

Scale accumulation occurs in three stages, the first two of which are reversible. First, the
organization of cations and anions into loose associations, followed by the nucleation and
alignment of ionic groups as ions move closer to each other; and finally the precipitation and
growth of salt crystals around the nuclei.* Scale is prevented by the addition of antiscalant
compounds during pre-treatment. The use of antiscalant requires some caution, however, as they
are both expensive and when used excessively can contribute to fouling themselves, particularly
in the presence of other non-target contaminants. When pretreatment has not been sufficient to
prevent scale accumulation on membranes, a combination of acidic and basic cleaning chemicals

may be used to remove the accumulation.2?: 125-130

1.6.1.3 Organic Material

Organic material is primarily an issue in RO treatment of wastewater, due to the high levels
of organic particulate contaminants. Organic foulants, which consists mostly of humic acids,
decomposed organisms and waste products, are sometimes referred to categorically as natural
organic matter (NOM). Pretreatment with flocculation and microfiltration or ultrafiltration is

usually sufficient to prevent significant performance loss, and in the event of caked accumulation
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it can be reversed by backwashing. NOM contributes to fouling both directly by forming cakes of
material on the membrane surface and by providing a source of nutrients for the more significant
problem of biofouling by microorganisms. Hydrophobic membrane surfaces are more favorable
for NOM adsorption, and so investigation of more hydrophilic surfaces as a means of avoiding
both NOM fouling and biofouling is an area of investigation for combating the problem of

fouling.131-134

1.6.1.4 Biofouling

Biofouling is the most challenging type of fouling to prevent and remove, as given an
environment with sufficient nutrients; a single microorganism can rapidly form a large colony.
Biofouling microorganisms tend to be oligotrophs, or organisms which are specifically adapted to
thriving in an environment where few nutrients are available. While sufficient monitoring and
pretreatment of the first three types of fouling will help limit biofouling, the cleaning steps required
during occasional maintenance service are largely focused on maximum removal of microbial
colonies on the membrane surface. Biofouling is controlled or minimized by water pretreatment,
through microfiltration and ultrafiltration, by the addition of antimicrobial chemicals to the
feedstream, and by the development of fouling-resistant membranes.13% It is much more difficult
to remove a microbe or young colony which has already adhered to the membrane surface than it
is to deter adhesion prior to any form of attachment, particularly as even a small colony forms a
gel-like area to which other foulants may easily adhere and serve as nutrients for further growth.

A colony may become irreversibly adhered after several days. 15 16.106-108

Biofouling consists of microbes which have accumulated on and attached to the surface,
and a gel-like biopolymer slime produced by the bacteria. This slime may be referred to as the

glycocalyx, slime layer, capsule, or extracellular polymeric substance (EPS). It has been argued
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that the bulk of flux decline due to biofouling is caused by the EPS rather than the accumulated
bacteria.> 1 The primary method of preventing biofouling is adding chlorine as a biocide, but in
the two primary commercial membranes, cellulose acetate and crosslinked polyamide, chlorine
causes chemical degradation of the polymer and loss of performance. Therefore, chlorine must be
removed from the feed water prior to exposure to the membrane. Chlorine removes the EPS before
actually damaging the microbial colonies, and microbes secrete additional EPS in response to

ambient chlorine.15

In the presence of biocide, microbial colonies may be dead or greatly reduced in living
numbers, yet still present a physical barrier to water flux and an adhesive mass where other
nonliving foulants may become lodged. Ozone is another biocide which is more versatile than
chlorine and almost as effective, yet still may pose an indirect risk to chlorine-sensitive materials
as it may oxidize bromide present in the seawater feed, which may undergo a similar but slower

reaction with polyamides.!®

Surface treatments predominate over the evaluation of new materials in the literature, as
biofouling is more easily avoided by the inclusion of more hydrophilic components in or on the
membrane surface. Finding a new material that is competitive with commercial membranes is
more difficult. Developing biofouling resistance has been studied primarily by surface treatments
which modify the very upper portion of the selective layer, or by polymerizing a thin layer of low

hydraulic-resistance hydrophilic material such as poly(ethylene glycol) on top of the selective

layer.62. 136-141

Another objective is the formation of a smoother membrane surface. A rougher topology

is created during the crosslinking of the aromatic polyamides most frequently used in commercial
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modules, which can provide a larger surface area for foulants to lodge. On rough surfaces, the
initial microbes may adhere themselves and be relatively sheltered from the shear force of the
pressurized feedstream.42 In forward osmosis and pressure retarded osmosis membranes, fouling
is a less significant concern but new materials in the support layer or across the asymmetric layer

are still of interest.60. 62,143

1.6.2 Concentration Polarization

Concentration polarization is an obstacle in reverse osmosis caused by the disparity
between the rate of convective flow in the feedwater, and the much lower rate of diffusive flow of
water molecules across the thickness of the membrane. As feed water moves along the length of a
module bordered by two active membrane surfaces, there is a boundary layer at either surface
where the flow is slower and less mixed. This is shown for one surface in Figure 1-10, in which
Cs, bulk represents the concentration of the solute in the bulk phase of the feed, Cso represents the
elevated concentration near the membrane surface, and Cs,represents the concentration of the
permeate. Due to the high level of ion rejection and low level of fluid movement, the boundary
layer next to the membrane surface features a much higher concentration of the dissolved solute(s)
than that of the bulk feedwater. Concentration polarization impedes performance of the reverse
osmosis membrane by not only providing physical obstruction to feedwater flow, but also by
increasing the osmotic pressure m. This reduces the driving force for producing water flux, and

sometimes increases the flux of ions across the membrane.16. 29
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Figure 1-10. Illlustration of concentration polarization.10

Concentration polarization can result in either a decreased water flux due to a disrupted
water gradient near the membrane surface, decreased salt rejection due to an increased ion gradient,
or both. Concentration polarization can with time also produce gels or cakes from precipitated or
agglomerated species of foulants as discussed previously.1#4 Aside from careful pre-treatment of
the feed water and regular testing and inspection of RO modules, concentration polarization can
be minimized by good mixing of the feed solution and a high velocity parallel to the surface to

disrupt accumulated solute.?

1.6.3 Removal of heavy metals

In some regions, water which is technically fresh (less than 1000 ppm TDS) may still not
be drinkable due to heavy lead, arsenate, or other heavy metal content.145-14° In this case, materials
with a high selectivity towards heavy metals are of interest for producing potable water or for

remediation of industrial wastewater prior to discharge.>% 151 While research in this area has not
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received the same level of attention as the desalination of freshwater and brackish water, as more
areas become water stressed, there may be increased reliance on underground sources that may be
contaminated, and as more industrial pollution occurs, it is likely to be an important area of
development for future research. Arsenic Il and V in particular are contaminants of concern that
have been investigated with conventional RO membranes, with the more promising rejection

values at higher pH levels.'4’

1.6.4 Removal of boron

Boron, which generally is found in seawater in the form of boric acid, presents a unique
challenge for membrane separations research. While boron at very low levels is beneficial and
possibly essential for humans, it frequently occurs in higher levels in both seawater and brackish
water that exceed WHO standards and is considered detrimental to human health. Boron is difficult
to remove via membrane separations due to the resistance of boron compounds to forming ions
unless they are in an alkaline environment. While raising the pH does allow for practical boron
removal, additional problems are created by causing increased fouling via precipitated magnesium

and calcium salts, and the pH must be lowered again to be fit for human consumption.144 152

Boron removal, particularly in older RO facilities, generally entail repeated passes through
RO modules which decreases productivity and increases operations cost. After many years of poor
results, there are some initial reports of single-pass boron rejection exceeding 90%. Research is
ongoing to find a practical solution to removing boron, although some efforts suggest that the most
cost-effective solution at present may entail passing product water through an ion exchange unit

tailored specifically for boron removal .49 110. 153

1.6.5 Sustainable power use
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Historically RO plants have been driven using power derived from the surrounding energy
grid. However, due to increasing concerns over the cost and availability of conventional energy
sources there are growing interests in research to provide clean water using alternative energies
with low or no environmental impact and a limitless, if interrupted energy supply. This frequently
involves design plans which integrate solar, hydroelectric, biomass, geothermal and/or wind
supplies with or in place of conventional fossil fuel energy sources. In order to maximize the
production capacity of these sources, there is also research into further improving the efficiency
of elements in the reverse osmosis process (i.e. pumping and energy recovery from heated output
water), although the membrane treatment process itself is already closely approaching its
theoretical minimum efficiency.l 57 Investigative studies into the possibility of combined
alternative energy and desalination technologies emphasize the long-term nature of these
investments, but the inevitable increase in the cost of fossil fuel-based energy requires a thorough

investigation into future alternatives.3% 50. 154

Solar energy has been a strong historical energy source for the desalination of water, either
by harnessing it directly for purification via distillation or for the conversion from thermal to
electrical energy in order to drive a membrane process. In regions which receive high levels of
sunlight, passive solar energy is already used in part of the waste disposal procedure to evaporate
residual water from the produced brine in order to produce sea salt, as well as integrating solar

energy panels to supplement plant energy costs.69 155-157

Wind energy is another favorable renewable energy source for supporting RO plants, as
there is a great potential for the coincident development of offshore wind farms, which could power

in part or entirety a seawater desalination plant. Some initial studies have indicated that the most
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feasible option under current circumstances is using a wind farm as back power support for a plant

which draws most of its energy from conventional sources.3!

Wave energy is also a convenient energy source for an RO plant, as both would be
conveniently located for immediate energy use. Wave energy also offers the advantage of being
consistent and predictable in timing, due to its dependency on the tides. Hydrostatic pressure is not
an energy source, but it is possible to reduce the energy costs of submarine RO units by using the
pressure of surrounding seawater. This saves energy both by eliminating the energetic demand of
pumping in feedwater and by using the hydrostatic pressure to drive the production of freshwater

at atmospheric pressure .31 158

1.6.6 Brine Disposal

One of the ongoing challenging in the establishment of SWRO as a viable water production
technology is addressing the environmental impact of brine disposal, which has been a challenge
since the first desalination plants were constructed. Brine is not only an environmental hazard due
to its high salinity, but also due to the introduction of pretreatment chemicals, cleaning chemicals,
and other contaminants which may be incurred during the desalination process. While the
environmental impact is considered to be detrimental, the precise impact on seawater quality and
local ecology is not well studied and requires further investigation. A number of ideas for brine
disposal have been proposed, including dilution with treated wastewater, transport and dilution far
offshore, injection into empty mines, and potential commercial applications from evaporated brine.
The primary solutions currently used for desalination plants include dilution with industrial
wastewater, conversion to sea salt in on-land evaporation ponds, and offshore dilution into ocean

waters.159-161
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One promising candidate for resolving the brine disposal issue is the construction of a
hybrid FO/SWRO plant as discussed previously in Section 1.4.7. This not only provides a means
of diluting and recycling brine, but also provides a preliminary pass for removing boron and other
solutes which are challenging to separate at high levels. However, it is a limited solution as
practically speaking, since only part of the brine can be added to the feedwater, and so some must

still be disposed of safely.>’

1.7 Membranes and composites used in reverse osmosis and osmotic power

1.7.1 Materials used in reverse osmosis

The high pressures, threat of biological and chemical degradation, and high performance
standards for reverse osmosis membranes provide a very demanding environment for the materials
used in these membranes. An ideal membrane features high water flux, high salt rejection,
resistance to chlorine and other oxidizing chemicals, resistance to biological attack and fouling,
resistance to fouling by colloids and suspended materials, resistance to compaction during use, a
low cost of synthesis and fabrication, ease of fabrication into thin films, asymmetric membranes
or hollow fibers, good mechanical properties, chemical and hydrolytic stability, and tolerance of
high temperatures. While no membrane yet features all of these qualities, several exist with specific
advantages for different applications. While no novel membranes have entered the commercial
market in several decades, investigations are ongoing in the development of new materials that
may overcome the advantages of the current commercial membranes, primarily in the areas of

improved transport behavior and increased fouling resistance.> 1415

Most modern reverse osmosis RO systems utilize either an asymmetric membrane or a thin

film composite, or TFC. The thin film composite consists of a polysulfone foam supported by a
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tough nonwoven fabric, generally polyester, for mechanical strength. On the foam support, a a thin
film of cellulose acetate (CA) or interfacially polymerized crosslinked aromatic polyamide (CPA)
serves as the selective layer. The TFC was first developed in the early 1980s by FilmTec
Corporation, which is presently a part of Dow Chemical Company, and Fluid Systems, which is

now a part of Koch Membrane Systems.1#

1.7.1.1 Cellulose Acetate

Cellulose acetate films were initially invented in 1960 by Loeb and Sourirajan.162 CA films
are typically asymmetric membranes produced from cellulose diacetate, cellulose triacetate, or a
blend of the two membranes. They have a dense layer thickness of 0.2-0.3 um and an overall
membrane thickness of about 100 um, and are supported by a highly porous substrate. Their
primary advantage are a low materials cost and easy availability, and a greater tolerance to minor
chlorine exposure than their crosslinked polyamide competitors. Their comparatively smooth
surface offers some resistance to the adhesion of fouling. However, they are vulnerable to
compaction, which results in the flux that is lower than polyamide membranes, in part due to the
thicker selective layer. More critically, chemical and biological degradation can occur over their

performance lifetime, which may be shortened at high or low pH levels or high temperatures.16

Cellulose acetate asymmetric membranes can operate continuously at pH levels ranging
from 4.0 to 6.5 and up to 30°C, which is slightly cooler than what crosslinked polyamides can
tolerate. This is important due to the increase in membrane flux and overall capacity with elevated
temperature. They were primarily used during the early development of reverse osmosis systems,
but have become less common with the invention of crosslinked polyamide. Currently CA hollow
fibers occupy less than 10% of the RO/NF market, largely by virtue of their chlorine tolerance and

lower cost. They are also more frequently found in brackish water desalination systems.14 20.49
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1.7.1.2 Crosslinked polyamide

Crosslinked polyamide (CPA) films are the predominant commercial RO material in use
at present, occupying over 90% of the RO/NF market.*° Primarily used in TFC membranes in the
late 1980s, CPA shows improved salt rejection over the CA films, with a steady improvement in
flux over the following decade of development.2 Although they have a greater stability over a
wider pH range and are resistant to biological degradation, they are very sensitive to degradation
by chlorine, and are ideally not used at temperatures higher than 45 °C.5 14,163,164 The increased
surface roughness due to the crosslinking reaction provides greater surface area for adsorption of
water, but also create dead zones where foulants may easily accumulate without being disturbed
by the feedwater flow.16 Due to a much thinner selective layer (40-100 nm) than CA membranes,
CPA-based films require a lower operating pressure in order to achieve a satisfactory water flux.
Research into polyamide materials which may be more tolerant of small amounts of chlorine
exposure has yielded some results, but nothing which has been adopted to replace the CPA

standard.165

1.7.1.3 Alternative membranes and materials for SWRO

Although the CA and CPA films comprise most of the commercial market, there are
investigations underway to develop alternative materials. One approach is to interfacially
polymerize a copolymer with polyamide, such as polyurea or polyurethane in a thin film composite
(TFC) with the intent of obtaining a higher salt rejection and higher fouling resistance.166.167 Other
approaches have included the incorporation of lyotropic liquid crystals (LLCs), carbon nanotubes,
or nanoparticles in a polymer membrane in order to offer improved fouling, flux and rejection

characteristics, but these membranes have not yet shown commercial viability .16 4930
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Alternative polymers investigated for RO applications include aromatic systems such as
sulfonated polysulfones and sulfonated poly(ether ether ketones) and related materials, which offer
advantages in chemical resistance and mechanical properties.1%8 169 Other materials such as
polyureas and sulfonated polyethers are under commercial development by Nitto Denko.!® Surface
modification techniques for both conventional and novel membrane materials are also under

investigation in order to augment chlorine resistance, water permeability, and fouling resistance.5>

142, 170-172

1.7.2 Materials used in pressure retarded osmosis/forward osmosis

Due to the lower pressures used in osmotic power, a greater tolerance is available for the
construction of osmotic power membranes in terms of accepting a lower salt rejection so long as
the membrane provides a higher flux. The membrane can also be less resistant to compaction and
less tolerant of fouling, given some offset advantage in another property, as the direction of flow
from low to high concentration provides less opportunity for fouling. As forward osmosis is a
developing technology, the same CA and CPA membrane materials which are used in reverse
osmosis are used in FO, although other materials are being explored. Unlike RO membranes,
potential FO candidates do not need to show the same resistance to oxidizing agents and will be
exposed to lower pressures, allowing for greater flexibility in both membrane composition and
thickness.5”> 70. 173 This has resulted in the exploration of polybenzimidazoles and polyamide-

imides with specific PRO-FO applications.54 174,175

An additional topic of research which is more of interest in osmotic power applications due
to the hazard of internal concentration polarization is the development of a hydrophilic support

with a thinner layer, resulting in a lower S or Structure parameter. As a lower S parameter results
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in reduced internal concentration polarization, sulfonated materials are of interest in forming these

support layers, either for a thin film composite or asymmetric composite .64 87, 176-178

1.7.3 Asymmetric membranes and Thin Film Composites

Due to ongoing competition to increase production of drinkable water, even dense
membranes with excellent water permeability are generally insufficient for commercial use. They
are studied in the early stages of research to determine a given material’s transport and rejection
properties, but at the commercial level these materials may be fabricated into thin film composites
(TFCs) or asymmetric membranes (ASMs). This hybrid structure allows for an increased flux due
to a thinner selective layer while maintaining ideal salt rejection values. The structures of dense
membranes, thin film composites, asymmetrical membranes, as well as the microporous isotropic
membrane used in microfiltration, ultrafiltration, and in support foams are illustrated in Figure 1-
11. While currently TFCs are the primary option for SWRO modules, ASMs are still used in some
niche applications. Both types of membranes are used in other related membranes separations

processes, such as pervaporation, forward osmosis, and gas separations.?®
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Figure 1-11. Comparison of membrane structures used in different separations processes.®

Thin film composites (TFCs) are comprised of three layers, generally made from three
different polymers: a highly porous hydrophobic nonwoven paper (120-150 um thick) for
mechanical support (generally polyester), a porous, isotropic or anisotropic foam (40-60 um thick)
for direct mechanical support of the selective layer (polysulfone), and the selective layer itself
(cellulose acetate or a crosslinked polyamide), which is typically 200 nm thick.*® The selective
layer is most often applied by interfacial polymerization on top of the support foam, but also by
solution casting or plasma polymerization.?® This composite system offers several advantages,

most notably that it is able to withstand significant pressures during RO operations. It also allows
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for selection of different materials to optimize performance in the support foam as well as the
selective layer. Unfortunately, the complex multilayered structure and specifically its hydrophobic

components result in a lowered permeability and diminished structure factor.3

A simpler version of the TFC, and the first of the two to be developed, is the asymmetric
membrane which consists of two layers: the selective layer, generally less than one micrometer in
thickness, and the substantially thicker supportive foam layer of 50-100 microns, which provides
mechanical strength. The foam layer may occasionally feature an isotropic foam structure, where
pore size is largely uniform from the top to the bottom of the foam layer, but more frequently it
features a gradient where pores become larger and more open (sometimes referred to as a scaffold
structure) moving away from the skin layer. These two components are made from the same

copolymer source and are fabricated simultaneously using phase inversion.14 15

The primary limitations of asymmetrical membranes are due to their source material. For
example, cellulose acetate and related materials commonly used in commercial asymmetric
membranes today face short lifetimes due to hydrolysis, which is more rapid at elevated
temperatures and pH levels outside of 4.5-6.5. However, all asymmetric membranes tend to suffer
from a loss of flux due to compaction in the support foam layer, as well as the concern of screening
out pinholes and other flaws during fabrication. However, due to the simpler production and
uniformly hydrophilic composition of the membrane material, an asymmetric membrane offers the
advantage of a competitive structure factor and a potentially increased flux over a thin film

composite of comparable dimensions.14 20,37

1.7.4 Phase inversion
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Asymmetric membranes are produced by the phase inversion of a polymer solution. Phase
inversion can be performed using a variety of techniques, including thermal inversion and vapor
phase inversion, but the primary method used in RO membranes and to be discussed here is that
of nonsolvent immersion, also called immersion precipitation, which entails the submersion of a

thin film of polymer solution into a bath of nonsolvent liquid.1°. 162, 179

The immersion causes very rapid precipitation of the polymer from the top (skin) layer
downwards, and the single-phase polymer solution becomes a two-phase solid, the polymer-rich
dense skin layer and the polymer-poor support foam. Because the formation of the ASM depends
on the kinetics of solvent and nonsolvent transport as well as the thermodynamics of the solution
itself, being able to produce and reproduce ASMs of a desired structure is difficult. While there
are models and trends for the overall process, working with a given material and
solvent/nonsolvent system requires extensive empirical work rather than mathematical predictions.
The following discussion will address the phase separation process both from the stages of

precipitation, and from the impact of the precipitation kinetics on the final membrane structure.1®

29

Phase inversion via precipitation immersion, also referred to as the Loeb-Sourirajan
process, first takes place by means of spreading out a thin layer of polymer solution on a casting
surface. This solution is allowed to stand undisturbed for a period of time ranging from several
seconds to several minutes, during which solvent evaporation from the top of the solution creates
a higher polymer concentration region in what will shortly become the polymer-rich phase of the
ASM. After this wait time, the solution is immersed in nonsolvent (typically water), and the

precipitation commences. Skin thickness and coherence are strongly influenced by polymer
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concentration, evaporation time, solution and air temperatures as well as the volatility of the

selected solvent.16. 180

While the process of developing a phase inversion protocol is largely empirical and
requires a lengthy period of trial and error, there are several guidelines provided by Baker in
Membrane Technology and Applications that may be of use. The first guideline is that the polymer
being used is amorphous and tough, and has a high molecular weight, preferably at least 40,000
g/mol. Polymers which are semi-crystalline or rigid glasses will be too brittle after casting and
susceptible to failure during processing. The solvent used is ideally an aprotic solvent with a high
solubility in water (the most common nonsolvent used in phase inversion), such as dimethyl
formamide, dimethyl acetamide, and N-methyl pyrrolidone. These solvents will dissolve a wide
range of polymers and when immersed, tend to provide an anisotropic membrane with a good
porosity and pore gradient. The ideal nonsolvent is water, not only for affordability and
convenience but because membranes of comparable material cast in organic nonsolvents such as
acetone or isopropanol have a tendency to show lower fluxes and greater membrane density. In
the situation of a material where water is not a good nonsolvent, some adjustments can be made.
The temperature of the nonsolvent also strongly affects ASM structure and performance, which in

the case of water a reduced temperature produces lower flux and improved salt rejection.19 181

According to Baker and Wang et al., during the phase inversion process there are four
distinct regions of polymer phases, as indicated by their region number in Figure 12: Region | is
the single-phase polymer solution prior to any precipitation. The time spent going from the single-
solution phase to the liquid-liquid two-phase solution in Region Il is called the delay time, and it
is the precursor to the precipitation of the solid polymer. Region Il consists of two liquid solutions,
one which is polymer-rich and will form the polymer skin, and the other which features a more
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dilute polymer concentration. Region 1V consists of a glassy polymer with small components of

solvent, and is not typically part of a successful phase-inversion process.® 2

The boundary between the two regions is termed the binodal boundary, and C is the C-
point, or the “critical coagulation point”, which is the ceiling concentration of solvent in a
nonsolvent bath that will still precipitate a solid polymer. For the fabrication of asymmetrical
membranes with good mechanical strength, the nonsolvent concentration must exceed C in the
nonsolvent bath, as it is the boundary between having two liquid solution phases and merely having
a highly swollen polymer gel. That point sets one end of the gelation boundary between the C-
point and point B, which refers to the so-called Berghmans’ point. The Berghmans’ point is located
at the intersection of the swelling boundary and the gelation boundary, and indicates the point of

vitrification of the polymer-rich phase.1% 2°

Berghmans' point
G swelling boundary
vitrification boundary

liguid-solid two-phase swelling
spinodal

binodal liquid-liquid two-phase solution

critical point gelation boundary

S (solvent) R c M{nonsolvent)

Figure 1-12. Three-phase system describing precipitation inversion for producing asymmetric membranes.19: 29
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Within Region I, there are lines indicating binodal and spinodal curves, and it should be
noted that compositions between the spinodal line and the gelation boundary will be unstable, and
that the final porous membrane formed from those compositions will lack mechanical integrity.
Those compositions which fall between the binodal and spinodal curves are considered metastable
and therefore able to withstand small stresses while in transition to the final, more stable structure.
This may be visualized in practice by precipitating a low-concentration solution and a high-
concentration solution. If the former is sufficiently dilute, it will precipitate in the unstable region
below the critical point and upon drying, producing a brittle polymer that fragments upon handling.
Region I11 indicates the onset of physical precipitation of the polymer-rich phase into a swollen
solid polymer, and the polymer-poor phase becomes a mixed-liquid system of both solvent and
nonsolvent. Region 1V represents the final and fixed phase of entirely solid polymer, with a

vitrified skin layer and swollen foam support.® 2

While the boundaries illustrated in Figure 1-12 are useful for a qualitative understanding
of phase relationships and the immersion precipitation process, they can be quantified and
described mathematically. An important part of initial evaluations of polymer/solvent/nonsolvent
systems is the determination of cloud point correlations. Cloud points are determined by adding
small amounts of nonsolvent to a polymer solution and recording the point at which the solution
remains cloudy after stirring, indicating the approach of precipitation as the polymer is no longer
entirely soluble. These cloud points can be used to qualitatively approximate the phase boundaries

for a given polymer-solvent-nonsolvent mixture and phase inversion process.1% 22

When considering the impact of kinetics on phase separation as depicted in Figure 1-13,
the interplay both between the rates of diffusion of the nonsolvent and the solvent are important

for the final membrane structure. The precipitation of the polymer-poor phase below the initially
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precipitated skin, or polymer-rich phase, will inevitably be a slower process as both solvent and
nonsolvent must be transported by diffusion across an increasingly solidified polymer skin. The
lag behind the skin precipitation is dependent on the speed at which the polymer-rich phase
precipitates, which may range from near-instantaneous to a full minute. For good physical integrity
of the asymmetric membrane, it is critical that both phases of the solution remain above the critical

point of the phase diagram.1% 22

Polymer
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One-phase
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Initial 7
casting :
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O A ‘L Precipitation
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Figure 1-13. Depiction of the development of the polymer-rich and polymer-poor phases of the asymmetric membrane

during fabrication. 19,29

While there are many variables impacting the structure of the resulting foam and the ASM
thickness, as well as the presence and abundance of voids in the foam, the overall procedure is

qualitatively well-represented by the above figures. With thorough empirical data quantitative
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phase diagrams may also be constructed and used efficiently to optimize a phase inversion process.
Tie lines are established in the three-phase balance between polymer, solvent and nonsolvent. The
inclusion of additives in the nonsolvent bath is a frequent tactic to shift the point of precipitation,
which requires the construction of a second diagram or simple empirical study in order to

determine the optimum concentration for the desired impact on the phase separation process. 19 2°

1.7.5 ASM finishing techniques

The phase separation process is an effective way to produce a selective membrane structure
from a single material in a simple and efficient manner, although producing a defect-free
membrane is a challenge. To resolve any pinholes that may have formed, the membrane goes
through an annealing step post-production, by submerging into a high temperature bath, with the
exact conditions depending on the chemical structure of the membrane. This step causes small
pores and pinholes to collapse as the membrane approaches its hydrated glass transition
temperature, however it also causes thickening of the selective layer through the collapse of the
narrower end of the pore gradient, which is next to the skin layer.182 18 This reduces the flux of

the membrane and so is applied carefully. 1929

In asymmetric membranes cast for gas separation, pinholes are sometimes resolved by the
introduction of what is termed a ‘gutter layer’ which is the application of a very thin layer of highly
permeable material over the selective layer of the ASM. While the gutter layer still permits the
easy and rapid passage of both the desired permeate and the components which are ideally
excluded, it does provide a barrier to the fluid flow behavior of the undesired components.
Likewise, it greatly improves rejection behavior in the event of one or several pinholes in the

membrane.
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1.8 Sulfonated poly(arylene ether sulfone)s and membrane separations

1.8.1 Sulfonated poly(arylene ether sulfone)s

The poly(arylene ether) (PAES) family, typically with sulfonic acid derivatization, have
been explored in the literature as promising reverse osmosis membrane candidates, due to their
excellent mechanical properties and good chlorine resistance. Poly(arylene ether) copolymers are
encompass a range of related materials that have been investigated for possible use in reverse
osmosis and other membrane separations processes, including poly(arylene ether sulfones)s,
poly(arylene ether ketone)s, poly(arylene ether ether ketone)s, poly(ether ketone)s and other
copolymers. Nonsulfonated and sulfonated bisphenol-A and 4,4’-biphenol based poly(arylene
ether sulfone)s and related materials have been investigated in a variety of other membrane
applications, such as proton exchange membrane fuel cells (PEMFCs),184 18 ltrafiltration,186-188

nanofiltration,18%-1°1 and gas separation.1%2

Of the materials available in the poly(arylene ether) material family, PAES materials show
superior thermal stability due to the resonance structure afforded by the sulfone group and the high
oxidation state of the sulfur atom, which may allow for melt processability at up to 400°C in non-
ion-containing copolymers.1? The flexible ether linkages allow for reduced material rigidity, and
the mechanical properties and ion selectivity may be tailored by incorporating different functional
groups into the polymer backbone. In applications where partially sulfonated PAES copolymers
may offer advantages from both hydrophilic and hydrophobic phases, a synthetic approach
employing the synthesis of a multiblock copolymer or crosslinked copolymer may offer optimal
tailoring of membrane properties, i.e. improved salt rejection.!®4-1% While the adaptation of

multiblock partially sulfonated PAES copolymers to reverse osmosis applications is in the
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relatively early stages, some generalizations may be made from the extensive research which has

been performed in the field of proton exchange membranes for fuel cells.

1.8.2 Post-sulfonated poly(arylene ether sulfone)s and reverse osmosis

The nonsulfonated poly(arylene ether sulfone)s (PAESs)have been used for some time as
the foam support in thin film composite membranes, as well as compaction-resistant porous
membranes for use in ultrafiltration and microfiltration. Research was performed in the 1980s on
post-sulfonated Udel ®, which was sulfonated after polymerization using fuming sulfuric acid or
chlorosulfonic acid, and its applicability as a selective membrane for reverse osmosis.16° The post-
sulfonated polysulfone was studied both as a dense membrane and as an asymmetric membrane,

although producing void-free and defect-free films was problematic.1%

While the sulfonated polysulfones showed good potential, particularly for their tolerance
to chlorine exposure necessary for disinfection as well as for expected resistance to fouling, the
difficulty in tailoring the molecular weight and degree of sulfonation discouraged further research
for several decades. Asymmetric membranes cast from post-sulfonated polysulfones and
polyethersulfones have also been evaluated for use in nanofiltration and pervaporation, with some
promising performances but voids may form in the foam structure that detract from ASM

mechanical stability.197. 198

A possible alternative to the post-sulfonated PAES materials lies in polymers containing
small amounts of hydroquinone units. John Rose demonstrated that in poly(phenylene ether
sulfone)s, poly(phenylene ether ether sulfone)s and related polymers, monosulfonation of a

hydroquinone co-monomer could be obtained exclusively without modification of the rest of the
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polymer chain by dissolving in and reacting with sulfuric acid. This modification may provide a

novel alternative material for reverse osmosis applications.199-202

1.8.3 Directly copolymerized sulfonated poly(arylene ether sulfone)s and

reverse osmosis

With the development in the early 2000s of sulfonated poly(arylene ether sulfone)s from
the direct copolymerization of the sulfonated monomer, 3,3’-disulfonated, 4,4 dichlorodiphenyl
sulfone (SDCDPS), 4,4’dichlorodiphenyl sulfone (DCDPS), and biphenol, a greater degree of
chemical stability as well as control and reproducibility of both sulfonation and molecular weight
prompted renewed interest in this material, particularly with the introduction of crosslinking.194
The synthesis of SDCDPS monomer used in the production of the directly copolymerized
poly(arylene ether sulfone)s is shown in Figure 1-14, and has not only been well documented in
the literature but also has well established procedures to confirm monomer purity which allows for

precise tailoring of the polymer structure.!85 203
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Figure 1-14. Synthesis of SDCDPS used in the production of directly polymerized sulfonated PAESs.

The structures of post-sulfonated and directly copolymerized PAES are compared in Figure
1-15, where the greater stability of the sulfonate groups on the deactivated sulfone group should
be noted. Although the directly polymerized sulfonated PAES materials were initially developed
for use in proton exchange membrane fuel cells as proton conductors, the studies on water uptake
and transport properties provided a helpful foundation for reopening studies on applications for
reverse osmosis. A new synthetic approach has been developed to overcome the previous
disadvantages of an RO membrane, a series of biphenol- and bisphenol A-based copolymers were

synthesized and evaluated.10. 204-209
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Figure 1-15. Comparison of post-sulfonated and directly copolymerized PAES structures.

Initial studies into the application of SPAES copolymers for reverse osmosis focused on
the structure-property relationships of these materials as a function of sulfonation level. Increases

in the hydrophilic group produced a marked increase in the water flux, but produced a sharp
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decrease in salt rejection and a decrease in the mechanical properties of the hydrated membrane.
SPAES copolymers with a higher free volume tend to show higher water flux and slightly lower
salt rejection values due to the increased volume fraction and self-diffusion coefficient of water,

according to studies performed at Virginia Tech and the University of Texas.10 204, 209,210

Since the development of directly copolymerized SPAESs, investigations inside and
outside of the McGrath group have focused on improved salt rejection and water flux
characteristics. One approach is to crosslink a dense membrane in order to limit water uptake in
the membrane and fix hydrophilic groups into a more dense arrangement, thus improving salt
rejection.1®4 211 212 Another approach is to investigate the use of a multiblock copolymer
membrane, where the mechanical properties of a hydrophobic block and the transport properties

of a hydrophilic block might be optimized with nanophase-separated morphology.??

1.9 Characterization of RO Membranes

In the development of RO membranes, many factors beyond the raw material’s ability to
select for the transport of water while rejecting sodium chloride must be evaluated in the tuning of
a new system. Membranes must be hydrolytically stable over a range of pH levels for long
durations of time, and preferably should be resistant to degradation by common disinfectants and
other additives, such as chlorine. Resistance to fouling is also ideal, and selectivity for ions and
contaminants other than sodium and chloride, i.e. boron, arsenic, and pharmaceuticals would be
ideal. A membrane which is capable of withstanding the hydrocarbon contaminants in oily water
without degrading or experiencing a significant drop in rejection is also greatly desired and under
investigation.?* When producing an asymmetrical membrane or thin film composite, confirmation
of both the film and support foam layer structures is important both to observe continuous film

thickness, the absence of pore plugging in the foam, and the absence of pinholes in the skin layer.
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While the final testing must be performed inside of a RO testing unit in order to understand
the salt rejection and water flux behavior, prior to RO evaluation a number of other evaluations
are performed in order to determine that a given material or membrane is a suitable RO candidate.
Mechanical property testing can help indicate whether a membrane can withstand the stress of the
applied pressure inside a module. Dynamic mechanical analysis (DMA) can help to identify low-
temperature transitions that may help a material to be more stress resilient, or in the case of a cross-
linked or multiblock copolymer, to identify the increase in glass transition temperature or the
degree of phase separation between blocks. AFM is useful to characterize a multi-component
surface such a nanophase-separated multiblock membrane, or to quantify the amount of surface
roughness in the case of a cross-linked polymer, which frequently has surface inconsistencies.
Imaging via scanning electron microscopy may help quantify skin thickness of an ASM or TFC,

as well as pore size and pore size gradients in the case of the former.

1.9.1 Mechanical properties

Tensile testing is frequently used to complement DMA evaluation. Instron testing is ideal for the
determination of mechanical properties such as modulus, yield stress, yield strain, and stress/strain
at break. This test is performed by punching out samples with a uniform die to insure minimal
variation in sample variations, typically using a dogbone shape. The dogbone shape is preferred
because stresses focus on the narrow portion of the film, away from the thicker ends used for
attaching clamps. During testing, the clamps are secured at each end and the sample is elongated

at a constant rate, while the force needed to maintain this elongation is measured.?1®

The stress is measured by the following equation, where o represents stress, typically in
units of Pa, F is the applied load in units of N, and A is the initial cross-sectional area of the narrow

portion of the dogbone (m?).
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The strain, ¢, is determined by the change in length over the original length, and is unitless

but typically reported in percent (%).

The ratio of the stress to the strain is the Young’s Modulus, E, and their relationship
described in the above equation is known as Hooke’s Law. It is commonly used to gauge the
stiffness or rigidity of a material. The Young’s modulus is measured from the initial portion of a
stress-strain curve as shown in Figure 1-16, prior to the material’s yielding or fracture, where the
deformation is elastic or reversible. After the amount of elastic deformation possible in the sample
has been exhausted, the stress peaks with additional strain and then begins to decrease as
irreversible deformation occurs, known as the yield point. The sample then undergoes a phase of
elongation at a constant, lower stress called necking, where the thin portion of the dogbone

becomes much narrower until the sample reaches the point of failure.215
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Figure 1-16. Model stress-strain curve of a polymer with elastic and nonelastic deformation.

1.9.2 Thermomechanical behavior via dynamic mechanical analysis

In dynamic mechanical analysis, a material’s transition temperature(s) are measured in terms of
the change of storage and loss moduli (E” and E”’ respectively) as a function of temperature and/or
frequency. While DMA may be performed on thin films, fibers, or on bars in single or double
cantilever testing, all samples entail a material being fixed into a given frame and a deforming
oscillating force being applied at one end, and the response to that force is measured. When a force
is applied to a sample, there is a small lag before the material responds by deforming. The
difference between this initial applied stress, o,, and the material response, ¢, is called the phase

lag, represented by 6. The storage modulus E’ and the loss modulus E” are determined by the

following equations:

g,
E'==cosé
€o
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g, .
E" =-siné§
€o

The most important information available in a DMA test is that of thermal transitions.
While other instrumentation can detect glass transition shifts, DMA is much more sensitive to the
onset of the glass transition. It can frequently also pick up beta and gamma transitions, which are
attributed to smaller molecular motions of side groups and bending and stretching within the chain.
These transitions are frequently missed in analysis using the less sensitive differential scanning
calorimetry (DSC). If a plasticizing agent has been added in small quantity, the greater sensitivity
of the DMA may be useful for confirming the T4 depression observed in DSC. In the case of a

blend, the Tyof the minority polymer can be detected as low as 2% content.

While the storage and loss moduli are also useful information, they are typically not the objective
of DMA testing. Young’s modulus is better measured from Instron testing, but an approximation
can be found for an estimate by determining the complex modulus from DMA, calculated by the

following equation:

E*=E'+ iE"

1.9.3 Scanning Electron Microscopy

Scanning Electron Microscopy, or SEM, is an imaging technique in which an electron
beam is used to bombard a sample. If the sample is electronically conductive and stable under ultra
high vacuum (UHV), it can be imaged without further processing. A sample which is not
electronically conductive must be sputter-coated with a conductive material such as gold or silver
prior to imaging, or painted with carbon. Samples which must be partially humidified, such as
biological samples, may be imaged in an environmental SEM (E-SEM), where a lower vacuum is
held at low temperature, albeit at reduced resolution. For reverse osmosis applications, SEM
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imaging is critical for imaging not only pore size and pore gradients in the cross-section of a thin
film composite or asymmetric membrane, but also the selective skin thickness. It can also be used
for a qualitative analysis of the membrane surface roughness before proceeding with the more

time-consuming quantitative characterization possible with atomic force microscopy (AFM).2°

1.9.4 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is the primary application of scanning probe microscopy
(SPM), in which information about the height and surface hardness of a given material is obtained
by scanning a nanomachined probe tip with a defined rigidity across a small defined surface area.
This information is compiled, line by line, to create a composite ‘image’ which illustrates the
material morphology and topography. AFM is one of the few characterization techniques which
features atomic resolution, although most imaging is performed on a much coarser level. The
quality of imaging resolution and reproducibility is most dependent on the tip quality and
compatibility with the sample surface in terms of spring constant, applied force, and tip

composition, as well as a sample surface and working environment free of contamination .16

While scanning, the probe tip is maintained at a constant height above the material surface
by feedback to the piezoelectric actuator upon which it is mounted. This feedback is acquired from
a laser beam which bounces off of the probe tip as it scans across the sample surface, and then
lands upon a photodiode. The position of the beam on the photodiode is used to both calculate the
surface topography and to determine the amount of correction necessary to return the probe tip to

a constant height.216

During each scan of the probe tip, there are several different types of energetic interactions

between the tip and surface. At very low tip-surface distances favored by contact mode AFM,
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repulsive forces dominate. As the tip moves further away from the surface, the repulsive forces
quickly drop off and are replaced by attractive forces such as Van der Waals, which is the region

typically favored by non-contact mode.216

There are three primary modes for collecting AFM images, non-contact mode, contact
mode (in which the scanning probe or tip comes into actual contact with the material surface) and
tapping mode (in which the probe or tip is repelled from the surface). There are also a number of
specialized applications of AFM, such as electrostatic force microscopy, chemical force

microscopy, AFM coupled with thermomechanical analysis, and magnetic force microscopy.216

Non-contact mode is distinguished by the distance at which the tip oscillates, typically 5-
15 nm from the surface, without physical contact with the surface at any point. At this distance,
while long range Van der Waals forces are detected by the tip, the repulsive and much of the
attractive forces which predominate tapping and contact mode are not influential. However, non-
contact mode does leave the tip susceptible to errors caused by any solid or liquid components

suspended in the air which have adsorbed onto the sample area.?16

Contact mode is distinguished by the tip maintained in near-actual physical contact with or
effectively in contact with the sample surface, where repulsive atomic forces push the tip away.
Constant deflection maintains the distance between the surface and the tip static. Tapping mode is
a hybrid of both contact and non-contact mode in which the tip is lowered while osciallating at
resonance frequency until it comes into physical contact with the tip surface. The oscillations
prevent destruction of the fragile tip as the tip is lifted from the surface before any features on the
surface may damage it. This mode is ideal for the high-resolution topographical mapping of

complex surfaces.?16
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In the tapping mode, images are constructed depicting both the scale of surface rigidity
(phase image) and the physical topography of the imaged surface (height image). The information
from the latter can be understood qualitatively, from viewing the image, or quantitatively by
analyzing the height information collected during imaging to calculate the root mean square of the
heights, or RMS. This is a useful descriptor of the average surface roughness, so long as the image
captured is reflective of the rest of the membrane surface. This is particularly useful when
characterizing membranes for RO applications as surface roughness in a RO module creates dead
zones where low fluid turbulence enables foulants, particularly microbes, to settle and adhere to
the membrane surface. A lower RMS membrane fabricated from the same material as a high RMS

membrane could be expected to feature lower levels of fouling.216
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Here we present fundamental studies of a new blending strategy for enhancing water
permeability in ionomeric reverse osmosis membrane materials. A random disulfonated
poly(arylene ether sulfone) copolymer containing 20 mol percent hydrophilic units (BPS-
20) in the potassium salt form was blended with hydroxyl-terminated poly(ethylene glycol)
oligomers (PEG, Mn= 600-2000 g/mol) to increase the water permeability of BPS-20.
Blending PEG with the copolymer resulted in pseudoimmobilization of the BPS-20
polymers chains because PEG complexes with cations in the sulfonated polymer matrix.
Strong ion-dipole interactions between the potassium ions of the BPS-20 sulfonate groups
(-SO3K) and the PEG oxyethylene (-CH2CH20-) were observed via NMR spectroscopy.
These interactions are similar to those reported between crown ethers and free alkali metal
systems. The PEG oligomers were compatible with the copolymer at 30 °C in an aqueous

environment. Transparent and ductile BPS-20/PEG blend films exhibited a Fox-Flory-like
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glass transition temperature depression as the PEG volume fraction increased. This
depression depended on both PEG chain length and concentration within the BPS-20 matrix.
Both ion-dipole interactions and high coordination of —-CH>CH»- with —SOzK yielded a
defined and interconnected hydrophilic channel structure. The water permeability and free
volume of BPS-20/PEG lend films containing 5 or 10 wt% PEG increased relative to BPS-
20. The blend films, however, exhibited reduced sodium choride (NaCl) rejection compared
to BPS-20. Addition of PEG did not significantly alter the material’s mechanical properties
in the dry or hydrated states. Unlike commercial state-of-the-art polyamide RO membranes,
the blend materials do not degrade when exposed to aqueous chlorine (hypochlorite) at pH
4. This comprehensive suite of measurements provides an understanding of the molecular
and morphological features needed for rational design of next-generation, chlorine-tolerant

water purification materials.

2.1 Introduction

The ability to efficiently and economically produce fresh water from brackish and seawater

is critical to addressing the growing global water shortage.? Reverse osmosis (RO) processes can

be used to effective remove salts and large solutes, including bacteria, from natural water using

membranes with high flux and high salt rejection characteristics.® 4 Currently, interfacially

polymerized aromatic polyamide (PA) thin film composite membranes are the state-of-the-art RO

technology because they offer high water flux and salt rejection (>99%) over a wide pH range.®

PA membranes, however, exhibit poor resistance to degradation by chlorine-based chemicals such

as sodium hypochlorite, which is used to disinfect water.: 7 As a result, RO membrane performance

degrades when PA membranes are exposed to even low concentrations of available chlorine.5.8.°
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Disulfonated poly(arylene ether sulfone) copolymers, now being developed for
desalination membrane applications, are more stable in chlorinated solution than commercial PA
membranes.l% 11 This result may be due to the absence of amide bonds in the sulfonated
polysulfone; amide bonds, such as those found in commercial PA RO membranes, are vulnerable
to attack by chlorine-based chemicals.1? 13 Figure 2-1 presents the chemical structure of 20 mol %
disulfonated poly(arylene ether sulfone) random copolymer (BPS-20). This copolymer, when
studied as a cast film, exhibits stable RO performance, i.e., no substantial decrease in salt rejection
or increase in water flux, after continuous exposure to chlorinated water at both high and low pH
(>40 h at 500 ppm chlorine).10 In contrast, a commercial PA membrane (SW30HR, Dow Film-
Tec) experienced a 20% decrease in salt rejection within 20 h of exposure to the same chlorinated
conditions.’® The water flux and salt rejection of BPS random copolymers exhibit a trade-off
relationship; highly water-permeable BPS materials tend to exhibit relatively low NacCl rejection
and vice versa. BPS-20 has been identified as an alternative candidate for desalination membrane
applications because its NaCl rejection is >99%.1° However, the BPS-20 water permeability
(0.033L um m-h-thar-t) is low. To put this value in perspective, consider a scenario where the
BPS-20 material has a 100 nm active layer in a composite membrane structure, similar to that of
commercially available state-of-the-art PA RO membranes. In this case, the water permeance
would be expected to be 0.33 L m-2 h'1 bar! (2000 ppm NaCl feed at 27.6 bar and pH 8). This
value can be compared to a DOW SW30HR RO membrane, whose performance is 1.1 L m-2 h-1

bar-1.14

This paper describes a new approach to increase the water permeability of BPS-20 and thus
improve the material’s desalination performance, via the addition of poly(ethylene glycol) (PEG,

Figure 2-1), a hydrophilic cation complexing agent. PEG oligomers were blended with BPS-20 to
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tailor the resulting blend’s water permeability without changing the degree of sulfonation of the
BPS material. PEG systems have been widely used in gas separations,'® 16 water purification,1’-21

and biomedical applications.?
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Figure 2- 1. Pseudoimmobilization of PEG molecules with BPS-XX (Mb = Nap or Kb, XX = degree of

sulfonationinmol %6). In BPS-20, xis0.2.

The water-soluble nature of PEG may limit its application in aqueous systems. PEG is often
immiscible with many polymers because it does not interact favorably with many polymer
matrices. As a result, water often extracts PEG from blends with many polymers. To prevent such
leaching, PEG chains can be immobilized via chemical modification or hydrogen bonding with
acidic polymers.18 23 There are, however, applications for PEG where blending has been

successfully employed.15 24

PEG ether oxygen atoms form complexes with a variety of metal cations (Li*, Na*, K*,
Cs*, and Rb*) via ion-dipole interactions similar to the behavior of cyclic ethers.?>27 Such
interactions in aqueous environments have been suggested to explain the miscibility of PEG and

salt form sulfonated polymers, which are composed of sulfonate anions and metal cations (-SOzM,
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where M is a cation of an alkali metal element such as Na or K).28 If PEG does complex with metal
cations in sulfonated polymers, physical enthalpic interactions might effectively immobilize PEG
in the sulfonated polymer matrix. If PEG does complex with metal cations of sulfated polymers,
physical enthalpic interactions might effectively immobilize PEG in the sulfonated polymer matrix
without the use of covalent bonds (pseudoimmobilization, Figure 2-1). This interactions could
prevent PEG from leaching out of the polymer matrix upon exposure to water provided that the
interactions are strong and sustained. Additionally, PEG may increase the water permeability of
the sulfonated polymer matrix. This study seeks to understand the nature of the interaction between
PEG and the disulfonated copolymer, BPS-20. The main objective is to systematically investigate
the influence of PEG complexing agents, with different molecular weights and concentrations, on
the physicochemical characteristics of the salt form of sulfonated polymers membranes. To probe
these polymer blends, we employed pulsed-field gradient stimulated echo (PGSTE) NMR
spectroscopy, which can track diffusion of water molecules in mixed matrices over time using
magnetic field gradients to label nuclear spins with NMR frequencies based on their locations.?
Another major objective is to verify the efficacy of our pseudoimmobilization approach for
forming fast water transport pathways for desalination membranes. Finally, the chlorine resistance

of the blend films was compared to a PA membrane.

2.2 Experimental
2.2.1 Materials

BPS-20 in the potassium salt form was synthesized by Akron Polymer Systems (Akron,
OH) following published procedures.2%-3> The material used in this study, BPS-20 (the exact
degree of sulfonation was 20.1 mol %, measured using *H NMR) has an intrinsic viscosity of 0.82

dL gt in NMP with 0.05 M LiBr at 25°C. PEG oligomers (molecular weight M= 600 (0.6k), 1000
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(1k), and 2000 (2k) with hydroxyl terminal endgroups (Figure 2-1) were purchased from Aldrich
Chemical Co. and were used as received. Dimethylacetamide (DMAc) (Aldrich Chemical Co.)

was used as a casting solvent without additional purification.

2.2.2 BPS-20/PEG Blends

After 2 g of BPS-20 was completely dissolved in DMAc at 30 °C, a PEG oligomer of the
desired molecular weight was added to the BPS-20 solutions in two different concentrations, 5 wt
% and 10 wt %, where wt % was defined relative to the mass of BPS-20 in the solution. The
resulting solutions were mixed for 1 day. Each solution (total solids concentration, 10 wt% in
DMACc) was degassed under vacuum at 25 °C for at least 1 day and cast on a clean glass plate.
Then the cast solution was dried for 4 h at 90 °C and heated to 150 °C for 1 day under vacuum.
The resulting films were easily peeled off of the glass plate and stored in deionized water at 30 °C
for 2 days to further remove residual solvent. The nominal thickness of all films was approximately
30-40 um, except those used for FT-IR measurement (20um). Transparent, ductile, and light
yellow BPS-20/PEG blend films were obtained. The yellow color increased with increasing PEG
molecular weight and concentration. The BPS-20/PEG films are denoted as BPS-20 PEG
molecular weight_PEG concentration (wt%). For example, BPS-20_PEGO0.6k-5 denotes a BPS-20

film containing 5 wt % of 0.6 kDa PEG.

2.2.3 Characterization

The thermal decomposition of BPS-20 PEG films was investigated using a
thermogravimetric analyzer (TGA) (TA Instruments Q500 TGA) operated at a heating rate of 10
°C min-t from 50 to 600 °C in a 60 mL min-! nitrogen sweep gas. Prior to the thermal decomposition

measurements, all films were preheated in the TGA furnace at 110 °C for 15 min.
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Transmission Fourier Transform Infrared (FT-IR) spectroscopy was used to study the
interactions between BPS-20 and PEG. FT-IR spectra in the range of 4000-900 cm-! were obtained

using a Tensor 27 spectrometer (Bruker Optics).

Cross-polarization magic-angle spinning (CPMAS) 13C NMR spectra were taken with a
Bruker Avance 11 300 MHz wide-bore spectrometer operating at Larmor frequencies of 75.47 MHz
for 13C and 300.13 MHz for *H nuclei. Thin films samples (50-60 mg) were cut into small pieces
and packed into 4 mm magic angle spinning (MAS) rotors. Cross-polarization for 1 ms mixing
time was achieved at 50 kHz rf-field at the 13C channel with the 1H rf field ramped linearly over a
25% range centered at 38 kHz. A pulse technique known as total suppression of spinning side
bands (TOSS) was combined with a CP sequence to obtain sideband-free 13C MAS spectra at a 6
kHz spinning speed.3® The NMR signal averaging was achieved by coadding 2048 transients with
a 4 s acquisition delay time. H and 13C n/2 pulse lengths were 4 and 5 s, respectively. Small
phase incremental alternation with 64 steps (SPINAL-64) decoupling sequence at 63 kHz power

was used for proton decoupling during 13C signal detection.3’

To determine the glass transition temperature (Tg) of BPS-20 and BPS-20/PEG blend films,
dynamic mechanical analysis (DMA) was conducted usinga TA DMA 2980 (TA Instruments) in
thin film tension mode; the temperature range was 0 to 300 °C with a ramp of 5 °C min?t in a
nitrogen atmosphere. The films samples were 4 mm in width, and each was subjected to a preload

force of 0.025 N with an amplitude of 25 um at a frequency of 1 Hz.

Water uptake (%) was calculated using the following equation, where Wp and Wy are the

measured masses of dry and fully hydrated film samples, respectively. Each sample, approximately
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5cm x 5 cm, was dried in a vacuum oven at 110 °C for 1 day before measuring Wp and immersed

in deionized water at 25 °C for 1 day before measuring Ww.

Wy —Wp
Water Uptake = ————— * 100
Wp

Surface morphologies were examined via tapping mode atomic force microscopy (AFM),
using a Digital Instruments MultiMode scanning probe microscope with a NanoScope lva
controller. A silicon probe (Veeo, end radius < 10 n, with a force constant k=5 N m-1) was used
to image the samples, and the set point ratio was 0.82. Prior to measurement, all samples were

equilibrated to 30 °C and 40% relative humidity (RH) for at least 12 h.

For pulsed field gradient NMR spectroscopy, each film was cut into 5 x 5 mm peacies and
stacked together to a total mass of about 40 mg in a custom-built Teflon cell that was sealed to
maintain water content during diffusion measurements. The test cell was loaded into a Bruker
Avance Il1 WB 400 MHz NMR spectrometer equipped with both a Micro5 triple-axis-gradient
(maximum 300 G cm-1) microimaging probe and an 8 mm double resonance (*H/2H) rf coil. The
pulsed-gradient stimulated echo pulse sequence (PGSTE) was applied with a 7/2 pulse time of 32
us, a gradient pulse duration (8) ranging from 1 to 3 ms, and diffusion time (A) ranging from 20
to 800 ms.2? Each measurement was repeated with 32 gradient steps, and the maximum gradient

strength was chosen to achieve 70-90% NMR signal attenuation.

The water permeability (Pw, L pm m-2 h-t bar -1) of BPS-20 and BPS-20_PEG films was
evaluated at 25 °C using a dead-end cell apparatus with a feed of 2000 ppm in deionized water. Py
was defined as the volume of water (V) permeated per unit time (t) through a membrane sample

of area (A) and thickness (I) at a pressure difference (AP = 400 psig):
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Salt rejection (R, %) was measured using a dead-end cell filtration apparatus with an
aqueous feed solution containing 2000 ppm NaCl at pH 6.5-7.5 and a pressure of 400 psig. Salt
rejection (R) was calculated as follows, wherein Crand Cpare the NaCl concentrations in the feed
and permeate, respectively. Salt concentration was measured with a NIST-traceable expanded

digital conductivity meter (Oakton Con 110 conductivity and TDS meter).

R=S"%4100
Cr

Tensile properties of the films were determined using an Instron 5500R universal testing
machine equipped with a 200 Ib load cell at 30 °C and 44-54% RH. Crosshead displacement speed
and gauge length were set to 5 mm min-t and 25 mm, respectively. Dogbone specimens (50 mm
long and at least 4 mm wide) were cut from a single film. Prior to the measurement, each specimen

was dried under vacuum at 110 °C for at least 12 h, and then equilibrated at 30 °C and 4% RH.

2.3 Results and Discussion
Because PEG is water-soluble and these materials are being evaluated for desalination

applications, the stability of the hydrated films was explored. To determine whether PEG leached
from the blend films, samples were stored in 30 °C deionized water for 150 days. After the 150
day soaking period, PEG content in the blend films was investigated using TGA, FT-IR, and NMR
spectroscopy. Figure 2-2 presents dynamic TGA thermograms of BPS-20 and BPS0-20/PEG blend

films. All of the materials exhibit three distinct thermal decomposition steps: (I) thermal
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evaporation of water molecules [<215 °C], (I11) thermal desulfonation of BPS-20 [375-420 °C],
and (1V) thermo-oxidation of BPS-20.35 38 The initial weight loss was ascribed to desorption of
water from the samples; this weight loss increased with PEG concentration suggesting that water

hydrates both the PEG molecules and BPS-20 sulfonate groups.
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Figure 2-2. TGA Thermograms of BPS-20 and BPS-20/PEG blends after soaking in deionized water for 150 days.

An additional thermal decomposition step (I1), which is ascribed to thermo-oxidation of
PEG [215-375 °C], was observed for the BPS20-Peg blend samples. Thermal decomposition of
PEG began around 215 °C, this temperature is higher than the initial thermal decomposition
temperature (Tq) of pure PEG (~175 °C) and similar to the Tq of the ester bridge grafted PEG.39 40
This increase in the initial decomposition temperature suggests that PEG interacts with BPS-20.
Interactions of this nature may have bond energies similar to a weak covalent bond, such as an
ester.4® PEG decomposition was quantified and compared to the amount of PEG initially added to
the BPS-20 polymer matrix. The mass of PEG that remained in the blend matrix after the water
soaking step was essentially equal to the mass of PEG that was initially present in the blend.

Therefore, PEG did not leach from the blend matrix under our test conditions. We believe that the
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physical interaction between PEG and BPS-20 may arise from two sources: bonding interactions
between the BPS-20 sulfonate groups and PEG —OH groups and ion-dipole interactions between
PEG and the metal cation (K*) associated with the BPS-20 sulfonate groups. The maximum BPS-
20 thermal desulfonation temperature (Tps ~398 °C) decreases by 5-12 °C upon addition of PEG.
The reduction of Tps was more significant for the BPS-20/PEG blends containing higher molecular

weight PEG and higher PEG concentration.

Figure 2-3 presents FT-IR spectra of BPS-20 and BPS-20/PEG samples over the relevant
range of vibration frequencies to confirm the identity of the interactions between PEG and BPS-
20. To ensure that peak intensities were normalized, dry films of equivalent thicknesses (20 um)
were analyzed. The strong band at 2850 cm-! in Figure 2-3 (a) is assigned to the stretching vibration
of the aliphatic alkyl PEG groups. The peak intensity of these groups increased with PEG
concentration, but the peak position did not shift. The bands at 1075 and 1030 cm-t in Figure 2-3
(b) are attributed to the symmetric stretching vibration of sulfonate ions in BPS-20. The absorption
band at 1107 cm-® is associated with the (-SOsK) asymmetric stretching vibration. Its frequency is
higher than the frequency of the corresponding vibration for the —SOsNa form of the same BPS-
20 polymer.4%. 42 After the addition of the PEG, most of the peaks, including a stretching vibration
band of diphenyl ether at 1006 cm-1, did not shift. This result indicates that hydrogen bonding
between BPS-20 and PEG is not significant when the sample is in the dry state. In this discussion,
the relative intensity changes in the SOz~ bands were excluded because of the presence of a strong

characteristic PEG band occurring between 1020 and 1200 cm-1.43
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Figure 2-3. FT-IR spectra of BPS-20 and BPS-20_PEG materials with different concentrations (a and b) and
molecularweights(c)of PEG. (d) Simulated cation binding with PEG molecules (M* = Na*, K+, and other cations).

In contrast, the absorption band (~950 cm-?) in Figure 2-3b, assigned to the PEG aliphatic
ether, became more distinct and shifted to higher frequency as PEG concentration increased. An
analogous band shift was observed in BPS-20/PEG samples containing high molecular weight
PEG (Figure 2-3c). The peak shift suggests that a chemical species exists in the vicinity of the
PEG molecules and physically interacts with the PEG aliphatic ether groups.

Free alkali metal cations, such as Na* and K*, form complexes with PEG repeat units in
both aqueous and non-aqueous solvents.26. 44-46 Furthermore, the ion-dipole interaction of PEG
with the free metal cations is strengthened when long PEG chains (>9 repeat units) are used.*’ In

particular, the selectivity of long PEG chains to potassium ions are promoted to the equivalent
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level of crown ethers.28 PEG chains with more than 14 repeat units used in this study may interact
strongly with the potassium ions that are associated with the potassium sulfonate groups on the
BPS-20 chains (Figure 2-3d). This is because the ionic bond strength of the potassium sulfonate
group is theoretically stronger than the ion-dipole interaction between PEG and the sulfonate group
metal cations and the PEG repeat units have higher potassium coordination numbers (6-7)
compared to sodium ions (2-4).48. 49

Solid state 3C NMR spectroscopy of BPS-20/PEG blends provided information about the
interactions of BPS-20 and PEG (Figure 2-4). The solid state 3C NMR used here was sensitive
enough to monitor infinitesimal changes in the environment of the fully hydrated polymer system.
Characteristic peaks for hydrated BPS-20 were consistently observed at the same chemical shifts
regardless of PEG addition. Therefore, hydrogen bonding is not significant in hydrated BPS-20,
and the ion-dipole interaction governs the macroscopic properties of both the dry and hydrated

BPS-20/PEG system.
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Figure 2-4. Solid state 13C NMR spectra of (a) BPS-20_PEG 0.6k-5and (b) BPS-20.

We believe that the ability of PEG to complex with metal cations affected the BPS-20/PEG
blend glass transition temperature (Tg). Generally, the T4 of sulfonated polymers increases with
the degree of sulfonation due to the bulky and ionic nature of the sulfonate groups.>® For example,
the BPS-20 T4 (270 °C, Figure 2-5), is higher than that of BPS-00 (Radel, T¢= 220 °C). Also, BPS-
20 displays a broad Tg4 range, since the sulfonate groups are randomly distributed and may form
ionic domains of different sizes within the hydrophobic matrix. When incorporated into BPS-20,
PEG may disrupt the intermolecular and/or intramolecular ionic interactions between the sulfonate
groups in the BPS-20 ionic domains (entropic effect); a decrease in Ty could indicated this
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disruption. A broad tan & peak between 150 and 200 °C was observed using DMA. This broad
peak can be attributed to sulfonated ionic domain dilution that occurs when PEG is introduced to
BPS-20. Glass transition temperature depression behavior was especially significant in BPS-
20/PEG blend samples containing long PEG chains and higher PEG concentration. For example,
the Ty of BPS-20_PEG2k_10 dropped by 43 °C, comparable to that of nonsulfonated BPS-00. The
Ty of BPS-20/PEG blend samples decreased linearly with a slope dependent on PEG molecular

weight, which makes it possible to estimate the theoretical Ty change in BPS-20 upon PEG

addition.
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Figure 2-5. DMA profiles of BPS-20/PEG blends with different (a) molecular weights and (b) PEG concentrations.

Temperature [°C]
BPS-20/PEG blend samples are binary systems composed of BPS-20 and PEG, which has

a Tq of -60 °C. The PEG homopolymer Ty is effectively contant over the molecular weights chosen
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for this study.®l 52 Unlike immiscible systems that show distinct and constant Tgs for each
component, the Ty of the BPS-20/PEG binary system depended on PEG concentration. The
measured glass transition temperatures are very similar to theoretical predictions made using the
Flory equation.®® This comparison is commonly used to determine whether binary systems are
miscible, compatible, or immiscible. In the following equation, Tgiand W; represent the Ty and

weight fraction of component i, respectively.

1 Wgps—20 |, Wprke
= +
Tg.pps—20/pEG  Tgpps—20 TgpEg

On the basis of the agreement between the measured BPS-20/PEG glass transition
temperature data and predictions made using the Flory-Fox equation, we conclude that BPS-20
and Peg form a compatible system as a result of ion-dipole interactions between PEG and the BPS-

20 sulfonate groups.

As the degree of sulfonation increases, the density of the BP S copolymer increases relative
to unsulfonated BPS-00 (1.30 g cm-3).5* When PEG is incorporated into BPS-20, the density of the
blended material decreases (Figure 2-6a). This decrease in density occurs because PEG acts as a
plasticizer that increases BPS-20 chain spacing and free volume. The BPS-20/PEG blend density,
when compared to the blend density calculated by assuming volume additivity, suggests that
blending PEG with BPS-20 results in free volume changes that extend beyond what would be

expected by simple mixing (Figure 2-6a). Dry BPS-20/PEG samples exhibit higher density than
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wet samples. Density measurements also suggest that the free volume of BPS-20/PEG increased

as PEG chains became longer and more concentrated.
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Figure 2-6. (a) Density and (b) water uptake of BPS-20/PEG blends. Calculated densities were obtained from volume
additivity.

The water uptake of BPS-20/PEG correlated inversely with density (Figure 2-6b). Water
uptake increased as hydrophilic PEG was incorporated into BPS-20. Figure 2-6 indicates that low
density BPS-20/PEG samples (high free volume samples) showed greater water uptake than
samples of higher density (low free volume samples). Free volume is expected to influence water

and salt transport properties in these polymers.®®
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In addition to water uptake, the surface morphology of sulfonated polymers can influence
water permeability. AFM images (Figure 2-7) indicate that the strong ion-dipole interaction of
PEG with potassium ions in BPS-20 sulfonate groups can induce a hydrophilic-hydrophobic
interaction even though BPS-20 is a random copolymer. In BPS-20, hydrophilic rod-like structures
indicated in the darker regions are randomly distributed throughout the light-colored hydrophobic
copolymer matrix.3® When PEG was added to BPS-20, the morphology of the matrix changed. In
BPS-20_PEG2k-5 (Figure 2-7b), hydrophilic phase connectivity and uniformity both appeared to
improve. This result may be related to strong ion-dipole interactions and the high coordination
number of PEG repeat units to potassium ions in the BPS-20 sulfonate groups.*?-%6 PEG with more
than 9 repeat units typically prefers a meander or helical coil structure when exposed to free alkali
metal cations.*” The observed hydrophilic-hydrophobic phase separation depends on both PEG
chain length and concentration. As PEG chain length increased, at a constant concentration (10
wt%, Figure 2-7c-e), the hydrophilic domains became more interconnected but generally
decreased in size. Another morphological change was observed as the PEG concentration in BPS-
20/PEG2k was varied from 5 to 10 wt % (Figure 2-7b,e). Unlike BPS-20 PEG2k-5, BPS-
20_PEG2k-10 appears to have two different kinds of ionic domains: irregularly distributed ionic
domains, with sizes similar to BPS-20 PEG2Kk5, and capillary-shape ionic domains. The ionic
domains appear to be connect by long, tortuous hydrophilic pathways. The unevenly developed
morphology may cause BPS-20_PEG2k-10 to have a lower water permeability than BPS-

20_PEG2k-5.
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Figure 2-7. AFM images of (a) BPS-20, (b) BPS-20_PEG2k-5, (c) BPS-20_PEG0.6k-10, (d) BPS-20_PEG1k-10, and (e)

BPS-20_PEG2k-10 materials in tapping mode. The dimensions of the images are 250 x 250 nmZ2. The phase scale is 0-
20°. The measurement was conducted at 35% RH.

PGSTE-NMR provides information about the diffusion of molecules in materials, such as
the self-diffusion coefficient D of water in a polymer matrix. This technique is sensitive to the
identity of the mobile species and changes in the sample environment. D in a polymer matrix
depends strongly on water uptake and temperature. Morphological changes also strongly influence
the diffusion of water through the material. In fact, all samples exhibited reduced D values at long
diffusion times, indicating the existence of tortuous hydrophilic pathways similar to those observed
in the AFM images of Figure 2-7. However, interpreting the water permeation behavior in these
materials is not trivial since the PEG influences the hydrophilicity and ionic domain structure of

the material. In this study, we used the Mitra equation for porous media to assess diffusive
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restrictions (related to the surface-to-volume ratio of diffusion pathways, S/V) that result from the

material’s morphology.®’

D = Do(1L=5 = /Do)

Here, S/V (m™1) is a factor associated with the internal roughness in the mixed matrix. An
increase in S/V is expected to enhance water diffusion. By fitting D vs diffusion time A, we
extracted values for the effective ‘free” water diffusion coefficient Do (that expected at very small
A) and S/V. Here, Do is interpreted as the effective intradomain diffusion coefficient of “free”
water through the polymer’s hydrophilic domain structure. Figure 2-8 shows the change in Do*S/V
as a function of PEG molecular weight. Do*S/V values appear to correlated with water
permeability data in Figure 2-9. This scaled water diffusion behavior in the mixed matrix materials
decreased with increasing PEG chain length. However, the Do*S/V values for the BPS-20/PEG
blend samples were greater than that for BPS-20. This finding indicates that S/V plays an important

role in the diffusion and permeation of water through these samples.
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Figure 2-8. Diffusion behavior through tortuous water pathways in BPS-20/PEG 10% materials.
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Figure 2-9 presents water permeability and salt rejection data for BPS-20/PEG films. In
the samples containing PEG, the water permeability of BPS-20/PEG increased relative to BPS-20.
The increase in water permeability depended on both PEG concentration and chain length. Water
permeability was greater in samples that contained a higher concentration of PEG; these samples,
with 10 wt % PEG, also exhibited higher water uptake. Water permeability of BPS-20/PEG,
however, decreased as PEG chain length increased. The water permeability of the BPS-20/PEG
blend films is likely affected by the morphological changes that occur upon adding PEG, as
indicated by AFM and scaled PGSTE-NMR (Mitra analysis). We believe that the morphological
contribution was particularly significant in BPS-20_PEG2k, which contained the highest PEG
molecular weight. The long and tortuous channels in BPS20_PEG2k-10 may restrict water
diffusion and cause the water permeability to decrease even though the water uptake increased

relative to that of BPS-20_PEG2k-5.
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Figure 2-9. RO performance of BPS-20/PEG blend films: water permeability (left) and salt rejection (right).
The water permeability of the blend materials may also be influenced by hydrogen bonding
between water molecules and hydrophilic functional groups in the blend materials: BPS-20

sulfonate, PEG hydroxyl terminal endgroups, and PEG ether groups. A constant amount of BPS-
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20 was used in BPS-20/PEG blends. Because the number of sulfonate groups was fixed, the
difference in hydrogen bonding activity within different BPS-20/PEG blend samples is
theoretically derived from the number of nonionic hydroxy and ether groups.®® Table 2-1 shows
the calculated number of the two functional groups per gram of BPS-20. The relative number of
hydroxyl groups increased as PEG molecular weight decreased. Furthermore, the relative number
hydroxyl groups increased when PEG concentration increased from 5 to 10 wt %. These results
are similar to the water permeability results in Figure 2-9, suggesting that the hydroxy groups may

contribute more to water permeability that the ether groups.

Table 2-1. Properties of BPS-20 and BPS-20/PEG blends

PEG functional groups per gram of BPS-20 mechanical properties [MPa]

—OH groups [equivalents/ relative —O— groups [equivalents/ relative tensile standard tensile standard

sample gram (BPS-20)] ratio” gram (BPS-20)] ratio® modulus deviation strength  deviation
BPS-20 1580 10 56 3
BPS-20_PEG0.6k-5 1.0 x 10% 3.3 7.0 % 10% 1.1 1500 270 48 2
BPS-20_PEG0.6k-10 2.0 % 10%° 6.7 1.4 % 107! 22 1620 240 48 6
BPS-20_PEG1k-5 6.0 x 10" 2.0 6.3 x 10°° 1.0 1810 240 55 1
BPS-20_PEGI1k-10 1.2 % 10%° 4.0 1.3 x 107! 2.0 1840 250 54 5
BPS-20_PEG2Kk-5 3.0 x 107 1.0 6.7 x 10* 1.0 1750 210 57 2
BPS-20_PEG2k-10 6.0 x 10" 2.0 1.3 % 10* 2.0 1600 290 58 3

“Number Of[_OHJmmplcr"llumt’Cl' Of[_OH}BPs-zn_PEG:k-s- ” Number of [_O_Lumplc."'““mbm' of [_O_JBPS-QO_PEsz-s

On the basis of the results shown in Figure 2-9, salt rejection decreases substantially with
increases in PEG concentration and molecular weight. For example, in a BPS-20 sample prepared
with 10 wt % of 2 kDa PEG, the rejection was 93.9%. For comparison, the rejection of pure BPS-
20 was 98.9%. We speculate that the ion-dipole interaction between K* ions in the BPS-20
sulfonate groups and PEG oxyethylene units may weaken the electrostatic interaction of the
sulfonate groups that would typically form physically cross-linked, ion-selective domains.
Additionally, PEG incorportation into BP S-20 increases the material’s water uptake. This increase
in swelling reduces the concentration of sulfonate groups in the polymer matrix. This reduction in

the sulfonate group concentration may result in decreased ion exclusion and thus decrease salt
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rejection.® Both the disruption of ion-selective domains and the dilution of sulfonate group
concentration could result in reduced salt rejection as PEG concentration increases, which is
consistent with the experimental observations. The reduced salt rejection was more significant in
BPS-20/PEG samples prepared with high molecular weight PEG. Longer PEG chains are
associated with the formation of stronger ion-dipole interactions with K* ions in the BPS-20

sulfonate groups and highly water swollen polymer matrices.

Plasticizers increase the free volume of a polymer matrix and weaken the inter- and
intramolecular interactions between the polymer chains; these effects often result in reduced
mechanical properties. In the samples containing PEG, the tensile modulus and strength were

unaffected by the blend composition (Table 2-1).
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Figure 2-10. Solid state *C NMR spectra of (a) PA and (b) BPS-20_PEGO0.6k-5 after exposure to different
chlorine concentrations.

Resistance to degradation by chlorine-based disinfectants is critical for the long-term
performance of RO membranes. An accelerated chlorine stability test was conducted by immersing
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each sample in a sealed vial containing a pH 4.0 +/- 0.3 buffered aqueous solution of sodium
hypochlorite (NaOCI) at concentrations of 100, 1000, and 10000 ppm.59 Each material was
immersed in the chlorinated solution for 2 time periods: 1 day and 1 week. Structural changes were
monitored with solid state 13C NMR spectroscopy (Figure 2-10). A reference PA film was obtained
from the interfacial polymerization of m-phenylenediamine (3 wt% in water) and trimesoyl
chloride (5 mM). The aromatic ring in the PA was vulnerable to electrophilic chlorine attack as
reported in the literature.61-63 The phenyl ring C-H peaks of the PA film decreased with exposure
to chlorine due to the formation of C-Cl bonds (Figure 2-10a). Also, the intensity of the carbonyl
carbon peak for the PA film decreased as PA chains were degraded by chlorine attack at the
carbonyl sites. In contrast, none of the BPS-20 peaks showed changes in position or intensity after
exposure at 10000 ppm chlorine for 1 week (Figure 2-10b). We note, however, that PEG
concentration in the blend materials decreases as chlorine concentration or exposure time
increases. For example, in BPS-20 PEGO0.6k-5, the PEG content obtained from relative peak
integration with respect to the BPS20 peaks fell to about 60% of its initial value after 1 day of
immersion in 1000 ppm of chlorine. This may be related to oxidative degradation of PEG.%4 No
additional PEG was lost when the films were exposed to highly concentrated solutions of chlorine
for a long time. A similar trend was observed for BPS20_ PEGO0.6k-10. This suggests that the ion-
dipole interaction between BPS-20 and PEG is stable under harsh conditions, although exposure

to chlorinated water may weaken the interaction.

2.4 Conclusions
Blends of PEG with BPS-20, a potassium salt form sulfonated random copolymer, gave

rise to strong ion-dipole interactions between potassium ions in the BPS-20 sulfonate groups and
PEG. These interactions are similar to the behavior seen in crown ethers and alkali metal cations.

These interactions resulted in high compatibility between BPS-20 and PEG and prevented PEG
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from being extracted from the blends by exposure to water for long periods of time
(pseudoimmobilization). The strength of the ion-dipole interaction was similar to a weak covalent
bond, as shown in the thermal decomposition behavior of PEG in the blend materials. The cation
complexing capability of PEG molecules weakened the inter- or intramolecular hydrogen bonding
between sulfonate groups, which typically form physically cross-linked ionic domains. Increases
in PEG molecular weight and concentration resulted in a reduction of the blend’s Tg. This
plasticization led to increased free volume and increased water uptake. The ion-dipole interaction
and the high coordination number of the PEG repeat units to potassium ions in the BPS-20
sulfonate groups converted the sample surface morphology from a random distribution of
hydrophilic domains in the hydrophobic matrix into a more defined hydrophilic-hydrophobic
nanophase separated morphology. This trend was more pronounced in BPS-20/PEG blends
containing high concentrations of PEG. Increased water uptake and interconnected hydrophilic
domains, resulting from the addition of PEG, increased the water permeability of BPS-20/PEG
blends compared to BPS-20. Long PEG chains formed tortuous hydrophilic channels that
decreased water diffusion and thus water permeation. Furthermore, NaCl rejection decreased upon
the addition of PEG like because of weakened electrostatic interactions between potassium ions
and sulfonate groups, and reduced ionic exclusion due to dilution of the BPS-20 sulfonate groups
caused by increased water uptake. The decrease in NaCl rejection was minimized when short PEG
chains (e.g., 0.6k) were used. With the addition of PEG, water permeability increased to about
200% compared to the unblended BPS-20. The influence of PEG addition on sample toughness
and ductility was neglible. Unlike PA membranes, which degrade rapidly in the presence of
chlorine, BPS20/PEG blends resisted degradation after prolonged exposure to high chlorine

concentrations.
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Incorporating PEG molecules into low disulfonated random copolymers offers and
effective and economical avenue to increase the material’s water permeability and fouling
resistance. However, the BPS-20 polymer matrix and hydroxyl-terminated PEG blends may not
exhibit the necessary water permeability and salt rejections to be an attractive RO membrane
material. Therefore, our ongoing studies are focusing on random copolymers with higher degrees
of sulfonation and ion-selective PEG. Finally, we will attempt to synthesize multiblock
copolymers containing PEG moieties to improve the hydrophilic and hydrophobic phase

separation of these chemically stable materials.
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3.0 Kinetics of Post-Sulfonation of a Poly(arylene ether sulfone) that
Contains Hydroquione (Radel-A) for Application in Reverse Osmosis

Membranes

Ozma Lane, S. J. Mecham, Eui Soung Jang, B. D. Freeman, J. S. Riffle, J. E. McGrath

Macromolecules and Interfaces Institute, Virginia Tech, Blacksburg, VA 24061

Abstract

Partially hydrophilic engineering thermoplastics have been investigated as potential
alternative materials for reverse osmosis. Post-sulfonated poly(arylene ether sulfone)s containing
hydroquinone are of particular interest as they feature facile synthesis with precise tailoring of
composition. This research focuses on optimizing post-sulfonation conditions for achieving
controlled sulfonation on the hydroquinone unit, while avoiding significant secondary reactions or
chain scission. It was found that the copolymer with 29% of the repeat units containing
hydroquinone could be efficiently sulfonated within an hour at 50 °C without significant chain
degradation. Sulfonation of the polymer was determined to be a function of the rate of powder

dissolution.

3.1 Introduction

Projections for increasing demand for potable water coupled with greater levels of

contamination in groundwater supplies require the development of increased capacity for potable
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water generation.! Reverse osmosis (RO) is more cost-effective than thermal methods of
desalination, and its market growth has outpaced that of its competitors.2 The current predominant
material used in RO production facilities is a crosslinked aromatic polyamide.® While offering
excellent salt rejection and water flux, this material has two significant drawbacks. The interfacial
synthesis of the polyamide produces a rough surface, which affords both a greater surface area for
the adhesion of biofouling microbes as well as areas that are shielded from the shear force of the
feedstream. Together, these provide an environment conducive to biofouling.*¢ Secondly, the
amide bond of the crosslinked aromatic polyamide dense membrane is susceptible to attack by
chlorinated disinfectants, resulting in chain scission.” To avoid membrane degradation, a
pretreatment process is required wherein the feedstream is first chlorinated to reduce microbial
levels, then dechlorinated with sodium bisulfite before being passed through the membrane to
avoid membrane degradation, and re-chlorinated after membrane desalination. A membrane that
is stable in the presence of these chlorinated disinfectants would reduce the time and expense
necessary for the separation, and it potentially could also reduce biofouling due to the introduction

of disinfectants at the membrane surface.&11

Research is underway to develop an alternative membrane which lacks chlorine
susceptibility, while offering a smoother membrane surface and comparable water transport
properties. A number of studies have been performed on sulfonated poly(arylene ether sulfone)s,
demonstrating good chlorine resistance and smooth surfaces, with good transport properties.11-13
These materials have been synthesized from a combination of nonsulfonated and disulfonated
monomers. Some investigations have indicated that the partially disulfonated polymers feature

compromised sodium chloride rejection when calcium salts are present in the feedstream. It has
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been proposed that the compromising effect of calcium is due to the small distance between the

sulfonic acid groups on the disulfonated poly(arylene ether sulfone)s.

A potential alternative is to prepare a monosulfonated poly(arylene ether sulfone) where
the sulfonation is conducted post-polymerization. Post-polymerization as an approach for
sulfonating poly(arylene ether)s was evaluated in the 1980s, and then abandoned due to poor
control over the extent of sulfonation, inability to control the microstructure of the sulfonated units,
decrease in molecular weight due to chain scission, and unstable sulfonic acid groups.i4 While
most of the current synthetic investigations use the direct copolymerization of a disulfonated
monomer to produce novel hydrophilic materials, select cases in which post-sulfonation is a viable

and potentially advantageous method may still exist.

This work describes the copolymerization and post-sulfonation of polymers derived from
dichlorodiphenylsulfone with a systematic series of mixtures of hydroquinone and bisphenol S.
Post-sulfonation takes place almost exclusively on the hydroquinone rings since all of the other
rings are substituted with electron-withdrawing sulfone groups that are deactivated toward
electrophilic aromatic sulfonation. This avoids the issues associated with the microstructure of the
sulfonate ions since these copolymers should have the hydroquinone distributed randomly along
the chains. A series of investigations on this class of materials have been published confirming the
selectivity of this reaction, but consistent, detailed descriptions of the reaction kinetics and rates
of molecular weight degradation were not provided.'>17 In this current research, the reaction
Kinetics and measurements of molecular weight degradation were studied to optimize the
sulfonation process with a minimal level of chain scission. This information is to be used as a
model study for developing a series of post-sulfonated polymers with varying structures in order

to determine their resistance to the compromising effects of calcium on sodium rejection.
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3.2 Experimental

3.2.1 Materials

Radel-A™ was kindly provided by Solvay and used as received. The structure of Radel-A
is illustrated in Figure 3-1 below. It is a poly(arylene ether sulfone) with approximately 29% of
the repeat units containing hydroquinone (rather than bisphenol S). The precise composition of
hydroquinone was obtained from calculations using integrations of tH NMR spectra. Concentrated
sulfuric acid (H2SO4) was obtained from VWR and used as received. N,N-dimethylacetamide was
used as received from Aldrich.

(0] (6] (0] (71)

Figure 3-1. Structure of Radel-A.

3.2.2 Sulfonation of Radel A

Prior to the sulfonation reaction, a solution of 30% (w/v) Radel-A in dimethylacetamide
was made and precipitated in deionized water in a blender to provide a high surface area powder.
This facilitated rapid dissolution during the sulfonation reaction. The precipitated polymer was
filtered, washed with deionized water, dried without vacuum at 100 °C for 12 h and then under

vacuum at 110 °C for 12 h to remove the solvent.

For the sulfonation reaction, a four-necked flask equipped with an overhead stirrer,
nitrogen inlet, condenser and a thermometer adapter was assembled. An oil bath with a
thermocouple was used to control the reaction temperature. Radel A powder (15 g) and sulfuric
acid (150 mL) were added into the flask. Reactions were performed at 40, 50, and 60 °C. Time

zero was designated when the temperature reached the desired point for the kinetics experiment
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(~2 min). Aliquots of 5-10 mL were removed at 5, 10, 15, 30, 60, and 120 min. The aliquots were
qguenched by precipitation in deionized water, followed by washing with copious amounts of

deionized water until the pH reached at least 5.

3.2.3.1THNMR
Samples were dried overnight at 110 °C in a vacuum oven. In a scintillation vial with

molecular sieves, approximately 10 mg of the polymer was dissolved in 700 puL of de-DMSO.
Spectra were collected on a Varian Unity Plus spectrometer operating at 400 MHz. COSY

experiments were performed with 16 increments per second and 200 scans.

3.2.4. Water Uptake

Water uptake was measured gravimetrically. Polymer films (100 mg) were cast from a 10%
(w/v) solution in DMACc onto a clean glass plate and placed under an IR lamp for 6-12 h. Films
were removed via immersion in deionized water, and heated in water at 80 °C for 3 h to remove
any residual solvent. The samples were dried overnight at 110 °C under vacuum. Films were then
equilibrated in deionized water overnight, converted from the acid to their salt form by heating in
1.0 M NaCl at 80 °C for two h, then they were kept at room temperature in the water overnight.
They were blotted and weighed to obtain the wet weight (Wwet). Films were dried under vacuum
at 110 °C for 12 h to obtain dry weights (Wary). The water uptake in the sodium salt form was

determined as follows:

Wyer — W,
Water Uptake = —2£ 97 4 100%

3.2.5 Size Exclusion Chromatography
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Size exclusion chromatography (SEC) was conducted on the polymers to measure
molecular weights and molecular weight distributions. The solvent was DMACc that was distilled
from CaH; and that contained dry LiCl (0.10 M). The column set consisted of 3 Agilent PLgel 10-
um Mixed B-LS columns 300x7.5 mm (polystyrene/divinylbenzene) connected in series with a
guard column having the same stationary phase. The column set was maintained at 50 °C. An
isocratic pump (Agilent 1260 infinity, Agilent Technologies) with an online degasser (Agilent
1260), autosampler and column oven was used for mobile phase delivery and sample injection. A
system of multiple detectors connected in series was used for the analyses. A multi-angle laser
light scattering (MALLS) detector (DAWN-HELEOS I, Wyatt Technology Corp.), operating at
a wavelength of 658 nm, a viscometer detector (Viscostar, Wyatt Technology Corp.), and a
refractive index detector operating at a wavelength of 658 nm (Optilab T-rEX, Wyatt Technology
Corp.) provided online results. The system was corrected for interdetector delay and band
broadening. Data acquisition and analysis were conducted using Astra 6 software from Wyatt
Technology Corp. Validation of the system was performed by monitoring the molar mass of a
known molecular weight polystyrene sample by light scattering. The accepted variance of the
21,000 g/mole polystyrene standard was defined as 2 standard deviations (11.5% for M, and 9%

for My) derived from a set of 34 runs.

3.3 Results and Discussion

3.3.1. Post-sulfonation of Radel A

Radel-A is a poly(arylene ether sulfone) with approximately 29% hydroquinone-
containing comonomer, as shown in Figure 3-1. It is chemically resistant with good mechanical

properties, and was selected as a material for post-sulfonation Kkinetics in order to develop a
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baseline for sulfonation parameters to be tested on materials with varying hydrogquinone

compositions in later studies.

It was expected that sulfonation would predominantly occur on the hydroquinone rings of
the poly(arylene ether sulfone) because all of the other rings were deactivated toward electrophilic
aromatic substitution by the presence of the electron withdrawing sulfone linkages. The
compositions of the non-sulfonated starting material and the post-sulfonated samples were
investigated with IH NMR. Figures 3-2 and 3-3 compare the chemical structures of the non-
sulfonated and post-sulfonated Radel-A after 2 hours of sulfonation at 60 °C. In the non-sulfonated
Radel-A, the A and Al peaks resonate at 7.95 and 7.93 ppm and overlap somewhat. The B and B1
peaks resonate at 7.23 and 7.11 ppm and are better separated so that the relative number of units
adjacent to the hydroquinone can be distinguished. The C peak that corresponds to the
hydroquinone protons resonates as a singlet at 7.17 ppm. The amount of hydroguinone-containing

repeat units was calculated to be 29% (Figure 3-2) based on the integrals of the B1 and C peaks.

Protons on the post-sulfonated Radel-A structure in the H NMR spectrum are
distinguished from their non-sulfonated predecessors by the presence of a prime after the peak
labels (Figure 3-3). In the post-sulfonated Radel spectrum, the A’ and A1’ peaks resonate at 7.96
and 7.83 ppm, with the A1’ peaks somewhat shifted due to the proximity of the sulfonated
hydroquinone. The B’ and B1’ peaks resonated at 7.24 and 6.97 ppm, with the shift of the B1’
peak again reflecting the adjacent sulfonated hydroquinone rings. The small peak at 7.18 ppm is
attributed to residual non-sulfonated hydroquinone. The ratio of the B1’ to B’ integrals could not
be precisely determined during the course of the kinetics study due to overlap of the unreacted B,

B’, and D’ peaks. The sulfonated hydroquinone peaks C’, D’, and E’ resonate at 7.4, 7.15, and

123



7.05 ppm. The peak corresponding to the D’ proton also overlaps with neighboring peaks and

unreacted B and B1 proton peaks.
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Figure 3-2. Structure and *H NMR of the non-sulfonated Radel-A.
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Figure 3-3. Structure of *H NMR of sulfonated Radel-A with peak assignments.

In order to confirm the sulfonated copolymer structure, 2-D homonuclear correlational
spectroscopy experiments were performed to investigate correlations between neighboring
protons. In the COSY NMR (*H-1H) spectrum (Figure 3-4), the C’ proton (7.45 ppm) has a weak
interaction with the D’ proton, as indicated by the light blue lines identifying those protons and
their correlating peak on the COSY spectrum. This weak interaction is due to coupling across 4

bonds of the aromatic ring and protons, rather than the 3 bonds that are otherwise observed in this
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spectrum. The D’ and E’ protons correlate strongly with each other, as highlighted by the black
lines in Figure 3-3. A’ and B’, as well as A1’ and B1’ protons, show a stronger correlation due to
a smaller number of bonds of separation, but there are no correlations or peaks suggesting a

secondary sulfonation site anywhere other than the hydroquinone repeat unit.
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Figure 3-4. The COSY (*H-'H) spectrum of Radel-A after 2 hours of sulfonation at 60 °C. Black lines indicate
the proximity of the C and D protons, with no other correlations for the C proton.

3.3.2 Kinetics
After confirming the structure of the sulfonated Radel-A and the absence of significant side

reactions, the level of sulfonation at varying sulfonation temperatures and times was determined.
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The spectrum of the polymer that was sulfonated for 2 hours at 60 °C was used to confirm the
degree of sulfonation of a fully sulfonated Radel-A polysulfone (Figure 3-3). The reaction was
considered complete since the peak corresponding to residual unsulfonated hydroquinone was
negligible. The ratio of the A’ and A1’ integrals to the C’ integral was used to determine the ratio
of hydroquinone-containing repeat units to bisphenol sulfone repeat units. The integrations were
normalized such that the C’ integral was set to 1. The integral of the A’ + A1’ peaks (21.8) was
divided by 2 to determine the number of rings proximate to sulfone groups (10.9). Two of the
sulfone rings were assigned to the hydroguinone-containing repeat unit, while the remainder of 8.9
were assigned to the bisphenol sulfone repeat unit. The number of rings next to a sulfone on the
hydroquinone-containing repeat unit was divided by two rings per repeat unit, giving one repeat
unit. The number of rings on the bisphenol sulfone repeat unit (8.9) were divided by 4 rings per
repeat unit, giving a relative number of 2.25 repeat units per each hydroquinone-containing repeat
unit. The percentage of hydroquinone-containing repeat units was determined as the number of
hydroquinone units divided by the sum of the hydroquinone-containing repeat units and bisphenol
sulfone repeat units (1/(1+2.25)). The percentage of bisphenol sulfone-containing repeat units was
determined as the number of bisphenol sulfone units divided by the sum of the hydroquinone-
containing repeat units and bisphenol sulfone repeat units (2.25/(1+2.25). The ratio was calculated
to be 30.8% sulfonated hydroquinone-containing repeat units, which is within the margin of error
of the 29% non-sulfonated hydroquinone determined from the *H NMR spectrum of the original

Radel-A.

For partially sulfonated polymers collected during the course of sulfonation, the following
is a representative calculation for the percentage of sulfonation of the hydroquinone-containing

units. In the sample removed at 60 °C after 15 min of sulfonation, the integral of the A’+ A1’ peaks
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was 36.85 and the integral of the C’ peak was normalized to 1. The A’+A1’ peak integral was
divided by 2 to provide the number of sulfone-proximate rings (18.4). The ratio of sulfone-
proximate rings in the hydroquinone-containing units relative to the bisphenol sulfone-containing
units is 0.43. From the number of calculated rings, 14.75 rings and 3.69 repeat units were attributed
the bisphenol sulfone-containing units and 3.25 rings and 1.63 repeat units were attributed to the
hydroquinone-containing comonomers. Therefore, 1/1.63 repeat units provided a sulfonation level

of 61%.

In Figure 3-5, the percentage of hydroquinone that was sulfonated as determined by 'H
NMR is shown as a function of sulfonation time and reaction temperature. It indicates that the
reaction is effectively complete after 2 hours at 50 °C. The rate of sulfonation is likely very
dependent on the rate of dissolution of the polymer powder. The reaction appears to change from
a cloudy mixture of suspended particles upon initial mixing, and becomes a clear dark amber by

the 120 minute mark.
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Figure 3-3. Sulfonation of hydroquinone (%) as a function of reaction time and temperature.

3.3.2. Molecular weights

SEC results indicate that the sulfonation process does not produce significant degradation
within the sulfonation conditions studied (Table 3-1). It should be noted that according to NMR
calculations, the polymer collected after 120 minutes of sulfonation at 40 °C is not yet fully
sulfonated and thus, it was not evaluated further. The molecular weight results provide good
evidence that the reaction conditions utilized herein can avoid the molecular weight degradation
that has previously caused concern in other post-sulfonated polysulfones, where the sulfonation
took place on the biphenol group. The more rapid reaction of the hydroquinone allows for
sulfonation to proceed before chain degradation can take place. This provides a useful reference
for reaction conditions for the post-sulfonation of a polymer series with a variable hydroquinone

content, which may be of use in membrane separations applications.
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Table 3-1. My of Radel A (g/mole) before and after post-sulfonation at 50 and 60 °C. Mw obtained by SEC in DMAc with
0.10 M LiCI.

Time (min) 50°C 60 °C

0 35,000 35,000
60 42,600 36,800
120 56,600 32,300

3.4 Conclusions

The hydroquinone unit of the Radel-A™ polymer investigated in this study was rapidly
post-sulfonated in a sulfuric acid solution. This is a rapid, facile and quantitative method for mild
sulfonation of only the activated rings. Using these mild conditions, SEC results showed that the
sulfonation procedure did not degrade the polymers. Due to the structure of the polymer, this
ensures that the sulfonate ions cannot be on adjacent rings. Importantly, this spaces the ions
sufficiently far apart that chelation or binding to multivalent cations will not be likely due to

adjacent sulfonates.
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4.0 Synthesis, Characterization and Post-sulfonation of a Polysulfone

Series Incorporating Hydroquinone for Reverse Osmosis Membranes

Ozma Lane, E. S. Jang, S. R. Choudhury, S. J. Mecham, B. D. Freeman, J. S. Riffle, J. E.

McGrath

4.1 Introduction

In recent decades, there has been a growing demand for production of potable drinking
water around the world. This growth is due to the combination of growing populations, as well as
contamination of freshwater sources and increasing energy costs for production of potable water.
This has have created a demand for more reverse osmosis plants and improved materials and
procedures.! Of the methods available for the desalination of seawater, reverse osmosis has a clear
cost advantage over thermal processes that were developed decades earlier. Membrane separations
avoid the high cost of phase transitions.! The predominant current material used in most reverse
osmosis applications is a crosslinked aromatic polyamide, produced by the Dow Chemical
Company under the trade name “FilmTec 30”. While this material has good transport properties,
it is susceptible to biofouling due to the rough surface produced during the interfacial crosslinking

reaction, as well as degradation of the polyamide in the presence of chlorine.z4

Research has been underway to find novel materials or material modifications with
improved chlorine tolerance or resistance to biofouling.5° Disulfonated poly(arylene ether
sulfone)s are promising candidates, with excellent chlorine tolerance and a smooth material surface
that offers no rough topology for the adhesion of microbes.10 11 Those polymers are prepared

directly from a disulfonated monomer that has two sulfonate groups on adjacent rings. However,
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the sodium rejection in some of these materials is compromised in the presence of calcium.? It
was hypothesized that this compromise may be a result of the close spacing between sulfonic acid

groups on adjacent rings on the polymer backbone.

In this research, we have investigated the development of a post-sulfonated material with
a monosulfonated hydroquinone unit as a potential candidate for reverse osmosis. Most previous
work on post-sulfonation of polysulfones required rather harsh conditions because the rings to be
sulfonated included both activated and deactivated rings toward the electrophilic aromatic
sulfonation reaction. Those studies on post-sulfonation of polysulfones found difficulties with the
control of molecular weight, targeting of sulfonation levels, and in the relative placement of
sulfonates along the chain (i.e., the microstructure).1® Alternatively, the hydroquinone-based
copolymers studied in this research can avoid these disadvantages by utilizing mild reaction
conditions.’* 1> The sulfonation proceeds only on the hydroquinone unit, while the other
comonomers feature electron-withdrawing groups that discourage side reactions. These materials
offer the advantage of being synthesized from commercially available reagents, allowing for

economical scale-up in addition to synthetic precision.

4.2 Experimental

4.2.1 Materials

Dichlorodiphenyl sulfone (DCDPS) was kindly provided by Solvay, and was recrystallized
in toluene and dried for 12 h under vacuum at 110 °C prior to use. Bisphenol sulfone (BisS), was
kindly provided by Solvay, and was recrystallized in methanol and dried for 12 h under vacuum
at 110 °C prior to use. Hydroquinone (HQ) was provided by Eastman Chemical Company and was
recrystallized in methanol and dried for 12 h under vacuum at 110 °C prior to use. m-Xylene,
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sulfuric acid, and dimethylacetamide (DMAc) were obtained from Sigma Aldrich and used as
received. Sulfolane was obtained from Sigma Aldrich and heated with a 30% (v/v) portion of
toluene at 160 °C for 12 h to azeotropically remove any water. Potassium carbonate was obtained

from Sigma Aldrich and was dried for 12 h under vacuum at 180 °C prior to use.

4.2.2. Synthesis and Sulfonation

The hydroquinone sulfone (HQS) series was synthesized using a nucleophilic aromatic
substitution reaction as shown in Figure 4-1. A sample reaction follows: 4.955 g ( 45 mmol) of
HQ, 25.844 g (90 mmol) of DCDPS, 11.262 g (45 mmol) of BisS, and 100 mL of sulfolane were
added to a 3-necked round bottom flask equipped with nitrogen inlet, overhead stirrer, and
condenser with a Dean Stark trap. The reaction temperature was controlled with a thermocouple
in a salt bath. The reaction temperature was initially raised to 160 °C, 50 mL of m-xylene and 14.5
g (105 mmol) K>COs were added, and the reaction refluxed for 4 h to azeotropically remove any
water. The reaction temperature was then raised to 200-210 °C, and the m-xylene was removed
from the Dean Stark trap. After 36 h of reaction, the mixture was allowed to cool and diluted with
40 mL of DMAc. The solution was hot filtered to remove salts and precipitated in water. The
polymer was boiled with three changes of water to remove trace amounts of sulfolane, then dried

at 50 °C for 4 h, followed by 12 h under vacuum at 110 °C.

To sulfonate the polymer, the dried polymer powder was dissolved in a 10% solution of
sulfuric acid in a 3-necked round bottom flask equipped with nitrogen inlet and thermometer,
overhead stirrer, and condenser with a Dean Stark trap. An oil bath was used to maintain a reaction
temperature of approximately 50 °C. The reaction was stirred vigorously to promote rapid

dissolution and to break up any clumps of acid-swollen polymer. After 1 h of reaction, the solution
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was precipitated into ice cold water, and rinsed thoroughly to remove all acid. Samples to be
analyzed were converted to their salt form by heating in 1.0 M NaCl for 2 h, then dried at 50 °C

for 4 h at atmospheric pressure, followed by 12 h under vacuum at 110 °C.
4.2.3. Characterization

4.2.3.1 NMR
Samples were dried overnight at 110 °C in a vacuum oven. In a scintillation vial with

molecular sieves, approximately 10 mg of the polymer was dissolved in 700 pL of ds-DMSO.

Spectra were collected on a Varian Unity Plus spectrometer operating at 400 MHz.

4.2.3.2. Water Uptake
Water uptake was measured gravimetrically. Polymer films (100 mg) were cast froma 10%

(w/v) solution of DMAC onto a clean glass plate and placed under an IR lamp for 6-12 h. Films
were removed via immersion in deionized water, and heated in water at 80 °C for 3 h to remove
any residual solvent. The samples were dried overnight at 110 °C under vacuum. Films were then
equilibrated in deionized water overnight, converted from the acid to their salt form by heating in
1.0 M NacCl at 80 °C for two h, then they were kept at room temperature in the water overnight.
They were blotted and weighed to obtain the wet weight (Wuwet). Films were dried under vacuum
at 110 °C for 12 h in order to obtain dry weights (Wary). The water uptake in the salt form was

determined as follows:

Wyer — W,
Water Uptake = —2£ 917 4 100%
4.2.3.3. Molecular Weight Characterization
Size exclusion chromatography (SEC) was conducted on the polymers to measure
molecular weight distributions. The solvent was DMACc that was distilled from CaH. and that

contained dry LiCl (0.10 M). The column set consisted of 3 Agilent PLgel 10-um Mixed B-LS
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columns 300x7.5 mm (polystyrene/divinylbenzene) connected in series with a guard column
having the same stationary phase. The column set was maintained at 50 °C. An isocratic pump
(Agilent 1260 infinity, Agilent Technologies) with an online degasser (Agilent 1260), autosampler
and column oven was used for mobile phase delivery and sample injection. A system of multiple
detectors connected in series was used for the analyses. A multi-angle laser light scattering
(MALLYS) detector (DAWN-HELEOS 11, Wyatt Technology Corp.), operating at a wavelength of
658 nm, a viscometer detector (Viscostar, Wyatt Technology Corp.), and a refractive index
detector operating at a wavelength of 658 nm (Optilab T-rEX, Wyatt Technology Corp.) provided
online results. The system was corrected for interdetector delay and band broadening. Data
acquisition and analysis were conducted using Astra 6 software from Wyatt Technology Corp.
Validation of the system was performed by monitoring the molar mass of a known molecular
weight polystyrene sample by light scattering. The accepted variance of the 21,000 g/mole
polystyrene standard was defined as 2 standard deviations (11.5% for Mn and 9% for M) derived

from a set of 34 runs.

4.2.3.4 Transport Property Measurement
The water permeability (L pm m™ h™ bar® or cm?s™), salt permeability (cm?s™), salt

rejection (%) and water/NaCl selectivity were determined at 25°C using stainless steel crossflow
cells. The pressure difference across the membrane (15.1 cm?) was 400 psi. The aqueous feed
contained 2000 ppm NaCl, and the feed solution was circulated past the samples at a continuous

flow rate of 3.8 (L min™). The feed pH was adjusted to a range between 6.5 and 7.5 using a 10

g/L sodium bicarbonate solution. NaCl concentrations in the feed water and permeate were
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measured with an Oakton 100 digital conductivity meter.

4.3 Results and Discussion

4.3.1 Synthesis

In the sulfonation reaction, the hydroquinone was selectively sulfonated while the electron-
withdrawing sulfone groups on all of the other rings did not react under the mild conditions utilized

(Figure 4-1).

LA O HOH OO

H,SO0y, 98%
50 °C
30-60 min

SO4H

Ao H- OO0

Figure 4-1. Sulfonation of random poly(arylene ether sulfone) copolymers containing varied levels of hydroquinone.

The chemical compositions of the post-sulfonated polymers were investigated using H
NMR. In the representative spectrum shown below, the A and Al peaks resonated at 7.95 and
7.83 ppm, the B and B1 peaks resonated at 7.24 and 6.97 ppm, and the hydroquinone peaks C, D,
and E resonated at 7.4, 7.15, and 7.05 ppm, respectively. The peak at 7.18 ppm corresponds to
unreacted hydroquinone, indicating an incomplete sulfonation reaction. The NMR procedure
described in Chapter 3 was used to determine the degree of sulfonation, and the IEC was calculated

from the NMR data.
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Figure 4-2. Chemical structure and *H NMR spectrum of SHQS-55 copolymer.

4.3.2 Membrane Properties

A series of three copolymers were synthesized with monomer ratios calculated to provide
a hydroguinone-containing repeat unit content of 45, 50, 55, and 60%. These values were targeted
to provide IECs of 0.99, 1.11, 1.21, and 1.33, respectively. The copolymer physical properties are

summarized in Table 4-1. Measured IECs and sulfonation levels were slightly lower than targeted
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values, which is due to incomplete sulfonation as determined by the peak corresponding to
unreacted hydroquinone in Figure 4-2. This was due to an insufficient sulfonation reaction of 50°C
for one hour. The polymers had good molecular weights and produced clear, tough films. The
increase in molecular weight from SHQS-45 and -50 to the higher weights in SHQS-55 and -60
occurred with a new lot of sulfolane solvent, which may have contained fewer impurities than the
solvent used for previous synthetic reactions even after heating with toluene to azeotropically
remove any water. The solvent used initially also may have absorbed a large amount of water from
the atmosphere, and the toluene may have been insufficient to remove it entirely. Sulfolane and
water are highly miscible, and therefore even small amounts may be able to remain in the solvent

and interfere with achieving a high degree of polymerization.

Sample Target IEC | IEC? Sulfonation b \L/J\/patflie (%) Mwf (g/mole)
SHQS-45 0.99 0.92 42% 24 32,300
SHQS-50 1.11 1.06 48% 28 40,200
SHQS-55 1.21 1.14 51% 31 101,000
SHQS-60 1.33 1.21 54% 33 99,000

Table 4-1. Membrane Physical Properties

a) determined from IH NMR
b) determined from 1H NMR
c) determined from SEC

4.3.3 Transport Data

The SHQS-50 membrane was evaluated for transport properties, and showed promising
sodium rejection and water permeability values (Table 4-2). The BPS-20 and BPS-30 materials

are a disulfonated poly(arylene ether sulfone) series that has been evaluated previously. The
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number 20 in BPS 20 indicates that 20% of the repeat units had disulfonated comonomers, which
is similar in terms of IEC to a SHQS copolymer that contains 45-50% of the sulfonated
hydroquinone. Despite having a measured IEC only slightly higher than BPS20, the water
permeability was significantly higher, with only a small drop in sodium rejection. This may be due
to the monosulfonated repeat units forming fewer aggregates, allowing more homogenous

distribution of ionic domains throughout the membrane.

The mixed-feed data showed a constant salt rejection in the presence of up to 400 ppm of
calcium in the feed stream (Figure 4-2), with no screening by calcium of the Donnan exclusion
effect that is requisite to achieve high salt rejection. The compromised salt rejection of a 32%
disulfonated poly(arylene ether sulfone (BPS-32) is shown as a comparison. This confirms the
viability of post-sulfonated hydroguinone-containing copolymers as alternative candidates for

reverse osmosis membranes.

Table 4-2. Transport Properties of Selected Membranes

IEC® IECP Water permeability | NaCl rejection (%)*
(mea/g) | (meaq/g) (L'um/m -h-bar)

SHQS-50 1.11 1.06 0.27 98.3

SHQS-60 1.21 1.14 0.45 98.3

BPS-20 0.93 1.01 0.05 99.2

BPS-30 1.34 1.32 0.96 91.3

aTheoretical calculation

bBased on!H NMR
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Figure 4-3. Sodium rejection in post-sulfonated hydroquinone-containing copolymers
remains constant in the presence of calcium.

4.4 Conclusions

A series of poly(arylene ether sulfone)s with varying hydroguinone content were
synthesized and post-sulfonated. The IEC and sulfonation levels were slightly below the targeted
values, indicating incomplete sulfonation. This was confirmed by the small residual peak of
unreacted hydroquinone in the 'H NMR spectra. The post-sulfonated polymers produced tough,
ductile membranes with good molecular weights. Initial transport data shows promising
performance for the SHQS copolymer series, with transport properties comparable to those of the
disulfonated poly(arylene ether sulfone) systems. Mixed-feed testing confirms resistance to
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calcium-induced compromise of sodium rejection. Future work will include further optimization
of polymer composition in order to approach transport properties of state-of-the-art commercial

RO membranes.
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Abstract

Membrane electrolysis of water is a method of producing ultra high-purity hydrogen. Novel
materials are under investigation to design a membrane with high proton conductivity and minimal
hydrogen crossover. A multiblock hydrophilic-hydrophobic poly(arylene ether sulfone)
copolymer was synthesized and investigated. The focus was on the impact of film casting
conditions on membrane morphology and performance. Solvent selection and solution
concentration had a significant impact on long-range order and surface morphology of films. A
multiblock membrane with optimized casting conditions outperformed the conductivity/hydrogen
permeability ratio of Nafion™ by a factor of ~6. The hydrogen permeability of the partially

disulfonated poly(arylene ether sulfone) copolymer was much lower than for Nafion.
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5.1 Introduction

The increasing energy demands created by a growing population and limited fossil fuel reserves
is driving research into alternative methods of energy production. Part of the diverse array of
energy sources includes renewable energy sources such as solar, hydroelectric and wind energy.
Renewable energy offers several advantages over fossil fuel-based resources that dominate the
current energy economy, a critical one being a reduction in the carbon dioxide output per unit of
energy. One of the criticisms of renewable energy is that it has unpredictable availability,

frequently generating power when not needed and being unavailable during hours of high demand.

A potential answer to both criticisms is the development of proton exchange membrane
(PEM) electrolysis systems, which can produce hydrogen via the electrolysis of water using energy
generated during off-peak hours.! The hydrogen can be stored for use in vehicles which rely on
PEM fuel cells, or used in stationary power applications to supplement the electrical grid during
peak demand hours. PEM electrolysis has the advantage of producing very high purity hydrogen

gas, which is essential for use in PEM fuel cells.?2 A good PEM for electrolysis should:

e Have excellent mechanical properties to withstand the pressurized environment of the
electrolysis process

e Have good proton conductivity

e Have low hydrogen gas permeability

o Be easily fabricated into a membrane

¢ Resistant to chemical and oxidative degradation

e Stable under a constant applied voltage

e Have a high glass transition temperature
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e Be affordable3

Of these, two critical issues for efficiency and safety are high proton conductivity with low
hydrogen permeability. The latter is important to obtain high product purity and because the
crossover of hydrogen through the membrane to the oxygen-producing side becomes a safety

hazard.l 4

The predominant commercial membrane used for PEM electrolysis is Nafion, a
poly(perfluorosulfonic acid) ionomer. While it provides good proton conductivity, its high
hydrogen permeability requires a thicker membrane to reduce crossover. Furthermore, its low
hydrated glass transition temperature hinders performance at temperatures above about 80 °C, with
reduced electrolysis performance and mechanical properties.> ¢ As a result, new approaches that
permit a higher operating temperature and pressure would significantly improve the performance

of PEM electrolysis operations.*

A number of multiblock copolymers have been explored as alternatives to Nafion for PEM
fuel cell applications.” 1! In this research, a hydrophilic-hydrophobic multiblock copolymer based
on partially disulfonated poly(arylene ether sulfone)s was synthesized and evaluated under
different casting conditions. Its conductivity and hydrogen permeability were evaluated as a
function of two different casting solvents. Bulk morphologies were investigated as a function of
casting solvent, solution concentration, and annealing conditions to develop morphology-

processing relationships for the membrane films.

5.2 Experimental

5.2.1 Materials
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4,4’-biphenol (BP) was obtained from ChrisKkev Company, Inc. and dried at 60 °C for 24
h under vacuum before use. Hydroquinone was kindly provided by Eastman Chemical, and was
recrystallized from ethanol and dried at 110 °C under vacuum prior to use. 4,4’-
Dichlorodiphenylsulfone (DCDPS) was kindly provided by Solvay Advanced Polymers and was
recrystallized from toluene and dried at 110 °C prior to use. 3,3’-Disulfonated-4,4’-
dichlorodiphenylsulfone (SDCDPS) was obtained from Akron Polymer Systems and was dried
under vacuum at 160 °C for 72 h before use. Hexafluoroisopropylidine diphenol (6FBPA) was
obtained from (Riedel-deHaen) and sublimed, then recrystallized from toluene, and dried under
vacuum at 110 °C for 12 h prior to use. N,N-Dimethylacetamide (DMAc) and N-methyl-2-
pyrrolidone (NMP) were obtained from Aldrich, and were vacuum-distilled from calcium hydride
onto molecular sieves and stored under nitrogen immediately before use. Potassium carbonate
(K2COg, Aldrich) was dried under vacuum at 120 °C overnight before use. Toluene, cyclohexane,
methanol, acetone, and isopropyl alcohol (IPA) were obtained from Aldrich and used as received.
Concentrated sulfuric acid (H2SO.) was obtained from VWR and used to make a 0.5 M aqueous
solution. Difluorodiphenyl sulfone (DFBPS) was obtained from Aldrich and dried under vacuum

at 110°C for 12 h prior to use.

Lead acetate was obtained from VWR and diluted to a 0.1% solution in deionized water

prior to use. Epo-fix™ epoxy was obtained from Electron Microscopy Services.

5.2.3 Synthesis

5.2.3.1 Synthesis of a HQSH100 Hydrophilic Block
The hydrophilic block synthesis was adapted from a previously reported procedure.® A

representative procedure follows: 8.41 g (15.75 mmol) of 98% SDCDPS, 1.93 g (17.53 mmol) of

HQ, and 35 mL of DMSO were added to a three neck flask equipped with an overhead stirrer, a
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condenser with a Dean Stark trap, and nitrogen inlet. An oil bath equipped with a thermocouple
was used to heat the reaction to 135 °C, at which point toluene (55 mL) and potassium carbonate
(2.78 g, 20.1 mmol) were added and the mixture was refluxed for 4 h to azeotropically remove any
water. The reaction was then heated to 150 °C, and the toluene was removed via the Dean Stark
trap. After 96 h of reaction, the solution was diluted with 30 mL of DMF and hot filtered to remove
salts, then precipitated in isopropanol. A second hydrophilic block was produced with a 4,000

g/mol number average molecular weight.

5.2.3.2. Synthesis and Endcapping of Hydrophobic Blocks
DCDPS (9.54 g, 33.22 mmol), 6FBPA (12.04 g, 35.81 mmol) and DMAc (100 mL) were

added to a three neck flask equipped with an overhead stirrer, a condenser with Dean Stark trap,
and a nitrogen inlet. An oil bath equipped with a thermocouple was used to heat the reaction to
140 °C, at which point toluene (55 mL) and potassium carbonate (5.70 g, 41.2 mmol) were added
and the mixture was refluxed for 4 h to azeotropically remove any water. The reaction was then
heated to 160 °C, and the toluene was removed via the Dean Stark trap. The reaction proceeded
for 24 h, then the temperature was lowered to 120 °C and decafluorobiphenyl (34.61 g, 103.6
mmol) was added (20-fold molar excess). The endcapping reaction proceeded for 8 h. The solution

was hot filtered to remove salt, and precipitated in isopropanol. The yield was 81%.

5.2.3.3 Coupling Reaction of the Hydrophilic and Hydrophobic Blocks
HQS100 (4.62 g) and DMF (45 mL) were added to a three-neck, 100-mL round bottom

flask equipped with a mechanical stirrer, condenser, nitrogen inlet and Dean-Stark trap. The
solution was heated to 130 °C, then cyclohexane (15 mL) and K>COsz (0.2 g, 1.45 mmol) were
added and the mixture was refluxed for 4 h to remove water from the system. The cyclohexane
was drained from the Dean Stark trap and then the mixture was cooled to 90°C. After cooling, the

6FBPS0 hydrophobic oligomer (4.25 g) was added. The bath temperature was raised to 120°C and
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maintained for 24 h. The reaction mixture was diluted with DMF (35 mL) and allowed to cool to
room temperature. The multiblock copolymer was precipitated into isopropanol (1000 mL) and
stirred for 12 h. The product was filtered, then washed in deionized (DI) water at 90°C for 12 h,
filtered again, and then dried in vacuo at 150°C for 24 h.
5.2.4.1 Synthesis of the Fluorine-Terminated Hydrophobic Block

An additional hydrophobic block was synthesized with DFBPS (12.18 g, 47.9 mmol),
6FBPA (15.24 g, 45.4 mmol) and NMP (135 mL) were added to a three neck flask equipped with
an overhead stirrer, a condenser with Dean Stark trap, and a nitrogen inlet. An oil bath equipped
with a thermocouple was used to heat the reaction to 148 °C, at which point cyclohexane (70
mL) and potassium carbonate (7.3 g, 52.8 mmol) were added and the mixture was refluxed for 4
h to azeotropically remove any water. The reaction was then heated to 165 °C, and the
cyclohexane was removed via the Dean Stark trap. The reaction proceeded for 12 h. The solution

was diluted with NMP (50 mL), hot filtered to remove salt, and precipitated in isopropanol.

5.2.4.2 Coupling of the Hydrophilic and Fluorine-Terminated Hydrophobic Blocks
HQS100 (16.4 g, 2.83 mmol) and DMF (190 mL) were added to a three-neck, 100-mL

round bottom flask equipped with a mechanical stirrer, condenser, nitrogen inlet and Dean-Stark
trap. The solution was heated to 130 °C, then cyclohexane (60 mL) and K>COs (1.0 g, 7.25
mmol) were added and the mixture was refluxed for 4 h to remove water from the system. The
cyclohexane was drained from the reaction and then the mixture was cooled to 90°C. After
cooling, the 6FBPS0 hydrophobic oligomer (21.5 g, 2.15 mmol) (~ 10,000 g/mol) was added.
Excess hydrophilic monomer was used in this case due to the large difference in molecular
weight between the two oligomers. The bath temperature was raised to 145°C and kept at this
temperature for 48 h. The reaction mixture was diluted with DMF and allowed to cool to room

temperature. The multiblock copolymer was precipitated into isopropanol (2000 mL) and stirred
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for 12 h. The product was filtered then washed in deionized (DI) water at 90°C for 12 h, filtered

again, and then dried in vacuo at 150°C for 24 h.

5.2.5 Characterization

5.2.5.1 NMR spectroscopy
H and ®F NMR spectroscopy analyses were performed on a Varian INOVA 400

spectrometer operating at 400 and 376 MHz respectively. Spectra were obtained from a 10%
solution (w/v) solution in d-CDCls at ambient temperature.
5.2.5.2 Film Casting, Annealing, and Acidification

Films were cast by dissolving the copolymer to afford either 5% or 10% (w/v) solutions in
DMACc or NMP. The solutions were filtered through a 0.1 um PTFE Acrodisc filter onto a clean
glass plate. The films were heated under an IR lamp for 12 h at 60 °C, and then under vacuum at
110°C for 24 h. Annealed films were produced by additionally heating under vacuum at 220 °C
for 12 h. Films were acidified by boiling in 0.05 M H>SOs for 2 h, and then in deionized water for

2 h. Note that for cases where the polymer was annealed, it was acidified after the annealing step.

5.2.3.3 Water Uptake
Water uptake was measured gravimetrically. Polymer films (100 mg) in acid form were

equilibrated in deionized water overnight, then kept at room temperature for 12 h. They were
blotted with a Kimwipe to remove surface water and weighed to obtain the wet weight (Wuyet).
Films were dried under vacuum at 110 °C for 12 h in order to obtain dry weights (Wary). The water
uptake in the salt form was determined as follows:

Wyer — W,
Water Uptake = —2¢- 97 4 100%
dary
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5.2.3.3 Transmission Electron Microscopy
For transmission electron microscopy imaging, acidified membranes were stained with a

0.1% lead acetate aqueous solution to enhance the electron density of the hydrophilic block and
provide contrast within the sample. Samples were sputter coated with a Au/Pd alloy to improve
adhesion, then embedded in epoxy Epo-fix™ (electron microscopy services) and microtomed into
approximately 70-nm thick sections with a diamond knife. Samples were then imaged on a JEOL

2100 Transmission Electron Microscope using an accelerating voltage of 120 kV.

5.3 Results

5.3.1 Synthesis

5.3.1.1 Hydrophilic Oligomer Synthesis
The synthesis of the hydrophilic HQS100 block via nucleophilic aromatic substitution is

illustrated in Figure 5-1. The long reaction time was necessary due to the relatively low reactivity
of both monomers. DM SO was used as a reaction solvent due to limited solubility of both

monomers in other polar aprotic solvents.

SO;Na

DMSO/Toluene
K,CO4

135°C 4 h
145°C 72 h

SO,K
y

Figure 5-1. Schematic of hydrophilic oligomer synthesis.

JVO

SOJK

O=—wnn=—=0
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IH NMR was utilized to analyze the structure of the resulting oligomer (Figure 5-2). The
protons on the sulfonated aromatic rings are attributed to the indicated A, B, and C protons located
at 8.25, 7.83, and 6.93 ppm, respectively. The main chain hydroquinone protons (D) resonate at
7.08 ppm. The phenoxide endgroups resonate at 6.75 and 6.85 ppm (E and F). The singlet peak at
7.9 ppm is attributed to a small amount of dimethylformamide contamination. The peaks at 8.32,
7.7 and 7.65 ppm are attributed to SDCDPS endgroups (A’, B’ and C”). While Figure 5-2 illustrates

both types of endgroups, it should be noted that they are not present in a 1:1 ratio.

Integrations of the endgroup peaks show a ratio of approximately 60% SDCDPS and 40%
HQ endgroups. The molecular weight calculated from the ratio of endgroup peaks to the (A) proton
on the SDCDPS repeat unit was approximately 3000 g/mol. The initial monomer ratios were
calculated to produce an oligomer with phenoxy endgroups. However, due to the slow reactivities

of both monomers, both types of endgroups were present after reaction.
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Figure 5-2. 1H NMR of a 3K hydrophilic block

5.3.1.2 Synthesis of the Hydrophobic Oligomer
The hydrophobic oligomer was synthesized from the reaction of 6FBPA with DCDPS, and

then it was endcapped with a large excess of decafluorobiphenyl (Figure 5-3). Decafluorobiphenyl
was used as an endcapping reagent in order to increase reactivity, so that the block copolymer
coupling reaction could be carried out at a sufficiently low temperature to avoid transetherification.
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Transetherification is a major concern in the synthesis of poly(arylene ether sulfone) multiblocks

as the interchange of ether groups would disrupt the block structure.
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Figure 5-3. Synthesis and endcapping of 6FS hydrophobic block.

IH and °F NMR were used to confirm the expected structure of the resulting oligomer
(Figures 5-4 and 5-5). The aromatic protons from the 6FBPA unit resonated at 7.35 (B) and 7. 15
(A) ppm, while the aromatic protons from the sulfone unit resonated at 7.15 (C) and 7.92 ppm (D).
In the 1°F NMR, the peak at -64 resonates with the CFz groups on the oligomer backbone. The -
141, -150, -152, and -160 resonate with the C, A, D, B fluorines indicated in Figure 5-5. The ratio
of the integrals of the 6F fluorines and the C fluorines on the endgroups was used to determine a

number average molecular weight of 10,000 g/mol.

For the fluorine-terminated hydrophobic block, the molecular weight was determined by

19F NMR to be 6100 g/mol.
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Figure 5-4. Structure and H NMR spectrum of DFBP-endcapped 6FS hydrophobic oligomer.
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5.3.1.3 Coupling of Hydrophilic and Hydrophobic Oligomers
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The block copolymers were prepared by the coupling reaction of the fluorine terminated
hydrophobic oligomer and the phenoxide endgroups of the hydrophilic oligomer (Figure 5-6).
Oligomers terminating in chlorine endgroups at either end were unreactive under the reaction
conditions, and oligomers with both a phenoxide and chlorine endgroup likely formed a terminal

block of the multiblock copolymer.

The A, B, and C protons of the disulfonated unit in Figure 5-7 resonate at 8.22, 7.81, and
6.94 ppm, respectively. The A’ peak corresponding to the SDCDPS endgroup resonates at 8.32.
The ratio of A and A’ integrals indicates that about 40% of the SDCDPS endgroups were lost in
the coupling reaction or during isolation of the block copolymer. The D peak corresponding to the

hydroquinone protons resonates at 7.07 ppm, and the E peak corresponding to the inner protons
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on the DCDPS unit resonates at 7.94 ppm. The F and G peaks of the ether-proximate protons on
both the 6FBPA and DCDPS units overlap, resonating at approximately 7.17 ppm. The H peak

corresponding to the inner protons on the 6FBPA unit resonates at 7.36 ppm.

Integrations of the A, A’ and H peaks were used to calculate the ion exchange capacity
(meq of ions/g), listed with other membrane properties in Table 5-1. The IEC of the 10K-3K
hydrophobic-hydrophilic multiblock copolymer was determined to be 1.10 meg/g. 'H NMR
analysis indicated a hydrophilic weight fraction of 35%, and a hydrophobic weight fraction of
65%. This is slightly higher than that of the Nafion 1100 films (0.91 meq/g) which were also
evaluated for proton conductivity and hydrogen permeability. The second multiblock, coupled
from a fluorine-terminated hydrophobic block without a decafluorobiphenyl linkage group, the
hydrophobic oligomer was 6100 g/mol and the hydrophilic was 4000 g/mole. The overall
composition was determined to be 60% hydrophobic and 40% hydrophilic. Despite having very
different IECs, the samples showed very similar water uptake behavior. This may be due to

differing morphologies as a result of the distinct oligomer block compositions.

Hydrophobic-
lon Exchange
Hydrophilic block Water Uptake (%)
Capacity (NMR)
length
10K-3K 1.10 47
6K-4K 1.41 48

Table 5-1. Membrane Properties of Multiblock Copolymers

5.3.1.4 Bulk Morphology
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Figure 5-4. TEM image of a cross-section of the 11K-3K 6FBPS0-HQSH100 copolymer, (left) before and (right) after
annealing. All films were cast from 5% DMAc. Arrow points across the film thickness (glass side to air side of film).

Figure 5-8 shows the TEM images of through-plane cross-sections of thin films of
multiblock copolymers. Dark areas indicate hydrophilic regions of the copolymer films that have
been stained with lead acetate, while light areas indicate hydrophobic regions. The annealed
samples were heated for 12 hours at 220 °C under vacuum, which is just above the Tg of the
hydrophobic block. The impact of annealing on long-range order and lamellar orientation is shown
in the 11K-3K 6FBP S0-HQSH100 copolymers cast from 5% DMAc. The images were obtained
under ultra high vacuum, and so during PEM electrolysis, the dark hydrophilic regions would be
much larger. For the 8K-5K 6FBP S0-HQSH100 copolymer, the upper left-hand image illustrates
the non-annealed sample, which shows little long-range assembly, and no apparent orientation of
morphology with respect to any direction. However, after annealing between the two Tgs of the
hydrophilic and hydrophobic phases, the same material shows both long range ordered lamellae,

persisting in some cases for over 100 nm, and with significant orientation of the lamellae with
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respect to the membrane surfaces. This orientation is likely due to preferential affinity of the
hydrophobic block for the membrane surfaces, due to lower surface energy. During the annealing
process, the hydrophobic block forms lamellae parallel to the surface, which propagates a degree
of orientation throughout the membrane thickness as the hydrophobic domains re-assemble. The
higher block length copolymer shows more long range order before annealing (lower left and lower
right images), but also shows orientation parallel to the surfaces post-annealing. In both cases, the
morphological comparisons were made from sections of the same film, one stained after casting
and acidification and one stained after casting, annealing and acidification, to avoid any variations

between different films.

5.3.1.6 Impact of Casting Solution on Film Morphology
A comparison was also made between films cast from 5% solutions in NMP (left) and

DMAC (right) from the 8K-5K 6FBPS0-HQSH100 copolymer (Figure 5-9). The films were cast,
annealed, and acidified together to ensure identical casting conditions. Even though the solvent
should be almost entirely removed prior to annealing, it appears there was still a solvent effect in
terms of the capacity for the morphology to become re-ordered after annealing. The NMP-cast
film had a less ordered lamellar morphology, with no apparent orientation, while the DMAc-cast

film again showed an ordered, oriented lamellar structure.
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Figure 5-5. TEM images of the 10K-4K 6FS-HQSH100 copolymer cast from (left) a 5% NMP solution and (right) a
5% DMACc solution. Arrow again indicates thickness of film, going from glass side of film to air side.

5.3.1.7. Conductivity and Permeability
The conductivity data for the copolymers compares two different casting methods: the 10K-3K

copolymer cast from 10% polymer in NMP, and the copolymer cast from 5% polymer in DMACc.
In these results, the film cast from DMAc shows a significant increase in proton conductivity over
the NMP-cast film, but also a decrease in hydrogen (Hz) permeability. These two improvements
combine to provide a sharp increase in the conductivity/permeability ratio for the NMP-cast film
relative to the DMAc-cast film. The improvement in proton conductivity is likely due to the
improvements in long-range order of the hydrophilic block providing longer proton-conducting
channels. However, the increase in orientation of the lamellae parallel with the plane of the film
likely drives the drop in hydrogen permeability. The orientation increases the number of layers
that the hydrogen must cross in order to permeate the thickness of the membrane, and each lamella

represents an additional step of adsorption, diffusion and desorption into the next layer. Thus it is
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hypothesized that the lamellae effectively form hurdles that slow the hydrogen transport through

the thickness of the film.

Table 5-1. Proton Conductivity and hydrogen gas permeability, all numbers relative to Nafion 100.

Conductivity Permeability C/P Ratio
Giner HQSH100-

0.6 0.5 1.1

6FBPO

VT HQSH100-

1.1 0.18 6.1

6FBPSO
Nafion 1100 1.0 1.0 1.0

5.4 Conclusions

A hydrophobic-hydrophilic 10K-3K multiblock poly(arylene ether) sulfone copolymer was
synthesized with terminal hydrophilic blocks. Thin films cast from 5% polymer in DMAc and
then annealed at 220 °C (above Tg of hydrophobic block) had highly aligned lamellar morphology
parallel to the plane of the film. Proton conductivity in liquid water at 95 °C exceeded that of
Nafion 1100, with significantly lower hydrogen (H2) permeability. This is important for efficiency
of membrane electrolysis of water, because high conductivities with low hydrogen cross-over are

a priority for alternative materials development.

Morphology was characterized as a function of casting solution, concentration, and
acidification treatment. Annealing was shown to not only increase long-range order as expected,

but also induced orientation parallel to the film surfaces which propagated throughout the bulk of
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the film. The high weight fraction of the hydrophobic oligomer together with highly mobile,
hydrophilic endgroups in water led to materials with ordered surfaces and orientation of the
lamellae in the plane of the film as illustrated in the TEM micrographs. The small weight fraction
of the hydrophilic phase combined with the greater mobility of the hydrophilic end blocks likely

contributed to the high proton conductivity combined with the low hydrogen permeability.
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Abstract

A series of hydrophobic-hydrophilic multiblock poly(arylene ether sulfone) copolymers based on
highly fluorinated and sulfonated monomers were synthesized and characterized for use as proton
exchange membranes in fuel cell applications. A preformed hydrophilic oligomer was reacted
with the monomers for the hydrophobic component to form segmented copolymers containing
highly fluorinated hydrophobic segments and 100% disulfonated hydrophilic blocks via a
nucleophilic aromatic substitution step polymerization reaction. This approach afforded high
molecular weight, transparent, and ductile copolymers with good mechanical properties. At
comparable ion exchange capacities, water uptake increased with block length, suggesting that the
extent of nanophase separation was a function of block length. This was confirmed by TEM and
AFM images. These copolymers showed improved proton conductivity under partially-

humidified conditions with increasing block length. A series of multiblock hydrophobic-
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hydrophilic copolymers using the same co-monomers and oligomer molecular weights was also

synthesized and evaluated for comparison.

6.1 Introduction

With the growing economic and environmental costs associated with fossil fuel extraction,
there is an increasing need for viable alternatives to current combustion engine technology.
Hydrogen-powered proton exchange membrane fuel cells (PEMFCs) are viewed as a promising
candidate for powering 215t century vehicles.l: 2 Fuel cells using other fuels—for example,
methanol or ethanol—may also be adapted for portable power applications such as personal
electronic devices (e.g., laptop computers and cell phones). PEMFCs have a number of advantages
compared to other types of fuel cells.! For example, they are able to generate more power for a
given volume or weight of the fuel cell. This high power density enables their use in applications
such as personal vehicles. In addition, their low operating temperature (below 100°C) allows rapid
start-up. Most importantly, PEMFCs have a negligible environmental impact with only water and
heat produced during operation. These traits make them superior candidates for automotive power

applications.?

There are, however, a number of technical hurdles to overcome before the large-scale
commercial production of PEMFC vehicles can be realized. In addition to the difficulty of
hydrogen storage, hydrogen distribution and delivery will require the construction of a
costly infrastructure combining transport and storage of hydrogen and the development
of a dense network of refueling stations.4-® But as those problems are addressed, research
must also resolve the challenges associated with materials development. Specifically, the

predominant commercial membrane in use today is Nafion®, which is a poly(perfluorosulfonic
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acid) ionomer. While it displays good proton conductivity, it has several drawbacks which at
present limit practical commercial application. These include high permeability to both hydrogen
and methanol, excessive materials cost, the difficulty in processing the copolymer, and a low
operating temperature of about 80°C under hydrated conditions.” 8 A number of alternate proton
exchange membrane candidates, membrane treatment procedures, and membrane additives are

under development to overcome these challenges.®-16

Our group has investigated partially disulfonated statistical and multiblock poly(arylene
ether sulfone) copolymers as alternative PEM candidates. These materials offer improvement both
in raw materials cost and ceiling operating temperature, but the statistical copolymers have reduced
conductivities as humidity is decreased.l”- 18 The later development of nanophase-separated
multiblock copolymers has shown improved proton conductivity under partially humidified
conditions.’®-21 The formation of hydrophilic channels that retain water improves conductivity,
while the highly hydrophobic channels provide mechanical strength and reduce water loss. The
multiblock copolymers allow for higher ion exchange capacities (IEC) without loss of mechanical
properties relative to the statistical copolymers. The nanophase separation additionally results in
anisotropic water uptake behavior which could reduce membrane stresses due to reduced in-plane
swelling. 1%-21 During fuel cell operation, stresses are caused by in-plane swelling and deswelling
due to hydration and dehydration of the membrane electrode assembly (MEA). This can cause
failure between the electrode and polymer electrolyte layers. The swelling behavior becomes more
anisotropic with higher oligomer block lengths. Thus, there is interest in developing nanophase-
separated multiblock copolymers to optimize PEMFC performance both in terms of proton

conductivity and fuel cell durability.16.22
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Previously in our group, highly sulfonated, highly fluorinated multiblock copolymers were
synthesized from a hydrophobic block comprised of decafluorobiphenyl and bis(4-hydroxyphenyl)
sulfone coupled with a hydrophilic block of 4,4’-biphenol and SDCDPS.2® Those copolymers
showed good proton conductivity and mechanical properties. A highly fluorinated monomer was
chosen to be incorporated into the hydrophobic oligomer to achieve phase separation. The highly
activated decafluorobiphenyl endgroups were also an advantage so that the oligomer coupling
reaction could be conducted at relatively low temperatures to avoid any transetherification. A
series of multiblock copolymers with these structures having approximately equal block lengths
of the oligomers, but with varied block lengths were investigated. These multiblock copolymers
with the longer block lengths featured improved conductivities under partially humidified

conditions, comparable or competitive with that of Nafion® 212.

The focus of this research has been to simplify the method for making the multiblock
copolymers. We compared the properties of a nanophase-separated series of copolymers with
analogous structures that were prepared in a one-pot synthetic process versus the more traditional
“two preformed” oligomer approach. In this technique, the hydrophilic block was preformed with
phenol endgroups and then this was copolymerized with the monomers for the hydrophobic block
in-situ. While this general technique is not new, it was not known whether this simplified approach
would yield materials with the excellent transport properties that are ideal for the fuel cell
application. This method is an attractive synthetic technique for several reasons. Using this one-
pot technique, multiblock copolymers can be synthesized more easily in a shorter amount of time
because there is no need to synthesize both oligomers separately and then couple them together.
The one-pot “segmented” technique can also sometimes allow for more choice of solvents

compared to coupling two preformed oligomers that may differ greatly in chemical polarity. This
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avoids the often observed polymer-polymer incompatibilities between two oligomers that can

complicate block copolymer synthesis.

In this paper, we discuss the synthesis and properties of multiblock copolymers comprised
of decafluorobiphenyl, bis(4-hydroxyphenyl)sulfone, biphenol and SDCDPS using two synthetic
routes. In the oligomer-oligomer method, each oligomer was separately preformed, then they were
coupled. This was compared with a segmented, streamlined approach wherein only the hydrophilic
oligomer was preformed, then that oligomer was copolymerized with the monomers to form the
hydrophobic block in-situ. The effect of block length on copolymer properties including proton

conductivity, water uptake, and dimensional swelling are discussed.

6.2 Experimental Section

6.2.1 Materials

Decafluorobiphenyl (DFBP) was obtained from Matrix Scientific and dried under vacuum
at ambient temperature for 12 h. Bis(4-hydroxyphenyl)sulfone (Bis-S) was kindly supplied by
Solvay Advanced Polymers and dried under vacuum at 60 °C for 24 h before use. Monomer grade
4,4’-biphenol (BP) was obtained from ChrisKev Company, Inc. and dried at 60 °C for 24 h under
vacuum before use. 4,4’-Dichlorodiphenylsulfone (DCDPS) was kindly provided by Solvay
Advanced Polymers and wused as received to synthesize 3,3’-disulfonated-4,4’-
dichlorodiphenylsulfone (SDCDPS) according to a previously reported procedure.?* SDCDPS
was dried under vacuum at 160 °C for 48 h before use. N,N-Dimethylacetamide (DMAc, Aldrich)

and N-methyl-2-pyrrolidone (NMP, Aldrich) were vacuum-distilled from calcium hydride onto
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molecular sieves and stored under nitrogen immediately before use. Potassium carbonate (K2COs,
Aldrich) was dried under vacuum at 120 °C overnight before use. Toluene, cyclohexane, acetone,
and isopropyl alcohol (IPA) were obtained from Aldrich and used as received. Concentrated

sulfuric acid (H2SO4) was obtained from VWR and used to make a 0.5 M aqueous solution.

6.2.2. Synthesis of Phenoxide-Terminated Hydrophilic Blocks (BPS-100).

Phenoxide-terminated hydrophilic blocks were synthesized using a previously published
procedure. The targeted molecular weights of the blocks ranged from 3000 to 9000 g/mol. Ina
typical procedure to achieve a My of 3000 g/mol, the following conditions were utilized. BP
(4.7322 g, 25.41 mmol), SDCDPS (10.2764 g, 20.92 mmol), and DMAc (75 mL) were charged to
a three-neck, round-bottom flask, equipped with a mechanical stirrer, a Dean-Stark trap and
condenser, and N inlet. The reaction temperature was maintained at 85 °C utilizing a
thermocouple-controlled oil bath and the monomers were dissolved. K>CO3z (4.039 g, 29.23 mmol)
and toluene (38 mL) were added. The temperature of the oil bath was increased to 155 °C, and the
reaction was refluxed for 4 h to azeotropically remove water. Toluene was removed from the
system by increasing the bath temperature to 175 °C. The reaction was allowed to proceed for 96
h. After cooling to ambient temperature, the solution was filtered using an aspirator to remove
salts and precipitated into acetone. The resulting oligomer was dried at 110 °C for at least 24 h

under vacuum and had an M, of 3300 g/mol determined by end group analysis using 'H NMR.

6.2.3. Synthesis of Segmented Copolymers.

This copolymer series is referred to BisSF-BPSH100, where BisSF describes to the
hydrophobic block synthesized from bis(4-hydroxyphenyl) sulfone and decafluorobiphenyl, and

BPSH100 refers to the hydrophilic block synthesized from SDCDPS and 4,4’ -biphenol. A sample
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copolymerization procedure was as follows. A three-neck, round-bottom flask, equipped with a
mechanical stirrer, a Dean-Stark trap, and a condenser, and Nz inlet was loaded with BPS-100
(M=3300 g/mol, 4.0418 g, 1.225 mmol), Bis-S (1.6700 g, 6.673 mmol), and NMP (29 mL). After
dissolution of the reactants, KoCOsz (1.255 g, 9.081 mmol) and cyclohexane (5 mL) were added to
the reaction solution. The oil bath was heated to 110 °C, and the reaction was azeotroped to remove
water for 4 h. The cyclohexane was drained, and the oil bath temperature was lowered to 90 °C.
DFBP (2.6391 g, 7.899 mmol) and NMP (13 mL) were added to the reaction flask and the
temperature was maintained at 90 °C for 36 h. The viscous solution was cooled, filtered with an
aspirator, and precipitated into IPA (1 L). The product was filtered and washed in deionized water
at 60 °C for 12 h and acetone for 12 h. It was dried under vacuum at 110 °C for 24 h before casting

into films.

6.2.4. Synthesis of BisSF-BPSH100 Multiblock Copolymer Controls.

Multiblock copolymer controls were synthesized according to a previously published

method.?? Some modifications were made to the procedure and are reflected below.

6.2.4.1. Synthesis of Fluorine-Terminated Hydrophobic Blocks (BisSF) (2).
Fluorine-terminated hydrophobic blocks were synthesized with targeted molecular weights

ranging from 3000 to 9000 g/mol. For a M, of 3000 g/mol, the following synthetic procedure was
utilized. Bis-S (2.5045 g, 10.01 mmol), DFBP (4.0263 g, 12.05 mmol), and DMAc (38 mL) were
added to a three-neck, round-bottom flask, equipped with mechanical stirrer, Dean-Stark trap with
condenser, and N inlet. The oil bath was heated to 50 °C. After dissolving the monomers, K.COs
(1.798 g, 13.01 mmol) and cyclohexane (7 mL) were added. The bath temperature was gradually
raised to 110 °C over 30 min. The reaction was allowed to proceed for 5 hat 110 °C. After cooling

to ambient temperature, the reaction was filtered to remove salts and precipitated into a solution
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of methanol:water (1:1 v:v, 1 L). The oligomer was washed for 12 h in DI water and dried at 90
°C for 24 h under vacuum before further use. It had a M, of 3200 g/mol determined by endgroup

analysis using 1°F NMR.

6.2.4.2. Synthesis of Phenoxide-Terminated Hydrophilic Blocks (BPS-100) (1).
Phenoxide-terminated hydrophilic blocks were synthesized with targeted molecular weights

ranging from 3000 to 9000 g/mol. To obtain a targeted molecular weight of 3000 g/mol, the
following reaction procedure was utilized. BP (0.7939 g, 4.263 mmol), SDCDPS (1.7466 g, 3.555
mmol), and NMP (20 mL) were added to a three-neck, round-bottom flask, equipped with a
mechanical stirrer, Dean-Stark trap with condenser, and N inlet. The oil bath was heated to 85
°C. Upon dissolution of the monomers, K>COs (0.766 g, 5.543 mmol) and toluene (10 mL) were
added to the flask. The bath temperature was increased to 155 °C, and the reaction was refluxed
for 4 h. Toluene and water was removed azeotropically, then the reaction bath temperature was
increased to 190 °C for 36 h. The bath temperature was lowered to 85 °C. The resulting oligomer
had a M, of 3300 g/mol determined by end group analysis using *H NMR. This product was not
isolated and was used directly in the synthesis of a BisSF-BPS100 multiblock copolymer as

described below.

6.2.4.3. Synthesis of BisSF-BPS100 Multiblock Copolymers.
Oligomer (2) (My=3200 g/mol, 2.0244 g, 0.6135 mmol) was added to the solution

containing (1) and NMP (16 mL) was used to obtain a 14% w/v reaction solution. The bath
temperature was increased to 90 °C, and the reaction proceeded for 36 h. The resulting viscous
solution was precipitated into IPA (500 mL) to form fibrous strands. The product was filtered and
washed in deionized water at 60 °C for 12 h and acetone for 12 h. It was dried under vacuum at

110 °C for 24 h before casting into films.
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6.2.5. Characterization of Copolymers.

H and F NMR spectroscopy analyses were performed on a Varian INOVA 400
spectrometer operating at 400 and 376 MHz respectively. 13C NMR analyses were performed on
a Varian Unity 400 MHz spectrometer operating at 100 MHz. Spectra were obtained from a 10%
solution (w/v) solution in de-DMSO at ambient temperature. Intrinsic viscosities of the
copolymers were determined using size exclusion chromatography (SEC). The experiments were
performed on a liquid chromatograph equipped with a Waters 1515 isocratic HPLC pump, Waters
Autosampler, Waters 2414 refractive index detector and Viscotek 270 dual detector. NMP
containing 0.05 M LiBr was used as the mobile phase. The column temperature was maintained
at 60 °C because of the viscous nature of NMP. Both the mobile phase and sample solution were

filtered before injection into the SEC system.

6.2.6. Membrane Preparation.

Membranes were cast from a 7% w/v solution of polymer in DMACc onto a clean glass
plate. Solvent was removed using an IR lamp. The film was held at 30-35 °C for 24 h and then
raised to 60 °C for an additional 24 h. It was dried under vacuum at 110 °C for 24 h. The film was
removed from the glass plate by submersion in water and acidified in boiling 0.5 M H2SO4 for 2

h, followed by 2 h in boiling deionized water.

6.2.7. Determination of Water Uptake and Dimensional Swelling.

The membrane water uptake was determined gravimetrically, using films with 100-150 mg
dry weight. Acidified membranes were equilibrated in water at room temperature for 24 h. Wet
membranes were removed from the water, blotted dry to remove excess water, and quickly
weighed. They were then dried at 110 °C under vacuum for 24 h and reweighed. Water uptake
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was calculated according to Equation 1 where massqry and masswet refer to the mass of the dry and

wet membranes, respectively. An average of three samples was used for each measurement.

Massyet—MassSpry

(1) Water Uptake = 100

Masspry

Percent swelling of the membranes was determined in the in-plane (x and y) and through-
plane (z) directions. Wet measurements were performed after equilibrating membranes in
deionized water for 24 h at room temperature. Membranes were then dried in a convection oven
at 80 °C for 2 h and measured again. Percent swelling was reported for three directions and
calculated according to Equation 2 where lengthweti and lengthaqry,i refer to the length (where i

represents the X, y, or z direction) of the wet and dry membrane, respectively.

LengthWet’i—LengthDry,i

(2) Dimentional Swelling = 100 *

Length Dry,i

6.2.8. Measurement of Proton Conductivity.

Proton conductivity at 30 °C in liquid water was determined in a window cell geometry
using a Solartron 1252 + 1287 Impedance/Gain-Phase Analyzer over the frequency range of 10
Hz to 1 MHz. In determining proton conductivity in liquid water, membranes were equilibrated at

30 °C in DI water for 24 h prior to testing.

Proton conductivity under partially hydrated conditions was measured at 80 °C.
Membranes were equilibrated at 80% RH for 8 h in a humidity-temperature oven (ESPEC, SH-
240). The conductivity measurements were made at varying RH beginning from high RH to low
RH. Membranes were allowed to equilibrate for 4 h prior to measuring conductivity at each RH.
Measurements were done at 95, 80, 70, 60, 50, 40 and 30%. Due to the changing membrane

thickness at different RH, film thickness was measured at 95, 80 and 30% RH using a micrometer.
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The conductivity values at 70 and 60% RH were determined using the thickness measured at 80%
RH. The conductivity values at 50, 40 and 30% RH were determined using the thickness

measurement at 30% RH.

6.2.9. Tensile Testing.

Uniaxial load tests were performed using an Instron 5500R universal testing machine
equipped with a 200-Ib load cell at room temperature and 44-54% RH. Crosshead displacement
speed was 5 mm/min and gauge length were set to 25 mm. The films were ~30 um thick. A
dogbone die was used to punch specimens 50 mm long with a minimum width of 4 mm. Prior to
testing, specimens were dried under vacuum at 110 °C for at least 24 h and then equilibrated at
44% RH and 30 °C. All specimens were mounted in manually tightened grips. Approximate tensile
moduli for each specimen were calculated based on the stress and elongation values for the

specimen at 2% elongation.

6.2.10. Surface Morphology.

Tapping mode AFM was performed using a Digital Instruments MultiMode Scanning
Probe microscope with a NanoScope IVa controller. A Veeco silicon probe with an tip radius
<10 nm and a force constant K of 42 N/m was used to image samples. Samples were in their acid

form and equilibrated at 40% RH and 30 °C for at least 12 h prior to imaging.

6.2.11. Bulk Morphology.

For transmission electron microscopy imaging, acidified membranes were stained with a
lead acetate aqueous solution to enhance the electron density of the hydrophilic block and provide

contrast within the sample. Samples were embedded in epoxy Epo-fix (electron microscopy
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services) and microtomed into approximately 70-nm thick sections with a diamond knife. Samples
were then imaged on a Philips EM 420 Transmission Electron Microscope using an accelerating

voltage of 100 kV.

6.3. Results and Discussion

6.3.1. Synthesis of Hydrophilic Oligomers.

Phenoxide-terminated, fully disulfonated poly(arylene ether sulfone) hydrophilic
oligomers (BPS100) were synthesized via nucleophilic aromatic substitution (Figure 6-1). A small
molar excess of BP relative to SDCDP S was used to control the molecular weight of the oligomers,
targeting number average molecular weights (Mn) of 3, 5, or 9 kg/mol. Proton NMR was used to
analyze the structures of the oligomers including both the biphenol endgroups and internal units.
Mn’s of the oligomers were calculated by ratioing the integrals of the endgroup peaks relative to
the internal units by assuming that all of the endgroups were phenolic (Figure 6-2). Protons from
the terminal BP groups were assigned to the peaks at 6.8, 7.05, 7.4, and 7.55 ppm, whereas protons
from the BP in the middle of the backbone resulted in peaks at 7.1 and 7.65 ppm. Theoretical and
experimental My values are summarized in Table 1, along with intrinsic viscosity (1.V.) measured
by SEC. An increase in |.V. was observed as My of the oligomers increased. A log-log plot of My
derived from the NMR spectra versus intrinsic viscosity (Figure 6-3) had a linear relationship,

suggesting successful control of molecular weight.
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Figure 6-2. IH NMR Spectrum of BPS-100 Oligomer
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Table 6-1. Characterization of Hydrophilic Telechelic Oligomers

Molecular Weight
Target! Experimentala LV. ’ (dL/g)
3000 2900 0.14
5000 4900 0.20
9000 9200 0.29

a) Calculated using *H NMR
b) SEC of the oligomer in its salt form performed in NMP with 0.05 LiBr
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Figure 6-3. Log (Mn) vs log (1.V.) for the hydrophilic oligomers
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6.3.2. Synthesis of BisSF-BPSH100 Segmented Copolymers.

The segmented copolymers were formed by reacting phenoxide-terminated hydrophilic
oligomers with DFBP and Bis-S monomers in a step growth polymerization as illustrated in Figure
6-4. Simultaneous formation of the hydrophobic segments and the block copolymer eliminated
the need to synthesize and isolate a separate hydrophobic block before coupling it to the
hydrophilic block. The stoichiometry was controlled such that the DFBP and Bis-S monomers
formed the hydrophobic segments of the copolymer, while also reacting with the phenoxide-
terminated hydrophilic oligomer. The molecular weights of the hydrophobic segments were
targeted to be 3, 5, or 9 kg/mol and copolymers with approximately equal hydrophobic and
hydrophilic block lengths were obtained. To achieve high molecular weight, it was important to
ensure that the overall ratio of phenoxide to para—fluorine endgroups was 1:1. An excess of
phenoxide groups was disadvantageous because once the para-fluorines were consumed, the
ortho-fluorines on the DFBP could react with the excess phenoxide groups, resulting in a
crosslinked network. However, if insufficient phenoxide groups were present, high molecular

weight copolymer was not achieved.
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Figure 6-4. BisSF-BPSH100 segmented copolymer

Representative IH and 1°F NMR spectra of a segmented copolymer are shown in Figure 6-
5. There were no peaks due to endgroups in either spectrum, which signifies successful segmented

copolymer formation. The peak at 7.3 ppm has been assigned to the protons of the BP in the

linking unit.
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Figure 6-5. (a) IH and (b) °F NMR Spectra of a BisSF-BPS100 Segmented Copolymer

The highly reactive DFBP monomer allowed for mild reaction temperatures (90-110 °C)
to be used during synthesis, which eliminated randomization by ether-ether interchange.
Monomer sequencing is highly ordered in block copolymers. Therefore, most of the carbons have

only one possible chemical environment. Random copolymers develop a larger number of short
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sequences during the copolymerization. This causes different chemical environments for similar
carbons, which results in splitting of the 13C NMR peaks. If substantial ether-ether interchange
occurred during a segmented copolymerization, a scrambling in the backbone would occur. This
would be evidenced by peak splitting similar to a random copolymer. The singlets in the 13C NMR
spectrum of a segmented copolymer were the same as for a multiblock copolymer with a similar
composition, both shown in Figure 6-6, which strongly supports the avoidance of ether-ether

interchange.

Multiblock 5K5K

Segmented 5K5K ” , J

162 160 168 156 154 PPM

Figure 6-6. 13C NMR Spectra of BisSF-BPS100 Multiblock and Segmented Copolymers

6.3.3. Synthesis of BisSF-BPSH100 Multiblock Copolymer Controls.

BisSF-BPSH100 multiblock copolymer controls were synthesized as described in the
literature. Phenoxide-terminated, BPS100 oligomers were prepared using a slight molar excess of
BP to SDCDPS to control My Hydrophobic oligomers (BisSF) were synthesized using a slight

molar excess of DFBP relative to Bis-S to achieve fluorine-terminated oligomers with controlled
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Mn.  Both hydrophilic and hydrophobic block lengths were targeted at 3, 5, or 9 kg/mol.
Experimental My’s were determined by endgroup analysis from H and 1°F NMR for BPS100 and
BisSF oligomers, respectively, and agreed well with the target values (Table 6-2). BPS100 and
BisSF oligomers were coupled using a 1:1 molar ratio of the oligomers to form multiblock
copolymers with approximately equal hydrophilic and hydrophobic block lengths. The overall

synthetic procedure is depicted in Figure 6-7.

Table 6-2. Characterization of Hydrophilic and Hydrophobic Telechelic Oligomers for BisSF-BPSH100 Multiblock
Copolymers

Molecular Weight M) ( g/mol)
BPSH100 BisSF
Target Experimentala Experimentalb
3000 3300 3200
5000 5000 6100
9000 9200 9300
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a) Calculated from IH NMR
b) Calculated from 1°F NMR
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Figure 6-7. Overview of Synthesis of BisSF-BPSH100 Multiblock Copolymer

6.3.4. Comparison of BisSF-BPSH100 Segmented and Multiblock Copolymer Properties.

The main objective of this research was to compare the properties of polymers produced

via a simplified synthetic technique relative to the traditional two-oligomer method. Select

properties of both systems are summarized in Table 6-3. Experimental IEC values were calculated

from H NMR by determining the weight ratios of the hydrophobic versus hydrophilic oligomers.

They were in good agreement with theoretical values, confirming that the hydrophobic segments

were systematically incorporated into the copolymer backbones. The I.V. data confirmed that high
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molecular weight polymers were achieved using both synthetic methods. When comparing

polymers with similar IEC values, water uptake increased with longer block lengths. Tensile

properties were also comparable for polymeric membranes prepared from both synthetic

techniques, as shown in Table 6-4.

Table 6-3. Characterization of Segmented and Multiblock BisSF-BPSH100 Copolymers

IEC (meq/g) LV. Conductivity® Water

Uptake

Polymer Theoretical’ Experimentalb (dL7g) (S/em) (%)
3K-3K 1.6 1.8 0.63 0.10 62

Segmented | 5K-5K 1.6 1.5 0.50 0.11 51
9K-9K 1.7 1.5 0.82 0.15 74

3K-3K 1.8 1.8 1.07 0.13 73

Multiblock | 5K-5K 1.6 1.6 0.89 0.13 78
9K-9K 1.7 1.6 0.84 0.13 101

a) Determined from reactant weights

b) Determined from IH NMR
c) Determined in liquid water
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Table 6-4. Comparison of Tensile Properties for Segmented and Multiblock Copolymers

Max
Modulus Tensile Strength Elongation .
Copolymer Elongation
(Mpa) (Mpa) (%)

(o)

3K-3K 1500+160 4245 43427 74
Segmented SK-5K 1470120 3942 16+5 21
9K-9K 1510+80 46+4 24+16 47

3K-3K 1380+200 4243 43+15 55
Multiblock 5K-5K 1450+150 41+4 47421 71
9K-9K 13904+200 4343 22+4 26

Dimensional swelling was measured on both series of copolymers. The results for the

segmented and multiblock copolymers were also compared to a random copolymer (BPSH35)

(Figure 6-8). The segmented and multiblock copolymers exhibited anisotropic swelling in contrast

to the isotropic swelling of the random copolymer.
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direction) increased with block length, while in-plane swelling (x- and y-directions) stayed the
same or decreased. This is likely indicative of the well-ordered morphology that develops as block
length increases. Membrane electrode failure, due to changes in humidity levels (swelling and

deswelling cycling), may be minimized with a reduction of in-plane swelling.
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Figure 6-8. Comparison of Dimensional Swelling for Segmented, Multiblock, and Random Copolymers

The effect of block length on proton conductivity under partially hydrated conditions was
assessed for both systems. A plot of proton conductivity versus relative humidity is shown in
Figure 6-9. The segmented and multiblock copolymers had similar proton conductivities across
the entire RH range when comparing copolymers with equivalent block lengths. Conductivity also
increased over the entire RH range at greater block lengths. This indicates that increasing the
block length of the hydrophilic and hydrophobic segments improves the connectivity in the

hydrophilic channels, regardless of synthetic approach.
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Figure 6-9. Comparison of Proton Conductivity Under Partially Hydrated Conditions for Segmented and Multiblock
Copolymers

TEM images shown in Figure 6-10 reflect both the development of long-range domain
order with an increase in block length from 5K-5K to 9K-9K, and also show similar trends for the
segmented and multiblock series. This is consistent with our observations of other multiblock
copolymer systems.25-30 The AFM images in Figure 6-11 similarly show the development of long-
range order with an increase in block length. This phase separated morphology correlates well with
the anisotropy of the dimensional water uptake data. Longer block lengths using either synthetic
method promote the formation of a lamellar morphology. As has been shown in other multiblock
systems, longer-range order correlates with reduced swelling in the X-Y directions (in-plane), and
increased Z-direction (through-plane) swelling. The hydrophobic lamellae may restrict in-plane
swelling in going from a dry to a fully humidified state. The hydrophobic domains may also reduce

water loss at reduced humidities, thus improving proton conductivity at low RH.
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Figure 6-10. TEM images of (A) 5K-5K Multiblock, (B) 9K-9K Multiblock, (C) 5K-5K Segmented, and (D) 9K-9K
Segmented BisSF-BPSH100 copolymers. All images are taken at 96000 magnification.
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Figure 6-11. AFM images of (A) 5K-5K Multiblock, (B) 9K-9K Multiblock, (C) 5K-5K Segmented, and (D) 9K-9K
Segmented BisSF-BPSH100 copolymers. All images are 1 micron by 1 micron.

6.4. Conclusions

Multiblock copolymers containing highly fluorinated hydrophobic blocks and 100%
disulfonated hydrophilic blocks have been synthesized using a simplified segmented approach.
The performance of these copolymers, particularly with respect to fuel cell operation, were in good
agreement with the properties of those synthesized using a more cumbersome oligomer-oligomer
approach. Increased conductivity over the entire RH range was evidence that a connected phase
morphology developed with longer block length. This morphology was confirmed by surface and
bulk investigations. The segmented method by all measures herein can be regarded as a potential

alternative for the production of phase-separated multiblock copolymers.
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7.0 Future Work
7.1 Post-sulfonated hydroquinone-containing poly(arylene ether sulfone)s

The development of precisely tailored post-sulfonated hydroquinone-containing
copolymers has several interesting avenues for further investigation. The most obvious is the
fundamental work of synthesizing and sulfonating series with varying comonomer structures and
investigating the impact of the chemical composition on transport properties. The IECs
investigated in this research were fairly limited, and it would be informative to evaluate post-
sulfonated SHQS materials with a higher degree of hydrophilicity. This would be interesting at a
fundamental level to confirm if the calcium effect returns at higher sulfonate group
concentrations. Once a broad spectrum of IECs have been investigated for transport properties,
it might be informative to replace the bisphenyl sulfone with a more hydrophobic monomer. The
synthesis of a highly hydrophilic (60-80% hydroquinone-containing comonomers) oligomer,
which is then crosslinked in order to optimize both water flux and salt rejection, would be an
intuitive approach in the search for an improved membrane. It may also be informative in future
mixed-feed evaluations to compare a directly copolymerized (BPS) material that has been
exchanged with aluminum (AI3*), to gain a fundamental understanding of the impact of

counterion charge density and valence to limit or negate the screening effect of calcium.

However, the post-sulfonated poly(arylene ether sulfone) system may also provide a
novel approach for the synthesis of multiblock copolymers. The resistance to calcium
compromise of salt transport is an advantage unique to the application of reverse osmosis, but the
synthetic approach may afford an additional advantage for fuel cell or polymer membrane

electrolysis applications. While multiblock hydrophilic-hydrophobic poly(arylene ether sulfone)s
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have been developed at Virginia Tech for a decade, the synthetic process remains lengthy and
delicate. Oligomer molecular weight, particularly of the hydrophilic block, is difficult to control
due to the poorly reactive sulfonated monomer and practical control over synthesis is very

limited.

In contrast, the synthesis of two nonsulfonated oligomers would be more rapid,
particularly if conducted at the high reaction temperatures of sulfolane, and the greater reactivity
should facilitate oligomer molecular weight control. A multiblock analogue of the series
described in Chapter 4, with a ‘pre-hydrophilic’ block composed of DCDPS and hydroquinone,
and a hydrophobic block of DCDPS and bisphenyl sulfone, would be comprised entirely of
commercially available monomer and very inexpensive to produce. After sulfonation and
recovery, the hydrophobic and hydrophilic oligomers could be coupled to produce a much more
feasible and affordable multiblock. This would allow for more rapid development and

optimization of multiblock architectures.

Alternately, it may also be possible to synthesize and couple the oligomers prior to
sulfonation of the final multiblock. While the hydrophobic component should not be soluble in
sulfuric acid by itself, the solubility of the reacting hydrophilic groups may be sufficient to keep

the multiblock dissolved.

One of the apparent hurdles to the development of post-sulfonated hydrophilic-
hydrophobic multiblock copolymers is the limited hydrophilicity of the monosulfonated unit.
Substituting the bisphenyl sulfone comonomer with for a deactivated dihalide with a single ring

would provide a final product with a similar ionic density. The spacing between the sulfonate
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groups would not be a concern, and could possibly be advantageous in boosting connectivity

between hydrophilic domains of the resulting multiblock.

7.2 Structure-property-processing relationships in multiblock copolymers
The results published here on the impact of various casting conditions were remarkable in

how widely the final polymer performance varied as a consequence of casting solvent and
polymer concentration. Previously, few systematic studies were done on our hydrophilic-
hydrophobic blocks and their casting conditions. Future work in characterizing multiblock
materials should include a systematic evaluation of casting conditions and morphological
characterization. It may be desirable to revisit previously described systems that showed
competitive performance to commercial state-of-the-art membranes such as Nafion, in the event
that optimized casting conditions may provide superior performance. Due to its relative
simplicity and affordability, the potential post-sulfonated block copolymer described above

would be an ideal candidate.
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