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Abstract

Abstract

In this thesis, cation exchange poly(arylene ether sulfone) copolymers for capacitive deionisation
applications were studied, with the focus of enhancing the performance of activated carbon electrodes.
Activated carbon has been studied extensively as an electrode material for capacitive deionisation, but
faces a number of significant drawbacks, including the requirement of a polymeric binder, unfavourable

pore distribution and low conductivity.

Poly(arylene ether sulfone) random and multiblock copolymers were synthesised from 2,5-
diphenylhydroquinone and diphenylsulfone monomers. The 2,5-diphenylhydroquinone monomer was
found to impart conductivity and ion exchange properties, while the diphenylsulfone increased the
stability of the polymers when cast as membranes. Sulfonation of pendant phenyl rings using post-
sulfonation resulted in a high degree of sulfonation. The synthesis of copolymers with different monomer
ratios was used to examine the effects of side-chain sulfonation, monomer ratio and copolymer structure
on fundamental membrane properties for capacitive deionisation. Membranes prepared from poly(arylene
ether sulfone) random and multiblock copolymers were found to have favourable properties, especially
ion-exchange capacity, water uptake and transport number. Importantly, their conductivities were found

to be similar to commercially available membranes used for capacitive deionisation.

The use of activated carbon as an electrode material and the effects of graphite as a conductive filler
were examined. The graphite content, while not greatly affecting electrode wettability, was found to
greatly vary electrochemical performance. Samples with too low a graphite content were observed to
have poor conductivity and low mesoporous and microporous capacitance. Increased graphite content
resulted in only modest capacitance increases, highlighting the need for both an appropriate conductive
filler and a carbon material with a favourable pore size distribution. Through electrochemical impedance
spectroscopy and equivalent circuit modelling, slow double layer formation in these electrodes was found

to be caused by poor wettability and large resistance to electrolyte diffusion.

When cation exchange copolymers were applied as coatings to activated carbon electrodes, the
additional resistance was found to not significantly hinder the rate of double layer formation. Cyclic
voltammetry revealed that a greater micropore capacitance could be achieved over a wide range of

potentials due to the selective transport properties of polymers. The penetration of polymer into the

Vii



Abstract

carbon substrate during casting was also observed to improve electrode capacitance and kinetics.
Electrochemical impedance spectroscopy results identified that both conductivity and water uptake are
important properties that affect charging resistance and capacitance, and that optimal polymer design for
membrane capacitive deionisation applications will require a high ion-exchange capacity without

compromising polymer mechanical stability.

To further improve the properties of activated carbon electrodes, random copolymers were used as novel
binder materials. With a high enough concentration, good adhesion of particles comparable to commonly
used hydrophobic binders was achieved. The wettability of the electrodes was greatly increased,
however electrode capacitance was reduced due to polymer swelling and a loss of particle conductivity.
Nonetheless, electrochemical impedance spectroscopy revealed lower charging resistances compared to
electrodes prepared with hydrophobic binders, suggesting there is potential to improve the performance

of activated carbon electrodes with optimised hydrophilic binders.

viii
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Chapter One

1.1 Desalination: A Means to Meet the Water Demand

As global population and living standards increase so too does the demand for fresh water, while its
availability continues to decrease. In response to this demand, water conservation strategies and new
sources of water are continually being explored. Additionally, research is being focused on ways to
supplement existing water supplies, with a large focus on the desalination of water to produce potable

water from otherwise non-drinkable sources.

Although desalination has existed in various forms for many centuries, the field has rapidly developed
over the last half century. Of the many desalination technologies available, the most commonly used are
multi-stage flash distillation (MSF), multiple effect distillation (MED) and reverse osmosis [1]. MSF and
MED are thermal desalination processes that consume large amounts of thermal energy to extract fresh
water from salt water [2]. Reverse osmosis is the most widely used form of desalination, and is generally
the most economical, however this process requires significant pretreatment and produces a significant
amount of concentrate [3]. The basic principle of these thermal and filtration processes is to extract fresh
water from a salt water feed, producing a purified stream of water while concentrating the feed stream.
This is done through the application of either thermal or mechanical energy and is usually most efficient
for large scale seawater desalination. On the other hand, electro-driven desalination processes such as
electrodialysis and capacitive deionisation (CDI) take advantage of the charged nature of the salt particles.
By applying electrical energy across a stream of water, salt ions can be removed from the water efficiently
desalinating brackish water without the need for expending large amounts of thermal or mechanical

energy.

Capacitive deionisation (CDI) is a developing desalination technology that can be used for the highly
efficient desalination of brackish water, the production of ultra pure water, water softening and the
removal of other charged impurities from water streams [4-6]. It is an electrosorption process that relies
on the formation of an electrical double layer (EDL) on a porous, polarisable electrode. The build up of
charge in the electrode creates a similar build up of oppositely charged ions from an electrolyte solution
at the electrode-solution at the interface, thereby removing salt ions from solution. As a desalination
process that works most effectively for low salinity water, the development of CDI will help improve the

options available for the desalination of inland brackish water in both Australia and around the world.
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1.2 Research Gaps and Project Aims
As a novel desalting technology, CDI is part of a priority research theme by the National Centre of

Excellence in Desalination Australia (NCEDA) due to a number of benefits, including [6]:
* The potential to provide cheap water in remote areas
* A high process efficiency
* Reduced energy costs compared to reverse osmosis
*  Animproving commercial viability
* Areduced stream of concentrated waste

CDI technology faces several difficulties before it can become competitive with current desalination
methods. These challenges include low ion retention at the electrodes, the high cost of electrodes and
membranes, and the relatively poor performance of commercial membranes. As such, there is scope to
develop novel polymers for use in CDI processes to improve electrode performance, reduce costs and

increase the efficiency of CDI.

In recent years numerous state-of-the-art cation exchange polymers have been developed as pressure-
driven desalination membranes and/or proton exchange membranes for use in fuel cells. However, little
work has been done in preparing and characterising these materials for electro-driven desalination
techniques, and in particular CDI. The aim of this study is to examine the effects of cation exchange
copolymers on activated carbon electrodes, with the goal of producing electrodes with enhanced

transport properties for use in CDI. Specifically, the project aims to:

e Synthesise and characterise sulfonated poly(arylene ether sulfone) copolymer membranes, with
the aim of developing ion-exchange membranes with high permselectivity and low electrical

resistance specifically for use in membrane capacitive deionisation.

* Understand the performance of activated carbon electrodes and the impacts of conductive

graphite on electrode wettability, conductivity and capacitance.

* Prepare and characterise electrodes coated with cation exchange polymers with enhanced

transport properties to better facilitate the adsorption/desorption of ions in CDI.
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* Gain an understanding of the effects of fundamental ion-exchange membrane properties on the
MCDI process, including ion-exchange capacity (IEC), water uptake, transport number and

conductivity.

* Prepare and characterise electrodes using cation exchange copolymers as a binder material to
improve the electrode capacitance and reduce resistance without the need for a polymer coating

layer.

1.3 Thesis Outline

Each chapter of this chapter focuses on a different aspect of electrodes for CDI. Chapter two provides a
comprehensive review of state-of-the-art carbon materials and polymers for CDI applications. Chapter
three focuses on the synthesis and characterisation of polymers and membranes with potential for use in
MGCDI, while chapter four examines the use of activated carbon as a material for electrode preparation.
Chapter five combines the work of the two proceeding chapters through the application of thin polymer
coatings on activated carbon electrodes, analogous to placing an ion-exchange membrane directly
against the carbon electrode. Chapter six studies the potential for hydrophilic polymers to be applied as
binder materials instead of commonly used hydrophobic polymers, and chapter seven draws together the

conclusions of the project and makes recommendations for further studies.
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2.1 Capacitive Deionisation as a Novel Method of Desalination

2.1.1 Historical Overview and Theoretical Concepts

As described in chapter one, CDI is a developing desalination technology that can be used for the highly
efficient desalination of low salinity water. It is an electrosorption process that relies on the formation of an
EDL on a porous, polarisable electrode. When a potential is applied across two porous electrodes, there
is a build up of charge in the carbon electrode. As water passes between these electrodes, the charge is
balanced by the ionic charge of dissolved components being removed from the solution, that is to say
anions and cations are adsorbed onto the electrode surface. Once the electrodes become saturated with
ions, the electrical potential is removed and ions are released back into solution, creating a concentrated
waste stream. A simplified representation of CDI adsorption and desorption cycles is shown in Figure 2.1.
The high efficiency of CDI for brackish water desalination is a result of the direct removal of ions from the
water, compared with the removal of fresh water from a more concentrated feed solution in thermal or

pressure driven desalination processes (such as MSF or reverse osmosis).

Adsorption Cycle
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Figure 2.1 - Schematic representation of the CDI process.
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The concept of electrosorption for the desalination of saline water was first considered by Blair and
Murphy [1], which relied on the adsorption of ions onto porous carbon. The theory for this process was
later established by Murphy and Caudle [2], Johnson et al. [3] and Johnson and Newman [4]. Throughout
the 1970s and early 1980s a number of studies further examined EDL theory for CDI and the
development of adsorption and desorption cycles [5-7]. This early work was unsuccessful in producing
an efficient method for deionising water, largely due to highly resistive electrodes and inefficient current
collectors. However, it had been shown that electrosorption could become a low-cost desalination
solution if suitable electrode materials with large enough surface areas were developed. Since the 1990s
there has been a renewed interest in CDI, with recent research focused on the development of more
efficient materials and increasing their electrosorption capacity. This began with carbon aerogels [8-15]
and has subsequently branched out into activated carbon [16-24], carbon nanotubes (CNTs) [25-29] and
graphene [30-36]. In spite of this research, the poor performance of electrodes is still considered to be

one of the major obstacles that must be overcome to develop CDI into a commercial technology [37].

2.1.2 Applications of CDI

The selection of a particular desalination technology depends on several factors, including the
concentration and composition of the feedwater, available energy sources, and options available for
concentrate management and/or disposal. It is important to note that the concentration of the source
water is highly variable, and this can be the defining factor in selecting technology. Reverse osmosis is
most often used for seawater desalination, which typically has total dissolved solid (TDS) levels of 33,000
— 37,000 mg/L. Brackish water however has a much more variable concentration, and depending on
location TDS concentration can range from several hundred to several thousand mg/L [38]. The process
of selectively removing salt ions becomes more efficient when low concentrations are used, and as such
CDI is most efficient at low salinities, typically less than 10,000 mg/L [39, 40]. Studies have shown that at
low salinity, CDI consumes three times less energy than reverse osmosis, largely due to the high pressure

requirements of reverse osmosis [41].

CDI is typically operated with low cell voltages in the range of 1.2-1.5 V, and has the potential to be
coupled directly with renewable energy sources such as wind or solar power. Along with low volume

streams of concentrated waste, CDI is potentially useful in regional areas that have poor access to fresh
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water [42]. Other applications for CDI include water polishing for processes where ultrapure water is

required, such as in the manufacturing of semiconductors [43].

2.2 Carbon Materials for CDI Electrodes

Research into CDI electrodes is largely focused on the development of materials that have a high sorption
capacity. To achieve this, materials need to have a high specific surface area, good electrical conductivity
to improve energy efficiency, and posses a favourable pore arrangement that both maximises sorption
capacity and allows for easy pore access [44]. Electrodes must have favourable regeneration properties
to allow for the removal of adsorbed ions back into a waste stream. Furthermore, in addition to an
electrode’s chemical and physical properties, the cost of manufacturing must be kept low to help CDI

compete with both developed and emerging desalination technologies.

Due to its high specific surface area, good electronic conductivity and chemical and electrochemical
stability, carbon is typically used as an electrode material. Commonly used types of carbon include
activated carbon, activated carbon cloth, carbon aerogels, CNTs, graphene and other composites of
these materials. The following section will briefly describe carbon materials used for CDI, before focusing

on activated carbon, the material selected for this study.

2.2.1 Carbon Aerogels

Carbon aerogels are highly crosslinked, solid networks of covalently bonded carbon particles [45]. They
are highly conductive, with typical surface areas of 400 - 1000 m%/g and a pore size distribution of
<50 nm [12, 14, 46]. A renewed interest in electrosorption desalination in the 1990’s saw a number of
studies on carbon aerogels by Farmer, Tran and coworkers at the Lawrence Livermore National
Laboratory [8-10, 12]. This work saw the development of an electrosorption process that used multiple
carbon aerogel electrodes polarized with a direct current power supply to remove ions from water.
However, due to the microporous nature and unfavorable pore size distribution of carbon aerogel, much
of its large surface area is unavailable for ion adsorption. Furthermore, its use is limited by its complex
fabrication process [47]. More recent studies have shown carbon aerogels to have specific capacitances
up to 220 F/g [48], nonetheless pilot scale testing indicates that further work is required to improve
sorption capacity before these materials become economically viable for the desalination of brackish

water [49].
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2.2.2 Carbon Nanotubes

Due to their unique one-dimensional structure, CNTs possess excellent thermal, electrical and
mechanical properties [50-52]. For CDI, their major advantages are a high surface area to volume ratio
[53], a favourable pore size distribution, and an ordered structure which allows easier pore access for
adsorbing/desorbing ions [44]. Furthermore, their higher conductivity allows for a faster adsorption of ions

and a faster electrode regeneration time [44].

A number of studies have shown the modification of CNTs can significantly enhance CDI performance.
Zhang et al. [26] showed that modification to ensure that the nanotube tip is open increases the available
surface area for adsorption. Increased hydrophilicity and lower zeta potential of CNTs has been achieved
by both Yang et al. [27], who directly grafted both positively and negatively charged ion-selective
functional groups onto the surface of CNTs (see Figure 2.2), and Zhan et al. [29] who grafted chitosan
onto the surface of CNTs. In both of these instances, the modifications increased the electrosorption
capacity of the CNT electrodes. Improved electrosorption performance has also been observed for CNT

composite electrodes with polyaniline [54], carbon nanofibres [47, 55-60] and activated carbon [61, 62].
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Figure 2.2 - Synthesis scheme of the sulfonation and amination of CNTs by Yang et al. [27] (reprinted with
permission from Elsevier).

Despite the performance advantages of CNTs, there are a number of drawbacks with their use, including
the requirement for a polymeric binder that can hinder performance. Electrophoretic deposition as a
method of carbon nanotube electrode fabrication, as studied by Nie et al. [63, 64], was found to negate

the requirement of a polymer binder and produce electrodes with similar desalination capabilities to other
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carbon materials. In spite of this, the potential risks to human health continues to be a major drawback of

the use of CNTs [53].

2.2.3 Graphene

Graphene consists of layers of two-dimensional sheets of sp?-bonded carbon atoms, and has excellent
properties for CDI applications including high specific surface area, electrical conductivity and mechanical
strength. Its exciting potential as an electrode material has seen several recent studies by Zou and
coworkers [30-32]. Graphene nanoflakes have been shown to have a high electrosorption capacitance
due to their shape and arrangement, allowing pores to be more accessible to adsorbing ions compared
with activated carbon. Although the specific surface area of graphene nanoflakes can be reduced by the
presence of graphitized carbon remaining from the graphite precursor, this may also serve to increase the
conductivity of the graphene, which promotes a better adsorption efficiency. In another study, graphene
nanosheets prepared using a novel three step reduction of graphene oxide were found to have a mean
pore size of 3.3 nm, a specific capacitance of up to 149.58 F/g and yielded a specific electrosorption

capacity of 8.6 mg/g [33].

Within the last 12 months significant improvements in the performance of graphene materials for CDI
have been made. Yan et al. [34] have shown that polyaniline/graphene composites increase the
capacitance and regeneration rate of electrodes compared with graphene only electrodes, a result of the
polyaniline acting as conductive linkers between the graphene sheets. El-Deen et al. [35] synthesised
graphene wrapped MnO,-nanostructures in a one pot reaction involving graphite oxidation and reduction,
in addition to MnO, synthesis. The excellent electrosorptive properties of electrodes prepared with this
material (a specific capacitance of 292 F/g and a salt removal efficiency of approximately 93%) were
complemented by the simplicity and low cost of fabrication. Finally, Li et al. [36] prepared sulfonated
reduced graphene oxide on carbon fibre cloth, whereby the graphene oxide nanosheets encapsulated
the carbon fibres and formed a cylindrical-shell microstructure. Charge efficiency was double that of
unmodified carbon fibre cloth, a result of decreased internal resistance and potentially the functionalised
graphene oxide layer acting a charge barrier, restricting anion movement (analogous to using a cation

exchange membrane, see section 2.3).
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Graphite oxide is used as a precursor for many graphene-based materials, and now offers the potential
for economical large-scale production of graphene-based materials [65]. Despite the potential of graphite
as a material for CDI, it is thought that improvements in preparation methods, electrosorption potential

and cost of manufacturing are needed to produce and use graphene on a large scale [65].

2.2.4 Activated Carbon

Activated carbon is an attractive material for electrosorption due to its relatively low cost and large
specific surface area, typically in the order of 1000 - 2000 m%/g. Due to these benefits, numerous studies
have focused on its use for CDI, both as activated carbon powder and activated carbon cloth [16-24].
Unfortunately the potential for activated carbon to adsorb salt ions from solution is hindered by its
microporous nature, low conductivity, and high electrical and mass transfer resistances [47].
Furthermore, it typically exhibits a randomly arranged pore network that may hinder ion movement and
thus sorption [44]. As such, research efforts to improve its electrosorption capacity and efficiency are
ongoing, with techniques such as surface modification, the incorporation of fixed charges into the
carbon, and the use of ion-exchange membranes. The following section outlines these improvements in

activated carbon and highlights several areas that still need further study.

2.2.4.1 Activated Carbon Modification

The modification of the activated carbon surface has been shown to improve electrosorption efficiency by
reducing physical adsorption. By neutralising polar surface charges, ions are less like to adsorb onto the
electrode and subsequently be held there during the desorption cycle [66]. Studies have shown that
enhanced performance can be achieved through chemical surface modification of activated carbons with
titanium [66, 67], titanium dioxide nanoparticles [17], potassium hydroxide and nitric acid [20, 68], zinc

oxide nanorods [69], and thermal treatment [23].

Both Seo and Park [70] and Zou et al. [17] have loaded an activated carbon surface with titanium dioxide
nanoparticles. Although this decreased the specific surface area of the material, it was found that surface
modification reduced physical adsorption and was able to increase the total specific capacitance of the
activated carbon (see Figure 2.3). Activated carbon has also shown enhanced performance in CDI testing
when treated with H, at 400 °C [283]. This was shown to increase the number of oxygenated groups on

the surface, which helps to improve the wettability of the activated carbon. Myint and Dutta [69] achieved
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the modification of activated carbon cloth with zinc oxide nanorods, which was found to double the

adsorption efficiency compared to unmodified electrodes.
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Figure 2.3 - Reduction in surface area and increase in specific capacitance of activated carbon with
increasing TiO: content. Adapted from [70].

Treatment with potassium hydroxide was seen to particularly increase the hydroxyl groups on electrode
surface, while nitric acid treatment saw notable increases in hydroxyl, carboxyl and carbonyl groups
present on the electrode surface [68]. When tested for electrosorption performance, the hydroxyl groups
of the potassium hydroxide treated electrodes were seen to promote ion exchange reactions due to their
hydrophilicity, improving salt removal efficiency. Electrodes treated with nitric acid underwent faradaic
reactions when a potential was applied, which caused a loss of current build up at the electrodes,
somewhat offsetting the increased hydrophilicity from the hydroxyl and carboxyl groups. In a more recent
study on electrosorption using activated carbon, Hou et al. [20] pretreated activated carbon electrodes
with 1M potassium hydroxide for 24 h, again increasing the hydrophilicity of the electrodes. This was
shown through cyclic voltammetry (CV) experiments, where a greater specific capacitance was observed

over a lower number of cycles compared with untreated electrodes, as presented in Figure 2.4.
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Figure 2.4 - Cyclic voltammograms of (a) activated carbon electrodes and (b) activated carbon electrodes
treated with potassium hydroxide, as shown by Hou et al. [20] (reprinted with permission from Elsevier).

2.2.4.2 Conductive Fillers

There are a number of factors that contribute to the electrical resistance of activated carbon electrodes:
intra-particle resistance, contact resistance between particles, and the actual current carrying path. For
each pore, the resistance becomes a function of its position, the packing of the carbon particles, and the
resistance of the carbon material [71-73]. To improve the conductivity of a carbon coating, small

qguantities of conductive fillers such as graphite or carbon black can be added to the electrodes.

In their study on the influence of conductive additives for activated carbon electrodes, Pandolfo et al. [71]
have shown that the incorporation of a conductive additive significantly improves the performance of
activated carbon. It was discovered that although graphite typically has a lower intrinsic resistance than
carbon black, practically this is only achieved at high compaction pressures. This phenomenon is due to
the two-dimensional conductivity of graphite, which requires the edges of the graphite particles to be in
contact. At low packing pressures, carbon black is likely to make better contact with the activated carbon
particles [71, 74, 75]. It was also shown that graphite is not as effective as carbon black in filling voids
between the carbon particles and creating effective contact to improve electrical conductivity. Particle
orientation to create good edge contact is therefore important when using graphite. This has been shown
practically in CDI experiments by Nadakatti et al. [24], who observed that replacing 10% of the activated
carbon with mesoporous conductive carbon black can produce up to a three fold increase in

capacitance.

2.2.4.3 Polymeric Binders
A further difficulty associated with the use of activated carbon is the requirement for a polymeric binder to

hold the carbon particles together. Typically hydrophobic polymers such as poly(tetrafluoroethylene)
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(PTFE) or poly(vinylidene fluoride) (PVDF) are used to bind activated carbon powder, however they can
hinder ion access to the pores and reduce the wettability of an electrode, reducing adsorption capacity
[22]. Binders may be also susceptible to chemical attack and vyield electrodes with poor electrical
conductivity, and while increasing the binder content increases mechanical strength, it also reduces
electrode capacitance and adsorption efficiency [20, 45].
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Figure 2.5 - a) Reaction scheme of poly(vinyl alcohol) crosslinked with glutaric acid and b) an SEM image of
electrodes with poly(vinyl alcohol)/glutaric acid binder as shown by Park et al. [22] (reprinted with permission
from Elsevier).

An alternative method to improve electrode performance is to increase hydrophilicity using fixed charges
in the binder. Using this approach, Park et al. [22] fabricated activated carbon electrodes with a poly(vinyl
alcohol) (PVA) binder crosslinked with glutaric acid (GA). As PVA is a water-soluble polymer, crosslinking
with GA was used to prevent PVA dissolution, as shown in Figure 2.5. Greater degrees of crosslinking
were seen to reduce the swelling of the PVA polymer and also resistance, and greater concentrations of
GA improved electrode sorption capacity. Furthermore, unreacted carboxylic acid groups on the GA

molecule gave the electrodes a negative surface potential, yielding cation-selective electrodes that could
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be used as cathodes. This phenomenon was more pronounced with higher concentrations of GA, as a
greater number of unreacted groups were present. When used in a CDI system, the adsorption efficiency
of desalting a 200 mg/L NaCl solution was found to be 85%. In contrast, similar electrodes fabricated
from activated carbon and PVDF as a binder, were found to have a CDI salt removal efficiency of only
78% for a 200 mg/L NaCl solution under optimised operating conditions [19]. Similar to the approach by
Park et al. [22], enhanced CDI performance was shown by Lee et al. [18] through the incorporation of an

ion exchange resin into an activated carbon powder electrode.

The incorporation of fixed charges has also been shown to work with CNTs. Nie et al. [64] prepared
composite carbon nanotube-polyacrylic acid film electrodes using an electrophoretic deposition method,
which showed enhanced desalination performance over carbon nanotube electrodes, and carbon
nanotube electrodes combined with a cation exchange membrane. In this instance, the polyacrylic acid
acts both as a binder to hold the CNTs and a cation exchange membrane (for the benefits of ion-

exchange membranes in the CDI process, see section 2.3).

2.2.4.4 Activated Carbon Porosity

A major drawback of activated carbon is its microporosity. Although microporous materials (characterised
by having predominate pore size <2 nm) will often yield a larger specific surface area, pores that are too
small for salt ions to enter do not contribute to total electrosorption capacitance [76]. In their studies on
activated carbons, graphene nanoflakes, ordered mesoporous carbons and CNTs, Zou and coworkers
have observed enhanced CDI performance using carbon types with lower specific surface areas but a
more favourable pore size distribution [32, 44, 77]. The same studies also highlighted the negative impact
of the randomly arranged pore networks of activated carbon, which can hinder ion movement and thus

the sorption of ions [44].

Microporous structures are also hindered by the electrical double-layer overlapping effect. This occurs
when the pore size is approximately the same magnitude as the EDL, causing the EDLs inside each pore
to overlap, greatly reducing electrosorption capacity. It has been shown by Yang et al. [14] that this effect
occurs predominantly in the microporous range while only partially in the mesoporous range. Strong
overlapping of EDLs results in a cut-off pore width, which is the smallest pore size that still contributes to

electrosorption capacity [14]. The presence of ordered mesopores and control over micropore size and
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pore size distribution has been shown to allow excellent electrosorption capacity in mesoporous carbons
[78]. Peng et al. [79] synthesised mesoporous carbons with variable pore structures, and electrodes
prepared from these materials were shown to have good hydrophilicity and good electrical stability.
Further, the pore structure was shown to affect the adsorption of monovalent, divalent or trivalent ions,
meaning these materials can be tailored to suit the feed water and the specific contaminants that require

removal.

2.2.5 Conclusions on Materials for CDI

A brief summary of the advantages and disadvantages of carbon materials for CDI is shown in Table 2.1.
While there are several drawbacks associated with the use of activated carbon, the above discussion has
highlighted a number of areas where research has improved its performance, namely surface
modification, conductive fillers and the incorporation of fixed charges into the binder. As a cheap
alternative to other, more efficient materials such as CNTs and graphene, there is scope to investigate the

potential enhancement of activated carbon as an electrode material for CDI.

Table 2.1 - Summary of the advantages and disadvantages of common carbon materials used for CDI
electrodes.

Material Advantages Disadvantages
Carbon High conductivity Unfavourable pore size distribution
Aerogel Large specific surface area Complex fabrication process
Not yet commercially viable
Carbon High conductivity Generally requires the use of a polymeric
Nanotubes  High surface area to volume ratio binder
Favourable pore size distribution and more ~ Potential risks to human health
ordered structure
Can be maodified to improve electrosorption
performance
Able to be used as a composite with other
materials to enhance electrosorption
Graphene Large specific surface area Preparation methods can be complex
High conductivity Large-scale production not yet cost
Excellent electrosorption capacity effective
Activated Large specific surface area Requires the use of a polymeric binder
Carbon Low cost when in the powder form

Readily available
Easy to manufacture

Unfavourable pore size distribution
Low conductivity

Typically has lower salt removal capacity
compared with other materials
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This thesis focuses on the enhancement of activated carbon using state-of-the-art polymers as both
membrane coatings and ion-exchange binders. Additionally, the use of graphite as a conductive filler is
examined, including its effect on the capacitance and resistance of activated carbon electrodes. This also

incorporates a study of physical adsorption and the poor wettability of activated carbon electrodes.

2.3 Membrane Capacitive Deionisation

In addition to the drawbacks of activated carbon, an inherent disadvantage of the CDI process is that
during the adsorption of counterions (ions with the opposite charge to that of the electrode), a
simultaneous desorption of co-ions (ions with the same charge as that of the electrode) occurs. Thus, for
each electron passing through the external circuit, less than one salt molecule is adsorbed [4, 6, 80, 81].
To restrict this co-ion desorption during the adsorption cycle of a CDI process and improve energy
efficiency, ion-exchange membranes may be placed in front of each electrode. This is known as
membrane capacitive deionisation (MCDI), and was first introduced by Andelman and Walker in 2004 [82].
A simplified representation of an MCDI cell is shown in Figure 2.6. It has been shown to significantly
increase salt adsorption and energy efficiency as more electrons in the external circuit are available for the
adsorption of counterions [83-88]. Andelman [85] has shown that the addition of ion-exchange

membranes barriers can increase the Coulombic efficiency of CDI processes beyond 90%.
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Figure 2.6 - Simplified diagram of an MCDI cell, showing cations passing through a cation exchange
membrane (blue) and anions passing through an anion exchange membrane (red).

In addition to restricted co-ion movement during adsorption, a charge barrier permits the application of a
reverse potential during the desorption phase, thereby allowing for a greater depletion of ions at the
electrode during desorption and a greater adsorption capacity in following cycles [89]. In the absence of
ion-exchange membranes if a reverse potential was applied, desorbed ions would be adsorbed by the

opposing electrode rather than being removed in the waste stream. Furthermore, restricted co-ion
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movement can prevent the precipitation of salts within the electrodes that may cause fouling in CDI cells
[85]. With further developments, in the short term MCDI may be well suited for the treatment of brackish
water, including the removal of components such as arsenic, nitrates and heavy metals. In the longer

term, a reduction in costs may see the desalination of seawater using MCDI become possible [85].

2.3.1 lon-Exchange Membranes for Membrane Capacitive Deionisation

lon-exchange membranes have found uses in many processes, most notably for electrodialysis, chlor-
alkali electrodialysis, recovery and purification of acids and bases and fuel cells applications. For electro-
driven desalination processes such as electrodialysis and MCDI, enhanced process efficiency relies of the
effective use of ion-exchange membranes to removed unwanted charged particles from the feed stream
while restricting the movement of co-ions. For the development of cation exchange membranes for

electro-driven desalination processes, the most important membrane properties are [90]:
* High permselectivity
* High IEC
* Low electrical resistance
* Mechanical and chemical stability

Unfortunately a trade-off exists between these properties; membranes that have a high IEC and low
electrical resistance often have lower permselectivities and are less mechanically stable. In addition to
these properties, the commercial success of any membrane will rely on membranes having a good long-
term stability and a simple and cheap production method. There is therefore a need to select membranes
with properties best suited to MCDI applications. Although there is a large volume of work on ion-
exchange membranes for fuel cells and electrodialysis, presently there is little information in the literature

examining the fundamental properties of ion-exchange membranes and their effects on CDI processes.

2.3.2 Commercial Cation Exchange Membranes

A number of commercial cation exchange membranes currently used for electro-driven processes such
as electrodialysis and MCDI are outlined in Table 2.2. The membranes shown in the table highlight the
balance of the properties described in section 2.3.1. Both Neosepta CM-1 [83] and Neosepta CMX [91-

93] have been used in MCDI studies, and the variation in their properties shows the sacrifices in IEC,
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resistance and thickness required to produce a membrane with greater mechanical stability. These
membranes are manufactured by the Astom Corporation (Japan), and are poly(vinyl chloride) based
membranes with styrene/divinylbenzene copolymers and fixed positive charges from sulfonic acid
groups. They are designed for general concentration and desalination purposes due to their high
permselectivity, low electrical resistance, and high mechanical, chemical and dimensional stability [94].
However, the membrane structure can be difficult to control during production with simultaneous

copolymerisation and crosslinking processes, and membrane production costs are often quite high [95].

Of the other membranes described in Table 2.2, Ralex® type membranes are significantly thicker and
have greater resistances, but are more mechanically stable. Similarly for the Selemion® membranes,
additional mechanical strength is provided by the CMD membrane while sacrificing transport number
(and permselectivity), resistance and thickness. Nafion 117 is a perfluorosulfonic acid/PTFE copolymer
cation exchange membrane that is currently the most commonly used commercial membrane for
polymer electrolyte fuel cells. Its properties are also shown in Table 2.2 due to its widespread commercial
use for fuel cell applications and generally accepted status as a benchmark for ion-exchange
membranes. In terms of use for MCDI, its high cost and environmental concerns due to the disposal of
halogenated materials make it unsuitable for widespread use considering cheaper alternatives are

available [96].
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Table 2.2 - Properties of commercial membranes for electrodialysis and MCDI. Data from [94, 97-102].

Membrane IEC Transport Permselectivity @ Resistance ® Water Uptake Thickness Uses Properties
(mmol/g) Number 2 (%) (Q.cm?) (%) (um)

Fumasep®

FKS > 1 = > 96 <8 = 110-130 Electrodialysis High chemical stability
(wet)

FKE > 1 - > 98 <3 15 50-70 Electrolysis Excellent chemical and
(dry) mechanical stability

Neosepta®

CM-1 2.0-25 - > 96 1.2-20 35-40 120-170 Electrodialysis Low electrical resistance

CMX 1.5-18 - > 96 3.0 25-30 140 - 200 General concentration High mechanical strength

and desalination

Ralex®

CMH-PES 2.2 > 0.95 > 90 <8 < 65 <700 Electrodialysis, Resistance against aggressive
(wet) chemicals and fouling

components

CMH-PES HD = > 0.95 > 90 <18 < 65 < 850 Electrodialysis, High mechanical strength
(wet) electrodeionisation

CMH-PP - > 0.95 > 90 <8 <70 < 700 Electrodialysis, Long-term stability in pH range
(wet) electrodeionisation 0-14

Selemion®

CMV 2.01 > 0.96 > 92 3.0 20 130 Electrodialysis Standard CEM

CMD - > 0.94 - 17 - 380 Electrodialysis High mechanical strength

DuPont ®

Nafion 117 0.90 - > 97" 1.5 16 200 Fuel cells

2 Transport number and permselectivity measured using 0.5 and 0.1 M KCI solutions (*Nafion 117 permselectivity measured using 0.01 and 0.1 M NaCl solutions)
b Resistance measured in 0.5 M NaCl
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2.3.3 Alternative Approaches to Commercial Membranes

There are few examples in the literature of membranes fabricated specifically for CDI applications. Kwak
et al. [84] synthesised novel cation exchange membranes from 4-styrenesulfonic acid sodium salt
hydrate, methacrylic acid and methyl methacrylate. The copolymer synthesis can be seen in Figure 2.7.
This copolymer was reacted with PVA to form ester links between polymer chains, and secondary
crosslinking was achieved by reacting the polymer with glutaric dialdehyde. Greater degrees of
crosslinking were found to decrease the IEC and conductivity, as the crosslinked polymer chains
restricted the mobility of ions. Compared with state of the art membranes, membrane properties were
quite poor, with ion exchange capacities only up to 0.99 meqg/g. High levels of water uptake resulted in
an optimal conductivity of 14 mS/cm, however the resulting ion transport number was 0.92, indicating
relatively poor selectivity.

2}
SOz Na*
4-Styrenesulfonic acid sodium salt hydrate

+

\

o
OH o
OH |
Methacrylic acid
SOz Nat

+

N
@)
0]

Methyl methacrylate

Figure 2.7 - Reaction mechanism for the copolymerisation of 4-styrenesulfonic acid sodium salt hydrate,
methacrylic acid and methyl methacrylate.

Rhim et al. [101] synthesised a PVA cation exchange polymer crosslinked with sulfosuccinic acid for use
in polymer electrolyte membrane fuel cells, which has subsequently been applied as a cation exchange
polymer for use in MCDI [103]. The reaction scheme for the polymer is shown in Figure 2.8. The

sulfosuccinic acid served as a crosslinker, preventing the water soluble PVA from dissolving in water. The



Chapter Two

sulfonic acid group on the crosslinks introduced a fixed negative charge into the polymer matrix. High
concentrations of sulfosuccinic acid therefore increased the IEC of the polymer, and up until a certain
concentration increased the mechanical stability through crosslinking. However, it was observed that
once the concentration of sulfosuccinic acid became too high, the hydrophilic effects of the sulfonic acid

group outweighed the effects of crosslinking, resulting in an increase in water uptake, which reduced

stability [101].
OH O OH
COOH 0
+ Hooc/\/ - °
OH SOzH SOH
poly(vinyl alcohol) sulfosuccinic acid OH O OH

AN

Figure 2.8 - Reaction mechanism of PVA and sulfosuccinic acid to form a crosslinked cation exchange
polymer.

One problem with the use of commercial flat sheet membranes in CDI applications is the additional
resistance caused between the membrane and the electrode [103]. The aforementioned
PVA/sulfosuccinic acid polymer was used as a polymeric coating on activated carbon electrodes rather
than being used as a flat sheet membrane by Kim et al. [103]. This technique yielded ion-exchange
coatings with area specific resistances lower than those of commercial membranes. An alternative
approach to reduce this resistance saw the spraying of carbon cloth electrodes with bromomethylated
poly(2, 6-dimethyl-1, 4-phenylene oxide) (BPPO) solution, which was subsequently sulfonated with
sulfuric acid to attach functional groups to the polymer [93]. An SEM image of the carbon cloth fibres pre-
and post treatment is seen in Figure 2.9, whereby the coating forms a continuous ion-conducting surface
on the carbon and interconnects individual carbon fibres. The electrodes were found to enhance CDI
performance, however a reliable comparison to MCDI using a Neosepta CMX membrane was not

achieved.

In light of the relatively few studies on membranes for MCDI, there is scope to prepare and characterise

cation exchange membranes specifically for use in MCDI and to examine their effects on the CDI

2-18



Chapter Two

process. The application of a coating technique to reduce resistance is of great importance, as it gives an

inherent advantage over commercial and other flat-sheet membranes.

Figure 2.9 - SEM images of a) carbon cloth and b) carbon cloth coated with sulfonated BPPO solution.
Reprinted from [93] with permission from Elsevier.

2.4 Poly(arylene ether sulfone) Cation Exchange Membranes

The driving force for the development of proton exchange membranes for fuel cells has been the high
cost of commercial perfluorinated sulfonic acid membranes [104]. The production of more cost-effective
membranes is seen as important step that can help drive the development of economically competitive
and environmentally friendly separation technologies across a range of industries [96]. A number of recent
advances in the development of cation exchange membranes have been made, in particular the
development of new materials and fundamental research into membrane properties [105, 106]. A wider

application of these new materials will be of benefit to numerous other processes, including MCDI.

Poly(arylene ether sulfone)s have a range of properties that make them suitable candidates for
incorporation into cation exchange copolymer membranes. Their polymer backbone consists of phenyl
rings bonded by ether or sulfone groups. They have excellent mechanical and thermal properties, and

have high chemical stability due to the absence of readily oxidisable links along the polymer chain [107].

2.4.1 Poly(arylene ether sulfone) Sulfonation

To selectively allow the transport of cations through a dense polymer membrane, the poly(arylene ether
sulfone) must be functionalised by introducing fixed negative charges to the polymer. The
functionalisation process plays a large role in determining the properties of the polymer, in particular the
electrical resistance and permselectivity [108]. Functionalisation creates hydrophilic regions that reduce

mechanical and chemical stability, and so a trade-off between the stability and ion exchange properties
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exists. Thus, the challenge is to modify the polymer without compromising its excellent mechanical

properties.

Sulfonation is commonly used over other forms of functionalisation such as carboxylation or
phosphonation, as the process is relatively simple and yields membranes with favourable ion transport
properties [90]. As a strong acid, sulfonic acid also easily dissociates compared with weaker acids such
as carboxylic acid [109]. Sulfonation is an electrophilic aromatic substitution reaction, where a hydrogen
atom on an aromatic ring is substituted for an electrophile, i.e., the sulfonic acid group, SO;H*. The
mechanism for sulfonation of benzene is shown in Figure 2.10. Note that any substituents on the phenyl
ring will affect its reactivity towards sulfonation; those that donate electrons to the ring increase reactivity,
and those that withdraw electrons reduce reactivity. This can determine the choice of sulfonating agent,

with options including chlorosulfonic acid, sulfuric acid and sulfur trioxide [104, 110].

a) ) @) 0
no-7 N, A 1 A

HO—S—OH + H HO—S—O: HO—S+ + :0O:
. o\ [ \
o) o H o) H

Sulfuric Acid HSO3* electrophile

¥ g

b) . . 1 SOH
+ HO—S. SOH — +  HB*
0]
where

: B is a base (H,O or HSOy)

Figure 2.10 - Sulfonation of benzene via an electrophilic aromatic substitution reaction, where a) shows the
formation of the electrophile SOsH* from concentrated sulfuric acid and b) shows the sulfonation reaction
mechanism.

Poly(arylene ether sulfone) sulfonation was first reported by Quentin [111], who used chlorosulfonic acid
and sulfur trioxide as sulfonating agents. Further studies have examined the use of chlorosulfonic acid
and trimethylsilyl chlorosulfonic acid as sulfonating agents for various poly(arylene ether sulfone)s [112-
115]. It has been shown by Genova-Dimitrova et al. [113] that the use of trimethylsilyl chlorosulfonate can
prevent undesirable chain scissions and branching which can occur when chlorosulfonic acid is used as
the sulfonating reagent. In spite of these studies, sulfuric acid is widely used for sulfonation due to its low

cost, availability and aggressiveness as a reagent.
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2.4.1.1 Pre-sulfonation

Three methods exist for the sulfonation of polymers; the sulfonation of monomers which are subsequently
polymerised (pre-sulfonation), the direct sulfonation of the polymer backbone post polymerisation (post-
sulfonation), and the direct sulfonation of film-formed membranes [116]. Each of these methods affects

the properties of the cation exchange membrane.

Pre-sulfonation generally allows for a greater control over the degree of sulfonation, molecular weight,
ionic concentration and the chemical structure of the sulfonated polymer [117]. In their study on pre- and
post-sulfonated poly(arylene ether sulfone)s, Kang et al. [110] demonstrated that pre-sulfonated polymers
yielded |ECs close to their maximum theoretical value, where for a disulfonated monomer, maximum
theoretical IEC is calculated assuming two sulfonic groups are introduced per repeating unit. These
polymers can be seen in Figure 2.11. For post-sulfonation, a large discrepancy between theoretical and
experimental values was observed. This is due to the electrophilic substitution ortho to the ether link,
which only allowed one sulfonate group per repeating unit, as shown in Figure 2.11 ¢). Direct monomer
sulfonation on the other hand allowed electrophilic substitution ortho to each chlorine endgroup, allowing

for two sulfonated groups per monomer as seen in Figure 2.11 a and b.

SO3H
a) o
OO
(@)
HO3S
b) SO4H

(@) (0]

I ]
HO-HOHROFOR-O-O+
HO3S n

c) . CHy 0
)T
[ N\ /4 (|3H3 6' K

SOzH

Figure 2.11 - a) Sulfonated precursor monomer, b) pre-sulfonated poly(arylene ether sulfone) and c) post-
sulfonated poly(arylene ether sulfone), demonstrated by Kang et al. [110] .
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2.4.1.2 Post-sulfonation

Although the direct modification of the polymer backbone is more difficult to control than pre-sulfonation,
under defined conditions reproducible results are achievable [118]. This reproducibility, coupled with the
simplicity and cost effectiveness of the process, has led to the widespread practice of post-sulfonation

[96, 116, 118].

Post sulfonated poly(arylene ether sulfone) membranes have been widely studied for a range of
applications, including fuel cells [119, 120], reverse osmosis and filtration membranes [121-124] and
electrodialysis [124-128]. The post-sulfonation of poly(ether sulfone) (PES, a poly(arylene ether sulfone)),
has been studied by a number of researchers [115, 119, 126]. The chemical structure of PES and
sulfonated PES (sPES) can be seen in Figure 2.12. Nolte et al. [115] sulfonated the commercially available
Victrex® polyethersulfone with sulfur trioxide. Greater degrees of PES sulfonation were seen to increase
the glass transition temperatures (T,) due greater hydrogen bonding within the polymer matrix. The
degree of sulfonation was approximately 90%, and polymers were measured to have an IEC of 3.0
meqg/g, a permselectivity of 0.90 for membranes in aqueous KCI, and a water uptake of 74%. While the
IEC and permselectivity is comparable to commercial cation exchange membranes (see Table 2.2), the
high degree of swelling of the membrane resulted in a significant loss of mechanical stability. Swelling
reductions were observed after crosslinking the membranes by reacting sulfonic acid groups activated
with N-sulfonyl-imidazole with diamines. However due to the loss of fixed charges within the polymer

matrix, this technique simultaneously reduced the permselectivity and conductivity.

o) o)
a g o) b g o)
g n g n
SOgH

Figure 2.12 - Molecular structure of a) PES and b) sPES.

Dai et al. [119] prepared sPES membranes by sulfonating PES with chlorosulfonic acid, using
concentrated sulfuric acid as a solvent. These membranes were found to have a percolation threshold at
a degree of sulfonation of 39%. Above this value the water uptake drastically increased and mechanical
stability was compromised. This was due to the observed microphase separation between hydrophobic

and hydrophilic regions that exist in the SPES membranes. The hydrophilic clusters are due to regions of

2-22



Chapter Two

aggregated sulfonic groups, and were seen to increase in size with degree of sulfonation. With a degree
of sulfonation of 50%, ion rich channels rather than ionic clusters were observed, resulting in an

undesirable, rapid change in polymer properties that compromised selectivity and mechanical stability.

Similar results for have been demonstrated by Klaysom et al. [126], who also used chlorosulfonic acid for
the sulfonation of PES rather than concentrated sulfuric acid. Here, the optimal degree of sulfonation was
found to be 40% with an IEC of 1.44 meq/g, transport number of 0.925 and a conductivity of 0.0591
mS/cm. Higher IECs and conductivities similar to commercially available membranes were able to be

obtained, however this was at the expense of both transport number and mechanical stability.

2.4.1.3 Side-chain Sulfonation

Due to the nature of the electrophilic substitution reaction, the post-sulfonation of poly(ether sulfone)
occurs in the ortho-position to the ether linkage, as shown in Figure 2.13. Since the sulfonic acid group is
positioned on the polymer backbone, this is known as main-chain sulfonation. When sulfonation of this
nature occurs, the hydrophobic nature of the backbone is compromised which affects mechanical
stability, and the sulfonic acid groups become less acidic [129, 130]. Generally, the mechanical stability
for homogeneous sulfonated arylene main-chain polymers becomes compromised once the IEC exceeds
1.4-1.6 meqg/g [131]. Acid groups on main chains also have poor ion clustering, reducing the effect of

hydrophilic regions which are crucial for the transport of counterions through the polymer matrix [129].

SOH

Figure 2.13 - An example of main chain sulfonation: a sulfonated poly(ether sulfone) with the sulfonated
group in the ortho-position to the ether linkage.

To address this issue and to increase the practical maximum IEC and conductivity, numerous studies
have investigated the introduction of sulfonated pendant phenyl side-chains along the polymer backbone.
[132-138]. These studies have vyielded polymers exhibiting enhanced chemical and mechanical

properties. An example of side-chain sulfonation can be seen in Figure 2.14.
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SO3H

&
ot

Figure 2.14 - An example of side-chain sulfonation: a pendant phenyl ring with the sulfonated group in the

para-position

Jannasch et al. modified [132] polysulfone and polyphenylene sulfone with the addition of a pendant

sulfonated phenyl group via ketone links. Lithilated sites on the polymer backbone were reacted with 2-

sulfobenzoic acid cyclic anhydride. An example of this reaction scheme is shown in Figure 2.15. This

synthesis route yielded no side-reactions resulting in crosslinking or other structural modifications.

Membranes fabricated from this polymer yielded IECs of up to 1.5 meaq/g, with water uptake in the

protonated form no greater than 48%, providing good mechanical stability.
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Figure 2.15 - Synthesis of sulfophenylated polysulfone via lithiation and reaction with 2-sulfobenzoic acid
cyclic anhydride [132, 133]. Note that the sulfonation is on the side chain rather than the polymer backbone.

Liu et al. [134] investigated the sulfonation of poly(ether ether ketone)s containing a range of phenyl

based side-chains. Presented in Figure 2.16, the polymers shown in a) and b) were found to have ion

exchange capacities of 2.23 and 2.19 meq/g, respectively, while retaining good mechanical properties.

Direct polymer sulfonation was used, and the pendant phenyl groups allowed for only a single sulfonation
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site per repeat unit. Importantly, this control over the sulfonation would normally only be achievable

through the copolymerisation of pre-sulfonated monomers.

a) SOzH
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SOzH

b)
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n

Figure 2.16 - Poly(ether ether ketone)s with a) sulfonated phenyl side-chain and b) sulfonated 3-methylphenyl
side chain [134].

Similarly, Kim et al. [136] prepared poly(arylene ether)s with sulfonated groups in the para position of
pendant phenyl rings. This produced a single sulfonated group per repeating unit, as shown in Figure
2.17, with sufficient sulfonation reaction time yielding polymers with a 100% degree of sulfonation. These
membranes yielded high ion exchange capacities up to 2.71 meqg/g and maintained high levels of

mechanical stability.
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Figure 2.17 - Synthesis of sulfonated poly(arylene ether) copolymers containing a pendant sulfonic acid
group [136].

Meier-Haack et al. [135] produced poly(arylene ether sulfone)s with IECs up to 1.5 mmol/g. The use of
sulfuric acid as a sulfonating agent favoured sulfonation of the pendant phenyl ring, however as shown in
Figure 2.18, main chain sulfonation was also observed. Furthermore, with the use of chlorosulfonic acid
trimethylsilylester instead of sulfuric acid, as much as 75% of the main chain was sulfonated. The

observed main chain sulfonation was due to the presence of the 4,4’ -difluorodiphenyl sulfone monomer,
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which increases the reactivity of the benzene ring towards electrophilic aromatic substitution. While the
degree of sulfonation increased, the sulfonated main chain resulted in an undesirable loss of mechanical
stability. In contrast, the sulfonated polymers prepared by Liu et al. [134] and Kim et al. [136] exhibited
side-chain sulfonation only. This was a result of the greater electron withdrawing effects on the benzene
ring of the precursor monomers in the polymer backbone (4,4 -difluorobenzophenone,

decafluorobiphenyl and 2,6-difluorobenzonitrile), reducing the main chain’s activity towards sulfonation.
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Figure 2.18 - Synthesis of sulfonated poly(arylene ether sulfone)s containing both a pendant sulfonic acid
group and a main chain sulfonic acid group [135].

Both Liu et al. [137] and Vogel at al. [138] have recently introduced 2,5 diphenylhydroquinone into
poly(arylene ether sulfone)s, which provided two pendant phenyl side-chains for sulfonation. The resulting
polymers were found to have sulfonic acid groups on each pendant phenyl rings, allowing for two
sulfonation sites per repeating unit, as shown in Figure 2.19. This approach increases the hydrophilicity of

the polymer without compromising the main chain.
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HO3S
Figure 2.19 - Pendant phenyl rings with sulfonation in the para-position.

These advances in post-sulfonation techniques, particularly the introduction of sulfonated side-chains,
have produced membranes with excellent properties that show good results when applied to fuel cells.
However, similar side-chain sulfonated copolymers are yet to be studied for ion exchange desalination
technologies. This study will examine the use of side-chain sulfonated poly(arylene ether sulfone)s
synthesised using the 2,5 diphenylhydroguinone monomer, using the same polymers as those prepared

by Vogel et al. [138].

2.4.2 Poly(arylene ether sulfone) Copolymers

In general, a high membrane water uptake increases conductivity at the expense of mechanical strength;
conductivity therefore needs to be maximised while limiting water uptake. Crosslinking has been shown
to be an effective method in increasing the stability of poly(arylene ether sulfone) membranes without
greatly sacrificing conductivity [139]. This can also be achieved by segregating hydrophobic and
hydrophilic regions of the polymer matrix through the synthesis of copolymers that combine both
hydrophilic and hydrophobic monomers. By using suitable monomers, efficient ionic networks and
mechanically stable backbones can be formed that increase membrane stability without compromising

membrane performance.

Copolymers can be tailored to incorporate a blend of properties, and different configurations of
copolymers exist. This study concerns itself with random and multiblock copolymers. Random or
statistical copolymers have a statistical distribution of monomers along the polymer chain, while block
copolymers exhibit an ordered structure, and are comprised of discrete polymer blocks that are bonded
together to form longer polymer chains. Block copolymers are attractive materials for ion-exchange

membranes, as the polymer architecture can easily be controlled, allowing for defined ionic and non-ionic
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(or hydrophilic and hydrophobic) domains in the polymer chain. Studies have shown that compared with
random copolymers, block copolymers with similar composition have a lower water uptake and are more

mechanically robust without sacrificing IEC [138, 140-142].

The synthesis of disulfonated copolymers from 3,3’-disulfonated-4,4’-dichlorodiphenyl sulfone has been
widely studied for use in fuel cells [104, 110, 143-146] and reverse osmosis processes [117, 147-150].
For use as reverse osmosis membranes, the chemical stability of these polymers provides a good
tolerance to agueous chlorine over a range of pH values. These membranes take advantage of the pre-
sulfonation method, whereby the 4,4’-dichlorodiphenyl sulfone monomer is sulfonated via an electrophilic
substitution reaction allowing two sulfonated groups per monomer, as described in section 2.4.1.1. The
final copolymers benefit from easily reproducible levels of sulfonation, and controlled molecular weight,

ionic concentrations morphology [117].

Ueda et al. [145] demonstrated the synthesis route of poly(arylene ether sulfone) random copolymers via
an aromatic nucleophilic substitution reaction, shown in Figure 2.20. This is now the most common
synthesis route to produce sulfonated poly(arylene ether sulfone)s [104]. This reaction controls the
location of the sulfonic acid group, as well as the degree of sulfonation based on the feed ratio of the

precursor monomers.
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Figure 2.20 - Synthesis of a disulfonated poly(arylene ether sulfone) copolymer via an aromatic nucleophilic
substitution reaction.

Studies on sulfonated poly(arylene ether sulfone)s have shown the importance on the microphase-
separation between hydrophilic and hydrophobic domains and how this can effect membrane

performance [143, 146]. Wang et al. [143] produced sulfonated poly(arylene ether sulfone) random
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copolymers from 4,4’ -dichlorodiphenylsulfone, 4,4’ -biphenol and 3,3’-disulfonate-4,4’-
dichlorodiphenylsulfone. It was found that phase separation occurs in polymers with a disulfonated
monomer ratio up to approximately 50%. Above this ratio, hydrophilic domains became continuous, ionic
rich phases rather than segregated ion domains, and the membranes become characterised by large
water uptake and poor mechanical strength. This percolation threshold limits the practical maximum
value of IEC and conductivity. As described in section 2.4.1.1, similar results were observed by Kang et

al. [110] in their comparative study on pre and post sulfonated poly(ether sulfone)s.

2.5 Summary

Presently there are a large number of studies in the literature on the preparation of polymers and ion-
exchange membranes for fuel cells and electrodialysis, however there are few studies that examine the
fundamental properties of ion-exchange membranes and their effects on CDI processes. In particular,
while a number of state of the art random and multiblock poly(ether sulfone) copolymers have been
developed for pressure-driven desalination membranes [117, 147-150] and for fuel cell applications [138,

151], these materials have yet to be prepared and characterised for MCDI.

To address this gap in the literature, several state-of-the-art poly(arylene ether sulfone) polymers will be
synthesised. For the scope of this thesis, despite the greater control of polymer properties that is
achievable using the pre-sulfonation technique, the use of the post-sulfonation technique is justified by its
simplicity and cost effectiveness. To compensate for the loss of control over polymer properties, random
and multiblock copolymers of different compositions will be synthesised to balance the hydrophilic and
hydrophobic properties required for an effective cation exchange membrane. The degree of sulfonation
will be further controlled through the incorporation of the 2,5 diphenylhydroquinone monomer in the
polymer backbone, which will allow for two sulfonation sites per repeating monomer and increase the
hydrophilicity of the polymer without severely compromising the main chain and the polymers’

hydrophobic properties.

Due to its economic benefits and ease of preparation, activated carbon will be used as the primary
carbon material for electrosorption. This thesis will then focus on the enhancement of activated carbon
using state-of-the-art polymers as both membrane coatings and ion-exchange binders. In addition, the

properties of the activated carbon electrodes with graphite as a conductive filler will be examined. This
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will include a study on the effect of graphite on electrode capacitance and resistance, as well as the

physical adsorption and poor wettability of activated carbon electrodes.

2.6 Publications

In addition to this literature review, the following publications can be referred to for more information on

the management of concentrated desalination waste, and on state-of-the-art polymers and ion-exchange

membranes for fuel cells:

Book

Ladewig, B.P. and Asquith, B.M., Desalination Concentrate Management, Springer, Heidelberg, 2012

Book Chapters

Ladewig, B.P, Asquith, B.M. and Meier-Haack, J., Key Materials for Low-Temperature Fuel Cells: An

Introduction, in B. Ladewig, S. Jiang, Y. Yan & M. Lu (eds.), Materials for Low-Temperature Fuel
Cells, Wiley-VCH, Weinheim, 2014.

Ladewig, B.P, Asquith, B.M. and Meier-Haack, J., Membranes for Direct Methanol Fuel Cells, in B.

Ladewig, S. Jiang, Y. Yan & M. Lu (eds.), Materials for Low-Temperature Fuel Cells, Wiley-VCH,
Weinheim, 2014.
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3.1 Overview

This chapter discusses the synthesis and characterisation of three random copolymers and one
multiblock copolymer and their suitability as cation exchange membranes for CDI. The copolymers
investigated are poly(arylene ether sulfone)s and were all synthesised from the same precursor
monomers. Fundamental polymer and membrane characterisation techniques were used, including 'H
NMR, Fourier transform infrared spectroscopy (FTIR), and measurements for contact angle, IEC, water

uptake, resistance and transport number.

The effects of side-chain sulfonation, precursor monomer composition and the structure of the copolymer
on the membranes’ IEC, water uptake, conductivity and transport number are presented. All membranes
were found to have relatively low water uptake and good mechanical stability, while yielding values for
IEC, conductivity and transport number comparable to those of commercial membranes and similar
cation exchange membranes in the literature. The results indicated that the hydrophilic domains in the
polymers enhanced IEC and conductivity, with the membranes potentially suitable for use in membrane

CDI systems.

Note that with the exception of FTIR, transport number and contact angle experiments, all work in this

chapter was conducted at the Leibniz-Institut fir Polymerforschung Dresden in Germany.

3.2 Relevant Theory
This section provides some theory on the key membrane properties discussed in this chapter used to
characterise the membranes for MCDI applications, namely IEC, water uptake, conductivity, selectivity

and transport number.

3.2.1 lon-Exchange Capacity

A membrane’s IEC is a measure of the number of fixed charges per mass of dry membrane material. It is
expressed in either milliequivalents or mmol per gram of dry membrane, and the two are typically
interchangeable when the fixed charges are monovalent (as is the case in this study). As the fixed
charges impart ion-exchange membranes with the ability to selectively transport counterions, this

parameter greatly affects the properties of the membrane.
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3.2.2 Water Uptake

The water uptake or membrane swelling describes the maximum amount of water that can be held by a
membrane, and largely determines a membrane’s mechanical stability, conductivity (or resistance) and
ion permselectivity. It is affected by the constituent monomers and their arrangement within the polymer
(i.e. block, graft or random copolymer), the homogeneity of the membrane, the number of fixed charges
(i.e. the IEC), and the type of fixed charges. Strongly acidic or basic fixed charges tend to increase the
water uptake compared to weakly acidic or basic fixed charges. The sulfonic acid group used in this
study is strongly acid and is therefore expected to yield a greater water uptake compared to weaker acid

groups.

3.2.3 Conductivity

lon exchange membranes require good ionic conductivity to facilitate the transport of counterions when
an electrical potential is applied. Similar to the water uptake, the number and type of fixed charges
influences the conductivity, where homogeneous membranes with an even distribution of fixed charges

promote good conductivity.

In-Plane Conductivity Through-Plane Conductivity

N—

L
N

>

Figure 3.1 - In-plane and through-plane conductivity, with the direction of measurement shown by the red
arrow.

Conductivity can be measured in either the through-plane or in-plane direction, as shown in Figure 3.1.
These values are often found to be greater in the in-plane direction due to the direction of polymer
extrusion and the alignment of the polymer chains [1]. For MCDI applications (and indeed most ion-
exchange membrane processes), ion transport occurs in the through-plane direction and so through-
plane conductivity is often reported in literature for commercial membranes. However, through-plane
measurements are often delicate and it can be difficult to achieve results that are both consistent and

accurate. Consequently in-plane conductivity is often measured using a standard four-point probe, which
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still yields accurate and meaningful results. Furthermore, as measurements with a four-point probe are
not made with the membranes submersed in solution, the measured resistance is not influenced by

boundary layer effects.

3.2.4 Selectivity and Transport Number

For MCDI applications, the mass transport of ions through the membrane is a large factor in determining
the overall process efficiency. To help measure the mass transfer of the membranes, both the selectivity
and transport number can be determined. Selectivity is a function of conductivity, water uptake and IEC,
and can be used to quantify the relationship between mechanical stability and conductivity. It is
calculated from the hydration number, A, a measure of the water molecules absorbed per fixed charge,

which is calculated using the following equation:

e wu
" IEC x 18.02
Equation 3.1

where WU is the water uptake, /EC is the ion-exchange capacity (mol/g) and 18.02 is the molecular

weight of water (g/mol). The selectivity, ¥, can then be calculated using the following equation:

1!):

~1Q

Equation 3.2

where ¢ is the membrane conductivity (mS/cm). lon exchange membranes with a high selectivity and low

hydration number are more suited to practical applications.

When a potential difference is applied across an ion-exchange membrane, the transport number
describes the fraction of the total current that is carried by a specific ionic species. Considering a cation
exchange membrane in an aqueous solution, both anions and cations are able to carry current applied by
an external source. However, due to the incorporation of fixed negative charges and hence the selective
transportation of cations, the majority of the current will be carried by the cations. This is expressed as

the transport number (t), defined as [2]:

_ zii
= izl

Equation 3.3

where t; is the transport number of component i, z; is its valence, and J; its molar flux. The sum of all

transport numbers for all ions in solution is equal to one. If the sum of the individual transport numbers for
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all cations is equal to one, this indicates an ideal cation-exchange membrane that is completely
permselective, i.e. one that completely blocks the passage of anions. Note that the fixed charges within
the membrane are not able to carry current through the membrane, and thus have a transport number of
zero. For the application of MCDI, a transport number close to one is desirable as the reduced movement
of co-ions (anions) improves energy efficiency. The simplest method to determine membrane transport
number is based on measuring the potential difference between two electrolyte solutions of different
concentration separated by the membrane. The transport number, t, can then be calculated using the

following modified Nernst equation [3]:

RT a,

a;
Equation 3.4

where E,, is the measured potential (V), R is the gas constant (J/mol.K), T is the temperature (K), F is the

Faraday constant, and a, and a, are the activities of the two electrolyte solutions (mol/L).

The permselectivity differs to the transport number in that it describes the degree to which a membrane
passes ions of a certain charge and blocks ions of the opposite charge. A membrane with a
permselectivity of one exclusively transmits counterions, while a permselectivity of zero indicates that the
transport number of the counterion in the membrane is the same as its transport number in the
electrolyte. For membrane separation processes, membranes typically should have a permselectivity

greater than 0.97 [4].

3.3 Experimental

3.3.1 Materials

4,4’ -difluorodiphenyl sulfone (DFDPhS) was purchased from FuMA-Tech GmbH (Germany) and was
purified by vacuum distillation. 4,4’-dihydroxydiphenyl sulfone (98%) (DHDPhS) was obtained from Aldrich
(Germany). 2,5-diphenylhydroquinone (DPhHQ) had been prepared as per the procedure described by
Vogel et al. [5]. NMP and calcium carbonate were purchased from Merck (Germany) and NMP was
distilled twice under reduced pressure from CaH,. Potassium carbonate was purchased from Fluka

(Germany), and concentrated sulfuric acid (min. 96%) was obtained from Acros (Belgium).
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3.3.2 Random Copolymer Synthesis

Random copolymers were synthesised from DFDPhS, 4,4’-dihydroxydiphenyl sulfone bis-
trimethylsilylether (bis-TMS-DHDPhS) and 2,5-diphenylhydroquinone bis-trimethylsilylether (bis-TMS-
DPhHQ). The synthesis scheme is shown in Figure 3.2. 10 mmol of DFDPhS, x mmol of bis-TMS-DPhHQ
and 10 - x mmol of bis-TMS-DHDPhS were weighed into a 50 mL three-necked round-bottomed flask
with 30 mL of anhydrous NMP, where x = 6 for RCP 1, x = 5 for RCP 2 and x = 4 for RCP 3. The
monomers were stirred under argon purging until complete dissolution was achieved. To facilitate the
condensation polymerisation reaction, 3.33 mmol of anhydrous potassium carbonate and 16.65 mmol of
anhydrous calcium carbonate were added to the solution. The reaction mixture was then heated to
175 °C for 24 h under stirring and argon purging, followed by a further 2 h at 190 °C. The cooled reaction
mixture was diluted with NMP to reduce its viscosity. The polymer was precipitated dropwise in
methanol, then filtered and thoroughly washed with water (and subsequently methanol) to remove
residual NMP, potassium carbonate and calcium carbonate. The polymers were finally dried under

vacuum at 100 °C to constant weight.

o] o)
1 I

a TMS—O0 O o—TMS + b TMs—o—@—ﬁ—@—o—ms + (ath) F@ﬁ—@—F
o o]

NMP/CaCO,/K,CO,
175°C, 24 h
190°C, 2 h

alb

Figure 3.2 - Random copolymer synthesis with a mmol of bis-TMS-DPhHQ, b mmol of bis-TMS-DHDPhS and
(a+b) mmol DFDPhS. The trimethylsilyl ether groups are hydrolysed during the nucleophilic displacement
polycondensation reaction (not shown).

3.3.3 Multiblock Copolymer Synthesis
The multiblock copolymer (MB) was synthesised from oligomers prepared from 2,5-diphenylhydroquinone

bis-trimethylsilylether and 4,4’-difluorodiphenyl sulfone (oligo-DP-PES), and 4,4’-dihydroxydiphenyl
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sulfone bis-trimethylsilylether and 4,4’-difluorodiphenyl sulfone (oligo-PES). Both oligomers had been
prepared as per the procedure described by Vogel et al. [5]. To polymerise the oligomers, 0.3 mmol of
the end-capped oligo-PES and 0.3 mmol of oligo-DP-PES were weighed into a three-necked round-
bottomed flask with 50 mL of anhydrous NMP. After complete dissolution of the precursor oligomers,
2 mmol of anhydrous potassium carbonate was added to the reaction mixture and the temperature was
raised to 100 °C under stirring and argon purging for 24 h. The cooled reaction mixture was precipitated
in methanoal, filtered to isolate the product from any insoluble material, and then washed with water and
methanol. Finally the polymer was dried in vacuum at 100 °C to constant weight. The synthesis scheme

for the multiblock copolymer can be seen in Figure 3.3.

F

F, F F F F F, F
0
e e W s a W W
1 b
o
F F F F F

F F F

NMP/CaCO,/K,CO,
100 °C, 24 h

Figure 3.3 - Multiblock copolymer synthesis scheme, where a = 39 and b = 25.

3.3.4 Copolymer Sulfonation

All polymers were sulfonated using concentrated sulfuric acid (min. 96%). 30 ml of concentrated sulfuric
acid was added to 3 g of polymer in a small flask under stirring for 24 h. The sulfonated polymers were
then precipitated in water and thoroughly washed with water until the solution obtained a neutral pH. The

final products were dried under vacuum at 110 °C to constant weight.

3.3.5 Polymer Characterisation
"M NMR spectra of polymers prior to and post sulfonation were recorded on a Bruker DRX500
spectrometer operating at 500.13 MHz. Using 5 mm o.d. sample tubes, polymer samples were dissolved

in dimethyl sulfoxide-ds, which was also used as an internal chemical shift reference (2.50 ppm). ATR-
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FTIR was performed using a PerkinElmer Spectra 100 to confirm the chemical structure of the cation

exchange membranes.

3.3.6 Membrane Preparation

Membranes were prepared by dissolving 0.4 g of sulfonated polymer in 5 mL NMP such that the
concentration of the polymer solution was 7.2 wt.%. The solutions were cast into 80 mm glass petri
dishes and dried under vacuum for 2 h at 60 °C to remove the bulk of the NMP, then for a further 24 h at
80 °C. Membrane samples were removed from the dishes using deionised water and thoroughly rinsed
with deionised water to remove residual NMP before soaking for 24 h in 1 M NaCl to convert them to the

Na* form. The membranes were finally rinsed and stored in deionised water at room temperature.

3.3.7 Membrane Characterisation

3.3.7.1 Contact Angle

Contact angle measurements were made using a PGX+ Goniometer. 3.5 pl of water was dropped onto a
dry, flat membrane sample. The static contact angle was measured with the PocketGoniometer software,
taking ten measurements over a period of 54 seconds. Each sample was measured several times at

different points on the surface to ensure repeatability.

3.3.7.2 lon-Exchange Capacity

The IEC of the membranes was calculated using the titration method. Titration was carried out on a
Metrohm Titrando using potentiometric titration. Membrane pieces were first dried at 80 °C under
vacuum until constant weight was reached. They were then soaked in 1 M HCI for 24 h to ensure full
protonation, thoroughly rinsed with deionised water to remove excess protons from the polymer matrix,
then soaked in 2 M NaCl for 24 h to fully exchange the protons with Na* ions. This NaCl solution,
containing displaced protons, was titrated with 0.01 M NaOH to measure the number of protons, and
hence the number of ion exchange sites within the polymer. The final IEC values were calculated using

the following equation:

n(H*
IEC = (H™)

mdry
Equation 3.5
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where n(H") is the number of protons in the titration solution, and m,, is the mass of the dry membrane
piece. n(H*) was calculated based on the titration of both the sample solution and of a blank 2M NaCl

solution of the same volume as the test solution as shown in Appendix A1.

3.3.7.3 Water Uptake

Water uptake was measured by first drying membrane pieces at 80 °C under vacuum until constant
weight was reached. After soaking the pieces in water at room temperature for 24 h, they were removed
and excess water was gently wiped with a tissue before immediate weighing. The water uptake (WU) was

calculated using the following equation:

Myet — Mar
Wy =& a4y
mdry

Equation 3.6

where m,,; is the weight of the swollen membrane and my,, is the weight of the dry membrane.

3.3.7.4 Conductivity

In-plane conductivity was determined using electrochemical impedance spectroscopy (EIS) with a four-
point probe. Using a Gamry Reference 600 potentiostat in a frequency range from 1 Hz to 1 MHz, the
membrane resistance was taken at the frequency where the phase angle was closest to zero.
Membranes were measured in the Na* form at 30 °C and a relative humidity of 99% to prevent them from
drying out. As the samples were tested in a humid environment and not submersed in solution, the
measured resistance is not influenced by boundary layer effects. Conductivity was calculated based on
the measured membrane resistance, R, (Q), distance between electrodes, L (cm), and the effective

membrane cross section (thickness multiplied by width), A (cm?), such that:

L
°TR.A

Equation 3.7

3.3.7.5 Transport Number

Membrane transport number was determined by measuring membrane potential. The experimental setup
is shown in Figure 3.4. Using a two-chamber cell, a vertically positioned membrane separated solutions
of 0.5 M NaCl and 1 M NaCl. The potential difference across the cell was measured by a potentiostat

connected to Ag/AgCI reference electrodes, which were positioned such that the tips of the electrodes
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were adjacent to the membrane surface. The transport number was then calculated using Equation 3.4

described in section 3.2.4.

Ag/AgCl
reference electrodes

0.5 M NadCl 1 M NadCl
I Membrane
Stir bar Stir bar
GE— GE—

Figure 3.4 - Schematic of the cell used to measure transport number.

3.4 Results and Discussion

3.4.1 '"H NMR Analysis

The copolymers in this study have been previously characterised by '"H NMR by Vogel et al. [5]. This
section provides some additional information to this characterisation and confirms the chemical structure

of the copolymers.

3.4.1.1 "H NMR of Random Copolymers Prior to Sulfonation

Figure 3.5 shows the "H NMR spectrum of RCP 3 prior to sulfonation. The peaks seen in the region 8.02
— 7.74 ppm were assigned to signals of proton a, which is in the ortho-position to the sulfone group. This
proton was represented by four different peaks due to the influence of the diphenylhydroquinone and
dihydroxydiphenyl sulfone monomers. As previously postulated by Vogel et al. [5], a triad of
diphenylsulfone-centred substructures is produced via the polycondensation reaction of the silylated

monomers with the difluorodiphenyl sulfone fluoroaromatic. These substructures are shown in Figure 3.6.
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Figure 3.5 - '"H NMR spectrum of RCP 3 prior to sulfonation.
When the centred diphenylsulfone unit is bound to two diphenylsulfone units (substructure ), only one
signal is produced, represented by the doublet at 7.99 ppm. This signal was assigned to proton a.
Substructure Il represents both a diphenylsulfone unit and a diphenylhydroquinone unit bound to the
centred diphenylsulfone. The two side-chain benzene rings on the diphenylhydroquinone unit are weakly
activating substituents, and as such donate electrons into the main-chain benzene ring. This increased
electron density caused a shielding effect on proton a in the ortho-position to the sulfone group, resulting
in an upfield chemical shift. Thus, the peaks at 7.91 ppm and 7.84 ppm were assigned to protons a’ and
a”, respectively. With two diphenylhydroguinone units bound to the centred diphenylsulfone unit, the

shielding effects are even greater, and a greater upfield chemical shift was observed. The peak at 7.76

ppm was therefore assigned to proton a”.
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Figure 3.6 - Random copolymer substructures as postulated by Vogel et al. [5], which describes protons a
and b.

Similar to proton a there were four peaks that represented proton b due to the triad of diphenylsulfone-
centred substructures. The broad peak in the region 7.19 — 7.32 ppm was assigned protons b and b’
(substructures | and Il), as well as protons e and f in the meta- and para-positions on the pendant phenyl
rings, respectively. The upfield chemical shift of proton b relative to proton a was due to its proximity to
the strongly activating ether link along the polymer backbone, which increases the shielding effect on
proton b. The two doublets in the region 7.05 — 7.14 ppm were assigned to protons b” and b”. Similar to
protons a” and a”, the shielding effects from the benzene side chains on the adjacent
diphenylhydroquinone units caused an upfield shift. As expected, the area under the peaks assigned to
protons b” and b” was found to be the same as the area under the peaks assigned to protons a” and
a”. The peak at 7.36 ppm was assigned to proton ¢, which in the ortho-position to the ether link on the
diphenylhydroquinone unit. The peak at 7.46 ppm was assigned to proton d, which is in the ortho

position of the pendant phenyl ring.

The product ratio of the precursor monomers for the random copolymers was calculated based on the
sum of the area under the peaks assigned to proton a (i.e., a-a”), which represents the relative combined

moles of the dihydroxydiphenyl sulfone and difluorodiphenyl sulfone monomers, and the area under the
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peak assigned to proton d, which represents the relative moles of the diphenylhydroquinone monomer.
The calculated product ratios for each copolymer are shown in Table 3.1. It can be seen that for each

copolymer, the product ratio was close to the original feed ratio.

Table 3.1 - Calculated product ratios for random copolymers.

Polymer Feed ratio Product ratio
DHDPhS DPhHQ DHDPhS DPhHQ
RCP 1 4 6 4 6.1
RCP 2 5 5 5 5.0
RCP 3 6 4 6 4.2

3.4.1.2 Sulfonated Random Copolymers 'H NMR

The spectrum of sulfonated RCP 3 is shown in Figure 3.7, and can be used to confirm side-chain
sulfonation in the para-position on the pendant phenyl rings. Specifically, no peak could be assigned to
proton f (previously in the region 7.19 — 7.32 ppm and superimposed in Figure 3.7), indicating that
sulfonation occurs in the para-position on the side-chain phenyl ring. Further evidence of this sulfonation
was the downfield shift of the peak assigned to proton e in the meta-position, from the region 7.19 — 7.32
ppm to a single peak at 7.57 ppm. The sulfonic acid group adjacent to proton e is an activating
substituent and as such had an electron withdrawing effect on the phenyl ring, reducing the electron
density of the ring as well as the shielding effect these electrons exert on the hydrogen atoms. No other
loss of proton signals in the spectrum was observed, indicating that sulfonation only occurred on the

side-chains.
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Figure 3.7 - Chemical structure and 'H NMR spectrum of RCP 3 post-sulfonation (solid line), with the
spectrum prior to sulfonation also shown (dashed line).

A downfield shift was in fact observed for all peaks of the sulfonated polymers, which could be attributed
to this deshielding, although this is less prominent for the peaks assigned to protons a and b. The signals
for proton b and b’ are significantly easier to distinguish due to the downfield shift of signal d and the
disappearance of signal f. The peak in the region 7.11-7.19 ppm was assigned to the merged peaks of
proton b” and b”. The signals for protons ¢ and d were seen to shift downfield and form a single peak of

the same intensity in the region 7.40 - 7.50 ppm.

Spectra of all three sulfonated random copolymers are shown in Figure 3.8. As described above, the four
peaks assigned to proton a are based on a triad of diphenylsulfone centred substructures. The peak at
8.0 ppm, which was assigned to proton a, increases in intensity from RCP 1 to RCP 3, indicating an
increased presence of substructure | and hence the dihydroxydiphenyl sulfone precursor monomer in
RCP 3. The peaks at 7.93 ppm and 7.87, assigned to protons a’ and a” respectively, were found to have
the same intensity as each other for each of the polymers, although these peaks have a greater intensity
for RCP 1. The peak at 7.77 ppm was assigned to proton a” and has the greatest intensity for RCP 1.
The greater intensity of the a’, a” and a” proton signals for RCP 1 are a result of a greater presence of

substructures Il and ll, arising from a higher diphenylhydroquinone precursor monomer content.
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Figure 3.8 - '"H NMR spectra of sulfonated RCP 1, RCP 2 and RCP 3.

3.4.1.3 Multiblock Copolymer 'H NMR

The spectrum and chemical structure of the sulfonated multiblock copolymer are shown in Figure 3.9. As
the precursor monomers for the multiblock copolymer are the same as those used for the random
copolymers, the peaks are analogous to those in the random copolymer spectra. Nonetheless, the
ordered nature of the polymer backbone means the substructures found in the random copolymers do
not exist, and so fewer signals are observed. The doublet in the region 7.60 ppm is consistent with
proton e in the meta-position on the pendant phenyl ring. As with the random copolymers, the absence
of a signal for a proton in the para-position of the pendant phenyl ring indicates side chain sulfonation in

this position.

Similar to the random copolymers, the doublet 7.99 ppm was assigned to proton a in the ortho-position
to the sulfone group in the diphenylsulfone repeating unit, while the doublet at 7.80 ppm was assigned to
proton a” in the ortho-position to the sulfone group in the sulfonated repeating unit. This peak is
analogous to proton a” in the random copolymers, as each dihydroxydiphenyl sulfone unit in this block is
bound to two diphenylhydroguinone units. Similarly, the doublets at 7.27 and 7.14 ppm are assigned to

protons b and b”, analogous to the protons b and b” in the random copolymers. The ratio of the area
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under the peaks a:a” and b:b” was found to be 1:0.65, yielding a block ratio of 39:25.4. This is
consistent with the chain length of the precursor oligomers shown in Table 3.2, which was calculated to
be 38.7 for the oligo-PES oligomer (synthesised with the dihydroxydiphenyl monomer), and 25.6 for the

oligo-DP-PES block (synthesised with the diphenylhydroquinone monomer).

m e d ¢ b b

ppm 8.0 7.9 7.8 7.7 7.6 7.5 7.4 7.3 7.2 71 7.0

Figure 3.9 - '"H NMR spectrum of the sulfonated multiblock copolymer.

Table 3.2 - Multiblock precursor oligomer properties used to determine block length.

Oligomer Repeating M, repeating M, oligomer? Block
unit unit (g/mol) (g/mol) Length

oligo-DP-PES CaoHo00,S 476 12,175 25.6

oligo-PES C,,Hg0,S 248 9,600 38.7

a2 Obtained from GPC measurements on a Knauer GPC. A mixture of DMAc with
2 vol.% water and 3 g/L LiCl was used as eluent.

3.4.2 FTIR Analysis

FTIR is a useful tool to further examine the chemical structure of the polymer membranes. The FTIR
spectra of membranes cast from each polymer are shown in Figure 3.10. Although the random
copolymers have different monomer ratios, the constituent monomers are the same for each polymer.
Similarly, the multiblock copolymer was synthesised from oligomers using the same monomers.

Consequently, each polymer yields a similar spectrum.
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Figure 3.10 - FTIR spectra of copolymer membranes: (1) RCP 1, (2) RCP 2, (3) RCP 3 and (4) Multiblock
copolymer.

The aromatic rings are characterised by carbon-carbon stretching vibrations at both 1580 cm™ and
1485 cm™. The sulfone groups in the polymer backbone exhibit S=O asymmetric stretching vibrations in
the region 1318 - 1293 cm™, as well as symmetric stretching vibrations at 1146 cm™ [6]. The S=0 bond
of the sulfonated group on the side chain was characterised by the peak at 1168 cm™ (symmetrical
stretching) and the peak at either 1410 cm™ or 1378 cm™ (asymmetrical stretching). The peak at 1070
cm™ was attributed to the symmetrical stretching of the SO, group and the sharp band at 650 cm™ is
attributed to the S-O stretch [6]. Other strong peaks in the region 1300 - 1000 cm™ were attributed to

stretching vibrations from the ether links between aromatic rings and C-S stretching vibrations [6, 7].

Table 3.3 - IR absorptions for C-H bends on substituted benzene rings. Data from [6, 7].

Substitution position Peak Location
Ortho HOBS@ 770-735 cm™ (strong)
Meta HO4S 810-750 cm™ (strong),

900-860 cm™ (medium)

Para SOsH 860-800 (strong)
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Evidence from the FTIR analysis can be used to confirm the sulfonation position on the pendant phenyl
rings. Table 3.3 outlines the typical absorption characteristics of di-substituted benzene rings for C-H out-
of-plane bending. Based on the peak locations in Table 3.3, the peak at 833 cm™ can be attributed to
out-of-plane C-H bends on both the sulfonated pendant phenyl ring and the diphenylsulfone aromatic
rings in the polymer backbone. The absence of a strong band in the region 770 - 735 cm™ eliminates the
possibility of ortho-substitution, while the absence of dual bands in the region 900 - 860 cm™ and 810 -

750 cm™ eliminates the possibility of meta-substitution.

2
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).
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Figure 3.11 - FTIR of RCP 1 in the region 2000-1700 cm™ showing weak overtones from benzene ring
substitution.

Benzene ring substitution also produces weak absorption bands in the form of overtones. These
overtones are observed in the region 1700 - 2000 cm™ and are shown in Figure 3.11, however as seen in
the full spectrum in Figure 3.12, these bands are very weak. Evidence of para-substituted aromatic rings
in both the random and multiblock copolymers are observed with bands at 1907 cm™ and 1792 cm™ [6].
The band at 1748 cm™ is a result of the 1,2,4,5-tetra substitution along the main chain from the

diphenylhydroquinone monomer [6].

Figure 3.12 shows the copolymer spectra from 4000 - 600 cm™. Weak C-H aromatic stretching links can
be observed at approximately 3096 cm™. Furthermore, the broad peak in the region 3700 - 3150 cm™ is

attributed to stretching of O-H groups in the SO;H [8], as well as any water within the polymers (note that
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although membranes were measured in the dry state and had been stored in a desiccator, moisture in
the air may have been absorbed by the membranes prior to testing). This broad peak is seen to be
greatest for the multiblock copolymer, and less pronounced for the random copolymers with RPC 1 and
RCP 2 yielding greater intensities than RCP 3. These intensities can be approximately correlated to each

membrane’s IEC and water uptake (as described in section 3.4.3).
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Figure 3.12 - FTIR spectra of random and multiblock copolymers in the region 4000 - 600 cm™.

3.4.3 lon Exchange Capacity and Water Uptake

Table 3.4 gives the IEC for all four copolymers. For the random copolymers, the IEC is seen to increase
with increasing diphenylhydroguinone monomer content, ranging from 1.44 mmol/g for RCP 3 up to
2.05 mmol/g for RCP 1. This increase is due to the greater number of pendant phenyl rings for side-chain
sulfonation to occur. In comparison, the multiblock copolymer possesses an IEC of 1.91 mmol/g, placing
it in the higher end of the copolymer IEC range. The high IEC values for all copolymers are due to the high
degree sulfonation of the side chains achieved with concentrated sulfuric acid, which allowed for
sulfonation on two pendant phenyl rings per diphenylhydroquinone monomer. The degree of sulfonation
for each copolymer, as shown in Table 3.4, was calculated by comparing the theoretical IEC (calculated
based on a 100% degree of sulfonation) with the measured IEC. All polymers were found to have a high

degree of sulfonation of at least 95%.
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Table 3.4 - IEC, degree of sulfonation (DS) and water uptake of random and multiblock copolymer
membranes

Polymer IEC DS Water Uptake (%)
(mmol/g) - (%) . Na*  0.017MNaCl 0.5 M NaCl
RCP 1 2.05 97 664 499  49.1 40.2
RCP 2 1.73 95  46.8 357 350 31.4
RCP 3 1.44 96 300 264 259 1.8
MB 1.91 >99 682 540 535 46.9

Membrane water uptake values are presented in Table 3.4. While a greater water uptake is known to
improve membrane conductivity, it also serves to reduce mechanical stability. Nonetheless, in the swollen
state all copolymer membranes were easily handled and showed good dimensional stability due to their

hydrophobic properties imparted by the diphenylsulfone units.

Similar to the IEC, for the random copolymers there is a clear correlation between the water uptake and
the monomer ratio, where a greater presence of the hydrophilic diphenylhydroquinone monomer allows
for greater swelling. Despite having a lower IEC than RCP 1, the multiblock copolymer was found to have
a water uptake exceeding all random copolymers. This greater rate of swelling is due to the multiblock
copolymer’s microheterogeneity, in which hydrophilic clusters of fixed counterions increase the water
uptake. In contrast, the homogeneous random copolymers do not have micro hydrophobic or hydrophilic

domains to allow a greater water uptake.

Membranes were tested for water uptake in both the H* and Na* forms in distilled water, and with various
concentrations of NaCl solution in the Na* form. The difference in membrane swelling under the influence
of different ions is an important consideration for membranes that may be used to desalinate water of
various salinities and different ionic compositions. For all copolymers, protonated membranes exhibited
greater swelling than those in the sodium form. This difference can be attributed to the affinity between
the sodium ions and the sulfonate group. In general, a greater affinity between the counter ion and the
sulfonate group is accompanied by a decrease in water uptake [9-11]. The interaction between the
charged sulfonate groups and the sodium ions in the copolymer membrane matrices supresses the ability

of the polar water molecules to interact with the sulfonate groups, hence reducing water uptake.
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Water uptake in the Na* form was measured for 0.017 M (1000 mg/L) and 0.5 M (29220 mg/L) NaCl,
approximately simulating brackish water and seawater. The change in water uptake between deionised
water and 0.017M NaCl was found to be negligible, while a more obvious decrease was observed for
membranes soaked in 0.5 M NaCl. Lower swelling at higher concentrations is expected as a result of a
reduced osmotic pressure between the external solution and the solution in the interstitial phase of the
polymer matrix. Water uptake at different concentrations is also known to vary depending on the
chemical structure of the polymer; for instance, Neosepta CMX water uptake has been shown to be
independent of concentration, a result of its high degree of crosslinking [12]. The decrease in swelling of
the copolymer membranes with concentration is more pronounced for the more hydrophilic copolymers,

indicating that this property largely influences water uptake in solutions with different concentrations.

Any potential loss in membrane conductivity in solutions of high concentration due to lower swelling may
be partially offset by the increased conductivity of the solution. Unfortunately testing membrane
resistance in solution was not feasible for this study, although swelling and conductivity measurements in
solutions with different concentrations and ionic compositions would provide useful information regrading
the expected performance of the membranes for MCDI applications (see section 3.4.5 for a discussion

on membrane conductivity)

The properties of common commercial membranes for electrodialysis and MCDI are shown in Table 3.5,
in addition to lab synthesised membranes prepared by Kwak et al. [13] and Rhim et al. [14]. The
copolymers in this study were found to have IECs in the typical range for commercial copolymers, with
RCP 1 and the multiblock copolymer firmly towards the upper end of this range. Compared with non-
commercial membranes used for CDI testing, the random and muiltiblock copolymers outperform the
styrenesulfonic acid/methacrylic acid/methyl methacrylate copolymers synthesised by Kwak et al. [13],
with superior IEC at significantly lower swelling rates, indicating greater mechanical stability. Furthermore,
the IEC and swelling rates were found to be similar to the PVA polymers crosslinked with sulfosuccinic
acid prepared by Rhim et al. [14] (and subsequently used for MCDI by Kim and Choi [15]). The high
number of ion exchange sites for these copolymers compared with commercial and lab synthesised

polymers indicates they are good candidates for use in MCDI applications.
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Table 3.6 - Properties of commercial and lab membranes for electrodialysis and MCDI. Data from [13, 14, 16-19].

Membrane IEC Transport Permselectivity @ Resistance ® Water Uptake Thickness  Uses Properties
(mmol/g) Number 2 (%) (Q.cm?) (%) (um)

Fumasep®

FKS > 1 = > 96 <8 = 110-130 Electrodialysis High chemical stability
(wet)

FKE > 1 - > 98 <3 15 50-70 Electrolysis Excellent chemical and
(dry) mechanical stability

Neosepta®

CM-1 2.0-25 - > 96 1.2-20 35-40 120-170 Electrodialysis Low electrical resistance

CMX 1.5-18 - > 96 3.0 25-30 140 - 200 General concentration High mechanical strength

and desalination

Ralex®

CMH-PES 2.2 > 0.95 > 90 <8 < 65 <700 Electrodialysis, Resistance against aggressive
(wet) chemicals and fouling

components

CMH-PES HD = > 0.95 > 90 <18 < 65 < 850 Electrodialysis, High mechanical strength
(wet) electrodeionization

CMH-PP = > 0.95 > 90 <8 <70 <700 Electrodialysis, Long-term stability in pH range
(wet) electrodeionization 0-14

Selemion®

CMV 2.01* > 0.96 > 92 3.0 20" 130 Electrodialysis Standard CEM

CMD - > 0.94 - 17 - 380 Electrodialysis High mechanical strength

Non-commercial

Kwak et al. [14] 0.51-099 - - 0.7-2.6 75-120 90 - 140 Capacitive deionisation

Rhim et al. [15] 0.65-224 - - - 13-78 100 - 150 Capacitive deionisation °

2 Transport number and permselectivity measured using 0.5 and 0.1 M KCI solutions

b Resistance measured in 0.5 M NaCl

¢ Initially synthesised for fuel cell applications [14], but later applied as polymer electrode coatings for CDI [15]
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3.4.4 Contact Angle

The initial contact angle and the contact angle after 54 seconds for each membrane is shown in Table
3.6 and Figure 3.13. Despite the multiblock copolymer yielding a greater water uptake it was seen to
have a much greater contact angle compared to the three random copolymers, with only minor changes
in contact angle over time. Furthermore, the drops on the multiblock copolymer were largely able to retain
their volume with minimal absorption. In comparison, due to the hydrophilic nature of the random
copolymers each water drop was observed to immediately disperse over the membrane surface and
penetrate into the polymer. After the initial reduction in contact angle over the first 12 seconds, a relatively

stable contact angle was observed.

Table 3.6 - Membrane contact angle measured att=0sand att=54s

Membrane  Contact Angle

t=0s t=54s

RCP 1 51.8 30.3
RCP 2 52.1 38.2
RCP 3 62.3 46.1
MB 70.2 68.5

Considering only water uptake, the multiblock copolymer would be expected to have the lowest contact
angle due to its hydrophilicity and greater swelling rate. However, its greater contact angle demonstrates
the phase separation between hydrophilic and hydrophobic domains, and its low wettability is a strong
indicator of the formation of large hydrophobic domains within the polymer matrix. These are significant
enough to reduce the rate of swelling despite the presence of similarly large hydrophilic domains that
have been shown to increase the overall water uptake. On the other hand, the statistical distribution of
the hydrophobic and hydrophilic monomers within the random copolymers does little to enhance either of
these properties. The influence of the precursor monomers in forming these hydrophilic and hydrophobic
domains is shown in Figure 3.14. While the balance of hydrophilic and hydrophobic domains becomes
important in determining the properties of a membrane, it can be concluded that the wettability of the

copolymers is strongly linked to the structure of the block and random copolymers.
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t=0s t=54s

RCP 1

RCP 2

RCP 3

MB

Figure 3.13 - Random and multiblock copolymer contact angle images taken at initial contact with the
membrane (t = 0) and after 54 seconds.
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a)

Figure 3.14 - Influence of the precursor monomers on the hydrophilic and hydrophobic regions of a) random
copolymers and b) the multiblock copolymer.

3.4.5 Conductivity

The in-plane conductivity for the three random copolymers and the multiblock copolymer are shown in
Table 3.7. Similar to the water uptake, the conductivity increased for each of the random copolymers with
IEC. The multiblock copolymer was measured as having the highest conductivity of all membranes in
spite of RCP 1 having the greatest IEC. The conductivity of RCP 1, RCP 2 and the multiblock copolymer
exceeded the estimated conductivity of Neosepta CMX, a commercial membrane commonly used for
MCDI studies, while RCP 3 had a somewhat lower conductivity. Due to the distinct hydrophobic and
hydrophilic domains formed by its precursor oligomers, the block copolymer membrane can be classified
as microheterogeneous. On the other hand, the random copolymers have a more even distribution of
fixed charges and are homogeneous in nature, which typically yields higher conductivities than
heterogeneous membranes. However, in this instance it is thought that the microheterogeneity of the

block copolymer does not influence the distribution of charges enough to reduce conductivity.
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Conversely, interconnectivity between large hydrophilic domains created by the sulfonated side-chains is

thought to allow for a greater passage of current through the polymer matrix, increasing conductivity.

Table 3.7 - Electrochemical and transport properties of random and multiblock copolymer membranes.

Polymer IEC Conductivity Transport Permselectivity Hydration Selectivity
(mmol/g) (mS/cm) Number Number

RCP 1 2.05+0.01 1513+0.19 0.94 0.88 13.54 1.12

RCP 2 1.73+0.01 8.36+0.15 0.99 0.99 11.67 0.72

RCP 3 144 £0.01 3.79+0.56 0.98 0.96 10.20 0.37

MB 1.91+£0.01 16.74+0.05 0.86 0.72 15.70 1.07
Neosepta 1.62° 5.64%° > 0.98° > 0.96° 6.17 0.91

CMX

2 Data from [20].
® Based on resistance measured in 0.5M NaCl solution at 25 °C.
¢ Data from [21].

3.4.6 Transport Number and Selectivity

The transport numbers and permselectivities for the copolymers are shown in Table 3.7. All membranes
exhibited relatively high transport numbers, a result of their high level of sulfonation that minimises the
transport of negatively charged chloride ions. RCP 2 and RCP 3 had transport numbers comparable to
the commercial membranes presented in Table 3.5, with values close to one indicating a high exclusion
of counterions. Unlike the IEC, conductivity and water uptake of the random copolymers, which were all
found to increase with increasing diphenylhydroquinone monomer content, the transport number of
RCP 1 was found to be lower than both RCP 2 and RCP 3 in spite of its greater fixed charge content.
Similarly, the multiblock copolymer was seen to have the lowest transport number of all membranes
tested. This reduced transport number at high IEC values is due the accompanying high water uptake
that swells the hydrophilic channels in the polymer matrix. The swollen channels dilute the sulfonated
regions of the polymer and reduce their effectiveness as cation exchange membranes, an effect which is
exacerbated in the microheterogeneous multiblock copolymer membrane. This effect highlights the
delicate balance required to produce a polymer that is both highly conductive and highly selective
towards counter ions. The high transport number of RCP 2 makes it an attractive option for MCDI
applications, even with a lower conductivity than RCP 1; it has a greater ability to reduce the
simultaneous desorption of anions during the adsorption phase, potentially improving the energy

efficiency of the process.
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Values for hydration number and selectivity calculated from Equation 3.1 and Equation 3.2 are presented
in Table 3.7, and are graphically represented in Figure 3.15. The random copolymers are seen to have an
increasing selectivity with conductivity and hydration number. Recalling that a high selectivity and low
hydration number is most desirable for both conductive and mechanically stable membranes, the linear
trend of the random copolymers shows the increasing trade-off between conductivity and mechanical
strength. The greater hydration number of the multiblock copolymer compared with the random
copolymers indicates that its larger hydrophilic domains are able to hold more water per sulfonated
group. This is due to its microheterogeneous structure and the large hydrophilic domains that promote
greater membrane swelling. Further to this, even with a greater conductivity than the random copolymers
this swelling reduced its selectivity. In spite of this, its hydrophobic domains still allowed for the

membrane to remain stable in water, with the membrane easily handled when hydrated.

1.2
O RCP1 O
A
1k O RCP2
<$ RCP3
A MB
0.8 |-
Py @)
=
© 0.6
o
(]
@ 0.4
. o
0.2
O | | | | | | |

8 9 10 11 12 13 14 15 16
Hydration Number

Figure 3.15 - Selectivity as a function of hydration number for the three random copolymers (RPC 1, RCP 2
and RCP 3) and the multiblock copolymer (MB).

3.5 Conclusions

In this chapter, random and multiblock side-chain sulfonated poly(arylene ether sulfone)s have been
characterised for electrodialysis and MCDI applications. The chemical structure of the polymers, including
the product ratio of the constituent monomers and the successful sulfonation of the side chains was

confirmed using 'H NMR and FTIR analysis.
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The wettability of the membranes was strongly linked to the structure of the copolymers. The
microheterogeneous structure of the multiblock copolymer reduced its wettability compared to the
homogeneous random copolymers, while simultaneously increasing its water uptake and conductivity.
Due to the high degree of sulfonation and the two potential sulfonation sites per diphenylhydroguinone
monomer the membranes were found to have ion exchange capacities in the range 1.44 — 2.05 mmol/g,
which is comparable to commercially available cation exchange membranes. The high degree of
sulfonation also increased swelling, however all membranes were able to retain good mechanical stability

due to the incorporation of the diphenylsulfone units along the main polymer chain.

Membrane conductivity in the Na* form was found to be as high as 15.13 mS/cm for the RCP 1 and
16.74 mS/cm for the multiblock copolymer. While the multiblock copolymer was found to be highly
conductive as a result of its microheterogeneous structure, this simultaneously reduced its transport
number. Coupled with its additional processing steps, this multiblock copolymer is less desirable for
commercial applications. For the random copolymers, with its balance of hydrophobic and hydrophilic
monomers RCP 2 was found to have the highest transport number of 0.99. With good conductivities and
favourable transport properties, these random copolymers are attractive materials for MCDI applications,

particularly RCP 1 and RCP 2.

3.6 Publications
The following publications are based on the results from this chapter (see Appendix A5 for ‘Side-chain

sulfonated copolymer cation exchange membranes for electro-driven desalination applications’):

Journal Article

Asquith, B.M., Meier-Haack, J., Vogel, C., Butwilowski, W. and Ladewig, B.P., Side-chain sulfonated
copolymer cation exchange membranes for electro-driven desalination applications, Desalination,
324 (2013) 93-98.

Conference Presentations

Asquith, B.M., Ladewig, B.P. and Meier-Haack, J., Preparation and Characterisation of Side-Chain
Sulfonated Copolymer Cation Exchange Membranes, in: 3rd Early Career Researchers
Membrane Symposium, University of Queensland, St. Lucia Campus, Brisbane, 2012.

Asquith, B.M., Ladewig, B.P. and Meier-Haack, J., Preparation and Characterisation of Side-Chain
Sulfonated Random Copolymer Cation Exchange Membranes, in: 2nd Annual Monash University
Chemical Engineering Conference, Monash University, Clayton Campus, 2012.
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4.1 Overview

Activated carbon is a widely used material for CDI due to its low cost and ease of fabrication. However,
its use is hindered by its relatively poor electrosorption performance when compared with other materials
such as carbon aerogels and graphene [1]. This chapter examines the characterisation of carbon
electrodes fabricated from activated carbon, and the effects of conductive graphite filler on its
performance for CDI applications. In particular, the effect of conductive graphite filler on the formation of

the EDL in the mesopores and micropores is elucidated.

A parametric study was conducted to determine the optimal graphite content for electrodes with
activated carbon and PVDF binder. Samples were found to be highly hydrophobic regardless of the
graphite or binder content, however the electrochemical performance varied greatly between the different
samples, with a higher graphite content yielding better adsorption performance. The poor performance
was found to be a result of negligible micropore double layer formation. The phenomenon of slow double
layer formation was examined using EIS, with poor wettability of the samples and resistance to diffusion
through the pores found to be the primary causes. The continual cycling of the potential using CV was
seen to improve capacitance and reduce resistance by increasing the penetration depth of the electrolyte

into the pores.

The results from this study have highlighted the need for both an appropriately conductive filler material,
and the requirement for an adsorbent with a suitable pore size distribution to maximise both mesopore

and micropore double layer formation.

4.2 Relevant Theory

4.2.1 Specific Surface Area and Pore Size Distribution

Specific surface area and pore size distribution are calculated from isotherms obtained from physical
adsorption experiments. For CDI applications, N, is commonly used as the adsorbate. The BET method
is used for determining the specific surface area of a sample. Unlike the well-known and commonly used
Langmuir method, the BET method accounts for multilayer adsorption in pores during physical
adsorption experiments. There are several assumptions made when using the BET method that have
implications for its usefulness on microporous materials, such as the activated charcoal used in this

study. In particular [2, 3]:

4-2



Chapter Four

* The adsorption energies of all molecules in the first layer are considered identical

* Interactions between molecules adsorbed in the same layer are neglected

* The reduction of adsorption forces as layers build is neglected

* There is no steric limit to the multilayer thickness

Furthermore, due to the overlapping of potential of the micropore walls, a high adsorption potential is
obtained, creating a situation where multilayer adsorption and micropore filling are difficult to differentiate
[4]. Thus, for a microporous material, the surface area calculated by the BET method does not accurately

reflect the surface area of the material, and is better considered as a characteristic BET surface area.

To calculate a reliable, repeatable characteristic BET surface area, the Roquerol transform must be
applied, whereby only linear data on the BET plot is considered. Convention is to use data in the relative
pressure range 0.05 - 0.35, although this is not suitable for microporous materials. Instead, a relative
pressure range is chosen so that the value Q(P, - P) increases with relative pressure P/P, (where Q is the
volume of gas adsorbed, P is the measured pressure and P, is the saturation pressure) [3]. Figure 4.1
shows an example of a typical BET plot for a microporous material (a) and Q(P, - P) plotted against

relative pressure (b).

RS
L=

Quantity Adsorbed
(cm3/g STP)
Q(P,-P)

L 1 L 1 L 1 L 1 L 1 n 1 L Il L Il n Il n
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
Relative Pressure (P/P) Relative Pressure (P/P)

Figure 4.1 - a) BET plot for a microporous material and b) Q(P. - P) plotted against relative pressure for a
microporous material.

Pore size distribution can be calculated using density functional theory (DFT). This is a purely
mathematical method that is calculated based on the minimum free energy of the adsorbate at
equilibrium. A set of model isotherms is calculated for a range of pore sizes (from several angstroms up to

free surface) over the appropriate pressure range, assuming a fixed pore geometry for graphitised carbon
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black (typically slit or cylindrical shaped). This set of isotherms is then scaled to fit the experimental data,

and the pore size, volume and area distribution can be calculated based on the scaling factor.

4.2.2 The Electrical Double Layer

The formation of an EDL is fundamental in the electrosorption process. An EDL forms when a potential is
applied to a polarisable surface immersed in an aqueous electrolyte solution; when no charge transfer
occurs across the electrode-solution interface, the build up of charge in the electrode creates a similar
build up of oppositely charged ions in the solution at the interface. Graphical representations of an EDL

are shown in Figure 4.2 and Figure 4.3.

Potential

Distance

1 Diffuse Layer
Stern Layer

Figure 4.2 - Graphical representation of an EDL with a negatively charged electrode surface and the build up
of cations in the Stern layer. The decay in potential through the solution as the distance from the electrode-
solution interface increases is shown in red.

The EDL acts in a similar manner to a capacitor, whose capacitance C (farads) is defined as:

-

Equation 4.1
where q is the charge stored on the capacitor (coulombs) and E is the potential across the capacitor
(volts). For an electrode immersed in solution, the charge on the electrode can be defined as ¢V, and the
charge in solution as g°, which represents excess cations or anions in solution at the interface. It follows

that for an EDL ¢" = -g°, as so for CDI the amount of salt that can be adsorbed is directly proportional to

the capacitance of the electrode.
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Figure 4.3 - Graphical representation of EDL formation in the pores of a negatively charged activated carbon
particle.

4.2.3 Cyclic Voltammetry to Measure the Electrical Double Layer
If the electrode behaves as an ideal polarised electrode (i.e. an electrode where no charge transfer occurs
across the electrode-solution interface), CV can be used to measure its capacitance [5]. Considering an
ideal polarised electrode immersed in an electrolyte, the system can be represented by the equivalent
circuit in Figure 4.4, where Cy, is the capacitance of the electrode and Rg is the solution resistance.
AW
CD I:‘S
Figure 4.4 - Equivalent circuit for an ideal polarised electrode immersed in an electrolyte.
For this circuit, the applied voltage is equal to the sum of the voltage across the capacitor and resistor, £,
and Eg, such that:

E=E;+Eg
Equation 4.2

CV operates with a linearly increasing potential at a sweep rate of v (V/s), and the potential at any time ¢

(s) can be described as E = vt, By substituting the voltage across the capacitor from Equation 4.2 with
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Equation 4.1, describing the voltage across the resistor by V = iR, and noting that i = dg/dt, the following

equations is derived:

. q dqg q
E=vt=iRg+—=R;—+—
vEMSTE TS T,
Equation 4.3
Re-arranging:
d - vt
dg _ —q vt
Equation 4.4

Solving with the initial condition of an uncharged capacitor, g = 0 at t = 0, the current can be expressed
as:
-t
i =vCp [1 - e(RSCD)]
Equation 4.5

For the ideal polarisable electrode, steady state is reached when t becomes large and the exponential
term approaches zero so that i = vC,. Furthermore, if the time constant (R,Cp) is small compared to the
sweep rate (v), then C, can simply be measured as a function of potential. The activated carbon
electrodes in this study can be considered as ideal polarisable electrodes if the CV experiments occur
within a potential window where no charge-transfer reactions (as is also desirable in CDI systems). The
specific capacitance of the activated carbon electrodes, C (F/g), can therefore be calculated from the

current using the following equation [5]:

Equation 4.6

where i is the current (A), m is the mass of sample (g) and v is the scan rate (V/s).

4.2.4 Electrochemical Impedance Spectroscopy and Equivalent Circuits

4.2.4.1 Transmission Line Model

The transmission line model by de Levie is often used to describe the formation of an EDL within the
pores of a porous electrode [6]. This model, shown in Figure 4.5, assumes the pores of the electrodes to
be circular cylinders with a uniform diameter and semi-infinite length. Although the model is a simplified
version of an actual electrode and assumes uniform pore structure, it enables simplifications that would
otherwise be too complicated for the random pore networks of activated carbons. Importantly, it has

been shown that when applying a sinusoidal potential, the phase angle between the potential at the pore
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orifice and the charging current is 45°. Thus, the charging current behaves like the Warburg diffusion

impedance of a flat electrode [6].

e +de e
i i -di
.- AN AN —E AN - -
ldi
— Raz —— Caz
T z z+dz -

Figure 4.5 - Transmission line model proposed by de Levie [6], which describes the resistance and
capacitance along the length of a pore of an ideal polarisable electrode, where the pore opening is located at
z=0.

Additionally, as shown in Figure 4.6, while the frequency of the signal remains constant throughout the
pore, the amplitude decreases with pore depth [6]. Lower frequencies are therefore required to achieve
suitable penetration and double layer formation within the electrode, allowing the measurement of
capacitance [6]. Assuming ideal capacitive behaviour, at low frequencies the capacitance can be
calculated from the imaginary impedance measured during EIS (EIS), based on the following relationship:

=

where C is the capacitance (F/g), Z” is the imaginary impedance and w is the angular frequency.

z=0 zZ= 1 z= 2 zZ= 3 zZ= 4
V2wRC V2wRC V2wRC V2wRC

-1

t— t— t— t— t—

Figure 4.6 - Potential response at different distances z from the orifice of a pore as a function of time, when a
sinusoidal potential with constant amplitude and frequency is applied at z = 0. Adapted from [6].
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4.2.4.2 Equivalent Circuits
For the carbon electrodes in this study, the equivalent circuit in Figure 4.7 was found to fit the Nyquist

plots obtained from EIS well.

Q
D
|_

R C

S DL

R

Figure 4.7 - Equivalent circuit model for the carbon electrodes, where Rs is the solution resistance, Qo is a
constant phase element, Ri is the interface resistance, W is the Warburg impedance, and Co. is the double
layer capacitance.

When considering the Nyquist plot from an EIS experiment, the ohmic resistance of the electrolyte
solution, carbon electrode and testing cell is given by the intercept of the curve with the real axis. This is
represented by the single resistor Rg in Figure 4.7, and its impedance, which is independent of frequency,

is given by:

Equation 4.8

The diffusion of ions through the electrolyte and into the pores is represented by a constant phase
element (CPE) in parallel with a resistor and Warburg element. The CPE Qg is a measure of the porosity

or roughness of the electrode surface at high frequencies [7], and its impedance is given by:

1
Iy =——
T Yo(w)e
Equation 4.9

where Y, is capacitance, w is the frequency and «a is a dimensionless parameter between zero and one.
When a = 1, the CPE behaves as an ideal capacitor and when a = 0, the CPE behaves as a resistor. At
high frequencies there is no penetration of ions into the pores, and both Qp and R; are associated with
the impedance at the interface between the carbon particles and the current collector, and between the
carbon particles themselves [7]. The Warburg element W describes the charging current as the ions
diffuse into the pores, and is a CPE where @ = 0.5. The Warburg impedance increases as frequency

lowers and the ions must diffuse further. Its impedance is given by:

1

Yo jw

Zy =

Equation 4.10
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Double layer formation at the electrode-solution interface is represented by the element Cp, and its

impedance is given by:

7 =
bt JwCpy,

Equation 4.11

4.3 Experimental

4.3.1 Materials

Anhydrous NMP, PVDF (M,, ~530,000 g/mol), activated carbon and graphite powder were purchased
from Sigma Aldrich (Australia). Prior to use, the activated charcoal was sieved to ensure a nominal particle
size of <88 pm. Both the activated charcoal and graphite powder were dried for 24 h at 150°C to remove

any moisture or other volatiles.

4.3.2 Fabrication of Carbon Electrodes
Carbon electrodes were fabricated from activated charcoal, graphite and PVDF. The activated carbon
was used as an adsorbent, the graphite as a non-porous conductive medium, and the PVDF as a

hydrophobic binder to hold the carbon and graphite particles together.

Electrodes were prepared by first dissolving PVDF powder in NMP, with the concentration being
approximately 5 wt.%. Once fully dissolved, graphite powder was added and the solution was mixed for
several hours. Activated charcoal was then added to form a thick slurry, which was stirred for 12-16 h to
ensure an even distribution of graphite and carbon particles in the PVDF solution. The carbon slurry was
coated onto graphite sheet substrates using a doctor blade to a thickness of 350 uym, then dried in a
vacuum oven for 16 h at 120°C to completely remove the solvent. Each sample had a final mass of 2 -

5 mg.

4.3.3 Carbon & Graphite Specific Surface Area and Pore Size Distribution

Adsorption isotherms were obtained using a Micrometrics ASAP 2020 Physisorption Analyser using N, as
the adsorbate at 77 K. Specific surface area was calculated using the BET method using the Roquerol
transform described in section 4.2.1 with relative pressures in the range O - 0.08. The pore size
distribution was calculated using DFT assuming a slit pore orientation using Micrometrics ASAP 2020

software. The assumption of slit shaped pore is considered to be most appropriate in this study, as
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carbon pores have an approximate slit shape, and previous studies have shown this orientation to fit well

with microporous activated carbons [8-10].

4.3.4 Electrode Characterisation

4.3.4.1 SEM and Contact Angle

SEM images were obtained using a Nova NanoSEM 450 with an acceleration voltage of 5 kV using the
secondary imaging mode. The samples were coated with iridium prior to imaging. Contact angle
measurements were made with a Dataphysics OCA 15EC measuring instrument using the sessile drop

method.

4.3.4.2 Electrochemical Characterisation

CV and EIS experiments were performed using a Biologic VSP potentiostat connected to a three-
electrode electrochemical cell. The working electrode was the carbon material to be tested with an
exposed surface area of 0.785 cm? The reference electrode was a saturated KCI Ag/AgCl electrode
inserted into a bridge tube with the working electrolyte used as the filling solution. The bridge tube was
used to slow the rate of contamination between the reference electrode and the working solution, and to
allow the tip of the electrode to be placed close to the surface of the working electrode. The counter
electrode was a mesh platinum electrode, with a surface area of 3.5 cm? The potential window for CV
experiments was varied to avoid faradaic reactions. EIS was performed over the frequency range 10 mHz

to 1 MHz, with an applied voltage amplitude of 10 mV.

The electrolyte for all tests was 0.5 M NaCl (29,220 mg/l). This concentration is unrealistically high
compared with the brackish water concentration typically used for CDI, with estimates suggesting that
only concentrations below 5000 mg/L are economically viable [11]. Nonetheless, solutions with higher
concentrations are more conductive and more reliable results are achieved. Furthermore, the conversion
from high concentration NaCl capacitance to salt storage capacity for brackish water CDI applications

has previously been studied [12].
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4.4 Results and Discussion

4.4.1 Activated Carbon and Graphite Specific Surface Area and Pore Size
Distribution

The isotherm obtained for the activated charcoal is shown in Figure 4.8. The large increase in adsorbed
gas at low relative pressure is typical for that of Brunauer Type 1 isotherm, which describes a
microporous solid [13]. At very low relative pressures there is a great increase in adsorbed gas due to the
filing of micropores, which levels off once the micropores have filled. The gradual increase in the quantity
of adsorbed gas from a relative pressure of around 0.2 combined with the hysteresis loop indicates the
presence of mesopores. This gradual increase combined with the closure of the hysteresis loop at a
relative pressure of approximately 0.4 is indicative of small mesopores. The BET specific surface area of
the activated carbon was calculated to be 1039 m?/g, which is in the expected range for an activated
carbon, which typically have surface areas of 1000 - 2000 m?%g. The BET specific surface area

calculations can be seen in Appendix A2.
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Figure 4.8 - Activated carbon adsorption isotherm measured by physical adsorption.

The pore size distribution, shown in Figure 4.9, confirms the largely microporous nature of the carbon,
with a large spike in specific surface area observed at 0.59 nm, and smaller peaks in the regions 0.80-
0.86 nm and 1.18-1.27 nm. Pores greater than 2 nm (mesopores) were found to contribute only small
amounts of surface area. The actual microporous and mesoporous contributions to the total surface area
can be seen in Table 4.1, with the mesopores contributing only 81.3 m*g while the micropores

contribute 777 m?/g. It should be noted that a significant difference between the BET surface area and
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the DFT surface area was observed, largely due to the assumptions of the BET method described in
section 4.2.1. Regardless of the inaccuracy of this method, the characteristic BET surface area is
important, as is allows for comparison with other materials. Conversely, the DFT model isotherm was
seen to fit well with the measured isotherm, perhaps providing a more accurate estimation of

microporous and mesoporous surface area.
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Figure 4.9 - Pore size distribution of the activated carbon measured by physical adsorption. The dashed line
at 2 nm indicates the boundary between micropores and mesopores.

Table 4.1 - Cumulative surface area of activated carbon with decreasing pore size, calculated using DFT.

Pore size Cumulative Surface

(nm) Area (m?%/g)
12.7 57.0

5.038 65.7

2.00 81.3

1.00 253.3

0.73 368.6

0.50 858.3

The adsorption isotherm of the graphite powder is shown in Figure 4.10, and is a typical Brunauer Type 2
isotherm for a non-porous material [13]. A relatively large amount of gas is adsorbed at low pressure, with
more than a quarter of the maximum adsorption volume occurirng at relative pressures less than 0.1. This
is a result of gas molecules initially adsorbing to the most energetic regions of the graphite. In the relative
pressure range 0.2 — 0.7, a steady increase in the adsorbed gas volume is observed as molecules

continue to adsorb to less energetic regions of the graphite, then form additional layers. The sharp rise at
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the end of the curve is a result of bulk condensation. The BET surface area of the graphite was calculated
to be 21.12 m?/g. This value is very low compared with the surface area of the activated charcoal
described. As CDI relies on highly porous materials to adsorb salt ions, the conductive graphite filler can

be considered as having a negligible impact on the total salt adsorption capacity of the electrodes.
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Figure 4.10 - Adsorption isotherm of graphite measured by physical adsorption.
4.4.2 Electrode Preparation Optimisation
Several electrode preparation methods and compositions were tested to optimise the preparation of the
carbon electrodes. The iterations of this process are described in Table A3, found in Appendix A3. The
key processes that needed to be optimised were the mixing of the components to form a consistent
carbon slurry, casting thickness, and the evaporation of solvent. This needed to be done in such a way
as to produce homogenous fiims free from defects, and to ensure the binder would hold the carbon

particles together.

As the graphite is used as conductive filler, proper dispersion throughout the film is required to allow the
build up of charge in the carbon particles and hence double layer formation. Good mixing of the graphite
and carbon is also required to prevent the agglomeration of particles, and to ensure adequate binding
from the PVDF. To achieve this, a PVDF solution was initially prepared, then graphite particles were
added and allowed to mix for several hours with a high shear rate. This ensured the graphite particles
were completely dispersed. Activated carbon particles were then added to polymer-graphite slurry and

left to stir for several hours, effectively coating the carbon particles with the PVDF/graphite solution.
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The electrode thickness is important in terms of both electrode preparation and pore access for the
electrolyte during electrosorption. Due to the tortuous path created by the voids in the carbon composite,
a thicker layer can both hinder full solvent evaporation and slow electrolyte access to the pores during
electrosorption. Although initial electrodes were cast at 6560 ym and formed consistent carbon films
without cracks, this was reduced to 350 pm to ensure complete solvent evaporation and better pore
access in future electrochemical tests. The evaporation of the solvent must be carefully done, as rapid
evaporation can lead to the formation of cracks. It was found the best method to produce the films was
to leave freshly cast samples in the fume cupboard until the surface appeared dry. Following this, the
samples were slowly heated in an oven from room temperature to 120 °C without vacuum. After two
hours, the samples were placed under vacuum at 120 °C and allowed to dry for 12-16 hours. Samples

that were dried at lower temperature or shorter amounts of time were prone to forming cracks.

4.4.3 Electrode Morphology and Contact Angle

Samples with 5, 10 and 15 wt.% graphite were prepared (5G, 10G and 15G, respectively), as outlined in
Table 4.2. A PVDF content of 5 wt.% was unable to bind the carbon particles together, so a minimum of
10 wt.% was used. To test the hydro- and thermal stability of the electrodes, they were placed in water at
80 °C for 6 h. No degradation was observed and no carbon was removed from the surface. All electrodes

were stored in water at room temperature before use, with no loss of carbon observed.

Table 4.2 - Electrode compositions and contact angle.

# Composition (wt. %) Contact
Activated carbon Graphite = PVDF Angle (°)
5G 85 5 10 135.2
10G 80 10 10 132.6
15G 70 15 15 138.8

SEM images of the three electrodes at low magnification can be seen in Figure 4.11. The electrode
surfaces are shown to be similar in appearance and although it is not easy to distinguish between the
graphite and carbon particles, no obvious agglomerations of carbon or graphite particles were observed.
This indicates that the solutions were well mixed and a homogeneous carbon layer was achieved. In
Figure 4.11 c) the higher PVDF content is more obvious than in the 5G and 10G samples, particularly with

the long fibrous strand of polymer on the surface.
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Figure 4.11 - SEM images of a) 5G b) 10G and c¢) 15G samples.

Figure 4.12 presents SEM images of 10G and 15G samples at higher magnifications. The difference in
PVDF binder is again visible, with fibrils that bind the carbon together observed for the 15G sample
(Figure 4.12 ¢ & d). For all images while no pore openings on the carbon particles were observed due to
magnification limitations, the extensive coating of the PVDF indicates that pore blockages by the

hydrophobic binder are likely to occur.

Figure 4.12 - SEM images showing the PVDF binding activated carbon and graphite particles of a & b) 10G
and ¢ & d) 15G electrodes.
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The contact angle of each electrode is shown in Table 4.2, and images taken during measurements are
shown in Figure 4.13, in addition to the contact angle of a pure PVDF membrane. The electrode surfaces
were found to be highly hydrophobic, with contact angles in the range of 132° - 139°. In comparison, the
PVDF membrane was observed to have a contact angle of 81.3°. This highlights that although the
hydrophobic PVDF binder plays a large role in causing the hydrophobicity of the carbon electrodes, the
surface roughness and carbon particles also significantly contribute to the large contact angle, resulting in
electrodes with poor wettability. Due to surface roughness, the observed contact angle is not equivalent
to Young’s contact angle (which defines the contact angle in terms of liquid-vapour, solid-vapour and
solid-liquid interfacial tensions). All contact angles were found to be stable, with variations less than 0.5 °
when measured over a period of 60 seconds. The importance of the low wettability of the electrodes will

be discussed further when considering the resistance to double layer formation in section 4.4.6.

15G PVDF

Figure 4.13 - Contact angles of 5G, 10G and 15G electrodes, as well as a PVDF membrane.
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4.4.4 Cyclic Voltammetry
Typical cyclic voltammograms showing the specific capacitance of the electrodes at scan rates of 1, 5
and 20 mV/s are presented in Figure 4.14, Figure 4.15 and Figure 4.16. Note that different potential

windows were chosen for each sample to avoid faradaic reactions.
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Figure 4.14 - Specific capacitance of a 15G electrode in 0.5M NaCl, obtained at scan rates of 20 mV/s (solid
line), 5 mV/s (dashed line) and 1 mV/s (dotted line).

Sample 15G, shown in Figure 4.14, yielded typical behaviour for a microporous carbon sample, with
symmetrical curves indicating a reversible process and no faradaic reactions. At the fastest scan rate of
20 mV/s no constant capacitance was observed, as the scan rate was too fast to fully allow the transport
of ions into the pores. The larger, rectangular curves at slower scan rates of 5 and 1 mV/s indicated the
ions had greater time to penetrate into the pores and form an EDL. Considering the reverse scan (from
500 to 0 mV), at a scan rate of 5 mV/s a stable capacitance of approximately 34 F/g was reached at
around 250 mV versus the reference potential, with little variation at potentials lower than this.
Conversely, the 1 mV/s scan rate was seen to have a greater capacitance before a shallow minimum that
approached the 5 mV/s curve was observed at approximately 100 mV. This minimum yielded the point of
zero charge (PZC), the point at which the surface potential of the carbon is zero, and is an outcome of
the microporous nature of the carbon causing overlapping EDLs, pores being too small for ion
penetration, and ion hydration effects [10, 14, 15]. It is thought that at a scan rate of 5 mV/s the
capacitance predominantly arose from mesopores, indicating this scan rate is too slow to allow significant
micropore penetration in the samples with 15 wt.% graphite, while at 1 mV/s both micropores and

mesopores contributed to capacitance.
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Figure 4.15 - Specific capacitance of a 5G electrode in 0.5M NaCl, obtained at scan rates of 20 mV/s (solid
line) and 5 mV/s (dashed line).
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Figure 4.16 - Specific capacitance of a 10G electrode in 0.5M NaCl, obtained at scan rates of 20 mV/s (solid
line) and 5 mV/s (dashed line).

The 5G and 10G samples, presented in Figure 4.15 and Figure 4.16, were observed to have rectangular
curves at the fastest scan rate of 20 mV/s rather than more distorted curves. Both capacitances are also
considerably lower than the 15G sample. As seen in Equation 4.6, the specific capacitance is directly
proportional to the current, and so the low capacitance and rectangular curves at a fast scan rate are
likely to be due to either poor electrode conductivity or poor ionic conductivity (i.e. the mobility of ions
inside the pores). This poor conductivity has resulted in minimal electrolyte penetration into the
micropores. The 10G sample was found to have a PZC at 80 mV versus the reference potential, while no
PZC was found for the 5G sample. This showed that with insufficient graphite content, minimal micropore

double layer formation occurs.

Based on the pore size distribution described in section 4.4.1, the mesoporous and microporous

capacitances of samples 10G and 15G were calculated for the reverse scan. This was done assuming
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only mesopore penetration at 5 mV/s, and the additional capacitance at 1 mV/s due to micropore
penetration. Capacitance was measured at both the PZC and a point with a surface potential 100 mV
less than the PZC (-20 mV for 10G samples, O mV for 15G samples) are shown in Table 4.3. The
mesopores capacitance is known to remain approximately constant with voltage and be similar to a clean

graphite sheet, which is approximately 20 pF/cm?.

Only small variations in mesopores capacitance with changing potential were observed, although the 10G
capacitance was much lower than the expected 20 uF/cm?, while the 15G sample was approximately
double the expected value. It is likely that poor conductivity in samples with 5 and 10 wt.% graphite
contributed to poor double layer formation in not only the micropores, but also the mesopores. The larger
than expected 15G mesoporous capacitance may be due to an underestimation of the mesopores
specific surface area from the DFT model, which helps to explain the discrepancy between BET and DFT
specific surface areas described in section 4.4.1. Considering a mesopore capacitance of approximately
20 pF/em? [10], it is reasonable to assume that the actual mesoporous surface area may be up to double
that of the surface area calculated from DFT. Furthermore, an amount of the calculated ‘mesoporous
capacitance’ may actually be due to considerably more micropore penetration at 5 mV/s than expected.
This result shows that at even at fast scan rates of 5 mV/s, with suitable graphite content micropore
penetration in activated carbon is achievable, unlike previously tested carbon aerogels where negligible

micropore double layer formation was observed at slow scan rates [10].

Table 4.3 - Mesoporous and microporous capacitances of 10G and 15G electrodes based on CV
experiments and DFT surface area.

Point of Specific Capacitance = Capacitance
Measurement (F/g) (UF/cm?)

10G 15G 10G 15G
Mesopores
pPzC 3.15 34.46 3.87 42.41
-20/0 mv @ 3.33 34.08 4.09 41.94
Micropores
PzC 0.48 1.85 0.06 0.24
-20/0 mV @ 0.89 6.89 0.11 0.89

a Capacitance was taken at 100 mV below the PZC. For 10G samples this was -20 mV versus the reference
potential, while for 15G samples the point was 0 mV versus the reference potential
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As the surface potential decreased, both samples were seen to have only modest increases in micropore
capacitance, with the largest increase observed for the 15G sample. From the pore size distribution in
Figure 4.9, it is known that up to 45% of the total surface area is held within micropores with openings of
less than 5.9 A. Although the hydrated radius of a sodium ion is 3.58 A [16], it is in these pores that
overlapping of the EDL is likely to be occurring, wasting surface area of the highly microporous carbon.
Compounding the low micropore capacitance is the 15 wt. % PVDF, which may be blocking pores and
reducing the number of accessible micropores, shown in Figure 4.17. Poor access to the pores, even in

suitably conductive electrodes, has been shown to restrict double layer formation and capacitance.

Pore
Opening

. —— PVOF

Activated
Carbon

Negative Charge
Build-up

Inaccessible
Micropore

Figure 4.17 - Graphical representation of PVDF blocking an activated carbon pore.

The low capacitance of samples with 5 and 10 wt.% graphite and the lack of significant microporous
capacitance are linked to the conductivity of the electrode, which depends on intra-particle resistance,
contact resistance between particles and the current carrying path. The conductive graphite filler is
therefore important for effectively distributing electrical current through the electrode and to the activated
carbon pores. As seen in Figure 4.18 a, the graphite particles are flat with a small thickness relative to
their length and width. This shape directly affects the contact resistance between particles and the
current carrying path, especially as graphite is known to have a two-dimensional conductivity that
requires the edges of the graphite particles to be in contact with other particles to allow the flow of
electrons. This can be difficult to achieve with the relatively large activated carbon particles, shown in

Figure 4.18 b).
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Figure 4.18 - SEM images of a) graphite particles and b) activated carbon particles.

The percolation threshold for the carbon electrode describes the minimum amount of graphite required to
yield a homogeneous carbon film electrode with evenly distributed properties, including conductivity.
Based on the difference in capacitance between the 10G and 15G samples, the percolation threshold for
graphite content is between 10-15 wt.%. Below this threshold there is too little graphite to make effective
contact with the activated carbon particles, outweighing the expected loss of capacitance due to the low

surface area of the graphite.

The CV results highlight the importance of using a suitable conductive filler. When the concentration of
graphite was too low, poor conductivity was observed, and the mesopores capacitance was reduced.
Above the percolation threshold, modest double layer formation in the micropores was achieved,
highlighting the need for both conductive filler and materials with a good balance of mesopores and

micropores with large enough pore openings to minimise wasted surface area in the micropores.

4.4.5 Electrochemical Impedance Spectroscopy

EIS was employed to further elicit the behaviour of the electrodes and to examine the ionic conductivity in
the electrodes. Typical Nyquist plots for each of the three samples are shown in Figure 4.19. 15G
samples behaved in a manner typically expected for porous carbon electrodes. The intercept with the real
axis measured at high frequencies corresponds to the ohmic resistance of the electrode, electrolyte and
cell connections. In the middle frequency range ions were observed to diffuse into the pores, represented
by a small half semi-circle that transforms into an approximate straight line at an angle of close to 33°,

similar to that of typical Warburg diffusion. At frequencies lower than 100 mHz a near vertical spike was
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observed, indicating typical capacitive behaviour and the build-up of charge at the electrode-electrolyte
interface as ions have sufficient time to migrate into the pores and form an EDL. For 5G and 10G
samples similar behaviour was observed at high frequencies, however at lower frequencies strong
capacitive behaviour was not observed. Particularly, large increases in both real and imaginary

impedances were observed which is atypical of a double layer capacitor.
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Figure 4.19 - Nyquist plots of typical responses for 5G, 10G and 15G electrodes.

From the Nyquist plot three key parameters can be determined: ohmic resistance, capacitance and
diffusion (or charging) resistance. The ohmic resistance of the carbon electrodes was calculated by
subtracting the ohmic resistance of blank graphite sheets from that of the samples. A general trend was
observed with the ohmic resistance increasing with decreasing graphite content, however the ohmic

resistance data was found to be too inconsistent to draw firm conclusions.

4.4.5.1 Capacitance from Electrochemical Impedance Spectroscopy
From Equation 4.7 the capacitance for each electrode was calculated as a function of frequency, with

typical results shown in Figure 4.20. Double layer build-up for 15G samples began at approximately 1 Hz
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and started to plateau as the frequency approached 10 mHz, as seen in Figure 4.20 a). Similar increases
in capacitance were observed for 5G and 10G samples at lower frequencies, observed in Figure 4.20 b).
The low capacitance increases for 5G samples at frequencies lower than 100 mHz confirms that
negligible micropore penetration and double layer formation was achieved. 10G samples exhibited a
sharp rise in capacitance at frequencies below 100 mHz. Such a delayed onset of capacitance increase
compared with 15G samples may be due to delayed pore penetration following the overcoming of an
additional resistive force that causes the large arc in 10G samples (see Figure 4.19). As discussed in
section 4.4.4, 10G samples displayed minimal micropore penetration, and the rise may be associated
with better mesopore filing as the AC wavelength increases. The poor capacitance measured for 5G and

10G samples confirmed the lack of micropore penetration below the percolation threshold.
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Figure 4.20 - Capacitance as a function of frequency for a) all three electrodes and b) 5G and 10G electrodes.

4.4 5.2 Diffusive Resistance

The diffusive resistance describes the electrolyte resistance within the pores. This arises from de Levie's
transmission line model of a porous electrode, as described in section 4.2.4.1 above. It was calculated
based on the following equation:

Rp =7Z'—Rg
Equation 4.12

where R, is the diffusive resistance (Ohm), Z’ is the real impedance (Ohm) and Ry is the ohmic resistance
(Ohm). The diffusive resistance describes the real impedance from the initial ohmic resistance to the low
frequency point at which the curve spikes vertically and capacitive behaviour begins to dominate. For a
porous carbon electrode, beyond this point the diffusive resistance should plateau and only experience

minor increases. Both the capacitance and diffusive resistance are plotted against frequency in Figure

4-23



Chapter Four

4.21, which reveals the extent of the resistance to ion mobility within the pores of 5G and 10G samples.
The atypical behaviour of these samples saw large increases in resistance at low frequencies, in contrast
with 15G samples where the resistance plateaued. The low frequency increase in capacitance for 5G and

10G samples is accompanied by large spikes in resistance, particularly for the 10G sample.
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Figure 4.21 - Capacitance and resistance as a function of frequency for a) 15G, b) 10G and c) 5G electrodes.

From Figure 4.6 the AC penetration depth, z, can be expressed as:

1
V¥%2wR(C

Z X
Equation 4.13

where R is the solution resistance per unit pore length and C is double layer capacitance per unit pore
length. As the frequency decreases, greater pore penetration is achieved. However, when there is high
solution resistance, lower frequencies are required to achieve the same penetration depth. The poor
conductivity and large resistance of the samples below the percolation threshold caused a lack of

penetration into both the mesopores and micropores. In contrast, above the percolation threshold the
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bulk of the resistance increase occurs in midrange frequencies, and begins to level off at low frequencies
as capacitive behaviour dominates. This highlights the resistance caused by the small micropores

(<5.9 A) and the 15 wt.% PVDF binder in the 15G samples.

4.4.5.3 Equivalent Circuits

Using the equivalent circuit described in section 4.2.4.2 and presented again in Figure 4.22 a), only the
15 G samples could be accurately modelled. Modifications were required to model both 5G and 10G
samples, which help to explain their non-ideal behaviour. To account for the non-ideal capacitive
behaviour of 5G samples, the double layer capacitor Cp, was replaced with a CPE, Qp, shown in Figure
4.22 b. For 10G samples the circuit was modified further by placing Qp, in parallel with a resistor, Ry, to
describe the low-frequency resistance, shown in Figure 4.22 c. Table 4.4 gives the values for the
equivalent circuits derived from a typical sample of each electrode, and the simulated curves are
presented in Figure 4.22. The model is seen to fit well for the 15G samples, and at high frequencies for
the 10G and 15G samples. However, at low frequencies the model is less robust, a result of the large
resistance and non-ideal capacitive behaviour. The validity of the model and the derived capacitance

values is discussed below

Qp and the R; are associated with high frequency interfacial impedance, with these elements contributing
less to the overall impedance with decreasing frequency as the electrolyte penetrates further into the
electrodes and Warburg impedance takes over [7]. The results from the simulated data for 5G and 15G
samples suggest that the interfacial resistance R; is significantly larger than the diffusive resistance
described by the Warburg impedance. This indicates that the poor wettability of the electrodes rather
than diffusive resistance contributed to the drawn out resistance. For 10G samples, although low
interfacial resistance was measured, the excessively large Ry value suggests that resistance to
micropore penetration and double layer formation in the micropores is the dominant term, even in

midrange frequencies.
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Figure 4.22 - Equivalent circuits for a) 15G, b) 5G and c) 10G electrodes.

Table 4.4 - Equivalent circuit values for each electrode type.

Sample Qp s Ri w CoL QoL ap; Rou
(F.s®") Q) (Q/s%5)  (F) (F.s®") Q)
15G 1.544 x 102 054 46.81 1.449 0.1985 - - -
10G 3.846x10° 1 1.015  4.902 - 1.145x 102  0.93 1202
5G 4712x10° 067 3824 1.000 - 6.005x 10°  0.88 -

Capacitance measured from EIS and CV scans were compared with those from the model and
presented in Table 4.5. The non-ideal capacitive behaviour of the CPE Qg for 5G and 10G samples is

described by ag , with more capacitive behaviour occurring as the value approaches one. This non-ideal
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behaviour and the additional resistance term for 10G samples (described by Ry) gives a smaller
capacitance compared with those calculated from CV results or imaginary impedance from EIS. In spite
of the inaccuracies of the modelled data at low frequencies (see Figure 4.22), the model may be a more
accurate measure of capacitance than the capacitance calculated from CV or imaginary impedance due
to the necessary ideal behaviour assumptions (see sections 4.2.3 and 4.2.4.1). When considering
samples with 15 wt.% graphite, there is much better alignment between the modelled capacitance and
the EIS and CV values. This strongly suggests that even considering the large interfacial resistance (which

is not often observed), the ideal behaviour assumptions in the EIS and CV calculations are valid.

Table 4.5 - Comparison of capacitance based on different methods of measurement.

Sample Capacitance (F/g)

EIS at Equivalent CV°®
10 mHz Circuit®

165G 33.03 37.16 38.31
10G 6.34 2.53 5.18
5G 1.89 1.33 2.52

@ Taken from CoL or QoL. Capacitive behaviour is assumed for 5G and 10G samples due to the large ao. value
b Maximum capacitance values measured from reverse CV scans.

4.4.6 Resistance to Electrical Double Layer Formation

During CV experiments, low currents were measured over the first cycle for all samples, which slowly
increased until a steady current for both the forward and reverse scans was observed. At a scan rate of
20 mV/s, the current was observed to increase for up to 1200 cycles. Similar behaviour has previously
been observed for similar activated carbon electrodes with PVDF binder due to the poor wettability of the
carbon samples and physical adsorption of ions onto the electrode, however only to the extent of 25

cycles at 10 mV/s [17].

This phenomenon is shown in Figure 4.23 for a typical 15G sample. The rate of current increase slowed
with each cycle, so that the greatest increases were observed in the first 200 cycles. The same
phenomenon was also observed at 5 mV/s, with a lower number of cycles needed to attain consistent
results. 5G and 15G samples tested at 20 mV/s were seen to have smaller changes in current, and only
over the first 100 cycles. This is consistent with the previously described low capacitance of these

samples due to poor micropore double layer formation.
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Figure 4.23 - Cyclic voltammogram of a 15G electrode at a scan rate of 20 mV/s in 0.5 M NaCl.

The initial low current indicates either very little electrical charge build-up in the activated carbon, or poor

electrolyte penetration into the carbon pores. The fact that a large current is eventually achieved indicates

that electrolyte penetration and double layer formation is achievable once some resistance is overcome.

Note that no changes were observed in electrodes left in solution without CV testing, so this resistance

must be overcome through electro-driven adsorption.
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Figure 4.24 - Nyquist plot of a 15G electrode a) prior to CV, b) after 100 cycles and c) from 200-1200 cycles.
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To examine the changing behaviour of the electrodes, EIS was employed, with measurements taken prior
to testing, then after 100, 200, 400, 600, and 1200 cycles. The Nyquist plots can be seen in Figure 4.24.
Prior to CV experiments no capacitive behaviour was observed, seen in Figure 4.24 a. After 100 cycles a
low-frequency spike indicated capacitive behaviour of the electrode, seen in Figure 4.24 b. The real
component of the impedance had also decreased, indicating less resistance to electrolyte penetration. As
the number of cycles increased the capacitive region of the plot became more pronounced, decreasing in
size as the samples yielded a greater capacitance, while the real impedance continued to decrease. This

decrease in resistance over time is shown in Figure 4.25.
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Figure 4.25 - Charging resistance of a 15G electrode.

The equivalent circuit in Figure 4.22 a) was used to quantify the increase in capacitive behaviour and
reduction in real impedance, with the equivalent circuit fitting the experimental data well. The results from
the fitted curves are given in Table 4.6. A noticeable decrease in both interfacial resistance (R) and
Warburg diffusion (W) was observed as the number of cycles increased. Thus, the continual cycling is
seen to improve the wettability at the surface and reduce resistance to diffusion through the pores. This
resulted in a greater capacitance as evidenced by the increases in Cp,. As the interface resistance is a
measure of the resistance between the carbon particles and the current collector, as well as between the
carbon particles themselves, the slow double layer formation may be partially caused by a gradual build
up of electrical charge within the carbon, caused by ineffective contact between the graphite particles

and the activated carbon or the current collector.
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Table 4.6 - Equivalent circuit values for a 15G electrode.

Cycles Qo a Ri w CoL Ro.
(F.s () (Ohm) (Ohm/s®)  (F) (Ohm)
0 3.042x10° 0.684 995 96.92 5.075x10° 14,874
100 4975x10° 0648 117 23.75 5.633 x 10” -
200 6.494x10° 0.611 67.7 6.385 0.1218 -
300 7.090x10° 0.604  60.1 4.881 0.1655 -
400 7.893x10° 0.587  60.1 2.817 0.1753 -
500 8.24x10° 0585 57.9 2.432 0.1801 -
600 8.578x10° 0.578 57.5 1.872 0.1812 -
1200 9.449x10° 0.576  46.0 1.622 0.1890 -

Note: Rs was found to be approximately 25.85 Q

The poor wettability and the extent of the slow double layer formation, which is excessively large when

compared with previous examples [17], is likely a result of polar surface charges, the hydrophobic PVDF

binder and the highly microporous carbon. The random pore network of microporous activated carbon

means ions must diffuse through a tortuous path to the micropores. Furthermore, smaller pore openings

are known to reduce the penetration depth of an AC signal during EIS testing. The extent of small pore

openings due to the microporosity of the carbon may be exacerbated by PVDF restricting the size of

some larger pore openings, demonstrated in Figure 4.26. This hypothesis could not be proven with SEM

images, however the extent of PVDF coverage shown in Figure 4.11 and Figure 4.12 shows that there is

potential for this to occur. Nonetheless, the overall improvement in capacitance and reduction in

resistance indicates that the continual cycling can partially overcome the lack of penetration depth in the

micropores for suitably conductive samples.
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Pore Opening

Activated
Carbon

Figure 4.26 - lllustration of PVDF binder restricting a pore opening.
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4.5 Conclusions

Preparation of activated carbon electrodes with graphite as a conductive filler and PVDF as a binder was
achieved, with an optimal binder content found to be 10-15% to adequately hold the carbon particles
together and form thin, uniform carbon layers. Contact angle measurements revealed the electrode
surfaces to be highly hydrophobic and have poor wettability, with contact angles in the range of 132° -

139°.

Electrochemical testing revealed that when the graphite content was varied, vastly different
electrochemical responses were recorded, highlighting the importance of the conductive filler. Below the
percolation threshold of 10-15 wt.% graphite, poor conductivity was observed and both the mesoporous
and microporous capacitance were severely reduced. While the capacitance of samples above the
percolation threshold increased considerably, only modest micropore double layer formation was
achieved, highlighting the need for appropriate conductive filler and a suitable adsorption material with a

sufficiently large mesoporous surface area to minimise wasted surface area in the micropores

EIS was used to confirm the lack of micropore penetration for the 5G and 10G samples below the
percolation threshold, caused by the large resistance of the samples to electrolyte diffusion. In the case of
these samples, modelled EIS data using equivalent circuits was found to be a more robust measure of
capacitance than the ideal behaviour assumed for capacitance measured using CV or EIS. However,
when considering ideal capacitive behaviour at low frequency for the 15G sample, comparisons with the
modelled data showed that both CV and EIS results could be considered accurate, even with large

interfacial resistance.

Using EIS, the phenomenon of slow double layer formation observed for the 15G sample was found to
be a result of poor wettability and resistance to diffusion through the pores. Continual cycling was seen to
improve electrode capacitance and reduce resistance, possibly through overcoming the lack of
penetration depth caused by both the microporous nature of the carbon and PVDF restricting pore
openings. Thus, the capacitance of the electrodes is directly affected by its wettability, although this can
be partially overcome via electrochemical charging of the electrode. To counter the resistance for all
samples, modification with polymers as thin coatings or used as hydrophilic binders is suggested. This is

studied in detail in chapters five and six.
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The results from this study have highlighted the need for a significantly mesoporous activated carbon, as

the bulk of the double layer formation occurs in the mesopores, and micropore adsorption is restricted

due to double layer overlapping and poor conductivity. Practically, the results indicate that without

modification, the highly microporous carbon with a high PVDF content is not an ideal material for CDI.

The relatively low capacitance compared with other carbon materials increases the size of the electrodes

required to remove salt ions from the feed stream. Moreover, the slow double layer formation indicates

poor kinetics and a loss of efficiency, reducing the benefits of CDI based on the cost per unit volume of

desalinated water when compared with other desalination techniques.
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5.1 Overview

In this chapter the effects of cation exchange polymer coatings on activated carbon electrodes for CDI
were investigated, with the goal of investigating their effect on electrode resistance and capacitance, and
improving the kinetics of activated carbon electrodes. Electrodes were fabricated from activated carbon,
graphite and PVDF, then coated with sulfonated poly(arylene ether sulfone) random copolymers. As
described in chapter 3, the poly(arylene ether sulfone) copolymers are characterised by high conductivity
and good mechanical stability. Similar ion-exchange copolymers have been developed for pressure-
driven desalination membranes and for fuel cell applications [1-8], but few studies have focused on their

application for CDI [9].

The coating layers were found to create additional resistance, however compared with uncoated
electrodes the coatings did not significantly affect the rate of charge build up. EIS results indicated that
both capacitance and charging resistance were influenced by polymer conductivity, water uptake and the
thickness of the coating layer. Energy-dispersive X-ray spectroscopy (EDX) results also indicated that in
addition to functioning as a superficial charge barrier, copolymer that penetrates into the carbon
substrate might offset the loss in capacitance caused by PVDF binder pore blockage. The results
indicated that these random copolymers can be used to improve ion transport into the pores of the
electrodes and are applicable as membranes or coatings in MCDI applications, with RCP 1 found to

significantly enhance activated carbon electrode electrosorption performance.

5.2 Experimental

5.2.1 Materials

The materials used for this chapter are the same as those described in chapters three and four.

5.2.2 Electrode Preparation

Carbon electrodes were prepared using the method described in chapter four. Briefly, using NMP as a
solvent, a slurry consisting of activated charcoal, graphite powder as conductive material and PVDF as a
binder was prepared, such that the final (dry) content of the electrode was 75 wt.% activated charcoal,

15 wt.% graphite and 10 wt.% PVDF. The slurry was coated onto graphite sheets to a thickness of 350
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um using a doctor blade and dried in a vacuum oven for 24 h at 120 °C to completely remove the

solvent.

Three random copolymers were synthesised using the silyl-method as per the procedure previously
described in chapter three. The ratio of the monomers in the random copolymers was varied such that
the monomer ratio of hydrophilic diphenylhydroquinone to hydrophobic dihydroxydiphenyl sulfone was
6:4 for RCP 1, 5:5 for RCP 2 and 4:6 for RCP 3. All polymers were sulfonated using concentrated sulfuric
acid (min. 96%). The molecular structure of the random copolymers can be seen in Figure 5.1, and the

properties measured in chapter three are reproduced in Table 5.1.

foS @@/@@O@

Figure 5.1 - Repeating unit of the random copolymer. RCP1: a=6,b=4; RCP 2:a=5,b =5; RCP 3:a=4,

b =6.
Table 5.1 - Random copolymer properties.
Polymer IEC Water Conductivity** Contact Transport
coating (mmol/g) uptake* (%) (mS/cm) Angle (°) number
RCP 1 2.05 49.9 15.13 51.8 .94
RCP 2 1.78 35.7 8.36 52.1 .99
RCP 3 1.44 26.4 3.79 62.3 .98

*Measured in the Na* form
**In-plane conductivity

Polymer coated electrodes were prepared by first dissolving the sulfonated polymers in NMP such that
the concentration of the solution was 15 wt.%. The polymer solutions were degassed for two hours then
added dropwise to each electrode until complete coverage was achieved, with an approximate surface
coverage of 0.16 mL/cm?. The coated electrodes were then dried under vacuum for 2 h at 60°C, before a
further 24 h at 80 °C. Once dried, the samples were rinsed with distilled water to removed any residual

NMP, soaked in 0.5M NaCl to convert the cation exchange polymer to the Na* form, then rinsed again
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with distilled water to remove excess NaCl from the polymer matrix. The coated electrodes were stored in

deionised water at room temperature before use.

5.2.3 Electrode Characterisation

5.2.3.1 Physical Electrode Characterisation

SEM images were obtained using a Nova NanoSEM 450 with an acceleration voltage of 5 kV using the
secondary imaging mode. Prior to imaging, all samples were coated with iridium. EDX was obtained
using the same instrument, with the samples coated with carbon prior to imaging. Cross sections were
prepared by fracturing the samples after freezing in liquid nitrogen. ATR-FTIR was performed using a

PerkinElmer Spectra 100 to confirm the chemical structure of the cation exchange polymer coatings.

5.2.3.2 Electrochemical Characterisation

CV and EIS experiments were performed using a Biologic VSP potentiostat connected to a three-
electrode cell, as described in chapter four. The working electrode was the carbon material to be tested
with an exposed surface area of 0.785 cm?, the reference electrode was a saturated KCl Ag/AgCl
electrode inserted into a bridge tube with the working electrolyte used as the filing solution, and the
counter electrode was a mesh platinum electrode. As described in chapter four, the specific capacitance

of the activated carbon, C (F/g activated carbon), was calculated using the following equation [10]:

Equation 5.1

where / is the current (A), m is the mass of carbon (g) and v is the scan rate (V/s). EIS was performed
using the same three-electrode cell over the frequency range 1 MHz to 10 mHz, with an applied voltage
amplitude of 10 mV. Assuming ideal capacitor behaviour the capacitance of the electrode was derived
from the imaginary part of the impedance spectrum based on the formula [11]:

1
€= |wZ”|
Equation 5.2

where w is the frequency and Z” is the imaginary impedance.
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5.3 Results and Discussion

5.3.1 Electrode Morphology

5.3.1.1 Polymer Coatings

SEM images of both uncoated electrodes and electrodes coated with polymer using a doctor blade are
shown in Figure 5.2. There is little difference seen between the uncoated sample (Figure 5.2 a & b) and
the sample coated with a 10 wt.% polymer at a thickness of 200 pym (Figure 5.2 ¢ & d). However, with a
15 wt.% polymer solution cast at a thickness of 300 um (Figure 5.2 e & f), a more distinct polymer layer
that adhered to the carbon was observed. In both instances, the solution was not able to form a
continuous coating layer, rather seeping into the voids of the carbon substrate. Thus, in spite of the
copolymer penetration into the electrodes consistent coverage across each electrode could not be
achieved with a doctor blade. This is seen in Figure 5.2 f, which shows the surface of the electrode
coated with the 15 wt.% polymer solution and the transition between a region of dense coating and the

thin coating observed in the cross-section of Figure 5.2 e.

Figure 5.3 shows an SEM image of an electrode coated using a dropwise method. The polymer coating
in Figure 5.3 a is clearly distinct from the carbon substrate, while Figure 5.3 b shows complete coverage
of the substrate with no carbon visible. Due to the more consistent coverage of the dropwise method,
this was selected as the most appropriate method to prepare samples. Note that all subsequent samples

in this thesis describe samples prepared with the dropwise method.
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Figure 5.2 - Cross-section and surface SEM images of a) & b) uncoated carbon electrodes, c) & d) coated
electrodes cast at 200 um and €) & f) coated electrodes cast at 300 pm.

Polymer Coating

Carbon Substrate

Figure 5.3 - a) Cross section and b) surface SEM images of a carbon electrode coated with 15 wt.% random
copolymer solution, cast using a dropwise method.
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5.3.1.2 Hydro and Thermal Stability

All coated electrodes were tested for hydro- and thermal stability by placing them in water at 80 °C for
6 h. No degradation was observed, and all polymers adhered strongly to the carbon such that they were
not removed after hydrothermal treatment. Furthermore, all electrodes were stored in water at room
temperature before use, with no loss of carbon or polymer observed. Due to the adhesion of the coating
layer to the carbon electrode, the polymer acts as a pseudo-binder providing additional binding strength

for the carbon particles.

5.3.1.3 FTIR Analysis

Due to the similarities of the copolymer spectra observed in chapter three, FTIR is not a useful tool when
attempting to distinguish between unknown samples of the random copolymers in this study.
Nonetheless, for the scope of this thesis, i.e., polymeric coatings on carbon substrates, FTIR can be used

as a quick and effective technique to confirm a successful electrode coating.

(a)
(b)

d

Transmittance (A.U.)

Q)

VT W

1600 1400 1200 1000 800 600
Wavenumber (cm™)

Figure 5.4 - ATR-FTIR spectra of (a) an uncoated carbon electrode, (b) a stand-alone membrane, (c) an
RCP 1 coated electrode, (d) an RCP 2 coated electrode and (e) an RCP 3 coated electrode.

Figure 5.4 shows a comparison of the FTIR spectra of uncoated electrodes (a), coated electrodes (c-€)
and a flat sheet membrane cast from RCP 1 (b). Only the signal from one membrane is shown due to the
identical spectra yielded from the membranes, arising from the use of the same precursor monomers as
discussed in chapter three. The uncoated spectrum was found to have no characteristic peaks, largely

due to poor contact between the rough carbon surface and the ATR crystal. The spectra of the coated
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electrodes for all three random copolymers were seen to match the spectrum of the flat sheet membrane,
confirming the successful application of the polymers onto the carbon substrates. The difference in signal
strength for sample €) is thought to be due to poor contact between the sample and the ATR-FTIR

crystal, however importantly all characteristic peaks were still observed.

5.3.2 Cyclic Voltammetry

5.3.2.1 Uncoated Electrodes

The capacitance of uncoated electrodes as a function of potential measured at scan rates of 5 mV/s and
20 mV/s can be seen in Figure 5.5. At both the fast and slow scan rates, a rectangular shape is
observed, indicating the formation of an EDL at the carbon-solution interface and the successful
adsorption/desorption of ions. The shape of the curve at 20 mV/s is similar to those recorded at 5 mV/s
in chapter four, but with a greater capacitance than those results (the difference is attributed to the lower
PVDF content of 10 wt.%, which blocks fewer pores compared with electrodes consisting of 15 wt.%
PVDF). The relatively constant capacitance at 20 mV/s as the potential increases or decreases indicates
full mesopore adsorption. At a scan rate of 5 mV/s, relatively constant capacitance was observed

between 0 and 600 mV (both scan directions), although no local minimum or PZC could be seen.

100

— 5mV/s
r 20 mV/s

50

-50

Capacitance (F/g Carbon)
o
I

-100 | L | L | L | L | L |
—-200 0 200 400 600 800

Potential vs ref. (mV)

Figure 5.5 - Specific capacitance of uncoated electrodes measured in 0.5 M NaCl at scan rates of 5 mV/s
(solid line) and 20 mV/s (dotted line).

Assuming that at 20 mV/s the scan rate is too fast to allow micropore adsorption, the mesopore

capacitance was calculated at this scan rate for a number of potentials in both scan directions, with the
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results presented in Table 5.2. The micropore capacitance shown is the difference in capacitance

between the 5 mV/s and 20 mV/s scan rates.

Table 5.2 - Mesoporous and microporous capacitance of uncoated electrodes based on CV at scan rates of
20 and 5 mV/s.

Applied Specific Capacitance Capacitance
Potential (F/g carbon) (uF/cm? carbon)

Mesopores Micropores Mesopores Micropores

Forward Scan

200 mV 32.57 7.25 40.09 0.93
400 mV 35.89 10.03 4416 1.29
600 mV 40.33 1713 49.63 2.20
800 mV 50.08 34.05 61.63 4.38

Reverse Scan

400 mV 35.02 9.13 43.10 1.17
200 mV 38.43 8.71 47.29 1.12
omV 40.58 12.23 49.93 1.57
-200 mV 46.01 40.24 56.62 5.18

The most stable mesopore capacitance was observed between the applied potentials of 200 - 600 mV
(forward scan) and 400 - O mV (reverse scan), where the capacitance does not vary by more than
10 yF/cm?. The values are slightly larger that those of the 15G samples measured in chapter four of
42.41 pF/cm? at the PZC. Similar to the results in chapter four, it is likely that the mesopore capacitance
has been overestimated, a combination of an underestimated mesopore surface area of 81.3 m?/g and
appreciable micropore penetration occurring at a scan rate of 20 mV/s. The relatively large increase in the
assumed mesopore capacitance at the end of each scan (at applied potentials of 800 mV and -200 mV)
suggests that micropore penetration is indeed occurring at 20 mV/s, as the mesopore capacitance was
expected to remain relatively constant. Considering this, the actual micropore capacitance could be

almost double that shown in Table 5.2.

5.3.2.2 Coated Electrodes

Cyclic voltammograms of electrodes coated with three random copolymers at scan rates of 5 mV/s and
20 mV/s are presented in Figure 5.6. At 20 mV/s, electrodes coated with RCP 1 (Figure 5.6 a) were seen
to have a greater calculated capacitance for both the forward and reverse scans over a wider potential

range. At this scan rate, electrodes coated with RCP 2 and RCP 3 (Figure 5.6 ¢ & e) were seen to
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generally have poorer responses for most of the potential window. At a slower scan rate of 5 mV/s, for
both the forward and reverse scans (Figure 5.6 b, d and f), the build-up of charge on all coated samples
was seen to be better than the uncoated samples over a wider range of potentials, as the electrolyte has

greater time to penetrate the pores of the electrode.

Assuming that the changes in capacitance at 5 mV/s between the coated and uncoated electrodes are
due to micropore adsorption only (as the mesopores have fully formed double layers), the micropore
capacitance of the coated electrodes was calculated as the difference between the coated electrodes
and the mesopore capacitance of the uncoated electrodes (calculated at 20 mV/s). These changes in
micropore capacitance are shown in Table 5.3. At the end of each scan (800 and -200 mV) it can be
seen that there is a drop off in the capacitance compared with the uncoated electrodes. This suggests
that for fully charged electrodes, capacitance in the coated electrodes is not achievable, although no

plausible reason for this can currently be determined.
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Figure 5.6 - Specific capacitance of coated electrodes measured in 0.5 M NaCl: a) RCP 1 coating, scan
rate = 20 mV/s; b) RCP 1 coating, scan rate = 5 mV/s; c) RCP 2 coating, scan rate = 20 mV/s; d) RCP 2
coating, scan rate = 5 mV/s; e) RCP 3 coating, scan rate = 20 mV/s; f) RCP 3 coating, scan rate = 5 mV/s.

At 5 mV/s the capacitance of the coated samples is greater across a wider potential window. Regardless

of scan direction, after an initial potential increase or decrease of 400 mV, a greater capacitance was

observed for all coated electrodes, almost until the scan direction changes. This greater micropore

capacitance over a wider potential range, and a continuous build up of charge and micropore filing rather

than a plateau in capacitance is attributed to two factors:

1. The cation exchange coatings improved both the transport of cations towards the electrodes

during the reverse scan as the electrode becomes more negatively charged, as well as the

expulsion of cations during the forward scan as the electrode becomes more positively charged.



Chapter Five

2. The polymer matrix of the coating layer provided a location for electrolyte to build up directly
adjacent to the carbon surface. As capacitance is known to increase with electrolyte
concentration, this additional electrolyte storage may have contributed to the improved

performance.

Table 5.3 - Micropore capacitance of coated and uncoated electrodes at various applied potentials for both
forward and reverse scans.

Applied Micropore Capacitance
Potential (uF/cm? carbon)

Uncoated RCP 1 RCP 2 RCP 3

Forward Scan

200 mV 0.93 2.01 1.74 2.40
400 mV 1.29 1.91 2.48 2.69
600 mV 2.20 2.33 3.28 3.24
800 mV 4.38 2.96 4.06 3.75

Reverse Scan

400 mV 1.7 1.29 1.53 1.56
200 mV 1.12 1.80 2.35 2.46
omV 1.57 3.24 3.46 3.96
-200 mV 5.18 4.39 4.22 4.96

No strong correlation was observed between the changes in micropore capacitance and the key polymer
properties (IEC, water uptake, conductivity and transport number). In particular, the most hydrophobic
and least conductive polymer (RCP 3) was expected to yield the smallest increase in specific capacitance
by hindering electrolyte access to the pores more so than the other polymers. To the contrary, for the
reverse scan it was observed to yield the greatest increase at all applied potentials. It is the combined
effects of the polymer properties that make it difficult to find a strong correlation; for instance, the lower
transport number of RCP 1 reduces the polymer’s ability to selectively transport cations to and from the
electrode, while its greater water uptake increases concentration directly adjacent to the carbon

promoting greater capacitance.

In addition to overall capacitance, the rate of charge build up can be examined. The greatest rate of
change for the uncoated electrodes was seen to occur during the first 200 mV for both the forward and
reverse scans. The average rate of change of capacitance in this region for both the uncoated and

coated electrodes was calculated at both scan rates, and the results are presented in Table 5.4 (note that
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this table presents units of F/g.s, which is equivalent to the change in current with changing potential.
This therefore describes the current per volt, or electrical conductance). At both scan rates the transient
responses of the coated electrodes are generally slower during the reverse scan than the forward scan.
This is a result of the resistance to the expulsion of anions from the pores caused by the cation exchange

polymer, causing additional hindrance to the desorption process.

Table 5.4 - Transient responses of coated and uncoated electrodes at scan rates of 20 mV/s and 5 mV/s,
calculated for the first 200 mV of each scan direction.

Forward Scan Reverse Scan

20 mV/s 5 mV/s 20 mV/s 5 mV/s
Sample (F/g.s) (F/g.s) (F/g.s) (F/g.s)
RCP 1 7.90 3.05 6.91 2.72
RCP 2 5.70 2.70 5.53 2.75
RCP 3 6.01 3.01 5.63 2.74
No Coating  6.55 3.02 6.93 3.10

Considering the start of the forward scan (during which cations are expelled from the carbon pores as the
electrode becomes positively charged), the response of electrodes coated with RCP 2 and RCP 3 at both
scan rates was slower than the uncoated samples. Due to the increased resistance provided by the
coating layer, this effect is more pronounced at 20 mV/s when there is less time for the ions to diffuse
through the polymer matrix. Although at 5 mV/s the rate of charge build up is in fact slower, the ions have
more time to diffuse through the polymer and into the pores of the activated carbon, thus reducing the

effect of the additional coating resistance.

The response of electrodes coated with RCP 1 to a change in scan direction was seen to be faster when
compared with electrodes coated with polymers RCP 2 and RCP 3. This is attributed to the greater water
uptake and conductivity of RCP 1 compared with the other copolymers. Surprisingly, in spite of the
additional resistance caused by the coating layer (see section 5.3.3.2), this response is also faster than
that of the uncoated sample. This result may have been caused by the penetration of the RCP 1
copolymer into the carbon substrate, which could reduce resistance to adsorption due to its hydrophilic

properties.

Elemental mapping via EDX was employed to investigate the actual penetration of copolymer into the

carbon substrate. The SEM image in Figure 5.7 a shows a clear separation of the carbon substrate and
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an RCP 1 polymer coating, where the polymer acts similarly to a dense phase membrane that increases
resistance to electrolyte penetration during adsorption (see also Figure 5.3 a). EDX imaging shows the
location of sulfur atoms (Figure 5.7 b) as well as that of carbon, sulfur and oxygen atoms (Figure 5.7 c). A
high concentration of sulfur atoms was expected to be observed in the polymer coating, a direct result of
the sulfonic acid groups in the polymer. However the presence of sulfur atoms is also indicated
throughout the carbon layer, even through to the underside of the electrode, albeit in a lower
concentration. The presence of sulfur atoms in the carbon substrate suggests that the polymer has

indeed penetrated into the voids.

Polymer

b

4 Carbon/,

Figure 5.7 - EDX images of a carbon electrode coated with RCP 1: a) SEM image, b) EDX showing sulfur
atoms and c) EDX showing sulfur, carbon and oxygen atoms.

For the uncoated sample, the PVDF binder in the carbon substrate behaves like a partial, hydrophobic
membrane layer that blocks pores and creates hindrance to the adsorption/desorption process. In
contrast, penetration of the RCP 1 copolymer into the voids of the carbon substrate may reduce this

hindrance by providing better access to the pores due to its hydrophilic properties. Based on elemental
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mapping and the solubility of PVDF in NMP (which is used as a solvent for both the polymer coatings and
the carbon substrate), it is hypothesised that in addition to simply filling voids in the substrate, the PVDF
has been partially dissolved and re-cast during the polymer coating process. This process would
effectively re-cast some of the carbon substrate with both PVDF and random copolymer as a binder,
thereby reducing the influence of the hydrophobic PVDF binder. Although this penetration occurred for all
samples, the effect is more pronounced with the most hydrophilic polymer (RCP 1) and is enough to

create a faster CV response than the uncoated electrodes.

5.3.3 Electrochemical Impedance Spectroscopy
EIS was used to further examine the performance of the electrodes and to measure the charging
resistance. Specifically, the specific capacitance, polymer resistance and conductivity, and diffusive

resistance were measured.

5.3.3.1 Capacitance from Electrochemical Impedance Spectroscopy

The capacitance (calculated using Equation 5.2) versus frequency is plotted Figure 5.8. The capacitance
of the coated samples is seen to increase with polymer IEC. The increased capacitance as a function of
IEC is likely a result of greater water uptake, which reduces resistance to ion transport through the
swollen hydrophilic channels of the polymer, encouraging greater pore access for the electrolyte. This
result confirms the influence of the region of concentrated electrolyte storage in the polymer layer directly
adjacent to the carbon layer, as discussed in section 5.3.2.2. Note that the influence of the coating layer
resistance, where the resistance (area resistance, measured in Q.cm?) of the layers was found to be
RCP 2 < RCP 1 < RCP 3, seems to be less significant than the water uptake (the measurement of
coating resistance and its influence on the adsorption/desorption process is discussed in section

5.3.3.2).



Chapter Five

40
—o— No coating

I —o— RCP 1
o 80 —o— RCP 2
< RCP 3
O) -
~
S
o 20
&)
[
S L
kS)
S 10
®
o L

0 .
IIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 IIIIIIII 1 1111111
0.01 0.1 1 10 100 1000
Frequency (Hz)

Figure 5.8 - Capacitance versus frequency for uncoated and coated electrodes.

The capacitance of the coated electrodes in Figure 5.8 is seen to increase at higher frequencies
compared to the uncoated electrodes. There is a correlation between this increase and the wettability of
the electrode coating (measured by the contact angle in chapter three and shown in Table 5.5), with the
capacitance of the more wettable samples rising at higher frequencies. As discussed in chapter four, the
penetration depth of the ac signal increases with decreasing frequency, but greater solution resistance
hinders this depth. The coatings improve the penetration depth of the sinusoidal signal in the pores by
improving wettability and by creating a higher electrolyte concentration at the electrode/polymer/solution
interface. This result also sheds further light on the faster transient responses of electrodes coated with
RCP 1. Note that the increase in capacitance at low frequencies for the coated samples does not reduce
at the same rate as the uncoated samples, suggesting that the capacitance may plateau at frequencies

lower than 10 mHz.
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Table 5.5 - Contact angle of polymer coatings and uncoated electrodes att = 0 s and t = 54s, as well as
electrode capacitance calculated at 10 mHz.

Sample Contact Angle (°) Capacitance
t=0 t=54 (F/9)

RCP 1 51.8 30.3 37.7

RCP 2 52.1 38.2 30.1

RCP 3 62.3 46.1 25.0

Uncoated electrode  135.31 - 32.6

The final capacitance of the electrodes measured at 10 mHz is presented in Table 5.5. Note that these
values are similar to the mesopore capacitance values for the 15G sample measured from CV
experiments in chapter four - thus, these values largely consider mesopore adsorption. Despite the
disparity between these results and the capacitance measured from CV, the values are consistently
lower, and there is a clear trend between the capacitance and the polymer properties of IEC, water
uptake and conductivity. Although the surface area of the activated carbon cannot be increased by the
addition of a polymer coating (and hence sorption capacity cannot increase unless the electrolyte
concentration increases), the increase of this apparent capacitance of RCP 1 confirms that the polymer
facilitates better access to the carbon pores and may even provide access to pores otherwise blocked by
PVDF binder. Conversely, the greater resistance and lower water uptake of polymers RCP 2 and RCP 3

appeared to hinder the adsorption/desorption process.

5.3.3.2 Polymer Resistance and Conductivity

The resistance and conductivity of the coating layers were calculated based on the real impedance at the
high-frequency intercept of the Nyquist plot. Although ohmic resistance values were unattainable for the
uncoated electrodes in chapter four, this was due to inconsistencies between a range of samples and
blank samples. However, the resistance of the coatings was easily measured by directly comparing the
resistance of each sample with and without a polymer coating. The values from typical samples are
shown in Table 5.6. The area resistances presented are not normalised to account for the variable
thickness of the coatings, and as such the resistances do not decrease with increasing IEC. Importantly,
the resistances of the RCP 1 and RCP 2 coatings are comparable to Neosepta CMX, which has a

resistance of 3.0 Q.cm? and is commonly used for MCDI testing [12].
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Table 5.6 - Electrochemical properties of the coating layers.

Coating IEC Thickness  Resistance Conductivity
(mmol/g) (um) (Q.cm?) (mS/cm)

RCP 1 2.05 82 3.31 2.48

RCP 2 1.73 46 2.37 1.94

RCP 3 1.44 59 9.86 0.60

As expected, the conductivity of the coatings is seen to increases with IEC. These values differ to those
reported in chapter three (and presented again in Table 5.1) due to the methods of testing. Here coating
conductivity is measured normal to its exposed surface (through-plane conductivity) while immersed in
0.5M NaCl, while membrane conductivity in chapter three was measured parallel to the surface (in-plane
conductivity) using a four-point probe with the electrodes in direct contact with the membrane. It was
expected that the influence of the 0.5 M NaCl would increase the conductivity compared to the humidity
chamber with relative humidity of 99% due the ability of the sodium and chloride ions to carry current.
The loss of conductivity therefore highlights the disparity between the two methods of measurement,
recalling that as discussed in chapter three, conductivity measurements have often been found to be
greater in the in-plane direction than the through-plane direction. Nonetheless, crucially the same trend
for both measurements was observed, i.e., the conductivity increases with polymer IEC. This confirms
that while changing the direction of measurement affects conductivity, it does so consistently and either
method of measurement can be deemed as useful when determining the relative conductivity of polymers

tested under the same conditions.

5.3.3.3 Charging Resistance

Electrode charging (or diffusive) resistance versus frequency is shown in Figure 5.9. This is the resistance
to ion transport through the polymer coating and into the carbon pores, and is calculated as the real
impedance minus the ohmic resistance at each frequency. For the coated samples, it was observed that
the greater the coating area resistance, the higher frequency at which the increase in charging resistance
occurs. Although RCP 1 coated samples had a greater area resistance than RCP 2 coated samples, the
charging resistances were found to be similar. This result further suggests that the higher conductivity

and greater water uptake of RCP 1 reduces hindrance to ion transport.
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Figure 5.9 - Charging resistance versus frequency for uncoated and coated electrodes.

For uncoated samples, the rise in charging resistance occurred at much higher frequencies than the
coated samples. However, as the frequency approaches 10 mHz, the resistance reaches a plateau as
the sample yields more typical capacitive behaviour. Conversely, the real impedance of the coated
samples was observed to increase sharply at low frequencies. Here, the impedance response is
dominated by the resistance of the coating rather than the capacitive behaviour of the carbon substrate.
In light of this, while coating area resistances are comparable to those of commercial membranes, the
polymer layer thickness must be optimised to minimise this charging resistance while still adequately

enhancing electrosorption performance.

5.4 Conclusions

In this chapter, activated carbon electrodes coated with cation exchange random copolymers were
successfully fabricated, with the coating layer strongly adhering to the carbon. Confirmation of successful
coating was observed through SEM images and FTIR analysis. CV revealed that at a scan rate of 5 mV/s,
a greater micropore capacitance was observed for all coated electrodes over a wide range of potentials.
This was attributed to the selective transport properties of the cation exchange polymers, and the

increased electrolyte concentration in the polymer coating directly adjacent to the carbon electrodes.

CV results have shown that in the case of the most conductive coating (RCP 1), charge was seen to build
up at a faster rate than uncoated samples, despite the additional resistance of the coating. A high PVDF
binder content may increase charging resistance, slowing the build up of ions at the electrode-solution

interface. However, the coating of electrodes with an ion exchange polymer may partially offset this
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phenomenon through copolymer penetration into the carbon substrate, despite adding additional
resistance as a charge barrier layer. These results indicated that the random copolymer coatings,
although increasing overall resistance, can be used to improve the ion transport into the pores of the
electrodes, and are applicable as membranes or coatings in MCDI applications. However, the polymer
coatings are seen to influence the resistance of the carbon electrodes, causing a sharp rise in charging
resistance at low frequencies during EIS testing. The optimisation of coating thickness therefore becomes

important in reducing the additional resistance created by the coating layer.

EIS results indicate that the charging resistance and capacitance of the coated electrodes are influenced
by both conductivity and water uptake. Since the conductivity and water uptake are strong functions of
IEC, suitable polymer design to maximise IEC while retaining mechanical stability is a crucial parameter in
enhancing the performance of activated carbon electrodes. In light of this, RCP 1 is seen to appreciably
enhance the electrosorption performance of the activated carbon electrodes. Overall, based on the CV
and EIS results it can be concluded that polymers with a high IEC are important in reducing resistance to

the adsorption/desorption process and improving the kinetics of electrodes for CDI.

5.5 Publications

The following publication is based on the results from this chapter (see Appendix A5):

Journal Article

Asquith, B.M., Meier-Haack, J. and Ladewig, B.P., Cation exchange copolymer enhanced
electrosorption, Desalination, 345 (2014) 94-100.
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6.1 Overview

This chapter focuses on the use of novel random cation exchange copolymers as a binder material for
activated carbon electrodes. Typically PTFE or PVDF are used to bind activated carbon powder and
conductive filler to form thin carbon electrodes. However, their use is associated with numerous
problems, namely the blockage of pores, reduced electrode wettability and reduced electrode
conductivity. While a greater binder content increases the strength of the electrode, this simultaneously
reduces capacitance and adsorption efficiency [1-3]. An optimal amount of binder is therefore required to
allow adequate binding strength while limiting the drop off in capacitance and efficiency, with typical

binder content in the range 5 - 15 wt.%.

The three key areas of study in this chapter are the mechanical properties of the three previously studied
random copolymers, the mechanical properties of carbon electrodes prepared with these polymers, and
the electrochemical performance of the electrodes when tested using CV and EIS. Based on these three
areas, the efficacy of the random copolymers as binder materials for CDI applications will be discussed,

particularly with regard to the electrochemical performance.

Due to the reduced mechanical strength of the random copolymers compared with PVDF, a copolymer
content of 15 wt.% was found to adequately bind particles; binder content lower than this saw carbon
losses when electrodes were treated in water. The hydrophilic nature of the polymers increased the
wettability of the electrodes, which were seen to have low contact angles and readily absorbed water.
Finally, CV and EIS testing revealed a loss in capacitance compared with electrodes prepared with PVDF.
This is thought to have been a result of the swollen polymers which reduced particle contact and hence
charge transfer pathways within the carbon electrodes. As a result, poor micropore double layer
formation was observed. Promisingly, EIS testing showed low charging resistance compared with binders
prepared with PVDF, indicating the potential for hydrophilic polymers to be used as binders in CDI

electrodes if charge transfer pathways between carbon particles can be maintained.
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6.2 Experimental

6.2.1 Materials

The materials used for this chapter are the same as those described in chapters three and four.

6.2.2 Carbon Electrode preparation

Carbon electrodes were prepared using the method described in chapter four, with carbon black used as
a conductive filler instead of graphite powder, and either PVDF or one of the sulfonated random
copolymers synthesised in chapter three used as a binder. Carbon black was used instead of graphite,
as it is able to improve electrode conductivity through its three-dimensional conductivity and effectiveness
in filling voids between activated carbon particles (as discussed in Section 2.2.4.2). The slurry was coated
onto graphite sheets to a thickness of 200 um using a doctor blade and dried under vacuum to

completely remove the solvent (see section 6.3.2.1).

6.2.3 Binder Properties

Molecular weights of the sulfonated polymers were obtained from GPC measurements on a Knauer GPC
equipped with Zorbax PSM Trimodal S columns and a Rl detector. A mixture of DMAc with 2 vol.% water
and 3 g/L LiCl was used as eluent. Thermogravimetric Analysis (TGA) was performed using an EXSTAR
TG/DTA 6300 (Seiko Instruments Inc.) under an argon purge at a flow rate of 120 mL/min. The
temperature range was 50 - 700 °C with a heating rate of 10 °C/min. Tensile testing was performed using

an Instron Model 5848 MicroTester with a 100 N load cell.

6.2.4 Electrode Properties

Contact angle measurements of electrodes were made with a Dataphysics OCA 15EC Measuring
Instrument using the sessile drop method. SEM images were obtained using a Nova NanoSEM 450 with
an acceleration voltage of 5 kV using the secondary imaging mode. All samples were coated with iridium
prior to imaging. CV and EIS experiments were performed using a Biologic VSP potentiostat connected
to a three-electrode electrochemical cell, as described in chapter four. The working electrode was the
carbon material to be tested with an exposed surface area of 0.785 cm?, the reference electrode was a

saturated KCI Ag/AgCl electrode, and the counter electrode was a mesh platinum electrode. EIS was
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performed using the same cell over the frequency range 10 mHz to 1 MHz, with an applied voltage

amplitude of 10 mV. The electrolyte for all electrochemical tests was 0.5 M NaCl.

6.3 Results and Discussion

6.3.1 Mechanical Properties of Binder Materials

6.3.1.1 Water Uptake and Contact Angle

The water uptake and contact angle of all random copolymers (as presented in chapter three) and PVDF
can be seen in Table 6.1, where the initial and final contact angles were measured att=0sandt=54s.

The contact angle of these polymers is also presented in Figure 6.1.

Table 6.1 - Contact angle and water uptake of random copolymers and PVDF.

Polymer Contact Angle (°)  Water Uptake*

Initial Final (%)
RCP 1 51.8 303 499
RCP 2 52.1 38.2 35.7
RCP 3 62.3 46.1 25.9
PVDF 81.8 81.3 0.95

* Water uptake measured in the Na* form
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Figure 6.1 - Contact angle of random copolymers and PVDF as a function of time.
The hydrophobicity of PVDF compared with the random copolymers is clearly seen in both Table 6.1 and
Figure 6.1, with a contact angle of 81.8° and a water uptake of 0.95%. By way of comparison, the cation

exchange copolymers have much greater swelling properties, ranging from 26.4 — 49.9% in the Na* form.
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Unlike the dynamic contact angles of the copolymers seen in Figure 6.1, the contact angle of the PVDF
remained relatively constant over a period of one minute. In terms of usefulness as a binder material, the
increased hydrophilicity of the random copolymers is a double-edged sword; the greater swelling softens
the polymers and reduces their strength and ability to effectively bind together carbon particles. However,
it is this property that can allow a greater transport of cations to the electrode pores and allow electrolyte

access to pores previously blocked by the hydrophobic PVDF.

6.3.1.2 Molecular Weight and Thermogravimetric Analysis

The molecular weight of the random copolymers and PVDF is given in Table 6.2. The greater molecular
weight of RCP 1 compared to RCP 2 and RCP 3 is a result of the greater number of sulfonic acid groups,
which promotes the formation of aggregates due to hydrogen bonds between sulfonic acid groups on
different polymer chains [4-7]. These intermolecular forces are not thought to be as strong in the PVDF
due to the presence of only hydrogen and fluorine atoms along the polymer chain. However, its greater
molecular weight compared to the random copolymers is an indication of longer polymer chains and
greater mechanical strength. The similarity of the molecular weights of RCP 2 and RCP 3 is a reflection of
the nature of polymer synthesis, where not only monomer content but also slight differences in synthesis

conditions can affect the final polymer properties, including molecular weight.

Table 6.2 - Molecular weights of random copolymers and PVDF.

Polymer M, (g/mol) M, (g/mol)

RCP 1 50,000 155,000
RCP 2 26,500 82,500
RCP 3 25,000 84,000
PVDF - ~534,000*

*Material specification from Sigma-Aldrich, measured by GPC

The TGA results of the three copolymers and PVDF are shown in Figure 6.2. Due to the similar
compositions of all the copolymers, the family of the curves of the random copolymers exhibited similar
characteristics. A small loss of absorbed ambient moisture was observed for all three copolymers, with
the most obvious loss for that of the most hydrophilic copolymer RCP 1 (approximately 5% total mass
loss). Three larger distinct regions of decomposition were observed for each copolymer, 250 - 400 °C,
400 - 540 °C and 540 - 700 °C. The two copolymers with similar molecular weights (RCP 2 and RCP 3)

were seen to degrade at almost the same rate, with the greater content of the more thermally stable
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dihydroxydiphenyl sulfone in RCP 3 thought to have reduced the rate of degradation compared with
RCP 2 in the temperature range 250 - 400 °C. On the other hand, despite a larger content of the less
thermally stable diphenylhydroquinone monomer, the degradation of RCP 1 is seen to be less than both
other copolymers. Here the monomer content appears to be less important, with the greater molecular
weight of the polymer (and therefore greater intermolecular forces between the polymer chains) reducing
its thermal degradation. The behaviour of PVDF was vastly different to that of the random copolymers. No
ambient moisture loss was observed, and the polymer underwent rapid thermal degradation beginning at
415 °C and continuing until 470 °C, with a total mass loss of 60 wt.%. At temperatures beyond 470 °C a

steady rate of mass loss was observed.

While CDI electrodes do not operate at elevated temperatures, these results reinforce the importance of
chain length and molecular weight on polymer properties and in maintaining the integrity of the polymer
chain. Note also that while outside the scope of this thesis, the thermal stability of the cation exchange

copolymers may prove useful for fuel cell applications operating at elevated temperatures.
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Figure 6.2 - TGA results of RCP 1, RCP 2, RCP 3 and PVDF.
6.3.1.3 Polymer Tensile Strength
Stress versus strain curves for membranes in the dry state are shown in Figure 6.3. The tensile strengths
of RCP 1 and RCP 3 were found to be 40.1 MPa and 42.5 MPa, respectively, placing both samples in
the expected range for thermoplastic polymers such as PVDF, PTFE and polystyrene. The increased
molecular weight of RCP 1 is not enough to yield a greater tensile strength than RCP 3, so the dominant
factor is the monomer composition. Although RCP 2 was not able to tested due to defects caused during

sample preparation, with a monomer ratio of dihydroxydiphenyl sulfone to diphenylhydroquinone between
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that of RCP 1 and RCP 3, it is reasonable to expect the tensile strength would lie somewhere between

40.1 and 42.5 MPa.
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Figure 6.3 - Stress versus strain curves for RCP 1 and RCP 3.

The testing of membranes in the wet state yielded inconclusive results. The wet samples begun to dry
rapidly when exposed to air (particularly RCP 1 with its heightened swelling properties), causing them to
shrink. This led to variable sample dimensions throughout testing, which must be constant to accurately
calculate both stress and strain. The shrinking samples also placed additional tension on the load cell
creating further inconsistencies in the results. Notwithstanding the inconclusive results, the samples that
were tested were seen to remain partially wet and underwent much greater plastic deformation than the
dry samples, indicating greater ductility. These measurements are perhaps of greater importance than
those in the dry state as they reflect the nature of the polymer when used as a binder, i.e. swollen. The

stress versus strain curves for unsuccessful tests can be found in Appendix A4.

6.3.2 Physical Properties of Carbon Electrodes with Copolymer Binders

6.3.2.1 Electrode Thickness

The successful formation of defect free electrodes was achieved by gentle solvent evaporation, as
cracking and peeling of thin carbon films during drying can be caused by rapid solvent evaporation.
Although the solvent NMP has a boiling point of 202°C, rapid evaporation may still occur when dried

under vacuum. To prevent this, the solvent was initially allowed to evaporate from the samples in a fume
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cupboard for several hours without heating. Samples were then transferred to a vacuum oven at room
temperature, and under vacuum the temperature was slowly increased, initially for 2 h at 40 °C, followed

by 12 h at 60 °C and finally 24 h at 100 °C.

Figure 6.4 presents the severity of cracking that can occur due to thickness, even with gentle drying
conditions. Carbon electrodes composed of 75 wt.% activated carbon, 15 wt.% carbon black and 10
wt.% RCP 1 as binder were cast using a doctor blade at 200 um, 250 um and 300 pm. The electrode
cast at 200 pm showed no defects, however at 250 um small cracks towards the top of the sample were
visible, and at 300 um significant cracking and peeling was observed. The thicker carbon coatings were

more susceptible to cracking, as there existed both a greater quantity of solvent to evaporate and a

longer tortuous path through which the solvent must pass.

200 pm 250 pm 300 pum

Figure 6.4 - Carbon electrodes cast at 200, 250 and 300 um, with cracks visible at thicknesses of 250 and
300 pm.

Under the gentle drying conditions described above, all copolymers were repeatedly able to form defect
free films cast at a thickness of 200 pm, regardless of the electrode composition or polymer used. This
thickness is considered acceptable for thin film carbon electrodes [8]. It should be noted that electrodes
with similar compositions of PVDF binder and graphite filler were successfully cast using a doctor blade at
thicknesses of 650 um. The greater thickness of defect-free electrodes cast using PVDF highlights the

additional strength of the polymer and its superior ability to bind the carbon particles together.

6.3.2.2 Electrode Contact Angle
The data in Table 6.3 presents the contact angle of the electrode fabricated from 75 wt.% activated
carbon, 10 wt.% carbon black and 15 wt.% binder. All electrodes prepared with a random copolymer

binder were found to have hydrophilic surfaces and contact angles much lower than electrodes prepared
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with a PVDF binder (note that the contact angle of electrodes prepared with activated carbon, PVDF and
carbon black (142.4°) was similar to that of electrodes prepared with activated carbon, PVDF and
graphite (138.8°) seen in chapter four). RCP 1 and RCP 2 binders were observed to have similarly low
contact angles, indicating very high hydrophilicity and wettability of the electrodes. In contrast, the RCP 3
electrodes were seen to have a contact angle nearly double that of the RCP 1 and RCP 2 electrodes.
Such an increase between RCP 2 and RCP 3 was not expected, especially considering the similar
contact angle of electrodes prepared with RCP 1 and RCP 2. This result highlights the hydrophobic effect
of the dihydroxydiphenyl sulfone monomer on both the polymer and composite electrode properties, and
the ability of the hydrophilic diphenylhydroquinone to increase the wettability of the electrode surface
once a certain threshold has been met. In this instance, the threshold lies between a hydrophilic to
hydrophobic monomer ratio of 4:6 (RCP 3) and 5:5 (RCP 2) (i.e. the ratio of diphenylhydroguinone
dihydroxydiphenyl sulfone). This result also underscores the importance of polymer design when
preparing polymers for specific applications such as MCDI, and the attainable improvements in wettability

when using a hydrophilic binder.

Table 6.3 - Contact angle of electrodes prepared with random copolymer or PVDF binder.

Binder  Contact Angle Error

©)

RCP 1 37.44 +7.38
RCP 2 36.35 +4.68
RCP 3 65.51 + 1.81
PVDF 142.39 +0.05

Despite the variable contact angle and degree of hydrophilicity of the electrodes shown in Table 6.3, all
those fabricated with random copolymer were found to readily absorb water, as shown in Figure 6.5.
Over a period of 30 seconds, a 4 yL drop of water fully absorbed into the electrode, regardless of binder
type. In contrast, the PVDF electrode’s highly hydrophobic surface resulted in a very stable contact angle

over the same duration.
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Figure 6.5 - Contact angle of electrodes fabricated from 75 wt.% activated carbon, 10 wt.% carbon black
and 15 wt.% binderatt=0sandt=30s

6.3.2.3 Effect of Binder Type and Electrode Composition on Physical Structure

Using carbon black as a conductive filler, the amount of binder was adjusted to determine the most
suitable composition. Electrodes with 5 wt.%, 10 wt.% and 15 wt.% RCP 3 were cast, each with 5 wt.%
carbon black and variable activated carbon content. Electrodes with only 5 wt.% RCP 3 did not
sufficiently bind and rather than forming a thin film electrode, the consistency of the samples was similar
to that of the constituent powders. Although some adhesion was observed and the film was somewhat
able to retain its form, when gently rinsed with water carbon was easily removed from the surface.
Despite ample stirring for 12-16 h to evenly disperse the polymer throughout the carbon slurry prior to

casting, 5 wt.% is considered to be too low a concentration to provide adequate binding.

Electrodes prepared with 10 and 15 wt.% binder were seen to produce thin films when cast onto
graphite. The 10 wt.% electrodes were found to lose a small amount of carbon during rinsing and
washing, although overall the electrodes retained their form. Electrodes with 15% binder were able to
retain their form and held together very well, even when soaked in water. SEM images of these electrodes
can be seen in Figure 6.6, with 15 wt.% binder shown in Figure 6.6 a & b, and 10 wt.% binder shown in

Figure 6.6 ¢ & d.

Samples with 15 wt.% binder were seen to form a homogeneous carbon layer free of defects, held
together well by the copolymer binder. The close up SEM image in Figure 6.6 b reveals that good
adhesion of the carbon black to the activated carbon particles was achieved. The cross-section of the
10 wt.% binder in Figure 6.6 ¢ shows a large crack; although this is an artefact of the sample preparation

process, it should be noted that samples with 10 wt.% binder were more difficult to handle and prepare
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for SEM imaging than those with 15 wt.% binder. Although the carbon particles were still well held by the
binder and the carbon black adhered to the activated carbon (seen in Figure 6.6 d), the samples were

more susceptible to breaking.

Figure 6.6 - SEM images of electrodes with varying binder content: a & b) 80 wt.% activated carbon, 5 wt.%
carbon black, 15 wt.% RCP 3, ¢ & d) 85 wt.% activated carbon, 5 wt.% carbon black, 10 wt.% RCP 3.

The images presented in Figure 6.7 show electrodes with the same composition by mass, varying only by
binder type (RCP 1, a & b; RCP 2, ¢ & d; RCP 3, e & f; PVDF, g). The cross-sections (Figure 6.7 a, c & e)
reveal that regardless of binder type, thin uniform electrodes were able to be produced. From the high
magnification images (Figure 6.7 b, d, f & @), strong adhesion of the carbon black particles to the
activated carbon was observed, although no fibrils of binder connecting carbon particles could be seen.
Based on these results and observations when handling the electrodes (i.e. no loss of carbon when
gently rubbed), electrodes with 15 wt.% random copolymer binder (RCP 1, 2 or 3) are similar to those

prepared with PVDF, and acceptable for further electrochemical characterisation.
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Figure 6.7 - Cross-section and surface SEM images of electrodes consisting of 75 wt.% activated carbon, 10
wt.% carbon black and 15 wt.% polymer binder, prepared with the following binders: a & b) RCP 1, ¢ & d)
RCP 2, e & f) RCP 3, g) PVDF (surface only, no cross-section available).
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6.3.3 Electrode Electrochemical Characterisation

6.3.3.1 Comparison of Binder Type Using Cyclic Voltammetry

The specific capacitance as a function of potential of electrodes prepared with RCP 1-3 or PVDF as
binder material, measured using CV at scan rates of 20 mV/s and 5 mV/s, is shown in Figure 6.8 and

Figure 6.9. The electrodes consisted of 75 wt.% activated carbon, 10 wt.% carbon black and 15 wt.%

binder.
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Figure 6.8 - Specific capacitance of electrodes with various binder materials measured at 20 mV/s in
0.5 M NaCl.

Samples prepared with copolymer binder were observed to form rectangular curves at 20 mV/s. In
contrast, samples with PVDF binder produced larger, more distorted curves typical of electrodes at a fast
scan rate with negligible micropore penetration. At a slower scan rate of 5 mV/s, the PVDF samples
produced more rectangular curves with an increased capacitance over the 20 mV/s scan, indicating
double layer formation within the micropores. The random copolymer samples were seen to have only
slight increases in capacitance between the two scan rates, indicating the electrodes had almost reached
their maximum electrosorption capacity and that negligible micropore penetration was occurring, even at
a slow scan rate. Thus, the random copolymer binders appeared to facilitate double layer formation in the

mesopores while restricting micropore double layer formation.
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Figure 6.9 - Specific capacitance of electrodes with various binder materials measured at 5 mV/s in
0.5 M NaCl.

The behaviour of electrodes prepared with random copolymer binders is similar to that observed in
chapter four for samples with a graphite content below the percolation threshold; it can be concluded
that the low capacitance and rectangular curves are a result of either poor electrode conductivity or poor
ionic conductivity. The hydrophilic nature of the random copolymers suggests that sufficient ion mobility
can be achieved, with the potential for the random copolymers to even increase capacitance by allowing
electrolyte transport to previously blocked pores. The low capacitance is therefore likely a result of poor
electrode conductivity, reducing the carbon’s ability to form microporous double layers. It is postulated
that this is due to a loss of charge transfer pathways between the carbon particles, caused by the
swollen random copolymer, as demonstrated in Figure 6.10. The hydrophobic PVDF binder does not
swell in solution and allows carbon particles to remain in contact with both each other and with carbon
black particles. In contrast, the hydrophilic copolymer swells to a much greater degree and causes some
of this contact to be lost, meaning particles further away from the current collector are less conductive.
This is represented by the shading of the particles in Figure 6.10, where a lower conductivity is
represented by lighter coloured particles. Although the polymers are conductive and do allow some

charge transfer, this is not as great as direct particle contact.
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Figure 6.10 - lllustration of the potential loss of charge transfer pathways within a carbon electrode using a
hydrophilic binder. Carbon electrodes prepared with PVDF (left) remain in contact with each other, while the
swollen random copolymer (right) reduces particle contact and hence conductivity. Darker particles
represent those that have a greater conductivity.

Note also that the tests were conducted in 0.5 M NaCl, while practical applications of CDI involve the
desalination of brackish water, which is considerably less conductive. This would serve to reduce the
conductivity of the electrolyte solution within the swollen polymers and decrease the charge transfer even

further.

6.3.3.2 Electrochemical Impedance Spectroscopy

The Nyquist plots of the electrodes are presented in Figure 6.11. Similarly to the CV curves, different
responses caused by the binder type were observed. The shape of all curves was typical for that of a
double layer capacitor, notwithstanding the excessively large magnitude of the imaginary impedance for

the random copolymers, nor the large real and imaginary impedances for the PVDF binder.

PVDF electrodes showed very large charging resistance at low frequencies, which is highlighted in Figure
6.12. Conversely, the copolymer binder electrodes had much lower resistance, with the real impedance
only increasing notably at frequencies lower than 100 mHz. This may be a combination of minimal
micropore penetration as well as the ability of the copolymers to facilitate electrolyte transport. The low
resistance at high frequencies, combined with the increase in capacitance at high frequencies compared
with the PVDF (shown in Figure 6.13), suggests that the random copolymers facilitate fast mesopore

double layer formation, despite the swelling reducing the micropore capacitance.
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Figure 6.11 - Nyquist plots of electrodes with 15 wt.% binder: a) RCP 1, b) RCP 2, c) RCP 3 and 4) PVDF.

The differences in capacitance for electrodes with different random copolymer binders (presented in both

Figure 6.8 and Figure 6.13) were seen to follow the trend of lower swelling yielding greater capacitance,

such that the capacitance of the electrodes with RCP 3 binder > RCP 2 binder > RCP 1 binder. The

reduced swelling of RCP 3 allows better particle contact, more charge transfer pathways and greater

electrode conductivity, despite the polymer itself having a lower conductivity. Considering the high

proportion of inaccessible surface area within micropores with openings less than 5.9 A (as discussed in

chapter four), greater capacitance that exceeds that of PVDF binder electrodes might be observed when

using the copolymers as binders in electrodes with a higher proportion of mesopores and large

micropores.
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Figure 6.12 - Resistance versus frequency of electrodes with various binder materials.
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Figure 6.13 - Capacitance versus frequency of electrodes with various binder materials.

6.4 Conclusions

Carbon electrodes were prepared with random poly(arylene ether sulfone)s as binder materials and

compared with those prepared with PVDF as a binder. A copolymer mass composition of 15% was

found to adequately bind carbon particles, with no loss of carbon observed when treated in water.

Regardless of the polymer used, good adhesion of the conductive carbon black to the activated carbon

was observed. Electrodes with 10 wt.% random copolymer, while still forming thin carbon layers, were

more brittle and lost some carbon when treated with water. Those with 5 wt.% random copolymer

provided no effective binding. The thickness of electrodes that could be cast with the random
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copolymers was lower than that previously identified with PVDF in chapter four, and although an
acceptable casting thickness of 200 pm was achieved, this result highlighted the loss in stability when the

copolymers were used.

As noted in chapter three, the polymers are hydrophilic with low contact angles and swelling rates in the
range 26.4 — 49.9%. The effect of this hydrophilicity was directly observed when the random copolymers
were incorporated into carbon electrodes. Electrode surfaces were observed to be hydrophilic with low
contact angles in the range 37.44 - 65.51° and readily absorbed water. In comparison, electrodes
prepared with a PVDF binder were hydrophobic with a much higher contact angle of 142.39°, and no

absorption into the electrode was observed

CV and EIS testing revealed that although the binders were able to provide adequate strength at
15 wt.%, the capacitance of the electrodes was lower than electrodes prepared with PVDF. The high
swelling rates of the polymers are thought to have reduced the charge transfer pathways between carbon
particles, resulting in a lack of micropore double layer formation. The increases in capacitance at high EIS
frequencies and lower charging resistance suggested that a more hydrophobic polymer that can still
facilitate the selective transport of ions, and may indeed yield better results by maintaining charge transfer
pathways. Furthermore, the use of an activated carbon material with larger micropores and a greater
mesoporous surface area may improve results such that they are comparable or even exceed those

achieved with a hydrophobic binder such as PVDF.
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Chapter Seven

7.1 Thesis Conclusions

Activated carbon is widely used as a carbon material for CDI due to its economic benefits, but faces a
number of drawbacks including the requirement for a polymeric binder, unfavourable pore size
distribution and low conductivity. To offset these setbacks, this thesis has investigated the enhancement
of activated carbon electrodes through state-of-the-art poly(arylene ether sulfone) copolymers. This class
of polymers has been studied extensively for pressure-driven desalination and fuel cell applications, but

never applied to electro-driven systems such as CDI.

Chapter three focused on the synthesis and characterisation of membranes prepared from random and
multiblock poly(arylene ether sulfone) copolymers. The polymers incorporated the hydrophilic 2,5-
diphenylhydroquinone monomer to impart conductivity and ion exchange properties, as well as
hydrophobic diphenylsulfone monomers to impart mechanical stability. Pendant phenyl rings along the
polymer backbone were selectively sulfonated using the simple and cost effective post-sulfonation
technique, resulting in a high degree of sulfonation. Random copolymers with different monomer ratios
and a multiblock copolymer with defined hydrophilic and hydrophobic block lengths were synthesised to
determine the effects of side-chain sulfonation, monomer ratio and copolymer structure on fundamental
membrane properties for CDI, namely: ion-exchange capacity, water uptake, conductivity and transport

number.

All membranes were found to have relatively low water uptake and good mechanical stability due to the
incorporation of the diphenylsulfone monomers. lon-exchange capacities were found to be in the range
1.44 - 2.05 mmol/g, and membrane conductivity in the Na* form as high as 15.13 mS/cm for the random
copolymers and 16.74 mS/cm for the multiblock copolymer. These values are comparable to
commercially available cation exchange membranes. The microheterogeneous structure of the multiblock
copolymer increased its water uptake and conductivity, while simultaneously reducing its transport
number. Conversely, random copolymer membranes with a balance of hydrophobic and hydrophilic
monomers were found to have both good conductivity and high transport numbers, making them an

attractive material for membranes for application in MCDI applications.

Chapter four examined the use of activated carbon as an electrode material, including a study on the

effects of graphite as a conductive filler. All samples were found to be highly hydrophobic regardless of
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graphite or binder content, however the electrochemical performance varied greatly between the different
samples. Electrodes with a graphite content below the percolation threshold of 10-15 wt.% graphite were
observed to have poor conductivity and low mesoporous and microporous capacitance. Above the
percolation threshold, only modest increases in capacitance were observed. This highlighted the need for
not only an appropriate conductive filler, but also a suitable carbon material with a favourable pore size
distribution and adequate mesoporous surface area to minimise inaccessible surface area in the

micropores.

EIS was used to examine the charging behaviour of the electrodes; a lack of micropore penetration for
samples with a graphite content below the percolation threshold was caused by the large resistance of
the samples to electrolyte diffusion. The phenomenon of slow double layer formation was also examined
using EIS, with both poor wettability and resistance to diffusion through the pores contributing factors.
Continual electrochemical charging and discharging via CV was seen to increase the penetration depth of
the electrolyte, improving capacitance and reducing resistance. The slow double layer formation indicated
poor electrical efficiency and kinetics of the electrodes, and highlighted the need for modification of
activated carbon electrodes to perform effectively in CDI applications. This was studied in the following

two chapters.

Chapter five examined the effects of random copolymer cation exchange polymer coatings on activated
carbon electrodes. As expected, the coating layers were found to create additional resistance, however
this did not significantly hinder the rate of double layer formation compared with uncoated electrodes. CV
revealed that a greater micropore capacitance was observed for all coated electrodes over a wide range
of potentials, which can attributed to the selective transport properties of the cation exchange polymers,
and the increased electrolyte concentration in the polymer coating directly adjacent to the carbon
electrodes. EDX results showed copolymer penetrates into the carbon substrate during casting, which

may offset the reduced capacitance and poor electrode kinetics caused by the PVDF binder.

Electrochemical impedance results identified the influence of the conductivity and water uptake on both
the charging resistance and capacitance of the coated electrodes. The reliance of these properties on
IEC indicated that optimal polymer design for MCDI applications will maximise IEC to improve

capacitance and reduce resistance without compromising mechanical stability. The optimisation of
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coating thickness is also an important factor in reducing additional resistance created by the coating
layer. Overall, it was found that the cation exchange polymers, and in particular RCP 1 can be used to
improve ion transport into the pores of the electrodes, and they can be considered as candidates for

potential membranes or coatings in MCDI applications

Based on the penetration of random copolymer coatings into the carbon substrate in chapter five,
chapter six investigated the use of random poly(arylene ether sulfone)s as binders for activated carbon
electrodes. With a content of 15 wt.%, the copolymer was found to effectively bind carbon particles and
provide good adhesion of the conductive carbon black filler to the activated carbon. Nonetheless,
reductions in mechanical strength compared with PVFD binder were observed, with a low casting

thickness required to maintain the integrity of the electrodes during drying.

The hydrophilicity of the copolymers translated into hydrophilic electrodes that readily absorbed water,
compared with the hydrophobic surface of similar electrodes prepared with PVDF. CV and EIS testing
revealed that although the binders improved electrode hydrophilicity, the capacitance was found to be
lower than electrodes prepared with PVDF. This was a result of the high swelling rates of the polymers
that eliminated or reduced charge transfer pathways between carbon particles, resulting in a loss of
particle conductivity and a lack of micropore double layer formation. Promisingly, the increased
capacitance at high frequencies during EIS combined with the relatively low charging resistances
suggested the random copolymers could facilitate the transport of ions into mesopores. While PVDF and
PTFE are commonly used as binder materials, it can be concluded that there is potential to improve the

relative poor performance of activated carbon electrodes using hydrophilic binder materials.

7.2 Recommendations for Future Work

7.2.1 Improved Membrane Conductivity Testing

Numerous attempts were made to measure the through-plane conductivity of membranes in solution,
although no accurate measurements could be made. Through-plane conductivity measurements in
solutions with varying concentration and ionic composition would provide useful information regrading the
expected performance of the membranes for MCDI applications, and should be considered for future

work for both these and other classes of polymer.
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7.2.2 Variation in Carbon Material

The activated carbon selected for this study was found to be highly microporous with a pore size
distribution unfavourable for electrosorption. A study incorporating a range of microporous and
mesoporous carbons enhanced with copolymers would supplement this work and further highlight the

benefits of CDI with cation exchange materials.

7.2.3 Optimised Polymer Coating Thickness

The polymer layer thickness must be optimised to minimise charging resistance while still adequately
enhancing electrosorption performance. This could be coupled with a more detailed EIS study on the
optimised polymer coatings, including the development of a rigorous model, to better determine the

effect of the coatings on the electrode performance.

7.2.4 Hydrophilic Polymer Optimisation

The loss of charge transfer pathways may be overcome through the optimisation of polymers designed
specifically for application as a binder. For the random copolymers used in this study, a greater
diphenylsulfone content will increase hydrophobicity and increase contact between particles, while
retaining sufficient IEC and hydrophilicity through sulfonated side chains. Other classes of polymers that
are more cost effective such as polystyrenes, poly(vinyl chloride)s and poly(arylene ether ketone)s could

also be studied as either cation or anion exchange polymers for binder materials.

7.2.5 Testing of Electrodes in a CDI Cell

While this study focused on cation exchange polymers for the improvement of activated carbon CDI
electrodes, the actual testing of electrodes in a CDI cell was unfeasible. Testing of the coated electrodes
and optimised electrodes with copolymer binders in a CDI cell will provide a direct comparison with other
studies and help assess the suitability of these materials for commercial use. In an Australian context,
such a study should examine the performance of brackish water desalination from inland water sources
with commonly encountered salts, including sodium, calcium, magnesium, potassium, chloride, nitrate
and sulphate, and perhaps examine the selectivity of ions based on charge and size. Other contaminants
such as arsenic and foulants like natural organic matter could also be studied. A comparison of coated
electrodes or those prepared with hydrophilic binders to activated carbon electrodes with commercial

membranes would also provide useful.
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7.2.6 Anion Exchange Coatings

The focus of the study has been on cation exchange membranes, largely due to the extensive literature in
the field of cation exchange membranes for fuel cells, and their ease of fabrication with relatively simple
methods of sulfonation now widely practiced. Coatings fabricated from aminated polystyrenes or PVA
may provide cheap and simple solutions that complement the now expanding suite of cation exchange

polymers available for CDI.
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Appendix A1 - lon Exchange Capacity Calculations

The moles of protons, n(H*), is calculated using the following equation:
n(H*) =n(OH™) = cvF = CF[Vsample - vblank]

where ¢ is the concentration of the NaOH solution (0.01 M), Vgmye is the volume required to neutralise the
sample solution, v, is the volume required to neutralise a 2M NaCl solution, and F is the NaOH
correction factor used to calibrate the NaOH solution. F was calculated by titrating both water and

benzoic acid solutions with 0.01M NaOH, such that:

Mpy

cMpa[Vbenzoic — Vwater]

where mg, is the mass of the benzoic acid being titrated, Mg, is the molar mass of the benzoic acid, ¢ is
the apparent concentration of the NaOH solution (0.01 M), and v,,.. the volume required to neutralise

the benzoic acid, and v, the volume required to neutralise the same amount of distilled water.
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Appendix A2 - Calculation of BET Surface Area for a Microporous
Material

The Roquerol transform is applied to calculate the BET surface area of a microporous material. This
method is shown below, with the isotherm data for activated carbon in the relative pressure range 0.000
- 0.323 presented in Table A1, along with the calculated values for Q x (P,- P) and 1/([Q x (Py/P - 1)]
(where Q is the quantity adsorbed (cm®/g STP), P is the measured pressure and (mmHg) and P, is the
saturation pressure (mmHg)). To determine the BET surface area of a microporous material, the values of
Q x (P, - P) are plotted against relative pressure. The pressure range from the origin to the maximum
yields a linear BET plot, and is the range from which the BET surface area can accurately be calculated.
This data is represented by the shaded pressure range in Table A1. Using this pressure range, the linear
regression of 1/([Q x (P,/P - 1)] is plotted against relative pressure, as shown Figure A2. The intercept and

slope of this regression are then used to calculate the BET surface area.

Table A1 - Isotherm data for an activated carbon sample measured using N2 at 77 K, along with calculated
values of Q x (Po- P) and 1/([Q x (Po/P - 1)]

Relative Pressure Quantity Adsorbed Q x (Po-P) 1

(P/Po) (cm3/g STP) [Q x (Po/P - 1)]
1.39x 10 20.2 15,323 6.89 x 10°®
2.72x10° 40.4 30,647 6.73x 10®
5.70x 10° 60.6 45,962 9.41 x 108
1.50x 10° 80.8 61,272 1.86x 107
3.57 x 10°® 101.0 76,576 3.54 x 107
8.18 x 10°® 121.1 91,848 6.75x 107
2.03x 10™ 141.2 107,063 1.44 x10°
5.78 x 10™ 161.1 122,077 3.59 x10°
1.92x10% 181.1 137,072 1.06 x 10°
6.25x 10°® 200.8 151,246 3.13x10°
9.60x 10°® 208.5 163,200 4.65x10°
1.37 x 10 215.5 167,912 6.47 x 10°®
2.15x 102 224.7 173,683 9.78 x 10°
3.33 x 102 234.6 179,061 1.47 x 10
5.11 x 102 245.0 183,450 2.20x 10™
5.71 x 102 247.9 184,344 2.45x 10™
7.53x 102 254.7 185,650 3.20x 10"
0.112 264.4 184,652 478 x10*
0.153 271.5 183,452 6.68 x 10™
0.189 276.0 180,361 8.44 x 10™
0.236 280.6 175,622 1.10x 10°%
0.265 283.1 170,333 1.27 x10°%
0.298 285.8 163,845 1.49x10°%
0.323 287.6 158,963 1.66 x 10
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Figure A1 - Q(Po - P) plotted against relative pressure, highlighting the maximum value from which the BET

surface area can be calculated
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Figure A2 - Linear regression of 1/[Q(P./P-1)] plotted against relative pressure. The intercept and slope of the
line are used to calculate the BET surface area

From Figure A2:
Intercept: 2.025 x 10°®
Slope: 4.261 x 107

Note also that the area occupied by a single N, molecule is 16.2 x 102° m?

1

1

Vm =7 = -6 -3
intercept + slope  (2.025 x 10™) + (4.261 x 10™)

1 1

2105

C= . = =
Vin x intercept  234.58 x (2.025 x 10°)

=284.58 cm®/g

where V,, is the volume of gas adsorbed when the entire surface is covered with a single layer of N,, and

C is the BET constant.
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BET surface area =

Avagadro constant x N, Molecule Area x V,,

Molar Volume at 0°C

6.023 x 10 x 16.2 x10%° x 234.58

022414 x 10°

=1021 m?/g

Table A2 - BET results from activated carbon samples

Surface Area BET
Sample (m?/g) Constant
1 1021 2105
2 1067 2244
3 1017 2533
4 1079 2314
5 105 3791
6 1037 3163
Average 1039 = 40 NA
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Appendix A3 - Carbon Electrode Preparation

Table A3 - Carbon electrode preparation. Note that the electrodes described in this table were prepared for

optimisation purposes only and were not suitable for electrochemical testing.

Composition (wt.%)

Comments

Activated carbon: 75
Graphite: 15
PVDF: 10

Activated carbon: 75
Graphite: 15
PVDF: 10

Activated carbon: 80
Graphite: 15
PVDF: 5

Activated carbon: 70
Graphite: 15
PVDF: 15

Preparation: All components were added simultaneously and mixed until
PVDF dissolved. The carbon slurry was cast onto a thin foil sheet at a
thickness of 650 pm then dried at 55 °C for 17 h. Samples were not dried
in a vacuum oven.

Observations: Good carbon adhesion was achieved however the sample
formed cracks

Preparation: Polymer was allowed to dissolve before the addition of
activated carbon and graphite. The slurry was cast onto a solid graphite
sheet (3.2 mm) at a thickness of 650 um then left in the fume cupboard
until the surface appeared dry. Dried at 120 °C for 2 h, then transferred to
a vacuum oven at 80 °C for 2 h.

Observations: Generally no cracks were observed and good adhesion
was achieved

Preparation: As per #2 above.

Observations: When lightly rubbing the electrode surface, carbon was
easily removed from the sample. Due to the low PVDF content, there was
insufficient binder content to adequately hold the both carbon and graphite
particles together, and to adhere the slurry to the graphite sheet. Greater
PVDF content is required for future electrode synthesis

Preparation: As per #2 above, with samples cast to a thickness of 350
um. Vacuum oven drying temperature was increased to 120°C and
lengthened to 16 h.

Observations: With increased PVDF content, good adhesion was
achieved and no carbon was removed when the samples were gently
rubbed by hand. After the drying process, no cracks were observed
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Appendix A4 - Stress Versus Strain Curves for Swollen Membranes
Figure A3 shows the stress versus strain curves of inconsistent results of RCP 3 testing in the swollen
state, compared with the results of RCP 1 and RCP 3. Although no definite conclusions about the tensile
strength can be drawn, it is obvious that the swollen polymers exhibit greater plastic deformation with a

reduced overall tensile strength.

40 | —— RCP 1 (Dry)
I —— RCP 3 (Dry)
—— RCP 31 (Wet)
SRl RCP 3 Il (Wet)
S
é 20 |
=t
10
0L \ I \ I \ I
0 0.1 0.2 0.3
Strain

Figure A3 - Stress versus strain curves for both wet and dry membrane samples
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« Random and multiblock side-chain sulfonated cation exchange membranes were prepared.
« All membranes yielded relatively low water uptake and good mechanical stability.

« Hydrophilic domains in the polymers enhanced ion exchange capacity and conductivity.
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« Random copolymers exhibited high transport numbers.
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Cation exchange membranes prepared from random and multiblock side-chain sulfonated poly(ether
sulfone)s have been characterised to evaluate their suitability for electrodialysis and membrane capacitive
deionization applications. The side chain sulfonation of the copolymers resulted in membranes with a high
degree of sulfonation and ion exchange capacities (IEC) in the range of 1.44-2.05 mmol/g, which is compa-
rable to commercially available membranes. The multiblock copolymer, which can be considered as having
a microheterogeneous structure, exhibited a high IEC and water uptake due to large, hydrophilic domains,

Keywords:
Ca{ion exchange membranes while the random copolymers had lower swelling rates. Membrane conductivity in the Na* form reached
Copolymers as high as 15.13 mS/cm for the random copolymers and 16.74 mS/cm for the block copolymer. Transport

numbers were found to be as high as 0.99 for random copolymers, but as low as 0.84 for the block copolymer.
Based on these results, these side-chain sulfonated random copolymers are potential candidates for use in
electro-driven desalination systems.

Side-chain sulfonation
Electrodialysis
Membrane capacitive deionization

© 2013 Elsevier B.V. All rights reserved.

1. Introduction fundamental research into ion exchange membrane properties and

functions will benefit numerous other processes, including electro-

Given the rising global demand for water, in addition to other
water conservation and reuse strategies, desalination is a key strategy
to supplement water supplies. Electrodialysis and MCDI are electro-
driven desalination processes that can be used for the highly efficient
desalination of brackish water, the production of ultra pure water,
water softening and the removal of other charged impurities from
water streams [1-11]. The efficiency of these processes relies of the
use of ion exchange membranes to remove unwanted charged parti-
cles from the feed stream. While many developments in ion exchange
membranes have come from research for the chlor-alkali industry
and fuel cells [12,13], the development of new materials and further

* I
0011-9164/$ - see front matter © 2013 Elsevier B.V. All rights reserved.
http://dx.doi.org/10.1016/j.desal.2013.05.023

driven desalination [14].

Membranes for electrodialysis and MCDI require a high transport
number and ion exchange capacity, low resistance and strong
mechanical and chemical stability. There is often a trade-off between
these properties; for instance, increasing polymer hydrophilicity to
improve transport properties typically reduces the mechanical and
chemical stability. Thus, polymer design for ion exchange membranes
is a challenging task, and there is a need to balance the membrane
properties for the desired application. As a way to improve the range
of properties that a polymer exhibits, copolymers can be synthesised
that combine hydrophobic and hydrophilic monomers. Poly(ether
sulfone)s have strong mechanical, thermal and chemical stability and
have been successfully used as ion exchange membranes in a wide
range of applications [15-21]. State of the art random and multiblock
poly(ether sulfone) copolymers have also been developed for pressure-
driven desalination membranes [22-26] and for fuel cell applications
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[27,28], but these materials have yet to be prepared and characterised for
ion exchange processes such as electrodialysis and MCDIL.

For use as a cation exchange membrane, poly(ether sulfone) must be
functionalised to incorporate fixed negatively charged groups. This pro-
cess plays a large role in determining the properties of the polymer, in
particular the electrical resistance and permselectivity [29]. Sulfonation
is commonly used over other forms of functionalisation such as
carboxylation or phosphonation, as the process is relatively simple
and yields membranes with favourable ion transport properties [30].
Post-sulfonation, the direct functionalisation of a polymer with
chlorosulfonic acid or concentrated sulfuric acid, allows for less control
over the degree of sulfonation and chemical structure of the sulfonated
polymer. Nonetheless it is often preferred over pre-sulfonation as it is a
simpler and more cost effective process [31]. During the sulfonation pro-
cess it is often the main chain that becomes sulfonated [32,33], however
recent studies have shown that side chain sulfonation may enhance the
chemical and mechanical properties of the polymer [28,34-36]. Results
from these studies have yielded membranes with excellent properties
and have shown good results when applied to fuel cells. However,
side-chain sulfonated copolymers are yet to be studied for ion exchange
desalination technologies.

In this work, three random and one multiblock side-chain sulfonated
poly(ether sulfone)s were prepared and characterised. Correlations
between the polymer structure and membrane properties are highlight-
ed, in particular the IEC, water uptake, conductivity and transport num-
ber. Membranes are compared to the commercial membrane Neosepta
CMX, which is commonly used for desalination via electrodialysis and
MCD], and the potential application of random and block copolymer
membranes for these applications is discussed.

2. Experimental
2.1. Materials

4.4'-Difluorodiphenyl sulfone (DFDPhS) was purchased from FUMA-
Tech GmbH (Germany) and was purified by vacuum distillation. 4,4’-
dihydroxydiphenyl sulfone (DHDPhS) was obtained from Aldrich
(Germany). N-methyl-2-pyrrolidone (NMP) was purchased from Merck
(Germany) and distilled twice under reduced pressure from CaH,. Con-
centrated sulfuric acid (min. 96%) was obtained from Acros (Belgium).
2,5-diphenylhydroquinone (DPhHQ), hydroxy endgroup diphenylated
poly(ether sulfone) oligomer (oligo-DP-PES) and decafluorobiphenyl
endcapped poly(ether sulfone) oligomer (oligo-PES) were prepared as
per the procedure described by Vogel et al. [28].

2.2. Polymer synthesis and sulfonation

Random and multiblock copolymers were synthesised using the
silyl-method as per the procedure described by Vogel et al. [28]. For
the random copolymers, 10 mmol of DFDPhS, 10-x mmol of bis-TMS-
DHDPhS and x mmol of bis-TMS-DPhHQ were weighed into a three-
necked flask with 30 mL of anhydrous NMP. After complete dissolution
of the monomers a 1:5 mixture of anhydrous potassium carbonate and
calcium carbonate was added. The reaction mixture was heated under
stirring and argon purging for 24 h to 175 °C and finally for 2 h at
190 °C. The cooled reaction mixture was diluted with NMP and filtered
for the removal of insoluble material. The products were precipitated in
methanol, then intensively washed with water and methanol. Finally
the products were dried in vacuum at 100 °C to constant weight. The
molar ratios of DPhHQ and DHDPhS for the random copolymers were
6:4, 5:5 and 4:6 (RCP 1, RCP 2 and RCP 3, respectively).

For the block copolymer, 0.3 mmol of the end-capped oligo-PES and
0.3 mmol of oligo-DP-PES were weighed into a three-necked round-
bottomed flask with 50 mL of anhydrous NMP. The block lengths of
oligo-PES and oligo-DP-PES were 25 and 39 respectively, where the
block length is related to a single diphenylsulfone unit. After complete

dissolution of the precursor oligomers, 2 mmol of anhydrous potassium
carbonate was added to the reaction mixture and the temperature was
raised to 100 °C under stirring and argon purging for 24 h. The cooled
reaction mixture was filtered and the product was coagulated in a
10-fold excess of methanol. The product was isolated by filtration and
washed intensively with water and methanol. Finally the product was
dried in vacuum at 100 °C to constant weight.

All polymers were sulfonated using concentrated sulfuric acid
(96-98%). 30 mL of concentrated sulfuric acid was added to 3 g of
polymer in a small flask under stirring for 24 h. The sulfonated polymers
were precipitated in water and thoroughly washed with water until the
solution obtained a neutral pH. The final products were dried under
vacuum at 110 °C to constant weight.

2.3. Membrane preparation

Membranes were prepared by dissolving the sulfonated polymers
in NMP. The solutions were cast onto glass and dried under vacuum
for 2 h at 60 °C, then for a further 24 h at 80 °C. Membrane samples
were removed from the glass using deionised water and thoroughly
rinsed with deionised water before soaking for 24 h in 1 M NaCl. The
membranes were finally stored in deionised water at room temperature
before use.

2.4. Polymer and membrane characterisation

"H NMR spectra of the polymers were recorded on a Bruker
DRX400 spectrometer operating at 400.17 MHz, with DMSO-ds used
as a solvent and internal chemical shift reference (2.50 ppm). The mo-
lecular weights were obtained from GPC measurements on a Knauer
GPC equipped with Zorbax PSM Trimodal S columns and a RI detector.
A mixture of DMAc with 2 vol.% water and 3 g/L LiCl was used as eluent.
Water uptake was measured by first drying membrane pieces at 80 °C
under vacuum until constant weight was reached. After soaking the
pieces in water at room temperature for 24 h, they were removed,
excess water was gently wiped with a tissue and the pieces were imme-
diately weighed. The water uptake (WU) was calculated using the
following equation:

_ Myyer 7mdly
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where m, is the weight of the swollen membrane and mgy is the
weight of the dry membrane. The ion exchange capacities of the mem-
branes were measured using the titration method. Membrane pieces
were first dried at 80 °C under vacuum until constant weight was
reached. They were then soaked in 1 M HCl, thoroughly rinsed with
deionised water, then soaked in 2 M NaCl for 24 h. The IEC was deter-
mined by titrating the NaCl solution with 0.01 M NaOH. The final IEC
values were calculated by also taking into account the titration of
blank 2 M NaCl solution. In-plane conductivity was determined using
electrical impedance spectroscopy with a four point probe. Using a
Gamry Reference 600 potentiostat in a frequency range from 1 Hz to
1 MHz, the membrane resistance was taken at the frequency where
the phase angle was closest to zero. Membranes were measured in
the Na* form at 30 °C and a relative humidity of 99% to prevent them
from drying out. As the samples were tested in a humid environment
and not submersed in solution, the measured resistance is not influenced
by boundary layer effects. Conductivity was calculated based on the
measured membrane resistance, R, ({2), distance between electrodes,
L (cm), and the effective membrane cross section (thickness multiplied
by width), A (cm?), such that:

@)
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Membrane transport number was determined by measuring
membrane potential. The experimental setup is shown in Fig. 1. Using
a two-chamber cell, a vertically positioned membrane separated two
solutions of 0.5 M NaCl and 1 M NaCl. The potential difference across
the cell was measured by a potentiostat connected to Ag/AgCl reference
electrodes. The transport number, t, was then calculated using the
following modified Nernst equation [20]:

En :R—:(Zt,—l)ln(ai) 3)

a

where t is the transport number, E;;, is the measured potential (V), Ris
the gas constant, T is the temperature (K), F is the Faraday constant, and
a; and a; are the activities of the NaCl solutions (mol/L).

3. Results & discussion
3.1. Polymer composition

TH NMR analysis was used to determine the chemical structure of
the copolymers. The spectra and chemical structure of the random
copolymers are shown in Fig. 2. Based on the set of diphenylsulfone-
centred substructures previously postulated [28], the peaks in the
region 8.05-7.73 ppm correspond to protons a and a’ in the ortho-
position to the sulfone group. The increase in intensity of the peak at
8.00 ppm (a) is coupled with a decrease of the peaks in the region
7.96-7.73 ppm (a’) and is consistent with the decreasing monomer
ratio of 2,5-diphenylhydroquinone to 4,4-dihydroxydiphenyl sulfone.
The multiblock copolymer spectrum and chemical structure are
shown in Fig. 3. Similar to the random copolymers, the doublet at
7.99 ppm corresponds to the protons (a) in the ortho-position to a
sulfone group in the poly(ether sulfone) repeating unit, while the
doublet at 7.80 ppm (a”) corresponds to protons in the ortho-position
to a sulfone group in the diphenylated repeating unit. The intensity of
these peaks is consistent with the chain length of the precursor ether
sulfone oligomers.

For both the random and multiblock copolymers, the peak in the
region 7.52-7.65 ppm is consistent with protons (e) in the meta-
position on a sulfonated pendant phenyl ring, indicating side chain
sulfonation in the para-position of the pendant phenyl rings. The
degree of sulfonation was calculated from 'H NMR by comparing
the content of diphenylhydroquinone units in the non-sulfonated
polymer with the sulfonated diphenylhydroquinone units in the
sulfonated polymers. As shown in Table 1, all polymers were found
to have a high degree of sulfonation of at least 95%.

Ag/AgCl
reference electrodes

0.5 M NaCl

1 M NacCl

Membrane

Stir bar Stir bar

Fig. 1. Schematic of the cell used to measure transport number.

3.2. Membrane characterisation

3.2.1. Ion exchange capacity

For the random copolymers, IEC is seen to increase with increasing
DPhHQ content. The DPhHQ provides sites for the side-chain sulfona-
tion to occur and thus increases the hydrophilic properties of the copol-
ymer. The multiblock copolymer possessed an IEC of 1.91 mmol/g,
which was within the range of the random copolymers. The high IEC
values for all copolymers are a result the high degree of side-chain
sulfonation, which allows for sulfonation on each of the pendant phenyl
rings. All synthesised polymers were found to have comparable IEC
values to Neosepta CMX, which is a standard grade Neosepta mem-
brane characterised by a high mechanical strength in the Na* form
[37].

3.2.2. Water uptake

Water uptake values are presented in Table 2. Similar to the IEC,
water uptake of the random copolymers increased with DPhHQ con-
tent. However, the water uptake of the multiblock copolymer exceeded
that of all the random copolymers. This is due to its large hydrophilic
sulfonated domains, compared with the randomly distributed hydro-
philic domains of the random copolymers. Water uptake in the Na*
form was measured for 0.017 M (1000 mg/L) and 0.5 M (29220 mg/L)
sodium chloride solutions, approximately simulating brackish water
and seawater. The change in water uptake between deionised water
and 0.017 M NaCl was found to be negligible, while a more obvious
decrease was observed for membranes soaked in 0.5 M NaCl. Lower
swelling at higher concentrations is expected as a result of a reduced
osmotic pressure between the external solution and the solution in the
interstitial phase of the polymer matrix [38]. Water uptake at different
concentrations is also known to vary depending on the chemical struc-
ture of the polymer; for instance, Neosepta CMX water uptake has been
shown to be independent of concentration, a result of its high degree of
crosslinking [39]. The decrease in swelling of the copolymer membranes
with concentration is more pronounced for those possessing larger
hydrophilic domains.

While a greater water uptake is known to improve membrane
conductivity, it also serves to reduce mechanical stability. Nonetheless,
in the swollen state all copolymers were easily handled and showed
good dimensional stability due to their hydrophobic domains. The
mechanical strength of the random copolymers has previously been
published [28]. In the swollen state the Young's modulus of RCP 3 is
almost three times as large as that of RCP 1 due to its increased DHDPhS
content and lower water uptake.

3.2.3. Membrane conductivity

Membrane conductivity can be seen in Table 3. The difference in
conductivity between the different copolymers is similar to that of the
water uptake, with the multiblock copolymer yielding the greatest
conductivity. The conductivity of RCP 1, RCP 2 and the multiblock copol-
ymer exceeded that of Neosepta CMX, while RCP 3 had a somewhat
lower conductivity. Due to the distinct hydrophobic and hydrophilic
domains formed by its precursor oligomers, the block copolymer mem-
brane can be classified as microheterogeneous. On the other hand, the
random copolymers have a more even distribution of fixed charges
and are more homogeneous in nature. This causes homogeneous mem-
branes to typically yield higher conductivities than heterogeneous
membranes [30]. In this instance, the microheterogeneity of the block
copolymer does not influence the distribution of charges enough to
reduce conductivity, but rather increases it due to greater hydrophilicity.
The greater water content assists the movement of ions through the
polymer matrix and increases conductivity. The conductivity of all
copolymers was found to be an order of magnitude lower in the Na™
form than values previously reported in the protonated form [28],
largely due to the high water uptake in the protonated form.
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Fig. 2. "H NMR spectrum of sulfonated random copolymers A) RCP 1, B) RCP 2 and C) RCP 3.

3.2.4. Transport number

For electro-driven desalination processes, the transport number of a
membrane describes the fraction of current that is carried by counter
ions. A transport number of one therefore indicates an ideal membrane
that is completely permselective, i.e. it completely blocks co-ions and
only allows the passage of counter-ions. High transport numbers
are desirable as the reduced movement of co-ions improves energy

SOgH

efficiency. Membrane transport numbers are shown in Table 3. Due to
the high level of sulfonation, all membranes exhibited high transport
numbers. For RCP 2 and RCP 3, the transport number is close to one
comparable with that of Neosepta CMX. Lower transport numbers
were observed for RCP 1 and the multiblock copolymer in spite of
their larger ion exchange capacities. The drop off in transport number
at high IEC values is due these polymers' higher water uptake, which

dc b b”

b™ a"
RS
HO3S
a a” e
ppm 8.0 7.8 76

T T T

7.4 7.2 7.0

Fig. 3. "H NMR spectrum of the sulfonated multiblock copolymer.
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Table 1
Copolymer composition and properties.
Polymer Monomer ratio IEC (mmol/g) DS (%) T, (°C) M, (g/mol) M,, (g/mol)
DPhHQ DHDPhS
RCP 1 6 4 2.05 97 233 50,000 155,000
RCP 2 5 5 1.73 95 232 26,500 82,500
RCP 3 4 6 1.44 97 229 25,000 84,000
M, oligo-DP-PES (g/mol) M, oligo-PES (g/mol)
MB 12175 9600 191 >99 276 85,250 333,800
Table 2 Acknowledgements

Membrane water uptake.

Polymer IEC (mmol/g) Water uptake (%)

H* form Na* form 0.017 MNaCl 0.5 M NaCl
RCP 1 2.05 66.4 49.9 49.1 40.2
RCP 2 173 46.8 35.7 35.0 314
RCP 3 1.44 30.0 26.4 259 218
MB 191 68.2 54.0 53.5 46.9
Neosepta CMX* 1.62 - 18 - -

2 Data from [40].

dilutes the sulfonated regions in the polymer matrix and allows a greater
passage of co-ions. This effect highlights the delicate balance required to
produce a polymer that is both highly conductive and selective towards
counter ions. The high transport number makes RCP 2 more attractive
even with its lower conductivity, while the high conductivity of RCP 1
also make it desirable for commercial applications.

4. Conclusions

Random and multiblock side-chain sulfonated poly(ether sulfone)s
have been characterised for electrodialysis and MCDI applications.
These membranes have similar ion exchange capacities to commercially
available Neosepta CMX due to their high degree of sulfonation and
hydrophilic domains, which increase water uptake. Random copolymers
with greater DPhHQ content had good conductivity and transport num-
bers approaching one, making them an attractive material for mem-
branes for electro-driven desalination processes. While the multiblock
copolymer was found to be highly conductive as a result of its
microheterogeneous structure, its hydrophilic nature also reduced its
transport number. Coupled with its additional processing steps, this
multiblock copolymer is less desirable for commercial applications.
Further work is aimed at the application of membranes to test their
desalination performance in electro-driven systems.

Table 3
Membrane conductivity and transport number.

Polymer IEC (mmol/g) Conductivity (mS/cm) Transport number
RCP 1 2.05 1513 0.94

RCP 2 1.73 836 0.99

RCP 3 1.44 3.79 0.98

MB 1 191 16.74 0.86

Neosepta CMX 1.62% 5.64*" 0.98<¢

2 Data from [40].

b Based on resistance measured in 0.5 M NaCl solution at 25 °C.

© Data from [41]. Measured by electrophoresis with seawater at a current density of
2 A/dm?,

The financial support of the National Centre of Excellence in
Desalination Australia (NCEDA), the German Academic Exchange Service
(DAAD) and the Leibniz Institute of Polymer Research Dresden (IPF) is
gratefully acknowledged. The authors would also like to thank Kornelia
Schlenstedt and Ute Leuteritz for their assistance in the lab.
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In this study the effects of cation exchange polymer coatings on activated carbon electrodes for capacitive deion-
ization (CDI) were investigated. Electrodes were fabricated from activated carbon, graphite and PVDF, then
coated with sulfonated poly(arylene ether sulfone) random copolymers. Additional resistance was created by
the coating layer, however compared with the uncoated electrodes the coatings did not significantly affect the
rate of charge build up. Electrochemical impedance spectroscopy (EIS) results indicated that both capacitance
and charging resistance are influenced by polymer conductivity, water uptake and the thickness of the coating
layer. The results also indicated that in addition to functioning as a superficial charge barrier, copolymer that
penetrates into the carbon substrate might offset the loss in capacitance caused by PVDF binder pore blockage.

© 2014 Elsevier B.V. All rights reserved.

1. Introduction

Capacitive deionization (CDI) is a developing desalination technolo-
gy that can be used for the highly efficient desalination of brackish
water, the production of ultra pure water, water softening and the re-
moval of other charged impurities from water streams [1-3]. It is an
electrosorption process that relies on the formation of an electrical
double layer on a porous, polarizable electrode. This buildup of charge
creates a similar buildup of oppositely charged ions from an electrolyte
solution at the electrode-solution interface, thereby removing salt ions
from solution.

Activated carbon is an attractive material for electrosorption due to
its relatively low cost and large specific surface area, typically in the
order of 1000-2000 m?/g, and numerous studies have focused on its
use for CDI [4-12]. Unfortunately the potential for activated carbon to
adsorb salt ions from solution is hindered by its microporous nature,
low conductivity, and high electrical and mass transfer resistances
[13]. Furthermore, it typically exhibits a randomly arranged pore

*

—
I

http://dx.doi.org/10.1016/j.desal.2014.04.027
0011-9164/© 2014 Elsevier B.V. All rights reserved.

network that may hinder ion movement and thus sorption [14]. As
such, research efforts to improve its electrosorption capacity and effi-
ciency are ongoing, with techniques such as surface modification and
the incorporation of membranes. The modification of the activated car-
bon surface has been shown to improve electrosorption efficiency by
neutralising polar surface charges thereby reducing unwanted physical
adsorption. Studies have shown that enhanced performance can be
achieved through chemical surface modification of activated carbons
with titanium [15,16], titanium dioxide nanoparticles [5], potassium hy-
droxide and nitric acid [17,18], and zinc oxide nanorods [19].

In addition to the drawbacks of activated carbon, an inherent disad-
vantage of the CDI process is that during the adsorption of counter-ions,
a simultaneous desorption of co-ions occurs. Thus, for each electron
passing through the external circuit, less than one salt molecule is
adsorbed [20-23]. To restrict this co-ion movement during adsorption,
ion exchange membranes may be placed in front of each electrode.
This is known as membrane capacitive deionization (MCDI), and was
first introduced by Andelman and Walker in 2004 [24]. It has been
shown to significantly increase salt adsorption and energy efficiency
by improving the efficiency of counter-ion adsorption [25-30]. lon ex-
change membranes also allow for the application of a reverse potential
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during the desorption phase, allowing for a greater depletion of ions at
the electrode and thus greater adsorption capacity in the following
cycles [31].

Commercial cation exchange membranes used for MCDI include
Neosepta CM-1 [25] and Neosepta CMX [32-34]. These membranes
are poly(vinyl chloride) based with styrene/divinylbenzene copolymers
and are designed for desalination purposes with high permselectivity,
low electrical resistance, and high mechanical stability [35]. However,
the use of flat sheet membranes creates additional resistance between
the membrane and the electrode. One alternative approach to reduce
this resistance involved the spraying of carbon cloth electrodes with
bromomethylated poly(2, 6-dimethyl-1,4-phenylene oxide) (BPPO) so-
lution, which was subsequently sulfonated with sulfuric acid to attach
functional groups to the polymer [34]. Another approach by Kim et al.
[36] saw the coating of carbon electrodes with poly(vinyl alcohol),
which was sulfonated and crosslinked by using sulfosuccinic acid. This
technique yielded ion-exchange coatings with area specific resistances
lower than those of commercial membranes.

The poly(arylene ether sulfone) copolymers used in this study are
characterised by having high conductivity and mechanical stability.
Similar ion-exchange copolymers have been developed for pressure-
driven desalination membranes and for fuel cell applications [37-44],
but few studies have focused on their application for CDI [45]. In this
work these cation exchange polymers have been applied as thin mem-
brane coatings to activated carbon electrodes in order to enhance
electrosorption performance. The characteristics of the coated elec-
trodes are compared to uncoated electrodes, and correlations between
the polymer properties and electrode performance are highlighted. In
particular, the influence of conductivity and water uptake on resistance
and capacitance is discussed.

2. Experimental
2.1. Materials

4,4'-difluorodiphenyl sulfone was purchased from FuMA-Tech
GmbH (Germany) and was purified by vacuum distillation. 4,4'-
dihydroxydiphenyl sulfone (DHDPhS), N-methyl-2-pyrrolidone (NMP),
poly(vinylidene) fluoride) (PVDF), activated carbon and graphite
powder were purchased from Sigma-Aldrich (Australia). Concentrated
sulfuric acid (min. 96%) was obtained from Acros (Belgium). 2,5-
diphenylhydroquinone (DPhHQ) was prepared as per the procedure de-
scribed by Vogel et al. [43].

2.2. Polymer synthesis and sulfonation

Three random copolymers were synthesised by using the silyl-
method as per the procedure previously described [43,45]. The ratio of
the monomers in the random copolymers was varied such that the
monomer ratio of DPhHQ to DHDPhS was 6:4 for RCP 1, 5:5 for RCP 2
and 4:6 for RCP 3. All polymers were sulfonated by using concentrated

SOzH

sulfuric acid (96-98%). The molecular structure of the random copoly-
mers can be seen in Fig. 1.

2.3. Electrode preparation

Using NMP as a solvent, a slurry consisting of activated charcoal,
graphite powder as conductive material and PVDF as a binder was pre-
pared such that the final (dry) content of the electrode was 75 wt.% ac-
tivated charcoal, 15 wt.% graphite and 10 wt.% PVDF. The slurry was
coated onto graphite sheets to a thickness of 200 pm using a doctor
blade and dried in a vacuum oven for 24 h at 120° to completely remove
the solvent.

Polymer coated electrodes were prepared by first dissolving the
sulfonated polymers in NMP such that the concentration was 15 wt.%.
The solutions were cast onto the carbon electrodes and dried under
vacuum for 2 h at 60 °C, then for a further 24 h at 80 °C. The samples
were rinsed with distilled water to remove residual NMP, soaked in
0.5 M NaCl to convert the polymer to the Na™ form, then rinsed again
with water to remove excess NaCl from the polymer matrix.

2.4. Electrode characterisation

Specific surface area and pore size distribution were measured on a
Micrometrics ASAP 2020 Physisorption Analyser using N, as the adsor-
bate at 77 K. FTIR spectra were collected by using a PerkinElmer Spectra
100 to confirm the chemical structure of the cation exchange polymer
coatings. Cyclic voltammetry experiments were performed by using a
Biologic VSP potentiostat connected to a three-electrode electrochemi-
cal cell. The working electrode was the carbon material to be tested
with an exposed surface area of 0.785 cm?. The reference electrode
was a saturated Ag/AgCl KCl electrode, and the counter electrode was
a platinum mesh electrode. Electrochemical Impedance Spectroscopy
(EIS) was performed by using the same three-electrode cell over the fre-
quency range 10 mHz to 1 MHz, with an applied voltage amplitude of
10 mV.

3. Results & discussion
3.1. Activated carbon surface area & pore size distribution

The isotherm obtained for the activated carbon is shown in Fig. 2.
The large increase in adsorbed gas at low relative pressure is a typical
Type I isotherm for a microporous solid [46]. The pore size distribution
for the activated carbon, also shown in Fig. 2, confirms the microporous
nature of the carbon, with a single peak at 0.7-0.8 nm. The gradual up-
take from a relative pressure of around 0.2 indicates some mesopores,
although as seen in the pore size distribution, these do not contribute
greatly to the specific surface area of the carbon.

Due to the microporous nature of the carbon, the BET specific surface
area was calculated by using data from the relative pressure range 0-0.08,
such that the value Q(Po-P) increased with relative pressure P/P, (where
Q is the volume of gas adsorbed, P is the measured pressure and Py is the

b @@f@@@@

HO3S

Fig. 1. Repeating unit of the random copolymer. RCP 1: a = 6,b =4;RCP2:a=5,b=5;R(P3:a=4,b =6.
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Fig. 2. a) Activated carbon adsorption isotherm and b) pore size distribution, measured by physical adsorption.

saturation pressure) [47]. The specific surface area was calculated to be
1043 m?/g. The conductive graphite filler was calculated to have a specific
surface area of 21.1 m?/g, and thus is considered to have negligible impact
on the adsorption of ions.

3.2. Electrode morphology

The properties of the random copolymers are presented in Table 1.
All electrodes were tested for hydro- and thermal stability by placing
them in water at 80 °C for 6 h. No degradation was observed, no carbon
was removed from the surface of the uncoated electrodes, and all poly-
mers adhered strongly to the carbon such that they were not removed
after water treatment. Furthermore, all electrodes were stored in
water at room temperature before use, with no loss of carbon or poly-
mer observed. Due to the adhesion of the coating layer to the carbon
electrode, the polymer acts as a pseudo-binder, providing additional
mechanical strength.

Fig. 3 shows SEM images of both uncoated and coated carbon elec-
trodes. Discrete carbon and graphite powder particles are observed in
Fig. 3a, while in Fig. 3b the polymeric coating is seen to cover the entire
electrode, analogous to placing a dense phase ion exchange membrane
directly against the carbon electrode.

FTIR analysis was used to confirm successful coating of carbon elec-
trodes by comparison with uncoated carbon electrodes and flat sheet
membranes cast from the same copolymers. Fig. 4 shows the FTIR spec-
tra of uncoated electrodes (a), coated electrodes (c-e) and a flat sheet
membrane cast from RCP 1 (b). As the same precursor monomers are
used for each of the random copolymers, their molecular structures dif-
fer only in the ratio of the statistically distributed monomers. Hence,
each random copolymer membrane spectrum exhibited the same
peaks.

C=C stretching vibrations from aromatic rings are represented by
peaks at 1580 cm~' and 1485 cm™'. Peaks at 1300 cm~' and
1146 cm™ ! are S=O stretching vibrations from the sulfone group,
while the small peak at approximately 1170 cm~ ! indicates an S=0
stretching vibration on the sulfonated side-chains. Peaks below

Table 1
Polymer coating properties. Data from [45].

Polymer IEC (mmol/g) Water Conductivity ~Contact angle Transport
coating uptake (%)*  (mS/cm)** (degrees) number
RCP 1 2.05 49.9 15.13 303 .94

RCP 2 173 35.7 8.36 382 .99

RCP3 144 264 379 46.1 .98

* Measured in the Na + form.
** In-plane conductivity.

1000 cm ™! are attributed to the S—O stretch of the sulfonate group
and C—H bending on the aromatic ring. The matching spectra of the
coated electrodes for all three random copolymers, in addition to the
distinct difference between the coated and uncoated electrodes,
confirms the successful application of the polymer onto the carbon
substrate.

3.3. Electrochemical analysis — Cyclic voltammetry

Cyclic voltammetry was used to measure specific capacitance. From
the measured current, the specific capacitance of the activated carbon,
C (F/g activated carbon), was calculated by using the following
equation [48]:

C=—
mv

Where i is the current (A), m is the mass of carbon (g) and v is the
scan rate (V/s). The capacitance of uncoated electrodes as a function of
potential measured at scan rates of 5 mV/s and 20 mV/s can be seen in
Fig. 5. At both the fast and slow scan rates, a rectangular shape is ob-
served, indicating the formation of an electrical double layer at the
carbon-solution interface and the successful adsorption/desorption of
ions. Due to the high microporosity of the carbon, a greater capacitance
is observed at 5 mV/s, as the slower scan rate allows greater time for ion
transport into the micropores.

A comparison of the capacitance of uncoated electrodes and elec-
trodes coated with the random copolymers at scan rates of 5 mV/s
and 20 mV/s can be seen in Fig. 6. At 20 mV/s (Fig. 6a, c and e) during
the forward scan there is no enhancement in capacitance compared to
the uncoated samples. However, during the reverse scan at potentials
lower than approximately 200 mV an appreciable difference in capaci-
tance between the uncoated and coated samples is observed. Similarly,
for both the forward and reverse scans at 5 mV/s (Fig. 6b, d and f), the
build-up of charge on the coated samples is seen to be better than the
uncoated samples. This improved performance is attributed to a greater
expulsion of cations during the forward scan and restricted anion move-
ment during the reverse scan as the electrode becomes negatively
charged.

For electrodes coated with RCP 2 and RCP 3 (Fig. 6¢-f), slower in-
creases in capacitance compared to the uncoated samples are observed
at both scan rates when the scan direction changes. Due to the increased
resistance provided by the coating layer, this effect is more pronounced
at 20 mV/s when there is less time for the ions to diffuse through the
polymer matrix. At 5 mV/s the ions have more time to diffuse through
the polymer and into the pores of the activated carbon, thus reducing
the effect of the additional coating resistance. Additionally, at 5 mV/s
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Fig. 3. SEM images of a) uncoated electrode surface and b) coated electrode surface.

the transient responses of the coated electrodes are different for the for-
ward and reverse scans, with a slower change in capacitance at the be-
ginning of the reverse scan. This is thought to be a result of the expulsion
of anions from the pores through the cation exchange polymer matrix,
which would cause additional resistance to the adsorption process.

As shown in Fig. 6a and b, the response of electrodes coated with
RCP 1 to a change in scan direction is seen to be faster when compared
with electrodes coated with polymers RCP 2 and RCP 3. This may be
attributed to the high ion-exchange capacity and water uptake of RCP
1 compared with the other copolymers. Surprisingly, this response is
also faster than that of the uncoated sample. This may be due to a
high PVDF content in the substrate carbon electrode, where the PVDF
behaves like a partial, hydrophobic membrane layer that blocks pores,
creating additional hindrance to the adsorption/desorption process.
Although the polymer coating increases resistance, copolymer penetra-
tion into the voids of the carbon substrate may simultaneously reduce
the charging resistance by providing better access to the pores due to
its hydrophilic properties. The solubility of the PVDF binder in NMP,
which is used as a solvent for the polymer coatings, may have also re-
sulted in a partial dissolution and re-drying of the PVDF binder during
the polymer coating process, effectively re-casting some of the carbon
substrate with both PVDF and random copolymer as a binder.

(b)

©

Transmittance (A.U.)

1600 1400 1200 1000

Wavenumber (cm™)

800 600

Fig. 4. ATR-FTIR spectra of (a) uncoated carbon electrode, (b) stand-alone membrane,
() RCP 1 coated electrode, (d) RCP 2 coated electrode and (e) RCP 3 coated electrode.

34. Electrochemical analysis — Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy was used to further exam-
ine the performance of the electrodes and to measure the charging re-
sistance. The resistance and conductivity of the coating layers were
calculated based on the real impedance at the high-frequency intercept
of the Nyquist plot. The resistances of the coatings can be seen in
Table 2. They have not been normalised to account for the variable
thickness of the coatings and as such they do not decrease with increas-
ing IEC. Importantly, the resistances of the RCP 1 and RCP 2 coatings are
comparable to Neosepta CMX, which has a resistance of 3.0 Q.cm? [35].
The conductivity of the coatings shown in Table 2 has been calculated
based on thickness, and thus is seen to increase with increasing IEC.
These values differ to those reported in Table 1 due to the methods of
testing; the polymer coating conductivity was measured normal to its
exposed surface (through-plane conductivity), while previous mea-
surements with a four-point probe [45] were parallel to the surface
(in-plane conductivity), which is known to yield different values.

Electrode charging resistance versus frequency is shown in Fig. 7.
This is the resistance to ion transport through the polymer matrix and
into the carbon pores, and is calculated as the real impedance minus
the ohmic resistance at each frequency. For the uncoated sample, the

100

—— 5mV/s
[ 20 mV/s

50

Capacitance (F/g Carbon)
o
T

L 1 L

1
-200 0

I I I I
200 400 600 800

Potential vs ref. (mV)

Fig. 5. Specific capacitance of uncoated electrodes measured in 0.5 M NaCl at scan rates of
5 mV/s (solid line) and 20 mV/s (dotted line).
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Fig. 6. Specific capacitance of coated electrodes measured in 0.5 M NaCl: a) RCP 1 coating, scan rate = 20 mV/s; b) RCP 1 coating, scan rate = 5 mV/s; c) RCP 2 coating, scan rate = 20 mV/s;
d) RCP 2 coating, scan rate = 5 mV/s; e) RCP 3 coating, scan rate = 20 mV/s; f) RCP 3 coating, scan rate = 5 mV/s.

rise in charging resistance at higher frequency compared to the coated
samples is likely due to the high PVDF content, which as described
above blocks pores and creates additional hindrance to ion adsorption.

Table 2
Electrochemical properties of the coating layers and capacitance of coated and uncoated
electrodes, measured using EIS.

Coating IEC (mmol/g) Thickness Resistance Conductivity —Capacitance
(um) (Q.cm?) (mS/cm) (F/g carbon)

RCP 1 2.05 82 331 248 37.74

RCP 2 173 46 237 194 30.07

RCP 3 1.44 59 9.86 0.60 25.00

No coating - - - - 32.56

For the coated samples, the onset of charging resistance occurs at higher
frequencies for polymer coatings with greater resistance. Although the
RCP 1 coated sample has a higher measured resistance and greater
thickness than the RCP 2 coated sample, the charging resistance is sim-
ilar. This result suggests that the higher conductivity and greater water
uptake of RCP 1 reduces hindrance to ion transport.

As the frequency approaches 10 mHz, the charging resistance climbs
sharply for all coated samples. Here, the impedance response is domi-
nated by the resistance of the coating rather than the capacitive behav-
iour of the carbon substrate. In light of this, while coating area
resistances are comparable to those of commercial membranes, poly-
mer layer thickness must still be optimised to minimise charging resis-
tance while still adequately enhancing electrosorption capacitance.
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Fig. 7. Charging resistance versus frequency for uncoated and coated electrodes.

Assuming ideal capacitor behaviour, the capacitance of the elec-
trode, C (F) can be derived from the imaginary part of the impedance
spectra based on the formula [49]:

1
wZ"

c-|

Where o is the frequency and Z” is the imaginary impedance. The
calculated capacitance versus frequency is plotted in Fig. 8, and the ca-
pacitance calculated at 10 mHz can be seen in Table 2. The capacitance
of the coated samples is seen to increase with IEC, while the influence
of the coating layer resistance seems to be less significant. The increased
capacitance as a function of IEC is likely a result of greater water uptake,
which reduces resistance to ion transport through the swollen hydro-
philic channels of the polymer, encouraging greater pore access. Fur-
thermore, the higher water uptake promotes a region of concentrated
electrolyte storage in the polymer layer. As the charge buildup that re-
sults from electrical double layer formation is known to increase with
concentration, increased electrolyte concentration directly adjacent to
the carbon electrode in the polymer can increase its capacitance.

4. Conclusions
Activated carbon electrodes coated with cation exchange random

copolymers were successfully fabricated, with the coating layer strongly
adhering to the carbon. Cyclic voltammetry results have shown that in
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Fig. 8. Capacitance versus frequency for uncoated and coated electrodes.

the case of the most conductive coating, charge is seen to build up at a
faster rate than uncoated samples, despite the additional resistance of
the coating. EIS results indicate that the charging resistance and capac-
itance of the coated electrodes are influenced by both conductivity and
water uptake. Since the conductivity and water uptake are strong func-
tions of IEC, suitable polymer design to maximise IEC while retaining
mechanical stability is a crucial parameter in enhancing the perfor-
mance of activated carbon electrodes. In light of this, RCP 1 is seen to ap-
preciably enhance the electrosorption performance of the activated
carbon electrodes.

The polymer coatings are seen to influence the resistance of the
carbon electrodes, causing a sharp rise in charging resistance at low fre-
quencies during EIS testing. The optimisation of coating thickness there-
fore becomes important in reducing the additional resistance created by
the coating layer. Further work will require a detailed EIS investigation
into these systems, in particular systematically varying the polymer
coating thickness, so that an EIS model can be developed and fitted to
the data with a high degree of confidence. This will enable the elucida-
tion of the relative contributions of the resistance and capacitive ele-
ments of the EIS spectra.

Ahigh PVDF binder content can also reduce capacitance and increase
charging resistance, slowing the build up of ions at the electrode-
solution interface. However, the coating of electrodes with an ion
exchange polymer may offset this phenomenon, possibly through
copolymer penetration into the carbon substrate in addition to acting
as a charge barrier layer.

These results indicate that the random copolymer coatings, although
increasing overall resistance, can be used to improve the ion transport
into the pores of the electrodes.
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